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ABSTRACT: The thermomechanical and creep properties
of poly(ethylene terephthalate) fibers crosslinked with 1,6-
hexanedisulfonyl azide, 1,3-benzenedisulfonyl azide, and
2,6-naphthalenedisulfonyl azide were investigated. Signifi-
cant improvements in these properties were observed be-
tween the standard fibers and those produced by crosslink-
ing. Cyclic loading studies highlighted minor differences not

detectable by normal thermomechanical analysis. The creep
at room temperature could be reduced to about one-third of
the normal values observed in the untreated fiber. © 2003
Wiley Periodicals, Inc. ] Appl Polym Sci 88: 1556-1562, 2003
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INTRODUCTION

We recently described studies of the crosslinking of
acrylic fibers' and poly(ethylene terephthalate) (PET)
fibers* with disulfonyl azides. Although the acrylic
fibers could be crosslinked sufficiently to maintain
their fiber form in dimethylformamide, the partially
oriented Dacron yarn always disintegrated in o-chlo-
rophenol. Although some gel could be observed, it did
not seem possible to use the gel content to estimate the
extent of crosslinking. This difference in behavior be-
tween the two fibers after crosslinking was principally
attributed to the greater crystallinity of PET, which
limited the uptake of the azide to the amorphous
regions of the fiber, so that crosslinking only occurred
in these regions. Additionally, the longer chain length
of the acrylic polymer favored the production of a
more effectively crosslinked structure. A further factor
that might have limited the effectiveness of the
crosslinking in PET was the high content of the oli-
gomer (e.g., cyclic trimer), which was presumed to
concentrate in the amorphous regions. A final differ-
ence between the fibers was related to the ease of
diffusion of the azides into the fibers; differences in
the behaviors of three different azides applied to PET
were interpreted in terms of differences in the extent
of diffusion across the fiber cross section, so that in
some cases only the amorphous regions in the outer
periphery of the fiber were thought to be crosslinked.

After this work,> we considered it worthwhile to
determine how the mechanical properties of the fibers
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varied under different conditions of temperature and
loading because of crosslinking. It was thought that a
thermomechanical examination of the crosslinked fi-
bers in comparison with the blank-treated standard
fibers would yield valuable information concerning
how the crosslinking affected the thermal extensibility
of the fibers under increasing temperatures and under
oscillating loads; the latter was thought to be informa-
tive of changes in the elastic modulus with respect to
temperature due to the crosslinking. Preliminary
creep studies were also made as a qualitative evalua-
tion of how the crosslinking had affected the creep
behavior of the fibers; it must be stressed, however,
that a thermomechanical analyzer is not the usual
device employed to obtain creep data because creep is
a complex phenomenon and its determination often
requires the use of specific and complex machinery.>

EXPERIMENTAL
Instrumentation and materials

The instrument used for all the experiments discussed
was a Mettler TA3000 system (Leicester, UK), which
consisted of a TC10 TA control unit and data proces-
sor and a TMA 40 mechanical analyzer fitted with film
and fiber support. The system was attached to a
printer so that the data could be retrieved; however,
there was no other method of data storage, and no
computer interface was available. The data were re-
trieved as a stream of raw data or as a graph so that
where no raw data were retrievable, graphs were pro-
duced to minimize the errors involved in the manual
measurement of data for transfer to a computer.

The crosslinked samples used in the experiments
were those prepared previously,” that is, samples that
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were treated at 140°C for 20 min to impregnate the
fibers with azide and then at 200°C for 20 min to bring
about crosslinking. The standard sample mentioned
throughout the article was subjected to exactly the
same treatment as the crosslinked samples, except that
no azide was used so that no crosslinking would
occur. The PET used, as before,> was obtained as a
high-end, partially oriented, continuous filament yarn
in the form of grade 3 Dacron from DuPont (Ponty-
pool, UK). This yarn consisted of 34 filaments with a
circular cross section measuring a total of 167 dtex.
The disulfonyl azides used, synthesized as described
earlier,® were 1,6-hexanedisulfonyl azide (1,6-HDSA),
1,3-benzenedisulfonyl azide (1,3-BDSA), and 2,6-naph-
thalenedisulfonyl azide (2,6-NDSA). The application
was from a perchloroethylene solution with concen-
trations of the azides between 5 and 20%. The levels of
the azides in the fibers were not known precisely but
were believed to lie between 2 and 3% at a 20% appli-
cation.

Machine setup and sample preparation

The calibration of the machine was only required once
in agreement with the manual, so the calibration was
stored internally. The probe of the TMA 40 was first
centered so that the display on the machine read zero
for each of the experiments. For a specimen to be
produced for testing, a sample of yarn was fixed be-
tween two specially made clamps that were fitted on a
jig so that the fiber between the clamps was 10 mm
long and just taut; the clamps were then tightened,
and excess fiber removed. The sample was attached at
the appropriate time to the TMA 40 support with care
so that minimal handling took place. Much prelimi-
nary work was done to determine the optimum con-
ditions for the sample measurements, as described
next.

Thermal extension under constant loading

The yarn sample was prepared in the usual manner,
and the machine was set up to record the changes in
the sample length with respect to temperature at a
heating rate of 20°C/min under a constant load. The
program was set so that the temperature started at
50°C and finished at 230°C, with two total loads, 0.6
and 4.0 g. The lower clamp mass was 0.6 g, which was
permitted in the total load applied. When the machine
had reached the required starting temperature, the
sample was attached to the support and the program
was run so that the changes were recorded graphically
and as a stream of data so that plots could be made.
The samples that were tested were those treated in
solutions containing 5, 10, 15, and 20% 1,6-HDSA,
1,3-BDSA, or 2,6-NDSA and the standard sample con-
taining no azide.
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Thermal extension with load cycling

The yarn sample was prepared as before, and the
machine was set up to record the changes in the sam-
ple length on heating from 50 to 230°C at a rate of
20°C/min. The total load was adjusted to 3.0 g with an
additional oscillating mass of £2.0 g, (so that the mass
switched between 1 and 5 g), the time of the oscillation
being 6 s, the machine’s preset value. When the ma-
chine had reached the starting temperature, the sam-
ple was mounted and the program was run so that the
results were recorded graphically with an appropriate
scale so that measurements on the graphs could be
made with a ruler. The samples that were tested were
those treated in solutions containing 10 and 20% 1,6-
HDSA, 1,3-BDSA, or 2,6-NDSA and the standard sam-
ple containing no azide.

Isothermal load cycling measurements

The yarn sample was prepared as before, and the
machine was set up for isothermal measurements at
50, 100, or 150°C with an oscillating mass so that the
total mass applied to the sample was 3.0 = 2.0 g, as
before. When the machine had reached the desired
temperature, the sample was mounted, and the pro-
gram was started and run for 30 min. The changes in
length with respect to time were recorded on the chart
so that manual measurements could be made later.
The samples that were tested were those treated in
solutions containing 10 and 20% 1,6-HDSA, 1,3-BDSA,
or 2,6-NDSA and the standard sample containing no
azide.

Creep studies

The yarn sample was again prepared as discussed
earlier, and the machine was set up for isothermal
creep measurements under a constant loading. Two
temperatures were selected for the study, 25 and
100°C, the latter being close to the glass transition of
the PET fibers (ca. 120°C). Two different levels of
loading were also applied; in one case, the total mass
was 75 g, that is, approximately 12% of the breaking
load of the standard sample at 20°C, within the
Hookean region of the stress—strain curve of the stan-
dard sample." The higher level of loading used was
150 g (24.5% of the breaking load and just outside the
Hookean region of the standard sample). The machine
was allowed to reach the starting temperature at
which the sample was mounted; the machine was then
allowed to run with the load applied after the data
recording had begun. For the tests performed at
100°C, the machine was subjected to a forced start so
that the machine’s default thermal equilibration time
was aborted. The samples tested were those treated
with solutions containing 20% 1,6-HDSA, 1,3-BDSA,



1558

200
180 -
160
0 i
g 140
=120 5
g
= 100 A
2
2 g0 ——0.0%
3
5 60 —5.0%
20 —~=10.0%
——
0 15.0%
——20.0%
0o )
50 70 90 110 130 150 170

Temperature (deg. C)

Figure 1 TMA traces of samples crosslinked with 2,6-
NDSA (4.0 g, 20°C/min).

or 2,6-NDSA, except at 100°C under a load of 150 g,
under which conditions the latter two azide-treated
samples were substituted with those treated with 10%
azide.

Unfortunately, the maximum amount of data the
machine could hold for manipulation was only
enough for a creep test of 2-h duration, so complete
studies were not possible. Further and extensive ex-
perimentation was not done because of the possibility
of damage to the machine due to the high loads em-
ployed, given that extra loading had to be added to the
counterbalance of the TMA 40 because the machine
had a maximum internal capacity of 50 g. The TMA 40
manual states that there is provision for additional
mass, but it does not say to what level it can be
applied.

RESULTS AND DISCUSSION
Thermal extension under constant loading

Figure 1 shows the thermal mechanical analysis
(TMA) traces for the PET fiber samples treated with
different concentrations of 2,6-NDSA under the 4.0-g
load and at a heating rate of 20°C/min. Very similar
data were obtained for the 1,3-BDSA-treated samples.
The traces for the samples treated with 1,6-HDSA
were, by contrast, only slightly different from those of
the standard sample. This result is in line with the
smaller changes noted in the mechanical properties of
the 1,6-HDSA-treated samples, discussed in our pre-
vious publication." Again, this was interpreted to be
due to a more uniform distribution of crosslinks rather
than less reaction. Similar trends were observed when
the load was set to 0.6 g, although the differences were
of a lower magnitude.

It is evident that the traces changed significantly
and consistently with an increasing level of crosslink-
ing, so that for the sample treated with a solution
containing 20% 2,6-NDSA, the extension at 170°C was
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approximately three-quarters of that of the standard
sample under a 0.6-g load and two-thirds of that of the
standard under a 4-g load. It was concluded that the
crosslinking brought about a significant improvement
in the dimensional stability of the fibers. A further
feature was the increased extension of the standard
sample observed above 120°C at the 4-g loading, so
that the curve obtained was different in form from that
obtained from crosslinked samples; this feature was
probably associated with the smaller specific volume
change occurring at the glass transition due to the
increasing levels of crosslinking that restricted molec-
ular motion within those amorphous regions that
were crosslinked.

Figure 2 shows the relative effects of using the dif-
ferent azides at the same concentration: 2,6-NDSA
appeared to be slightly more effective than 1,3-BDSA,
whereas the 1,6-HDSA-treated sample was barely dis-
tinguishable from the standard. We argued earlier'
that the differences between the two aromatic azides
might reflect the greater extent of diffusion of 2,6-
NDSA into the fiber.

The full curves have not been given in the figures, so
that the changes discussed previously could be ob-
served more clearly. However, the region between
170°C and the temperature at which the samples failed
revealed further differences; the crosslinked samples
always failed at a lower temperature than that of the
standard. The standard sample failed at approxi-
mately 223°C, under both levels of loading, whereas
the crosslinked samples failed at lower temperatures,
depending on the level of crosslinking, so that the
samples treated in a solution containing 20% 1,3-
BDSA or 2,6-NDSA failed around 212°C. This feature
was thought to be related to the differences in the
polymer microstructure, which caused the deforma-
tion of the crosslinked samples to be greater, at tem-
peratures close to the melt, than that of the standard.
At temperatures above approximately 200°C, some
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Figure 2 TMA traces of samples crosslinked with 20% of
each azide (4.0 g, 20°C/min).



POLY(ETHYLENE TEREPHTHALATE) FIBERS

Extension (microns)

50 75 100 125 150 175 200 225

Temperature (deg. C)

Figure 3 TMA trace of a sample crosslinked with 20%
1,6-HDSA (cyclic load of 3.0 * 2.0 g, 20°C/min).

localized melting or annealing took place, so that un-
der a load, the polymer would start to flow more
freely and the polymer chains would rearrange in both
the crystalline and amorphous regions, so that slip-
page occurred; recrystallization of the chains was fa-
vorable because interaction occurred as the chains
were relatively free from restriction. However, when
some of the amorphous regions were crosslinked, this
recrystallization process was hindered; the crystalline
regions still flowed, so the overall effect was cata-
strophic failure of the sample at a lower temperature.

Thermal extension with load cycling

The TMA traces from the cyclic loading experiments
are given in Figures 3-5, in which the curve of the
standard sample is shown as a dotted line in each case;
these indicate the envelope of the oscillation curve of
the standard sample. The traces obtained for each
sample show that the cyclic loading caused the ex-
pected dimensional oscillation; this oscillation was of
a much higher amplitude at temperatures above the
glass transition and increased yet again at tempera-
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Figure 4 TMA trace of a sample crosslinked with 20%
1,3-BDSA (cyclic load of 3.0 = 2.0 g, 20°C/min).
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Figure 5 TMA trace of a sample crosslinked with 20%
2,6-NDSA (cyclic load of 3.0 = 2.0 g, 20°C/min).

tures at which localized melting (annealing) was con-
sidered to occur, so that the standard sample eventu-
ally failed around 225°C.

Samples treated in solutions containing 10 and 20%
1,6-HDSA gave traces that were similar but signifi-
cantly different than that obtained for the standard
sample in terms of a reduced amplitude of dimen-
sional oscillation that decreased with an increasing
density of crosslinking; the overall extension of the
crosslinked samples was lower than that of the stan-
dard. However, as expected from the constant-load
traces, these samples failed at a lower temperature
than the standard for the reasons discussed earlier.
The load cycling data contrasted with the standard
TMA procedure, which failed to show significant dif-
ferences for the 10% 1,6-HDSA treatments, and this
suggested the former to be a more sensitive detector
for low levels of crosslinking.

The reduction in the level of the amplitude of oscil-
lation was most pronounced in those samples
crosslinked with 1,3-BDSA and 2,6-NDSA in compar-
ison with the standard; this was found to change
significantly with an increasing level of treatment
from a 10% solution to a 20% solution of the crosslink-
ing agent. It was very obvious from the traces, as
observed before in the constant-load experiments, that
the glass transition was greatly affected, so that the
overall curves did not exhibit the same shifts that were
observed in the curve of the standard sample. Also
above 120°C, the level of oscillation was much lower
for the crosslinked samples than for the standard sam-
ple, as was the overall extension. The samples again
failed at a lower temperature than that of the stan-
dard, as was the case with the 1,6-HDSA-treated sam-
ples.

Isothermal load cycling measurements

The isothermal load cycling results confirmed the ob-
servations made in the previous section, and the re-
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TABLE I
Amplitude of Mass Oscillation for
Isothermal Load Cycling

Amplitude due to mass (um)
Azide % Azide 50 °C 100 °C 150 °C
None 0 9.3 16.8 36.4
1,6-HDSA 10 10.1 16.1 35.3
20 8.9 12.8 33.3

1,3-BDSA 10 7.8 12.2 22.3
20 6.6 10.9 22.3

2,6-NDSA 10 8.9 10.7 23.1
20 6.6 9.5 22.3

sults are given in Table I. The standard sample in
general exhibited a greater amplitude of extension
oscillation in comparison with the crosslinked sam-
ples, apart from the samples crosslinked with 10%
1,6-HDSA. The samples treated with solutions con-
taining 20% 1,6-HDSA were slightly lower, whereas
those treated with 10 or 20% 1,3-BDSA or 2,6-NDSA
were shown to be much lower. This indicated that the
levels of crosslinking attained with 1,6-HDSA were
probably lower than those obtained with the other
azides, possibly because of some chemical inefficiency,
but more likely, as argued before, because this azide
gave a more homogeneous distribution of crosslinking
than the other two agents. It was claimed earlier” that
a distribution gradient of azide gave rise to a much
higher concentration of crosslinks in the amorphous
regions closer to the fiber surface in the case of 1,3-
BDSA and 2,6-NDSA, so that this near surface layer
would control the overall fiber properties.

The reduction in the amplitude of extension oscilla-
tion exhibited by the crosslinked samples in compar-
ison with the standard sample suggested an increased
initial modulus, so that a greater force was required to
stretch the fiber. However, it is appropriate to com-
ment that these experiments were essentially compar-
ative. Notable again is the large increase in the ampli-
tude of motion above the glass transition of the fibers.

Creep studies

The creep measurements are shown in Figures 6 and 7,
and the two plots within each figure represent two
common methods of presenting the data. The first
shows the strain of the sample against the logarithm of
time, and the second shows the logarithm of the creep
strain rate (CSR) against time; the CSR is the rate of
change of the strain applied to the sample with respect
to time.

The measurements at room temperature and under
a load of 75 g (Fig. 6) clearly show the effect that
crosslinking had on the creep properties of the fibers,
so that the initial extension was much reduced in the
primary creep region for all the crosslinked samples;
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this was most marked for that sample treated in a
solution containing 20% 2,6-NDSA and least for the
sample treated in a solution containing 20% 1,6-
HDSA. After this initial extension, the curves flattened
so that the plots of the strain versus the logarithm of
time were almost linear within the secondary creep
region, as expected. It was obvious that the CSR was
reduced for those samples treated with 1,3-BDSA and
2,6-NDSA to about one-third of that observed in the
standard sample, whereas the CSR of the sample
treated with 1,6-HDSA was largely unchanged, even
though the initial extension was substantially reduced.
The picture remains the same under a load of 150 g
at the same temperature (not shown), so that the sam-
ples had equivalent relative creep properties, even
though the strain values increased in magnitude by a
factor of 10. Under both sets of conditions, the creep
properties of the fibers were improved by the
crosslinking process so that the initial extension and
the CSR were reduced substantially, and again in this
latter case, the plots of strain against the logarithm of
time were linear, as expected for creep studies.
When the temperature of testing was increased to
100°C, which was closer to the glass transition of the
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Figure 6 Creep measurements at 25°C and under a 75-g
load for the standard sample (*) and for samples treated in
a solution containing 20% 1,6-HDSA (O), 1,3-BDSA (A), and
2,6-NDSA (O).



POLY(ETHYLENE TEREPHTHALATE) FIBERS

12‘

Strain (%)
~J

)

100 1000 10000
Time (s}

100 7

CSR (10° s

=4
=
.

0.01 - —
0 2000 4000 6000 8000

Time (s)

Figure 7 Creep measurements at 100°C and under a 75-g
load, for the standard sample (*) and for samples treated in
a solution containing 20% 1,6-HDSA (0O), 1,3-BDSA (4), and
2,6-NDSA (O).

fibers, a different picture emerged, in that the creep
properties of the crosslinked samples began to ap-
proach those of the standard samples under a 75-g
load (Fig. 7) and actually became worse still under a
load of 150 g (not shown). The initial curvature of the
strain—time plot indicated the presence of primary
creep, so that under these conditions the initial exten-
sion was much higher; the sample, therefore, required
more time to extend before exhibiting secondary
creep. An examination of the crosslinked samples
showed that the creep properties under a 75-g load at
100°C had still in the main improved relative to the
standard, except for the sample treated with 1,6-
HDSA, which exhibited poorer properties. It was ev-
ident that at some level of loading the creep properties
of all the crosslinked samples would exhibit poorer
creep performance than that of the standard sample.
When the load was increased to 150 g, the crosslinked
samples exhibited a poorer creep performance at
100°C than the standard sample, so that those samples
treated in a solution containing 20% 1,3-BDSA or 2,6-
NDSA could not be measured because of mechanical
failure and only the 10% samples could be compared.
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The failure of the former samples was thought to be
due to their lower tenacity (described earlier?), so that
the 150-g load might have exceeded the maximum
strength of the samples at 100°C; the tenacity of fibers
is known to decrease with increasing temperature,
and it is unfortunate that it could not be measured for
the fibers used in this study at elevated temperatures
within this laboratory.

The lower creep performance of the crosslinked fi-
bers at higher temperatures and under greater loads
was thought to be a function of the stress—strain prop-
erties of the fibers and, therefore, the mechanism of
deformation that occurred in each of the regions de-
scribed in such a curve. It seemed that if the creep
measurements were made within the Hookean region,
the crosslinked samples performed much better than
standard untreated fibers; when the measurements
were made outside the Hookean region, in which
crystallite deformation occurred, the opposite might
be true. This was thought to be due to the reduced
compliance of the crosslinked amorphous regions, in
comparison with the standard material, when crystal-
lite deformation occurred. The generation of stress
points, at which the crosslinks gave rise to chain scis-
sion in preference to slippage, led to earlier failure.

The severity of the conditions used in this study can
be exemplified by a comparison of the relative mag-
nitudes of strain experienced by the samples under
each of the conditions. At 100°C, the strain experi-
enced by the fibers was approximately 25 times that at
25°C under a 75-g load, after the initial extension, and
100 times that at 25°C, under a 75-g load, when the
150-g load was used. These conditions were used be-
cause PET had such a low creep rate that smaller
changes in length would have been impractical to
measure on the TMA 40 and impossible to measure
with a hanging mass assembly because long yarn sam-
ples were not available on account of yarn entangle-
ment that occurred during the perchloroethylene
treatment.

CONCLUSIONS

The crosslinking of PET fibers was shown to affect the
mechanical properties under standard tensile testing
conditions, as discussed in our previous publication,”
and this was also found to be true here via measure-
ments under increasing temperatures and cyclic load-
ing. The crosslinked samples exhibited a lower exten-
sion under small loadings in comparison with the
blank-treated sample, unless the temperature at which
the measurement occurred was so high that chain
slippage and crystallite deformation occurred so that
the crosslinked samples failed more quickly. The use
of cyclic loading confirmed the lower extension of the
crosslinked samples under minimal loading and a
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higher elastic modulus that was more easily identified
at elevated temperatures.

Creep studies, although rather qualitative, indicated
that the crosslinking brought about a very large re-
duction in creep at ambient temperatures, so that the
initial extension under loading was much reduced and
the creep rates were reduced by up to two-thirds. At
higher temperatures, the trends reversed so that the
creep performance of the standard sample was better
than that of the crosslinked samples. These features
were thought to be associated with the stress—strain
properties of the polymer under each of the condi-
tions, so that when the measurements were conducted
within the Hookean region, the crosslinked samples
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performed better, and outside this region, they per-
formed worse.
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