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Synopsis

In poly( p-phenylene terephthalamide-co-ethylene terephthalate) the rigid segments of p-phen-
ylene terephthalamide are aggregated as crystalline domains above the weight fraction of the
rigid segments, 6 wt%. The rigid segments disturb the crystallization of the flexible segments of
poly(ethylene terephthalate) (PET) and are preferentially contained in the amorphous phase of
the PET segments. The crystallinity of the PET segments decreased with increasing the content
of the rigid segments in the copolymers and the glass transition temperature is decreased by the
decrease of the crystallinity below the weight fraction of the rigid segments, 6 wt%, in spite of the
depression of micro-Brownian motion of the PET segments due to the rigid segments. The values
of Young’s modulus E, yield stress o, and breaking stress o, for the zone-drawn copolymer were
conspicuously increased by the rigid segments contained in it, in comparison with those of the
zone-drawn PET homopolymer. Such higher values of E, g,, and o, of the copolymer are
originated by greater increases in the orientation of amorphous chains in the copolymer. The rigid
segments in the amorphous phase effectively depressed the thermal shrinkage of the zone-drawn
and the zone-annealed copolymers.

INTRODUCTION

Poly( p-phenylene terephthalamide) (PPTA) is a rigid polymer which can-
not be folded according to the conformational energy calculation.! PPTA
molecules in the crystalline phases show strong intermolecular interaction
owing to the close packing of benzene rings and the strong hydrogen bonding.":2
Thus PPTA fiber prepared from a liquid crystalline state in sulfuric acid
solution has high modulus and strength.

In this work, the random copolymer, that is, poly(ethylene terephthalate)
(PET) containing the rigid segments of p-phenylene terephthalamide (PTA) is
synthesized to improve the mechanical and thermal properties of PET. In the
copolymer strong interaction between the PTA segments would be expected.
The oriented copolymers and the oriented PET homopolymers are prepared
by means of zone-drawing and zone-annealing methods. The effects of the
rigid segments on structure and mechanical and thermal properties of the
copolymers are investigated in their unoriented and oriented states.
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Fig. 1. Scheme of the synthesizing process for poly( p-phenylene terephthalamide-co-ethylene
terephthalate).

EXPERIMENTAL

Synthesis of Poly( p-Phenylene Terephthalamide-co-Ethylene
Terephthalate) and the Preparation of its Molded Film

Figure 1 shows the scheme of the synthesizing process for poly( p-phenylene
terephthalamide-co-ethylene terephthalate). Capped PTA oligomers were
synthesized according to the procedure proposed previously.?> The cohesive
force of the capped PTA oligomers is depressed by the bulky o-tert-butyl
phenol. The random copolymers were prepared by polycondensation of bis
(2-hydroxy ethyl)terephthalate (BHT) with the capped PTA oligomer at 548
K in vacuo (below 0.5 mmHg) for 2 h. The weight fractions of the capped PTA
oligomer to BHT monomer were 0/100, 3/97, 6,/94, and 9/91, of which the
samples are termed hereafter PET homopolymer, 3 wt% PTA /PET, 6 wt%
PTA/PET, and 9 wt% PTA/PET copolymers, respectively. In these weight
fractions the melt-polycondensation progressed homogeneously. However, the
polycondensation did not progress homogeneously at the weight percent of
PTA, 20 wt%. The characterization of the copolymers was conducted by
proton nuclear magnetic resonance (NMR). The signal of tert-butyl disap-
peared in the products, and therefore, it becomes apparent that all the PTA
segments are introduced into the products by the polycondensation.

The polymerized bulk samples were melt-pressed at 563 K for 5 min and
then plunged into ice water to obtain quenched films. The quenched films
were annealed at 473 K for 1 h in nitrogen atmosphere to obtain annealed
films.

Preparation of the Oriented Copolymers

The quenched films of the PET homopolymer and the 3 wt% PTA/PET
copolymer were uniaxially drawn by using the zone-drawing apparatus
equipped with pre- and postquenching zones, as shown in Figure 2.4-% The
zone-drawn sample was annealed with the same zone-drawing apparatus to
prepare a zone-annealed sample. Draw ratio was controlled by changing both
the drawing speed and the shifting speed of the ensemble of heater and cooler.
The heater temperature was 353 K for zone-drawing and 473 K for zone-
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Fig. 2. (a) Schematic representation of forced quenching type zone-drawing and zone-anneal-
ing apparatus and (b) the detailed construction of heater and cooler as a part of it.

annealing. The upper cooler temperature was 263 K and the lower was 243 K.
A portion of the sample located just above the heater was cooled by using the
upper cooler before it was zone-drawn, and therefore the thermal conduction
from the heater to the portion was depressed below the glass transition
temperature of the sample. The draw ratio was 3.6 for zone-drawing and 4.7
for zone-drawing and then zone-annealing.

Measurements of Structure and Properties

Polarizing microscopic observation. The copolymers were observed in a
molten state at 560 K under cross nicols by using a POH polarizing micro-
scope (Nippon Kogaku Co., Ltd.) equipped with hot stage. The birefringences
of the zone-drawn and the zone-annealed samples were measured at room
temperature with the same microscope.

X-ray diffraction. Wide-angle X-ray diffraction (WAXD) photographs of
the copolymers were taken with a RU-200 Rotaflex X-ray generator (Rigaku
Denki Co., Ltd.). The orientation function of the crystal ¢ axis of PET was
evaluated from the azimuthal intensity distributions of X-ray diffraction from
(010), (110), and (100) planes by the usual method.

Differential Scanning Calorimetry (DSC) measurements. Glass transi-
tion temperature (7)), melting temperature (7,,), initiation temperature of
crystallization (7T,), and crystallinity were measured in nitrogen atmosphere
with a Unix differential scanning calorimeter (DSC) (Rigaku Denki Co., Ltd.).
Heating rate was 10 K/min to measure T,, T, and crystallinity. The
copolymers were cooled at 10 K /min from 563 K at which they were held for
5 min, to measure T..

Density. Density was measured at 303 K by a flotation method, using
n-heptane-tetrachloromethane mixture.

Measurements of tensile properties and dynamic viscoelasticity. The
quenched films were uniaxially extended at an initial strain rate of 30% /min
at room temperature with a Tensilon UTM-III tensile tester (Toyo Baldwin
Co., Ltd.). The zone-drawn samples and the zone-annealed samples were
uniaxially extended along the orientation axis at an initial strain rate of
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25% /min at room temperature with the same tester. The temperature depen-
dences of dynamic viscoelasticity for the annealed films were measured at 11
Hz in nitrogen atmosphere with a Rheovibron DDV-IIC dynamic viscoe-
lastometer (Toyo Baldwin Co., Litd.).

Infrared IR measurement. Infrared (IR) spectrum was measured at room
temperature with a FT/IR-3 Fourier transform infrared spectroscopy
(Nippon Bunko Co., Ltd.).

Thermal shrinkage. Thermal shrinkage was measured with a Rheovibron
DDV-IIC dynamic viscoelastometer (Toyo Baldwin Co., Ltd.) at a heating
rate of ca. 3 K/min. The thermal shrinkage is scaled by a parameter of
(Lo — L)/Ly X 100(%), where L, is the original length of the sample at room
temperature and L is the value at elevated temperature.

RESULTS AND DISCUSSION

Molecular Aggregation State in the Unoriented Copolymers

Figure 3 shows the polarizing micrographs under cross nicols in a molten
state at 560 K for (a) the 6 wt% and (b) the 9 wt% PTA /PET copolymers. In
the copolymers anisotropic domains were observed, whereas the PET homo-
polymer and the 3 wt% PTA/PET copolymer were optically isotropic. The
polarizing micrographs after quenching the samples were almost the same as
in the molten state. Since the anisotropic domains are already observed in the
molten state, they would be composed of PTA segments. The number and size
of the domains in the 9 wt% PTA /PET copolymer were larger than those in
the 6 wt% PTA /PET copolymer. This means that possibility of the formation
of PTA aggregates increases with the content of PTA segments. It should be
noted that in the 6 wt% and 9 wt% PTA/PET copolymers a certain amount
of PTA segments would not be contained in the anisotropic domains but in
the amorphous phase of PET.

The above aggregation states of PTA segments are confirmed by the
WAXD photographs of the quenched films. Figure 4 shows WAXD photo-
graphs of the quenched films of the PET homopolymer and the copolymers.
In the PET homopolymer, amorphous halo was observed, but Debye rings
were not done. This result means that the amorphous state in the molten
state of the PET homopolymer would be frozen effectively by the quenching
process and the crystalline phases are not formed. In the 6 wt% PTA/PET
copolymer only a Debye ring of Bragg spacing, d = 0.435 nm was observed
with amorphous halo, whereas in the 3 wt% PTA/PET copolymer no Debye
rings were observed and only amorphous halo was done. In the 9 wt%
PTA/PET copolymer three Debye rings were observed with amorphous halo.
The Bragg spacings of these Debye rings were 0.521 nm, 0.435 nm, and 0.394
nm, of which the values are almost coincident with the plane distances of
(010), (110), and (200) in the crystalline structure of poly( p-phenylene
terephthalamide),? and therefore the Debye rings would have originated from
the crystalline aggregates composed of PTA segments.

From the WAXD photographs of the annealed films of the PET and
copolymers, it becomes apparent that PET molecules are crystallized by
annealing at 473 K for 1 h.
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Fig. 3. Polarizing micrographs under cross nicols in a molten state at 560 K for (a) the 6 wt%
PTA/PET and (b) the 9 wt% PTA/PET copolymers.

Effects of PTA Segments on Thermal and Mechanical Properties
in the Unoriented Copolymers

Figure 5 shows a change in glass transition temperature 7, with increasing
PTA content in the quenched films. 7, increased with increasing PTA content
and the T, curve was concave. This result suggests that the PTA segments in
the copolymer would effectively restrain the micro-Brownian motion of PET
segments.

The relationship between a melting temperature 7,, and the molar fraction
of PET segments X, is shown for the annealed films in Figure 6. The solid
line in the figure was drawn by assuming the following proportional relation-
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Fig. 4. Wide-angle X-ray diffraction photographs of the quenched films; (a) the PET homo-
polymer, (b) the 3 wt% PTA/PET, (c) the 6 wt% PTA/PET, and (d) the 9 wt% PTA/PET
copolymers.
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This relationship coincides qualitatively with Flory’s equation.” It may be
assumed that the growth of PET crystals along the molecular axis is disturbed
by PTA segments and thus the PTA segments do not enter in the PET
crystalline phase. In the 6 wt% and 9 wt% PTA /PET copolymers, a certain
amount of PTA segments form in the crystalline domains, as shown in Figures
3 and 4.

Figure 7 shows the crystallinity of PET segments as a function of PTA
content for the annealed films. The crystallinity was evaluated from the area
of the endothermic peak in melting. In this case, the value of 121 J /g8 was
used as the heat of fusion for the crystalline phase of PET. Crystallinity
decreased monotonically with increasing PTA content. Crystallinity evaluated
from density also decreased with increasing PTA content. The decrease in the
crystallinity means that PTA segments disturb the crystallization of PET
segments and are preferentially contained in the amorphous phase of PET
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Fig. 7. Crystallinity as a function of PTA content for the annealed films.

segments. The beginning temperatures T.’s of the crystallization from the
molten state of the copolymers were lower than that of the PET homopoly-
mer. Below the PTA content of 6 wt%, T, decreased with increasing PTA
content, but the T, for the 9 wt% PTA /PET copolymer was scarcely different
from that of the 6 wt% PTA/PET copolymer. The decrease of T, would be
originated by the PTA segments which restrain the molecular motion of PET
segments necessary to the crystallization, whereas the PTA aggregates formed
in the molten state of the copolymer may act as nuclei for the crystallization
of PET segments and accelerate the crystallization rate of PET segments to
result in the increase of T,. The formation of the PTA aggregates in the
molten state of the copolymers was shown in Figure 3. The depression of the
molecular motion of PET segments by the PTA segments may preferentially
take place below the PTA content of 6 wt%, but the acceleration of the
crystallization rate of PET segments by the PTA aggregates may largely
occur at the PTA content of 9 wt%, in addition to the depression of the PET
molecular motion by the PTA segments.

Figure 8 shows the temperature dependence of storage modulus E’ and loss
modulus E” at 11 Hz for the annealed films. The E” peaks around the
temperatures of 390 K to 400 K are associated with the micro-Brownian
motion of amorphous chains for the PET homopolymer and the copolymers.
The E” peak temperatures in the copolymers were around 400 K, indepen-
dent of the fraction of PTA segments, and were higher than the temperature
in the PET, ca. 390 K. The glass transition temperature 7, in the annealed
film depends on the following factors: (1) crystallinity x of PET segments and
(2) the fraction of the PTA segments contained in the amorphous region.
Since the T, decreases with decreasing x° and x decreases with increasing
PTA content (Fig. 7), the T, should decrease with increasing PTA content.
The increase of PTA content in the amorphous phase brings about the
increase of T, taking into account the increase of T, with PTA content in the
quenched film (Fig. 5). Therefore, the PTA segments are more effective with
increased T, compared with the negative effect due to decreased crystallinity.
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films.

The values of E’ in the copolymers were almost the same as that of the
PET homopolymer below the glass transition temperature. Above the T, the
decrease of E’ in the 3 wt% PTA/PET copolymer became smaller than that
of the PET, whereas E’ in the 6 wt% and 9 wt% PTA copolymers decreased
more than that in the PET. Figure 9 shows the values of E’ at 450 K as a
function of PTA content for the annealed films. It can be assumed that the
value of E’ above the T, decreases with decreasing crystallinity, but increases
with increasing content of PTA segments contained in the amorphous phase.
That is to say, the effects of the crystallinity and the PTA content on E’ are
compensated by each other. Therefore, it becomes apparent that in the 3 wt%
PTA/PET copolymer the PTA segments contained in the amorphous phase
are more effective on the increase of E’, compared with the negative effect of
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crystallinity. On the other hand, in the 6 wt% and 9 wt% PTA/PET
copolymers crystallinity is more effective with the decrease of E’.

According to the results of tensile tests for the quenched films, both
Young’s moduli and yield stresses in all the copolymers below the PTA
content of 9 wt% were almost the same as those of the PET homopolymer,
whereas the breaking stress and the strain at breaking decreased with increas-
ing PTA content. The following section will examine how the tensile proper-
ties of the copolymers are much improved by zone-drawing and zone-anneal-
ing, compared with those of the PET homopolymer.

Effects of PTA Segments on Structure and Properties of the
Oriented Copolymers

Table I shows birefringence An, orientation function f, of ¢ axis in PET
crystalline phase, orientation function f, of amorphous chains, and volume
crystallinity x, of PET segments for the zone-drawn (Z-D) samples and the
zone-annealed (Z-A) samples. These samples are the PET homopolymers and
the 3 wt% PTA /PET copolymers. The value of f, was evaluated by using the
values of An, f,, and x, as follows:

An - XochOc

fo= T3

where A% and A’ are the intrinsic birefringences in the PET crystalline phase
and amorphous phase, respectively. The values of A% and A? are 0.220'° and
0.295,'° respectively, and the effect of PTA segments on the intrinsic birefrin-
gence of the amorphous phase was neglected. Both the f, and f, of the Z-A
samples were higher than those of the Z-D samples. There were almost no
differences in f, between the PTA /PET copolymers and the PET homopoly-
mers, whereas f,’s of the PTA /PET copolymers were much higher than those
of the PET homopolymers. From wide-angle X-ray diffraction photographs of
the Z-D and Z-A samples, the spacings evaluated from the diffractions of the
crystalline phase of the PTA /PET copolymers agreed with those of the PET
homopolymers. These results suggest that the PTA segments in the copolymer
selectively exist in the PET amorphous phase and raise the orientation of
PET amorphous chains through the interaction between the PTA and PET
segments.

TABLEI
Birefringence A n, orientation function of ¢ axis in PET crystalline phase f,, orientation function
of amorphous chains f,, and volume crystallinity x,, for the zone-drawn samples and the
zone-annealed samples

Sample An fe fa Xo/%
Z-D PET 0.130 0.964 0.376 24.4
Z-D 3 wt% PTA/PET 0.156 0.961 0497 25.9
Z-APET 0.174 0.993 0.393 59.7

Z-A 3 wt% PTA/PET 0.191 0.991 0.552 59.2
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TABLE 11
Absorbance ratios A973/A1042 of 973 em ™! to 1042 cm™*
for the zone-drawn samples and the zone-annealed samples

Sample A973/A1042
Z-D PET 1.55
Z-D 3 wt% PTA/PET 1.90
Z-A PET 2.70
Z-A 3wt% PTA/PET 3.02

The fractional ratio of trans to gauche conformation in the PET segments
contained in the amorphous phase would be qualitatively compared between
the PET homopolymer and the copolymer by using IR spectra. The IR bands
associated with the trans and gauche conformations are 973 cm ™! and 1042
cm ™, respectively.!! From the absorbances of the bands, A973 and A1042, the
ratios A973/A1042 are obtained in Table II. The values of the ratios in the
Z-A samples are higher than those in the Z-D samples, since the conformation
of PET segments in the crystalline phase is frans and the crystallinity of the
Z-A sample is higher than that of the Z-D sample. In cases both of zone-draw-
ing and zone-annealing, the values of the ratio in the 3 wt% PTA/PET
copolymers are always higher than those in the PET homopolymers, even if in
both the Z-D and Z-A samples the crystallinity of the 3 wt% PTA/PET
copolymer is almost the same as that of the PET homopolymer (Table I).
This result means that the fractions of frans conformation in the amorphous
phases of the 3 wt% PTA /PET copolymers are higher than those of the PET
homopolymers. Therefore, the increase of orientation function of amorphous
chains in the copolymer is originated by the increase of the trans conforma-
tion of the PET segments contained in the amorphous phase.

Figures 10(a) and 10(b) show stress—strain curves of the Z-D and Z-A
samples which are the PET homopolymers and the 3 wt% PTA/PET copo-
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Fig. 10. Stress-strain curves at room temperature for (a) the zone-drawn samples and (b) the
zone-annealed samples.
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Fig. 11. Thermal shrinkage curves at the heating rate of ca. 3 K/min for the zone-drawn
samples and the zone-annealed samples.

lymers. The Young’s modulus E, the yield stress o,, and the breaking stress o,
for the Z-D copolymer were conspicuously increased by the PTA segments
contained in it, in comparison with those of the Z-D PET homopolymer. The
E of the Z-A copolymer was also increased by the PTA segments. Such higher
values of E, o,, and 0, of the copolymer originated with greater increases in
the orientation of amorphous chains in the copolymer (Table I).

Figure 11 shows thermal shrinkage curves at the heating rate of ca. 3
K/min for the Z-D and Z-A samples. In both the Z-D and Z-A samples the
amount of thermal shrinkage of the copolymer was slightly depressed in
comparison with that of the PET homopolymer at the same temperatures. In
the zone-drawn polypropylene the higher the orientation function of
amorphous chains, the larger was the thermal shrinkage.!? The orientation
function of amorphous chains in the 3 wt% PTA /PET copolymer was always
higher than that in the PET homopolymer (Table I). Therefore, the result of
Figure 11 suggests that PTA segments in the amorphous phase effectively
depressed the thermal shrinkage of the copolymer owing to the strong interac-
tion between the PTA segments and their high rigidity. Thus, it becomes
apparent from Figures 10 and 11 that PTA segments in the uniaxially
oriented samples are effective in the improvement of the mechanical proper-
ties and depression of the thermal shrinkage.

CONCLUSION

In poly( p-phenylene terephthalamide-co-ethylene terephthalate) the rigid
segments of p-phenylene terephtalamide (PTA) are aggregated as crystalline
domains above the weight fraction of the rigid segments, 6 wt%. PTA
segments are preferentially contained in the amorphous phase of the flexible
segments of poly(ethylene terephthalate) (PET) and would effectively restrain
the micro-Brownian motion of PET segments. The crystallinity of the PET
segments decreased with increasing content of rigid segments. PTA segments
are effective in higher values of storage modulus E’ above the glass transition
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temperature.

The values of Young’s modulus E, yield stress o, and breaking stress o, for
the zone-drawn copolymer were conspicuously increased by the rigid seg-
ments, in comparison with those of the zone-drawn PET homopolymer. Such
higher values of E, o, and ¢, are originated by a greater increase in the
orientation of amorphous chains. The increase of the trans conformation of
the PET segments contained in the amorphous phase is originated by the
rigid segments and results in the increase of orientation function of the
amorphous chains. The rigid segments in the amorphous phase effectively
depressed the thermal shrinkage of the zone-drawn and the zone-annealed
copolymers.
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