
U N I V E R S A L  R E L A X A T I O N  

O F  P O L Y M E R  S Y S T E M S  

C H A R A C T E R I S T I C  

A .  I .  I s a e v  UDC 532.135:678 

On the bas i s  of tes t  data per ta in ing  to continuous and cycl ic  deformat ion  of po lymer  s y s t e m s ,  
a method is p roposed  for  de te rmin ing  the m a x i m u m  re laxa t ion  t ime .  A universa l  re la t ion  is 
der ived  for the m a x i m u m  re laxa t ion  t ime  as  a function of the shear  ra te .  

A bas ic  c h a r a c t e r i s t i c  of po lymer  s y s t e m s  is thei r  re laxat ion  spec t rum,  which de t e rmines  all m a n i -  
fes ta t ions  of the i r  v i scoe las t ic  p rope r t i e s .  The concept  of a re laxat ion  spec t rum [1, 2] per ta ins  to the l in-  
ea r  range  of mechanical  behavior ,  where ,  for  instance,  the frequency c h a r a c t e r i s t i c s  of the dynamic modu-  
lus components  do not depend on the ampli tude of deformat ions  and where  nei ther  the effect ive v i scos i ty  ~? 
= ~ / ~  nor the coefficient  of normal  s t r e s s e s  ~ = a / 2 ~  2, both measu red  under s t e ady - s t a t e  conditions, de -  
pend on the shea r  ra te .  At  the s a m e  t ime,  the p r o p e r t i e s  of fluid po lymer s  which appea r  as  a v i scos i ty  
anomaly  and as an anomalous  shea r  r a t e  c h a r a c t e r i s t i c  of the coeff icient  of normal  s t r e s s e s  a r e  quite non- 
l inear .  These  ef fec ts ,  accord ing  to the phenomenological  theory o f th ixo t rop icv i scoe las t i c i ty  [3, 4], may 
be regarded  as  due to a weakening of the effect  which long re laxat ion  t imes have on the obse rved  v i s c o -  
e las t ic  c h a r a c t e r i s t i c s  - a weakening which becomes  m o r e  significant  as  the deformat ion  r a t e  i nc r ea se s .  
This  theory has  been ver i f ied  exper imenta l ly  under s teady flow conditions [5-8] and then extended to the 
case  of l a rge -ampl i t ude  harmonic  v ibra t ions  [9, 10], where  a sufficiently l a rge  ampli tude of the d e f o r m a -  
tion ra t e  effects  a change in the re laxa t ion  spec t rum just  as  'the shear  ra te  does under s t eady- s t a t e  condi-  
t ions.  

In  the l ight of this exper imenta l  evidence,  there  a r i s e s  the question as  to the extent to which the initial 
re laxa t ion  spec t rum Hi(0) cor responding  to smal l  loads on a sy s t em (i.e.,  to the l inear  range  of mechanica l  
behavior)  de te rmines  the mechanical  behavior  in the nonlinear range,  i .e . ,  as  to which p a r a m e t e r s  of the 
initial spec t rum p r e d e t e r m i n e  the changes in the ma t e r i a l  when the l a t t e r  is subjected to inc reas ing  e x t e r -  
nal loads.  This quest ion t ies  in c lose ly  with the effor ts  by many authors  [12-20] to develop methods of r e -  
p resen t ing  the nonlinear  c h a r a c t e r i s t i c s  of po lymer  s y s t e m s  in universa l  t e r m s .  Some of these methods 
were  d i scussed  in [21]. 

The beginning of r e s e a r c h  on this subject  can apparen t ly  be t raced  to [13], where  a mo lecu la r  theory 
was developed to in te rp re t  the flow of po l ym e r  s y s t e m s  and where  the f i r s t  guidelines we re  es tabl i shed for 
genera l iz ing the viscous  c h a r a c t e r i s t i c s  of p o l y m e r s .  An impor tan t  p a r a m e t e r  is the re laxa t ion  t ime 00 
r ega rded  as c h a r a c t e r i s t i c ,  defined on the bas i s  of ce r t a in  molecu la r  p rope r t i e s  of a po lymer  sy s t em,  and 
r e f e r r e d  to the l inear  range  of i ts  mechanica l  behavior .  According t ~ this theory ,  the ra t io  ~?/~?i of e f fec -  
t ive v i scos i ty  to initial (maximum) v i scos i ty  of a Newtonian fluid should be a function of the d imens ion less  
quantity 3; 00 which is universa l  for  al l  po l ymer s  r e g a r d l e s s  of the i r  molecu la r  weight and t empe ra tu r e .  
Thus ,  it is p roposed  h e r e  to exp res s  the nonlinear p r o p e r t i e s  of a s y s t e m  in t e r m s  of p a r a m e t e r  00, which 
c h a r a c t e r i z e s  the p r o p e r t i e s  of the or iginal  sys t em.  A universa l  v i scos i ty  curve  was cons t ruc ted  in [14] 
on the bas i s  of this theory ,  with the value of p a r a m e t e r  00 de te rmined  by fitting - an impor tant  p rocedu re  
for  a m o r e  accura t e  descr ip t ion  of tes t  data. Although this theory had been developed for monod i spe r se  
p o l y m e r s ,  the un iversa l  functional re la t ion  between ~/~? i and T| was obtained for  po lymer s  with a wide 
molecu la r -we igh t  dis t r ibut ion.  
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Fig. i. Maximum relaxation time as a function of the shear rate: based on the relaxation 
spectrum (i); based on steady flow modes (2). 

Fig. 2. Universal relaxation characteristic for polymers, based on steady flow modes. 
Solid line represents Eq. (15). Shaded area represents the scatter of test points for: 
polyisobutylene [24] at 22~ 40~ 60~ 80~ 100~ polystyrene solution in deealene 
[22] at 25~ and volume concentration 18%, 290/0, 38%, 46.6%, 57.3%, polybutadiene*(M w 
= 1.52 �9 105 , Mw/Mn = i.I) at 22~ polybutadiene (Mw = 2.4.105 , Mw/Mn = i.I) solution 
in methylnaphthalene (also according to the data obtained by Malkin and Berezhnaya) at 
22~ and volume concentrations 10%, 30%, 50%, polymethylmethaerylate solutionin di- 
ethylphthalate [7] at 30~ and weight concentration 5%, polyisebutylene solution in tetra- 
lene [29] at 25~ and weight concentration 12%, polystyrene solution in toluene [7, 26] at 
30~ and weight concentration 9.34%, 15%, 20.1%, polystyrene solution in chlorinated 
diphenyl [28] at 27~ and weight concentration 13%, 16%, polydimethylsiloxane [27] (Mw 
= 4.68.105, Mw/Mn = 1.29; Mw = 9.71.104, Mw/Mn = 1.18)at 20~ polyethylene [6] at 
150~ and ~?i= 1.4.104 , 8.0"104 , 2.5.106p. 

The attempt in [18] to construct a universal viscosity curve for polystyrene melts with various mole- 
cular-weight distributions has revealed that the curve in [14] is not universal in the case of a molecular- 
weight variation. The results in [18] indicate that a universal viscosity curve can be constructed only for 
a group of polymers with the same molecular-weight distribution. It is to be noted that a universal viscosity 
relation is not sensitive to changes in the degree of branching. This follows from [25], where the viscous 
properties of both linear and branching monodispersed polystyrene have been analyzed with the aid of test 

data from [18], 

By introducing into the argument of ~/00 an empirical parameter which depends on the molecular- 
weight distribution, the authors of [12] have succeeded in generalizing the viscous characteristics for poly- 
ethylene melts of diverse molecular structures and molecular-weight distributions, which must obviously 
be viewed as a special case, considering that the shape of the flow curve changes when the molecular-weight 

distribution changes. 

An important method of generalizing the viscous characteristics of block polymers is by the tempera- 
ture-invariant viscosity curve proposed in [19, 20]. It has been shown that, for industrial specimens of 
polymers with wide molecular-weight distributions, such a generalization is possible by a 7/~i versus 

~?i relation. 

A molecular theory has been developed in [15, 16] pertaining to the flow of amorphous polymers, 
where the parameter which characterizes a polymer system includes the characteristic relaxation time 
at a zero shear rate. This parameter is of the same order of magnitude as the characteristic relaxation 
time in the theory according to [ii]. The ratio of the characteristic relaxation time at a given shear rate 
to the characteristic relaxation time at a zero shear rate is equal to ~?/~i. As will be shown here subse- 
quently, however, this conclusion does not agree with test data. At high shear rates the theory yields a 
relation between U ana T which agrees with the empirical equation proposed in [14]. A later study in 
[15] has yielded ~ ~ ~-9/11. It follows from [15, 16] that a universal representation of the viscosity char- 

acteristic is obtained in the same coordinates as in the theory according to [13]. 

* According to data obtained by Malkin and Berezhnaya at the Laboratory of Polymer Rheology, Institute 

of Petrochemical Synthesis, Academy of Sciences of the USSR. 
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Fig.  3. Viscosi ty  ra t io  ~ / H i  as  a function of the r e -  
f e r r ed  deformat ion  r a t e  ~0max:  for  polybutadiene (ac -  
cording to the data obtained by Matkin and Berezbnaya)  
(Mw = 1.52.105, M w / M n  = 1.1) a t  22~ (1), for po ly -  
s ty rene  solution in deealene  [22] a t  25~ and volume 
concentra t ion  57.3% (2), for polyisobutylene solution 
in t e t ra lene  [29] a t  25~ and weight concentra t ion 12% 
(3). 

In [17] the re  have been  developed concepts  of a mo lecu l a r  c lus te r  in concent ra ted  po lymer  solutions 
and of in teract ion between mo lecu l a r  segments  which depends on the shear  ra te .  The universa l  r e p r e s e n t a -  
tion of v i scos i ty  in this theory  is a l m os t  the s a m e  as in [13-16]. 

An independent method of evaluating the c h a r a c t e r i s t i c  re laxat ion  t ime has been proposed  in [22], 
where  it has a lso  been shown that by let t ing 00 = ~?i/Gi (G i denoting the initial value of the v i scoe las t i c i ty  
modulus}, i .e . ,  by express ing  00 in t e r m s  of m e a s u r e d  tes t  quantities only, one can a r r i v e  a t  a t e m p e r a t u r e -  
invar iant  and concen t ra t ion- invar ian t  genera l iza t ion  of the v iscoe las t ic  c h a r a c t e r i s t i c s  of po lymer  solutions 
in ~?/~?i, "YS0 coordina tes .  

The main  drawback  of all  these  methods is that only v iscous  p r o p e r t i e s ,  without e las t ic  p rope r t i e s ,  
a r e  used as  functions for  genera l iz ing  the behavior  of po lymer  s y s t e m s .  E las t ic  p rope r t i e s  can a lso  be 
accounted for ,  however ,  if the m ax i m um  re laxa t ion  t ime  is used which covers  both kinds of p rope r t i e s .  

The object  of  this h e r e  study was to find a method of calculat ing the max imum re laxa t ion  t ime f rom 
the resu l t s  of r e s e a r c h  on po lymer  s y s t e m s  under s teady flow conditions a t  var ious  shear  ra tes  and under 
cycl ic  sma l l - ampl i tude  deformat ion ,  and then to genera l ize  the t e s t  data published in the technical  l i t e r a -  
tu re .  The behavior  of po lymer  s y s t e m s  will thus be genera l ized  in t e r m s  of the re laxat ion  s p e c t r u m  and 
its va r ia t ion  due to deformat ion .  

At sufficiently low frequencies  r of ha rmonic  v ibra t ions ,  as  is well  known, the imaginary  component  
G" and the r ea l  component  G'  of the dynamic modulus a r e  propor t iona l  to the f requency (G" ~ w) and to that  
f requency squared  (G' ~ w 2) respec t ive ly .  T h e r e f o r e ,  there  mus t  be a m a x i m u m  re laxat ion  t ime 0 max  for  
which Hi(0) = 0 a t  0 > 8 max .  Obviously,  0 max  may  be r ega rded  as  the f i r s t  re laxat ion  cha rac t e r i s t i c  of 
p o l y m e r  s y s t e m s .  We will show, f i r s t  of ~ll ,  how 0 max  can be exp re s sed  in t e r m s  of the initial Newtonian 
v i scos i ty  Hi and the initial  normal  s t r e s s  coeff ic ient  ~i. According to [1, 2, 23], these two quanti t ies a r e  
e x p r e s s e d  in t e r m s  of Hi(0) as  follows: 

0 m a x  
, i .  

i = S Hi(0)  d0, (1) 
o 

~)max 
1. 

~i: = J" Hi (0) 0d0. (2) 
0 

We will a s s u m e  that Hi, ~i, and O m a x  in Eqs.  (1) and (2) a r e  functions of the t e m p e r a t u r e .  The f o r m  of 
function Hi(0) is then, by v i r tue  of the t e m p e r a t u r e - f r e q u e n c y  superposi t ion  pr inciple  [1], independent of 
the t e m p e r a t u r e  while ~?i and ~ i a r e  functions of 0 max .  

I t  is easy  to show now that  the quantit ies ~?i, ~i, and 0 m a x  a r e  all  in te r re la ted .  In o rde r  to p rove  
this ,  we di f ferent ia te  express ions  (1) and (2) with r e s p e c t  to 0max: 
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Fig. 4. Generalized relaxation characteristic of 

polymer systems, based on cyclic small-amplitude 

deformations. Solid line represents Eq. (16). Shaded 

area represents the scatter of test points for: poiy- 

isobutylene NBS solution in decalene [30] at 25~ and 

weight concentration 20%, polystyrene S-Ill [31] at 

190~ polyisobutylene solution in cetane [31] at 25~ 

and weight concentration 2%, polymethylmethacrylate 

[32] (M w = 1.91-105 , Mw/Mn = 1.26; Mw = 5.21.104 , 

Mw/Mn = 1.39) at 220~ mixture of polymethyl- 

methacrylates [32] (M w = 1.43 �9 105 , Mw/M n = 1.23 and 

M w = 8.01 �9 i04, Mw/M n =1.59) at 220~ polyisobuty- 

lene 0Vi w = 8.4 �9 i0 ~) solution in mineral off [33] at 

25~ and weight concentration 2%, polystyrene (M w 
= 2.67.105) solution in arochlorine [34] at 25~ and 

weight concentrations 10%, 20%, polystyrene [38] (IV[ w 

= 5.18 �9 106) at 200~ polyisobutylene P-20 [9] at 22~ 

polyisobutylene (M w = l0 G) solution in cetane [5] at 

25~ and weight concentration 8.7%, 5.4%, polystyrene 

[35] (M w = 5.81 o105 , Mw/M n = 1.06; Mw = 5.87.104 , 

Mw/M n = 0.94; M w = 8.9.103 , Mw/M n = 1.01)at 

160~ polyisobutylene (Mw = I.i �9 106) solution in 

mineral off [37] at 25~ and weight concentration 4%. 

_ n ,(o7% 
80~ ~ 

d~ 
- ( o? oT 

dO.~. ~ 

Dividing (4) by (3), we have 

(3) 

(4) 

d[ ~. _ Om.~x. (5) 
dq i. ! 

A c c o r d i n g  to [24], ~ i '  ~i,  and G i a r e  r e l a t ed  by the s imp le  equat ion 
2 

i = ' } i / G i ;  (6) 

I n s e r t i n g  [ i f r o m  (6) into Eq.  (5) and then d i f fe ren t ia t ing ,  we eas i ly  obta in  
0n.~ax 21] i 2 [  i 

1 Gi "qi. (7) 

. m a x  
The  use  o f  the d i m e n s i o n l e s s  d e f o r m a t i o n  r a t e  y 0 i p rov ides  fo r  a new way of gene ra l i z ing  the 

v i s c o e l a s t i c  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  in the non l inea r  r ange .  
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In o rde r  to p roceed ,  we will f i r s t  s eek  out any genera l  laws accord ing  to which the re laxat ion  p r o p e r -  
t ies  of po lymer  s y s t e m s  va ry  as  functions of the p a r a m e t e r  ~8 max.  It  has been shown in [3-10] that  an in-  
c r e a s e  in the toad intensi ty on a s y s t e m  can be r e p r e s e n t e d  by a model  where  a higher  deformat ion  r a t e  
causes  the upper  edge of the re laxat ion  spec t rum to shift  f a r t h e r .  The spec t rum edge is he re  the " m a x i -  
m u m "  (at a given shea r  rate)  re laxat ion  t ime ,  while the effect ive v i scos i ty  and the coeff icient  of no rma l  
s t r e s s  a r e  defined as  follows: 

0max 

~1 = S H,(0) dO, (8) 
0 

0emax 

= J" He(O) OdO. (9) 
0 

L e t  us d i f ferent ia te  (8) and (9) with r e s p e c t  to 0max: 
omax 

e 
dTl ~ OHe(O) ( 0m~x~ (10) 

d 0 W  = o c o w  d 0 + H , , ,  ,, 
0 

oemax 

d0Y aX ~ a0y 'x d 0 + H , (  . ( n )  

0 

OH " - - 0  max  Assuming  that  the de r iva t ive  e(0) /  0e = 0, i .e . ,  that  the effect ive re laxat ion  spec t rum does not de -  
pend on 0 max ,  we can wr i te  

d~ ~a~ (12) 
dB 

I t  ha s  been shown in many  studies that,  within a definite range  of shear  r a t e s ,  ~ ~ r 2 not only wi th-  
in the l inea r  range  but also beyond its l imi t s .  At  h igher  shear  r a t e s  this re la t ion  cea se s  to be quadrat ic .  
Consequently,  in the general  case  we have 

= f(~) n2 (13) 

where  f(7) is some  function weakly dependent on the shea r  ra te  and equal to 1 / G  i a t  smal l  values  of •. 
With the aid of (12) and (13) we obtain 

0Tax ,~ 2___~. (14) 
n 

The dependence of 0 max  e on the shea r  ra te  is shown in Fig. 1 for  polyethylene,  accord ing  to the data 
in [9]. H e r e  a r e  a lso  shown the values  of 2 ~ / ~? at  var ious  shear  r a t e s ,  accord ing  to the data in [24]. A c -  
cording to Fig. 1, the values  de te rmined  on the bas i s  of fo rmula  (14) and d i rec t ly  f rom the re laxa t ion  
spec t r a  a r e  in c lose  a g r e e m e n t .  Consequently,  the effect ive re laxa t ion  spec t rum does not depend on 0 max  
The s a m e  conclusion is also drawn f rom the r e su l t s  which will be shown he re  subsequently.  

The  magnitude of the m a x i m u m  re laxa t ion  t ime  0 m a x  can be found, if re la t ions  ~7(~) and ~ (~) a r e  
known while 0 max  = lira 0 max  A var ia t ion  in the re laxa t ion  spec t rum can be r ep resen ted  in a d imens ion-  

~ 0  " 

l e s s  fo rm:  m a x  m a x  0 e / 0  i as  a function of ~0 max ,  shown in Fig. 2, accord ing  to the t e s t  data in [6, 7, 22, 
24, 26-29]. For  c o m p a r i s o n  with this re la t ion ,  in Fig. 3 is also shown ~/~7i as  a function of 90 max  for  
the s a m e  p o l y m e r s  as  in Fig.  2. In the l a t t e r  case  it is not poss ib le  to cons t ruc t  a s ingle curve  for  po ly -  
m e r s  with v e r y  di f ferent  molecu la r -we igh t  dis t r ibut ions .  I t  follows d i rec t ly  f rom Figs .  2 and 3 that, gen-  

^ m a x ,  0max only to e r a l l y ,  ~/~7i r 0e / We note,  however ,  that  for  po lymer  s y s t e m s  7?/~i = # m a x / ~ m a x  �9 . ~ e  - " i  u p  

values  of ~ a t  which the propor t ional i ty  a ~ r 2 is exact  within the range  of nonlinear behavior .  

An impor tan t  fact  r evea led  in Fig.  2 is the exis tence  of a s ingle relamution s p e c t r u m  c h a r a c t e r i s t i c  
for  po lymer  s y s t e m s .  This  cha rac t e r i s t i c  can  be desc r ibed  by the following empi r i ca l  equation: 

1 
% Io~ = i+o .3~o~ ,  

In conclusion,  we note that f rom the analogy es tabl ished between the f requency c h a r a c t e r i s t i c s  of 
dynamic functions and the shea r  r a t e  c h a r a c t e r i s t i c s  of s t r e s s e s  one can der ive  a fo rmula  analogous to 
(15) on the bas is  of t e s t  data per ta in ing  to cycl ic  sma l l - ampl i tude  deformat ions  of p o l y m e r s .  
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In o rde r  to cons t ruc t  such a f requency cha rac t e r i s t i c  of dynamic functions, we will cons ider  the func- 
tion 2 G ' / G " w  r e f e r r e d  to @max v e r s u s  the d imens ion less  f requency w@ max. . The choice of this function is 
d ic ta ted by the r e q u i r e m e n t  that  2G'/G"r --- @max as  oJO max  ~ 0. I t  is not difficult  to show that this r e -  
qu i rement  is indeed me t .  The re la t ion  between 2G, /G, '~O max  and w@max, accord ing  to the t es t  data in [5, 
9, 30-38], is shown in Fig. 4. The solid l ine on this d i ag ram r e p r e s e n t s  the equation 

1 
2G'/Gq~ = 1 q- 0.30~6. ~ax (16) 

1 

Obviously ,  the r igh t -hand  side h e r e  is the s a m e  as  in Eq. (15), if ~ = ~ .  I t  follows the re fo re  that 

2G'/G% = O~ max for ~ = 7. (17) 

Equation (14) yie lds  the following re la t ion  between 0 maxe , which e h a r a c t e r i z e s  the change in the r e -  
laxat ion spec t rum due to a heav ie r  load on the sy s t em,  and the s t r e s s  ra t io  

= O " ~ '  (18) ~/'~ ~ 7 

Formula (15) simplifies considerably the calculation of normal stresses according to the known T(4/) 
relation and the known value of 0 max. Formulas (15) and (18) combined do obviously fully define the rela- 

tion ~(~) when the relation T(~) is known. 

The results obtained here are valid for polymer systems such as thermoplastics as well as nonvul- 
canized elastomers and their concentrates, but not for dilute solutions of low-molecular polymers with 

viscoelastic properties. 

NOTATION 

T 

7 

(7 

00 

Hi 
0 .max 

I 

Hi(@) 
@ max  

e 
He(0) 
O 

G'  
G" 

Gi 

m the 
zs the 
zs the 
is the 
is the 
zs the 
is the 
is 
is 
is 
is 
is 
is 
is 
is 
is 
is 

effect ive  v i scos i ty ;  
s h e a r  s t r e s s ;  
shea r  r a t e ;  
coeff ic ient  of normal  s t r e s s e s ;  
f i r s t  d i f fe rence  between no rma l  s t r e s s e s  ; 
c h a r a c t e r i s t i c  re laxa t ion  t ime;  
m a x i m u m  coeff icient  of no rma l  s t r e s s e s  ; 

the m a x i m u m  Newtonian v i scos i ty ;  
the m a x i m u m  re laxa t ion  t ime  in the initial re laxa t ion  spec t rum;  
the initial  r e laxa t ion  s p e c t r u m ;  
the m a x i m u m  re laxa t ion  t ime  in the effect ive re laxa t ion  spec t rum;  
the effect ive re laxa t ion  spec t rum;  
the re laxa t ion  t ime;  
the e las t ic i ty  modulus;  
the loss  modulus;  
the initial supe re la s t i c i ty  modulus;  
the angular  f requency.  
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