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SYNOPSIS 

The stress growth and relaxation behavior of liquid crystalline hydroxypropyl cellulose 
solutions in dimethylacetamide was characterized by using exponential functions. The 
parameters evaluated for the stress growth and relaxation processes were compared and 
the shear history effect on the parameters was determined. The exponential functions 
proposed were valid for our system. The isotropic solutions had one retardation time and 
one relaxation time, whereas the liquid crystalline solutions had plural retardation and 
relaxation times. The concentration dependence of the parameters for the stress growth 
process was similar to that for the stress relaxation process and to that for the steady-state 
shear viscosity. The stress growth and relaxation behavior for the liquid crystalline solutions 
was originated from the change (deformation or decrease) in liquid crystalline domains. 
The deformation of liquid crystalline domains with shear seemed to be slower than the 
recovering of the domains to original shape. The stress growth process was a progressive 
event, whereas the relaxation process was a sudden event. Stress relaxation behavior 
for the liquid crystalline solutions was sensitive to the shear history. 0 1994 John Wiley & 
Sons. Inc. 

INTRODUCTION 

Liquid crystals ( LCs) are widely known to exhibit 
an anomalous stress growth and relaxation behav- 
ior.'-12 The anomalous behavior originates from the 
change in polydomain structure of LCS.','~ The data, 
however, are still insufficient to understand fully the 
anomalous behavior. Furthermore, some mathe- 
matical equations are needed to characterize the 
anomalous behavior. 

In our previous paper, l4 we proposed an analytical 
method for characterizing the stress relaxation be- 
havior of lyotropic ethyl cellulose liquid crystalline 
solution (LCS) in m-cresol, and have described that 
there are two relaxation mechanisms for the LCS, 
and one mechanism for the isotropic solutions. 

* To whom correspondence should be addressed. 
Journal of Applied Polymer Science, Vol. 53, 161-168 (1994) 
0 1994 John Wiley & Sons, Inc. CCC 0021-8995/94/020161-08 

In this study, we try to confirm the analytical 
method proposed in our previous paper,I4 using 
another cellulosic LCS: hydroxypropyl cellulose 
( HPC ) solution in N,N-dimethylacetamide 
(DMAc). We also try to extend the analytical 
method to the stress growth behavior of the HPC 
LCS, compare both parameters for the stress growth 
and relaxation behavior, and determine the effect of 
shear history on the stress relaxation behavior. 

EXPERIMENTAL 

Samples 

HPC (Tokyo Kasei Kogyo Co. Ltd.) was used as 
received. The weight-average and number-average 
molecular weights were 11.7 X lo4 and 5.2 X lo4, 
and the molar substitution was 4.25.15 A commercial 
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reagent grade DMAc (Wako Pure Chemical Ind. 
Ltd.) was used without further purification. The 
concentrated solutions were prepared as the same 
procedure descrived in our previous  paper^.'^-'^ The 
concentrations of the solutions prepared were 35, 
40,43,45, 48, 50, 52, 55, 57, and 60 wt %. 

Transient Stress Behavior 

A cone-plate type viscometer (Tokyo Keiki Co. Ltd.) 
was used. The precautions (storage and rest of LCS) 
before starting measurements were the same as those 
reported in detail elsewhere.'* All behavior was de- 
termined at  25" f 0.3"C. Our experimental method, 
that is, shear history and shear stress pattern, is 
shown schematically in Figure 1. First, the solution 
was subjected to constant shear rate of 2 s-l until 
the shear stress reached a steady state, and the state 
was continued for 20 min. This was a stress growth 
process. Then, the shear rate was abruptly changed 
to 1 s-l, and the change in stress was followed as a 
function of time until another steady state was 
reached. This was a stress relaxation process. This 
was the first cycle. After 45 min rest, the second 
cycle was restarted. The third cycle was tried for 
some concentrations. In the second and third cycles, 
only relaxation behavior was analyzed, and the effect 
of shear history on the relaxation behavior was de- 
termined. It is needless to say that the stress pattern, 
particularly stress growth pattern, greatly depends 
on the experimental and material conditions. In 
Figure 1, the general behavior for an isotropic so- 
lution was drawn as example. 

ANALYSIS 

Stress Relaxation 

We have proposed the following eq~at i0n. l~ 

1)Stress 1)Stress 
growth relawtion at rest 

1 I 

( O - ( t )  - Of )/(q - Of) = O* 

= A,exp(-t/rl) for t < t, 

= A2exp(-t/r2) for t > t, (1) 

where ui and of are steady-state shear stresses at 
shear rate +i(2 s-') and i f( l  s-'), a - ( t )  is time- 
dependent stress decay function, A1 and A2 are con- 
stants, and 71 and 7 2  are relaxation times, t is time, 
and t, is a characteristic time. The parameters Al 
and A2 are supposed to be correlated to the volume 
fractions of the components that contribute to each 
relaxation process. Strictly speaking, this is ambig- 
uous, as discussed in our previous paper.14 When 
logarithm of cr* was plotted against time, one 
straight line was obtained for isotropic solutions, 
and two straight lines for LCSs. The correlation 
coefficients ( R 2 )  were better than 0.998, regardless 
of polymer concentrations. The parameters r l ,  T~ 

and Al , A2 could be evaluated from the slopes and 
intercepts of the straight lines, respectively. For 
LCSs, the two straight lines were extrapolated to 
find the characteristic time t,. 

An alternative equation ( a  double exponential 
equation) has been proposed by Mercer and Wey- 
mann." However, we prefer eq. (1) to the other 

2)Stress 
relaxation 

J I  I I I m 

I 
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Figure 1 Schematic shear rate and typical shear stress response for interrupted shear. 
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equation because of former's simplicity. Simple 
analysis is suitable for the sake of providing some 
perspective of relaxation mechanisms. 

Stress growth 

Figure 2 shows the schematic representation of 
stress growth behavior for LCSs. We now propose 
a similar equation as the eq. (1) for stress growth 
behavior of LCSs. 

( u f -  u + ( t ) ) / ( q -  G I )  = u* 

= B,exp(-t/S1) for 0 < t < tcl 

= B2exp(-t/S2) for tCl < t < tc2 

= B3exp(-t/S3) for tcz < t ( 2 )  

where a+ ( t )  is time-dependent stress growth func- 
tion, B 1 ,  B2, and B3 are constants, S1, S2,  and S3 
are retardation times, and tcl and tc2 are character- 
istic times. The physical meanings of pre-exponen- 
tial factors are ambiguous, but we suppose that they 
are correlated to the volume fractions of the com- 
ponents that contribute to each stress growth pro- 
cess, as Al andA2 for the stress relaxation. For stress 
growth behavior, ui = 0. In a similar manner as the 
relaxation, when u* is plotted against time, one 
straight line is obtained for isotropic solutions and 
three straight lines for LCSs. The parameters, S, , 
5'2,  S3, and B1, B2, and B3 can be evaluated from 
the slopes and intercepts of the straight lines, re- 
spectively. The characteristic times tcl and tc2 also 
can be evaluated by extrapolation method. 

""I I 

Concentration (wt %) 

Figure 3 
shear viscosity. Shear rate (s-'): 0 1; A 2. 

Concentration dependence of steady-state 

RESULTS AND DISCUSSION 

Steady-State Viscosity 

Figure 3 shows the dependence of steady-state vis- 
cosity on concentration at  given shear rates. The 
viscosity exhibited a typical behavior for liquid 
crystal-forming solutions: the viscosity exhibited a 
maximum and a minimum with respect to concen- 
t r a t i ~ n . " - ~ ~  Around the maximum ( Ca) , liquid 
crystalline phase first forms, and the formation of 
liquid crystalline phase is accomplished around the 
minimum (Cb) .20-22 The critical concentrations Ca 
and Cb of our system at 25°C were 47 and 54 wt %, 
respectively. The critical concentration Ca was ver- 
ified using polarized microscopy. Clearly, for the 
isotropic solutions, the viscosity was independent of 
shear rate, whereas for the LCSs, the viscosity was 
dependent on shear rate. This dependence of vis- 
cosity on shear rate for the LCSs suggested that the 
shear rate region in this study is the region I of Onogi 
and Asada model, l3  not region 111. 

63 Stress relaxation behavior 
\ 

time Plotting the logarithum of u* versus time, one 
straight line was obtained for the isotropic solutions, 
whereas two straight lines were obtained for the 
LCSs as shown in Figure 4. Therefore, eq. ( 1) was 
valid for our system and four parameters in eq. (1) 
could be evaluated. Clearly, our LCSs had two re- 
laxation mechanisms and our isotropic solutions had 
one mechanism. This was the same as that reported 
in our previous paper.14 Figure 5 shows the concen- 
tration dependence of the parameters in the eq. ( 1 ) . 

Figure 2 
havior for liquid crystalline solutions. 

Schematic representation of stress growth be- Relaxation time r1 exhibited a maximum and a min- 
imum at  Ca and Cb, respectively. Over the 45 wt % 
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Figure 4 
and ( A )  55 wt % solutions. 

Typical relaxation behavior of reduced stress as a function of time for (0) 45 

solution, r2 could be obtained and exhibited a min- 
imum at Cb. Furthermore, r2 was greater than rl. 
The order of the relaxation times was 10' s (less 
than 50 s) .  Al was unity and was independent of 
concentration. A2 was 0.7-0.9 and tended to exhibit 

Concentration (wt o/o) 

a minimum at Cb. Another system (HPC/water) 
prepared by us also exhibited the same behavior as 
that described above. Very recently, Moldenaers et 
al." and Ode11 et al." also reported that the stress 
for the LCS relaxes in two regions. The order of the 
relaxation time for initial region l2 was almost the 
same as that for T ~ ,  but the order for another region 
was greater than that for 7'. Figure 6 shows the de- 
pendence of characteristic time t, on concentration. 
The t, exhibited a minimum at  Cb. The values oft, 
were almost the same as those of the time ( tb) after 
cessation of shear one needs for the band forma- 
t i ~ n . ' ~  The relation between t, and tb will be discussed 
in our following paper.25 

Stress Growth Behavior 

The stress exhibited a monotonous increase with 
time as shown in Figure 1 for the isotropic solutions 
(less than 45 wt  % ) , but exhibited a shoulder for 

1.4 Is"' 

0.21-1 55 

45 O 35 
Concentration (wt o/o) 

Figure 5 Concentration dependence of parameters in 
eq. ( 1 ) in the first (open marks) and second (closed marks) 
cycles. ( a )  relaxation times: 0,. 71, A, A 7 2 ;  (b)  constants 
A :  0, 0, Al ,  A, A Az. 

" 35 45 55 
Concentration (wt %) 

Figure 6 
time t, in the first (0) and second (A)  cycles. 

Concentration dependence of a characteristic 
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Figure 7 
( A )  55 wt % solutions. 

Typical growth behavior of reduced stress as a function of time for (0) 40 and 

the LCSs (greater than 45 wt % ) . After vigorous 
mechanical stirring of the LCSs, the shoulder was 
disappeared?6 In our experimental range, no marked 
stress-overshoot was observed. The stress growth 
data suggested the existence of liquid crystalline do- 
mains. 

When logarithum of u* was plotted against time, 
the isotropic solutions exhibited a single line and 
the LCSs exhibited three lines as shown in Figure 
7. This clearly showed that the eq. ( 2 )  is valid for 
our system. Consequently, our data showed that our 
LCSs had three growth mechanisms and our isotro- 
pic solutions had one growth mechanism. Strictly 
speaking, the data for the region of shouldering were 
not so significant; between tcl and tc2 the line was 
not so linear as the other regions ( tc2 < t and t < tcl ) . 
Figure 8 shows the concentration dependence of the 
parameters in the eq. ( 2). The order of retardation 
times was 10' s (less than 100 s ) .  S ,  exhibited a 
maximum and a minimum at the same concentra- 
tions as the ones shown in Figure 3, that is, Ca and 
Cb. S2 was the greatest in the retardation times and 
S3 tended to be greater than S,  . B1 was almost unity 
and was independent of concentration. B2 was 0.7- 
0.85 and tended to exhibit a minimum at Cb. B3 was 
the greatest in the B-constants and decreased with 
concentration. As noted above, we supposed that 
the constants B are correlated to the volume frac- 
tions of each component. However, the physical 
meaning of B3 was not true, because the values of 
B should be less than unity. Therefore, we need to 
correct the method for estimating B3 constant. The 
Bz process corresponds to the shouldering region and 
the transition region from the first process to the 
final process, as will be discussed below. Here, we 

neglect the B2 process in order to evaluate the B3 

process. Therefore, as shown in Figure 9, the third 
line was shifted from tc2 to tcl parallel. The values 
of corrected B3 were less than unity. The corrected 

'""La) 80 
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35 45 55 
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1.5 

0 
a 

I3 0 

I I I I I 
45 55 

Concentration (wt %) 

Figure 8 Concentration dependence of parameters in 
eq. ( 2 ) .  ( a )  retardation times: 0 S1, A Sat 0 S,; (b)  con- 
stants B: 0 B1, A Bz, D BB, m Bj. (corrected value of B,, 
see in Figure 9 ) . 
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data of B3 were shown in Figure 8. The characteristic 
times ( tCl  and t c 2 )  exhibited a maximum at Ca as 
shown in Figure 10. 

Comparison with Stress Growth and Relaxation 

Comparison between Figures 5 and 8 showed that 
the retardation time Sl and relaxation time T~ exhibit 
similarly with respect to concentration; the concen- 
trations at  a maximum and a minimum for both 
retardation and relaxation times are almost the same 
and are the same as those for the steady-state vis- 
cosity (Fig. 3 ) .  This clearly showed that both stress 
growth and relaxation behavior depends on the so- 
lution phase: the isotropic solutions have one retar- 
dation time and one relaxation time and the LCSs 
have plural retardation and relaxation times except 
for the 45 wt % solution which exhibits plural re- 
tardation times and one relaxation time. The 45 wt 
% solution was in the close vicinity of the Ca (47 
wt % )  which was estimated from the steady-state 
viscosity data ( Fig. 3 ) . We suppose the existence of 
a precursor of domain or a pseudo-domain in the 45 
wt % s01ution.I~ The pseudo-domains in the solution 
disappeared with shear during the stress growth 
process and then the steady-state viscosity and 
stress relaxation behaved isotropically. For the re- 
laxation behavior of the LCSs, one mechanism 
transforms suddenly into the subsequent mechanism 
at a critical point (characteristic time t,) . However, 
for the stress growth behavior of the LCSs, one 
mechanism transforms into the subsequent mech- 
anism through another mechanism which is corre- 
sponded to the shouldering behavior. Comparison 
between values of retardation and relaxation times 
for the same concentrations showed that Sl and S3 

B3 I \ 
I \  

Figure 9 
constant B3.  

Schematic representation for correcting the 
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Figure 10 
times. 0 T,,, A: Tc2, 

Concentration dependence of characteristic 

are greater than T~ and 7 2 ,  respectively. This strongly 
suggested that the recovering of domains to original 
shape is faster than the deformation of domains with 
shear, and that the relaxation process is a sudden 
event, whereas the stress growth process is a pro- 
gressive event. The dependence of constants A on 
concentration was similar to that of constants B :  
Al  and B1 were independent of concentration, and 
A2 and B3 (corrected value) exhibited a minimum. 
The values of A2 were smaller than those of B3 (cor- 
rected value). The difference in values of A2 and B3 
suggested that the volume of liquid crystalline do- 
mains decreases more or less during stress growth 
process. The characteristic time t, for relaxation be- 
havior exhibited similarly as the characteristic times 
for growth behavior did, with respect to concentra- 
tion. 

Our findings on the behavior of the LCSs implied 
that the stress growth behavior is similar to the 
stress relaxation behavior and both behavior is gov- 
erned by the deformation of liquid crystalline struc- 
ture, that is, polydomain structure. Onogi and 
AsadaI3 have proposed a model which shows the 
change in polydomain with shear. Viola et a1.2 have 
also described a model in which the polydomain is 
deformed, oriented, or disrupted with shear. On the 
base of their models, we l4 have proposed a hypoth- 
esis for the relaxation process: the Al mechanism is 
contributed by the individual molecules and the AS 
mechanism is done by the anisotropic domains. 
When our hypothesis for the relaxation process was 
valid for our HPC /DMAc system, the contributions 
of individual molecules and domains could be applied 
to the stress growth process. The different point in 
the stress relaxation and growth behavior was that 
the relaxation process has the reconstruction of do- 
mains, whereas the stress growth process has the 
deformation and disruption of domains with shear. 
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The concentration dependence of parameters for the 
relaxation process of our HPC/DMAc system was 
the same as that for the ethyl cellulose system.14 
Therefore, the contributions proposed by us l4 ap- 
peared to be valid for our HPC/DMAc system: the 
individual molecules both in isotropic and aniso- 
tropic phases contribute to Al process and the an- 
isotropic domains contribute to A2 process. For the 
stress growth process, the individual molecules and 
domains contribute B1 and BB, respectively and B2 
process was the transition process from B1 to B3 
processes. Very recently, Ode11 et a1.I' proposed an- 
other mechanism for the first stage of relaxation 
( A ,  process in our study). They reported that the 
first stage corresponded to solvent disorientation. If 
their propose is true, then the relaxation for ther- 
motropic LCs should exhibit only one mechanism. 

Effect of Shear History 

As shown in Figure I, after the first cycle, the ex- 
periment was restarted as the same shear rate as 
before. For the stress growth process, uf in the first 
cycle was almost the same as that in the second 
cycle and the reproducibility of afs was better than 
5%; around Ca (45 and 48 wt % solutions), the re- 
producibility was ca. 5%, and the reproducibility for 
other solutions was better than 3%. For the relax- 
ation process, the reproducibility of ojs in the first 
and second cycles was better than 3%, including 45 
and 48 wt % solutions. Interestingly, uf in the third 
cycle was greater than that in the second cycle by a 
factor of 2, regardless of the solution concentration. 
The reason was not clear. Therefore, in this study, 
the data in the third cycle were not shown. 

The parameters for the relaxation process in the 
first and subsequent cycles were evaluated and were 
shown in Figure 5. For the isotropic solutions (below 
Ca) , r1 in the first cycle was almost the same as that 
in the second cycle; however, for the LCSs (above 
Ca) , r1 in the first cycle was little smaller than that 
in the second one. r2 also exhibited a similar behavior 
as rl; the difference in r2 between the first and sec- 
ond cycles tended to become more remarkable than 
that in rl. A ,  was almost independent of shear his- 
tory, but A2 in the second cycle was smaller than 
that in the first one. The decrease in A2 suggested 
the decrease in the volume of liquid crystalline do- 
mains, due to the shear. The characteristic time t, 
in the first cycle was smaller than that in the second 
one. Those suggested that the steady-state behavior 
in the first and second cycles is insensitive to the 
shear history within our experimental conditions, 
but the transient behavior is sensitive to the shear 

history which resulted in the change in volume or 
shape of liquid crystalline domains. 

As discussed in our previous paper, l4 the physical 
meanings of A and B constants were still not well 
defined. We need to investigate further. 

CONCLUSIONS 

The analytical equation (exponential type) proposed 
in our previous paper was valid for the HPC/DMAc 
liquid crystalline system. The similar exponential 
function could be applied to the stress growth be- 
havior for the same LCSs. The isotropic solutions 
had one retardation time and one relaxation time, 
but the LCSs had plural retardation and relaxation 
times except for the 45 wt % solution which was 
very near the Ca. The concentration dependence of 
the parameters for the stress growth process was 
similar to that for the relaxation process and to that 
for the steady-state shear viscosity. The stress 
growth and relaxation processes for the LCSs were 
originated from the deformation of liquid crystalline 
domains. The retardation times at  given concentra- 
tions were greater than the relaxation times. This 
suggested that the recovering of liquid crystalline 
domains to original shape is faster than the defor- 
mation of domains with shear. The stress growth 
process was a progressive event, whereas the relax- 
ation process was a sudden event. Both stress growth 
and relaxation behavior for the LCSs was sensitive 
to the shear history adopted in this study. 

REFERENCES 

1. 

2. 
3. 

4. 

5. 

6. 

7. 

8. 

9. 

10. 
11. 

P. Moldenaers and J. Mewis, J. Rheol., 30, 567 
(1986). 
G. G. Viola and D. G. Baird, J. Rheol., 30,601 (1986). 
P. Moldenaers, G. Fuller, and J. Mewis, Macromole- 
cules, 22,960 (1989). 
N. Grizzuti, S. Czvella, and P. Cicarelli, J. Rheol., 34, 
1293 (1990). 
M. R. Nobile and D. Acierno, J. Rheol., 35, 1171 
( 1991). 
S. M. Guskey and H. H. Winter, J.  Rheol., 35, 1191 
(1991). 
P. Moldenaers, H. Yanase, and J. Mewis, J. Rheol., 
35, 1681 (1991). 
S. J. Piken, J. Aerts, H. L. Doppert, A. J. Reuvers, 
and M. G. Northolt, Macromolecules, 24,1366 (1991). 
A. W. Chow, R. D. Hamlin, and C.  M. Ylitalo, Mac- 
romolecules, 25,7135 (1992). 
D. Done and D. G. Baird, J.  Rheol., 34, 749 (1990). 
P. Moldenaers and J. Mewis, J. Non-Newtonian Fluid 
Mech., 34,359 (1990). 



168 SUTO AND TATEYAMA 

12. J. A. Odell, G. Unger, and J. L. Feijoo, J.  Polym. Sci. 
Polym. Phys. Ed., 31,141 (1993). 

13. S. Onogi and T. Asada, Rheology, Vol. 1, G. Astarita, 
G. Marrucci, and L. Nicolais Eds., Plenum, New York, 
1980, p. 127. 

14. S. Suto, K. Sasaki, and S. Tateyama, Angew. Mak- 
romol. Chem., 179,203 ( 1990). 

15. S. Suto, S. Kimura, and M. Karasawa, J. Appl. Polym. 
Sci., 33,3019 (1987). 

16. S. Suto, K. Obara, S. Nishitani, and M. Karasawa, J. 
Polym. Sci. Polym. Phys. Ed., 24,1849 (1986). 

17. S. Suto, M. Ohshiro, R. Ito, and M. Karasawa, 
Polymer, 28, 23 (1987). 

18. H. A. Mercer and H. D. Weymann, Trans. Soc. Rheol., 

19. S. M. Aharoni, J. Polym. Sci. Polym. Phys. Ed., 18,  
18,199 ( 1974). 

1439 ( 1980). 

20. S. Dayan, J. M. Gilli, and P. Sixou, J. Appl. Polym. 

21. S. Suto, J. Polym. Sci. Polym. Phys. Ed., 22, 637 

22. P. Navard and J. M. Haudin, J. Polym. Sci. Polym. 

23. V. Dave and W. G. Glasser, J. Appl. Polym. Sci., 48, 

24. E. Marsano, L. Carpaneto, and A. Ciferri, Mol. Crystal. 

25. S. Suto, J. Appl. Polym. Sci., this issue. 
26. S. Suto and N. Yamanashi, Rept. Prog. Polym. Phys. 

Sci., 28,1527 (1983). 

(1984). 

Phys. Ed., 24, 189 (1986). 

683 ( 1993). 

Liq. Cryst., 158B, 267 (1988). 

Jpn., 3 5 , 6 3  (1992). 

Received September 14, 1993 
Accepted January 20,1994 




