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ABSTRACT: This paper sets down in detail the observation, first announced as a note (Romo-Uribe, A,;
Windle, A. H. Macromolecules 1993, 26, 7100), of a strident and reversible orientation transition in a
specially synthesized series of thermotropic random copolyester melts of the Vectra A900 type. The
transition is between the flow-aligning regime normally seen in nematics and alignment of the global
director at right angles to flow-alignment and parallel to the vorticity axis, which we refer to as the
“log-rolling” regime. The orientation transition is observed in a comparatively narrow band of temperature
above the crystal melting point, the width of this band decreasing with increasing strain rate and
increasing molecular weight. We believe that observation of log-rolling in the main-chain thermotropic
random copolymers provides confirmatory evidence for the occurrence of a smectic phase in isolated regions
which are the precursors of the non periodic layer (npl) crystals which form on further cooling. The fact
that the log-rolling regime is not observed at high molecular weights and higher strain rates suggests
that the low density of entanglements, which will occur in liquid crystalline polymers with less than
completely rigid chains, will nevertheless compromise the log-rolling regime. Slow strain rates and lower
molecular weights would each tend to enhance the relaxation of entanglements during shear and thus
reduce the deleterious effect which entanglements would have on the log-rolling regime. Recent rheological

measurements on the same set of polymers add support to this hypothesis.

Introduction

The importance of liquid crystalline materials derives
from the critical roles they play in material and device
technologies, as well as in biological systems.12 They
are of immediate technological interest not only because
of their importance in displays but also by virtue of the
extremely strong fibers and films which can be formed
from liquid crystalline polymers (LCPs). Thermotropic
LCPs are also used for moldings and extrusions, where
their good mechanical properties are complemented by
excellent mold fill, shape fidelity, and thermal and
environmental stability. The microstructures and to
some extent the properties of the moldings depend on
the processing conditions. The microstructural richness
arises from the anisotropy of the local structure, the
variety of topological defects that can form in the liquid
crystalline phase, and the particular dynamics which
give rise to texture evolution under flow.3=> However,
the prediction of the macroscopic viscoelastic properties
of liquid crystalline polymers,®7 as well as the state of
molecular alignment and the textures produced by flow,
remains an important goal.

Microscopic techniques have been developed to detect
the formation of complicated morphologies in quenched
and sectioned samples subjected to specific thermal and
shear flow histories.8® These techniques are unable to
follow the development of morphology and microstruc-
ture during the shear process, and an important ad-
vance has been the development of microscopic experi-
mental technigues which enable in-situ flow phenomena
studies of polymeric and complex fluids.3-6.10-19

This paper presents the results of an in-situ WAXS
study on main-chain aromatic thermotropic copolyes-
ters, without flexible spacers in the backbone, subjected
to steady-shear flow. Measurements have been made
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using a shearing cell designed for operation in an X-ray
generator,® which enables the mean orientation with a
region defined by the beam (approximately 0.6 mm
diameter) to be observed and quantified as a function
of imposed shear rate and temperature.

Background

The rheological behavior of untextured lyotropic liquid
crystalline polymer systems at modest concentrations
is now rather well understood.”2°=22 Molecular theory???
predicts the two sign changes in the first normal stress
difference N; as a function of shear rate y that have
been seen in experiments on lyotropic LCPs.23-25 These
sign changes are associated with a transition from
“tumbling” to “wagging” of the molecular director.??
Wagging is the result of the competition between
tumbling and steady alignment of the director along the
flow, resulting in oscillations of the director about a
steady value. In this wagging regime, the local molec-
ular order is significantly weakened, and N; is negative.
At high rates of shear, the director aligns well in the
flow direction, and Nj is again positive. In untextured
lyotropic nematics, this behavior is now reasonably well
understood,*57:2627 and in the case of the lyotropic
nematic poly(y-benzyl glutamate), various rheological
functions are found to scale as predicted with molecular
weight and concentration.?> Larson and Mead® studying
flow-induced textures of moderately concentrated lyo-
tropic solutions of poly(y-benzyl glutamate) (PBLG)
mixed with its enantiomorph PBDG reported a sequence
of transitions consistent with theoretical predictions
based on Doi’s rodlike molecular model.

In a general theoretical treatment, Larson and Ot-
tinger?® have studied the “start-up” problem of simple
shearing flow of lyotropic polymeric liquid crystals with
the director initially oriented at various angles with
respect to the shearing plane (the shearing plane is that
containing both the velocity vector v and its gradient
Wv). Their theoretical treatment is important because
LCPs are usually textured; i.e., the orientation of the
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Table 1. Wholly-Aromatic B—N Copolyesters of 75:25 mol
% Composition, with Varying Molecular Weights2

Tm (°C)

Mw (g/mol) as-received molded disks
4600 272 273
5000 272 275
8600 274 283

14 400 288 296
30 000 295 295

a M, is the weight-average molecular weight, based on viscosity
measurements (courtesy of Hoechst-Celanese Corp.). The melting
temperatures of the as-received samples and hot-pressed molded
disks were measured by DSC.

molecular director varies with position in the sample
to give complex microstructural patterns when viewed,
for example, in the polarizing light microscope.3~®
Larson and Ottinger predict a “cascade” of transitions
where, at low strain rates, the molecular director will
show either tumbling or out-of-plane orientations ac-
cording to its initial orientation. This out-of-plane
orientation corresponds to the maintenance of an initial
alignment of the director along the vorticity axis normal
to the shear plane (v x Vv). Increasing shear rate
drives such an out-of-plane director toward the shear
plane where it will display “wagging” within the shear
plane. Still further increase in shear rate stabilizes the
flow, aligning it with the velocity axis.

In a 1993 communication, Romo-Uribe and Windle?®
demonstrated, in main-chain thermotropic copolyesters,
the existence of reversible flow-induced orientational
transitions between the log-rolling and flow-aligning
regimes.*® Soon afterward, other dynamic scattering
studies showed the existence of the log-rolling state in
lyotropic polymers and micellar systems.30-32 Recent
investigation on densely packed lyotropic and thermo-
tropic LCPs®2 has shown that their rheological behavior
deviates very significantly from Doi’'s molecular model
predictions. In neither case are negative first normal
stress differences seen, and scaling behavior in recover-
able strain has been observed in only one thermotropic
material®* while scaling in “start-up” experiments is
imperfectly followed.3435

Experimental Section

Materials. The research described here focuses on main-
chain random copolyesters based on repeat units of 1,4-
hydroxybenzoic acid (B) and 2,6-hydroxynaphthoic acid (N),
denoted B—N for brevity. The chemical formula is

B
o

—é@o— _304

These polymers were specially synthesized by Hoechst-
Celanese Corp. in a series of molecular weights. The para-
linked ester chain is sufficiently straight and rigid to ensure
that the melt phase is liquid crystalline (LC) whereas the
random nature of the copolymer reduces the melting point.
The polymers were melt synthesized from appropriate ratios
of the acetylated monomers, the molecular weight being
controlled by terminating the reaction through the metered
addition of terephthalic acid. No other additives or catalysts
were used. The composition is 75:25 mol % and the weight-
average molecular weights M,, were determined by Hoechst-
Celanese from inherent viscosity measurements in pentaflu-
orophenol/hexafluoro-2-propanol (PFP/HFIP). The molecular
weights and crystal melting points are listed in Table 1. These
materials have an estimated polydispersity of about 2.3637 The
crystallinity of the B—N copolyesters at room temperature is
of the order of 20% irrespective of molecular weight.3® The

+
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Figure 1. Schematic diagram illustrating the principle of
rheo-X-ray scattering experiments. The incident X-ray beam
is parallel to the velocity gradient axis (Vv) and normal to the
parallel plates where the sample is held. Due to the design of
shear cell geometry, this experiment observes the velocity—
vorticity (v, v x W) plane.

B—N copolyesters were received in pellet form and dried under
vacuum at 120 °C for 24 h in order to remove moisture. For
shear experiments the dried powders were hot-pressed into
disks of 25 mm diameter and 1 mm thickness. The molded
disks were subsequently stored in a desiccator at room
temperature until use (the storage time never exceeded 1
week). The majority of the work described in this paper was
carried out on the material of molecular weight 8600 g/mol.

X-ray Shearing Cell. The experiments reported in this
work were carried out with an X-ray diffraction shearing cell
described in detail elsewhere,® and shown schematically in
Figure 1. For these experiments, the windows were made of
polyimide (Kapton) film 50 um thick, which permitted an upper
working temperature of 340 °C but left no detectable diffrac-
tion imprint. The beam diameter was 0.6 mm and exposures
were less than 10 min. The film processing was standardized,
and the d-spacings were calibrated with silicon and quartz
powder. Films were digitized and analyzed using SEMPER®3®
to give the orientation parameters [P,[) P4[] etc. Intensities
were corrected for empty cell, polarization, geometrical, and
absorption factors.

The relationship between the angular velocity w and the
shear rate y applied to the specimen at the radial distance of
observation r is

y=ro @)

where h is the specimen thickness. In the experiments
described here, r ~ 10 mm and h ~ 1 mm: hence 7 ~ 10w.
The experimental protocol was as follows. For shear experi-
ments using fresh molded disks, the temperature was raized
at a heating rate of at least 20 °C/min up to the desired
temperature in order to prevent any effect of annealing,3842
and held for 30 min before shearing to allow temperature
equilibrium. Two types of basic experiment were performed:
those at fixed shear rate in which the temperature was
changed, and those at constant temperature where shear rate
was varied. Cu Ka radiation was used throughout, and where
patterns were recorded photographically, the specimen—film
distance was 4 cm.

Coordinate System. Because of the experimental setup,
rheo-X-ray experiments were performed with the incident
X-ray beam parallel to the velocity gradient direction as shown
in Figure 1. Therefore, the plane imaged on film is that
containing the velocity (v) and vorticity (v x Vv) axes (the
velocity direction is tangent to the circular trajectory of the
shear cell, and the vorticity axis is along its radius).

Structure of the Polymer before Shear Deformation.
The unoriented, as-received HBA-rich copolyester crystallizes
as a metastable pseudohexagonal (PH) structure where the
main peaks are the prominent 110 equatorial and 211 (Figure
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Figure 2. Wide-angle X-ray scattering patterns of B—N 75:
25 mol % M,, = 8600 g/mol at room temperature: (a) as-
received; (b) hot-pressed molded disk. Diffraction patterns were
obtained with a Siemens D500 6/6 diffractometer in sym-
metrical reflection mode.

2a). On annealing, an orthorhombic phase is formed,3840-42
characterized by the presence of a 200 equatorial peak in
addition to the intense 110. Upon heating the samples to the
melt, pressing to form molded disks, and quenching to room
temperature, it was found that the copolyesters with My, <
14 400 have already transformed to the orthorhombic phase,
at least to some extent (Figure 2b). The DSC melting points
for the materials formed as disks are compared with the as-
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Figure 3. Wide-angle X-ray diffraction traces of B—N 75:25
My, = 8600 g/mol (a) obtained with a position-sensitive detector
in the quiescent state at 290 °C before any shear was applied
and (b) around the azimuth of the main interchain reflection
of the pattern shown in (a).

received material in Table 1. The increase in melting point
for the middle range of molecular weights, while not unex-
pected, is significant, as it is the higher values which have to
be exceeded to obtain a melt sample.

Figure 3 shows a typical X-ray scan of the as-molded 8600
g/mol sample, taken in the shearing cell at 290 °C in the

©
=
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Figure 4. Effect of temperature on the steady-state flow behavior of B—N 75:25 mol % M,, = 8600 g/mol while shearing at y =
5 s71. In-situ transmission wide-angle X-ray diffraction patterns taken at (a) 285, (b) 290, (c) 295, (d) 300, and (e) 305 °C. In
patterns a—c the concentration of equatorial peaks on the velocity axis indicates the orientation of macromolecules along the

vorticity axis.
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Figure 5. (a) Contour plot of WAXS pattern of B—N 75:25
mol % M,, = 8600 g/mol taken at 290 °C while shearing at 5
s, (b) Photomicrodensitometer 260 scans around the azimuth
of the pattern shown in (a). Scans were displaced vertically
for clarity and correspond from top to bottom to azimuth ¢ =
0°(equatorial), 2°, 5°, 13°, 25°, 35°, and 90° (meridional). The
26 scans make it possible to separate the small oriented
crystalline component which is superimposed on the main
liquid crystalline part. (c) Plot of flow-induced crystallinity in
the log-rolling regime (filled symbols) and in the quiescent
state3® (open symbols) as a function of temperature.

quiescent state before shear was applied. The intensity
pattern has a broad amorphous peak, which indicates that the
polymer is fully melted. We also observed, as before,® some
degree of preferential orientation in the unsheared, quiescent
melt, presumably associated with the hot pressing of the
sample blank (Figure 3b).

Orientation under Shear

The shear data in this section are all obtained from
the 8600 g/mol material.
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Effect of Temperature. The effect of temperature
on the flow dynamics at a shear rate of 5 s™! was
investigated by recording in-situ diffraction patterns at
different temperatures. Figure 4 shows the results
obtained at 285, 290, 295, 300, and 305 °C; the flow
direction (v) is horizontal in each case, as indicated by
the Cartesian axes on the figure. At each temperature,
the shear cell was run for a time sufficiently long to
ensure that steady-state conditions were attained (at
290 °C and shearing at 5.0 s™1, steady-state conditions
were achieved after 3 min). As announced in the
previous note,? this series shows the striking orienta-
tion transition at 305 °C (Figure 4e) between the
transverse orientation (the so-called log-rolling regime)
shown in Figure 4a—c, where the molecular axes are
aligned around the vorticity axis (v x Vv) and thus
normal to the shear direction, and the flow-aligning
regime, where the molecular axes align with the velocity
axis. The orientation at 300 °C, which is close to the
transition temperature, is not well developed (Figure
4d).

We also note that the diffraction patterns taken at
285 and 290 °C show evidence of very limited crystal-
linity in the form of a weak, narrow (in 26), equatorial
arc superimposed on the broad peak characteristic of
the liquid crystalline melt. These features, which are
only apparent when the polymer is being sheared, are
illustrated for 285 °C in Figure 5 a,b, the sequence of
peaks corresponding to different azimuthal angles with
the nematic liquid crystalline peak being crowned with
a sharp crystalline one, while Figure 5c is a plot of
crystallinity against temperature under shear at 5 s™2.
It is also interesting to note that corresponding orienta-
tion coefficients for the two phases are, at 285 °C, [P,[g*
= 0.78 for the amorphous phase and [P,gKk = 0.62 for
the crystalline component. The somewhat poorer ori-
entation of the minority crystalline phase could be taken
as indicating that the crystals are not “driving” but,
rather, responding to the orientation of the majority
melt phase. The shear-induced crystallinity, which has
been reported before in flow-aligning Vectra A900,43
does not prevent stable melt shear being achieved, over
periods of the order of several hours at least.

Effect of Shear Rate. Figure 6 shows transmission
WAXS patterns of the shearing melt at 290 °C and rates
of 0.5, 1.0, 5.0, 10.0, 30.0, and 60.0 s~1; the shear axes
are the same as in Figure 4. As before, at each shear
rate, the shear cell was run for sufficiently long to
ensure that steady-state conditions were achieved.
Again, the most striking feature is that at shear rates
< 10 st log-rolling orientation is apparent, with normal
flow alignment at higher strain rates.

Comparison of Figure 6 with Figure 4 for the log-
rolling regime shows that the degree of orientation
increases with increasing shear rate until the transition
is approached, whereas with increasing temperature the
decrease is continuous up to the transition. The data
are quantified in Figure 7. For convenience, the values
of [P,for log-rolling are plotted using the negative axes
of Figure 7 even though they are, in reality, still
positive. The results described above were found to be
reproducible, within the experimental error indicated
by the error bars in the plots of Figure 7. The flow-
induced orientation transitions were independent of
direction in which the shear rate was cycled through
the transition.

The transitional region was examined at a number
of shear rates close to y.. Figure 8 shows the diffraction
pattern (and its contour plot) right on the transition at
295 °C and 7. ~15 s71. Note that in this particular case
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Figure 6. Effect of shear rate 7 on the steady-state flow behavior of B—N 75:25 mol % M, = 8,600 g/mol at 290 °C. In-situ
transmission wide-angle X-ray diffraction patterns taken at (a) 0.5, (b) 1.0, (c) 5.0, (d) 10, (e) 30, and (f) 60 s~%. In patterns a—d
the concentration of equatorial peaks on the velocity axis indicates the orientation of macromolecules along the vorticity axis.
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Figure 7. Order parameter P,(as a function of shear-rate j for log-rolling and flow-aligning regimes for B—N 75:25 mol % M,,
= 8600 g/mol at (a) 285, (b) 290, (c) 295, (d) and 300 °C. Continuous lines are intended as a guide only.

there is a bimodal orientation distribution with both
flow alignment and log-rolling regimes apparent, a
feature that can be better appreciated in the contour
plot. Further increase in shear rate causes a reduction
in intensity of the equatorial peaks on the velocity axis
and an increase in those on the vorticity axis.
Transition Parameters. The orientation data are
plotted as contours on temperature and strain rate axes
in Figure 9, which emphasizes that there is a combina-
tion of “critical” shear rate y., and temperature T for
the transition. Log-rolling occurs in a limited temper-
ature range above the quiescent crystal melting point,
the width of this range increasing markedly with

decreasing strain rate. The quality of the flow align-
ment increases with increasing temperature and strain
rate, whereas the best log-rolling orientation was
achieved at 5 s71, decaying at higher and lower strain
rates and increasing with decreasing temperature.
Samples were quenched from each of the log-rolling
and flow-aligning regimes and examined by diffraction
along the three orthogonal axes. These results con-
firmed that the molecular director in each case lay
within the plane defined by the velocity and vorticity
axes and that the transition between flow alignment
and log-rolling corresponds to a reorientation within
that plane. These orthogonal patterns for a sample
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(b)

Figure 8. (a) In-situ WAXS pattern taken at critical condi-
tions of 295 °C and 15 s™1. (b) Contour plot of pattern shown
in (a). Note that this pattern shows the features of bimodal
orientation.
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Figure 9. Critical shear rate y. as a function of temperature
T. This plot defines the temperature—shear rate parameters
for stabilization of either the log-rolling or flow-aligning regime
for B—N 75:25 mol % M,, = 8600 g/mol. The continuous line
corresponds to an exponential fit of the data.

quenched from log-rolling flow are shown in Figure
10a—c. Note that as the specimens are quenched, there
is now crystallinity, giving sharper reflections (in 260).
The pattern 10c obtained with the X-ray beam along
the vorticity axis is a uniform ring, which confirms that
the orientation has axial symmetry. The corresponding
WAXS patterns from a sample quenched from the flow-
aligning regime are shown in Figure 11a—c. In this
case, the tangential direction (X-ray beam along the
velocity axis, pattern 11b) is the one demonstrating the
axial symmetry of the alignment.
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Figure 10. Wide-angle X-ray patterns at room temperature
of copolyester cooled while shearing in the log-rolling regime.
A pellet was cut from the disk recovered and analyzed along
the three-coordinate axis, as indicated in (d). X-ray beam along
(a) the velocity gradient axis, (b) the velocity axis, and (c) the
vorticity axis. Patterns a and b indicate the preferred align-
ment of the molecular chains along the vorticity axis, while
the unoriented pattern ¢ imaged on the velocity—velocity
gradient plane demonstrates that the molecular chains remain
on this plane. Cu Ka radiation with graphite monochromator
was used.

Reversibility of Transition as a Function of
Temperature. It has already been shown that the
transition is comparatively invariant under strain rate
cycling. At a given temperature, a sample will change
orientation from log-rolling to flow alignment and back
again with variation in strain rate, within the time
resolution of the photographic method (~10 min).
However, the behavior with change in temperature is
not as straightforward.

Figure 12 shows the effect of rapidly cooling to 290
°C a sample which had been flow aligned at 315 °C and
10 s71. In the absence of shear, the flow alignment is
maintained at 290 °C, apparently indefinitely, as shown
in Figure 12a. The commencement of shearing at rates
which would give log-rolling at 290 °C, viz., 5 and 10
s71, led however to poorly developed orientation even
after a period of 30 min, as seen in Figure 12b,c. The
log-rolling does not redevelop from the flow alignment
when the log-rolling phase field is entered by reducing
the temperature. Shear at 30 s~! merely served to
reinforce the flow alignment introduced at the higher
temperature (Figure 12d). Figure 13 shows azimuthal
traces around the main equatorial maximum of the
patterns of Figure 12. It is apparent that the weak
orientation of Figure 12b—d is actually flow-aligning in
nature, despite the conditions of shear.

The results of a different experiment are shown in
Figure 14. Here the polymer was sheared at 290 °C and
5 s~ to introduce the log-rolling orientation as in Figure
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Figure 11. Wide-angle X-ray patterns at room temperature
of copolyester cooled while shearing in the flow-aligning
regime. A pellet was cut from the disk recovered and analyzed
along the three-coordinate axis, as indicated in (d). X-ray beam
along (a) the velocity gradient axis, (b) the velocity axis, and
(c) the vorticity axis. Patterns a and c indicate the preferred
alignment of the molecular chains along the velocity axis, while
the unoriented pattern b imaged on the vorticity—velocity
gradient plane demonstrates that the molecular chains remain
on this plane. Cu Ka radiation with graphite monochromator
was used.

1l4a. The shearing was stopped and the quiescent
sample then heated at 20 °C/min to 320 °C and held at
that temperature for 1 min before cooling back to 290
°C at the same rate. Immediately on reaching 290 °C,
the shearing was recommenced at the same rate.
Figure 14b—d shows the redevelopment of the log-rolling
regime. Note how the effect of a heating cycle, even
without shear, causes the log-rolling orientation to be
initially destroyed by the commencement of shear, even
though the shear conditions and temperature would put
the sample within that regime (cf. Figure 8). The fact
that it begins to return after longer shearing times is
equally eloquent. Figure 15 shows that the same
pattern of behavior is observed if the shearing is
continued through a high-temperature cycle (320 °C, 1
min) when the orientation would establish as flow
alignment. The recovery of the log-rolling regime is
gradual, although there is an indication (Figure 15a’,b")
that if the sample is held for a period on return to the
low temperature without shearing, then the log-rolling
orientation is better developed on recommencement of
the 290 °C, 5 s shear. By way of contrast, the
transition from log-rolling to flow-aligning on heating
is as rapid as the strain rate induced transitions.
Effect of Molecular Weight. Investigation of the
effect of molecular weight was carried out on specimens
with M,, = 4600, 5000, 14 400, and 30 000 g/mol, and
experiments_similar to those described above using
material of My, = 8600 were conducted. Shear experi-
ments with the 14 400 and 30 000 g/mol samples did
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Shear direction

Figure 12. Effect of shear rate y on the steady-state flow
behavior of B—N 75:25 M,, = 8600 g/mol, previously aligned
along the velocity axis, at 315 °C and 10 s™%. In-situ transmis-
sion wide-angle X-ray diffraction patterns taken at (a) 0.0, (b)
0.5, (c) 5.0, and (d) 30 s7%, in each case after 30 min shearing.
The flow alignment is compromized at the lower strain rates
although the log-rolling regime is not established; y. at 290
°Cis 30 s

not give the log-rolling regime, at least over the range
of temperatures and shear rates investigated (295—315
°C and 0.5-20 s™1). However, experiments with the
samples of 4600 and 5000 g/mol reproduced the series
of flow regimes exhibited by the 8600 g/mol polymer.
The effect of temperature on the flow dynamics, when
shear rate is kept constant, was investigated by taking
in-situ diffraction patterns between 285 and 315 °C,
respectively. Figure 16 shows in-situ WAXS patterns
corresponding to the 5000 g/mol polymer, taken between
285 and 310 °C, shearing at ¥ = 5 s71. The flow
dynamics displayed by the lower molecular weight
polymers is in qualitative agreement with that exhibited
by the 8600 g/mol polymer, except that the transition
to the flow-aligning regime occurs at higher values of
shear rate at a given temperature. Itis increased from
300 to 305 °C. It might thus be inferred that the
temperature/shear rate range for the log-rolling regime
increases with decreasing molecular weight and is
absent altogether at higher molecular weights, at least
at strain rates greater than 0.5 s™1.

Discussion

This paper sets down in detail the observation, first
announced as a note,?® of a strident and reversible
orientation transition in a specially synthesized series
of thermotropic random copolyester melts of the Vectra
A900 type. The transition is between the flow-aligning
regime normally seen in nematics and alignment of the
global director at right angles to flow alignment and
parallel to the vorticity axis, which we refer to as the
“log-rolling” regime.

However, the conditions required to achieve log-
rolling are quite particular. The regime is observed in
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Figure 13. Normalized azimuthal intensity traces through
the equatorial peaks of patterns shown in Figure 12 at 290
°C and the following shear rates: (a) 0.0; (b) 0.5; (c) 1.0; (d) 30
st . ¢ = 0° refers to the velocity (horizontal) axis in the
patterns, as indicated schematically. Note that despite the
broadening of the equatorials at low shear rates, their maxima
remain at 90°¢ and 270°¢, which implies that the director
remains aligned along the velocity direction.
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Figure 14. Effect of shear rate on samples that have been
cycled in temperature. The in-situ WAXS patterns were taken
at 290 °C before (a) and after b—d cycling to 310 °C, and the
shear rate was kept constant at 5.0 s1. (a) Before cycling; (b)
pattern taken after 8 min; (c) 30 min, and (d) 45 min of
continuous shearing. Note that the equatorial peaks gradually
reform on the velocity axis showing the gradual re-establish-
ment of log-rolling. The 3D intensity plots are not normalized
in order to enhance their features.

a comparatively narrow band of temperature above the
crystal melting point, the width of this band decreasing
with increasing strain rate and increasing molecular
weight. It is possible that above a sufficiently high
combination of strain rate and molecular weight, it
would not be observed at all above the melting point,
although the fact that it is possible to shear these
polymers at temperatures below their crystal melting
point has not been addressed in this work.

The transition between the log-rolling and flow-
aligning regimes is reversible with appropriately vary-
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(a)

(b)

0

Figure 15. Sequence of experiments similar to those in Figure
14, except that the shearing was maintained during the high-
temperature excursion to 320 °C. (@') and (b') show the
redevelopment of the log-rolling texture after the sample had
been held without shearing for periods on returning to 290
°C.

ing strain rate and temperature with the caveat that
when cooling from flow-aligning to log-rolling, the later
regime being only slowly established. Another aspect
which must also be noted is that, within a temperature
range above the crystal melting point, broadly similar
to that in which log-rolling is seen, there is some
evidence of flow-induced crystallization, which has also
been reported previously.*3 The issue as to whether
such crystallization is necessary to drive log-rolling
must be faced. Certainly log-rolling is not necessary for
this crystallization as it occurs under conditions where
flow alignment is the norm. Also, the crystals, which
are present in very small amounts, are less perfectly
aligned than the molten polymer, and for this reason
alone, it is difficult to see how they can be inducing the
log-rolling. )

Larson and Ottinger's?® prediction of log-rolling in
nematics may, at first sight, be seen as the basis on
which to understand the observations reported. How-
ever, while the type of thermotropic polymer studied
here is commonly held to be nematic, the log-rolling
which is predicted is only metastable. The relationships
predicting the rate of change of the three “vector”
components of a director

At
n, = Vnz(T - ’1”12) )
o A—1
n, = an(T - /1”22) ®3)
Ny = —pAn;nyng 4)

predict that when n; and n; are zero, that is, if the
molecules are aligned along the (log-rolling) vorticity
direction, n3, the three differentials with respect to time
will be zero. Hence, a structure which has a log-rolling
orientation at start-up should retain that orientation
under shear as n3 will be zero because n; and n; are. In
contrast, the log-rolling reported here can develop from
essentially unoriented textures at start-up, or even as
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Figure 16. Effect of temperature on the steady-state flow behavior of B—N 75:25 mol % of lower molecular weight, M,, = 5000
g/mol, while shearing at y = 5 s71. In-situ transmission wide-angle X-ray diffraction patterns taken at (a) 285, (b) 290, (c) 295, (d)
300, (e) 305, and (f) 310 °C. In patterns (a—d) the concentration of equatorial peaks on the velocity axis indicates the orientation

of the macromolecules along the vorticity axis.

a transition from the flow-aligning state. Furthermore,
the nematic theories available do not provide any ready
explanation of the confinement of the log-rolling to a
relatively narrow temperature band just above the
crystal melting point.

Another body of recent work is particularly relevant
to this matter. It arose from the consideration of how
discrete crystals can form from random copolymer
chains such as B—N. The models of localized sequence
matching (see ref 42 for example) can explain how
crystallinity can develop up to 20% and account for the
wide-angle X-ray patterns. While such models are
structurally sensible, they run into the difficulty of
explaining the observation that the crystals form almost
instantaneously on cooling and cannot be prevented by
rapid quenching. How then can the matching of adja-
cent chains produce longitudinal register so quickly?
The answer was provided by the measurements of
Hanna et al.,»* which showed from X-ray diffraction of
aligned melts that the longitudinal register already
exists even though there is no evidence for crystallinity.
In other words, the melt is smectic-like (smectics in
main-chain polymers are better known as “chained
smectics” as there is no possibility of slip between the
layers8), or, more correctly, contains smectic-like do-
mains within a nematic matrix and it is these domains
that turn into the crystals. There is thus evidence for
smecticity in these polymers, although no measurement
so far that would suggest a temperature for the smectic
to nematic transition (measurements far above the
crystal melting point in these materials are difficult on
account of degradation).

The behavior of smectics under shear has been
discussed by Krigbaum.*> Where there is no possibility
of shear between the layers, it is observed that the shear
direction is normal to the chains (i.e., log-rolling), thus
allowing shear deformation without disrupting the
layers (Figure 17). One can consider that shear parallel
to the chains, which would correspond to flow align-
ment, is essentially inhibited by a yield stress associated

Regions of sequence register

Figure 17. Schematic representation of the flow of nematic
B—N copolyester with regions of smectic-type order. The
polymer chains run along the vorticity axis. The smectic-type
regions correspond to localized matching of sequences of
monomer units on the random copolymer chains.4

with the integrity of the layers. There is also some
evidence that thermotropic polymers, which are smectic
by virtue of the segregation of more rigid and less rigid
sequences, show a tendency to tumble in the nematic
phase in the pretransitional region just above the upper
temperature limit of stability of the nematic phase.*445
In addition, fairly low molecular weight versions of such
polymers have shown orientation orthogonal to the flow
direction in both as-spun fibers*® and quenched samples
that had been subjected to oscillatory shear.*¢ These
two references also indicate that flow alignment, rather
than log-rolling, occurred for molecular weights above
a particular value.

Another significant issue that should be considered
and may add significant insight into the log-rolling flow
is that of the molecular weight distribution. It can be
suggested that the log-rolling regime would be enhanced
as the polydispersity is reduced; i.e., it seems more likely
that rods of roughly equal length may be more stable
in the log-rolling regime than rods having disparate
lengths.

The observation of log-rolling in the main-chain
thermotropic random copolymers provides additional
confirmatory evidence for the occurrence of a smectic-
like phase in isolated regions within a nematic matrix,
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which are the precursors of the crystals which form on
further cooling.'* It is possible that the upper temper-
ature limit of the log-rolling provides some indication
of a similar limit to the smectic order which has not
otherwise been observed. The time taken for log-rolling
to reestablish on cooling from temperature excursions
well up into the flow-aligning regime is presumably
associated with the reestablishment of the smectic-like
order.

It is important to face the question of the loss of the
log-rolling regime at high molecular weights and higher
strain rates. The independent observations of smectic
type order!* gave no evidence of such limitations. We
suggest that the low density of entanglements which
will occur in liquid crystalline polymers where the
chains are less than completely rigid will nevertheless
compromise the log-rolling regime as the elements of
any random network will always tend to orient with the
maximum tensile component of stress. Slow strain
rates and lower molecular weights would each tend to
enhance the relaxation of entanglements during shear
and thus reduce the deleterious effect which entangle-
ments will have on the log-rolling regime. Recent
rheological measurements on the same set of polymers
add support to this hypothesis.4”

Conclusions

We have characterized flow-induced orientation tran-
sitions in molten thermotropic random copolyesters by
using in-situ WAXS. Investigation in a range of strain
rates, temperatures, and molecular weights have dem-
onstrated that the transition is between the flow-
aligning regime normally seen in nematics and align-
ment of the global director at right angles to flow
alignment and parallel to the vorticity axis (out-of-plane
orientations), which we refer to as the log-rolling regime.
Out-of-plane orientations have been reported in smectic-
forming thermotropic polymers with rather low molec-
ular weights. We conclude that regions of local register
between chain sequences present in the melt phase, and
therefore forming smectic-like regions, are responsible
for stabilizing the log-rolling mode in the Vectra A900
type thermotropic copolyesters.
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