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TRANSIENT RHEOLOGICAL BEHAVIOUR OF A LYOTROPIC
POLYMERIC LIQUID CRYSTAL

J. MEWIS AND P. MOLDENAERS
Dept. of Chemical Engineering, K.U.Leuven, Belgium

Abstract The stress transients resulting from step-
wise changes in shear rate have been investigated for
a liquid erystalline solution of PBLG in m-cresol. In
step-up experiments these transients display a complex
profile which includes multiple maxima, even in the
Newtonian region. To a first approximation the curves
scale with strain, A stepwise decrease in shear rate
also causes a stress pattern with multiple maxima. The
initial decay is related to the stress relaxation upon
cessation of flow. Many of these features are not
described by the existing theories. They are explained
in terms of supermolecular structures such as domains.

INTRODUCTION

Although there already exists a substantial literature on
the rheology of polymeric liquid crystals (PLCs), as re-
viewed by e.g. Wissbrun1, no adequate rheological models
have, as yet, been developed for this class of materials.
The Leslie~Ericksen theoryz, which proved useful for low
molecular weight LCs, is only valid for polymers in a
limited range of conditions. The molecular theory of Doi?l
shows some interesting features but has only been tested to

5,6

a limited extent®. Recent experimental evidence suggests

considerable shortcomings. This might be due to the fact

that the Doi theory does not take into account the presence

7, Recently, ways have been suggested

8,9,

of domain structures

to incorporate the domain effects in rheological models

291
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The amount of experimental data, that are suitable for
model testing and development, is very limited. Transient
data are essential in verifying the viscoelastic behavior
and are hardly available in the literature”?C, Therefore
gsystematic experiments of this nature were performed on a
lyotropic model system. The objective of this work is to
identify some of the characteristics of polymeric liguid
crystals which should be described by rheoclogical consti-

tutive equations.

EXPERIMENTAL

As a model system a 127 by weight solution of poly(-y-
benzyl-L-glutamate) (PBLG) in m-cresol has been used. PBLG
solutions have been investigated in detail in the past1o'
12, This synthetic polypeptide develops a helix structure
which is responsible for the formation of a liquid crystal.
The basic rheological behaviour of the particular sample
under consideration, molecular weight approximately 250000,
is also known5’6’10. Tts most prominent feature is the
occurrence of a negative normal stress in an intermediate
shear rate region (fig. 1), which is well documented in the
literature5’11’12.

Suitable transient experiments for model evaluation
should be technically feasible and theoretically tractable.
These requirements are met by stepwise changes in shear
rate between an initial (?i) and a final (Qf) value, The
initial shear rate is zero in a start-up experiment. On the
other hand the final shear rate is zero in a stress relax-
ation experiment. The final value can be smaller (step-up
experiment) or larger (step-down experiment) than the

initial one. All tests have been performed on a Rheometrics
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Figure 1. Steady shear flow results at 293 K (o :
viscosity; a : positive NT;‘ ¢ negative NT)

RMS 705F, using cone-and-plate geometry. The latter guaran-
tees a constant shear history throughout the sample. It can
be shown13 that relaxation times which are sufficiently

-1

larger than 1x10‘2 s are physically meaningful in the

present case.

START-UP EXPERIMENTS

Start-up experiments are frequently used to measure the
viscoelastic properties of isotropic polymer fluids, both
in the Newtonian and in the non-Newtonian region. A few
isolated data are also available for PLCs%s14, Figure 2
displays some results for the PBLG solution., The shape of
the stress transient is more complex than usually seen for
isotropic fluids but agrees qualitatively with available
results on PLCs.

Multiple maxima can be expected theoretically in sys-
tems which contain anisotropic inclusions whenever convec-

tive flow effects dominate rotational Brownian motion15. In
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the present case the complex transients are obtained in the
Newtonian region (fig. 1). Furthermore the transients de-
pend stirongly on the time the material has been at rest
before the start-up, even after more than 10 hours. 0b-
viously the material has a different structure at rest than
under shear in the Newtonian region. This has been detected
earlier by means of oscillatory measurementss, although the
present changes seem to occur over an even larger time
range., This conclusion also fits in with visual observa-

tions in polariged light16

17,

and with birefringence measure-

ments

T T T T

D*,OGAOADOAU
0

Sy Ll
- e, ’(iﬁ/u
o $§¢§p$“
j gto
|y
f
10
5 |
©
|
|
[
{
|
Lyp—t 1 ! —_
[ 109 208 388

time (8)

Figure 2. Stress growth curves gfter various periods
of rest (y = 0.5 s™'; rest periods in
hours:o: 11;4: 14;0: 16)

The previous observations have normally been related

16

to changes in domain structure'~, There is also a transi-

tion in this sample from a nematic structure during flow to

11. From a theoreti-

a cholesteric one after the flow stops
cal point of view, the Doi theory can predict transients
but the rest period creates an initial condition which is
not defined in that theory. For these various reasons

start-up experiments do not seem suitable at this stage.
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They do provide a sensitive probe to structural changes,

which however cannot be exploited yet.

STEP-UP EXPERIMENTS

The structural changes which interfere with the interpreta-
tion of the start-up experiments can be overcome in part in
step-up experiments. Therefore systematic measurements of
this nature were performed, keeping the shear rates in the
Newtonian region. From earlier work, involving oscillatory
measurements after cessation of flowﬁ, it is known that the
structure changes even in the Newtonian region. Hence it is
necessary to verify how this affects transient behaviour.

Even in step-up experiments the stress transients
depend on the shearing time (fig. 3). The time required to
obtain a trénsient, that 1s independent of the previous

shearing time, is longer than the time necessary to obtain

AOPG, Fiwav 088y owavaT
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Figure 3. Effect of shearing time at the initial shear
rate on the stress transient (?i = 0.05 s~ ;?f
= 0.5 87 '; shearing time in minutes:v: 10;@:
203 A: 30; O :120; m: 180)
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a constant shear stress or normal stress. Hence a structur-
al change seems to take place to which the stresses are not
sensitive. The required time also changes inversely propor-
tional to the applied shear rate, making the measurements
quite time-consuming at low shear rates. A comparison of
the transients after 120 and 180 minutes in fig. 3 clearly
shows that reproducible transients can be obtained if a
suitable shearing time is accepted.

Transients are particularly susceptible to instrumen-

tal artefacts, especially to gap size effects18

. Figure 4
shows repeat measurements for two different cone angles.
This figure clearly proves the absence of gap size effects
and also illustrates the degree of reproducibility that can
be achieved if the necessary precautions are taken.

The stress transients during a step-up in shear rate
closely resemble those obtained during a start-up experi-
ment. The multiple maxima in the Newtonian region still
persist when there is a previous shearing. The transients
were further investigated by using the final shear rate §f
as a parameter. In runs with the same initial shear rate
the structure must be identical at the onset of the tran-
sient, which simplifies the comparison between experiments.
The data are conveniently presented in a plot of reduced
stress O, versus strain, where the stress is reduced by

scaling with respect to the step size:

OI‘ = (Ot - 00)/(000 - Oo)

The results are shown in fig. 5. Obviously the maxima
occur at nearly constant values of strain for the different
shear rates, not at constant times. Again this suggests a
strong convective flow mechanism in the Newtonian region.

The first maxima seem to occur at strains of 3, 28 and 60.
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Figure 4. Effect of test1geopetry on stqp—up transients
(Yi = 0.05 s7'; Yp = 0.5 87 ;@ @ = 0.02
rad; a: o = 0.04 rad)

aly

A value of order unity seems logical for the first peak if
rotational phenomena are involved. From fig. 3 it can be
seen that this strain is smaller for short shearing times.
The amplitude of the damped oscillation that follows the
initial peak, scales roughly with the stress jump, as can
be seen from the superposition of the curves in fig. 5. At
very low shear rates the amplitude seems to decrease faster
than the stress jump (curve at 0.2 s'1). This might suggest
that the stress is primarily controlled by strain but that
there is an additional, time-controlled damping.

As a next step step-up experiments were performed in
which the initial shear rate was systematically varied. The
results are shown in fig., 6. It was stated above that the
structure is expected to depend on shear rate, even in the
Newtonian region. Hence the transients of fig., 6 could
differ from those in fig. 5. Indeed, more pronounced
changes can be seen in fig. 6. Both the amplitude and the

strain values at the stress extrema decrease with increa-
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Figure 5. Effect of the final, Newtonian shear rate
on the stress tranSI‘Fts in step-up experi-
ments (Y = 0.05 s~ '3 : @ 0.2 s7'; 0
0.5 s‘1; A: 1 s™h)

sing initial stress. There is some similarity with the
secondary effect of step size in fig. 5. However, a common
explanation must be disregarded. Firstly, the effect of

step size on the first stress peak is much more pronounced
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Figure 6., Effect of initial, Newtonian shear rate on
the trgns1ents in ?tep—up experlments (Yf =1
s” s Yi1: 0.05 e7';a0: 0.1 s7'; @: 0.3 s~ ;0
: 0.5 87 )
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when the initial shear rate is changed. On the other hand,
the subsequent drop in stress towards the first minimum is
not affected by this shear rate. If the global transient
were represented by an average rising curve on which an
oscillation is superposed, the initial shear rate would

mainly affect the steepness of this average rising curve.

STEP-DOWN EXPERIMENTS

Stress transients can also be studied under a stepwise de-
crease in shear rate. With the final shear rate equal to
zero this reduces to stress relaxation upon cessation of
flow. In fig. 7 such an experiment is compared with a step-
down experiment starting from the same initial shear rate.
The result for stress relaxation is qualitatively compara-
ble with that for isotropic fluids. On the other hand, the
step~-down experiments display multiple maxima similar to
the step-up transients. The extrema even occur at similar

values of the strain in both experiments. If this results
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Figure 7. Effect of the final Newtonian shear rate on
the stress trans%ents in step-~ down experﬁ-
ments (Yl 3 Yp :a: 0.5 87 -D 0s™ ',
i.e. stress relaxatlon)
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proves generally valid it provides a useful test for rheo-

logical constitutive equations of PLCs. The initial drop in

stress 1s identical for the two experiments of fig. 7 and

consequently does not depend on the final shear rate. Again

this provides a test for model assessment.
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