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Abstract : The banded textures of the oriented liquid crystalline thermotropic polyesters were
studied by polarized optical microscopy and X-ray diffractometry. The driving forces for the
formation of the banded textures were studied by the examination of the processes for the
banded texture formation on the liquid crystalline polymer films; In the case of the polymer
with a relatively low molecular weight (polymer-3), the banded textures were observed after
cessation of the shear application on the melted ploymer sample in its mesophase; However,
in the case of the polymers with relatively high molecular weights (polymer-1 and polymer~
2), the shear application technique was not successful in the production of banded textures.
The cold drawing and heat treatment in the mesophases of the solution cast films were neces-
sary for the formation of the banded textures. The thermal stabilities and memory effects of
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the banded textures were also studied; Formed banded textures were stable and did not
change at temperatures below the crystal melting but disappeared with crystal melting. The

disappeared banded textures reappeared on cooling their mesophase or isotropic phase. The

regularity of the banded textures, reproduced on cooling, depended on the heat treatment

conditions. The banded textures reproduced from the isotropic phase were less regular than

those formed from the mesophase.

INTRODUCTION

A number of investigations have been per-
formed on the unique characteristics in optical,
rheological, and other physical properties of lig-
uid crystalline polymers. Interest has been
taken in characterization of films and fibers pre-
pared from the polymer liquid crystals, exhibit-
ing distinct supermolecular structures and phys-
1cal properties not expected in conventional flex-
ible polymers.

A banded texture appears to be one of the
structural and morphological characteristic fea-
tures of sheared or elongated liquid crystalline
polymers. Both lyotropic and thermotropic poly-
mers have been shown to exhibit banded tex-
tures when subjected to shear or elongational
flow.I™3

Studies on the formation process of the ba-
nded texture were reported only in few cas-
es.*® Usually a cone and plate rheometer was
used and the texture changes were monitored
by an optical method during the experiment. Op-
tical texture of thermotropic copolyesters was
observed under shear of oscillaiory mode by
Graziano and Mackley® and banded texture was
observed for high molecular weight fraction dur-
ing the relaxation process after shear cessation.
The mechanism and details of the formation
process of the banded texture are still not clear
and more experimental facts about this banded
texture are needed.

So far many people used sheared-thin films
on the glass plate in its mesophase, but free
standing thermotropic liquid crystalline polyes-
ter films, oriented by elongation, were not used
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widely to study banded textures. In this paper,
the driving forces for the formation of the band-
ed textures and the influence of the thermal his-
tory on the banded textures were studied with
free standing liquid crystalline polyester films.

EXPERIMENTAL

Materials. The liquid crystalline polyesters
and copolyesters based on the 4,4” -dihydroxy-a
-methylstilbene as mesogene and azelaoyl chlo-
ride and 10, 12-docosadiynedioyl chloride as
spacers were used. The structures of these poly-
mers are shown in Fig. 1. The molecular
Weights of these polymers and their transition
temperatures are given in Table 1.1

Preparation of the Oriented Films. The
oriented films were prepared by two different
methods. The oriented films from a polymer
with a relatively low molecular weight such as
polymer 3 were prepared by the rapid shearing
with a razor blade of the melted polymer at its
mesophase on the glass plate followed by rapid
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Polyesters and copolyesters

Polymer-1 : X = 0.0, Y = 1.0
Polymer-2 : X = 0.5, Y = 0.5
Polymer-3 : X = 0.7, Y = 0.3

Fig. 1. Chemical structures of the polymers used for
the study on the banded textures.
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Table 1. Physical Properties of Polymers

Mn Transition temperature(C)
Polymer - -
(g/mol) Heating Cooling
Polymer-1 56,500 K174.5N215.41 1200.6N138K
Polymer-2 45,000 K130N1611  1150N92K

Polymer-3 13,000  KI113.9N142.91 1129.7N85.7K

*Thermal transition temperatures were taken from the 2nd
cycle on DSC Heating and cooling rates were 20°C/min.

cooling to 0°C on an aluminum cold plate.

The oriented films from polymers with rela-
tively higy molecular weights such as polymer-
1 and polymer-2 were prepared by the follow-
ing procedure; The polymer films were pre-
pared by casting of the polymer solutions in
chloroform followed by drying at room tempera-
ture. The films were heat treated in their ne-
matic mesophases(184°C for polymer-1 and 137
C for polymer-2) for 5 minutes and quenched
to 0°C on an aluminum cold plate. These heat-
treated films were then elongated by cold draw-
ing to 3 times extension.

Heat Treatment of the Films. The polymer

films were heat treated at different tempera-
tures for different period of time on a micro-hot
stage equipped with a calibrated thermometer.

Characterizations. The morphologies of the
films were studied on a Leitz Ortholux II pola-
rizing microscope with a Mettler FP-5 heating
stage.

X-Ray diffraction patterns of oriented films
were obtained from a Laue camera mounted on
a Rigaku generator operation at 40 KV and 25
mA using nickel filtered Cu-K alpha radiation
with wavelength as 1.54 A.

RESULTS AND DISCUSSION

Banded Texture Formation. The banded
textures of the oriented films of polymer-1,

polymer-2, and polymer-3 are shown in Fig. 2,
showing periodic alternation of dark striation
and bright layer along the direction of extension
or shear.

In the case of the polymer with a relatively
low molecular weight such as polymer-3(y =

Orientation Direction

(a)

(c)

Fig. 2. The polarizing photographs of the banded textures of the oriented films; polymer-1(a), polymer-2(b),

and polymer-3(c). (Magnification: X 500)
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Solution Cast Film

Heating at 184°C

L for 5 min

Quenching
to 0°C
N

Nematic Glass Film

Cold drawing at room

J temp. (A=3)

Oriented Film with Elongated
Nematic Domain Textures

Heating at 184°C
for 2min

Rapid Cooling to

room temp.

Oriented Film with
Banded Textures

Scheme 1
0.62), the banded textures were developed in
the film after cessation of rapid shearing the
sample 1n its mesophase followed by rapid cool-

ing to 0°C as shown in other papers.” However,
In the case of the polymers with relatively high
molecular weights, the banded textures could
not be prepared by the same preparation meth-
od as mentioned in the case of the polymer with
a low molecular weight in this experiment due
to the high melt viscosities of the polymers with
high molecular weights.

Scheme 1 shows the procedure of banded tex-
ture formation with polymer-1 film. In this ex-
periment, solution cast films were used to study
the factors affecting the banded texture forma-
tion. "The thicknesses of the cast films were
about 30 gm.

The wide angle X-ray diffraction pattern of
the cast polymer-1 film is shown in Fig. 3(a)
and suggests that this film 1s semicrystalline
and unoriented. This film did not show any
banded textures(Fig. 4(a)).

In order to make the nematic glass films, heat
treatment was done at the mesophase as men-
tioned at the experimental part. The heat treat-
ed film was turbid and became nematic glass.
The film In nematic glass state was then
stretched (A=3) to orient molecular chains and
the resulting film became transparent.

The wide angle X-ray diffraction pattern
(WAXD) and a polarized light photograph of
the polymer-1 film, oriented by the stretching

(a)

(c)

Fig. 3. The wide angle x-ray diffraction (WAXD) patterns of the films of polymer-1;(a) solution cast film,
(b) oriented film by stretching in nematic glass state(c) films with banded texturexs after heat treatment.
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Ornientation Direction

(a)

€}

Fig. 4. The polanzing photographs of the films of polymer-1;(a) solution cast film, (b) oriented film by
stretching at nematic glass state, and (¢) films with banded texturexs after heat treatment. (Magnification: X

500)

as mentioned above, are shown in Fig. 3(b) and
Fig. 4(b), respectively. The WAXD shown in
Fig. 2(b) presents a typical oriented nematic
state with good orientation of molecular chains.
However, the oriented film did not show any
banded textures. The oriented film showed only
elongated domain textures along the elongation
direction as shown in Fig. 4. The elongated do-
main textures might be resulted from the elon-
gated nematic domains. The nematic domains,
produced in the film by the heat treatment at
the nematic mesophase could be changed into
rodlike shapes due to the stretching of the film.
In the elongated nematic domains, molecules
formed oriented fibrils and this was also con-
firmed by the x-ray diffraction pattern(Fig. 3
(b)).

In order to study the effect of the relaxation
of the oriented macromolecules on the banded
textures formation, the oriented film with elon-
gated domain textures were heat treated. First
of all, the films were heated up to nematic
mesophase, these films did not show banded tex-
ture but elongated domain texture. After hold-
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ing at their nematic mesophase mentioned
above for about 30 seconds the elongated do-
main texture began to disappear and banded
textures were developed slowly, but during the
holding at this temperature for 2 min., banded
texture formation was not completed and some
of the elongated domain textures were still re-
mained. After holding for 2 min., these films
were cooled down to room temperature by two
ways, slow cooling and rapid cooling. Interest-
ingly, banded textures formation, shown in Fig.
4, was completed on those films during the cool-
ing by either slow or rapid cooling.

However, when stretched films with elongat-
ed domain textures were heated up to just
below their crystalline melting points, 165°C for
polymer-1 film, no banded texture was devel-
oped on the films on the cooling.

From these results, it was found that after
orientation of polymer films by stretching,
heating up to their nematic mesophase, above
the crystal melting points, and cooling to below
crystal melting temperatures by either slow or
rapid cooling were necessary for the formation
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Orientation Direction

Fig. 5. The polarizing photographs of the polymer-2 films with banded textures at different temperatures; (a)
132°C (mesophase), (b) 125 (after cooling from nematic mesophase), (c) room temperature (after cooling
from nematic mesophase), (d) room temperature (after cooling from Isotropic phase). (Magnification: X 500)

of the banded textures on the oriented films. In In our experiment, mentioned above heating and
the literature, most of the results indicate that cooling after elongation are necessary for the
banded textures are formed immediately or in a formation of banded textures. Mao Xu and co-
short period of time after shear cessation. But workers® mentioned in their paper that banded
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texture could hardly be the result of free ther-
mal relaxation from the shearing orientation
state, but i1s probably the resuit of forced ther-
mal relaxation due to elasticity in the sheared
specimens.

From our results, it can be suggested that the
straight arrangement of molecular chain in fi-
brils, produced by the elongation, can be relaxed
thermally enough to form zigzag rearrangement
of fibrils only by the heating above crystal melt-
Ing temperature. And this zigzag rearrange-
ment of fibrils was confirmed by the WAXD as
shown In Fig. 3(c). When this x-ray diffraction
pattern was compared with that of oriented
polymer-1 film without banded texture, two
patterns of x-ray diffraction are much differ-
ent. Two diffused spots in the wide angle region
of x-ray diffraction pattern of the film without
banded textures, which were characteristic pat-
tern of oriented nematic glass, were disappared
by the heat treatment for the development of
the banded textures, and 4-broken solid lines in
the wide angle region were developed on the x-
ray diffraction pattern of the film with banded
textures.

Windle et al.!? also obtained the similar x-ray
diffraction pattern to ours from the films with
banded textures. They claimed that a faint four
point on the x-ray picture may be observed in
the case of the banded texture which is consis-
tent with the almost regular sinusoidal trajecto-
ry of the molecules.

From those two x-ray diffraction patterns, it
was found that orientation of molecular chains
of stretched film without banded texture was
higher than that of film with banded texture
and also it is not negligible to form the oriented
crystallite by the strain induced oriented crys-
tallization. It can be suggested from all these
results that strain-induced crystallization will
be one of the important factors of banded tex-
ture formation.

Thermal Stablility of the Banded Tex-
tures. The produced banded textures of the
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films of the polymer-2 were very stable in the
wide temperature range from room temperature
to high temperature just before the crystal melt-
Ing point.

When polymer-2 film with banded texture
was heated up to its nematic mesophase, band-
ed textures started to disappear with crystal
melting and completely disappeared at the
mesophase(132°C Fig. 5(a)). At this tempera-
ture, there was no specific morphological pat-
tern but high birefringence with polarized light
and the brightness of this birefringence was
changed and repeated from black to white with
45° rotation angle under crossed polarizer.
From this phenomenon, it can be suggested that
the orientation of the molecular chains was sus-
tained at this temperature.

This film was cooled down slowly with 5C/
min and when the temperature was right below
the crystal melting point, banded textures began
to appear again and this banded texture became
apparent, sharp and regular at 125°C as shown
in Fig. 5(b). Further cooling of this sample to
room temperature resulted in the formation of
the less regular banded texture in Fig. 5(c¢)
than that at 125°C as described above.

Also after heating the polymer-2 film with
banded textures to its isotropic phase, banded
textures were reappeared on the cooling to
room temperature. However, the regularity of
produced banded texture became less than that
of the banded textures produced on the cooling
from the mesophase as shown in Fig. 5(d).

From this thermal stability study of banded
texture, it was found that banded texture is
very stable at high temperature just below crys-
tal melting point and reproducible with cooling
from the mesophase as well as from the isotrop-
lc phase. This reproducibility of banded texture
with a variation of the temperature means some
kind of memory effect, which was alsoc men-
tioned but could not be proved by the Mao Xu
et al®

The reproducibility of the banded texture by
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the cooling from isotropic phase suggests that
the macroscopic order of parallel aligned mole-
cules was sustained even at isotropic phase.
This phenomenon may be explained or may sup-
port the non-equilibrium residual short-range
nematic like order in the isotropic phase up to
several minutes after the nematic to isotropic
transition has occrred.!®!® The residual short
range nematic like order may act as trigger to
form the banded texture during the cooling to
room temperature.

CONCLUSIONS

For the formation of the banded textures
from the thermotropic liquid crystalline poly-
mers, the zigzag arrangement of macromole-
cules produced by the annealing of the stretched
film is one of the major factors. The zigzag
arrangement could be
resulted from the forced thermal relaxation of
the straight oriented macromolecules due to the

of macromolecules

elasticity.

Another factor for the formation of the band-
ed textures will be the oriented crystallites for-
mation in the oriented films. Because banded
textures were always developed and completed
by the cooling from the crystalline melting tem-
perature and the banded textures were not com-
pleted at the nematic mesophase temperature,
the oriented crystallite, produced by the orienta-
tion induced crystallization is not negligible in
the banded texture formation.

480

10.

11.

12.

13.

14.

Blumstein

REFERENCES

. G. Kiss and R. S. Porter, Mol. Cryst. Lig. Cryst.,

60, 267 (1980).

. S. C. Simmens and J. W. S. Hearle, J. Polym.

Sci. ( Phys.), 18, 871 (1980).

. A. M. Donald, A. M. C. Viney, and A. H.

Windle, Polymer, 24, 155 (1983).

. Y. Nishio and T. Takahashi, J. Macromol. Sci.

Phys., B 23(4-6), 483 (1984).

. D. J. Graziano and M. R. Makley, Mol. Cryst.

Lig. Cryst., 106, 73 (1984).

. P. Navard, J. Polym. Sci., Polym. Phys. Ed., 24,

435 (1986).

. F. Fried and P. Sixou, Mol. Cryst. Lig. Cryst.,

158B, 163 (1988).

. F. Marsano, L. Carpeneto, and A. Ciferri, Mol.

Cryst. Lig. Cryst., 158B, 267 (1988).

. X. Liu, D. Shen, L. Shi, M. Xu, Q. Zhou, and X.

Duan, Polymer, 31, 1894 (1990).

S. E. Bedford and A. H. Windle, Polymer, 31,
616 (1990).

S. Fakirov and M. Evstatiev, Polymer, 31, 431
(1990).

J. G. Jegal, A. Blumstein, and R. Blumstein, un-
published result.

J. L. Feijoo, G. Ungar, A. Keller, and V. Persec,
Polymer, 31, 2019 (1990).

J. G. Jegal, C. H. Lin, and A. Blumstein, Poly
mer Prep., 32, 215 (1991).

Polymer(Korea) Vol. 18, No. 4, July 1994



