
C H A P T E R  V
E L E C T R I C A L  P R O P E R T I E S  A N D  E L E C T R O M E C H A N I C A L  R E S P O N S E S  

O F  A C R Y L I C  E L A S T O M E R S  A N D  S T Y R E N E  C O P O L Y M E R S :  E F F E C T
O F  T E M P E R A T U R E

A b s t r a c t

T h e  e le c t r ic a l  p r o p e r t ie s  a n d  e le c t r o m e c h a n ic a l  r e s p o n s e s  o f  a c r y l ic  
e la s to m e r s  a n d  s ty re n e  c o p o ly m e rs  w e r e  in v e s t ig a te d  to w a r d s  e le c t r o a c t iv e  
a p p l ic a t io n s  s u c h  a s  a r t i f ic ia l  m u s c le  a n d /o r  M E M S  d e v ic e s .  T h e  e f fe c t  o f  
te m p e r a tu r e ,  b e tw e e n  3 0 0 - 3 7 0  K , o n  e le c t r ic a l  c o n d u c t iv i ty ,  d ie le c t r ic  c o n s ta n t ,  
s to ra g e  a n d  lo s s  m o d u l i  ( G ' a n d  G ,r), s to ra g e  m o d u lu s  r e s p o n s e s  (.A G '2kVmm) a n d  th e  
s to ra g e  m o d u lu s  s e n s i t iv i t i e s  (A G '2kvmn/G'o) o f  a c r y l ic  e la s to m e r s  a n d  s ty re n e  
c o p o ly m e rs  w e r e  in v e s t ig a te d  u n d e r  a p p l ie d  e le c t r ic  f ie ld  s t r e n g th s  v a r y in g  f ro m  0  to  
2  k v / m m .  T h e  a c ry l ic  e la s to m e r s  (A R 7 0 , A R 7 1 , A R 7 2 )  p o s s e s s  l in e a r ly  p o s i t iv e  
s to ra g e  m o d u lu s  r e s p o n s e s  o r  s e n s i t iv i t i e s  w i th  in c re a s in g  te m p e r a tu r e  a n d  d ie le c t r ic  
c o n s ta n t .  O n  th e  o th e r  h a n d , th e  s ty re n e  c o p o ly m e rs  ( S A R , S B S , S IS )  a t t a in  th e  
m a x im u m  s to ra g e  m o d u lu s  r e s p o n s e s  o r  s e n s i t iv t ie s  a t  th e  g la s s  t r a n s i t io n  
te m p e r a tu r e  o f  th e  h a r d  s e g m e n ts .

K e y w o r d s :  E la s to m e r ,  E le c t ro m e c h a n ic a l  P ro p e r t ie s ,  D ie le c t r ic  C o n s ta n t
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1. I n t r o d u c t i o n

D ie le c t r ic  m a te r ia ls  h a v e  th e  a b i l i ty  to  s to re  a  c h a r g e ;  th e y  a re  w id e ly  u s e d  in  
a p p l ic a t io n s  s u c h  a s  c a p a c i to r s  a n d  in s u la to r  d e v ic e s  [1 ] . T h e  d ie le c t r ic  c o n s ta n t  
g e n e ra l ly  v a r ie s  w i th  f re q u e n c y , te m p e r a tu r e ,  a n d  p r e s s u r e  [1 -2 ] , d u e  to  th e  d is t in c t  
p o la r iz a t io n  m e c h a n is m s .  A  d ie le c t r ic  p o ly m e r  m a y  b e  u s e d  a s  a n  e le c t ro a c t iv e  
p o ly m e r  ( E A P ) , w h ic h  c a n  r e s p o n d  p h y s ic a l ly  u n d e r  a n  a p p l ie d  e le c t r i c  f ie ld .  O n e  
ty p e  o f  E A P  is  a  d ie le c t r ic  e la s to m e r ,  w h ic h  c a n  t r a n s f o r m  e le c t r ic  e n e r g y  d i re c t ly  
in to  m e c h a n ic a l  r e s p o n s e s  s u c h  a s  s tr a in s  [3 ] . D ie le c t r ic  e la s to m e r s  h a v e  m a n y  
a d v a n ta g e s ;  th e y  a re  l ig h t  w e ig h t ,  h a v e  a  h ig h  d e g re e  o f  m e c h a n ic a l  r e s p o n s e ,  a n d  
h a v e  a  f a s t  r e s p o n d in g  t im e  [4 ], E x a m p le s  o f  d ie le c t r ic  e la s to m e r s  a r e  a c ry l ic  
e la s to m e r s  [5 ] , s i l ic o n e  e la s to m e rs  [6 ] , a n d  p o ly u r e th a n e  [7 ],

A s  a n  e le c t r ic  f ie ld  is  a p p l ie d ,  th e  r e p u ls io n  fo rc e  b e tw e e n  l ik e  c h a r g e s  o n  th e  
s a m e  e le c t ro d e  g e n e ra te s  te n s i le  s t r e s s e s  in  th e  le n g th  a n d  w id th  d i r e c t io n s .  T h e  
u n l ik e  c h a r g e s  o n  th e  o p p o s i te  e le c t ro d e  g e n e ra te s  th e  a t t r a c t iv e  f o rc e  in  th e  
th ic k n e s s  d i r e c t io n  [8 -9 ] , T h is  is  k n o w n  a s  th e  M a x w e l l  s t r e s s  e f f e c t  [8 ]. P e lr in e  et 
a l. ( 1 9 9 8 )  a n d  ( 2 0 0 0 )  [4 , 8] s tu d ie d  th e  b e h a v io r  o f  v a r io u s  ty p e s  o f  d ie le c t r ic  
e la s to m e rs ,  s i l ic o n e  e la s to m e rs ,  p o ly u r e th a n e ,  f lu o r o e la s to m e r ,  a n d  n a tu r a l  r u b b e r ,  
a n d  d e te rm in e d  th e  %  s tr a in  c h a n g e s .  T h e  v a r ia b le  u s e d  to  in d ic a te  th e  d e g re e  o f  
e le c t ro m e c h a n ic a l  r e s p o n s e  o f  a  d ie le c t r ic  e la s to m e r  is  th e  e f f e c t iv e  p r e s s u r e :

p  =  £ £ 0 E 2 , (1 )

w h e re  p  is  th e  e f f e c t iv e  p r e s s u r e ,  ร  is  th e  d ie le c t r ic  p e r m i t t iv i ty  o f  th e  m a te r ia l .  So is  
th e  d ie le c t r ic  c o n s ta n t  o f  f re e  s p a c e  (8 .8 5  p F /m ) ,  a n d  E  is  th e  e le c t r ic  f ie ld  s t r e n g th  
( V /m )  [4 ], F ro m  th e  M a x w e l l  s t r e s s  e q u a t io n  (1 ) , e la s to m e r s  w h ic h  h a v e  h ig h e r  
d ie le c t r ic  c o n s ta n ts  a re  e x p e c te d  to  g e n e ra te  th e  s a m e  p r e s s u r e  a t  a  lo w e r  a p p lie d  
v o l ta g e  [8 ]. M o s t  p o ly m e r s  u s e d  in  v a r io u s  a c tu a to r  d e v ic e s  h a v e  d ie le c t r ic  
c o n s ta n ts  b e tw e e n  2 a n d  10 [1 0 ] , S in c e  th e  d ie le c t r ic  c o n s ta n t  d e p e n d s  o n  b o th  
f r e q u e n c y  a n d  te m p e r a tu r e  [1 , 10 ], it  a p p e a rs  th a t  w e  m a y  v a r y  th e  e le c t r o m e c h a n ic a l  
r e s p o n s e s  b y  m e r e ly  c h a n g in g  f r e q u e n c y  a n d  o p e r a t in g  te m p e r a tu r e .

In  o u r  w o rk , w e  in v e s t ig a te  th e  e le c t ro m e c h a n ic a l  r e s p o n s e s  o f  v a r io u s  a c ry l ic  
e la s to m e rs ,  a c r y l ic - s ty r e n e  c o p o ly m e rs ,  a n d  t r i - b lo c k  c o p o ly m e r s :  S ty re n e -a c r y l ic
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c o p o ly m e r  ( S A R ) ,  S ty re n e - is o p r e n e - s ty r e n e  t r ib lo c k  c o p o ly m e r  (S IS ) ,  a n d  S ty re n e -  
b u ta d ie n e  e la s to m e r  (S B R ) . W e  d e te rm in e  th e  e la s to m e r  d ie le c t r ic  c o n s ta n ts  a t 
v a r io u s  f r e q u e n c ie s  a n d  te m p e ra tu re s .  In  p a r t i c u la r ,  th e  s to ra g e  m o d u lu s  r e s p o n s e  
(A G '2kv/mm d e f in e d  a s  G '2kv/mm - G 'o ) a re  s h o w n  to  b e  w e l l  c o r r e la te d  w i th  th e  
e la s to m e r  d ie le c t r ic  c o n s ta n ts  th r o u g h  v a r y in g  te m p e ra tu re .

2 . E x p e r i m e n t a l

2.1 M a te r ia ls
N ip o l  A R 7 1  (T g =  2 5 8  K )  a n d  A R 7 2 H F  ( A R 7 2 )  (Tg =  2 4 5  K )  a r e  a c r y l ic  

e la s to m e r s  p r o d u c e d  b y  N ip p o n  Z e o n  P o ly m ix  A d v a n c e  C o .,  L td . A c r y l ic  e la s to m e r  
A R 7 0 1 8  ( A R 7 0 ) ,  S ty re n e -B u ta d ie n e  r u b b e r  la te x  ( บ C A R  D L 8 4 9 . To =  3 1 2  K ), a n d  
S ty r e n e - A c r y l ic - c o p o ly m e r  la te x  ( U C A R  D A 2 7 , Tg =  2 9 7  K )  a re  p r o d u c e d  a n d  w e r e  
p r o v id e d  b y  D o w  C h e m ic a l  C o .,  L td . S ty r e n e - is o p r e n e - s ty r e n e  t r ib lo c k  c o p o ly m e r  
( K ra to n  D 1 1 1 2 P )  w a s  o b ta in e d  f ro m  S h e ll  in  T h a i la n d  C o ., L td . T h e  c h e m ic a l  
s t r u c tu r e s  o f  a ll  e la s to m e r s  a re  s h o w n  in  F ig u r e s  l ( a ) - ( d ) .

2 .2  P re p a ra t io n  o f  S p e c im e n s
A ll e la s to m e r  s p e c im e n s  w e r e  f a b r ic a te d  th ro u g h  s o lu t io n  c a s t in g . T h e  A R 7 0 , 

S A R , a n d  S B R  s p e c im e n s  w e r e  f o rm e d  b y  w a te r  e v a p o r a t io n ;  S IS  D 1 1 1 2 P , A R 7 1 , 
a n d  A R 7 2  s p e c im e n s  w e r e  d i s s o lv e d  in  to lu e n e  a t 3 0  %  v o l /v o l .  T h e  s o lu t io n s  w e re  
c a s t  o n to  a  m o ld  ( d ia m e te r  2 5  m m , th ic k n e s s  1 m m )  a n d  th e  s o lv e n t  w a s  e l im in a te d  
u n d e r  a  v a c u u m  a tm o s p h e r e  a t  3 0 0  K  fo r  7 2  h o u r s .

2 .3  C h a ra c te r iz a t io n  a n d  T e s t in g
2 .3 .1  T h e  s p e c i f ic  c o n d u c t iv i ty  w a s  m e a s u r e d  b y  a  p a r a l le l  p l a te  f ix tu r e  

a t t a c h e d  to  a  r h e o m e te r  ( R h e o m e t r ic  S c ie n t i f ic ,  A R E S )  a n d  c o n n e c te d  to  a  s o u rc e  
m e te r  ( K e i th le y ,  M o d e l  6 5 1 7 A )  w h ic h  s u p p l ie d  a  c o n s ta n t  v o l ta g e  a n d  d i s p la y e d  th e  
r e s u l ta n t  c u r r e n t .  T h e  a p p l ie d  v o l ta g e  a n d  th e  r e s u l ta n t  c u r r e n t  in  th e  l in e a r  O h m ic  
r e g im e  w e re  u s e d  to  c a lc u la te  th e  e le c t r ic a l  c o n d u c t iv i ty  o f  th e  p o ly m e r s  u s in g  e q . 
(2 )  a s  fo l lo w s :

1 _  l  II
a =  p  =  A R  = A V

(2)
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w h e re  (7 is  s p e c i f ic  c o n d u c t iv i ty  ( S /c m ) ,  p  is  th e  s p e c if ic  r e s i s t iv i ty  ( ท c m ) , /  is  th e  
m e a s u r e d  r e s u l ta n t  c u r r e n t  (A ) , V  is  th e  a p p l ie d  v o l ta g e  ( V ) , R  is  th e  r e s i s t iv i ty  (fi> ), 
/  is  th e  th ic k n e s s  o f  s p e c im e n  ( c m ) , a n d  A is  th e  s u r f a c e  a r e a  o f  s p e c im e n . T h e  
s p e c i f ic  e le c t r ic a l  c o n d u c t iv i ty  o f  th e  p o ly m e r s  w a s  m e a s u r e d  a t v a r io u s  
t e m p e r a tu r e s  b e tw e e n  3 0 0  a n d  3 7 0  K .

2 .3 .2  T h e  d ie le c t r ic  c o n s ta n t  v a lu e s  w e r e  m e a s u r e d  b y  a n  T C R  m e te r  (H P . 
m o d e l  4 2 8 4 A )  c o n n e c te d  to  th e  r h e o m e te r  ( R h e o m e t r ic  S c ie n t i f ic ,  A R E S )  w i th  a  2 5  
m m  p a r a l le l  p la te  f ix tu re .  T h e  th ic k n e s s  o f  th e  s p e c im e n s  is  ty p ic a l ly  1 m m  a n d  th e  
d i a m e te r  is  a b o u t  2 5  m m . T h e  to p  a n d  b o t to m  s id e s  o f  th e  s p e c im e n s  w e r e  c o a te d  
w i th  s i lv e r  a d h e s iv e  to  im p ro v e  th e  e le c t r ic a l  c o n ta c t  b e tw e e n  th e  s p e c im e n s  a n d  th e  
e le c t ro d e s .  T h e  m e a s u r e m e n ts  w e r e  c a r r ie d  a t  t e m p e r a tu r e s  b e tw e e n  3 0 0  a n d  3 7 0  K . 
A C  v o l ta g e  a p p l ie d  w a s  v a r ie d  b e tw e e n  1 a n d  10 V , d e p e n d in g  o n  m a te r ia ls .  T h e  
d ie le c t r ic  c o n s ta n t  a t  a  f r e q u e n c y  o f  2 0  H z  w i l l  b e  r e f e r r e d  to  a s  th e  d ie le c t r ic  
c o n s ta n t  o f  th e  m a te r ia ls .

2 .3 .3  T h e  e le c t ro m e c h a n ic a l  p r o p e r t ie s  w e re  m e a s u r e d  b y  a  r h e o m e te r  
( R h e o m e t r ic  S c ie n t i f ic ,  A R E S ) ,  f i t te d  w ith  a  c u s to m - b u i l t  c o p p e r  p a r a l l e l  p la te  
f ix tu r e  ( d ia m e te r  o f  2 5  m m ). D C  v o l ta g e  w a s  a p p lie d  w i th  a  D C  p o w e r  s u p p ly  
( In s te k ,  G F G  8 2 1 6 A ) ,  w h ic h  c a n  d e l iv e r  a n  e le c t r i c  f ie ld  u p  to  4  k v .  A  d ig i ta l  
m u l t im e te r  ( T e k t r o n ix ,  C D M  2 5 0 )  w a s  u s e d  to  m o n i to r  th e  v o l ta g e  in p u t .  In  th e s e  
e x p e r im e n ts ,  th e  o s c i l la to r y  s h e a r  s tr a in  w a s  a p p l ie d  a n d  th e  d y n a m ic  m o d u l i  ( G ' a n d  
G " )  w e r e  m e a s u r e d  a s  f u n c t io n s  o f  f r e q u e n c y  a n d  e le c t r i c  f ie ld  s t r e n g th .  S tr a in  
s w e e p  te s ts  w e r e  f ir s t  c a r r ie d  o u t  to  d e te rm in e  th e  s u i ta b le  s t r a in s  to  m e a s u r e  th e  G ' 
a n d  G " in  th e  l in e a r  v i s c o e la s t ic  r e g im e . T h e  a p p r o p r ia te  s t r a in  w a s  d e te r m in e d  to  b e
1 .0  %  f o r  a ll  e la s to m e r s  s tu d ie d . T h e  te m p o ra l  G ' r e s p o n s e  e x p e r im e n ts  o f  A R 7 0  a n d  
S A R  w e r e  c a r r ie d  o u t  a t  2  k v / m m  a t  T  =  3 0 0  K . T h e n  f r e q u e n c y  s w e e p  te s t s  w e re  
c a r r ie d  o u t  to  m e a s u r e  G ' a n d  G  " o f  e a c h  s a m p le  a s  f u n c t io n s  o f  f r e q u e n c y  a n d  
te m p e r a tu r e .  T h e  d e f o r m a t io n  f r e q u e n c y  w a s  v a r ie d  f ro m  0 .1  to  1 0 0  r a d /s .  In  e a c h  
m e a s u r e m e n t ,  e a c h  e la s to m e r  w a s  p r e s h e a r e d  a t  a  lo w  f r e q u e n c y ,  a n d  th e n  th e  
e le c t r ic  f ie ld  w a s  a p p l ie d  f o r  2 0  m in u te s  to  e n s u r e  th e  s te a d y  s ta te  c o n d i t io n  b e fo re  
th e  G ' a n d  G "  m e a s u r e m e n ts .  T h e  e f fe c t  o f  te m p e r a tu r e  o n  th e  d y n a m ic  m o d u l i ,  
e le c t r i c a l  c o n d u c t iv i ty ,  a n d  d ie le c t r ic  c o n s ta n t  w a s  s tu d ie d  a t  v a r io u s  t e m p e r a tu r e s  
b e tw e e n  3 0 0  a n d  3 7 0  K .
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3 . R e s u l t s  a n d  D is c u s s io n

3.1 T h e  s p e c i f i c  c o n d u c t iv i ty  o f  m a te r ia ls
T h e  s p e c i f ic  c o n d u c t iv i ty  v a lu e s  o f  A R 7 0 , A R 7 1 , A R 7 2 , S A R , S IS  D 1 1 1 2 P , 

a n d  S B R  a t T  =  3 0 0  K  a re  1 .1 7 x l0 " 12, 4 .3 9 x l0 " 12, 2 .8 7 x l0 " 12, 1 .2 7 x lO '10, 2 .0 5 x l0 " 18, 
a n d  1 .4 7 x 1  O'15 s /c m , r e s p e c t iv e ly .  T h e  s p e c i f ic  e le c t r ic a l  c o n d u c t iv i t ie s  o f  a ll 
e la s to m e r s  a t v a r io u s  t e m p e r a tu r e s  a r e  s h o w n  in  F ig u re  2 . T h e  d e p e n d e n c e  o f  th e  
s p e c i f ic  e le c t r ic a l  c o n d u c t iv i ty  o n  te m p e r a tu r e  c a n  b e  e x p r e s s e d  b y  th e  A r r h e n iu s  
e q u a t io n  [1 1 ] :

๐'*  =  exP
A E
k j j

(3 )

w h e re  ( J j c  is  th e  s p e c i f ic  e le c t r ic a l  c o n d u c t iv i ty ,  <To is  th e  p r e - f a c to r ,  kg is  th e  
B o l t z m a n n 's  c o n s ta n t ,  T  is  th e  a b s o lu te  te m p e ra tu re ,  a n d  A E  is  th e  a c t iv a t io n  e n e r g y  
fo r  c o n d u c t iv i ty .  F r o m  e q . (1 ) ,  w e  c a lc u la te d  th e  a c t iv a t io n  e n e r g y  f o r  c o n d u c t iv i ty  
(AE) a n d  th e  p r e - f a c to r  (oo) u s in g  th e  s lo p e s  a n d  th e  y - in te r c e p t  o f  F ig u r e  2 . T h e  
v a lu e s  a r e  ta b u la te d  in  T a b le  1. T h e  d a ta  s h o w  th a t  th e  a c t iv a t io n  e n e r g y  fo r  S A R  is  
th e  h ig h e s t  (3 .0 3 x 1 0 "*  e V )  a n d  th a t  o f  A R 7 2  is  th e  lo w e s t  (8 .4 8 x 1  O'3 e V ) . T h e  
s p e c i f ic  e le c t r ic a l  c o n d u c t iv i t ie s  o f  A R 7 0 , A R 7 1 , a n d  S A R  in c re a s e  w i th  in c r e a s in g  
a b s o lu te  t e m p e r a tu r e  a c c o rd in g  to  E q . (3 ) , a  ty p ic a l  b e h a v io r  f o r  d ie le c t r ic  p o ly m e r s  
a s  th e rm a l  e n e rg y  p r o m o te s  e le c t ro n s  to  ju m p  o v e r  th e  b a n d  g a p . In  th e  c a s e  o f  
A R 7 2 , S IS , a n d  S B R , th e  s p e c i f ic  e le c t r i c a l  c o n d u c t iv i t ie s  in c re a s e  o n ly  s l ig h t ly  w i th  
in c r e a s in g  a b s o lu te  te m p e ra tu re .

3 .2  T h e  d ie le c t r ic  c o n s ta n ts  o f  m a te r ia ls
T h e  d ie le c t r ic  c o n s ta n ts  o f  A R 7 0 , A R 7 1 , A R 7 2 , S A R , S IS  D 1 1 1 2 P , a n d  S B R  

a t T  =  3 0 0  K , a n d  a t  f r e q u e n c y  =  2 0  H z , a re  6 .2 1 ,  6 .3 3 , 4 .1 4 ,  3 .9 5 , 2 .7 4 ,  a n d  2 .8 7 ,  
r e s p e c t iv e ly .  T h e  d ie le c t r ic  c o n s ta n t  v s . f r e q u e n c y  o f  th e  e la s to m e r s  a t  T =  3 0 0  K  a re  
s h o w n  in  F ig u re  3 (a ) .  F ro m  th e  F ig u r e  3 (a ) , th e  d ie le c t r ic  c o n s ta n ts  o f  a ll  a c r y l ic  
e la s to m e r s  a n d  S A R  c a n  b e  s e e n  to  d e c r e a s e  s l ig h t ly  w i th  in c r e a s in g  f r e q u e n c y  w h e n  
/  >  4 0  H z . F o r  S IS  D 1 1 1 2 P  a n d  S B R , th e  d ie le c t r ic  c o n s ta n ts  a r e  f r e q u e n c y  
in d e p e n d e n t .  F ro m  th e  M a x w e l l - W a g n e r  m o d e l  [1 ] , th e  d e p e n d e n c e  o f  th e  d ie le c t r ic  
c o n s ta n t  o n  f r e q u e n c y  c a n  b e  e x p re s s e d  as:
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ร =  ร  „ + ( g ,  7  O
1 +  ft>2r 2 (4 )

w h e re  ร '  is  th e  d ie le c t r ic  c o n s ta n t ,  ร3: is  d ie le c t r ic  c o n s ta n t  a t  in f in i te ly  h ig h  

f r e q u e n c y ,  รร is  th e  d ie le c t r ic  c o n s ta n t  a t  lo w  f r e q u e n c y , (0  is  f r e q u e n c y ,  a n d  r i s  th e  
r e la x a t io n  t im e . F ro m  e q . (4 ) , th e  d ie le c t r ic  c o n s ta n t  is  e x p e c te d  to  b e  lo w e r  a t  a  
h ig h e r  f re q u e n c y .  T h is  is  a  d i re c t  r e s u lt  o f  th e  d e c r e a s e  in  th e  in te r f a c ia l  p o la r iz a t io n  
a t  h ig h  f r e q u e n c y  [1 0 , 11 ]. T h e  in te r fa c ia l  p o la r iz a t io n  is  th e  lo c a l  a c c u m u la t io n  o f  
l ik e  c h a r g e s  f ro m  d r i f t in g  th ro u g h  th e  m a te r ia ls  [1 ], In te r fa c ia l  p o la r iz a t io n  o c c u r s  a t 
th e  in te r f a c e  o r  b o u n d a r y  b e tw e e n  tw o  m a te r ia ls  h a v in g  a  d i f f e r e n c e  in  d ie le c t r ic i ty  
o r  c o n d u c t iv i ty .  A s  th e  f r e q u e n c y  is  in c re a s e d , th e  t im e  a v a i la b le  fo r  th e  c h a r g e  
c a r r ie r s  to  d r i f t  is  r e d u c e d ,  a n d  c o n s e q u e n t ly  th e  d ie le c t r ic  c o n s ta n t  d e c r e a s e s  [1 ],
P o la r  p o ly m e r s  h a v e  s t r o n g  d ip o le  m o m e n ts  a n d  h ig h  d ie le c t r ic  v a lu e s .  P o la r  
p o ly m e r s  s u c h  a s  a c r y l ic  e la s to m e rs  a r e  e x p e c te d  to  h a v e  h ig h e r  d ie le c t r ic  v a lu e s  
th a n  th o s e  o f  th e  s ty r e n e  c o p o ly m e rs  s in c e  th e  a c r y l ic  e la s to m e r s  h a v e  a  p o la r  
f u n c t io n a l  g r o u p  ( th e  a c r y la te  g ro u p )  in  th e i r  s t r u c tu r e  [1 ]. C a n n o n  e t a l. ( 2 0 0 2 )  [1 2 ]  
s tu d ie d  th e  d ie le c t r ic  c o n s ta n t  o f  a  m e th y l  m e th a c ry la te  a n d  2 - e th ly h e x y l  a c r y la te  
c o p o ly m e r  la te x  a s  a  f u n c t io n  o f  f re q u e n c y .  T h e  d ie le c t r ic  c o n s ta n t  o f  th e  a c r y l ic  
c o p o ly m e r  a f te r  4 7  d a y s  a g in g  ( C o M E - N P 2 0 )  a t / =  2 0  F lz , is  a b o u t  6 .1 4  a t  r o o m  
te m p e r a tu r e .  F ro m  o u r  d a ta  ta b u la te d  in  F ig u r e  3 (a ) , A R 7 0  a n d  A R 7 1  h a v e  d ie le c t r ic  
c o n s ta n ts  o f  6 .21  a n d  6 .3 3 , r e s p e c t iv e ly ;  th u s  th e y  a re  n e a r ly  th e  s a m e  a s  th a t  o f  
C o M E - N P 2 0  a t  ro o m  te m p e ra tu re .  A m o n g  th e  s ty re n e  c o p o ly m e rs ,  S A R  h a s  th e  
h ig h e s t  d ie le c t r ic  c o n s ta n t ,  3 .9 5 , d u e  to  th e  p o la r  g r o u p  ( a c r y la te  g r o u p )  o n  th e  
a c ry l ic  s e g m e n t .  S B R  h a s  a  h ig h e r  d ie le c t r ic  v a lu e  (2 .8 7 )  th a n  S IS  D 1 1 1 2 P  (2 .7 4 )  
s in c e  th e  S B R  s tr u c tu r e  is  m o re  f le x ib le  th a n  S IS  D 1 1 12 P . T h e  s ty re n e  c o p o ly m e rs  
(S B R  a n d  S IS )  p o s s e s s  f r e q u e n c y  in d e p e n d e n t  d ie le c t r ic  c o n s ta n ts  a t  a ll f r e q u e n c ie s ,  
s in c e  th e y  a re  n o n  p o la r  e la s to m e rs .  In  th e  c a s e  o f  n o n  p o la r  p o ly m e r ,  th e  in te r f a c ia l  
p o la r iz a t io n  is  e x p e c te d  to  b e  v e ry  w e a k  [1 , 11], B is h a i  et a l. ( 2 0 0 2 )  [1 3 ]  s tu d ie d  th e  
d ie le c t r ic  s p e c t r o s c o p y  o f  a  p o ly m e r  b le n d  b e tw e e n  s ty re n e -b u ta d ie n e  r u b b e r  a n d  a  
p o ly e s te r  s h o r t - f ib e r .  T h e  d ie le c t r ic  c o n s ta n t  o f  th e  p o ly m e r  b le n d  w a s  in d e p e n d e n t  
o f  f r e q u e n c y  b e lo w  1 0 5 H z  a n d  it  s l ig h t ly  d e c r e a s e d  a t  a  f r e q u e n c y  a b o v e  1 0 6 H z  a t  T  
=  2 9 8  K . T h e  d ie le c t r ic  c o n s ta n t  a t  th e  lo w e s t  f r e q u e n c y  (2 0  H z )  is  a b o u t  2 .8 . C h o i  
e t al. ( 2 0 0 2 )  [ 14] s tu d ie d  th e  d ie le c t r ic  s p e c t ro s c o p y  o f  a  n a tu r a l  r u b b e r  c is -
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p o ly is o p r e n e .  T h e  c is - p o ly i s o p r e n e  h a s  a  d ie le c t r ic  c o n s ta n t  o f  a b o u t  2 .6  a t /  =  10 0  
H z  a n d  T =  2 9 8  K . T h e  d ie le c t r ic  s p e c t ro s c o p y  o f  c is - p o ly i s o p r e n e  s l ig h t ly  d e c r e a s e d  
w i th  in c re a s in g  f r e q u e n c y . V o n  H ip p e l  e t al. ( 1 9 4 6 )  [1 5 ] s tu d ie d  th e  d ie le c t r ic  
s p e c t r o s c o p y  o f  a  p o ly s ty r e n e .  T h e  p o ly s ty r e n e  p o s s e s s e d  a  d ie le c t r ic  c o n s ta n t ,  
in d e p e n d e n t  o f  f re q u e n c y ,  o f  a b o u t  2 .5 5  a t / =  100  H z  a n d  T =  2 9 8  K . F ro m  o u r  d a ta , 
th e  S IS  D i l l  2 P  t r ib lo c k  c o p o ly m e r  h a s  a  d ie le c t r ic  c o n s ta n t  o f  2 .7 4  a t  f  =  2 0  H z , T  =  
3 0 0 K . T h u s , o u r  d a ta  o n  th e  d ie le c t r ic  c o n s ta n ts  o f  S B R  a n d  S IS  a re  c o m p a ra b le  to  
th o s e  in  p r e v io u s ly  r e p o r te d  w o rk . T h e  d ie le c t r ic  c o n s ta n t  a t  f r e q u e n c y  =  2 0  H z  v s . 
te m p e r a tu r e  o f  th e  e la s to m e r s  a re  s h o w n  in  F ig u re  3 (b ) . T h e  d ie le c t r ic  c o n s ta n ts  o f  
th e  e la s to m e r s  in c re a s e  l in e a r ly  w i th  in c re a s in g  te m p e r a tu r e .  T h e  in c re a s e  in  
t e m p e r a tu r e  o r  th e  th e rm a l  e n e r g y  a v a i la b le  le a d s  to  th e  in c re a s e  in  th e  m o b i l i ty  o f  
m o le c u le s .  T h e  m o t io n  o f  m o le c u le s  in  tu rn  in d u c e s  th e  d ip o le  m o m e n ts ,  le a d in g  to  
th e  in c re a s e s  in  th e  d ie le c t r ic  c o n s ta n ts  [1 , 16 ].

T h e  d ie le c t r ic  c o n s ta n ts  v s . f r e q u e n c y  o f  A R 7 0  a t v a r io u s  te m p e r a tu r e s  a re  
s h o w n  in  F ig u r e  3 (c ) . A t  th e  lo w e s t  t e m p e r a tu r e  o f  3 0 0  K , th e  d ie le c t r ic  c o n s ta n t  is  
n e a r ly  in d e p e n d e n t  o f  f re q u e n c y .  W ith  in c re a s in g  te m p e ra tu re ,  th e  d ie le c t r ic  c o n s ta n t  
b e c o m e s  m o r e  f r e q u e n c y - d e p e n d e n t .  A t th e  lo w  f r e q u e n c y ,  th e  d ie le c t r ic  c o n s ta n ts  o f  
A R 7 0  a t v a r io u s  t e m p e r a tu r e s  a re  c le a r ly  d i f f e re n t .  T h is  im p l ie s  th a t  A R 7 0  h a s  a  
s ig n i f ic a n t  in te r f a c ia l  p o la r iz a t io n  d e p e n d e n c e  a t  lo w  f r e q u e n c y  a n d  th e  d e p e n d e n c e  
b e c o m e s  w e a k  a t  h ig h  f r e q u e n c y .

3 .3  T h e  c y c l ic  te m p o ra l  r e s p o n s e s  o f  G '  o f  th e  m a te r ia ls
T h e  c y c l ic  te m p o ra l  r e s p o n s e s  o f  G '  o f  th e  a c r y l ic  e la s to m e r s  a n d  th e  s ty re n e  

c o p o ly m e r s  w e r e  s tu d ie d  u s in g  A R 7 0  a n d  S A R  a s  th e  s a m p le s  a t  E  =  2  k v / m m ,  เป  ้

=  1 r a d /s ,  T =  3 0 0  K , a n d  % s tr a in  =  1.0 . T h e  d a ta  a re  s h o w n  in  F ig u r e  4 ( a )  a n d  4 ( b )  
a n d  ta b u la te d  in  T a b le  2 . W ith  e le c t r ic  f ie ld  o n , th e  s to ra g e  m o d u l i  o f  A R 7 0  a n d  
S A R  in c re a s e  m o n o to n ic a l ly  to w a r d s  m a x im u m  v a lu e s .  T h is  is  d u e  to  th e  
in te r a c t io n s  b e tw e e n  c h a r g e s  w i th in  th e  e la s to m e rs  [8 ]. A s  th e  e le c t r i c  f ie ld  is  
r e m o v e d ,  th e  in te r a c t io n s  b e tw e e n  c h a r g e s  a lm o s t  v a n is h  c o m p le te ly  a n d  th e  s to ra g e  
m o d u lu s  d e c r e a s e s .  W i th  e le c t r ic  f ie ld  tu r n e d  o n  a n d  o f f  p e r io d ic a l ly  d u r in g  th e  to ta l  
e x p e r im e n t  p e r io d  o f  104 s e c , A R 7 0  a n d  S A R  b e c o m e  e le c t r o m e c h a n ic a l ly  
r e v e r s ib le  s y s te m s . A R 7 0  h a s  a n  in d u c t io n  t im e  ( th e  t im e  in  w h ic h  th e  s to ra g e  
m o d u lu s  in c re a s e s  a n d  a t t a in s  a  s te a d y  s ta te  v a lu e )  o f  4 0 5  ร a n d  a  r e c o v e r y  t im e  ( th e
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time in which the storage modulus decreases and reaches a steady state value) o f  239  
ร in the steady state. The SAR has an induction time o f  440 ร and a recovery time o f  
271 ร in the steady state. Thus, both AR70 and SAR have comparable induction and 
recovery times. The small differences may stem from the differences in elastic 
properties.

3.4 The effect o f  temperature on the electromechanical properties
The effect o f  temperature on the electromechanical properties o f  the 

elastomers was investigated at electric field strengths o f  0 and 2 k v /m m  within the 
temperature range o f  300-370 K. Figure 5(a) shows G'o and G ’2kVmm vs. temperature 
o f  the acrylic elastomers (AR70, 71, and 72) at CÛ -  1 rad/s. W e can see that the 
storage modulus increases linearly with temperature, in conformation with the 
classical network theory [17]:

G ' = v k BT ,  (5)
where ke is Boltzm ann’ร constant, T is the absolute temperature (K), and V  is number 
o f  strands per unit volum e (1/cm 3). One strand corresponds to two crosslinks or 
junction points [17], The number o f  strands per unit volum e is equal to two times the 
number o f  crosslinks per unit volume. As temperature increases, the entropy o f  the 
elastomer also increases as strands are vibrating more rigouroulsy, and this 
generates a stronger retractive force on the network [17], This leads to an increase in 
the storage modulus. The storage modulus (G') at 2 kv/m m  is higher than that 
without electric field at any temperatures investigated. This is due to the 
interactions between induced dipole moments generated, in addition to the M axwell 
stress effect (eq. 1) or the force between unlike charges on the opposite electrode 
created by electric field strength. We may note that the slope o f  G 'o  is lower than 
that o f  G '2kv/mm- Equation (5) im plies that V  o f  the material under electric field is 
effectively larger than that without an electric field. At E = 2 kv/m m , the apparent 
number o f  strands per unit volum e o f  AR70 is the highest (2.55 X 1020 stands/cm3) 
whereas AR72 has the lowest value (3.29 X 1019 strands/cm3). At E =  2 kv/m m , the 
number o f  crosslinks per unit volume o f  AR70 and AR72 are 5.10 X 102° 
crosslinks/cm 3 and 6.58 X 1019 crosslinks/cm 3, respectively, as tabulated in Table 3. 
Figure 5(b) shows the corresponding A G '2kv/mm and A G '2kv/mm/G’o vs. temperature
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a t ( 0 = 1  r a d /s . T h e  s to ra g e  m o d u lu s  s e n s i t iv i t i e s  a n d  s to ra g e  m o d u lu s  r e s p o n s e s  o f  
A R 7 0  a re  h ig h e s t  a n d  th o s e  o f  A R 7 2  a re  th e  lo w e s t  a m o n g  th e  a c r y l ic  e la s to m e rs  
s tu d ie d .

M a  e t a l. ( 2 0 0 4 )  [1 8 ]  fo u n d  th a t  th e  s t r a in  r e s p o n s e s  u n d e r  e le c t r i c  f ie ld  o f  a n  
a c r y l ic  e la s to m e r  ( V H B  4 9 1 0 )  s a n d w ic h e d  b e tw e e n  s i lv e r  e le c t r o d e s  c a m e  f ro m  tw o  
e f f e c ts :  th e  é le c t r o s t r i c t io n  a n d  th e  M a x w e l l  s tr e s s  e f fe c t .  T h e  a c r y l ic  e la s to m e r  
g e n e ra te d  th e  h ig h e s t  s tr a in  r e s p o n s e s  u n d e r  e le c t r i c  f ie ld  r e la t iv e  to  th o s e  o f  o th e r  
e le c t r o a c t iv e  m a te r ia ls .

F ig u re  6 ( a )  s h o w s  G " o  a n d  G '2kv/mm v s . te m p e ra tu re  o f  S A R . In  th is  c a s e  w e  
c a n  s e e  th a t  th e  s to ra g e  m o d u lu s  d e c r e a s e s  a lm o s t  l in e a r ly  w i th  t e m p e r a tu r e  w i th  o r  
w i th o u t  e le c t r ic  f ie ld . T h e  te m p e r a tu r e  is  in c re a s e d  a b o v e  Tg o f  S A R  (T g  o f  S A R  ~  
2 9 7  K ) . th e  s ty re n e  s e g m e n ts  a re  in  a  r u b b e ry  s ta te  a c c o m p a n ie d  b y  a n  in c re a s e  in  
th e  f r e e  v o lu m e . A t h ig h e r  te m p e ra tu re s ,  th e  m a te r ia l  c h a n g e s  i t s  b e h a v io r  f ro m  
r u b b e r y -  l ik e  to  p la s t ic - l ik e  [1 9 ] , I t is  n o te d  th a t  G ' a t  2  k v / m m  is  h ig h e r  th a n  th a t  
w i th o u t  e le c t r ic  f ie ld  a t  a n y  te m p e ra tu re s ,  p r e s u m a b ly  d u e  to  th e  d ip o le -d ip o le  
in te r a c t io n s  b e tw e e n  th e  c h a r g e s  (o n  th e  a c r y la te  g ro u p )  u n d e r  e le c t r ic  f ie ld .  F ig u re  
6 (b )  s h o w s  th a t  th e  s to ra g e  m o d u lu s  r e s p o n s e  a n d  th e  s to ra g e  m o d u lu s  s e n s i t iv i ty  
d e c r e a s e  m o n o to n ic a l ly  w i th  in c re a s in g  te m p e ra tu re .

F ig u re s  6 ( c )  a n d  6 (e )  s h o w  G 'o  a n d  Gbkv/nim v s . t e m p e r a tu r e  o f  S IS  D 1 1 12 P  
a n d  S B R . W e  c a n  s e e  th a t  th e  s to ra g e  m o d u lu s  in c re a s e s  l in e a r ly  w i th  t e m p e r a tu r e  u p  
to  3 4 0 - 3 5 0  K , a n d  it  d e c r e a s e s  b e y o n d  th a t . F ig u re s  6 ( d )  a n d  6 ( f )  s h o w  th e  
c o r r e s p o n d in g  s to ra g e  m o d u lu s  r e s p o n s e s  a n d  s e n s i t iv i t ie s .  T h e  r e s p o n s e s  a n d  
s e n s i t iv i t i e s  in c re a s e  in i t i a l ly  a n d  th e n  d e c r e a s e  a f te r  a t t a in in g  m a x im a  a t  T  =  3 2 0  K  
(S IS  D 1 1 1 2 P , Tg o f  s ty re n e  s e g m e n t  ~  3 0 7  K  [1 9 ])  a n d  T  =  3 3 0  K  ( S B R , Tg =  3 1 2  
K ). A t  t e m p e r a tu r e s  a b o v e  Tg, o f  th e  h a rd  s e g m e n t  ( s ty r e n e ) ,  th e  m a te r ia l s  c h a n g e  
th e i r  b e h a v io r  f ro m  th e  r u b b e r y - l ik e  to  th e  p l a s t i c - l i k e  [1 9 ] . T h is  le a d s  to  th e  
d e c r e a s e s  in  th e  s to ra g e  m o d u lu s .  T h u s , th e  m a x im u m  G ' s e n s i t iv i t i e s  o f  th e  t r i - b lo c k  
c o p o ly m e r s  a re  a t t a in e d  a t  Tg o f  th e  h a rd  s e g m e n t.

S a to  e t  a l .  ( 1 9 9 6 )  [1 9 ]  s tu d ie d  th e  r h e o lo g ic a l  p r o p e r t ie s  o f  S I S - t r ib lo c k  
c o p o ly m e r  in  n - te t r a d e c a n e  ( C 14) a s  a  f u n c t io n  o f  f r e q u e n c y  a n d  te m p e r a tu r e  w i th o u t  
a n  e le c t r i c  f ie ld . A t lo w  te m p e r a tu r e  (T < T g  o f  s ty re n e  s e g m e n t) ,  th e  s y s te m  b e h a v io r
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is  s t i l l  r u b b e ry - l ik e .  B u t  w i th  in c re a s in g  te m p e r a tu r e  (T > T g  o f  s ty re n e  s e g m e n t) ,  th e  
s y s te m  b e h a v io r  b e c o m e s  p l a s t ic  a n d  v is c o u s - l ik e .

T a b le  3 l i s ts  th e  n u m b e r  o f  s tr a n d s  a n d  th e  n u m b e r  o f  c r o s s l in k s  p e r  u n i t  
v o lu m e  o f  th e  t r ib lo c k  e la s to m e rs .  S IS  D 1 1 12P  h a s  a  h ig h e r  n u m b e r  o f  s t r a n d s  p e r  
u n it  v o lu m e  (2 .0 8  X 1020 s t r a n d s /c m 3) re la t iv e  to  S B R , w h ic h  h a s  a  lo w e r  v a lu e  (1 .0 5  
X 1 0 19 s t r a n d s /c m 3), a t  E  =  0  k v /m m .

U n d e r  e le c t r i c  f ie ld , th e  e f f e c t iv e  n u m b e r  o f  s tr a n d s  p e r  u n it  v o lu m e  o f  S B R  
a p p a r e n t ly  in c re a s e s  to  2 .0 3  X 109 s ta n d s /c m 3. T h is  p r e s u m a b ly  a r is e s  f ro m  th e  
in d u c e d  d ip o le -d ip o le  in te r a c t io n  b e tw e e n  th e  71-bonds o f  th e  b e n z e n e  r in g .  O n  th e  
o th e r  h a n d ,  th e  e f f e c t iv e  n u m b e r  o f  s tr a n d s  p e r  u n i t  v o lu m e  o f  S IS  D 1 1 1 2 P  d e c r e a s e s  
to  1 .3 9  X 1 0 20 s t r a n d s /c m 3; th is  m a y  r e s u l t  f ro m  th e  e f f e c t  o f  th e  d o m in a n t  in c re a s e  in  
th e  f re e  v o lu m e  o v e r  th a t  o f  th e  d ip o le -d ip o le  in te r a c t io n .

3 .5  T h e  e f f e c t  o f  d ie le c t r ic  c o n s ta n t  o n  th e  e le c t ro m e c h a n ic a l  p r o p e r t ie s  o f  
th e  e la s to m e rs

P e lr in e  e t  a l. ( 2 0 0 0 )  [8 ] s h o w e d  th a t  th e  e le c t ro m e c h a n ic a l  r e s p o n s e s  o f  
d ie le c t r ic  e la s to m e r s  d e p e n d e d  o n  m a n y  f a c to r s  s u c h  a s  d ie le c t r ic  c o n s ta n t ,  h a r d n e s s ,  
a n d  e la s t ic  p r o p e r t ie s  o f  th e  m a te r ia ls .  In  o u r  w o rk , th e  e f f e c t  o f  d ie le c t r ic  c o n s ta n t  
o n  th e  e le c t r o m e c h a n ic a l  p r o p e r t ie s  o f  th e  e la s to m e r s  w a s  s tu d ie d  a s  a  f u n c t io n  o f  
t e m p e r a tu r e .  F ig u r e s  7 (a )  a n d  7 (b )  s h o w  th e  s to ra g e  m o d u lu s  r e s p o n s e  (A G '2kv/mm) o f  

th e  e la s to m e r s  v s . th e  d ie le c t r ic  c o n s ta n ts  (ร ') . In  F ig u re  7 (a ) , th e  s to ra g e  m o d u lu s  
r e s p o n s e s  o f  th e  a c ry l ic  e la s to m e rs  (A R 7 0 , A R 7 1 , a n d  A R 7 2 )  in c re a s e  
m o n o to n ic a l ly  a n d  a lm o s t  l in e a r ly  w i th  in c re a s in g  d ie le c t r ic  c o n s ta n t .  O n  th e  o th e r  
h a n d , f o r  th e  s ty re n e  c o p o ly m e rs  (S A R , S IS  D 1 1 1 2 P , a n d  S B R ) , a s  s h o w n  in  F ig u re  
7 (b ) , th e  s to ra g e  m o d u lu s  r e s p o n s e s  in c re a s e  in i t ia l ly ,  r e a c h  m a x im a , a n d  th e n  
d e c r e a s e  w i th  in c r e a s in g  d ie le c t r ic  c o n s ta n t .  W e  m a y  s u m m a r iz e  th a t  th e  
e le c t r o m e c h a n ic a l  r e s p o n s e s  (A G  )  o f  th e  e la s to m e r s  m a y  in c re a s e  o r  d e c r e a s e  w i th  
th e  d ie le c t r ic  c o n s ta n t  d e p e n d in g  o n  th e  e la s to m e r  c h e m ic a l  c o m p o s i t io n s  a n d  
te m p e ra tu re .



54

4 . C o n c lu s io n s

In  o u r  s tu d y ,  th e  e le c t ro m e c h a n ic a l  p r o p e r t ie s  o f  A R 7 0 , A R 7 1 , A R 7 2 , S A R , 
S IS  D 1 1 1 2 P , a n d  S B R  w e r e  in v e s t ig a te d  b y  e x a m in in g  th e  e f fe c ts  o f  te m p e ra tu re ,  
c o n d u c t iv i ty ,  a n d  d ie le c t r ic  c o n s ta n t  o n  th e  d y n a m ic  m o d u lu s ,  G ', u n d e r  th e  
o s c i l la to r y  s h e a r  m o d e  a t  a n  e le c t r ic  f ie ld  s t r e n g th  v a r y in g  f ro m  0  to  2  k v /m m . T h e  
d ie le c t r ic  c o n s ta n ts  a n d  s p e c i f ic  e le c t r ic a l  c o n d u c t iv i t ie s  o f  th e  e la s to m e r s  in c re a s e  
w i th  in c re a s in g  te m p e ra tu re .  In  th e  c a s e  o f  th e  a c r y l ic  e la s to m e rs ,  th e  s to ra g e  
m o d u lu s  r e s p o n s e s  a n d  s e n s i t iv i t i e s  in c re a s e  l in e a r ly  w i th  te m p e r a tu r e .  F o r  th e  
s ty re n e  c o p o ly m e rs ,  th e  s to ra g e  m o d u lu s  r e s p o n s e s  a n d  s e n s i t iv i t i e s  a t ta in  th e i r  
m a x im u m  a t th e  To o f  th e  h a rd  s e g m e n t.  T h e  s to ra g e  m o d u lu s  r e s p o n s e s  o f  A R 7 0 , 
A R 7 1 ,  a n d  A R 7 2  a re  c o r r e la te d  p o s i t iv e ly  w i th  d ie le c t r ic  c o n s ta n t .  O n  th e  o th e r  
h a n d ,  th e  s to ra g e  m o d u lu s  r e s p o n s e s  o f  S A R , S IS  D 1 1 1 2 P , a n d  S B R  m a y  in c re a s e  
a n d  d e c r e a s e  w i th  in c re a s in g  d ie le c t r ic  c o n s ta n t ,  d e p e n d in g  o n  w h e th e r  th e  o p e ra t in g  
te m p e r a tu r e  is  b e lo w  o r  a b o v e  th e  Tg o f  th e  h a r d  s e g m e n t.

5 . A c k n o w l e d g e m e n t s

T h e  a u th o r s  w o u ld  l ik e  to  a c k n o w le d g e  th e  f in a n c ia l  s u p p o r t  f ro m  th e  
f o l lo w in g :  th e  C o n d u c t iv e  a n d  E le c t ro a c t iv e  P o ly m e rs  R e s e a r c h  U n i t  a n d  K F A S  b o th  
f ro m  C h u la lo n g k o m  U n iv e r s i ty ;  th e  P e t r o le u m  P e tr o c h e m ic a l  a n d  A d v a n c e d  
M a te r i a ls  C o n s o r t iu m ; th e  T h a i  R o y a l  G o v e r n m e n t  B u d g e t  ( F is c a l  Y e a r  2 5 5 1 ) ;  a n d  
th e  T h a i la n d  R e s e a r c h  F u n d ,  B R G  a n d  P h D /0 1 8 2 /2 5 4 8 . T h e  m a te r ia l  s u p p o r t  f ro m  
S h e l l  in  T h a i la n d  C o ., L td .,  N ip p o n  Z e o n  P o ly m ix  A d v a n c e  C o ., L td .,  a n d  D o w  
C h e m ic a l  C o ., L td . is  g r a te f u l ly  a c k n o w le d g e d .

6 . R e f e r e n c e s

1. G .G . R a ju : D ie le c t r ic s  in  E le c tr ic  F ie ld s  ( U n iv e r s i ty  o f  W in d s o r ,  W in d s o r .  
O n ta r io ,  C a n a d a , 2 0 0 3 )

2 . S .A . M a d b o u ly ,  A .A . M a n s o u r ,  N .Y . A b d o u :  E u ro . P o ly m . J. 4 3 , 1 8 9 2  (2 0 0 7 )
3 . M .W is s le r ,  E . M a z z a :  S e n s . A c tu a to r  A - P h y s . 12 0 , 18 4  (2 0 0 5 )
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L is t  o f  f i g u r e  c a p t i o n s

1. F i g u r e  1 C h e m ic a l  s t r u c tu r e s  o f  th e  e la s to m e rs :  (a )  A c r y l ic  e la s to m e r s  (A R 7 0 , 
A R 7 1  a n d  A R 7 2 ) ;  (b )  S ty re n e -a c r y l ic  c o p o ly m e r ;  ( c )  S ty re n e - is o p r e n e - s ty r e n e  
t r ib lo c k  c o p o ly m e r ;  a n d  (d )  S ty re n e -b u ta d ie n e  e la s to m e r .

2 . F i g u r e  2  D C  s p e c i f ic  c o n d u c t iv i ty  o f  th e  e la s to m e rs  v s . 1 0 0 0 /T .
3 . F i g u r e  3  (a )  D ie le c t r ic  c o n s ta n ts  o f  v a r io u s  e la s to m e rs  v s . f r e q u e n c ie s  a t  T  =

3 0 0  K ; (b )  D ie le c t r ic  c o n s ta n ts  o f  a ll e la s to m e rs  a t  v a r io u s  t e m p e r a tu r e s  a t  f  =  2 0  
H z ; (c )  d ie le c t r ic  c o n s ta n ts  o f  p u re  A R 7 0  m a tr ic e s  v s . f r e q u e n c ie s ,  a t  v a r io u s  
te m p e r a tu r e s ,  th ic k n e s s  ~  0 .9 8 0  m m , a p p l ie d  v o l ta g e  E  =  1 V , w i th  s i lv e r  c o a t in g .

4 . F i g u r e  4  T e m p o r a l  r e s p o n s e  o f  s to ra g e  m o d u lu s  ( G 1) a t  a n  e le c t r i c  f ie ld  s tr e n g th s  
2  k v / m m ,  00=  1 r a d /s ,  s tr a in  1 .0 % , a n d  a t  3 0 0 K  o f  (a )  A R 7 0  a n d  (b )  S A R .

5 . F i g u r e  5  E f f e c t  o f  te m p e r a tu r e  o n  G '(co =  1 r a d /s )  f o r  th e  a c r y l ic  e la s to m e rs  
( A R 7 0 , A R 7 1 , a n d  A R 7 2 )  o n : (a )  th e  s to ra g e  m o d u lu s  ( G ’) v s . te m p e r a tu r e  a t  E  
=  0  a n d  2  k v / m m ;  a n d  (b )  th e  s to ra g e  m o d u lu s  r e s p o n s e s  (A G '2kv/mm) v s . 
te m p e r a tu r e  a n d  th e  s to ra g e  m o d u lu s  s e n s i t iv i t i e s  (A G ’/G 'o )  v s . te m p e ra tu re .

6 . F i g u r e  6  E f fe c t  o f  t e m p e r a tu r e  o n  G '(co =  1 r a d /s )  o f  th e  s ty re n e  c o p o ly m e rs :  (a )  
th e  s to ra g e  m o d u lu s  (G ')  a t  E  =  0  a n d  2  k v /m m  v s . te m p e r a tu r e  o f  S A R ; (b )  th e  
s to ra g e  m o d u lu s  r e s p o n s e s  (A G '2kv/mm) v s . te m p e ra tu re  a n d  th e  s e n s i t iv i t i e s  o f  
s to ra g e  m o d u lu s  (A G V G 'o) v s . t e m p e ra tu re  o f  S A R ; (c )  th e  s to ra g e  m o d u lu s  ( G ')  
a t  E  =  0  a n d  2 k v /m m  v s . te m p e ra tu re  o f  S IS  D I  1 1 2 P ; (d )  th e  s to ra g e  m o d u lu s  
r e s p o n s e s  (A G '2kv/mm) v s .  t e m p e ra tu re  a n d  th e  s e n s i t iv i t i e s  o f  s to ra g e  m o d u lu s  
(A G '/G 'o )  v s . t e m p e r a tu r e  o f  S IS  D 1 1 1 2 P ; (e )  th e  s to ra g e  m o d u lu s  ( G ')  a t  E  =  0  
a n d  2  k v /m m  v s . te m p e r a tu r e  o f  S B R ; a n d , ( I )  th e  s to ra g e  m o d u lu s  r e s p o n s e s  
( G '2kv/mm) v s . te m p e r a tu r e  a n d  th e  s e n s i t iv i t i e s o f  s to ra g e  m o d u lu s  (A G '/G 'o )  v s . 
te m p e r a tu r e  o f  S B R .

7 . F i g u r e  7  S to ra g e  m o d u lu s  r e s p o n s e s  (A G '2kv/mm a t to =  1 r a d /s )  o f  th e  e la s to m e rs  
v s . d ie le c t r ic  c o n s ta n t  (ร ')  a t  f r e q u e n c y  =  2 0  H z : (a )  a c r y l ic  e la s to m e rs ;  (b )  
s ty re n e  c o p o ly m e rs .
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L is t  o f  t a b l e  c a p t i o n s

1. T a b l e  1 A c t iv a t io n  e n e rg y  f o r  c o n d u c t iv i ty  (AE) a n d  p r e - f a c to r  (ฮ-0) f o r  e a c h
e la s to m e rs

2 . T a b l e  2  G ' I n d u c t io n  t im e  a n d  r e c o v e r y  t im e s  o f  A R 7 0  a n d  S A R  a t 3 0 0  K , E  =
2  k v / m m

3 . T a b l e  3  N u m b e r  o f  s tr a n d s  a n d  n u m b e r  o f  c r o s s l in k s  p e r  u n i t  v o lu m e  o f  th e
e la s to m e r s

T a b l e  1 A c t iv a t io n  e n e r g y  f o r  c o n d u c t iv i ty  (AE) a n d  p r e - f a c to r  (a 0) fo r  e a c h  
e la s to m e rs

E l a s t o m e r  T y p e s A c t iv a t i o n  e n e r g y  f o r  
c o n d u c t i v i t y  (e V ). .

p r e - f a c t o r  ( S /c m )

A R 7 0 9 .1 8 E -0 2 3 .8 3 E - 1 1
A R 7 1 1 .4 9 E -0 1 1 .9 3 E -0 9
A R 7 2 8 .4 8 E -0 3 3 .1 9 E - 1 2
S A R 3 .0 3 E -0 1 1 .2 4 E -0 5
S I S D 1 1 1 2 P 1 2 2 E -0 2 3 .6 5 E - 1 8
S B R 3 .7 5 E -0 2 7 .1 8 E -1 5



Table 2 G' Induction time and recovery times of AR70 and SAR at 300 K, E = 2 kv/mm

Samples Electric
field

First
induction

time
Saturated
induction

time
First

recovery
time

Saturated
recovery

time
First

A G ’i n d
Saturated

A G ’i n d
First

A G ’r e c
Saturated

A G ’r e c
(kV/mm) ( Ti n d ) (s) ( Tin d )  (ร) ( Tr e c )  (s) ( *r๙c) (s) (Pa.s) (Pa.s) (Pa.s) (Pa.s)

AR70 2 418 405 256 239 28,936 6,842 8.655 6,316
SAR 2 756 440 697 271 21,905 8,730 14,613 7.420

โเทd  =  th e  t im e  in  w h i c h  th e  s t o r a g e  m o d u lu s  i n c r e a s e s  a n d  a t ta in s  a  s t e a d y  s ta te  v a lu e .  
Tree =  th e  t im e  in  w h i c h  th e  s t o r a g e  m o d u lu s  d e c r e a s e s  a n d  r e a c h e s  a  s t e a d y  s ta te  v a lu e .
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Table 3 Number o f  strands and number o f  crosslinks per unit volum e o f  the 
elastomers

Elastomer
Types

V at E = 0 
kV/mm 

(strands.cm '3)
V at E = 2 
k Will 111

(strands.cm '3)
Number of 

crosslinks per 
unit volume at E 

= 0 kV/mm 
(crosslinks.cm'3)

Num ber of 
crosslinks per 

unit volume at E 
= 2 kV/mm 

(crosslinks.cm'3)
AR70 6.27xlO iy 2.55x10'° 1.25x10'° 5.10x10'°
AR71 3.54xlO iy - 9 .42xlO iy 7 .0 8 x l0 iy 1.88x10'°
AR72 2 .4 2 x l0 ,y 3 .25xlO iy 4 .84xlO iy 6 .5 0 x l0 iy
SAR - - - -

SIS D1112P 2.08x1 o '0 1.39x10'° 4.16x10'° 2.78x10'°
SBR 1.05x10'^ 2 .0 3 x l0 iy 2 .1 0 x l0 iy 4 .0 6 x l0 iy
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Figure 1 Chemical structures o f  the elastomers: (a) Acrylic elastomers (AR70, AR71 
and AR72); (b) Styrene-acrylic copolymer; (c) Styrene-isoprene-styrene triblock 
copolymer; and (d) Styrene-butadiene elastomer.
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Figure 2 DC specific conductivity o f  the elastomers vs. 1000/T.
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Figure 3 (a) Dielectric constants o f  various elastomers vs. frequencies at T =  300  
K; (b) Dielectric constants o f  all elastomers at various temperatures at f  = 20 Hz; (c) 
dielectric constants o f  pure AR70 matrices vs. frequencies, at various temperatures, 
thickness ~  0.980 mm, applied voltage E =  1 V, with silver coating.
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Figure 4 Temporal response o f  storage modulus (G1) at an electric field strengths 2 
kv/m m , 0 3 =  1 rad/s, strain 1.0%, and at 300K o f  (a) AR70 and (b) SAR.

At steady state
f i n d u c  =  6 9 7  s e c  

1 r e c o v e r =  2 7 1  s e c

o  S A R  tem poral r e s p o n s e  at E =  2  k v /m m , T  =  3 0 0  K
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T em perature (K)
(b)

Figure 5 Effect o f  temperature on G'(co = 1 rad/s) for the acrylic elastomers (AR70, 
AR71, and AR72) on: (a) the storage modulus (G') vs. temperature at E = 0 and 2 
kv/mm; and (b) the storage modulus responses (AG'2kv/mm) vs. temperature and the 
storage modulus sensitivities (AG’/G'o) vs. temperature.
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S IS  D 1 1 1 2  at T =  3 0 0  K, G'0 = 2 5 ,6 1 5  P a , con d u ctiv ity  =  2 .0 5  X 1 0 ‘18 s / c m
S IS  D 1 1 1 2  at T =  3 1 0  K, G'o = 2 8 ,5 3 1  P a , con d u ctiv ity  =  2 .2 7  X 1 0 '18 s / c m
S IS  D 1 1 1 2  at T = 3 2 0  K, G '0 = 3 5 ,5 9 6  P a , con d u ctiv ity  = 2 .6 6  X 1 0 '18 s / c m
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S IS  D 1 1 1 2  at T = 3 6 0  K, G'0 = 5 6 ,9 2 2  P a , con d u ctiv ity  = 2 .3 4  x 1 0 18 s / c m
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Figure 6 Effect o f temperature on G'(® = 1 rad/s) of the styrene copolymers: (a) the 
storage modulus (G') at E = 0 and 2 kv/m m  vs. temperature of SAR; (b) the storage 
modulus responses (AG'2kv/mm) vs. temperature and the sensitivities of storage 
modulus (AG'/G'o) vs. temperature of SAR; (c) the storage modulus (G ■ ) at E = 0 and 
2 kv/m m  vs. temperature of SIS D1112P; (d) the storage modulus responses 
(AG'2kv/mm) V S . temperature and the sensitivities of storage modulus (AG'/G'o) vs. 
temperature of SIS D 1 1 12P; (e) the storage modulus (G') at E = 0 and 2 kv/m m  vs. 
temperature of SBR; and. (f) the storage modulus responses (G'2kv/mm) vs. 
temperature and the sensitivitiesof storage modulus (AG'/G'o) vs. temperature of 
SBR.
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Figure 7 Storage modulus responses (AG'2kv/mm at (0 = 1 rad/s) of the elastomers 
dielectric constant (s') at frequency = 20 Hz: (a) acrylic elastomers; (b) styrene 
copolymers.
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