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A u n i v e r s a l  t e m p e r a t u r e - t i m e  c h a r a c t e r i s t i c  of t he  s t r e s s - s t r a i n  r e l a t i o n  has  been  d e r i v e d  
f o r  po Iyv iny l  c h l o r i d e  u n d e r  u n i a x i a l  t ens ion .  

An eva lua t i on  of t e s t  d a t a  in t e r m s  of r e f e r r e d  v a r i a b l e s  y i e l d s  u n i v e r s a l  t e m p e r a t u r e - t i m e  c h a r a c -  
t e r i s t i c s  of v a r i o u s  p r o p e r t i e s  of p o l y m e r s ,  and the da t a  ob ta ined  in the l a b o r a t o r y  can thus  be used  fo r  
a n a l y z i n g  the b e h a v i o r  of p o l y m e r s  u n d e r  p r o c e s s i n g  c o n d i t i o n s  ( t e m p e r a t u r e ,  s t r a i n ,  and r a t e  of s t r a i n ) .  
R e f e r r e d  v a r i a b l e s  a r e  r e l i a b l e ,  h o w e v e r ,  on ly  in d e s c r i b i n g  l i n e a r  s t r a i n  m o d e s  in p o l y m e r s .  The f e a s i -  
b i l i t y  of e x t e n d i n g  the t e m p e r a t u r e - s t r a i n  c h a r a c t e r i s t i c s  of p o l y m e r s  to  the  n o n l i n e a r  r a n g e  h a s  g e n e r a l l y  
not  been  a s c e r t a i n e d  and mus t ,  f o r  the t i m e  be ing ,  be  c o n s i d e r e d  i n d i v i d u a l l y  fo r  each  s p e c i f i c  e a s e .  

T. L. Smi th  [2] has  ob t a ined  u n i v e r s a l  s t r e s s - s t r a i n  c u r v e s  f o r  p o l y i s o b u t y l e n e  unde r  u n i a x i a l  t e n -  
s ion  wi th in  the n o n l i n e a r  r a n g e  1 .6 -1 .7  o v e r  a wide  r a n g e  of s t r a i n  r a t e s  and t e m p e r a t u r e s .  J. R. M e i s s -  
n e t  [3], h o w e v e r ,  ha s  used  the s a m e  r e f e r r e d  v a r i a b l e s  as  T. L. Smi th  wi thou t  b e i n g  ab le  to ob ta in  un i -  
v e r s a l  s t r a i n  c u r v e s  f o r  t h r e a d e d  p o l y e t h y l e n e  at  150~ and at  v a r i o u s  c o n s t a n t  s t r a i n  r a t e s .  

Our  a i m  h e r e  w a s  to e s t a b l i s h  the f e a s i b i l i t y  of ob t a in ing  u n i v e r s a l  t e m p e r a t u r e - s t r a i n  c h a r a c t e r i s -  
t i c s  f o r  po lyv inyI  c h l o r i d e  (PVC) u n d e r  t ens ion ,  up to I a r g e  s t r a i n s  and wi th in  a wide  r a n g e  of s t r a i n  r a t e s  
and t e m p e r a t u r e s .  

The  o b j e c t s  of th is  s tudy  and the e x p e r i m e n t a l  t e chn ique  have  been  d e s c r i b e d  in an e a r l i e r  ari~icle 
[1]. As b e f o r e ,  we ob ta ined  c u r v e s  of t r ue  s t r e s s  (P) v e r s u s  t ime  (t) f o r  PVC f i b e r s  u n d e r  a c o n s t a n t  
e longa t ion  r a t e  (re) and u n d e r  a c o n s t a n t  s t r a i n  r a t e  (gc)" The  e longa t ion  r a t e  i s  v = d/ /d t .  The  s t r a i n  
r a t e  i s  ~ = v / l ,  go = (d l /d t ) (1 / l ) t~o .  The i n s t a n t a n e o u s  s t r a i n  r a t e ,  e x p r e s s e d  in t e r m s  of e0, i s  equa l  to 
~c/c~ With c~ = l/1 o deno t ing  the to ta l  e longa t ion  f a c t o r .  C o r r e s p o n d i n g l y ,  (c~-1) = Vet//0 = got and v = 10~ e 
= exp (~ct). 

S i m u l t a n e o u s  s t r e s s  r e l a x a t i o n  and s t r a i n  r e t e n t i o n  o c c u r r e d  in s p e c i m e n s  s u b j e c t e d  to e longa t ion  
u n d e r  v a r i o u s  s t r a i n  m o d e s .  The  r e l a x a t i o n  modu lus  w a s  de f ined  as  E t = P / ( o z - 1 ) .  

The  t e s t  r e s u l t s  cou ld  not  be  i n t e r p r e t e d  wi th in  a b e t t e r  than 95% c o n f i d e n c e  l eve l .  

It ha s  been  no ted  e a r l i e r  [1] that  the  e longa t ion  c h a r a c t e r i s t i c s ,  n a m e l y  the t rue  t ens ion  v e r s u s  d e -  
f o r m a t i o n  c u r v e s  fo r  PVC at v = v e = e o n s t  and with  g = g c = e o n s t  wi th in  the 90-160~ t e m p e r a t u r e  r a n g e  
p a s s  t h rough  m a x i m a .  The  r a t e  of i n c r e a s e  in s t r e s s  (modulus ) ,  the c o o r d i n a t e s  of the  m a x i m u m  t ens ion  
point ,  and the e longa t ion  f a c t o r  a t  f i b e r  r u p t u r e  a l l  depend  on the t e m p e r a t u r e  and on the e longa t i on  r a t e  
c y c l e .  The  d e p e n d e n c e  of the m e c h a n i c a l  p r o p e r t i e s  of p o l y m e r s  on the t e s t  c o n d i t i o n s  has  to do wi th  the  
r e l a x a t i o n  m e c h a n i s m  of p o l y m e r  d e f o r m a t i o n  and wi th  the change  in the p o l y m e r  s t r u c t u r e  due to l a r g e  
d e f o r m a t i o n s .  The s a m e  f a c t o r s  a f fec t  a l so  the t r end  of r e l a x a t i o n  p r o c e s s e s  which  o c c u r  a f t e r  the d e -  
f o r m i n g  f o r c e  has  been  r e m o v e d  at v a r i o u s  e longa t ion  l e v e l s .  The  r e l e v a n t  r e s u l t s  shown in F ig .  1 i n d i -  
c a t e  that ,  at  a g iven  t e m p e r a t u r e  and at  g iven  e longa t ion  l e v e l s  l o w e r  than C~p=ma x ( c o r r e s p o n d i n g  to the 
m a x i m a  of the P(a,) c u r v e s ) ,  the va lue  of Et does  not  d e v i a t e  f r o m  the a v e r a g e  by  m o r e  than 10-15%. 

A l l - U n i o n  S c i e n t i f i c - R e s e a r c h  In s t i t u t e  of Synthe t ic  F i b e r s ,  Ka l tn tn .  T r a n s l a t e d  f r o m  I n z h e n e r n o -  
F t z t c h e s k t i  Zhurna[ ,  Vol.  22, No. 6, pp. 1031-1035,  June,  1972. O r i g i n a l  a r t i c l e  s u b m i t t e d  June 7, 1971. 
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F i g .  1. R e l a x a t i o n  m o d u l u s  (N/m 2) a s  a funct ion of the r e l a x a t i o n  t ime ,  at  a c o n s t a n t  s t r a i n :  

1) e = 3.3; 2) 4.5; 3) 5.5; 4) 9.0; 5) 10.0; 6) 11.5; 7) 12.5; 8) 14.0; 9) 16.5.  

F i g .  2. U n i v e r s a l  r e l a t i o n s  of r e l a x a t i o n  modu lus  (N/m 2) and of r e l a x a t i o n  s p e c t r u m  (N/m 2 
�9 sec)  v e r s u s  r e l a x a t i o n  t i m e ,  at  c o n s t a n t  e longa t ion  l e v e l s  and t e m p e r a t u r e s .  

t0P/s  tg~- 0 z 

o 
a 1 
v 2 
o 3 

r & 74 

0 o 5 tgp/g ~ 
a g 4, tgt~r 

F i g .  3. R e f e r r e d  s t r a i n - s t r e s s  ( N / m  2) 
c u r v e s .  D e f o r m a t i o n  t e m p e r a t u r e  130~ 
1) e longa t ion  r a t e  v e = 0.0079; 2) 0.078; 
3) 0.769; 4) 8.33; 5) k e = 0.002. B l a c k  
s y m b o l s  r e f e r  to the s a m e  p a r a m e t e r  
values."  

t r u m .  

R e l a x a t i o n  s l o w s  down when a > OZp=ma x, as  i s  i nd i ca t ed  
b y  a c o m p a r i s o n  of the 100~ c u r v e  and the 130~ c u r v e  
in F ig .  1. Th i s  c o n f i r m s  an e a r l i e r  h y p o t h e s i s  tha t  the 
t r a n s i t i o n  th rough  a m a x i m u m  of the P (a )  r e l a t i o n  is  due 
to s t r e s s  r e l a x a t i o n  as  a r e s u l t  of a b r e a k d o w n  of  the  s p a -  
t i m  l inkage  n e t w o r k ,  e s p e c i a l l y  n e a r  the g l a s s  t e m p e r a -  
t u r e .  

T h i s  s tudy  of PVC d e f o r m a t i o n  c o v e r e d  the e x p ! i e i t -  
ly  n o n l i n e a r  r a n g e s .  F u r t h e r m o r e ,  the  r e l a x a t i o n  modu l l  
w e r e  d e t e r m i n e d  a f t e r  a m o m e n t a r y  d e f o r m a t i o n  as  w e l l  
a s  a f t e r  a m o r e  o r  l e s s  p r o l o n g e d  d e f o r m a t i o n .  Even  
though at  a g iven  t e m p e r a t u r e  the Et( t  ) r e l a t i o n s  a r e  i n -  
v a r i a n t  wi th  r e s p e c t  to the e longa t ion  l eve l ,  if a < a p = m a x ,  
i t  is  at l e a s t  f o r m a l l y  p e r m i s s i b l e  to use  the t h e o r y  of 
l i n e a r  v i s c o e l a s t i c i t y  fo r  c a l c u l a t i n g  the r e l a x a t i o n  s p e c -  
t r u m  b y  the i n t e g r a l  equat ion  

E t - ; H exp (--t/O) d In 0, (t)  

wi th  t deno t ing  the t ime  th rough  which  r e l a x a t i o n  i s  ob -  
s e r v e d .  A c c o r d i n g l y ,  the r e l a x a t i o n  s p e c t r u m  w a s  c a l -  
c u l a t e d  in the s o - c a l l e d  f i r s t  a p p r o x i m a t i o n ,  u n d e r  the 
a s s u m p t i o n  tha t  

dEt  o=[ 
H =  - -  d ln--~ (2) 

A u n i v e r s a l  c u r v e  of r e l a x a t i o n  modu lu s  v e r s u s  t i m e  is shown in F i g .  2 a long with  a r e l a x a t i o n  s p e e -  
T h e s e  g r a p h s  r e p r e s e n t  d a t a  b a s e d  on m e a s u r e m e n t s  of s t r e s s  r e l a x a t i o n  wh ich  h a s  o c c u r r e d  at 

ce = C~p=ma x .  The  PVC s p e c i m e n s  w e r e  d e f o r m e d  at  e longa t ion  r a t e s  of 0.078 and 0.769 m m / s e c  at  t e m -  
p e r a t u r e s  f rom 100 to 160~ With  130~ as  the r e f e r e n c e  t e m p e r a t u r e ,  the t e m p e r a t u r e  c o e f f i c i e n t  a T 
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Fig .  4. Universa l  c h a r a c t e r i s t i c  of PVC deformat ion  modes 
in the s u p e r e [ a s t i e i t y  s ta te .  

was ca lcu la t ed  by the VLF equation with un ive r sa l  va lues  of the cons tan ts .  According  to Fig .  2, the r e -  
laxat ion s p e c t r u m  of PVC is r e p r e s e n t e d  by a s u p e r e l a s t i c i t y  pla teau.  

We wil l  now analyze  the s t r e s s - s t r a i n  re la t ion .  According to the theory  of [ [near  v i s c o e l a s t i c i t y ,  
a~ 

P/% -- j oH [1-exp (-t/0)]  d In 0 (3) 

It follows f rom here  that P/g0 is a function of the de format ion  t ime.  T. L. Smith has shown in [2J 
that, co r r e spond ing ly ,  the e m p i r i c a l  s t r e s s - s t r a i n  r e l a t i o n s  can be d e s c r i b e d  by a un ive r sa l  P/g0 = f(t) 
curve .  Indeed, accord ing  to Fig .  3, the data  for  va r ious  r a t e s  v c and smal l  de format ions  fit this un ive r -  
sa l  curve  r a t h e r  c lose ly .  The r e f e r r e d  va lues  of s t r e s s  at s t r a i n s  ! a r g e r  than C~p=ma x due to elongation 
at the r a t e  Vc, as wel l  as the va lues  of P/g0 at  g0, devia te  app rec i ab ly  f rom the un ive r sa l  re la t ion .  Con- 
s ide r ing  that the s t r a in  ra te  changes dur ing  elongation at a ra te  v c and that the total  elongation fac tor  v a r -  
ies wi.th t ime di.fferent[y [n the v c mode and in the gc mode of de fo rmat ion  r e s p e c t i v e l y ,  it [s worthwhile  to 
r e p r e s e n t  Eq. (3) in the fo rm 

P/~0~=P/~ = ~ 0It [1 -~p  (-~/0)] d 1~ 0 (4) 

According  to Eq. (4), the r e t a t ion  between P/g and t~ should d e s c r i b e  the t e s t  data  in a fo rm which 
is invar ian t  with r e s p e c t  to the de format ion  mode. This  has been made evident in Fig .  3. 

With the aid of p a r a m e t e r s  P/g and t~ r e f e r r e d  to the t e m p e r a t u r e ,  namely  with (P/g)Ts/Ta T and 
t(~/aT, it is poss ib le  to de r ive  a un ive r sa l  t e m p e r a t u r e - t i m e  re la t ion  for  the r e f e r r e d  s t r e s s .  This  is con-  
f i rmed  by the da ta  in F ig .  4, which cove r  the va r i a t ion  of e~ongat[on r a t e s  through a fac tor  of 1000 and a 
t e m p e r a t u r e  range from 90 to 160~ The r e s u l t s  shown [n F igs .  3 and 4 cover  much higher  va lues  of the 
elongation fac to r  (up to 15-17) than in [2] (1.6-1.7) and also data obtained with a constant  s t r a in  ra te .  
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(2p= max 
V 

N O T A T I O N  

is the true stress; 
is the strain; 
is the initial length of specimen; 
is the length of specimen at any instant of time; 
~s the total elongation [actor; 
is the elongation factor at maximum stress on P(o~) curve; 
is the elongation rate; 
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is the strain ra te ;  
t is the time; 
T is the absolute temperature;  
E t is the relaxation modulus; 
H is the relaxation spectrum; 
0 is the relaxation time; 
T s is the referenee  temperature ,  ~:; 
a T is the re fe rence  tempera ture  coefficient.  

1~ 

2. 
3. 
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