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Rheological Properties of Liquid-
crystalline Polymer Solutionst

V. G. KULICHIKHIN, G. I. KUDRYAVTSEV and S. P. PAPKOV

USSR Research and Designing Institute of Man-Made Fibers, Mytishchi, Moskovskaya
oblast, 141009, USSR

(Received January 14, 1982)

An analysis is presented of the principal rheological factors inherent in the flow of nematic
solutions of rigid-chain aromatic poly(para-amides), viz., viscosity anisotropy, yield points, and
viscosity peaks in the region of phase transition on the temperature and the concentration scale,
thereby making it possible to use the rheological characteristics to plot phase diagrams.

INTRODUCTION

Studies concerned with the class of rigid-chain polymers revealed new aspects
in the field of rheology generally designated as structural rheology. The main
characteristic displayed by the solutions of rigid-chain polymers resides in
their ability to self-ordering when a specific combination of thermodynamic
parameters is operative.!'? The anisotropic or liquid-crystalline state of spin
dopes is a major prerequisite for the production of high-strength fibers,** and
the basic molecular orientation occurs in this case as early as during spin dope
flow through spinneret holes. Hence, in such systems the process of flow, in
terms of the preparation of a highly oriented material, is more essential than
the conventional techniques of plastification or orientational drawing. This
situation emphasizes the theoretical and practical importance of studying the
rheological properties of liquid-crystalline solutions of rigid-chain polymers.

Apart from recently published monographs,?* collections of papers®® and
review articles’® devoted to the general problems of liquid-crystalline state of
polymers, there have appeared papers of a purely rheological nature in which,
however, the treatment of the subject is, for the most part, confined to the

t Presented at the Symposium on Polymer Rheology held in Suzdal, September 12-16, 1980
(the USSR).
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methodological and interpretative aspects of the classical rheology of
polymers. An exception to this rule is to some extent provided by the
investigations of Ciferri and co-workers>'* who attempted to elucidate
anomalies in the viscous properties of isotropic solutions of aromatic
polyamidhydrazide X-500 in terms of isotropic solution transition, on being
strained, into the anisotropic state. Mention may also be made in this
connection of the rheoptic studies by Onogi, White et al.’ > which underline the
importance of accounting for the boundary (wall) layer effect and point to the
fact that rheological characteristics are likely to vary in case the experiments
on liquid-crystalline solutions of polymers are carried out in rheometers of
different geometry. Also of interest is Kawai’s paper'® in which the early
experimental data of the present authors!? on the dependence of the viscosity
of poly-p-benzamide (PBA) solutions on the concentration (C) and the
molecular mass (M) are interpreted in the light of the decreased degree of
liquid-crystalline domain anisometry as compared to the respective charac-
teristic displayed by a rigid-chain macromolecule proper.

As can be seen from the foregoing, the majority of reported investigations
employ a conventional rheological approach relying on the measurement of
tangential and normal stresses at various shear rates under steady-state and
dynamic conditions and involving the calculations of viscosity, the initial
factor of normal stresses, dynamic moduli, and other derived characteristics.
Practically no attempt, however, has been made to elucidate the specific
rheological properties of anisotropic polymer solutions from the standpoint of
the physics of liquid crystals, although in this branch of physical science
extensive use is made of the concept of viscosity anisotropy' '8 which is likely
to play a key role in clarifying various rheological peculiarities of polymeric
lyotropic liquid crystals.

Three principal viscosity coefficients are known which differ from one
another in the relative position of long molecular axes and the directions of
motion and velocity gradient. As can be seen in Figure 1 adopted from,!® an
appropriate internal-friction coefficient corresponds to a definite orientation
of molecules.

In the case of low-molecular liquid crystals, the measurement of various

a) & c)
pay /J/ ey

FIGURE | Alternative positions of a flowing liquid crystal molecule.
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viscosity coefficients is generally performed in a magnetic field that provides
for a definite orientation of molecules relative to the direction of flow. This
technique was employed for determining the anisotropic viscosity coefficients
of nematic methoxybenzylidenebutylaniline which were found to be as
follows:*%y, = 41.6-1073; 5, = 23.8-1073, and 5, = 103.5-10 3 Pa-s (the
subscripts a, b and ¢ correspond to different molecular orientations presented
in Figure 1).

In the viscometry of polymers, it is general practice to use rotational or
capillary viscometers which measure the viscosity close to #,, but heretofore in
the available literature no studies have been reported on the simultaneous
determination of rheological parameters and the degree of polymer orien-
tation. The arrangement of a liquid crystal molecule in the gap between the
measuring surfaces (the Couette flow) is shown schematically in Figure 2. In
the simplest case, the spatial orientation of a molecule can be defined by
measuring two angles, viz.,, ¢ —the mean disorientation angle, and 6—the
angle of inclination of the plane accommodating the moving molecules
relative to the velocity gradient (the angle 8 appears due to the tendency of a
stiff molecule to turn in the direction of velocity gradient growth.!” In the
present paper we suggest unsophisticated experimental techniques of assessing
the anisotropic viscosity coefficients of liquid-crystalline polymer solutions in
the absence of a magnetic field and attempt to correlate the observed effect
with the principal rheological characteristics of the systems in question.

dar
e

FIGURE2 Schematic representation of liquid crystal molecule (OM) flow : aa'bb— the plane in
which molecules are located ; 0—the angle of plane inclination relative to the velocity vector; ¢—
the mean disorientation angle within the plane of flow; dv/dx —the velocity gradient in the gap
(gap width, x).
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EXPERIMENTAL
Methods

To estimate the angle 8, use was made of a flow-through cell comprising two
IR radiation-transparent plates, wherein one plate is capable of being
displaced relative to the other one at a desired velocity, provided the gap
remains constant. The cell was adapted for taking the IR spectra at different
angles of plate inclination relative to the optical axis of the spectrophotometer.
For the system under consideration, i.e. anisotropic PBA solutions in
dimethylacetamide (DMAA) in the presence of 3% LiCl, IR radiation
absorption by the solvent in the wavenumber range of from 800 to 1000 cm ~!
is negligible, thereby making it possible to observe three distinct bands at 805,
860 and 905 cm ™! in the polymer spectrum.?! The 805 cm ™! band displays =-
polarization, so that as a result of tilting the cell at various angles one might
expect the dichroic ratio maximum for this band (Rges = D /D,) to be
obtained at a definite angle of tilt which will be equal to 8.

Presented in Figure 3 is the dependence of Rgy5 on the angle of cell tilt in
relation to the instrument optical axis. As can be seen from these data, the
angle @ corresponding to the maximum of dichlorism, in case the anisotropic
119 solution of PBA flows at a shear rate of 1.5s5 !, is as small as 2 to 3 deg.,
this angle of tilt being significantly below the theoretically predicted value??
for isotropic flow of rodlike molecules. This discrepancy is in no way
surprising since the angle of tilt generally reported to be 45 deg. (for low shear
rates) depends on the rotational Brownian motion of anisodiametric particles
which for liquid-crystalline solutions plays no decisive role because here the
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FIGURE 3 Dependence of dichroic ratio Rgqs on the angle 6.
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macromolecules are divested of their individuality and there occurs the flow of
concerted aggregates (domains). However, the angle 6 for PBA solutions is
also much smaller than that found for low-molecular liquid crystals (10-15
deg)'” and this situation provides grounds for assuming in subsequent
experiments that polymer molecules, when in the state of flow, are disposed
practically completely in the shear plane, so that, in order to define the
orientation, it would be sufficient to determine only the angle ¢ using the
above-identified dichroic ratio for the 805 cm ! #-band.??

The viscosity coefficients corresponding approximately to the cases (a) and
(b) in Figure 1 were tentatively evaluated in a coaxial cylinder assembly of the
rotational viscometer “Rheotest” (DDR) modified as follows :24 the fixed outer
cylinder was replaced for a new one having a glass cylindrical part, the gap
width (2.04+0.2 mm) remaining unchanged. The torque applied to the inner
cylinder, which is a measure of the “longitudinal” viscosity 7 (this parameter
is close to n,, but is not equal to it because no ideal orientation of the test
specimen in the direction of flow is attainable), was determined simultaneously
with measuring the falling time of a ball 0.37 mm in dia. in the gap between the
cylinders, followed by calculating the “transverse” viscosity #, (this parameter
approximates to the value of ., but is not equal to it) according to the Stokes
formula corrected for the wall effect in the measuring cell. Earlier the layout
described above was effectively employed?® for studying the sedimentation of
disperse phase particles from flowing polymer suspension.

The velocity 7, attained in the course of determining the viscosity coefficient
1, was assumed to be a measure of the strain rate. The overall strain due to
complex shear was disregarded because velocity gradient variation during the
falling time of the ball was minute (on the average, a 1.5-fold variation), while
the value of 7, charged significantly (from 107! to 10? s™1). At least 10
measurements were made as a rule for each y |, 809 of the measurement results
being in good agreement. In 20/ of the experiments, in which the ball missed
the gap center and was displaced under the action of the centrifugal force onto
the wall, the falling time of the ball exceeded by a factor of 1.5 to 2.0 the mean
falling time at a given velocity. This phenomenon is presumably associated
with the existence of an extended boundary (wall) layer, the thickness of which
was earlier estimated to be 0.015 mm.2! Accordingly, in the final analysis such
measurements were discarded.

As can be seen from the description of the experimental layout used, the
orienting effect of a magnetic field was not resorted to primarily due to the fact
that orienting the viscous anisotropic solution PNA in a magnetic field is fairly
long process, the intermediate stages of which involve the formation of domain
structures, wherein molecular orientation variations within a domain obey a
sophisticated law.2!-2¢ Although, by way of comparison with the techniques
relaying on the forced orientation of test specimens, the suggested method is
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less unambiguous as regards correlating the viscosity coefficients being
measured to #, and #,, it nonetheless is capable of revealing the differences
between 1, and 7,, i.e. of demonstrating the existence of viscosity anisotropy.

Viscosity measurements, as noted above, were paralleled by the evaluation
of the average angle of disorientation, ¢, using the through-flow cell mounted
on a spectrophotometer.

To evaluate the viscosity coefficient 5. corresponding to the flow of a
nematic liquid crystal with the long molecular axes disposed at right angles to
the direction of shear and parallel to the velocity gradient in the absence of an
orienting effect due to a magnetic field, a unique instrument was developed
comprising two vessels interconnected by a calibrated tube and an air duct.?#
The calibrated tube made in the form of a flat capillary serves for attaining the
homeotropic texture of a nematic phase which is a thermodynamically pre-
ferred texture of anisotropic solutions of PBA. Solution flow in this visco-
meter occurs due to the difference between the levels in the communicating
vessels obtained by tilting the microscope stage and by turning the flat cells on
the stage. In this experiment, the shear stress is calculated from pressure drop,
while the strain rate is assessed using the linear shift velocity of a reference, a
suitable reference being, for example, disinclination.

RESULTS AND DISCUSSION
Viscosity anisotropy

The dependence of 5, n,, and ¢ values on 7y, is presented in Figure 4.
Increasing the strain rate results in “longitudinal” viscosity diminution and
“transverse” viscosity growth, while at j; > 10 s™! the rate of change of the
viscosity components drops as the strain rate grows, so that the 7 and #,
values being measured may be assumed at ¥, > 10 s™! to asymptotically
approach a limiting value. The limiting values of #; and #, recorded
experimentally have been found to be 0.7 and 1.2 Pa-s, respectively. In this
case of equiviscous isotropic solutions, the “longitudinal” and the “transverse”
viscosity component are one and the same within the experimental error limit.

Luminescence (texture bend) in the absence of visible flow (region I in Figure
5) appears initially in the field of vision of a polarizing microscope (with the
polaroids crossed) as a result of straining the homeotropic specimen. Once the
shear stress of about 4.0+ 1072 Pa has been attained, there sets on a slow flow
at a linear velocity of ~ 10~* mm/s which corresponds to the viscosity of ~2.5
Pa - s (the extreme left-hand point in region IT). Gradually releasing the stress
(cf. the histogram) results at an early stage not in increasing, but in decreasing
the viscosity. Viscosity growth commences again onlyatt = 1.5-1072 Pa and
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is accompanied by the recovery of the undistorted homeotropic texture of the
solution.

The experiments of this type make it possible to establish the existence of a
yield point (z,) in polymeric liquid crystals and the onset of thixotropic effects
at stresses above 7,. As regards the absolute value of the viscosity coefficient 7,

o I i ! ; A0
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FIGURE4 Dependence of viscosity coefficients n, #, and the mean disorientation angle ¢ on
shear rate.
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FIGURES Time dependence of viscosity at different shear stresses (indicated on the histogram)
for PBA solution having initially a homeotropic texture. No flow in region I ; flow occurs in region
1L
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the value of ~2.5 Pa-s will be obtained by assuming arbitrarily that the first
point plotted on transition from region I to region II corresponds to the
sought-for magnitude. The feasibility of planar layer formation is not excluded
as the value of 7 increases further in which case a mixture would be involved in
the flow. In view of the assumptions referred to above, the following values
appear to be reasonable: n,(n,) = 1.2 Pa*s; n,(n,) = 0.7 Pa*s, and 5, > 2.5
Pa‘s. Hence, the tendency inherent in the variation of these values remains the
same as in the case of low-molecular liquid crystals.

As pointed out earlier, the investigations reported here are concerned with
providing evidence to demonstrate the existence of the effect of viscosity
anisotropy in polymer systems rather than with establishing precise values of
anisotropic viscosity coefficients. This approach is dictated by the fact that the
effect of viscosity anisotropy is so potent that it exerts influence on the
fundamental rheological characteristics of polymeric nematics. The manifes-
tations of this effect are systematically discussed below.

Flow curves of anisotropic solutions

It follows from the graph of Figure 4 that the variation of the average
disorientation angle ¢ parallels that of the viscosity 1, this observation being
indicative of the relationship between the viscosity measured by the conven-
tional techniques and after-orientation of macromolecules along the direction
of flow. The property in question appears to be common for all liquid crystals
as evidenced, for example, by Porter and Johnson review?’ devoted to low-
molecular thermotropic liquid crystals. The flow curve of nematic p-
azoxyanisole at various temperatures presented in Figure 6 shows this
compound in the region of liquid-crystalline state to display anomalous
viscosity at low shear rates, whereas the isotropic melts of this compound are
Newtonian fluids in the entire range of y values.

The situation is by far more intricate in the case of polymer systems, since
here isotropic solutions and melts are noted for their high degree of
structurization. From the rheological standpoint, the structure of isotropic
polymer systems comprises a fluctuating network of intermolecular contacts,
the disintegration of which due to strain onset is responsible for viscosity
anomaly.”® Once the critical concentration of transition into the liquid-
crystalline state (C*) has been atained, there occurs fluctuating network
rearrangement into a system of nematic domains, wherein the orientation of
macromolecules is perfect and the thermodynamic considerations (the
minimum of free energy) underlie the stability of this orientation. In the
interval between the concentrations C* and C*¥, two phases, viz., the isotropic
and the anisotropic phase, coexist or, in other words, two interaction types are
operative (the fluctuating network and dispersive attraction-repulsion), while
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FIGURE 6 Shear rate dependence of p-azoxyanisole viscosity at various temperatures
indicated on the graph.

above C** the anisotropic phase alone is present.! It would be of interest to
trace how the evolution of structure and interaction pattern would affect the
shape and position of flow curves.

The shear stress dependence of viscosity at different concentrations of PBA
solutions in DMAA containing 3% LiCl is illustrated in Figure 7.!3 For the
PBA specimen studied, the critical concentration of transition to the liquid-
crystalline state (C*) equals about 5% at room temperature. The concentration
at which this transition is complete (C**), as evidenced by the formation of a
single-phase liquid crystal, equals 8%.

In relatively dilute solutions (C < C¥), a clear-cut region of Newtonian flow
is observed at low shear stresses, and a region of structural viscosity appears at
greater stresses. The pattern of rheological behavior of more concentrated
solutions (C > C*) is fundamentally different. Here a region is also present, in
which viscosity diminution is relatively slight and which may be regarded as a
quasi-Newtonian flow region, but as 7 continues to decrease, the viscosity
begins to grow. This region lends itself to facile interpretation in the light of the
effects discussed above. In particular at low shear stresses there exists the yield
point 7, (the strength of a liquid-crystal matrix in terms of matrix fragmen-
tation into flow elements) with the adjoining branch of orientational viscosity
decrease analogous to that shown in Figure 4.

Increasing the solution concentration results in viscosity drop and yield
point growth, while the degree of viscosity anomaly decreases at © >» 1.
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FIGURE7 Flow curves of PBA solutions at concentrations of 3(1), 5(2), 7(3), and 9.5%,(4) at 20'.

Moreover, if the region of stresses adjoining the yield point is excluded from
consideration, then the anisotropic solutions display a less pronounced
viscosity anomaly than do the isotropic solutions. As emphasized earlier, this
is a manifestation of the fundamental dissimilarity in the rheological behavior
of polymeric and low-molecular liquid crystals. In the first case, the isotropic
system itself exhibits a complex of nonlinear effects (viscosity anomaly, elastic
and thixotropic properties), while in the second instance the isotropic melts of
low-molecular liquid crystals are the Newtonian fluids. At concentrations in
the range of from C* to C**, the main contribution to the viscosity anomaly in
the anisotropic solutions of rigid-chain polymers would, therefore, be
provided by the fragmentation of the fluctuating entanglement network, while
at C > C** the anisotropic solutions might be more Newtonian than are the
isotropic solutions.

Hence, a not infrequent contention that liquid crystals display a higher
degree of viscosity anomaly than do isotropic melts (solutions) is fully valid for
low-molecular systems only, whereas as regards the polymeric nematics its
validity is confined to region of stresses adjoining the yield point and the
branch of orientational viscosity decrease.

The problem of the elementary unit of liquid-crystalline material flow
remains obscure. It is feasible, and the present authors share this viewpoint,
that the flow in question involves aggregates (domains), in which case three
regions corresponding to different plastic deformation mechanisms can be
discerned on flow curves. In region 1 (cf. Figure 1) the solution, on having
passed over the yield point 7,, behaves like a viscoplastic body and in domain
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orientation there occurs practically no change. In the region of transition from
I to 11 (embodiment of the situation b) in Figure 1 at the domain level), the
orientational processes become prominent. In region II, the flow involves
aggregates having an approximately one and the same size and the orientation
degree (the values of viscosity for plotting viscosity versus concentration and
temperature curves are taken on this branch). In region III, the size and
orientation of flow aggregates can vary as a result of liquid crystal
fragmentation and flux eddying.

Dependence on solution concentration on rigid-chain polymer
concentration

The general pattern of the concentration dependence of “quasi-Newtonian”
viscosity (n,) for the PBA solutions in DMAA containing 37, LiCl is presented
in Figure 8 (curve I). Here the viscosity maximum corresponds to the inversion
point of the iso- and anisotropic phases. The descending branch of the plot
1, = f(C) is associated with the aforementioned change in the mechanism of
solution flow.

Specifically, viscosity anisotropy is the principal cause of viscosity dimin-
ution when the solution concentration exceeds C*. Indeed, while in a flowing
isotropic solution the existence of the (a), (b), and (c) orientations is
equiprobable (Figure 1), the anisotropic solution is characterized by the
prevalence of the “least viscous™ orientation (b) as a result of the ability of
liquid-crystalline aggregates to undergo orientation.

2

-1 085 © o5 10 45
2 WARY
gog L%
FIGURE S8 Concentration dependence of PBA solution viscosity on a logarithmic scale. Curve
{ —viscosities at a shear stress of 10 Pa: Curve 2 - -viscosities at a shear stress of 4.000 Pa.
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These observations pertain to the region of moderate shear stresses, in
which there sets on quasi-Newtonian flow. At high shear stresses, the viscosity
versus concentration curve is devoid of a characteristic maximum at C*, but
viscosity grows monotonously with increasing concentration in the same way
as in the case of isotropic solutions (curve 2 in Figure 8). This phenomenon can
be ascribed to the disintegration of anisotropic structures, as evidenced by field
of vision darkening when the solution of interest is examined in a polarizing
microscope flow-through ceil at high values of . An analogous effect was
found earlier'° to occur in the anisotropic solutions of polypeptides, although
here system amorphization is likely to be caused by the helix-to-coil transition.

Curve 2 appears to be the limiting case of concentration dependence and
quasi-Newtonian viscosity (at C > C*¥), provided no phase transition would
occur at high values of C. The constancy of 5, at C » C*'° or even 1,
diminution?® observed occasionally should, therefore, be regarded not as
general regularities, but rather as specific cases. In principle, viscosity #,
variation at C > C** should follow the broken line in Figure 8. If, however,
under these conditions there occurs solution crystallization observed3! for
PBA and poly-p-phenyleneterephthalamide (PPTA) solutions in sulfuric acid,
viscosity at high concentrations grows much more abruptly (Figure 9).

The effect of molecular mass on the concentration dependence of viscosity is
illustrated in Figure 10. With increasing M, the C* values are shifted towards

3r

) 1
ch [%]

FIGURE 9 Concentration dependence of viscosity of PBA solutions in sulfuric acid at 20'.
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FIGURE 10 Concentration dependences of viscosity of PBA solutions in DMAA. Molecular
masses: 11+ 103(1); 17,5+ 10%(2); 22.2+ 10%(3); and 29.2* 10%(4).

lower concentrations, while the maximum absolute value of viscosity, #max
and the slope of viscosity vs. concentration curves increase. The maximum
viscosity value seems to be a quite definite physical characteristic of the
material, this assumption being based on the fact that the values of #,,,,, and M
are interrelated by the power law, viz., ., = 1.82-107'2 M*2 (for PBA
solution), and the exponent is close to the universal value (3.4). The PBA
solutions of different molecular masses at the phase transition point (or
equidistant therefrom) may, therefore, be considered as being in correspond-
ing or equivalent states. When concentration equality is taken as a basis of
comparison (like in the case of the solutions of flexible-chain polymers), then
the exponent for the isotropic solutions of rigid-chain polymers may be as high
as about 8 (for PBA)!? or 6.8 (for PPTA).?°

The concept of rheological state equivalence in the solutions of rigid-chain
polymers, which are equidistant from C*, is substantiated by plotting the
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FIGURE 11 Generalized dependence of viscosity of PBA solutions in DMAA on concentration
(for notations, cf. Figure 10).

individual functions n, = f(C) in #/f,, — C/C* coordinates (Figure 11). The
viscous properties of these solutions are, therefore, governed by their distance
from C*.

To sum up the discussion of this aspect of the problem, it should be
emphasized that the concentration dependence of viscosity makes it possible
to determine with adequate accuracy the value of C*, i.e. the point of phase
transition at constant temperature. However, any point on the phase diagram
of a polymer-solvent system is defined by a particular combination of
concentration and temperature. Accordingly, the subsequent treatment of the
problem will be devoted to temperature-dependent variation in the viscosity of
rigid-chain polymer solutions.

Temperature dependence of the viscosity of rigid-chain polymer
solutions

Figure 12 illustrates the temperature dependence of viscosity of PBA solutions
in sulfuric acid which undergo transition to the liquid-crystalline state at
concentrations higher than 8-9%,. At lower concentrations, the examined
systems experience no changes whatsoever in the temperature range of from 20
to 100° (the relationships In n = f(1/T) are linear). Anomalous behavior
commences at a concentration of 9% and manifests itself in the existence of a
viscosity maximum at definite temperatures. The temperature that cor-
responds to the viscosity maximum will be denoted as T* (above this
temperature, the solution is totally isotropic), while T** stands for the
temperature, at which there commences viscosity growth (isotropic phase
appearance). Highly concentrated solutions (C > 139%) experience hardening
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FIGURE 12 Temperature dependence of viscosity for PBA solutions of various concentration
in sulfuric acid. Concentrations are indicated on curves.

at low temperatures due crystallosolvate phase emergence®! therein. When
heated to the temperature T***, the solutions acquire the liquid-crystalline
state.

Viscosity variations at T* and T** transitions can be readily interpreted in
terms of the effects discussed hereinabove. Isotropic phase accumulation
results in increasing the share of a statistical mixture of macromolecules
having (a), (b) and (c) orientations and interconnected with one another by the
fluctuating entanglement network, whereby the viscosity is caused to grow. A
major portion of the temperature range between T°** and T** is characterized
by a practically unitary temperature dependence of viscosity in the solutions of
different concentrations. In the present context, the term “unitary” is meant to
denote not only the constancy of flow activation energy (ca. 23 kJ/mol), but
also one and the same value of the preexponential factor in the Arrhenius
equation, This finding points to the constancy of the kinetic flow unit under
these conditions and, therefore, is indirectly indicative of the presence of
aggregate flow having the (b) orientation.

At T> T* the temperature dependence of viscosity likewise obeys an
exponential equation (the flow activation energy varies but little with
concentration and is close to 35-38 kJ/mol).

The generalized temperature and concentration dependence of viscosity is
given in Figure 13, which clearly shows the following features ; the direction of
the “ridge” corresponding to the viscosity maximum and, hence, to the
transition from the isotropic to the anisotropic state; the region of viscosity
growth resulting in complete flowability loss in the solutions; and the
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FIGURE 13 Effect of temperature and concentration on the viscosity of PBA solutions in
sulfuric acid (molecular mass, 10%).

“plateau”, which provides maximum convenience for processing these solu-
tions, inasmuch as the undisputably liquid-crystalline solutions possess on the
“plateau” the lowest viscosity. The aforementioned relationships provide the
possibility of directly evaluating the position of phase boundaries in rigid-
chain polymer solutions.

Thus, viscometric data alone are adequate for ascertaining the position of
the narrow biphasic region on the diagram of state (Figure 14). The trend of the
T=*(C**) can likewise be determined by a rheological technique, namely, by
the penetrrometric method. Moreover, phase boundaries were delineated by
the polarization-optical and thermographic methods, the transition points
obtained by different methods being coincident within the experimental error
limit. Without going into the details of the phase diagram for the PBA-H,SO,
system (special studies, e.g. Ref. 31, are devoted to this problem), four principal
regions should be noted on this diagram : I —isotropic solution ; Il —a mixture
of isotropic and anisotropic phases; III—liquid-crystalline solution, and IV—
crystallosolvate.

A further peculiarity in the rheological properties of rigid-chain polymer
solutions stems from the above discussion, viz., the feasibility of employing
rheological characteristics for plotting the diagrams of state for a polymer-
solvent system.
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