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The s u p e r e l a s t i e  s t r a in  is r e p r e s e n t e d  in universa l  f o rm as a function of the product  shea r  
r a t e  t imes  m a x i m u m  re laxa t ion  t ime  in the re laxat ion s p e c t r u m  for  a po lymer  sy s t em.  A 
re la t ion  is es tab l i shed  between the supe re l a s t i c  s t ra in  and the re laxat ion s p e c t r u m  as well 
as the change of the l a t t e r  due to the shea r  ra te .  

The v i scoe las t i c  p r o p e r t i e s  of p las t i c  po lymer s  within the ranges  of l inea r  and nonl inear  mechanical  
behav ior  have been r e p r e s e n t e d  in [1] as functions of the d imens ion less  a rgument  ;/0. max and this has made 

- -  n l  

it poss ib le  to cons t ruc t  a un iversa l  re laxat ion  c h a r a c t e r i s t i c  for a l a rge  c lass  of p o l y m e r  s y s t e m s ,  indica-  
t ing how the re laxat ion s p e c t r u m  va r i e s  with an increas ing  shea r  ra te .  The fact that one value of r e l a x a -  
t ion t ime  0 max is suff icient  for  de te rmin ing  the spec i f ic  p rope r t i e s  of a p o l y m e r  s y s t e m  indicates the uni-  

v e r s a l i t y  of the v i scoe las t i c  p r o p e r t i e s  of a l a rge  c lass  of po lymer  s y s t e m s  and sugges ts  the feas ibi l i ty  
of a un iversa l  r ep resen ta t ion  of var ious v i scoe las t i c  cha r ac t e r i s t i c s .  This hypothesis  will be tes ted  here  in 
the case  of two impor tan t  c h a r a c t e r i s t i c s  of p o l y m e r  s y s t e m s ,  n a m e l y  the effect ive v i scos i ty  r /and the 
supe re l a s t i c  s t ra in  7 e as functions of the shea r  ra te .  

We f i r s t  cons ider  the r/(~/) re la t ions  der ived  for  s eve ra l  po lymer  s y s t e m s .  The p rob l em of gen e ra l -  
izing the viscous p rope r t i e s  of po l ym er s  has been cons idered  in many e a r l i e r  s tudies ,  mos t  outstanding 
among them [2-10]. It appea red  logical  to ex p re s s  the c h a r a c t e r i s t i c  re laxat ion t ime  00 in t e r m s  of such 
p a r a m e t e r s  as the molecu la r  weight  and the concentrat ion of the po lymer  subs tance  in a sys t em,  on the 
bas is  of one o r  another  mo lecu la r  model.  At the same  t ime,  as c o r r e c t l y  shown in [7, 8], it would not be 
poss ib le  in this manner  to e s t ab l i sh  un iversa l  cha r ac t e r i s t i c s  for p o l y m e r  s y s t e m s  as long as the effect  
of the molecu la r  p a r a m e t e r s  on the p r o p e r t i e s  of such s y s t e m s  may be other  than predic ted  by theory.  
On the o ther  hand, a method has been proposed  in [9, 10] for  un iversa l ly  desc r ib ing  the viscous  p r o p e r -  
t ies  of b lock p o l y m e r s  in t e r m s  of the a rgumen t  ;/r/in, with r/in denoting the max imum coefficient  of New-  
ionian v i scos i ty .  Evidently,  such a descr ip t ion  may be valid if 0inmax ~ r/in, i .e . ,  if the p r o p e r t i e s  of s y s -  

t e m s  a re  c o m p a r e d  with l ike supe re l a s t i c  p r o p e r t i e s .  In the mos t  genera l  method of cons t ruc t ing  the r e -  
f e r r e d  viscous  c h a r a c t e r i s t i c s  for po l ym er  s y s t e m s ,  the re fo re ,  the effect  of the i r  v iscous  and e las t ic  
p r o p e r t i e s  must  be accounted for  independently,  name ly  by having the a rgument  of the v i scoe las t i c i ty  func- 
t ions include expe r imen ta l ly  de t e rminab le  quanti t ies cha rac t e r i z ing  these  p r o p e r t i e s .  This can be done by 
express ing  0max in t e r m s  of the ra t io  r/in/G0, where  G O denotes the initial modulus of supere las t i c i ty .  An 

m 
equivalent  express ion  for  0 max is [1, 2] 

in 

O~ ~ax = 2 r l i , J G  o _~ 2~i ,~/q~.  = 200, (1) 

with gin denoting the initial coeff ic ient  of no rma l  s t r e s s e s .  Indeed, it has been shown in [2] that  in this 
case  one can eas i ly  cons t ruc t  concen t ra t ion - inva r i an t  v i scos i ty  c h a r a c t e r i s t i c s  for  solutions of var ious  
p o l y m e r s ,  which could not be done by other  methods of calculat ing the re laxat ion t ime.  On the bas i s  of 
the r e su l t s  in [9, 10], where  those authors  have been able to es tab l i sh  universa l  r//r/in = f(~,>r/in) c h a r a c t e r -  
is t ics  for  p o l y m e r  mel t s  by compar ing  the i r  t e m p e r a t u r e - i n v a r i a n t  v i scos i ty  c h a r a c t e r i s t i c s ,  we will now 
cons t ruc t  the r//r/in = f(g/0max) c h a r a c t e r  ist ics for  s e v e r a l  po lymer  s y s t e m s  [2, 12-17] (Fig. 1). Obviously,  
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1. Viscosity ratio ~/~in as a function of the r e -  
ferred strain rate 70 max. Solid line represents  the 

te mperature- invar  [ant viscosity characterist ic of 
polydisperse polymers [10] with the assumption that 
G o = 2 �9 105 dyn /cm ~. The shaded area represents  t h e  
spread of test  values for the following systems: poly- 
isobutylene P-20 [12] at 22~ 40~ 60~ 80~ 100~ 
polybutadiene (M w = 2.4.105, Mw/M n = 1.1) in methyl- 
naphthalene (according to Berezhnaya) 10~ vol- 
ume at 22~ polystyrene in toluene [13, 14] 15% vol- 
ume, 20.1% volume at 30~ polystyrene in chlorated 
diphenyl [15] 13% volume, 16% volume at 27~ poly- 
dimethylsiloxane (M w = 9.71.104, Mw/M n = 1.18) [16] 
at 20~ polyethylene [17] at 150~C. Initial viscosity qin 
=8"104, 2.5.106P.  

in this case the viscous properties can be represented in the form of a tempera ture-  and concentration- 
invariant character is t ic  common to the various polymer systems under study. The temperature-invariant  
viscosity character is t ic  of polydisperse polymers [9, 10] is also shown in Fig. 1, by a solid line with the 
initial modulus of superelasticity for these substances G O assumed equal to 2.105 dyn /cm 2. As to the 
polymer systems the test  data for which have been plotted in Fig. 1, their Vin values differ by up to a fac- 
tor of 10 B and their G o values differ by up to a factor of 102. Judging by the trend of the curve in Fig. 1, 
polymer systems behave like Newtonian fluids when ~0 max < 0.7, while at high values of the argument 

m 
the effective viscosity becomes a power function of the shear rate: 

q/~h~ ~ (2.4 -- 4.5) (~0~=) -~ (2) 

(in re fe r red  coordinates). 

The use of dimensionless coordinates ~/~in,  ~0~ ax for representing the viscosity test data for the 
various polymer systems in Fig. i is a further step in the refinement of the procedure for constructing 
temperature- invariant  viscosity characteris t ics  which has been proposed in [9, 10] and extended in [2]. 
As has been noted in [1], however, the ~/~in = f(~0max) curve is not universal and, according to Fig. 1, 

[n  

can be constructed only for polymers with a sufficiently wide molecular-weight distribution and for solu- 
tions of various monodisperse polymers.  

On the same premises ,  we will not consider a universal representation of superelastic propert ies 
for various polymer systems.  The general trend in the development of superelastic strains in various 
polymer systems can be seen in Fig. 2, where the magnitudes of revers ible  strain have been plotted 
against the dimensionless shear rate (parameter 7 i n  ). '0max According to this diagram, the ratio of the inner 

time scale to the response rate determines the ability of a material to develop superelastic strains.  A 
universal  character is t ic  of relaxation properties has been established in [1] in the form of relation 0e max 
/ e ~ a x  _- f(~/ein" max), with eemaX denoting the maximum relaxation time in an effective relaxation spectrum, 

i.e., in a relaxation spectrum modified by strain. The question ar ises  then as to how the change in the 
relaxation spectrum is related to the appearance of superelasticity in various polymer systems under an 
increasing load. An answer to this question is provided in Fig. 3 by the graph of superelast ie strain as a 
function of emax/e  max the lat ter  characterizing the change in relaxation properties of the polymer 

e - i n  ' 
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Fig. 2. Superelast!c  strain 3,e as a function of the r e -  
fe r red  s t ra in  rate  70 max. The shaded a rea  represen ts  the 

m 
spread  of tes t  data. The polymer  sys tems  are  the same 
as in Fig. 1 and alsopolybutadiene (M w = 2.04 �9 105, M w 
/M n = 1.1) (according to Berezhnaya),  polystyrene in 
diethylphthalate [18] 60% volume at 22~ polyisobutylene 
in vaseline oil [19] (M w = 1.4 �9 106, 4.1b-~o volume; M w 
= 1.5.107, 2% volume; M w = 2.8-105, 3% volume) at 
25~ polybutadiene (accordingto  Berezhnaya) (M w = 1.52 
�9 105, Mw/M n = 1.1) at 22~ polybutadiene (M w = 2.4.105, 
Mw/M n = 1.1) in methylnaphthalene (according to 
Berezhnaya) 30~/o volume and 50% volume. 

sys tems  within the nonlinear range of mechanical  behavior.  The quantity 3,e alone is a dimensionless  
charac te r i s t i c  of supere las t ic i ty  in a sys tem at a given shear  ra te  ~ and, therefore ,  the ordinate axis in 
Figs.  2 and 3 does not have to be normal ized  in any way. 

Evidently, 7e as a function " ,max max max of 3'6 in or 0 e /0 in  constitutes a universal  supere las t ic i ty  cha rac -  
t e r i s t i c  of polymer  sys tems  which is invariant with respec t  to t empera ture ,  to concentration,  and to the 
nature  of the polymer  (within the c lass  of po lymers  included in this study). For  low values of the a rgu-  
ment 4/0 max (< 0.7), the test  data fit on a s t ra ight  line (not shown in Fig. 2) descr ibed by the simple equation 

1 .0~ax 
75 = ~ -  Y in . 

Inasmuch as this range of argument  values corresponds  to Newtonian flow, the s t ra ight  line on the 
left-hand side in Fig. 2 actual ly represents  Hooke's law under shear :  3,e = T/G0" The existence of a uni- 
versa l  relat ion between supere las t ic  s t rain and ratio 0max /0 .  max proves  direct ly  that the supere las t ic  

e i n  

s t ra ins  as well as the v iscos i ty  and the coefficient of normal  s t r e s ses  are  well re lated to the relaxation 
spec t rum of a polymer  sys tem and to its changes. 

Thus, a large class of polymer  sys tems is subject "on the average"  to the following t rends:  within 
the range of Newtonian flow there  may develop superelas t ic  s t rains  of the o rder  of 0.3 re !af i re  units; the 
v iscos i ty  and the modulus of superelas t ic i ty  remain  constant here.  Deviations from Hooke's  law under 
shear  begin within the same range of 4/0 max values within which v is cos ity anomalies begin to develop. 

,n 
Of special  interest  is the range of high shear  ra tes ,  where,  according to Fig. 2, the power- law r e l a -  

tion between 3,e and 4/0 max 
i n  

~'~ --~ (0.56 -- 1.2) "" . . . . .  0 a (7~in). (3) 

applies. 

The ranges of a rgument  ~0 max where (2) is valid and where (3) is valid a lmost  overlap. For  this 
reason,  these formulas  may be t reated together  and, consequently, within the range of sufficiently high 
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Fig. 3. Supere las t ic  s t r a in  (ye) as 
a function of 0 m a x / 0  max.  The 

e in 
po lymer  s y s t e m s  a r e  the s ame  as 
in Figs .  1 and 2. 

a rgumen t  values  

G, = x / % ~  (1 - -  4) Go. (4) 

This  means that  the modulus of supere las t i c i ty  at  h igher  
shea r  r a t e s  cannot inc rease  infinitely for  the var ious  s y s t e m s  
in this s tudy but, instead,  a t ta ins  the asymptot ic  value Gee not 
over  four t imes  higher than the initial value G o . This ,  apparent ly ,  
can be r ega rded  as reaching the s u p e r e l a s t i c - s t a t e  pla teau,  where  
the modulus ceases  to va ry  with the r a t e  (frequency) of external  
loading. 

The numer ica l  value of this u l t imate  modulus Gee depends 
on the initial s ta te  of the s y s t e m ,  inasmuch as G O and Gee a r e  
re la ted  according to fo rmula  (4). 

The resu l t s  of this study, together  with the resu l t s  in [1], 
yield some conclusions concerning the universa l  laws which 
govern the v i scoe las t i c  p rope r t i e s  of po lymer s  within the non-  
l ' inear range  of mechanical  behavior .  As has  been a s sumed  

e a r l i e r ,  some molecu la r  models  have one max imum re laxat ion t ime for  a po lymer  sys t em.  This max imum 
relaxat ion t ime is exp re s sed  in t e r m s  of two measu rab l e  p a r a m e t e r s :  the initial v i scos i ty  and the initial 
coefficient  of normal  s t r e s s e s ,  which r ep re sen t ,  r espec t ive ly ,  the f i r s t  and the second moment  of a r e l a x -  
ation spec t rum for  po l ym er  s y s t e m s .  With an increas ing  external  load on the s y s t e m ,  defined by the ra t io  
of the cha rac t e r i s t i c  loading t ime  1 /~ /and  the p rope r  re laxat ion t ime  of a s y s t e m  0 max,  t he re  occurs  a 

tn  
change in the re laxat ion s pec t rum  which can be descr ibed  as a shif t  of the peak re laxat ion t ime  toward 
lower  values .  This change occurs  identical ly for  var ious  po lymer  s y s t e m s  [1], indicating that the fo rm 
of thei r  re laxat ion s pec t r a  a r e  all equivalent  within the p las t ic  r ange  and that the t rend of the spec t r u m 
changes is the s ame  and, on the whole,  dependent on the shea r  r a t e .  Such a change in the re laxat ion s p e c -  
t r a  for  var ious  po lymer  s y s t e m s ,  as a function of the shea r  r a t e ,  p r e d e t e r m i n e s  the s i m i l a r i t y  of the 
v i scoe las t i c  p rope r t i e s  of those po lymer  s y s t e m s  and provides  a bas i s  for  es tabl i sh ing a few s imple  (a l -  
though only approx imate ,  inasmuch as the p rope r t i e s  of individual s y s t e m s  deviate  f rom the ave rage  
re laxat ion charac te r i s t i c )  re la t ions  for  s t r e s s e s  developing during s teady flow, for  re laxat ion  c h a r a c t e r -  
i s t ics  of p o l y m e r s ,  and for  supe re la s t i c  s t r a ins  as functions of the s t a t e - o f - s t r a i n  c h a r a c t e r i s t i c  - the 
d imens ion less  shea r  r a t e .  

In conclusion, we note the bas ic  l imi ta t ions  of these resu l t s .  Obviously, they a r e  not valid when 
the or iginal  assumpt ions  a r e  violated,  i .e . ,  when po lymer  s y s t e m s  a re  cons idered  whose re laxat ion s p e c -  
t r a  di f fer  apprec iab ly  f rom those descr ibed  by these  universa l  c h a r a c t e r i s t i c s .  These  c h a r a c t e r i s t i c s  
do not apply, for  instance,  to l ow-m ol ecu l a r  po lymer s  or  dilute solutions and, genera l ly ,  to po lyme r  s y s -  
t e m s  not going through a supe re l a s t i c i t y  plateau.  One may also  s u r m i s e  that these  methods of un iversa l ly  
desc r ib ing  the v i scoe las t i c  and the supe re la s t i c  p rope r t i e s  of po lymer  s y s t e m s  cannot be applied to poly-  
m e r s  with a high f i l ler  content. 

N O T A T I O N  

O e is the c h a r a c t e r i s t i c  re laxat ion t ime; 
O max is the m ax i m um  re laxat ion  t ime  in the initial re laxat ion spec t rum;  
r/ is the effect ive v iscosi ty ;  

is the s h e a r  s t r e s s ;  
;/ is the shea r  ra te ;  
r/i n is the m ax i m um  Newtonian viscosi ty;  

in is the m a x i m u m  coefficient  of n o r m a l  s t r e s s e s ;  
is the coeff icient  of no rm a l  s t r e s s e s ;  

7e is the supe re l a s t i c  s t ra in;  
G o is the initial modulus of supere las t i c i ty ;  
Gee is the modulus of supe re l a s t i c i t y  at  high shear  r a t e s .  
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