This article was downloaded by:

On: 26 January 2011

Access details: Access Details: Free Access

Publisher Taylor & Francis

Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Liquid Crystals
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713926090

Solidification-induced and shear-induced band texture in thermotropic
liquid crystalline polymer films

Song Wenhui?*; Chen Shouxi* Jin Yongze?; Qian Renyuan®
* Institute of Chemistry, Beijing, China

To cite this Article Wenhui, Song , Shouxi, Chen , Yongze, Jin and Renyuan, Qian(1995) 'Solidification-induced and shear-
induced band texture in thermotropic liquid crystalline polymer films', Liquid Crystals, 19: 5, 549 — 555

To link to this Article: DOI: 10.1080/02678299508031067
URL: http://dx.doi.org/10.1080/02678299508031067

PLEASE SCROLL DOWN FOR ARTICLE

Full ternms and conditions of use: http://ww.informworld.confterns-and-conditions-of-access. pdf

This article nay be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, |loan or sub-licensing, systematic supply or
distribution in any formto anyone is expressly forbidden.

The publisher does not give any warranty express or inplied or make any representation that the contents
will be conplete or accurate or up to date. The accuracy of any instructions, fornulae and drug doses
shoul d be independently verified with prinmary sources. The publisher shall not be liable for any |oss,
actions, clainms, proceedings, demand or costs or danmmges whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.



http://www.informaworld.com/smpp/title~content=t713926090
http://dx.doi.org/10.1080/02678299508031067
http://www.informaworld.com/terms-and-conditions-of-access.pdf

09: 40 26 January 2011

Downl oaded At:

LiQuip CRYSTALS, 1995, VoL. 19, No. 5, 549-555

Solidification-induced and shear-induced band texture
in thermotropic liquid crystalline polymer films

by SONG WENHUTI*, CHEN SHOUX]I, JIN YONGZE and QIAN RENYUAN
Institute of Chemistry, Academia Sinica, Beijing 100080, China

(Received 13 January 1995; in final form 9 June 1995; accepted 21 June 1995)

It has been observed that the band texture of thermotropic liquid crystalline polymers (LCPs)
is formed at the shearing temperature during the relaxation of shear. The band spacing increases
with increasing shearing temperature between Ty, and 7;, but is independent of shearing rate
within the range of our experiments. The angle of zigzag orientation of the molecular chain
fibrils with respect to the direction of shear is independent of the shearing temperature. The
relaxation rate of the shear-induced band texture depends on the width of the bands formed. The
wider the band spacing is, the slower the relaxation. When specimens with shear-induced bands
of different spacings are annealed at a certain temperature for 10 min, they are all converted to
a new band texture of the same spacing of around 1 pm. These bands with a small spacing
generated during cooling are termed the solidification-induced band texture. When the specimen
with shear-induced bands is annealed for a short time, so that the bands have not relaxed, and
is then quenched, solidification-induced bands with a smaller spacing than the original bands
appear. In this way, both shear-induced and solidification-irduced bands could be seen in the
same polarizing micrograph. The solidification-induced bands could be used as a kind of
decoration to show that the chain orientation field follows the changes during relaxation of a
shear-induced texture, at a given temperature, into walls, loops and sinusoidal wave textures

which eventually relax to a thread texture.

1. Introduction

It is well known that both lyotropic and thermotropic
liquid crystalline polymers (LCPs) show a band texture, as
observed by microscopy with crossed polarizers, on being
subjected to a shear or elongational flow. During the past
decade, many experimental results concerning the factors
affecting band texture formation of lyotropic LCPs have
been reported [1-6]. It has been proved that the bands form
during relaxation of the shear [1—4]. The induction period
needed for the formation of an observable band texture
after cessation of shearing varies over a wide range from
a few seconds to several minutes, depending on the shear
rate, duration of the shearing, the layer thickness and the
solution concentration. The bands have a width or
periodicity ranging from 0-5 to 10 pm, mainly depending
on the nature of the polymer, apart from a few cases
dependent on the shear rate. Some thermotropic LCPs
have been found to exhibit the band texture during
quenching, after being sheared between glass slides
[7-10]. The high temperatures needed to obtain the
mesophase rendered more extensive studies difficult.
A model based on Frank’s elastic energy has been
proposed to interpret the appearance of the band texture

* Author for correspondence.

[11]. Besides the molecular elasticity, texture elasticity
has been suggested as another principal source of elastic
energy that could drive the formation of bands after
shearing ceases [12]. Even so, the molecular mechanism
leading to the formation of the band texture has not yet
been satisfactorily explained.

Recently, it has been noticed that the band texture can
also be formed in a nematic polymer without being
subjected to a shear, if mesomorphic domains had grown
to a sufficient size and then been quenched to room
temperature [13, 14]). We shall refer to this kind of band
formation as the solidification-induced band texture.
The band spacing is usually about 1pm. Differently
oriented band in different regions of the film specimen
imply a nematic multidomain texture. These bands
decorate the mesogen director orientation, showing
different types of disclination [15]. The mechanism of
formation of this kind of band texture without shearing
remains to be explored.

In this paper, relaxation behaviour after cessation of the
shear was observed in several thermotropic liquid crystal-
line polymers at different shearing temperatures. The
effects of shearing condition and thermal treatment on the
band texture were studied.

0267-8292/95 $10-00 © 1995 Taylor & Francis Ltd.
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Table 1. The properties of nematic polymers Pa, Pb, Pe, Pd.

Polymer T,,°C T:°C M, [/l x g~
Pa 92 219 4600t —
Pb 123 149 84607 —
Pc 164 not measured — 0-513%
Pd 110 197 — 0-2898§

1 From reference [16].

I Inherent viscosity measured at 25°C for a phenol/1,1,2,2-te-
trachloroethane (1:1) solution at a concentration of 0-5 wt%.

§ Inherent viscosity measured at 25°C for a 1,1,2,2-tetra-
chloroethane solution at a concentration of 0-5 wt%.

2. Experimental

2.1. Materials
The LCP samples used in this study were nematic
aromatic copolyesters, containing different side groups
and different lengths of flexible spacers in the main chain,
having the following molecular structures:

Pa —[—o@coo-@»oco-@—oco-(—cm—)¢-co—].—
H
1]
N

OCHz2CH3

Pb —[—o-@-cooroo-@—o—(—cm—)m—]..—
"
I
N

Cl

cl
Pc —[-oc-@-oco—(—cm-).-coo@—coo-@—o—].—
CHs
Pd -{-oc—@-coo-@—oco—@-coo-(cm),—o-}.-

Their transition temperatures (determined by DSC at a
heating rate of 20°Cmin~') and molecular weights
(or-inherent viscosities) are listed in table 1.

2.2. Experimental procedures

The observations of relaxation were performed using a
specially constructed apparatus which allowed us to shear
a thin layer of a LCP sample at elevated temperature while
observing the film using an optical microscope. The
nematic melts were sheared at a temperature between T,
and T;, sometimes above T; and then directly observed at
the shearing temperature. In the meantime, a modified,
rotating parallel-plate shearing apparatus [4] was used to
observe the influence of shear rate. The range of shearrates
% used was between 0 and 3000s !, varying with the

distance from the centre of rotation given by the following
equation, assuming a uniform velocity gradient across the
thickness of the thin layer:

$ = 2nRn/60h

where R is the radical distance of the point of observation
from the rotation centre, # is the rotation speed in min ~'
and h is the thickness of polymer melt layer. After
shearing, the glass slides containing the sandwiched
nematic melt were immediately quenched to room
temperature. An Olympus Model BH-2 polarizing optical
microscope (POM), in conjunction with a Mettler FP-52
hot stage and a Model SL-1 small angle light scattering
apparatus made in this Institute were used for texture
observations.

3. Results and discussion

3.1. Formation process of the band texture in the nematic
state of thermotropic LCPs

The band texture is usually observed in quenched solid
films of thermotropic LCPs [7-10], because it is rather
difficult to observe the texture at high temperatures in the
mesophase. Recognizing this difficulty, we selected
samples for study which had relatively low Ty, and T;
values, so that we were able to observe the relaxation of
the shear-induced band textures at the shearing tempera-
ture, after cessation of shear. For polymers Pa and Pb, the
band texture appeared so quickly after cessation of
shearing, at any temperature between T, and T, that the
induction periods of band formation were practically zero.
However the relaxation of the bands, that is the gradual
extinguishing of the bands, was observed to be a slow
process, which could be divided into two stages. In the first
stage, the straight bands perpendicular to the shear
direction became wavy and short, and disappeared
gradually, but the chain orientation was maintained. In the
second stage, the chain orientation relaxed continuously,
ending in formation of a thread texture. The first stage of
the relaxation process generally occurs over a shorter time
scale than the second stage. That is why one has to quench
the sheared sample to room temperature as quickly as
possible, in order to observe the fine band texture. The
relaxation after shear cessation from the shear-induced
band texture to a completely quiescent thread texture
occurs in the order of 10 to 1000 s, depending on the nature
of the polymer, the temperature and the shearing condi-
tions. In general, there is more chance of observing the
band texture at lower temperatures of the mesophase as the
chain orientation relaxes slowly owing to the higher
viscosity of the polymeric melt. At higher shearing
temperatures, the relaxation time becomes short and it is
more difficult to observe the band texture.

For polymers Pc and Pd, especially when the shearing



09: 40 26 January 2011

Downl oaded At:

Induced band texture in LCP films 551

temperatures were 200 and 130°C (and above), respect-
ively, the band texture could hardly be generated, simply
because the viscosities of the polymer melts decreased
sharply at these temperatures. This implies that the
molecular chain length may be one of the prime factors
influencing the band formation. For polymer Pd, even if
the nematic melt was sheared at a relatively low
temperature (130°C), the small molar mass of the polymer
made it very mobile, resembling the behaviour of a low
molar mass liquid crystal. The shear orientation would
then be totally relaxed before the band texture could form.
Consequently no band textare could be observed. The
shear-induced band texture was not observed when the
LCP melts Pa, Pb and Pd were sheared above their
nematic—isotropic transition temperatures (7;). It is sug-
gested that the formation of the band texture is merely a
consequence of interchain order rather than of chain
structure. The bands were usually formed after shearing at
an intermediate viscosity of the system.

3.2. The effect of shear rate and shear temperature on the
band texture

When the nematic melt was sheared in the rotating
parallel-plate apparatus and then immediately quenched to
room temperature, the sheared specimen showed a
Maltese cross extinction pattern with a radial band texture
between crossed polarizers, resembling a typical
spherulite morphology, as shown in figure 1. It was found
from the interference colour after inserting a compensator
that the molecular orientation corresponded to a negative
birefringence; that is, the molecular chains were oriented
along the shearing direction, perpendicular to the long
axes of the bands. Figure 1 also shows that there is no band
texture in the vicinity of the rotation centre, where the
shear rate was too small. From the radial distance of the
demarcation circle between banded and non-banded
regions, the critical shear rate y. can be calculated; the
value depends strongly on temperature and the nature of
the polymer. For example, the value of the critical shear
rate § is 13s~' for polymer Pa at 140°C and 11s ™' at
160°C; however, for polymer Pd, j.is very low,only 15~ *
at 120°C. The radial bands in figure 1 appear more distinct
and straight along the radial direction with increasing
radial distance, i.e. with increasing shear rate. Figure 2
shows a magnified local areas of figure 1 corresponding to
shear rates from 2165 to 2169s~!. The band spacing
appears to be independent of the shear rate within the
experimental range up to 3000s ™",

Although the band spacing is independent of shear rate
at a given temperature, it increases with the temperature
at which the melt is sheared. Figure 3 shows the polarizing
micrographs of polymer Pa subjected to shearing at
different temperatures. From the photomicrographs and
the values listed in table 2, the average band spacing

¢
rd

Figure 1. POM micrograph of the band texture of nematic
polymer Pd, sheared by rotating the parallel-plate shearing
apparatus at 120°C.

increases from 1 to 12um with increasing shearing
temperature between T, and 7;. In figure 3 (d), zigzag
fibrils can be seen under the polarizing microscope,
demonstrating directly the formation of short period
structure in the shear direction during the relaxation
process. The orientation angles ¢ between the macro-
molecular chain in the band and the sheering direction are
constant at around 15 degrees as shown in table 2. Same
results were found for polymer Pb. For polymer Pe, the
band spacing showed an abrupt change from 1 to 15 pm
at 190°C. The relaxation rate of the shear-induced band
texture was found to depend on the band spacing. For
example, for polymer Pa, in a heating at a rate of
5°Cmin~ !, the narrow bands (about 1-5um) became
wider at first and then became wavy and finally disap-
peared as the temperature was raised to 140°C (see figure
4), while the wider bands (6-12pum) persisted at a
temperature up to 200°C, although the bands were not as
straight as those at lower temperatures (see figure 5). In the
isothermal case, when the oriented films were directly
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Figure 2. POM micrograph of the band texture partially
magnified from local area (A) of figure 1.
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POM micrographs of band textures of polymer Pa sheared at different temperatures, and subsequently quenched to room temperature.

Figure 3.
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Table 2. Characteristics of the shear-induced band texture at
different temperature.

Shear temperature/°C  Band spacing/pm ¢ degree
110 1.0-1-5 15
120 1-0-1-5 15
135 1.5-2.0 15
140 4.0-50 15
160 6-0-8-0 15
180 8.0-10-0 15
200 8.0-12-0 15

annealed at 160°C, the narrow bands (sheared at 120°C)
vanished immediately, but the wide bands (sheared at
180°C) remained for 30 min. At this temperature, the wide
bands faded out gradually as time progressed. It is
presumed that the band texture formation of a LCP is
related to its thermal history, in the sense that the band
spacing might be related to the domain size in the nematic
melt before shearing. It is known that the density of
disclinations becomes smaller, or in other words, the
nematic domains become larger, when the melt is heated
to higher temperatures. Consequently, the shear-induced
band texture generated from high temperature shearing
has a wider spacing. Therefore the band texture has the
memory of the nematic domain state before shearing, and
the structural units of the band could be considered to be
these nematic domains. Presumably these nematic do-
mains are also the kinetic units of molecular motion in the
band. The bands with wider spacing have a smaller
relaxation rate owing to the larger kinetic units of the
nematic domains.

3.3. Solidification-induced band texture and
shear-induced band texture
It is interesting to mention here that all these band
textures with different band widths became narrow after

S0um_ = . 4 v =

Figure 4. POM micrograph of an oriented film of polymer Pa
(sheared at 140°C) and annealed at 140°C for 10 min.

Figure 5. POM micrograph of an oriented film of polymer Pa
(sheared at 160°C) and annealed at 180°C for 10 min.

the sample had been annealed in a certain range of
temperatures for more than 10 min and then quenched or
cooled naturally to room temperature. As a result, the
bands, originally of different spacings, all narrowed to the
same band spacing of around 1 um (see figure 6) while
maintaining the original orientation direction of the
macromolecular chains. This annealing temperature was
180-200°C for polymer Pa, 138-142°C for polymer Pb
and above 240°C for polymer Pe. These narrow bands
presumably constitute the solidification-induced band
texture observed in nematic polymers without shearing
through a similar thermal treatment [13]. Under shearing,
the mesogen directors will align the shear direction so that
the multidomain texture becomes an oriented, continuous,
monodomain phase with vanishing disclinations. It is
evident that the solidification-induced band texture can be
found in a monodomain nematic phase, contrary to the
results of Hudson ez al. [17]. When a film of polymer Pa
with a wide band texture, generated at a shearing
temperature between 160-200°C, was annealed for a short
period, say a few minutes, so that the shear-induced wider
bands had not entirely relaxed, the solidification-induced
band texture with a narrow band spacing could appear
within the original shear-induced bands during cooling, so
that both shear-induced and solidification-induced bands
appeared simultaneously in the field of view of the
microscope, as shown in figure 7 (a). The narrow bands
within the wider bands give us a kind of decoration
showing that the field of molecular chain orientation—the
long dimension of the narrow bands—is perpendicular to
the zigzag fibrils of the molecular chain along the shearing
direction. The small angle light scattering (SALS) Hv
pattern of this oriented film, shown in figure 7 (b), shows
a grating-like diffraction pattern of two pairs of lobes
normal to the bands, indicating that the bands in the
oriented structure have two periodicities. The sharp
diffraction at small angles (see figure 7 (¢)) is related to
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Figure 6. POM micrograph of the solidification-induced band
texture of an oriented film of polymer Pa (sheared at
160°C) and annealed at 190°C for 20 min before quenching
to RT.

the spacing of the original shear-induced bands, while the
diffuse diffraction at larger angle is related to the
solidification-induced bands.

No bands could be directly observed when the film was
heated at the annealing temperature. The solidification-in-
duced band texture was generated only during quenching
or rapid cooling from a high enough annealing tempera-
ture. For polymer Pa, this band texture could also be
formed by rapidly cooling (10°Cmin ") from 185°C to
about 90°C. If the cooling rate was slow (below 3°C min !
for polymer Pa), the band texture appeared indistinct.
X-ray diffraction studies have shown that polymers Pa and
Pb have poor crystallinity [18], so we do not think that
crystallization leads to the formation of bands as proposed
by Hoff and Keller [14].

We can also observe the relaxation process of the
oriented nematic state of LCPs under annealing for
different times using the solidification-induced band
texture decoration. The shear-induced band texture was
observed to relax, resulting in the gradual distortion of the
chain orientations (see figures 6 and 7) and the formation
of many inversion walls parallel to the original shear
direction (see figure 8 (a)), loop walls (see figure 8 (b)) and
a sine-wave-like texture (see figure 8 (¢)) in the relaxed
specimen.

4. Conclusions
We have tried in this paper to elucidate the formation
and relationships of two kinds of band texture, the
shear-induced and solidification-induced band textures in

(&) ()

Figure 7. POM micrograph (a) and corresponding small angle
light scattering Hv () and (c) pattern of an oriented film of
polymer Pa sheared at 160°C annealed at 190°C for 5 min
and subsequently quenched to RT. (¢) Is the diffraction at
small angle magnified from (b).

the nematic state of thermotropic LLCPs. Here, we conclude
the following:

(1) Like lyotropic LCPs, the band texture of ther-
motropic LCPs can be observed at the shear
temperature without quenching, while the relax-
ation of the shear occurs.

(2) The band texture of thermotropic LCPs can be
formed when shear rate } is bigger than the critical
shear rate .. The band spacing is independent of the
shear rate and increases with rising shear tempera-
ture within the nematic limits defined by T}, and 7.

(3) The solidification-induced band texture can also be
generated in the oriented nematic phase without
disclinations. These two kinds of band texture
induced by different mechanisms can be observed
in the same sample.

We would like to thank Professor Q. X. Zhou and
Professor Q. F. Zhou for the LC copolyester samples. This
work was supported by the National Basic Research
Project—The Macromolecular Condensed State.
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Figure 8. Micrograph of an oriented film of polymer Pa
annealed at 190°C for 30 min and subsequently quenched
to RT.

References

[1] Kiss, G., and PORTER, R. S., 1980, Molec. Crystals lig.
Crystals, 60, 267.

[2] Narrucal, G., Grizzutl, N., and BUONAURIO, A., 1987,
Molec. Crystals lig. Crystals, 153, 263.

[3] Marsano, E., CARPANETO, L., and CIFERR, A., 1988,
Molec. Crystals lig. Crystals, B, 155, 267.

[4] CHEN, S., and QiaNn, R., 1990, Makromolek. Chem.,
191, 2475.

[5]1 Qian, R, and CHEN, S., 1992, Makromolek. Chem.,
Macromolek. Symp., 53, 345.

[6] Navarp,P., 1986, /. Polym. Sci. Polym. Phys. Ed.,24,435.

[7]1 ZAcHARIADES, A. E., and LoGaAN, J. P., 1983, Polym. Eng.
Sci., 23, 797.

[8] DonNaLD, A. M., and WINDLE, A. H., 1984, J. mater. Sci.,
19, 208s5.

[9] Hu, S., Xu, M., QiaN, B, HUuANG, Y., and LEnz, R. W,
1985, J. Polym. Sci. Polym. Phys. Ed., 23, 2387.

[10] CHEN, S., YIN, Y., Hy, S., and Xu, M., 1987, Polym.
Commun., 28, 208.

[11] PicKEN, S. J., MOLDENAERS, P., BERGHMANS, S., and
MEwis, 1., 1992, Macromolecules, 25, 4759.

[12] GLeeson, J. T.; LArRsoN, R. G., MEAD, D. W_, and CLADIS,
P.E., 1992, Lig. Crystals, 11, 341.

[13] CHeN, S., Du, C, JIN, Y., QiaN, R., and Znou, Q., 1990,
Molec. Crystals lig. Crystals, 188, 197.

[14] HoFrr, M., KELLER, A., ODELL, J. A., and PERCEC, V., 1993,
Polymer, 34, 1800.

[15] CueN, S., SonGg, W., JIN, Y., and QiaN, R, 1993,
Lig. Crystals, 15, 247.

[16] ZuHou, Q., Wu, Z., and LENZ, R. W., 1991, Polym. Buli.,
27, 257.

[17] HupsoNn, S. D., LoviNGEr, R. G., Larson, R. G,
Davis, D. D., GAarAay, R. O., and FursHIRO, K., 1993,
Macromolecules, 26, 5643.

[18] SoNG, W., unpublished observation, 5 June 1994.



