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V I S C O E L A S T I C  P O L Y M E R  MEDIA 

A. L e o n o v  a n d  A.  Ya .  M a l k i n  
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Previous studies [1, 2] were devoted to the formulation of a phe- 
nomenologieal theory of the reversible changes (thixotropy) in the 
physicomechanical properties of viscoelastic media, in particular, 
polymer systems. The basis of this theory is the idea that the reversi- 
ble changes in the structure and properties of viscoelastic thixotropic 
media under the influence of mechanical action are due to a change 
in their relaxation spectrum. In this case the behavior of the mechan- 
ical properties is entirely and uniquely determined by two material 
functions which completely characterize the given material: the 
relaxation time (frequency) distribution function, which describes the 
behavior of the material in the linear region of deformation, and the 
thixotropy function, which determines the nature of the changes 
(compression) of the relaxation spectrum on transition to the non- 
linear region. The object of this approach is to reflect the effect of 
the change in supramolecular and molecular structures associated 
with the flow of polymer system, or in the bonds and orientation of 
the particles in disperse systems, on the viscoelastic and viscosity 
properties of the systems concerned. The essential validity of this 
approach was demonstrated in [3], where it was shown that at suffi- 
ciently high strain rates changes occur in the structure of the polymer 
leading to a change in mechanical properties. In [4] the basic struc- 
tural functions were found. These, in conjunction with the proposed 
theory of thixotropy, characterize the behavior of a broad group of 
polymer systems in both the linear and the nonlinear regions of defo~- 
marion. In this connection it should be noted that whereas for the 
linear region the accuracy of the laws obtained lies within the limits 

100%, on transition to the nonlinear region the error may increase. 
Therefore, for the purposes of a rigorous quantitative verification of 
the theory we shall use not the universal functions obtained in [4], 
but the more precise characteristics of the specific material on which 
the experiments are performed, since those effects with respect to 
which it is desired to test the theory usually lie within the limits of 
30% of the measured quantities. 
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T h e  e x p e r i m e n t a l  a n d  t h e o r e t i c a l  r e l a t i o n s  f o r  t h e  

s h e a r  s t r e s s  ~- a s  a f u n c t i o n  of t i m e  t i n  s i m p l e  s h e a r  

w e r e  q u a n t i t a t i v e l y  c o m p a r e d  f o r  two c a s e s :  1) f o r  

d e f o r m a t i o n  a t  c o n s t a n t  s h e a r  s t r a i n  r a t e  ~ = c o n s t  i n -  
s t a n t a n e o u s l y  d e v e l o p e d  a t  t = 0; 2) f o r  s t r e s s  r e l a x a -  

t i o n  a f t e r  i n s t a n t a n e o u s  i n t e r r u p t i o n  of s t e a d y - s t a t e  

f low w i t h  p r e s e r v a t i o n  of  t h e  c o n s t a n t  s t r a i n  u = e o n s t .  
Two  p o l y m e r s  w e r e  u s e d  to  t e s t  t h e  t h e o r y ;  P - 2 0  l o w -  

m o l e c u l a r  p o l y i s o b u t y l e n e  w i t h  a w e i g h t e d - m e a n  m o -  

l e c u l a r  w e i g h t  of 100 000 a t  r o o m  t e m p e r a t u r e  a n d  
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OP-30 polypropylene with a weighted-mean molecular 

weight of 700 000 at 230 ~ C. The experimental proce- 
dure and the results of detailed studies of the rheo- 
logical properties of these materials were published 

in  [5, 6]. 

F o r  ~ = c o n s t  t he  b a s i c  e q u a t i o n s  of the  t h e o r y  t a k e  

the  f o r m  [2] 

S i t )  

~ (S (t)) = 7" [~ - - e  - s (~  %(1) 

H e r e  s i s  t he  r e l a x a t i o n  f r e q u e n c y ,  N(s)  i s  the  r e -  

l a x a t i o n  f r e q u e n c y  f u n c t i o n ,  (p(s) i s  t he  t h i x o t r o p y  
f u n c t i o n ,  S(t) i s  a n  a u x i l i a r y  f u n c t i o n  d e s c r i b i n g  t he  

c h a n g e  in  the  s p e c t r u m  d u r i n g  d e f o r m a t i o n .  

F o r  t he  c a s e  of s t r e s s  r e l a x a t i o n  a f t e r  i n s t a n t a n e -  

ous  i n t e r r u p t i o n  of s t e a d y - s t a t e  f low a t  y = c o n s t  t he  
b a s i c  r e l a t i o n s  of t he  t h e o r y  t a k e  t h e  f o r m  

�9 ( t ) ~ 7 "  ~ N(8) e-~d.* T ( S ( t ) ) = T ' e  -s(t) t" (2) 
S ( t )  

T h e  e x p e r i m e n t a l l y  d e t e r m i n e d  r e l a t i o n s  f o r  v i s -  
c o s i t y  a s  a f u n c t i o n  of s h e a r  s t r a i n  r a t e  f o r  the  p o l y -  

m e r s  in  q u e s t i o n  ( c u r v e  1 - - p o l y i s o b u t y l e n e  a t  22 ~ C,  
curve 2--polypropylene at 230 ~ C) are represented in 

Fig. i. The principal experimental difficulties are 

associated with the reliable determination of N(s) 

from which, using the relation 

co 

N (z) ds n (~ (s)) =.,  (3) 

( h e r e  ~7 i s  t h e  n o n - N e w t o n i a n  v i s c o s i t y ) ,  ~ ( s )  c a n  b e  

u n i q u e l y  d e t e r m i n e d .  F r o m  r e l a t i o n  (3) i t  i s  p o s s i b l e  

u n i q u e l y  to  d e t e r m i n e  a n y  of t h e  t h r e e  f u n c t i o n s  ~ (1;), 

(p (s),  N (s) ,  i f  t h e  o t h e r  two  a r e  k n o w n .  In  [4] i t  w a s  

s h o w n  t h a t  f o r  t h e  u n i v e r s a l  s t r u c t u r a l  f u n c t i o n s  
~p(s) ~ s .  A l l o w i n g  f o r  t he  p o s s i b i l i t y  of a c c u m u l a t i o n  

of t h e  e r r o r  of t h i s  e s t i m a t e  in  c o n n e c t i o n  w i t h  t h e  

n o n l i n e a r i t y  of r e l a t i o n s  (3), we  s e t  

(~ (s) = as, (4) 

where a is a dimensionless constant characteristic of 

the given material. A similar proposal, based on cer- 
tain physical considerations, was made in [2]. The 
parameter a can be selected empirically or determined 

exactly if the value of the function N(s) is reliably 

known at least for some narrow frequency range. Sub- 

stituting (4), with account for (3), into Eqs. (I), (2) and 
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i n t e g r a t i n g  p a r t s ,  w e  g e t  t h e  f o l l o w i n g  e q u a t i o n s :  

f o r  t h e  c a s e  "2 = c o n s t  

c o  

~ (5) "(t ~ 
"c ( t )  = a S  ( t )  q ( a S  ( t ) )  -t- ~ -  ~1 (x)  exp a xt d x  (t > t*), 

aS (t) 

t 1 
t ( S )  = K l n ~ ,  (6) 

f o r  t h e  c a s e  3' = c o n s t  

aS(t) " " 

t (s)  = ~ In ~ .  ~ (8) 

Figures 2 and 3 show the theoretical and experimental relations 
r(t) for the two cases of deformation considered at several values of 
the strain rate. The left branches of the curves, including the seg- 
ments of constant stresS, represent r(t) for y '= const, the right droop- 
ing branches are the relaxation curves. The solid lines represent the 
experimental values, while the points through which the broken curves 
are drawn represent the theoretically calculated values. Figure 2 
gives the curves for polyisobutylene, the value of a being taken as 
3.5. Curve I corresponds to y" = 0.4, curve 2 to 7" = 1.2 s e c  t 
Figure 3 shows the corresponding curves for polypropylene (a = 4). 
Curves 1, 2, 3 correspond to 7" = 0.24, 0.4 and 0.8 sec -1, respec- 
tively. As may be seen from Figs. 2 and 3, there is perfectly satis- 
factory agreement between theory and experiment. However, in all 
cases the following differences between the theoretical and the experi- 
mental curves are observed: for the cases considered the theoretically 
determined maxima of values on the r(t)  curves are generally higher 
than those observed experimentally, while at large t stress relaxation 
is more rapid than predicted BY the theory. Possible explanations 
include errors in the design of the experiments or in the calculations. 
We shall start by considering the first group of possible errors. 
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Fig. 2 

As shown in ['/], an important part in estimating the reliability 
of the results of measurements on instruments of the rotation type is 
played by the characteristics of the dynamometer device (rigidity 
and moment of inertia). Essentially. the experimental curves repre- 
sent (correct to the scale) the curves of angular displacement of one 
of the measuring surfaces, which in the calculations was assumed to 
be strictly fixed. We note that in all the cases considered the maxi- 

mum-Reynolds number R = y~x2r2p/r~ < 10 "6 (the experiment was per- 
formed on a rotation instrument of the cone-plane type with an angle 
a = 0.08'/2 radian between the generators of the cone and the plane, 
maximum radius of the measuring surfaces r = 3.5 era. The density 
of both material p did not exceed 1 g /cma) .  Therefore the inertia 

of the material may be neglected. Then the true strain rate is easily 
found from the expression 

"r0' = ~" - - - ~  = ~ ' -  ~ -  77  * (9) 

Here 7" is the given shear strain rate, co is the angular rate of 
displacement of the dynamometer,, c = 10 I~ dyne/cm/radian is the 
rigidity of the dynamometer. As may be seen from Figs. 2 and 3, the 
maximum value of cod/C~, corresponding to the maximum value of 
dr/dt,  does not exceed 2 �9 10 -~ sec - t  for all the materials and cases 
of deformation considered. Thus, with avery high degree of accuracy 
T'o = }" �9 Equation (9) may prove very useful in analyzing data 
obtained on an instrument with a so-called "soft" dynamometer, since 
(9) allows one to calculate the true dependence 70" (t). For a very 
sharp change in-stresses in the measured specimen an additional unal- 
Iowed-for error may be introduced due to the inertia both of the dyna- 
mometer and of the secondary recording device (a EPP-09 potentio- 
metric recorder). This error may lead to a serious underestimation 
of the measured quantity as compared with the true value, especially 
if there is a very sharp maximum. In measuring very small stresses 
(which is essential in a relaxation experiment at large t) the relative 
error becomes large, since the measured quantity itself is comparable 
with the instrument error. 

f ~ 7"10, dyne/era 
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Let us now turn to the second group of causes of possible errors. Of 
the three functions considered N (s), r (s), ~ (7") only the last (depen- 
dence of non-Newtonian viscosity on shear rate) was directly deter- 
mined experimentally, tn view of the large number of measurements 
the error associated with the experimental determination of N(y') may 

be considered small (at least, less than 6%) and without much influ- 
ence on the results. The possibility of fundamental errors may be 
connected with the choice of the parameter a and, in general, with 
the determination of the function ~ (s). As may be seen fl'om (5)-(8), 
a change in the parameter a leads to a corresponding compression or 
extension of the r(t) curves along the t axis. It is characteristic that 
the maximum of the r(t)  curves observed at t = t* does not depend 
on a. In our work a was chosen in such a way that the position of the 
maximum on one of the theoretical curves roughly coincided with 
that observed experimentally. The following values of the parameter 
were taken: a = 3.5 for polyisobutylene, and a = 4 for polypropylene. 
The first of these values is also in accord with the results of high- 
frequency measurements of the dynamic properties of this material 
in which N(s) was determined [8]. In this case the N(s) computed 
from (3) for very high values of s (10 s see -1) coincides with the N(s) 
determined from the results of dynamic measurements. Note also that 
at small s the relation ~ (s), and hence N(s), may prove more com- 
plex than assumed above; in particular, this may lead to serious errors 

at large values of t in the stress relaxation experiment. The error in 
determining N (s) and q~ (s) in the low-frequency region may also have 
a serious effect at the beginning of the process of destruction of the 
structure, i . e . ,  in the neighborhood of the maximum of r ( t ) .  

Of course, in making a quantitative comparison of the theoretical 
and experimental data one must not overlook the possibility of a 
further improvement in the theory. 



70 ZH. PRIKLAD. MEKH. TEKH. F IZ . ,  JULY-AUGUST 1965 

It isof interest to compare certain basic theoretical results with 
previous experimental observations. Calculation shows that in the 
region t < t* (ascending branches of the r(t) curves for ]r = eonst) up 
to the maxima the deformation of the polymer proceeds without 
destruction of the structure; the thixotropic change in the viscoelastic 
properties takes place on the drooping branches of these curves-from 
the maximum values of the stresses coy:responding to steady-state flow 
conditions. Precisely for this reason, the maximum value of the stress 
on the r(t) curves observed for )'" = const may be produced by the 
ultimate shear strength, while the region beyond the maximum up to 
transition to steady-state flow conditions is a region of structural stress 
relaxation. During relaxation, in accordance with the results of the 
calculations, the destroyed elements of structure are restored, which 
is determined, in accordance with (8), by a decrease in the function 
S(t). In this case the almost complete restoration of the structure 
continues much longer than the ebserved ~tre~s relaxation. These 
results correspond very well with the results of direct observations of 
the thixotropy effect in polymer melts described in [3]. 

The au thors  thank G. V. Vinogradov  fo r  o rgan iz ing  

and d i s cus s ing  t he i r  work.  

R E F E R E N C E S  

1. A. I. Leonov and G. V. Vinogradov,  "Rheo logy  of 
p o l y m e r s ;  Theo ry  of th ixot ropy,"  DAN SSSR, vol .  155, 

no. 2, 1964. 
2. A. I. Leonov,  " T h e o r y  of th ix0t ropy of v i s c o -  

e l a s t i c  med ia  with continuous r e l axa t i on  t i m e  dis t r ibu~ 

t ion," PMTF,  no. 4, 1964. 

3. G. V. Vinogradov and A. Ya. Malkin, " R h e o l o g i -  
ca!  p r o p e r t i e s  of p o l y m e r s  in the flow s ta te ,"  PMTF,  

no, 5, 1964. 
4. G. V. Vinogradov,  A. Ya. Malkin, E. P. P lo t -  

nikova,  and V. A. Kargin,  " T h i x o t r o p y  of p o l y m e r s  in 
the v i s co - f l u id  s ta te ,"  DAN SSSR, vol.  154, no. 6, 1964. 

5. E. Mustafaev,  A. Ya. Malkin, E. P. Plotnikova,  
and G. V. Vinogradov,  " Rheo log i ca l  p r o p e r t i e s  of poly-  
i sobuty lene ,"  Vysokomolekul .  soed. ,  vol.  6, no. 8, 1964. 

6. G. V. Vinogradov,  A. Ya. Malkin, T. S. I smai lov ,  
and G. A.  E r m i r o v a ,  "Rheo log ica l  p r o p e r t i e s  of poly-  
p ropy lene , "  Khimich.  volokna, no. 2, 1965. 

7. A. I. Leonov, A. Ya. Malkin0 and V . G .  Vino-  
gradov, " E f f e c t  of the r ig id i ty  of d y n a m o m e t e r  dev ices  
on the r e s u l t s  of rheo log ica l  m e a s u r e m e n t s , "  Kolloidn. 
zh., vol .  26, no. 3, 1964. 

8. A. Ya. Malkin, Yu. G. Yanovskii ,  and G. V. Vino- 
gradov,  " U n i v e r s a l i t y  of the t e m p e r a t u r e - i n v a r i a n t  
c h a r a c t e r i s t i c  of the dynamic p r o p e r t i e s  of l inea r  
p o l y m e r s  in the fluid s ta te ,"  Vys0komolekUl.  soed. ,  
vol ,  9, no. 6, 1965. 

14 Apr i l  1965 Moscow 


