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Rheology, Phase Equilibria and Processing 
of Lyotropic Liquid Crystalline Polymers 
V. G. KULlCHlKHlN 
Institute of Petrochemical Synthesis, USSR Academy of Sciences, 1 1  7912 Moscow, USSR 

The structure and rheological properties of liquid-crystalline solutions of stiff-chain and semi-stiff-chain 
polymers are analyzed in connection with the pecularities of their phase states. Of special importance 
are the observation and reasonable utilization of  optimal thermodynamic conditions in combination 
with rheological properties in processing lyotropic polymers. 

Keywords: rheology, processing, lyotropic polymer, phase eqiiilibria 

The liquid crystalline (LC) state is a thermodynamic equilibrium phase state which 
is characterized by a stable anisotropic structure and properties resulting from a 
one-dimensional or two-dimensional ordering. Strange as it is, in spite of the fact 
that polymer molecules are, in general, asymmetric, the LC-state was first recorded 
in solutions, not in melts. This may be explained by the fact that at that time it 
was necessary to process stiff-chain polymers in solutions as their melting point is, 
as a rule, higher than the decomposition point. Earlier, science and technology 
were not familiar with semi-stiff-chain polymers containing mesogenic groups in 
the m-ain or side chains. Besides, the concept of “mesogenic groups” in the polymer 
chemistry did not receive widespread attention. Later on, however, such polymers 
comprised a new class of thermotropic LC-polymers which are considered in this 
special issue. 

Depending on the method of conversion of the system into a LC-state, we may 
distinguish two types of LC polymer systems: thermotropic and lyotropic. The LC- 
phase in the former system is formed by varying the temperature of individual 
substances; the latter by adding a low-molecular solvent. The solution, in its turn, 
can undergo mesophase transitions over a temperature scale; thermotropic poly- 
mers were also reported to form a LC-phase in solution. The literature available 
on low-molecular liquid crystals refer lyotropic LC to those LC-systems in which 
mesophases are formed only in the presence of a solvent (amphilic systems, phos- 
pholipid memebranes, etc.). With respect to polymers, the concept of lyotropic 
liquid crystals was extended to solutions. No such behavior has been observed 
among low-molecular LC analogs, although the widely used mixtures of nematic 
substances in that compositional region where they are indefinitely compatible, can 
also be ascribed to anisotropic solution. 
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52 V. G .  KULICHIKHIN 

Thermodynamic conditionality of LC-state, its lability, and consequently, its 
fluidity are inherent characteristics of LC-systems. Of special importance are the 
observation and reasonable utilization of optimal thermodynamic conditions in 
combination with rheological properties in processing LC-melts and solutions. Such 
problems will be discussed in the present review. 

PHASE EQUILIBRIA IN STIFF-CHAIN POLYMER SOLUTIONS 

Possible phase states for solutions are described by the combination of the con- 
centration C with the Flory-Huggins parameter interaction (or temperature, T),  
i.e., by means of the phase diagrams. Theoretically, the transition of solutions of 
stiff- and semi-stiff-chains to a LC-state is predicted, as a general rule, by the 
statistical thermodynamic theory involving virial' or lattice models* and the param- 
eter describing the degree of disorientation of the macromolecules. The results of 
the analysis of the change in the free energy of the system have shown that when 
the degree of filling of the athermic solution with stiff macromolecules is enhanced, 
there appears a moment when it is impossible to maintain the disordered distri- 
bution of the system of chains available without changing its stiffness (when a new 
macromolecule is introduced). A further increase in the solution concentration is 
thermodynamically beneficial, provided an ordered packing of the macromolecules 
or realization of the nonequilibrium conformations is ensured. 

The general view of the theoretical phase diagram for a rods-solvent system is 
presented in Figure 1 (according to Reference 2). For solutions with temperature 
To, the appearance of an anisotropic (LC) phase in the system is a result of con- 
centration C*. The mixture of isotropic (I) and LC-phase, narrow at high T and 
broad at low T values, is typical of this diagram. 

The experimental investigation of the phase states in stiff-chain polymer solutions 
provides evidence for a close correlation in the true and theoretical diagrams only 
for a Solution of helix  polypeptide^.^ At the present time, the center of gravity of 

I '  
C* c 

FIGURE 1 The theoretical phase diagram according to Flory.' 
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RHEOLOGY, PHASE EQUILIBRIA AND PROCESSING 53 

C' 
FIGURE 2 A schematic presentation of the phase diagram for p-linked aromatic polyamide-sulfuric 
acid systems9."' (see explanation in the text). 

experimental investigations holds for the thermotropic systems. The content of this 
special issue is a witness to this fact. However, the theoretical papers describing 
the phase equilibria in solutions from the position of statistical physics continue to 
appear on the scene and refine the initial theoretical proposition concerning semi- 
stiff  chain^,^ macromolecules with different flexibility mechanism (including per- 
sistent, free-joined and rotation-isomeric) ,5.6 mixtures of stiff rods of diverse lengths, 
etc. 

The theories available do not take into account such a strong solvent-polymer 
interaction which leads to the existence of crystal-solvates (CS). Such a solid phase 
is formed in solutions of aromatic polyamides of p-structure in mineral acids, as a 
r ~ l e . ~ , ~  In crystalline lattice CS, elementary polymer links and solvent molecules 
enter simultaneously into definite mole ratios. 

Let us consider the most important part of the phase diagram (Figure 2). As the 
temperature rises, the system containing concentration C, passes through the fol- 
lowing regions. In the case of To, it  is a mixture containing isotropic solution with 
concentration C1 and CS with composition Ccs. In that region the system acquires 
considerable fluidity. At T,, there occurs a transition to a complete LC solution. 
For example, at temperature T3 and polymer concentration C, the system contains 
no other phase, except the liquid-crystalline. 

Thus, the phase diagram for aromatic polyamide solutions in acids describes the 
equilibria: I-CS, LC-CS and I-LC. The variant of the phase diagram presented 
in Figure 2 considers a case of incongruent melting of the crystal-solvate, the curve 
4 separates the region where the phase equilibrium occurs between the anisotropic 
solution and crystalline polymer. It is quite possible, however, that one may observe 
in certain cases the formation of CS with a higher mole ratio of polymer to solvent. 
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54 V. G. KULICHIKHIN 

RHEOLOGICAL PROPERTIES OF ISOTROPIC STIFF-CHAIN 
POLYMER SOLUTIONS 

Different regions of the phase diagram respond to definite rheological properties 
of solutions conditioned by the peculiarities of a particular phase. Let us analyze 
those properties starting with the extreme left end of the diagram region, i.e., the 
isotropic solution region. With respect to the isotropic low-molecular and polymer 
systems, it should be emphasized that both systems are distinguished from each 
other in that the former is of a Newtonian fluid, the latter reveals appreciable non- 
linear effects. Therefore a closer rheological analog of the isotropic solution of 
stiff-chain mesophasogenic polymers will be the corresponding flexible-chain poly- 
mer solutions but not the low-molecular LC at a temperature above clearing point. 

In a general case, the concentration dependence of viscosity of the polymer 
solutions allows one to construct a single curve using the modified Martin equation 
coordinates. 6*1 * 

where qi is the relative viscosity increment; K,, the Martin constant; C,, the 
concentration corresponding to the onset of interpenetration of the molecular coils; 
p, the degree index in the formula q - Ce. The factor (C/C,)P appears only for 
concentrated solutions and takes account of the increase in the density of the 
interchain contacts with increasing concentration, whereas for dilute solutions, the 
Martin equation functions in the traditional manner. 

Such a generalized dependence of viscosity for a series of polymers with different 
stiffness of macromolecules (the Kuhn's segment lengths range from 15 to 500 A) 
is presented in Figure 3. The LC-solution region is temporarily excluded from 
consideration. This is purposely done in order to analyze the parameters deter- 
mining the viscosity and their variation with macromolecule stiffness, from typically 
flexible chain polymer to a mesophase polymer. 

Although in a general case the rheological properties of isotropic solutions of 
the flexible-chain and stiff-chain polymers are of one type in terms of absolute 
values of such parameters as KM, [q], C, and p, one may observe the specificity 
of the behavior of solutions of stiff chains.'* Thus, the value [q] corresponding to 
the hydrodynamic macromolecule volume is always higher for the rigid-chain poly- 
mers. The value KM usually rises with increasing macromolecule stiffness, whereas 
p can behave in a more complicated fashion and vary depending on the concen- 
tration interval (C, - C*) ranging from 3 to 6 (see below). At the same time, the 
value a in the formula q - M" reaches 6-8 (see Reference 13). All this leads to 
a higher value of the initial viscosity of the isotropic solutions of the stiff-chain 
polymers in comparison with the equiconcentrated solutions of the flexible-chain 
polymers. 

As for initial viscosity, we are dealing with practically a non-destructable ma- 
cromolecular structure. If the structure is destroyed due to deformation, there may 
occur new effects whose scale will differ for flexible and stiff chains, respectively. 
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RHEOLOGY, PHASE EQUILIBRIA A N D  PROCESSING 55 

FIGURE 3 Generalized dependence of polymer solution viscosity on concentration. Diffcrent points 
correspond to different polymers among which the most flexible-chain is the polycaproamide. and the 
most stiff-chain is the poly-p-benzamide (according to References 11 and 12). 

Thus, the dependence of viscosity on the intensity of deformation (shear rate y 
or shear stress T) is essential for viscoelastic polymer systems. Such dependences 
for poly-p-phenyleneterephthalamide (PPTA) and polyamide 6,6 in concentrated 
sulfuric acid under conditions similar to C and M are presented in Figure 4 (ac- 
cording to Reference 14). The solution viscosity of the stiff-chain polymer in the 
region of low T is substantially higher. However, with a rising shear rate the dif- 
ference starts to decline at the expense of a sharper decrease in the PPTA solution 
viscosity. This may be the result of the influence of two factors: destruction of a 
denser intermolecular contact system and the increasing role of the orientation 
processes in the stream. The orientation is most pronounced in dilute stiff-chain 
polymer solutions (a substantial decrease in the disorientation angle of stiff mole- 
cules in a shear flow can be achieved for dilute biopolymer solutions at high rates).15 
The orientation effects lead to a decrease in the internal friction coefficient. 

RHEOLOGICAL PROPERTIES OF LC POLYMER SOLUTIONS 

From what has been cited above, it is clear that there appears and accumulates 
such a peculiarity in the isotropic stiff-chain polymer solutions which in the LC- 
state becomes the determining factor in the rheological properties of these systems. 
This peculiarity consists of the anisotropic viscoelastic characteristics, i.e., their 
dependences on the reciprocal positions of the long molecule axis, shear movement 
and shear rate directions. The concept of viscosity anisotropy is widely spread in 
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5 

6 
7 
a 

FIGURE 4 The dependence of viscosity on the shear stress for equi-conccntratrd sulfuric acid solutions 
of nylon 6,6 (1-4) and PPTA (5-8); molecular weights 3.2 X 10' ( 1 ) .  2.76 x 10' (2). 2.02 x 10' (3) .  
1.28 X 10' (4), 4.23 X 10" (5). 3.52 X 10' (6) ,  2.51 X 10' (7). 1.45 X 10' ( 8 ) .  

low molecular liquid crystal physics, since the local rheological situation for them 
is essential for predicting the orientation and reorientation effects caused by the 
electromagnetic field in optoelectronic devices. The problem of determining the 
averaged rheological characteristics is most important for polymer systems. Such 
characteristics are available in processing them in materials (fibers, films, etc.). 
Nevertheless, the knowledge of anisotropic viscosity and elasticity coefficients is, 
without doubt, useful both for formulating constitutive rheological equations and 
for predicting and explaining the experimental effects even in uncontrollable ori- 
entations, typical of ordinary rheological polymer experiments. 

The present paper does not deal in detail with theoretical problems, but it should 
be emphasized that, as distinct from the approaches usually used in describing the 
dynamics of low-molecular nematogens based on the Ericksen-Leslie theories,16 it 
is reasonable to introduce a time derivative stress when conducting phenomeno- 
logical analysis of the rheology of polymer systems. In other words, instead of the 
Newton law for linear-viscose anisotropic fluid describing the relation between the 
stress field uik and shear rate field +,n: 
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where Pik is the equilibrium stress, qik/l, is the viscosity tensor, one should apply 
the visco-elastic fluid equation with memory: 

The addition of a member containing an invariant time derivative from the stress 
tensor enables one to describe the anisotropic stress relaxation characteristic of 
LC-polymers. 

Viscosity anisotropy of LC-polymer systems 

The measurements of the anisotropic viscous characteristics need special techniques 
in order to develop, maintain and control the molecular orientation during the 
experiment. The magnetic field is most often used for the orientation. The exper- 
imental data on viscosity anisotropy in LC-polymers are practically absent. Some 
indirect considerations concerning the influence of the initial texture of the LC- 
system, operation unit geometry, molecular orientation in the wall layer on the 
rheological characteristics being measured are presented in References 18 and 19. 
The use of ordinary rotational or capillary devices, due to the significant molecular 
orientation of the liquid crystals in the direction of the movement, renders it possible 
to measure viscosity values (q). They are close to the least anisotropic viscosity 
Miesovitch coefficient.2" However, a small modification of the operation uni t  of 
the cylinder-cylinder type permits estimating the anisotropic viscosity coefficients. 
The modification involves the utilization of the transparent outer cylinder, which 
renders i t  possible to record the duration of a hard ball falling in the clearance 
under conditions of a shear of the anisotropic material. The anisotropy of the 
medium complicates slightly the ordinary calculation of viscosity as the law of 
resistance is unknown for a testing ball. It has been shown that the resistance force 
acting on the ball Fi depends on the direction of its movement, i.e., there occurs 
a mobility anisotropy of the body isotropic in shape. When the ball moves in parallel 
(11) or perpendicular (I) to the director n. the usual Stokes law of resistance is 
valid: 

Here ui is the linear rate of the ball, and 5, are the longitudinal and transverse 
resistance coefficients with respect to n; qI1 and ql are the longitudinal and trans- 
verse viscosity coefficients, d is the ball's diameter. 

If the ideal molecular orientation is attained in the clearance, the longitudinal 
and transverse viscosity coefficients would equal the corresponding Miesovitch 
viscosity coefficients. However, because it  is practically impossible to achieve an 
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J 

1 1 1 I L 

20 30 40 50 f0 x, s-’ 
FIGURE 5 The dependence of the relative values qr and qI on -)! for LC-solutions of PBA in DMAA 
with 3% LiCI. 

ideal orientation in the shear flow, such experiments point only to the presence of 
a viscosity anisotropy . 

We shall not dwell on the details of these experiments, but only show by example 
of poly-p-benzamide (PBA) solution in dimethylacetamide with 3% LiCl the end 
results in Figure 5.6*21 As the rate gradient rises, the value qll decreases, while 
-ql increases reaching at yII 2 10 s - l  approximately constant values of 0.7 and 1.2 
Pa.s, respectively. In the case of isotropic solutions, the longitudinal and transverse 
viscosity components are about the same in this experiment. 

Thus, we may presume that the presence of viscosity anisotropy for lyotropic 
polymer systems is experimentally proved. Let us now consider the typically poly- 
meric dependences of the rheological characteristics in a steady-state shear flow: 
from shear stress, polymer concentration in solution, and temperature in terms of 
the peculiarities of the phase equilibrium in a polymer-solvent system. A substantial 
role is played by the viscosity anisotropy in these dependences. Let us analyze first 
the LC-solution flow curves. 
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LC-solution viscosity vs. shear stress 

As was stated above, no viscosity anomaly was practically observed in low-molec- 
ular isotropic single-phase systems. As for liquid crystals, it is another thing. In 
those systems, the effects of rheological nonlinearity are known in conditions of 
measurement of viscosity of specially non-oriented texture localized in low shear 
stress regions. The reason for such nonlinearity has long attracted the attention of 
researchers. As a result, there occurred the conception of viscoplastic behavior of 
liquid crystals, i.e., about the presence of a sufficiently strong structural network 
in LC, whose destruction, and the transfer of the system into a flow state, would 
require a definite amount of energy (yield stress). By way of example of low- 
molecular cholesteric LC-systems, a hypothesis emerged relating the flow curve 
shape to the texture tranformations on shearing. 

A more complicated situation develops with respect to the LC-polymer systems. 
The matter is that the isotropic polymer system is also nonlinear. However, in 
contrast to low-molecular liquid crystals, it is of the non-Newtonian type at high 
stresses. The scheme of the flow curve shape evolution with accumulation in the 
system of LC-phase and then the appearance of the crystal-solvate phase (similar 
to filled systems) can be seen in Figure 6. The experimental results for sulfuric 
acid solutions based on PPTA are given in Figures 7 and 8 (according to Reference 
24). 

The isotropic polymer solutions show typical flow curve shapes with zero shear 
and apparent (structural) viscosity sections. A dramatic change occurs in rheological 
properties with a 10% concentration of PPTA where there appears a LC-phase in 
the system. In this case, the absolute viscosity values decrease and the flow curve 
changes in shape: there appears a sharp decreasing branch q with increasing T 
different for different stress regions. This leads to the occurrence of a small shoulder 
at log T = 2.6-3.0 which expands with increasing concentrations so that the flow 
curves start to approach a Newtonian case. When the CS appears (C = 22%) again 
a rise in the viscosity is noticed in the region of the low T ,  and a slope of the flow 
curve on the whole. This is well seen in the three-dimensional diagram log q-C- 
log T in Figure 8. 

The data presented do not allow us to confirm the existence of a more appreciable 
viscosity anomaly of LC-solutions in comparison with the isotropic. A strong dis- 
tinction from the linear behavior is recorded in the biphasic regions of the phase 
diagrams (I + LC) and (LC + CS). In this connection it is quite probable that 
the presence of a phase heterogeneity enhances the viscoplastic behavior effect. 
But is “viscoplastic” the best choice of word? 

On the mechanism of polymer liquid crystal flow 

At the present time, the flow curve shape with three sections is generally recognized 
for LC polymers (Figure 9). This was described in our  paper^,'^.^^.*^ in Asada’s 
publications with c o - a u t h ~ r s , ~ ~ * ~ *  etc. On the basis of such a form of dependence 
T)(T), the flow mechanism for Section I is of a principal matter. According to data 
presented by different authors, this section is concerned with the presence of a 
viscoplastic behavior with a yield ~ t r e s s ’ * . ~ ~ * ~ ~ ;  the influence of the mechanical and 
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I I I I 
'II 

FIGURE 6 Schematic phase diagram of the system: aromatic polyamide-acid (a) and the flow curve 
shapes, corresponding to different diagram sections (b). 

thermal p re -h i s t~ ry*~~~" ;  domain (poly-domain) flow without varying'*.*' and with 
varying the dimensions and number of domains3'; the influence of the initial texture 
of the ~arnple . '~  The latter hypothesis seems especially interesting in the following 
interpretation. 

Apparently, in nematics, the transmission of the processes of the movement 
momentum will be slowed down on the disclinations. This follows from the necessity 
of overcoming the LC-matrix strength which, strange as it seems, is greatest on 
these defects. A certain amount of energy is spent for this purpose which is ex- 
pressed in a real value of yield stress. In other words, the disclinations will impose 
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61 

1 1 1 I 

4 2 4 
i t p a l  

FIGURE 7 Flow curvesof copolymer solutions based on PFTA concentration: 7( l ) ,  9(2). lO(3). I1(4), 
13(5), 19(6), 21(7) and 22% mass (8). 

FIGURE 8 Diagram of logq-C-log? for sulfuric acid copolymer solutions based on PF'TA at 80°C. 
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'c 
FIGURE 9 Schematic flow curve of the polymer liquid crystals (see explanation in the text). 

a restriction on the propagation of the homogeneous area of the viscous flow with 
similar molecular orientation. Since the overwhelming majority of experiments 
with 100% LC-phase record a viscosity growth branch with decreasing stresses, but 
not the yield stress proper, we can imagine the conditions when the action times 
become so large (the deformation rates being small) that they will be compared 
with the disclination relaxation times. Under such conditions the system can flow 
with an undestroyed structure (creep regime) and the inhomogeneities will also 
move in a slow stream (see dotted lines in Figures 8 and 9). At higher rates, the 
disclinations already play the role of quasi-crosslinks structuring the solution. How- 
ever, the molecular orientation increases gradually and the number of disclinations 
decreases, leading to a decrease in the viscosity. Concurrent with this, the viscosity 
anisotropy plays an important role in the transition region from Section I to Section 
11, which also favors the decrease in the total coefficient of the internal friction. 

Hence, the contribution of the phase heterogeneity to the viscoplastic behavior 
(in the I + LC and LC + CS regions of the phase diagram) becomes more clear. 
The phase inhomogeneity of the system enhances the viscoplasticity effects due to 
the interphase phenomena which, in the framework of the suggested conception, 
are the restrictions of local mobility of a higher order than that of disclinations. 

Thus, there develops a hypothesis concerning the determining role of the dis- 
clination system in the viscoplastic behavior of liquid crystals, which envisages the 
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presence of a Newtonian flow-branch (creep) at very low rates and shear stresses 
(Section I*). Then, Section I will correspond to the orientational decline in the 
viscosity, whereas Section I1 will correspond factually to the monodomain (quasi- 
Newtonian) flow. LC fragmentation and nonlinear effects associated with it may 
appear in Section 111. 

The possibility of obtaining ideal oriented macrovolumes of LC-polymer systems 
should be taken into account. Such an orientation was not achieved in the case of 
a steady-state shear flow (as a rule, the mean angle of disorientation is as high as 
3VZ0). The production of a liquid crystalline monodomain would seem possible in 
conditions of an additional superorientation of a thin layer of PBA LC-solution 
after cessation of a slow f l ~ w . ’ ~ . ~ ~  Such a process may be characterized by the 
anomalous increase of the dichroic ratio of one of the n-bonds of PBA during the 
relaxation process (Figure 10). However, the ultimately-oriented solution layer 
appears to be unstable and dissociates into a system of parallel strips (domains). 
The driving force of this process is still obscure, but it is quite possible that elec- 
tromagnetic effects participate in it. It was for this purpose that the  term “domain” 
was introduced. 

30 

20 

10 

4 

R805 

1 
0 25 50  75 100 

FIGURE 10 (a) A change in the dichroic ratio of the n-band 805 c m - l  at relaxation after stopping 
the steady-state flow at + = l.OS(l), 1.68(2), 16.40(3), 96.00 s - ’ (4) .  (b) The schematic picture of the 
strips (domains). 
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64 V. G. KULICHIKHIN 

As far as the rheological domains are concerned, we generally have in mind two 
kinds of microvolumes in LC. First, the microvolumes are limited by disclinations 
(i.e., the surface disclinations which are thermodynamically unstable in the absence 
of an outer field34). Second, by domain we have in mind the configuration of the 
director field involving a set of disclinations without their predominant orientation 
when averaged by volume.31 This approach is a model for describing the rheological 
characteristics, for example, only the decrease in the size (an increase in number) 
of the domains without changing their internal structure is implied for Section I of 
the flow curve; this allows making the appropriate calculations. 

A similar model of the initial flow stage can be employed also in the “disclination” 
hypothesis. However, it is necessary to take into further account the change in a 
number of disclinations as a result of the orientational process. Then, within the 
framework of the hypothesis concerning different flow curve sections, it is possible 
to systematize the principal cases for the flow of the LC-polymer systems and draw 
up certain, not too contradictory, hypotheses bringing us closer to understanding 
the mechanism of their flow. These hypotheses involve such concepts as a) the 
existence of disclination systems which should be destroyed in order to achieve a 
molecular flow; b) the macromolecular orientation in the shear field and decline 
in viscosity as a result of this process; c) the role of the interface boundaries in 
mixtures of LC-phase with isotropic and crystalline phases restricting the steady- 
state flow; d) the specific rheological nonlinearity of the LC-polymers due to vis- 
cosity anisotropy and relaxation time anisotropy, etc. 

These peculiarities of rheological behavior should be borne in mind in processing 
LC-polymers. 

Dependence of viscosity of stiff-chain polymer solutions on concentration and 
temperature 

On the basis of the hypothesis on the determining role of viscosity anisotropy in 
the viscoplastic properties of LC-polymers, we may observe in the C* region a 
maximum in the dependence q(C). However, the possibility of the existence and 
absolute value qmax is determined depending on which section of the flow curve 
the viscosity has taken. Usually the comparison is made for Section 11. 

Figure 11 exhibits the dependence q(C) for copolymer solutions based on PPTA 
whose flow curves are given in Figure 7. For anisotropic solutions the dependences 
logq (log C) were plotted at log7 = 2.0, 2.7 and 3.2, respectively. In the region 
of small C, the exponent f3 is practically equal to unit. At concentrations 0.2-0.7% 
mass, a transition takes place from a power dependence with p = 1 to the cor- 
responding dependence with p = 4.2. Such a transition is usually associated with 
the formation of a fluctuation network of contacts. The value f3 in this region is 
lower than that in flexible-chain polymer solutions (5-6), this was indicated in 
Reference 35. At C > 6.5%, a stronger power dependence of viscosity on con- 
centration with an exponent -6.0 is observed. The literature offers close figures: 
6.814 and 5-8,36 but for all the concentration regions between C, and C*. 

Near C*, the determining influence on the viscosity growth rate with increasing 
concentration is exerted by the heterophase fluctuations with a casual macromo- 
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I 
I 

-2t  
I 1  1 I 1 b 

-2 -1 0 2 
&U%I 

FIGURE 1 1  The concentration dependence of PPTAcopolymer solution viscosity (1) in the Newtonian 
flow region and (2) at shear stresses of 100, (3) 5000 and (4) 30,000 Pa. Signs due to the morphology 
of the solutions are schematically shown in the circles. 

lecular ~ r i e n t a t i o n ~ ~  and the possible appearance of LC-phase traces at C by 0.5- 
1.0% lower than C*26 or at !C* < C < C*.35 The pre-transient phenomena may 
lead-either to an increase in q, as in this case, or to its decrease.” Possibly, the 
reason for such a behavior is due to the morphology of the fluctuation or phase 
formations at C + C* which may be spherolitic (as is seen in Figure 11) or fibrillar. 

At C > C*, there occurs a sharp viscosity decline, if it is measured on Section 
11. First of all, this is due to the orientation effects (viscosity anisotropy). However, 
if we plot a dependence q(C) in comparison with the phase diagram of the system 
and take viscosities measured on Sections I, I1 and 111, we will visualize a more 
complicated picture (Figure 12). At stress T~ the viscosity with the appearance of 
a LC-phase enhances drastically, while with the disappearance of the texture de- 
fects, the curvature of the branch q(C) should decline gradually and couple with 
the dependence q(C) for T ~ ,  in the long run. In such conditions the dependence 
q(C) bears an ordinary character for LC-systems with maximum at C*. At stress 
T ~ ~ ,  the dependence q(C) does not reveal a maximum at C*, but rises monotonically 
with increasing concentration. In all likelihood, at high T ,  the difference between 
the isotropic and anisotropic phases disappears due to fragmentation down to 
molecular sizes of the anisotropic phase. For this reason, the curve 3 is a limited 
case of quasi-Newtonian viscosity at C > C** (for 100% of the LC-phase) if, of 
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T 

T,  

I I I 

FIGURE 12 (a) Schematic phase diagram and (b) concentrational viscosity dependence corresponding 
to different sections of the flow curves. (See explanation in the text). 

course, at high C no new phase transition takes place, for example, the appearance 
of crystal-solvates. 

The external nature of the dependence q(C) at T , ~  is the best visual evidence of 
the peculiarities of the rheological properties of the LC-polymer systems. The 
presence of the viscosity maximum often serves as a criterion for attributing the 
system to a liquid-crystalline one, under conditions when other characteristics, in 
particular birefringence, cannot be interpreted u n a m b i g u ~ u s l y . ~ ~  
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RHEOLOGY, PHASE EQUILIBRIA AND PROCESSING 61 

Practically, the same situation is known also for the temperature dependence of 
viscosity which is of a similar type of lyotropic as well as for thermotropic systems. 
At the transition point from LC to an isotropic state, the viscosity has a maximal 
value, due to  the transition from an ordered to an unordered system. The presence 
of a maximum for low-molecular LC is usually revealed during liquid crystal flow 
with an uncontrollable orientation. If we single out the coefficients corresponding 
to the macromolecule orientation parallel to the velocity and parallel to the shear 
rate vector (q), one can arrive at certain generalizations. The maximum in the 
nematic-isotropic phase transition region for p-azoxyanisol is observed for de- 
pendences q(T) and qII(T) (Figure 13a). A bend is observed on the dependence 
q,(T) in the transition region.3g 

In the case of nematic polymer solution, the viscosity (at T~,) changes upon 
transition from point x as T decreases through different regions of the phase 
diagram, as is seen in Figure 13b. The dependence presented looks like the one 
given for p-azoxyanisol with the exception of two things. First, for low-molecular 
thermotropic liquid crystals there is no mixture region of the isotropic and aniso- 
tropic phases, the presence of which leads to a smoother decline in the viscosity 
of the polymer systems as the LC-phase begins to accumulate. Second, the occur- 
rence of the CS leads to a sharper increase in the viscosity with decreasing tem- 
perature than when it is prescribed by the flow activation energy in the 100% LC- 
phase region (the occurrence of a crystal solvate is not a regular case). 

In order to have an idea of the activation characteristics of the flow process of 
the LC- and isotropic phases, let us consider the activation energy dependence on 
concentration for a copolymer solution based on PPTA (Figure 14). Typical of this 
dependence are the increase in the curvature in the pre-transient region and a 
sharp decline in E at C > C*. With a transition to a LC-state, E declines three- 
fold in the concentration range of 1%. For LC-solutions, the temperature coeffi- 
cients for viscosity are in general the same for different concentrations. This 
fact can indicate that the same kinetic flow unit (domain) in the region of the 
quasi-Newtonian flow is preserved, which is typical of the uninterrupted LC- 
phase systems. 

Macroscopic elasticity of LC-polymer systems 

Besides viscosity, high-elasticity plays an essential role in LC-solution processing. 
But before discussing the behavior of the lyotropic systems in the process of spin- 
ning, let us consider the high-elasticity characteristics of polymers produced in 
model experiments. This is usually the first difference of normal stresses ( N , )  and 
elastic deformation (ye). 

The appearance of LC-phase in stiff-chain polymer solutions causes a drastic 
change in their elastic properties. Thus, if in ordinary (isotropic) flexible- and 
semi-stiff-chain polymer solutions, the value N, is proportional to +?, then i t  is 
often proportional to + for LC-systems. Moreover, for anisotropic polymers, 
there is a shear rate interval inside of which N, assumes negative values.'".."' In a 
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35 

69 

- 

' 

p 1 I I I 

0 Y !  
/ I 

n # i 

-2 -1 0 4 
tog c r%l 

FIGURE 14 The dependence of the flow activation energy of the PPTA solutions in H,SO, on 
concentration. 

number of c a ~ e s , ~ ~ . ~ ~  the negative values N1 were obtained also in the transition 
regimes of deformation and were associated with the mechanical pre-history of 
the sample. 

In our opinion a no less important role is played by the textural inhomogeneity 
or molecular orientation in analyzing the measurement results of the normal stresses. 
Indeed, besides viscosity, the existence of anisotropy of other rheological char- 
acteristics which are also tensor values should be borne in mind. Therefore, un- 
controllable orientation, uncertain boundary conditions on the measuring surfaces 
both in deformation and in relaxation generate ambiguity in defining the absolute 
normal stresses values. 

Nevertheless, low and even negative values N, exist, because small values for 
the swelling of the LC-polymer extrudatesZ9 or even their c o n t r a c t i ~ n ~ ~  have been 
recorded for LC-polymers. This fact is associated with the existence of the yield 
stress and helps in securing and even perfecting the molecular orientation in a free 
jet as compared to the one developed in the channel flow. Thus, in the case of 
spinning of LC-solutions and melts, we may expect a dependence of the molecular 
orientation in the fiber, and consequently, its strength, depending on the conditions 
of their flow in the spinneret orifices. 
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PECULIARITIES OF SPINNING FROM LC-POLYMER SOLUTIONS 

Wet-spinning is a complicated, multifactor process involving simultaneously the 
rheological, phase and structural changes as a result of heat-mass transfer of the 
spin dope jet with a liquid coagulating bath. However, before going into a more 
comprehensive analysis of the behavior of the spinning fiber in a coagulating bath, 
let us consider one more stage inevitably associated with any process of shaped 
articles production, viz., the flow through narrow channels. Some of the problems 
of jet-formation for LC-solutions were discussed above where the low expansion 
factors for their extrudates were emphasized. In this part of the review it  is rea- 
sonable to draw the reader's attention to two aspects of the problem: orientation 
effects and efflux stability. 

First, let us consider the kinematic peculiarities of the polymer flow from the 
reservoir into the channel (Figure 15). The primary converging flow occurs in zone 
I where the shear and extension deformations coexist (part of the extension in- 
creases while moving to the stream axis). Irregular vertical currents are present in 
zone I1 (secondary flows) and it is desirable to separate them from the main flow 
by rigid walls by employing a conical entrance part. Uniaxial extension is a much 
more orienting kind of deformation than the shear. In the previous part of this 
paper the main attention was focused on the shear flow. It is in this regime that 
LC-polymers are usually investigated, although, undoubtedly, new rheological and 
structural effects can be observed in the longitudinal flow. Thus, a "negative lon- 
gitudinal viscosity" was detected in the thermotropic cellulose ~ y s t e m . " ~  In similar 
hydroxypropylcellulose as well as in mesophase poly-bis-trifluorethoxyphosphasene 
polymers the extensional deformation at the channel entrance gives rise to fibril- 
lization of uniaxially oriented extrudates (a kind of self-reinforcement).42-" 

For a long time the literature discussed the problem of optimal geometrical 
characteristics of the spinneret generally dealing with the size of the 
inlet cone angle a and ratio of the length of the cylindrical part L to the diameter 
D. From the viewpoint of maintaining the developed orientation at the expense 
of extension of the system at the entrance to the channel in the free jet, long 
channels do not seem to be suitable. We may arrive at such a conclusion by analyzing 
the distribution of the stresses in a flow using the rheo-optical techniques. This 
method renders it possible to record lines of equal differences in the main stresses 
(isochromes) in polarized light. For the flow axis, these lines can be recalculated 
into tensile stresses u11:47 ull = nA/Cw, where n is the ordinal number of iso- 
chromes, A,  the wavelength of the monochromatic radiation; w, the solution layer 
thickness in the slit channel supplied with transparent walls; the C-dynamo-optical 
coefficient is assumed constant. As the optical anisotropy of the segments increases, 
which, as a rule, accompanies a rise in stiffness, the value C grows. 

Let us  omp pare^^.“^ the isochrome pictures of the three channels with different 
entrance parts, different lengths but with the same diameters (Figure 16). The 
isotropic solution flow of semi-rigid-chain polyamidebenzimidasol (principally giv- 
ing also LC-solutions) through a 180" channel inlet angle is accompanied by the 
occurrence of stress concentrations on the edges. No such concentrations were 
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entrance. 
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(4 
FIGURE 16 Isochrome picture of polyamidebenzimidasole solutions during the flow through channels 
of diverse shapes a)  a = 180". L/D = 28.6; (b) a = 180". UD = 1.5, c) channel with a radius rounding 
in the inlet part, UD = 1.5. 

observed for  smooth^ inlet channels (or a gradually varying cone angle), which 
contributed to the realization of the undistorted extension field. 

The calculated profiles ul, along the stream axis Z (positive 2 is referred to the 
entrance part, the negative to the plane-parallel part of the split) are given in Figure 
17. Taking into account the accepted allowance for the dynamo-optical coefficient 
constancy, the same regularity will be apparently observed for LC-solutions. For 
them, however, it is extremely complicated to separate the induced anisotropy 
(photoelastic effects) from the anisotropy inherent in liquid crystals. The values 
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FIGURE 17 
Figure 16. 

Profiles of the tensile stresses along the channel axis for (a) 1, (b) 2, (c) 3 channels of 

uI1 for the long canals are significantly lower, but their relaxation occurs earlier 
(at a distance of -1 mm below the edge). As to short channels, it is possible to 
maintain the tensile stresses prior to the outflow of the jet from the channel. In 
this respect, channels of varying taper angles (which should not exceed the inlet 
angle CY in the middle part) appear to be more favorable for the increment and 
relaxation in this case proceed smoother than in the flat inlet part. 

A sharp increase in ull as in the case of channel b can hardly bear sense because 
of the possible exceeding of the cohesive strength of the solution or the occurrence 
of an unstable flow. 

As to instability, we shall now direct our attention to the second part of the 
problem: the stability of the jet formation. In order to promote a stable jet for- 
mation, it is necessary to have long channels. However, in this case, because of 
the existence of diagonal components of the stress tensor there can be a serious 
loss in the molecular orientation. Even if the values exceed the solution strength 
at the inlet part, this defect in long channels can be remedied by relaxing the 
extensional stresses, whereas, in short channels, it can cause a disturbance in the 
regularity of the jet at moderate rates. This is outwardly expressed in its helicity.jX 
Therefore, it is necessary to find a sensible compromise between orientation and 
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stability, which in each special case conditions the choice of definite channel ge- 
ometry. Recall that the expansion factor of the LC-solution jet is very small and 
it changes little with the channel length. Therefore, the achievement of a high 
orientation in the flow for these systems can be directly associated with the ori- 
entation in the as-spun yarn. Then the role of the coagulating liquid is to ensure 
a rapid fixation developed in the liquid state of the structure. 

The jets of the dopes pass into the coagulating liquid either directly (the spinneret 
is submerged in the bath) or through an air gap. When regarded from general 
positions, such a layer is necessary for the separation of a hot spinning solution 
with T > T,CS from a cold bath. However, it influences also the spinning kinematic. 
If it is impossible to achieve high-draw ratios in wet-spinning (0 = V2/V,, where 
V, is the wind-up rate, and V, is the throughput rate from the channel), then the 
values Q, in the dry-jet wet process can be substantially higher at the expense of 
the longitudinal deformation of the liquid jet in the air gap. This renders it  possible 
to enhance the wind-up and produce thinner yarns, but it is hardly possible that i t  
will bring about a rise in  tenacity. If it is able to produce a well oriented jet from 
spinneret orifices, then it is sufficient to provide a small draw ratio in the coagulating 
bath (Q = 1.7-2.0) for achieving an ultimately strong (without taking into account 
subsequent thermal treatment and thermal drawing) fiber.'9 I t  is important to note 
that this is achieved at such an initial solution concentration that it becomes totally 
liquid-crystalline (Figure 18). 

8 9 4 0 111 
60 

7 
C"* c, % 

6 

FIGURE 18 The dependence of the relative strength of the as-spun PBA-fibers on the concentration 
of the spinning dopes. 
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The rise in the wind-up rate in the air gap variant is restricted by the so-called 
“draw resonance.” The resonance phenomenon consists of a periodic variation of 
the jet diameter starting from the critical draw ratio, aC. This phenomenon was 
repeatedly observed in melt spinning,50 and in recent years in dry-jet wet spinning 
from isotropic solutions of polyoxadiasols and from anisotropic solutions of PPTA.51 
The outward appearance of the resonance is seen in Figure 19 illustrating successive 
flow stages of the jet in an air gap. 

There exist diverse theoretical speculations concerning the description of the 
resonance phenomenon. We shall not consider these problems in detail, but shall 
present these positions from the point of view of the so-called “wave  kinematic^"^^ 
and the behavior of the system as an “unstable-state cycle.”53 In the first case, the 
resonance is regarded as the propagation of waves of the volume throughput along 
the spin-line. Second, it is regarded as a result of a metastable state of the jet under 
conditions of tensile stress action (a casual perturbance causes oscillational gen- 
eration). As for the Newtonian systems, the value QC is predicted and supported 
experimentally as being equal to -20,50.52 whereby the elasticity can have a desta- 
bilizing effect on the resonance occurrence conditions. 

It would be useful within the context of this paper to indicate the means for 
controlling the resonance, but unfortunately there are no reliable methods at the 
present time. In the case of aromatic polyamide solutions, the resonance is partially 
inhibited by decreasing the air gap thickness, by the presence of a developed conical 
part at the channel inlet and a short cylindrical part, and by cooling the jet.s1 The 
connection between the behavior of the free jet and channel geometry gives evi- 
dence of an interrelationship between the stressed states in the deformed solution 
bulk and in the practically unidimensional jet. 

The next stage of the process is concerned with the spinning fibers in the co- 
agulating liquid. Neglecting the heat transfer processes (we can accept the condi- 
tions as being isothermal), let us concentrate our main attention on the non-solvent 
diffusion inside and the solvent diffusion outside the thread. These processes result 
in the evolution of the phase and relaxational states of the polymer system. If we 
assume that the phase and relaxation transitions are of a threshold character (with 
respect to coagulant concentration at  a definite section of the thread), we may 
expect the existence of one or several fronts in the spinning fiber.54 In a general 
case, the front separates the solution and a gel-like system is formed as a result of 
an incomplete decomposition spinning dope into phases. In concrete cases, high- 
elastic and glass-transition fronts are added to this front as well as a transition 
boundary to the system with complete phase separation (Figure 20). 

If the gelation front in a wet-spinning process is practically closely adjacent to 
the spinneret, the regime is “rigid,” but if there is a liquid interlayer between the 
front and the spinneret, the spinning is ‘ ‘ ~ o f t . ” ‘ ~ . ~ ~  The existence of the dramatic 
changes that occur in the relaxation states were proved by the results derived from 
the comparison of the rate of travel of the optical boundary on the model dope 
drop, surrounded by the coagulating liquid, with the existence of typical depend- 
ences of the thread friction coefficient, deformation capability, tenacity of as-spun 
fibers, etc., on the distance from the ~ p i n n e r e t . ~ ~  The recalculation of the time 
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A 
(4 

FIGURE 19 Subsequent stages of photographs of the jet shape of PPTA-solution in the air gap. 
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RHEOLOGY, PHASE EQUILIBRIA AND PROCESSING 17 

FIGURE 20 Hypothetic scheme of distribution of physical states in the spinning thread: I ,  solution; 
11. gel-like state; 111, state with completed decomposition into the phases. 

necessary for the boundary to reach the drop center over a distance along the spin- 
line is not a difficult task. 

An arrangement fixed to a special spinning device is used for local deformation 
probing of the spinning thread (Figure 21). This apparatus is designed for measuring 
the force acting on the spinneret, (TI), and close to wind-up bobbin, (TJ. The 
local probing is accomplished with the aid of a friction body which is made up of 
a fixed cylinder (6) and two moving rollers (5 and 5’). The rotation speed of the 
rollers renders it possible to determine the run-on (vJ and run-off speeds of the 
thread from the friction body (v,). Such an arrangement can be used not only for 
determining the friction coefficient and local deformaticity, it can also measure the 
current efficient modulus: 

G = (T, - TJS In v,/v,  

FIGURE 21 The scheme of the equipment for investigation of the wet-spinning process. 1, Spinneret; 
2, transfer line for the spin dope; 3, force measurement system; 4, coagulating bath; 5 and 5 ’ .  rotating 
rollers for measuring V, and V,; 6, “friction body”; 7, light source; 8, photomultiplier; 9, spinning 
thread. 
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where s, is the thread cross-section area. As an example, the profile of the friction 
coefficients for the spinning yarns are shown in Figure 22. Their non-monotonic 
change can be seen. 

The evolution of the phase states (LC and crystalline) is also possible within the 
framework of the relaxation states. This is more so, as shown, in local effect 
conditions. If the spinning solution were liquid-crystalline, the non-solvent con- 
centration thresholds for its gelatinization would be very This implies that 
the forming regime is “rigid” and the linear rate of the spinning thread immediately 
at the spinneret becomes equal to the wind-up speed. The drawing is concentrated 
at the very narrow section of the spinneret. Realization of the “rigid” spinning 
regime under conditions of high molecular orientation at the channel is a favorable 
factor, for it provides a fast fixing of orientation in the fiber. 

On the other hand, if the molecules are not stiff enough for LC-phase formation 
in solution, such a transition can occur in the gel-like state, when the polymer 
content in the concentrated polymer phase exceeds C*.” Then in the case of a 
prolonged transition kinetic and under deformation conditions there may appear 
an oriented LC-phase in the spinning thread. It is quite possible that, e.g., such a 
transition is related to the so-called “rheological jump” phenomenon which consists 
of a sharp increase of a force, acting on the spinneret (T,) at a definite draw ratio 
under wet spinning  condition^.^' The dependence of T, on @ for polyamidebenz- 
irnidasol solutions in dimethylacetamide (DMAA) during spinning in a .bMAA- 
water mixture (“soft” conditions) is given in Figure 23. It is quite probable that 
the transition of the system to a LC-state gives rise to a change in the whole series 
of its characteristics. Thus, the conditions for the polymer coagulation from the 
solution apparently vary because the cross-section of such fibers assumes a star- 
like shape.46 The physicomechanical properties of the fibers also change substan- 
tially. 

The part of this paper concerning the processing of lyotropic LC polymers has, 

FIGURE 22 The dependence of friction coefficients on the friction body along the spinline. The solid 
line corresponds to the achievement of the coagulation boundary of the model drop center. 
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FIGURE 23 Thc dependence of a force acting on the spinneret on the wind-up rate for the throughput 
rate ( I )  2.3 and (2) 6.8 mlmin. 

for certain reasons, been written in a schematic fashion. Following this' principle 
further, we  present the scheme for varying the parameter of the order 

s = (3 cos20 - 1)/2 

(0 is the mean disorientation angle of the long molecule axes relative to the fiber 
axis) along the spinline for LC and isotropic solutions (Figure 24). It is seen in the 
Figure that the high orientation for the LC-system (curve 1) already is achieved at 
the moment the solution flows out of the spinneret channel. Furthermore, i t  is 
sufficient to have a small difference in the wind-up and throughput rates to produce 
an ultimately oriented fiber (the heat treatment affects mainly the increase in the 
elasticity modulus). 

For isotropic solutions of flexible-chain and semi-stiff-chain polymers the ori- 
entation is lower at all stages. The orientation factor can become less on the 
expansion region (in the free jet) than at the converging flow section (in the entrance 
to channel). The main increase in the orientation was observed in the coagulating 
bath (provided the transition is possible in a LC-state) and at the plastification 
(orientational) draw-down stage (positions I1 and 111). In a number of cases, the 
transition to a LC-state occurs during heat treatment of as-spun f i b e r P  (stage 111). 
This case corresponds to the dotted dependence Section S(x ) .  

For LC-solutions the completed orientation is achieved in the flow, i.e., in a 
state of free movement of the molecules or their segments. But in the spinning of 
fibers from isotropic solutions of flexible-chain polymers, the solidlike system 
undergoes drawing, which may lead to the occurrence of defects. In such a case 
we observe another advantage of using LC-spinning systems. 
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FIGURE 24 The scheme for changing the factor of orientation along spinline for (1) LC- and (2) 
isotropic solutions (see explanation in the text). 

In drawing up a conclusion we may claim that lyotropic LC-polymers play an 
extremely important role in contemporary science and technology. The specificity 
of phase equilibria in lyotropic systems stimulated a great variety of theoretical 
and experimental investigations in this area. The singularity of the hydrodynamic 
properties has opened up new horizons for the investigation of theoretical and 
experimental rheology of anisotropic media. Finally, thanks to the remarkable 
orientation in the flow and the absence of the disorientation phenomena at the 
subsequent stages of spinning from LC-solutions, it is possible to produce small- 
defective super-high tenacity fibers. The strength of such fibers is as high as 500- 
550 kg/mm2, _. with the elasticity moduli as high as 20,000 kg/mm2. 
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