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TRANSIENT R H E O L O G I C A L  B E H A V I O U R  OF A L Y O T R O P I C  
POLYMERIC L I Q U I D  CRYSTAL 

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

Abstract  The s t r e s s  t r a n s i e n t s  r e s u l t i n g  from s t ep -  
wise changes i n  shear  r a t e  have been i n v e s t i g a t e d  f o r  
a l i q u i d  c r y s t a l l i n e  s o l u t i o n  of PBLG i n  m-cresol. I n  
step-up experiments t hese  t r a n s i e n t s  d i s p l a y  a complex 
p r o f i l e  which i n c l u d e s  m u l t i p l e  maxima, even i n  t h e  
Newtonian region. To a f i r s t  approximation t h e  curves 
s c a l e  w i t h  s t r a i n .  A s t e p w i s e  d e c r e a s e  i n  s h e a r  r a t e  
a l s o  causes a s t r e s s  p a t t e r n  with mul t ip l e  maxima. The 
i n i t i a l  decay i s  r e l a t e d  t o  t h e  s t ress  r e l a x a t i o n  upon 
c e s s a t i o n  o f  f l ow.  Many of  t h e s e  f e a t u r e s  a r e  n o t  
descr ibed by the  e x i s t i n g  theo r i e s .  They a r e  explained 
i n  terms of supermolecular s t r u c t u r e s  such as domains. 

I N T R O D U C T I O N  

Although t h e r e  a l r eady  e x i s t s  a s u b s t a n t i a l  l i t e r a t u r e  on 

t h e  r h e o l o g y  o f  p o l y m e r i c  l i q u i d  c r y s t a l s  ( P L C s ) ,  a s  r e -  

v i ewed  by e.g. W i s s b r u n l ,  no a d e q u a t e  r h e o l o g i c a l  models  

have ,  a s  y e t ,  been deve loped  f o r  t h i s  c l a s s  of m a t e r i a l s .  
n 

The L e s l i e - E r i c k s e n  theory' ,  which proved u s e f u l  f o r  low 

m o l e c u l a r  w e i g h t  L C s ,  i s  o n l y  v a l i d  f o r  p o l y m e r s  i n  a 

l i m i t e d  range of conditions.  The molecular theory o f  D 0 i 3  

shows some i n t e r e s t i n g  features but  has  only been t e s t e d  t o  

a l i m i t e d  extent4.  Recent experimental  evidence596 suggests  

c o n s i d e r a b l e  s h o r t c o m i n g s .  T h i s  migh t  be due t o  t h e  f a c t  

t h a t  t he  Doi theo ry  does n o t  take i n t o  account t h e  presence 

of domain s t r u c t u r e s 7  . Recently,  ways have been suggested 

t o  incorporate  the  domain e f f e c t s  i n  rheo log ica l  models8p9. 
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292 J .  MEWIS AND P. MOLDENAERS 

The amount of experimental  da t a ,  t h a t  a r e  s u i t a b l e  f o r  

model t e s t i n g  and development, i s  very l imi t ed .  Transient  

d a t a  a r e  e s s e n t i a l  i n  v e r i f y i n g  the v i s c o e l a s t i c  behavior 

and a r e  ha rd ly  a v a i l a b l e  i n  t h e  l i t e r a t ~ r e ~ y ' ~ .  T h e r e f o r e  

sys t ema t i c  experiments of t h i s  na tu re  were performed on a 

l y o t r o p i c  model system. The o b j e c t i v e  of  t h i s  work i s  t o  

i d e n t i f y  some of t h e  c h a r a c t e r i s t i c s  of polymeric l i q u i d  

c r y s t a l s  which should be descr ibed by rheo log ica l  cons t i -  

t u t i v e  equations. 

EXPERIMENTAL 

As a model s y s t e m  a 12% by w e i g h t  s o l u t i o n  o f  po ly ( -y -  

benzyl-L-glutamate) (PBLG) i n  m-cresol has been used. PBLG 
so lu t ions  have been i n v e s t i g a t e d  i n  d e t a i l  i n  t h e  past1'- 

12. This s y n t h e t i c  polypeptide develops a h e l i x  s t r u c t u r e  

which i s  r e spons ib l e  for t he  formation of  a l i q u i d  c rys t a l .  

The b a s i c  r h e o l o g i c a l  b e h a v i o u r  of  t h e  p a r t i c u l a r  s a m p l e  

under considerat ion,  molecular weight approximately 250000, 

i s  a l s o  known596910. I t s  most p r o m i n e n t  f e a t u r e  i s  t h e  

occurrence of a negative normal stress i n  an in t e rmed ia t e  

shear  r a t e  region ( f ig .  I ) ,  which i s  w e l l  documented i n  t h e  

l i t e r a t u r e 5 9  11 9 12. 

S u i t a b l e  t r a n s i e n t  e x p e r i m e n t s  f o r  model eva lua t ion  

should be t e c h n i c a l l y  f e a s i b l e  and t h e o r e t i c a l l y  t r a c t a b l e .  

These r e q u i r e m e n t s  a r e  met by s t e p w i s e  changes  i n  s h e a r  

r a t e  between an i n i t i a l  (7i) and a f i n a l  (:f) v a l u e .  The 

i n i t i a l  shear  r a t e  i s  zero i n  a s t a r t - u p  experiment. On t h e  

o the r  hand t h e  f i n a l  shear  r a t e  i s  zero i n  a s t r e s s  re lax-  

a t i o n  experiment. The f i n a l  value can be s m a l l e r  (step-up 

e x p e r i m e n t )  o r  l a r g e r  (s tep-down e x p e r i m e n t )  t h a n  t h e  

i n i t i a l  one. A l l  t e s t s  have been performed on a Rheometrics 
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TRANSIENT RHEOLOGICAL BEHAVIOUR 293 

-2 -1 0. 1 2 
log Y (i’) 

Figure 1 .  S t e a d y  s h e a r  f l o w  r e s u l t s  a t  293 K (0 : 
v i s c o s i t y ;  A : p o s i t i v e  N1; A : negat ive N 1 )  

RMS 705F, using cone-and-plate geometry. The l a t t e r  guaran- 

tees a constant  shear  h i s t o r y  throughout t he  sample. I t  can 

be shown13 t h a t  r e l a x a t i o n  t imes which a r e  s u f f i c i e n t l y  

l a r g e r  t h a n  1 ~ 1 0 - ~  s-’ a r e  p h y s i c a l l y  m e a n i n g f u l  i n  t h e  

p r e s e n t  case. 

START-UP EXPERIMENTS 

S t a r t - u p  e x p e r i m e n t s  a r e  f r e q u e n t l y  used t o  measu re  t h e  

v i s c o e l a s t i c  p r o p e r t i e s  of i s o t r o p i c  polymer f l u i d s ,  both 

i n  t h e  Newtonian and i n  t h e  non-Newtonian r e g i o n .  A few 

i s o l a t e d  d a t a  a r e  a l s o  a v a i l a b l e  f o r  PLCs4*14. F i g u r e  2 

d i s p l a y s  some r e s u l t s  f o r  t h e  PBLG s o l u t i o n .  The shape  of  

t he  s t r e s s  t r a n s i e n t  i s  more complex than  usua l ly  seen for 

i s o t r o p i c  f l u i d s  b u t  a g r e e s  q u a l i t a t i v e l y  wi th  a v a i l a b l e  

r e s u l t s  on PLCs. 

Mul t ip l e  maxima can be expected t h e o r e t i c a l l y  i n  sys- 

tems which con ta in  a n i s o t r o p i c  inc lus ions  whenever convec- 

t i v e  flow e f f e c t s  dominate r o t a t i o n a l  Brownian motion’ 5 .  In  
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294 J .  MEWIS AND P. MOLDENAERS 

t h e  p re sen t  ca se  t h e  complex t r a n s i e n t s  a r e  ob ta ined  i n  t h e  

Newton ian  r e g i o n  ( f i g .  1 ) .  F u r t h e r m o r e  t h e  t r a n s i e n t s  de-  

pend s t r o n g l y  on t h e  t i m e  t h e  m a t e r i a l  h a s  b e e n  a t  r e s t  

b e f o r e  t h e  s t a r t - u p ,  e v e n  a f t e r  more  t h a n  10 h o u r s .  Ob- 

v i o u s l y  t h e  m a t e r i a l  has  a d i f f e r e n t  s t r u c t u r e  a t  r e s t  t han  

under shea r  i n  t h e  Newtonian region. This  has  been d e t e c t e d  

e a r l i e r  by means of o s c i l l a t o r y  measurements5, a l though  t h e  

p r e s e n t  c h a n g e s  seem t o  o c c u r  o v e r  a n  even  l a r g e r  t i m e  

r a n g e .  T h i s  c o n c l u s i o n  a l s o  f i t s  i n  w i t h  v i s u a l  o b s e r v a -  

t i o n s  i n  p o l a r i z e d  l i g h t '  and w i t h  b i r e f r i n g e n c e  measwe- 
17 ments . 

Figure  2. S t r e s s  g r o q t h  curves  a f t e r  v a r i o u s  pe r iods  
o f  r e s t  ( y  = 0.5 s - I ;  r e s t  p e r i o d s  i n  
h o u r s : ~ :  11;A: l 4 ; O :  1 6 )  

The previous  obse rva t ions  have normal ly  been r e l a t e d  

t o  changes  i n  domain  s t r u c t u r e 1 6 .  T h e r e  i s  a l s o  a t r a n s i -  

t i o n  i n  t h i s  sample from a nemat ic  s t r u c t u r e  d u r i n g  f low t o  

a c h o l e s t e r i c  one a f t e r  t h e  f l o w  stops". From a t h e o r e t i -  

c a l  p o i n t  o f  v i ew,  t h e  Doi t h e o r y  c a n  p r e d i c t  t r a n s i e n t s  

bu t  t h e  r e s t  pe r iod  c r e a t e s  an  i n i t i a l  c o n d i t i o n  which i s  

n o t  d e f i n e d  i n  t h a t  t h e o r y .  F o r  t h e s e  v a r i o u s  r e a s o n s  

s t a r t - u p  e x p e r i m e n t s  do n o t  seem s u i t a b l e  a t  t h i s  s t a g e .  
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TRANSIENT RHEOLOGICAL BEHAVIOUR 295 

They do  p r o v i d e  a s e n s i t i v e  p r o b e  t o  s t r u c t u r a l  changes ,  

which however cannot be e x p l o i t e d  yet.  

STEP-UP EXPERIMENTS 

The s t r u c t u r a l  changes which i n t e r f e r e  w i t h  t h e  i n t e r p r e t a -  

t i o n  of t h e  s t a r t - u p  exper iments  can be overcome i n  p a r t  i n  

step-up experiments.  Therefore  s y s t e m a t i c  measurements of 

t h i s  n a t u r e  were performed, keeping t h e  shea r  rates i n  t h e  

Newtonian region. From e a r l i e r  work, i nvo lv ing  o s c i l l a t o r y  

measurements a f t e r  c e s s a t i o n  of f low5 ,  i t  i s  known t h a t  t h e  

s t r u c t u r e  changes even i n  t h e  Newtonian region. Hence i t  i s  

necessa ry  t o  v e r i f y  how t h i s  a f f e c t s  t r a n s i e n t  b e h a v i o u r .  

Even i n  s t e p - u p  e x p e r i m e n t s  t h e  s t r e s s  t r a n s i e n t s  

depend  on t h e  s h e a r i n g  t i m e  ( f i g .  3). The t i m e  r e q u i r e d  t o  

o b t a i n  a t r a n s i e n t ,  t h a t  i s  i n d e p e n d e n t  o f  t h e  p r e v i o u s  

shea r ing  t ime ,  i s  longe r  than  t h e  time necessa ry  t o  o b t a i n  

1 

L 
b 

0 

0 100 200 
time (s) 

Figure  3 .  E f f e c t  of s h e a r i n g  t i m e  a t  th ;  i n i t i a l  s h e ? r  
r a t e  on t h e  s t r e s s  t r a n s i e n t  (yi = 0.05 s-’;yf 
= 0.5 s- ’ ;  s h e a r i n g  t ime  i n   minutes:^: 10;e: 
20; A: 30; 0 :120; : 180) 
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296 J. MEWlS AND P. MOLDENAERS 

a constant shear stress or normal stress. Hence a structur- 
al change seems to take place to which the stresses are not 
sensitive. The required time also changes inversely propor- 

tional to the applied shear rate, making the measurements 
quite time-consuming at low shear rates. A comparison of 
the transients after 120 and 180 minutes in fig. 3 clearly 
shows that reproducible transients can be obtained if a 

suitable shearing time is accepted. 
Transients are particularly susceptible to instrumen- 

tal artefacts, especially to gap size effects18. Figure 4 
shows repeat measurements for two different cone angles. 
This figure clearly proves the absence of gap size effects 
and also illustrates the degree of reproducibility that can 
be achieved if the necessary precautions are taken. 

The stress transients during a step-up in shear rate 

closely resemble those obtained during a start-up experi- 
ment. The multiple maxima in the Newtonian region still 

persist when there is a previous shearing. The transients 
were further investigated by using the final shear rate ?f 
as a parameter. In runs with the same initial shear rate 
the structure must be identical at the onset of the tran- 
sient, which simplifies the comparison between experiments. 
The data are conveniently presented in a plot of reduced 
stress or versus strain, where the stress is reduced by 
scaling with respect to the step size: 

or = (at - q ) ) / ( O ,  - 00) 

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

strong convective flow mechanism in the Newtonian region. 
The first maxima seem to occur at strains of 3, 28 and 60. 
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TRANSIENT RHEOLOGICAL BEHAVIOUR 291 

I 
I 
I 
I 
I 
I 
I 
I 

0 100 200 300 
t i m e  (sl 

1 

0 

Figure 4. Effec t  of t e s t  geo.metry on stef.-up t r a n s i e n t s  
yf  = 0.5 s- , : ~1 = 0.02 (yi = 0.05 s- ; 

r a d ;  A: a = 0.04 r a d )  

A value of order  u n i t y  seems l o g i c a l  f o r  t h e  f i r s t  peak i f  

r o t a t i o n a l  phenomena a r e  i n v o l v e d .  From f i g .  3 i t  can  be 

seen t h a t  t h i s  s t r a i n  i s  s m a l l e r  for s h o r t  shea r ing  t imes.  

The a m p l i t u d e  of  t h e  damped o s c i l l a t i o n  t h a t  f o l l o w s  t h e  

i n i t i a l  peak,  s c a l e s  r o u g h l y  w i t h  t h e  s t ress  jump, as  c a n  

be s e e n  from t h e  s u p e r p o s i t i o n  of  t h e  c u r v e s  i n  f i g .  5. A t  

very low shear  r a t e s  t he  ampli tude seems t o  decrease f a s t e r  

than the  s t r e s s  jump (curve a t  0.2 s- ’ ) .  This might suggest  

t h a t  t he  s t r e s s  i s  p r i m a r i l y  c o n t r o l l e d  by s t r a i n  bu t  t h a t  

t h e r e  i s  an a d d i t i o n a l ,  t ime-control led damping. 

A s  a next s t e p  step-up experiments were performed i n  

which t h e  i n i t i a l  shea r  r a t e  was s y s t e m a t i c a l l y  varied.  The 

r e s u l t s  a r e  shown i n  f i g .  6. I t  was s t a t e d  above t h a t  t h e  

s t r u c t u r e  i s  expected t o  depend on shear  r a t e ,  even i n  the  

Newtonian r e g i o n .  Hence t h e  t r a n s i e n t s  of  f i g .  6 c o u l d  

d i f f e r  f rom t h o s e  i n  f i g .  5. Indeed ,  more pronounced 

changes  can  be s e e n  i n  f i g .  6. Both t h e  a m p l i t u d e  and t h e  

s t r a i n  values  a t  the  s t r e s s  extrema decrease wi th  increa-  
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298 1. MEWIS AND P. MOLDENAERS 

1 

& 

0 
0 100 200 

strain 

Figure 5 .  E f f e c t  o f  t h e  f i n a l ,  Newton ian  s h e a r  r a t e  

s i n g  i n i t i a l  s t ress .  The re  i s  some s i m i l a r i t y  w i t h  t h e  

secondary e f f e c t  of s t e p  s i z e  i n  f i g .  5. However, a common 

e x p l a n a t i o n  must  be d i s r e g a r d e d .  F i r s t l y ,  t h e  e f f e c t  o f  

s t e p  s i z e  on t h e  f i r s t  s t r e s s  peak i s  much more pronounced 

I 

/ I  I 

0 100 200 
strain 

Figure  6. E f f e c t  o f  i n i t i a l ,  Newton ian  s h e a r  r;te on 
t h e  t r a n s i e n t s  i n  Ttep-up exper iments  (yf = 1 
s- ’ ;  T . m .  0.05 s- ; 0: 0.1 S-’; 0 :  0.3 s-’;O 
: 0.5 s- 1 1’) 
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TRANSIENT RHEOLOGICAL BEHAVIOUR 299 

when the  i n i t i a l  shear  r a t e  i s  changed. On the  o t h e r  hand, 

t he  subsequent drop i n  s t r e s s  towards t h e  f i rs t  minimum i s  

n o t  a f f e c t e d  by t h i s  s h e a r  rate.  If t h e  g l o b a l  t r a n s i e n t  

were r e p r e s e n t e d  by an a v e r a g e  r i s i n g  c u r v e  on which a n  

o s c i l l a t i o n  i s  s u p e r p o s e d ,  t h e  i n i t i a l  s h e a r  r a t e  would 

mainly a f f e c t  t h e  s teepness  of t h i s  average r i s i n g  curve. 

STEP-DOWN EXPERIMENTS 

S t r e s s  t r a n s i e n t s  can a l s o  be s tud ied  under a s t epwise  de- 

c r e a s e  i n  s h e a r  r a t e .  With t h e  f i n a l  s h e a r  r a t e  e q u a l  t o  

z e r o  t h i s  r e d u c e s  t o  s t ress  r e l a x a t i o n  upon c e s s a t i o n  of  

flow. I n  f ig .  7 such an experiment i s  compared wi th  a s t ep -  

down experiment s t a r t i n g  from the  same i n i t i a l  shea r  rate. 

The r e s u l t  f o r  stress r e l a x a t i o n  i s  q u a l i t a t i v e l y  compara- 

b l e  with t h a t  f o r  i s o t r o p i c  f l u i d s .  On the  o the r  hand, t he  

step-down experiments d i s p l a y  mul t ip l e  maxima s i m i l a r  t o  

t h e  step-up t r a n s i e n t s .  The extrema even occur a t  similar 

v a l u e s  of  t h e  s t r a i n  i n  b o t h  e x p e r i m e n t s .  If t h i s  r e s u l t s  

Figure 7. E f f e c t  of t h e  f i n a l  Newtonian s h e a r  r a t e  on 
t h e  str:ss t r a n s ’ e l t s  i n  s tep-down e x p e r  - 
i.e. s t r e s s  r e l a x a t i o n )  
ments  (y i  = 1 s -  1’ ; yf : A : 0.5 s - ’ ;  : 0 s-  il , 
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proves gene ra l ly  v a l i d  it provides a use fu l  t e s t  f o r  rheo- 

l o g i c a l  c o n s t i t u t i v e  equat ions of  PLCs. The i n i t i a l  drop i n  

s t r e s s  i s  i d e n t i c a l  f o r  t h e  two e x p e r i m e n t s  of  f i g .  7 and 

consequently does not  depend on t h e  f i n a l  shear  rate. Again 

t h i s  provides a t e s t  for model assessment. 
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