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Synopsis

Steady-state shear rheological properties of liquid crystalline solutions of four ethyl celluloses
(ECs) were determined at a low shear rate (1 s™!) and at relatively high shear rates by using two
rheometers (cone-plate and capillary types), and were compared with those of liquid crystalline
hydroxypropyl cellulose (HPC). The effect of molecular weight (MW) on the viscoelastic behavior
was also determined. The viscometric behavior of EC solutions was similar to that of HPC
solutions: (1) with respect to temperature, the shear viscosity (1) at shear rate of 1 s~ ! exhibited
a minimum (7,,;,) and a maximum (7,,,.), and the concentration-temperature superposition for
1 could be applied; (2) the behavior of 7 at relatively high shear rates as a function of shear rate
or polymer concentration was typical of lyotropic liquid crystals. The MW dependence of %,
was greater than that of 1,,, for EC solutions. The behavior of the elastic parameters such as
Bagley correction factor (»), entrance pressure drop (AP, ), and die swell (B) at relatively high
shear rates for EC solutions was essentially similar to that for HPC solutions: (1) the shear rate or
stress dependence of the elastic parameters was greatly dependent on whether the polymer
solution was in a single phase or biphase; (2) with respect to concentration the elastic parameters
showed a maximum and a minimum and the maximum or minimum point for each parameter was
not always identical to each other. 7 for the isotropic or fully anisotropic solutions at a given
concentration (C) increased, whereas 7 for the solutions in the vicinity of the biphasic region
showed a minimum, with respect to MW, The slope of % at a given shear rate vs. CM,, depended
on shear rate, and this slope for the isotropic solutions appeared to be greater than that for fully
anisotropic solutions. AP, , and » at a given concentration showed either a monotonical increase
or a maximum or minimum with MW, and this behavior was not fully consistent with that of .
B for the isotropic solutions increased and B'’s for both biphasic and fully anisotropic solutions
were almost constant, with MW.

INTRODUCTION

In our previous papers, we have presented the rheological properties of
liquid crystalline hydroxypropyl cellulose (HPC) solutions at both low!? and
relatively high®~6 shear rates. Our major findings were that (1) the concentra-
tion—temperature superposition for the shear viscosity could be applied, (2)
the concentration dependence of the elastic parameters was similar to that of
the viscosity, and (3) the elastic parameters at the capillary die entrance were
related to other elastic parameters at the capillary die exit.

We also presented the static and dynamic mechanical properties of solid
HPC films.” As a result of that research, it was ascertained that although HPC
was a convenient model to investigate the anomalous liquid crystalline behav-
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ior, it was not so important commercially. This is because HPC has a serious
drawback of picking up the water from the atmosphere and being water-solu-
ble. Therefore, we pay much attention to another liquid crystal-forming

cellulose derivative which is not water-soluble, ethyl cellulose (EC).

EC has a limit in tensile properties compared with rigid-chain polymers, but
seems to have a commercial availability of gas or liquid separation films.

TABLE 1
Characteristics of Unfractionated EC Used in This Study
b
Viscometry® GPC
i, M, M, M, M,/ Ds¢

EC-A 17,000 27,100 115,000 672,000 4.25 2.54 2.56 2.53
EC-B 23,000 37,800 123,000 247,000 3.26 2.67 2.67 2.61
EC-C 33,000 43,100 137,000 261,000 3.17 2.48 2.53 2.43
EC-D 40,000 58,600 187,000 —_ 3.12 2.49 2.56 2.43

“In benzene at 25°C, 9] = 2.92 X 1071 M8,

"In THF.
By NMR.'® Three determinations were made in each sample.

Fig. 1.
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Temperature dependence of shear viscosity for concentrated solutions of EC-A in
m-cresol (wt %): (O) 25; (a) 30; (®) 33; (a) 35; (W) 40.
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Separation or permeation of gases through EC films and sorption of gases in
EC films have been studied,?~!! but none has discussed the applicability of the
EC films to the gas or liquid separation from a standpoint of liquid crystalline
films.

We presented the viscometric behavior and birefringence at rest of liquid
crystalline EC solutions (cholesteric type'?~'*) and found the conditions for
casting liquid crystalline EC films on the basis of the data for tensile creep in
vacuo.'® However, there were only few investigations on the rheology of liquid
crystalline EC solutions.!®

In this paper, we determine the rheological properties of liquid crystalline
solutions of EC by means of two types of rheometer and discuss whether the
rheological behavior observed for liquid crystalline HPC systems [(1)-(3)
noted above] is valid for the EC systems or is fortuitous. We use four kinds of
EC with different molecular weight and note the effects of molecular char-
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Fig. 2. Master curve for concentrated solutions (wt %) of (a) EC-A in m-cresol [(0) 33; (®) 35;
(®) 40], (b) EC-C in m-cresol [(a) 33; (a) 40], and (c) EC-D in m-cresol [(0) 33; (m) 40].
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acteristics (molecular weight, distribution of molecular weight, and degree of
substitution) on the rheology of liquid crystalline EC solutions.

EXPERIMENTALS

Samples

Four different EC samples used were of commercial reagent grade (Tokyo
Kasei Kogyo Co. Ltd.). Those are abbreviated as EC-A, EC-B, EC-C, and
EC-D in order of increasing molecular weight. Before use, EC powder was
dried in vacuo at 60°C for about 24 h. Characterization data for the unfrac-
tionated samples referred to in this study are summarized in Table I. Reagent
grade m-cresol was purchased from Wako Pure Chemical Ind., Ltd. and was
purified by distillation at reduced pressure prior to use.

Intrinsic viscosities were measured in benzene with an Ubbelohde type
viscometer in a water bath controlled within +0.01°C at 25°C. Both shear
rate and kinetic energy corrections were negligible.
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The number-average molecular weight M, of the samples was determined
by the intrinsic viscosity [#] and the relation'’

[n] =292 x 10-*M2&

The molecular weights and distribution of molecular weight were also mea-
sured in tetrahydrofran solution by GPC. The degree of substitution (DS) of
the samples were measured by the NMR technique, according to the proce-
dure proposed by Clemett.!8

Preparation of Concentrated Solutions

A sample of 40-50 g of EC was weighted accurately into a glass-stoppered
flask and a given amount of m-cresol was added. The mixture was stirred for
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Fig. 4. Temperature dependence of shear viscosity for concentrated solutions of EC in
m-cresol; concentration 33 wt %: (0) EC-A; (X) EC-B; (a) EC-C; (O) EC-D.



CRYSTALLINE SOLUTIONS OF ETHYL CELLULOSES 413

about a week and was then stored in the dark for about 3 months at room
temperature. The concentration range of solutions was 25-40 wt %.

Rheometry

A cone-plate type viscometer for a low shear rate (1 s™') and a capillary
type rheometer for relatively high shear rates were used. The details of the
measurements have been described in the Refs. 1-6. It must be emphasized
that the solutions must be allowed to rest at least 45 min before starting
measurements at a given temperature and shear rate.

The elastic parameters observed with the capillary rheometer were the
Bagley coefficient factor (»), the entrance pressure drop (AP,,,), and the die
swell (B). v and AP, , were parameters at the die entrance and B was that at

nt

the die exit. Capillary rheometry was made at 25°C.

RESULTS AND DISCUSSION

Shear Viscosity at a Low Shear Rate (1 s 1)

Figure 1 shows the temperature dependence of the shear viscosity for EC-A
solutions in m-cresol. The viscosity exhibited a minimum (7,,;,) and a maxi-
mum (7,,,,) at critical temperatures designated T, and T,,,. This behavior
was the same as that for HPC systems reported by us."»? Consequently, we try
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Fig. 5. Dependence of T, and T, ;, on number-average molecular weight of EC. Concentra-
tion 33 wt %.
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to generate the viscometric behavior according to the same procedure as
proposed by us!Z?: normalizing both the ordinate and the abscissa. The
concentration—temperature superposition for the results in Figure 1 is shown
in Figure 2(a). Figures 2(b) and 2(c) show the same superposition for EC-C and
EC-D, respectively. The superposition proposed by us could be clearly applied
to EC/m-cresol systems. The results for another system, EC-A /benzyl al-
cohol, are shown in Figure 3. Thus, all lyotropic liquid crystalline systems of
HPC and EC studied in our laboratory could be generalized by our
procedure.? This strongly suggests that the concentration-temperature su-
perposition for the shear viscosity at low shear rates is valid for lyotropic
liquid crystals of cellulose derivatives. The simplicity of the viscometric
behavior noted above indicates that the phase transformation dominates the
viscometric behavior of the concentrated solutions of liquid crystal-forming
cellulose derivatives: The shear viscosity for a given polymer /solvent system
depends mainly on the volume of liquid crystalline phase.!%2°

20}
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Fig. 8. Flow curves for concentrated solutions of EC-A in m-cresol (wt %) at 25°C: (0) 25; (®)
30; (©) 35; (@) 40.
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In this study, four kinds of EC with different molecular weight (MW) were
examined. The effect of MW on the viscometric behavior will be discussed.
Figure 4 shows the temperature dependence of the shear viscosity for the 33
wt % solutions of each EC. The behavior of EC-A was quite different from the
others: T, and T, for EC-A were smaller than those for the others. Gray
et al.?! and Ciferri et al.?? have reported that when the critical concentration
C, or clearing temperature 7, is plotted against MW for cellulose derivatives,
C, or T, is independent of MW above a critical MW. T, . and T, for each
EC sample are shown in Figure 5. Over the higher MW range than about
2.5 X 10%, T, ., (a critical temperature at which a phase transformation from
biphasic to single isotropic regions occurs) and 7T, (a critical temperature at
which a phase transformation from fully anisotropic to biphasic regions
occurs) appeared to level off. This result was similar to those for the well-char-
acterized fractionated samples reported by Gray et al.?! and Ciferri et al?%
nevertheless, our samples were unfractionated.

The generalized plots for the results of the 33 wt % solutions in Figure 4 are
shown in Figure 6. The curve for EC-A clearly deviated from those for the
others. This deviation was pronounced over the entire range of temperature
T < T,,;,- The behavior for the 40 wt % solutions was similar to that shown in
Figure 6. The viscometric behavior of lyotropic liquid crystals is affected by a
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Fig. 9. Concentration dependence of shear viscosity v (s™!) for solutions of EC-A in m-cresol
at 25°C: (0) 25; (a) 50; (@) 100; (X) 200.
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number of molecular parameters, including MW, DMW, and DS. Obviously
seen in Table I, DS for all ECs used in this study was the same, but DMW for
EC-A was quite different from those for the others. Therefore, DMW may be
a factor affected on the deviation of EC-A in Figure 6. However, we suppose, a
size of the liquid crystalline domain is another factor affected on that
deviation.? We will show the experimental evidence for our supposition noted
above. The shape of the superposition curve for EC-A /m-cresol system was
different from that for EC-A /benzyl alcohol system in the temperature range
T < T,,;,- Furthermore, for the solutions of a given HPC in different solvents
the shape of the superposition curves was different from each other at fully
anisotropic phase; nevertheless, DMW and MW of HPC are the same.?
These indicate that a main factor is not DMW, but the size of liquid
crystalline domain.

Our finding shown in Figure 6 suggests that the size of the liquid crystalline
domain is strongly related to MW and is independent of MW above the
critical MW. Wunder et al.?? reported that the melt viscosity for thermotropic
polyesters was sensitive to the domain size (smaller than 2 pm). The lyotropic
liquid crystals of cellulose derivatives may also have a critical domain size at
low shear rate region, but this is not clear now. Therefore, we need to
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Fig. 10. Entrance pressure drop vs. shear rate for concentrated solutions (wt %) of EC-A in
m-cresol at 25°C: (0) 25; (a) 30; (O) 35; ( X) 40.
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experimentally confirm the independency of the domain size above the critical
MW by optical methods.

Figure 7 shows the dependence of 7, and 7., on MW for EC solutions.
In this figure the weight-average molecular weight M, was used as the
abscissa. The data except for EC-A formed a linear line and the slopes of the
curves were about 4.14 for 7n,, and about 6.5 for 7, Papkov
et al.> showed in their study. of the concentration dependence of the viscosity
that the slope of the linear plot of 7,,, vs. M, for poly(para-benzamide)
solutions was 3.2; the value was very close to the universal value 3.4 for
flexible polymers.?> The value 4.14 in this study was greater than the value 3.2
observed by Papkov et al.”* for the rigid polymer; nevertheless, our polymer is
semirigid.?-?* Furthermore, it is noteworthy that the M, dependence of 7,,;,
is greater than that of 5,,,. However, the range of M, covered in this study

was very limited; therefore, the data over the wider range of M, were
required.
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Fig. 11. Bagley correction factor vs. shear rate for concentrated solutions (wt %) of (a) EC-A in
m-cresol [(0) 25; (&) 30; (Q) 35; (X) 40], (b) EC-C in m-cresol [(©) 25; (a) 33; (X) 40], and (¢)
EC-D in m-cresol at 25°C [(0) 25; (a) 33; (X) 40].
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Shear Viscosity at Relatively High Shear Rate

As our previous papers showed,”® the so-called Bagley end correction was
applicable to our systems in this study: the plot of the pressure drop (AP)
against the ratio of the die length (L) to the die diameter (D), L/D, was
linear. In this Bagley procedure, the following is worthy to note: In a strict
sense, the linear relation for the biphasic solutions of EC-A seemed to be not
so good as that for the single phase solutions (isotropic and anisotropic) and as
that for the other EC solutions. This will be due to the wider DMW as shown
in Table I. However, this problem is not so serious and the trends to be
discussed later are quite definite.

Figure 8 shows the shear rate dependence of the true shear viscosity of
EC-A for each concentration. A marked shear thinning at low shear rate
region was observed, and this tendency became distinct as the concentration
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Fig. 11. (Continued from the previous page.)
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increased. This behavior is the same as that for HPC systems.>® In this
Figure 8, data for the 28 and 33 wt % solutions were not shown because of
avoiding overlap of the each curve. The viscometric behavior for the other EC
samples was similar to that shown in Figure 8. This shear thinning of the
viscosity at very low shear rates is typical behavior for polymeric liquid
crystals of both lyotropic and thermotropic.?® Another feature in Figure 8 was
that the plateau region (region II proposed by Onogi and Asada®) was
missing.

Figure 9 shows the concentration dependence of the true shear viscosity of
EC-A at given shear rates. This behavior is typical of the viscosity for
polymeric liquid crystals?: the viscosity shows the maximum and minimum
which become less pronounced and shift to lower concentration as shear rate
increases. When we recognize the maximum as a measure of the onset of liquid
crystalline phase, the maximum shift to lower concentration suggests the
shear-induced liquid crystallization ‘which was shown for another semirigid
polymer.?® Furthermore, based on the behavior of the decreasing maximum
value with shear rate, we can easily estimate that at a given shear rate the
maximum and minimum will disappear and above the critical shear rate the
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Fig. 11. (Continued from the previous page.)
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viscosity will increase monotonically with polymer concentration. The disap-
pearance of the viscosity maximum and minimum has reported for poly(ben-
zyl glutamate) solutions in m-cresol by Kiss and Porter.? The monotonical
increase in the viscosity with polymer concentration for liquid crystalline
solutions is similar to the flow behavior for the extended flexible chain
polymers.3° There should be difference between the behavior above a critical
shear rate for the liquid crystals and for the extended flexible polymer: stress
relaxation after shear cessation.?! -

At any event, the shear rate and concentration dependence of the shear
viscosity at relatively high shear rates for EC solutions was quite similar to
that for HPC solutions.®®
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Fig. 12. Die swell vs. shear stress for concentrated solutions of EC-A in m-cresol at 25°C.
Concentration (wt %): (a) 30; (b) 33; (c) 35; (d) 40.
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Elastic Parameters at Relatively High Shear Rates

Figure 10 shows the shear rate dependence of the entrance pressure drop
(AP,,) for given concentrations of EC-A solution. AP, , increased with
increasing shear rate for isotropic, biphasic, and fully anisotropic phases.

Figure 11(a) shows the shear rate dependence of the Bagley correction
factor (») for the same system as shown in Figure 10. The behavior of » was
little different from that of AP, .: v for the 30 wt % solution exhibited a
maximum and a minimum. The » behavior for the other EC systems was
shown in Figs. 11(b) and 11(c); for EC-C system the 33 wt % solution showed a
minimum, and for EC-D system no maximum and minimum was exhibited.
The dependence of » on the shear rate seemed to be dependent on whether
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Fig. 13. Die swell vs. shear stress for concentrated solutions of EC-D in m-cresol at 25°C.
Concentration (wt %): (a) 25; (b) 33; (c) 40.

N

the solution concentration is in single phase region or biphasic one: » behaved
monotonically for single phase solutions but did not for biphasic solutions.
Generally, » increases with shear rate for isotropic melts.?2-3* The behavior of
v for biphasic solutions was quite similar to that for poly(vinyl chloride)
copolymer?®® and to that for maltose slops.?® It is well-known that molten
poly(vinyl chloride) is not perfectly isotropic but includes crystallites.?’
Maltose slops may form a liquid crystal in suitable conditions.

Figures 12 and 13 show the dependence of the die swell (B) on the true
shear stress. B could not be determined at relatively low shear stresses for the
isotropic solutions of EC-A, because of pronounced gravitational sagging.
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Fig. 14. Concentration dependence of entrance pressure drop for concentrated solutions of
EC-A in m-cresol at 25°C. 7 (s~ 1): (©) 25; (a) 50; (@) 100; (X) 150.
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Fig. 16. Concentration dependence of die swell for concentrated solutions of EC-A in m-cresol
at 25°C. a,,,. X 1073 (Pa): (0) 5.0; (a) 6.0; (O) 7.0.
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Figures 12(a), 12(b), 12(c), and 12(d) show the behavior of B for the 30, 33, 35,
and 40 wt % solutions of EC-A, respectively. B increased with shear stress for
the 30 wt %, showed a minimum for the 33 wt %, decreased with for the 35
wt %, and was almost constant for the 40 wt % solution in our shear range.
Figures 13(a), 13(b), and 13(c) show the behavior of B for the 25, 33, and 40
wt % solutions of EC-D. The behavior of B for the EC-D solutions was similar
to that for the EC-A solutions, except the 40 wt % solution increased with
shear.

Compared with the results of HPC solutions reported previously by us,>¢
the behavior of » or B for EC solutions was not the same as that for HPC
solutions with respect to shear rate or stress; first, the maximum or minimum
of » for a given concentration of EC solutions was never observed for HPC
solutions in our limited conditions, secondly, the shear stress dependence of B
for EC solutions was not so great as that for HPC solutions and B for given
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Fig. 17. Dependence of shear viscosity on number-average molecular weight of EC at 25°C.
Concentration (wt %): (a) 25; (b) 33; (c) 40. 7 (s71): (0) 50; (a) 100; (O0) 150.
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concentrations (biphasic region) exhibited a minimum with respect to shear
stress in contrast with the HPC solutions which showed a maximum for the
biphasic region. However, the behavior of » or B for EC solutions was
essentially similar to that of HPC solutions with respect to shear rate or shear
stress. ’

Figure 14 shows the concentration dependence of AP, , for EC-A at given
shear rates. AP, , showed a maximum and a minimum. Figures 15 and 16
show » and B behavior with respect to concentration for EC-A. » and B also
exhibited a maximum and a minimum. The concentration dependence of three
elastic parameters noted above was very similar to that of the shear viscosity
shown in Figure 9 and to those of the three elastic parameters and of the
shear viscosity for HPC solutions.>® However, it should be noted that the
concentrations at the maximum or minimum were not always identical to
each other parameter: the maximum and minimum of the viscosity corre-
sponded to those of both B and AP, but did not to those of ». Kiss and
Porter?® and Baird® have reported that the concentration dependence of
elastic parameters such as first normal stress difference N, and the primary
normal stress coefficient N,/7* was similar to that of viscosity, except for
N,/20, and that the phase transformation from isotropic to anisotropic phase
affected the elastic parameters in a manner similar to viscosity. Therefore, the
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Fig. 17. (Continued from the previous page.)
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discrepancy of the maximum or minimum points between » and viscosity in
our studies was unusual. Some investigators3®3°-4! have reported that » and
AP, for isotropic solutions and melts are not fully elastic parameters, but
both elasticity and viscosity contribute to those parameters. However, the
discrepancy noted above could not be explained in terms of the different
magnitude of the elasticity contribution to », because that discrepancy could
not be observed between viscosity and AP, ,, which was obtained by the same

TABLE I1
Values of Power Index n from 5 @« (CM,)" at 25°C
Shear rate (s ') Isotropic Fully anisotropic
1 3.64 2.42
50 —_ 2.19
100 1.66 1.74
150 1.53 1.24
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Fig. 19. Dependence of entrance pressure drop on number-average molecular weight of EC at
25°C. Concentration (wt %): (a) 25; (b) 33; (c) 40. v (s~ 1): (0) 50; (a) 100; (O) 150.
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procedure as » was. This discrepancy in our studies need to be investigated
further.

Effect of MW on the Viscoelasticity at Relatively High
Shear Rates

Shear Viscosity

Figures 17(a), 17(b), and 17(c) show the dependence of the shear viscosity on
MW at given shear rates for the 25, 33, and 40 wt % solutions, respectively.
The viscosity for the 25 or 40 wt % solution increased monotonically with
MW, whereas the viscosity for the 33 wt % solution exhibited a minimum.
This is because the 25 wt % solutions are isotropic, the 40 wt % solutions are
fully anisotropic, and the 33 wt % solutions of EC-A and EC-B are biphasic
and the others are fully anisotropic in our experimental range. This behavior
was quite similar to that for poly(para-benzamide).?* .

It is well known that the zero-shear viscosity (7, ) is proportional to (CM W)
for flexible polymers and to (CM,)*® for rigid polymers.?® 7, for liquid
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crystalline solutions cannot be determined because those solutions have a
pronounced yield stress. As apparently seen from Figure 8, the region II
viscosity named by Onogi and Asada®” could not also be measured for our
liquid crystalline systems. Therefore, we cannot investigate the effect of MW
on the viscometric behavior for the liquid crystalline phase according to the
formulae noted above. In this study, however, we use the shear viscosity at
given shears (not a specific parameter) as an alternative to 7, and try to
qualitatively compare the dependence of viscosity on MW for fully anisotropic
solutions with that for the isotropic ones.

Now, the product CM,, is used as the abscissa and the data in Figure 17 are
plotted in a log-log manner in Figures 18 for each shear rate. The data for
EC-A were omitted from Figures 18 because we eliminate the effect of DMW
on the viscometric behavior. It appeared that the viscosity at a given shear
rate for a single phase (isotropic and anisotropic) linearly increased with CM,,.
The slopes of the linear curves for the isotropic region and the fully aniso-
tropic region are shown in Table II. It was noteworthy that the MW
dependence of the viscosity was dependent on shear rate: The larger MW
sensitivity of the viscosity, the lower shear rate. Furthermore, it seemed that
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Fig. 20. Dependence of Bagley correction factor on number-average molecular weight of EC at
25°C. Concentration (wt %): (a) 25; (b) 33; (c) 40. 7 (s™1): (0) 50; (a) 100; (O) 150.

the dependence of the viscosity on MW for the isotropic solutions was
stronger than that for the fully anisotropic solutions. This behavior was the
same as that reported by Blumstein et al.*? for semirigid polymers (nematic
type). However, the data for the isotropic region (only two points) were very
few, and we cannot conclude definitely the dependence noted above. Supple-
mental experiments are planning on that point.

Elastic Parameters

Figures 19(a), 19(b), and 19(c) show the dependence of AP, on the
number-average molecular weight M, for the 25, 33, and 40 wt % solutions,
respectively. AP, increased with M, for the isotropic 256 wt % solutions,
exhibited a minimum for the 33 wt % solutions, and exhibited a maximum for
the 40 wt % solutions (fully anisotropic). .

Figures 20(a), 20(b), and 20(c) show the dependence of » on M, for the 25,
33, and 40 wt % solutions. »’s of the 25 and 40 wt % solutions showed a
maximum and » of the 33 wt % solutions monotonically increased with M,,.
When the M, dependence of AP, , is compared with that of » for each
concentration, there is a great difference between them except for the 40 wt %
solution. In comparison with the viscosity shown in Figure 17, the behavior of
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AP, was very similar to that of the viscosity for the 25 and 33 wt % solutions
but was not for the 40 wt % solution. Consequently, there is no similarity
between two elastic parameters (v and AP, ;) and viscosity with respect to
M. 1t is not clear now why the M, dependence of the viscosity was not fully
consistent with that of the elastic parameters.

The most obvious elastic parameter during capillary extrusion is B. Figures
21(a), 21(b), and 21(c) show the dependence of B on M, for the 25, 33, and 40
wt % solutions. B for the 25 wt % solutions tended to increase with M,,, and B
for the 33 and 40 wt % solutions was almost independent of M,,. Generally, B
for the isotropic polymer melts increased with increasing MW and DMW.43-45
Therefore, B for the biphasic or fully anisotropic solution of EC system
seemed to be different from that for the isotropic melts. Unfortunately, we
cannot express clearly the IT/I_,Z dependence of B for the anisotropic solutions
because of the narrow range of MW covered. However, the limited data
suggest that the dependence of B on MW is not so great as that of the
viscosity on MW for EC solutions.
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CONCLUSIONS

From the results of this study for four EC samples with different MW, the
following can be concluded:

1. Shear viscosity at ¥ = 1 s™! exhibited a minimum (7,,;,) and a maximum
(Mmay) With respect to temperature, and the concentration-temperature su-
perposition for the shear viscosity could be applied. This behavior was the
same as that for HPC solutions reported by us.'? The superposition curves
for each MW sample of EC overlapped beyond a given MW, and this behavior
seemed to be attributed to the size of liquid crystalline domain. The MW
dependence of 7, was greater than that of n,,,.

2. The behavior of the shear viscosity at relatively high shear rates was
typical of the lyotropic liquid crystals with respect to shear rate or polymer
concentration,?® and was the same as that reported previously by us.>®

3. The shear rate or stress dependence of the elastic parameters at rela-
tively high shear rates was greatly dependent on whether the polymer solu-
tion was in the single or biphase region; the isotropic or fully anisotropic
solution behaved relatively monotonigally, but the biphasic solution did not.
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Fig. 21. Dependence of die swell on number-average molecular weight of EC at 25°C.
Concentration (wt %): (a) 25; (b) 33; (c) 40. 0, X 1073 (Pa): (a) (©) 5.0; (&) 6.0; (C1) 7.0; (b, ¢) (O)
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With respect to concentration the elastic parameters showed a maximum and
a minimum, and the maximum or minimum point for each parameter was not
always identical to each other. The behavior of the elastic parameters for EC
solutions was essentially similar to that for HPC solutions,>® with a few
exceptions.

4. The viscosity for the isotropic or fully anisotropic solutions at a given
concentration increased with M,, whereas the viscosity for the solutions in
the vicinity of the biphasic region showed a minimum with M, . The latter
behavior is due to the phase transformation from biphasic to fully anisotropic
phase. The slope of the shear viscosity at given shear rates vs. CM, was
dependent on shear rate and the slope for the isotropic solutions appeared to
be greater than that for fully anisotropic solutions. AP, , and » at a given
concentration showed either a monotonical increase or a maximum or mini-
mum with M. This behavior depended on the phase of the solution and was
not fully consistent with that of the viscosity. B for the isotropic solution
increased with M, and B'’s for both biphasic and fully anisotropic solutions
were almost constant with M. Apparently, the data of more wider MW range
will be necessary.
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