
CHAPTER IV
POLY(P-PHENYLENE) AND ACRYLIC ELASTOMER BLENDS 

FOR ELECTROACTIVE APPLICATION

A b s t r a c t
P o ly m e r  b le n d s  b e tw e e n  p o ly ( p - p h e n y le n e )  p p p  a n d  a n  a c r y l ic  r u b b e r  ( N ip o l  

A R 7 1 )  w e r e  f a b r ic a te d  in  o r d e r  to  ta i lo r  th e i r  e le c t ro m e c h a n ic a l  p r o p e r t ie s  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 .  E x p e r im e n ts  w e re  c a r r ie d  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 n d  w i th  a p p lie d  e le c t r i c  f ie ld  s t r e n g th  v a r y in g  f ro m  0  to  2  kv/mm. T h e  
d y n a m ic  m o d u l i .  G ' a n d  G " , o f  th e  p u re  A R 7 1  d e p e n d  o n  th e  te m p e r a tu r e  a n d  e le c t r i c  
f ie ld  s t r e n g th ;  th e  s to ra g e  m o d u lu s  ( G ')  m o n o to n ic a l ly  in c re a s e  w i th  in c r e a s in g

AG'e le c t r ic  f ie ld . T h e  s to ra g e  m o d u lu s  s e n s i t iv i ty  ( — — )  in c re a s e s  w i th  e le c t r i c  f ie ld
G 'o

s t r e n g th  a n d  a t t a in s  m a x im u m  v a lu e s  o f  6 4 %  a t th e  E  =  2  k v / m m .  F o r  th e  p o ly m e r  
b le n d s  w i th  th e  u n d o p e d  p a r t i c le  c o n c e n t r a t io n s  o f  5 , 10 , 2 0 , 2 5 , 3 0  a n d  4 0  v o l% , th e  
d y n a m ic  m o d u l i ,  G ' a n d  G "  o f  e a c h  b le n d ,  a r e  h ig h e r  th a n  th o s e  o f  p u re  A R 7 1 . T h e i r

AG's to ra g e  m o d u lu s  s e n s i t iv i ty  ( — 1— ) in c re a s e s  w ith  e le c t r i c  f ie ld  s t r e n g th ;  it  a t t a in s  a
G 'o

m a x im u m  v a lu e  a b o u t  9 7 %  a t E  =  2  k v / m m .  T h e  e f f e c t  o f  te m p e r a tu r e ,  o n  
e le c t r o r h e o lo g ic a l  p r o p e r t ie s  o f  p u re  A R 7 1  a n d  p o ly m e r  b le n d s , is  s tu d ie d  b e tw e e n  
2 7 -7 7  ๐c .  T h e  s to ra g e  m o d u lu s  in c r e a s e s  l in e a r ly  w i th  te m p e r a tu r e  w i th  th e  s lo p e  
p r o p o r t io n a l  to  th e  e f f e c t iv e  s tr a n d  d e n s i ty .

Keywords: E le c t r o a c t iv e  p o ly m e r ,  P o ly ( p -p h e n y le n e ) ,  A c r y l ic  E la s to m e r ,
D y n a m ic  m o d u l i
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I n t r o d u c t i o n
E le c t ro a c t iv e  m a te r ia ls  h a v e  b e e n  c o n t in u o u s ly  d e v e lo p e d  fo r  a  v a r ie ty  o f  

a p p l ic a t io n s  s u c h  a s  m u s c le / in s e c t - l ik e  a c tu a to r s ,  r o b o t ic s ,  d r u g  r e le a s e ,  a n d  e tc . O n e  
ty p e  o f  e le c t r o a c t iv e  m a te r ia ls  is  th e  e le c t r o a c t iv e  p o ly m e r  [1 ], E le c t r o a c t iv e  
p o ly m e r s  (E A P s )  o f f e r  p r o m is in g  a n d  n o v e l c h a r a c te r s :  l ig h tw e ig h t ,  h ig h  e n e r g y  
d e n s i ty ,  a n d  h ig h  f le x ib i l i ty ;  th e y  a re  m a te r ia l  c a n d id a te s  f o r  m u s c le - l ik e  a c tu a to rs .  
D ie le c t r ic  e la s to m e rs  b e lo n g  to  a  ty p e  o f  e le c t r i c - f ie ld - a c t iv a te d  e le c t r o a c t iv e  
p o ly m e r s  th a t  a r e  c a p a b le  o f  p r o d u c in g  la rg e  s tr a in s ,  f a s t  r e s p o n s e ,  a n d  r e la t iv e ly  
h ig h  e f f ic ie n c y  [1 ]. In  p a r t i c u la r ,  a n  a c ry l ic  e la s to m e r  is  a  d ie le c t r ic  m a te r ia l  w h ic h  
h a s  m a n y  a d v a n ta g e o u s  c h a r a c te r s  o v e r  o th e r  d ie le c t r ic  p o ly m e r s :  in e x p e n s iv e n e s s ,  
f le x ib i l i ty ,  lo w  s w e l l in g  in  w a te r ,  h ig h  te n s i le  s t r e n g th ,  g o o d  r e s i l ie n c e ,  a n d  h ig h  
r e s p o n d  u n d e r  e le c t r ic  f ie ld  [2 , 3 ] . T h e s e  c h a r a c te r i s t ic s  a r e  d e s i r a b le  p r o p e r t ie s  
r e q u i r e d  to  in d u c e  la r g e  a c tu a t io n  s tr a in s  w h e n  s u b je c t in g  a  m a te r ia l  to  a n  e le c t r ic  
f ie ld .

R e c e n tly ,  in c o r p o ra t io n  o f  a  c o n d u c t iv e  p o ly m e r  in to  a  d ie le c t r ic  e la s to m e r  
f o rm in g  a  c o m p o s i te  h a s  b e e n  o f  in te re s t .  S h ig a  et a l. [4] s tu d ie d  th e  
e le c t ro v is c o e la s t i c  e f f e c t  o f  th e  p o ly m e r  b le n d  b e tw e e n  p o ly ( p - p h e n y le n e )  a n d  
s i l ic o n e  e la s to m e r . T h e y  m ix e d  th e  p o ly (p -p h e n y le n e )  p a r t i c le s  w i th  s i l ic o n e  
e la s to m e r  s o lu t io n . T h e y  c o n tr o l le d  th e  m o r p h o lo g y  o f  d i s p e r s e  p h a s e  b y  a p p l ie d  th e  
e le c t r ic  f ie ld  to  p o ly m e r  s o lu t io n . T h e y  fo u n d  th a t  th e  s to ra g e  a n d  lo s s  m o d u lu s  
s e n s i t iv i ty  (A G ' a n d  A G ") w e r e  in c re a s e d  l in e a r ly  w i th  th e  v o lu m e  f r a c t io n  o f  p o ly (p -  
p h e n y le n e )  p a r t i c le s  b u t  th e  v o lu m e  f ra c t io n  o f  p a r t i c le s  b e lo w  8 .4  v o l%  c o u ld  n o t 
p r o d u c e  th e  e le c t ro v is c o e la s t i c  r e s p o n d e d .  S h ig a  a n d  c o w o r k e r  h a d  s tu d ie d  th e  e f f e c t  
o f  m o r p h o lo g y  o f  th e  d is p e r s e  p h a s e .  T h e  r e s u l t  s h o w  th a t  in  th e  c a s e  o f  th e  r a n d o m  
d is p e r s e d  th e  s to ra g e  m o d u lu s  in c re a s in g  l in e a r ly  w i th  in c re a s in g  o f  e le c t r i c  f ie ld  b u t 
th e s e  r e la t io n  d id  n o t  l in e a r ly  in  th e  c a s e  o f  th e  s t r a ig h t  l in e  s t r u c tu r e .  T h e  e f f e c t  o f  
te m p e r a tu r e  o n  th e  e le c t r o v is c o e la s t i c  r e s p o n s e  w a s  s tu d ie d  b y  S h ig a ,  th e  r e s u l t  s h o w  
th a t  th e  e le c t ro c v is c o e la s t ic  e f f e c t  s ta r ts  o v e r  5 0  ° c  a n d  a t t a in s  m a x im a  a t  11 0  ° c .  
F ro m  th e  r e s u l t s  th a t  s tu d ie d  b y  S h ig a , w e  e x p e c t  th a t  th e  c o n d u c t iv e  p o ly m e r s  c a n  
o f f e r  a  v a r ie ty  o f  b e n e f i t s  to  th e  h o s t  e la s to m e r :  v a r ia b le  c o n d u c t iv i ty ,  im p r o v e d  
th e rm a l  s ta b i l i ty ,  a n d  m e c h a n ic a l  p r o p e r t ie s .  E x a m p le s  a r e  a  p o ly a n i l e n e -
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p o ly is o p r e n e  c o m p o s i te  fo r  b io s e n s o r  a p p l ic a t io n  [5 ] , a  p o ly a n i le n e - E P D M  
c o m p o s i te  [6 ], a n d  T iC fi e m b e d d e d  in  P D M S  g e ls  fo r  a c tu a to r  a p p l i c a t io n  [7 ].

In  o u r  w o rk ,  w e  a re  in te r e s te d  in  p o ly ( p - p h e n y le n e ) /N ip o l  A R 7 1  e la s to m e r  
b l e n d s  a s  c a n d id a te s  fo r  a r t i f ic ia l  m u s c le s  o r  a c tu a to rs .  T h e  th e r m a l  p r o p e r t ie s ,  
e le c t r i c a l  p r o p e r t ie s ,  a n d  e le c t ro rh e o lo g ic a l  p r o p e r t ie s  w e r e  in v e s t ig a te d  in  t e n u s  o f  
p o ly ( p - p h e n y le n e )  p a r t i c le  c o n c e n t r a t io n ,  te m p e ra tu re ,  a n d  e le c t r i c  f ie ld  s tr e n g th .

E x p e r i m e n t a l
M a teria ls
B e n z e n e  s o lu t io n  ( A R  g ra d e , T h a i a r o m a tic  C o . ,L T D )  w a s  u s e d  a s  th e  

m o n o m e r .  A lu m in iu m  c h lo r id e ,  A lC f i  (A R  g ra d e , R ie d e l - d e lH e a n )  w a s  u s e d  a s  th e  
o x id a n t .  C u p r ic  c h lo r id e ,  C u C b  (A R  g ra d e , F lu k a - A ld r ic h )  w a s  u s e d  a s  th e  c a ta ly s t .  
T h e  s u lp h u r ic  a c id  d o p a n t ,  H 2S O 4 (A R  g ra d e , F lu k a - A ld r ic h )  w a s  u s e d  a s  r e c e iv e d . 
A c r y l ic  e la s to m e rs  N ip o l  A R 7 1  ( C o m m e rc ia l  g ra d e , Z e o n  P o ly m ix  A d v a n c e  
C o .,L T D )  w e r e  u s e d  a s  th e  p o ly m e r  m a tr ic .

S yn th esis P o ly (p -p h en y len e) a n d  p re p a ra tio n  o f  P o lym er  B le n d
W e  f o l lo w e d  th e  p o ly (p -p h e n y le n e )  s y n th e s i s  p r o c e d u r e  o f  K o v a c ic  [8 ] u s in g  

b e n z e n e ,  A lC f i ,  a n d  C u C fi . T h e  r e a c t io n  w a s  c a r r ie d  o u t  u n d e r  n i t r o g e n  in  a  3 - n e c k  
f la s k  e q u ip p e d  w i th  a  p a n d d le  s ti r re r . A f te r  th e  d r o p w is e  a d d i t io n  o f  b e n z e n e  (1 
m o le )  a n d  a lu m in u m  c h lo r id e  (0 .5  m o le ) , c u p r ic  c h lo r id e  (0 .5  m o le )  w a s  in t r o d u c e d  
in to  th e  s o lu t io n . T e m p e r a tu r e  w a s  r a is e d  u p to  3 5 -3 7 ° C , a n d  th e  r e a c t io n  w a s  
a l lo w e d  to  p r o c e e d  f o r  3 h o u r s .  T h e n  th e  s o lu t io n  w a s  c o o le d  to  5°c a n d  f i l te re d  w i th  
1 8 %  H C 1 s o lu t io n . T h e  o b ta in e d  p o ly (p -p h e n y le n e )  p o w d e r  w a s  w a s h e d  w i th  b o i l in g  
1 8 %  H C 1 s o lu t io n s  u n ti l  th e  w a s h in g  s o lu t io n s  w e r e  c o lo r le s s .  T h e  p o ly (p -  
p h e n y le n e )  p o w d e r  w a s  f in a l ly  w a s h e d  w i th  h o t  w a te r  u n t i l  th e  w a s h in g s  h a d  a  pF l o f
7 .0 . A f te r  d r y in g  a t  2 7 ° c  u n d e r  v a c u u m  fo r  12 h o u r s ,  th e  f in a l  o b ta in e d  p r o d u c t  w a s  
in  th e  fo rm  o f  a  f in e ly  d iv id e d ,  l ig h t  b ro w n  s o l id  p o w d e r .  G r e a t  c a r e  w a s  ta k e n  to  
a v o id  c o n ta m in a t io n  f ro m  m o is tu r e  [9 -1 1 ] . W e  f o l lo w in g  th e  d o p in g  p r o c e d u r e  o f  
p o ly ( p - p h e n y le n e )  f ro m  p r e v io u s  w o rk  [1 2 ] , A  s u s p e n s io n  o f  d r ie d  p o ly (p -  
p h e n y le n e )  p o w d e r  in  s u lp h u r ic  a c id  w a s  p r e p a r e d  in  a  s e a le d  f la s k . T h e  m o le  o f  
s u lp h u r ic  a c id  (Nacid) w a s  v a r ie d  v s . th e  m o le  o f  m o n o m e r  (Nmonomer)- Nacid : 
Nmonomer v a lu e s  c h o s e n  w e r e  1 :1 0 0 , 1 : 1 0 , 1 : 1 , 1 0 : 1  a n d  1 0 0 :1 . T h e  m ix tu r e  w a s
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s t i r r e d  fo r  2  h o u r ,  a t  te m p e r a tu r e  o f  5 ° c ,  u n d e r  n i t r o g e n  a tm o s p h e r e .  T h e  d o p e d  
p o ly ( p - p h e n y le n e )  w a s  f i l te r e d  o u t  b y  a  fu n n e l .  A f te r  d r y in g  a t  2 7 ° c  u n d e r  v a c u u m  
f o r  12 h r ,  th e  o b ta in e d  p r o d u c ts  w e r e  d a r k  b r o w n  p o w d e r s  w h o s e  c o lo r  d e p e n d e d  o n  
th e  d e g re e  o f  d o p in g .

T h e  b le n d s  w e r e  p r e p a r e d  b y  m e c h a n ic a l  b le n d in g  o f  P o ly ( p - p h e n y le n e )  w i th  
a n  a c r y l ic  e la s to m e r . W e  d is s o lv e d  7 c m 3 o f  a c ry lic  e la s to m e r  ( N ip o l  A R 7 1 )  in  7 0  
c m 3 o f  a c e to n e  a n d  s t i r r e d  fo r  a b o u t  10 h o u rs . T h e n  w e  a d d e d  p p p  p o w d e r  a n d  
s t i r r e d  th e  m ix tu r e  o v e r  n ig h t .  T h e  d i s p e r s io n  o f  p a r t ic le  is  r a n d o m ly .  C o n c e n t r a t io n s  
o f  P P P  in  A R 7 1  p r e p a r e d  w e r e  5 , 10 , 15 , 2 0 . 2 5 , 3 0 , a n d  4 0 %  v o l. W e  c a s t  th e  s h e e ts  
in  a  m o ld  a n d  le f t  th e m  in  a  v a c u u m  o v e n  to  r e m o v e  b u b b le s  a t  2 7 ° c  fo r  2 4  h o u rs .

C h a ra c ter iza tio n  a n d  T esting
T h e  u n d o p e d  a n d  d o p e d  p o ly (p -p h y n y le n e )  ( P P P )  w e r e  c h a r a c te r iz e d  b y  a  

F T - I R  s p e c t r o m e te r  in  o r d e r  to  id e n t i fy  th e ir  fu n c t io n a l  g r o u p s . T h e  F T - I R  
s p e c t r o m e te r  ( T h e rm o  N ic o le t ,  N e x u s  6 7 0 )  w a s  o p e ra te d  in  th e  a b s o r p t io n  m o d e  w i th  
3 2  s c a n s  a n d  a  r e s o lu t io n  o f  ± 4  c m '1, c o v e r in g  a  w a v e n u m b e r  r a n g e  b e tw e e n  4 0 0  to
4 ,0 0 0  c m '1, u s in g  a  d e u te r a te d  t r ig ly c in e  s u l f a te  d e te c to r .  O p tic a l  g r a d e  K B r  ( C a r lo  
E r b a  R e a g e n t )  w a s  u s e d  a s  th e  b a c k g r o u n d  m a te r ia l .  T h e  s y n th e s iz e d  p p p  w a s  
in t im a te ly  m ix e d  w i th  d r ie d  K B r  a t  a  r a t io  o f  P P P :K B r  =  1 :2 0

T h e  U V - V is ib le  s p e c t ra  o f  u n d o p e d  a n d  d o p e d  P o ly ( p -p h y n y le n e )  w e r e  
r e c o r d e d  w i th  a  U V - V is  a b s o rp t io n  s p e c t ro m e te r  ( P e r k in - E lm e r ,  L a m b d a  10 ). 
M e a s u r e m e n ts  w e r e  t a k e n  in  th e  r e f le c ta n c e  m o d e  in  th e  w a v e le n g th  r a n g e  b e tw e e n  
2 0 0 - 9 0 0  n m . S y n th e s iz e d  p p p  w a s  g r in d e d  in to  a  f in e  p o w d e r  a n d  p u t  in to  a  s a m p le  
h o ld e r .  T h e  s c a n  s p e e d  w a s  1 0 0  m m /m in ,  a n d  a  s l i t  w id th  o f  5 .0  n m  u s in g  a  
d e u te r iu m  la m p  a s  th e  l ig h t  s o u rc e .

A  th e rm a l  g r a v im e tr ic  a n a ly z e r  ( D u P o n t ,  m o d e l  T G A  2 9 5 0 )  w a s  u s e d  to  
d e te rm in e  th e  a m o u n t  o f  m o is tu r e  c o n te n t  a n d  th e  d e c o m p o s i t io n  te m p e r a tu r e s  o f  
u n d o p e d  a n d  d o p e d  p o ly ( p - p h e n y e n e )  a t  v a r io u s  m o le  r a t io s  o f  d o p a n t  to  p o ly ( p -  
p h e n y le n e )  w i th  th e  te m p e r a tu r e  s c a n  f ro m  3 0  to  9 0 0 ° c ,  a n d  w i th  a  h e a t in g  r a te  o f  
1 0 ° c /m in .  T h e  s a m p le s  w e r e  w e ig h te d  in  th e  r a n g e  o f  5 -1 0  m g  a n d  lo a d e d  in to  a  
p la t in u m  p a n ,  a n d  th e n  h e a te d  it u n d e r  a  n i t r o g e n  g a s  f lo w .

S c a n n in g  e le c t r o n  m ic r o g r a p h s  w e r e  ta k e n  w i th  a  s c a n n in g  e le c t r o n  
m ic r o s c o p e  ( J E O L , m o d e l  J S M - 5 2 0 0 )  to  d e te rm in e  th e  m o r p h o lo g y  o f  p o ly (p -
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p h e n y le n e )  in  p o w d e r  fo rm s  a n d  P P P /A R 7 1  b le n d s  a t  v a r io u s  p a r t i c le  c o n c e n t r a t io n s .  
T h e  s c a n n in g  e le c t r o n  m ic r o g r a p h s  o f  p o ly (p -p h e n y le n e )  a n d  p o ly m e r  b le n d s  w e re  
o b ta in e d  b y  u s in g  a n  a c c e le r a t io n  v o l ta g e  o f  2 0  k v  w ith  m a g n if ic a t io n s  o f  3 5 0  a n d  
1 5 0 0  t im e s .

X - ra y s  d i f f r a c t io n  p a t te r n s  a s  r e c o r d e d  b y  a  d i f f r a c to m e te r  ( P h i l l ip s  P W  
1 8 3 0 /0 0  N o .D F  1 2 4 1 )  b e tw e e n  a n g le s  o f  5 -3 5 °  w e re  u s e d  to  s tu d y  th e  a to m ic  
a r r a n g e m e n ts  a n d  th e  d e g re e  o f  c r y s ta l l in i ty  o f  u n d o p e d  p o ly ( p - p h e n y le n e )  a n d  
d o p e d  p o ly ( p - p h e n y le n e ) .  S a m p le s  w e r e  p r e p a r e d  in  a  p e l le t  f o rm  f ro m  th e  
c o m p re s s io n .

P a r t ic le  s iz e s  o f  p o ly (p -p h e n y le n e )  w e r e  d e te r m in e d  b y  u s in g  a  p a r t i c le  s iz e  
a n a ly z e r  ( M a lv e rn  I n s t r u m e n ts  L td . M a s te r iz e r  X  V e r s io n  2 .1 5 ) .  T h e  le n s e s  u s e d  in  
th is  e x p e r im e n t  w e r e  3 0  m m . T h e  s a m p le  w a s  p la c e d  in  a  s a m p le  c e l l  a c r o s s  a  la s e r  
b e a m . T h is  in s t r u m e n t  m e a s u r e d  th e  a v e r a g e  p a r t ic le  s iz e  a n d  th e  s ta n d a r d  s iz e  
d i s t r ib u t io n .

E le c t r ic a l  c o n d u c t iv i ty  w a s  m e a s u r e d  b y  a  m e te r  w h ic h  c o n s is t s  o f  tw o  
p ro b e s  m a k in g  c o n ta c t  o n  a  s u r fa c e  o f  f i lm  s a m p le . T h e  p r o b e s  w e r e  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 )  fo r  a  c o n s ta n t  v o l ta g e  s o u rc e  a n d  fo r  r e a d in g  
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  c u r r e n t  c h a n g e  in  th e  l in e a r  O h m ic  r e g im e  w e r e  
c o n v e r te d  to  th e  e le c t r i c a l  c o n d u c t iv i ty  o f  p o ly m e r  u s in g  e q u a t io n  (1 )  a s  fo l lo w s :

1 1
p  ~ Rร

1
K x V x t (1 )

w h e re  a  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 i f ic  r e s i s t iv i ty  ( Q .c m ) ,  R s is  th e  
s h e e t r e s i s t iv i ty  ( Q ) , I is  th e  m e a s u r e d  c u r r e n t  (A ) , K  is  th e  g e o m e tr ic  c o r r e c t io n  
f a c to r ,  V  is  th e  a p p l ie d  v o l ta g e  ( v o l ta g e  d r o p )  (V ) , a n d  t is  th e  p e l le t  th ic k n e s s  (c m ) .

T h e  g e o m e tr ic a l  c o r r e c t io n  f a c to r  w a s  ta k e n  in to  a c c o u n t  o f  g e o m e tr ic  
e f f e c ts ,  d e p e n d in g  o n  th e  c o n f ig u r a t io n  a n d  p r o b e  t ip  s p a c in g  a n d  w a s  d e te r m in e d  b y  
u s in g  s ta n d a r d  m a te r ia l s  w h e re  s p e c i f ic  r e s i s t iv i ty  v a lu e s  w e r e  k n o w n ;  w e  u s e d  
s i l ic o n  w a f e r  c h ip s  (SiC>2). In  o u r  c a s e , th e  s h e e t  r e s i s t iv i ty  w a s  m e a s u r e d  b y  u s in g  
th e  tw o - p o in t  p r o b e  a n d  th e n  th e  g e o m e tr ic  c o r r e c t io n  f a c to r  w a s  c a lc u la te d  b y  
e q u a t io n  (2 )  a s  fo l lo w :
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K  =  _ p  =  I x P  
R X t V x t (2 )

w h e re  K  is  th e  g e o m e tr ic  c o r r e c t io n  f a c to r ,  p  is  th e  k n o w n  r e s i s t iv i ty  o f  s ta n d a rd  
s i l ic o n  w a f e r  ( Q .c m ) ,  t  is  th e  f i lm  th ic k n e s s  ( c m ) , R  is  th e  f i lm  r e s i s ta n c e  ( Q ) , a n d  I 
is  th e  m e a s u r e d  c u r r e n t  (A ).

A  m e l t  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 a s  u s e d  to  m e a s u r e  
r h e o lo g ic a l  p r o p e r t ie s .  I t w a 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 le l  p l a te s  f ix tu re  
( d ia m e te r  o f  2 5  m m ) . A  D C  v o l ta g e  w a s  a p p l ie d  w ith  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  e le c t r ic  f ie ld  s tr e n g th  to  2 k v / m m .  A  d ig i ta l  
m u l t im e te r  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 t r 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 re  
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 i r 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 tr a in s  to  m e a s u r 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 ro p r ia te  s t r a in  w a s  d e te r m in e d  to  b e  0 .1 %  fo r  
p u re  A R 7 1  a n d  fo r  th e  u n d o p e d  p o ly (p -p h e n y le n e )  b le n d e d  w i th  A R 7 1  m a tr ix ,  
r e s p e c t iv e ly .  T h e n  f r e q u e n c y  s w e e p  te s ts  w e r e  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 . 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 .  B e fo re  e a c h  m e a s u r e m e n t ,  p u re  A R 7 1  a n d  p o ly (p -  
p h e n y le n e ) /A R 7 1  b le n d s  s a m p le s  w e re  p r e s h e a r e d  a t a  lo w  f r e q u e n c y  (0 .0 3 9 8 1 1  
r a d /s ) ,  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  13 m in u te s  to  e n s u re  th e  fo rm a t io n  
o f  e q u i l ib r iu m  p o la r iz a t io n  b e f o r e  th e  G ' a n d  G ”  m e a s u r e m e n ts .  E x p e r im e n ts  w e re  
c a r r ie d  o u t  a t th e  t e m p e ra tu re  o f  2 7  °c a n d  r e p e a te d  a t  le a s t  tw o  o r  th r e e  t im e s .  T h e  
e f f e c t  o f  te m p e r a tu r e  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  2 7 - 7 7 ° C  fo r  p u re  
A R 7 1  a n d  p o ly m e r  b le n d  P P P /A R 7 1  a t 3 0 % v o l.  T h e  te m p o r a l  r e s p o n s e  e x p e r im e n ts  
w e r e  c a r r ie d  o u t  a t  1 a n d  2  k v / m m  fo r  p u re  A R 7 1  a n d  th e  p o ly m e r  b le n d  P P P /A R 7 1  
a t 3 0 % v o l.
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R e s u l t s  a n d  D is c u s s io n
C h a ra c te r iza tio n  o f  P o ly(p -ph en ylen e)
A  F T -I R  s p e c t ru m  o f  th e  u n d o p e d  p o ly (p -p h e n y le n e )  w a s  t a k e n  to  id e n t i fy  

th e  c h a r a c te r i s t ic  a b s o rp t io n  p e a k s  [1 0 ] . T h e  c h a r a c te r is t ic  p e a k s  o f  u n d o p e d  p o ly (p -  
p h e n y le n e )  a r e  a t  3 ,0 2 5 -3 ,0 2 0  c m '1, 1 ,4 7 7  c m '1, 1 ,0 0 0  c m '1, 8 0 5  c m '1, 7 5 7  c m '1, a n d  
6 9 3  c m " 1. T h e s e  p e a k s  c a n  b e  a s s ig n e d  to  th e  C -H  s t r e tc h in g  o f  b e n z e n e  r in g ; th e  
d o u b le  s id e s  p - s u b s t i tu te  s t r e tc h in g  o f  b e n z e n e  r in g ;  th e  C -C  s t r e tc h in g  o f  b e n z e n e  
r in g , a n d  th e  s in g le  s id e  p - s u b s t i tu te  s t r e tc h in g ,  r e s p e c t iv e ly  [1 0 ] . A  F T - I R  s p e c t ru m  
o f  th e  d o p e d  p o ly ( p - p h e n y le n e )  w a s  ta k e n  to  id e n t i fy  th e  c h a r a c te r i s t ic  a b s o rp t io n  
p e a k s  [1 2 ] , T h e  c h a r a c te r i s t ic  p e a k s  o f  d o p e d  p o ly (p -p h e n y le n e )  a re  a t  1 ,5 3 0  c m '1, 
1 ,0 8 0  c m '1 a n d  8 1 0  c m '1. T h e s e  p e a k s  c a n  b e  a s s ig n e d  to  th e  d o u b le  s id e s  p -  
s u b s t i tu te  s t r e tc h in g  o f  b e n z e n e  r in g  a f te r  d o p in g , a n d  th e  C -C  s t r e tc h in g  o f  b e n z e n e  
r in g  a f te r  d o p in g ,  r e s p e c t iv e ly  [1 2 ] . T h e  m o s t  im p o r ta n t  p e a k  a re  th e  C -C  s t r e tc h in g  
o f  b e n z e n e  r in g  a n d  th e  s in g le  s id e  p - s u b s t i tu te  s t r e tc h in g  a t  1 4 7 7  a n d  8 0 5  c m '1, 
r e s p e c t iv e ly .  A f te r  th e  d o p in g  p r o c e s s ,  th e s e  p e a k s  s h i f t  to  h ig h e r  w a v e le n g th s  [1 3 ] .

U V - v is ib le  a b s o r p t io n  s p e c t ra  o f  u n d o p e d  p o ly ( p - p h e n y le n e )  in  p o w d e r  f o rm  
s h o w  a  r e f le c ta n c e  p e a k  a t  3 5 0  n m  c o r r e s p o n d in g  to  th e  7โ-7โ* t r a n s i t io n  o f  th e  

b e n z o id  r in g  [1 3 ] , A f te r  d o p in g ,  th e  r e f le c ta n c e  p e a k  o f  th e  71-71* t r a n s i t io n  o f  th e  
b e n z o id  r in g  s h if ts  to  3 0 0 - 4 0 0  n m  [1 4 ],

T h e  T G A  th e r m o g r a m  o f  u n d o p e d  p o ly ( p - p h e n y le n e )  s h o w s  a  d e g r a d a t io n  
p e a k  a t  7 0 0  °c c o r r e s p o n d in g  to  th e  b a c k b o n e  d e g r a d a t io n  [8 ]. T h e  h ig h ly  d o p e d  
p o ly ( p - p h e n y le n e )  th e r m o g r a m  s h o w s  tw o  d e g r a d a t io n  s te p s  a t  220 °c a n d  7 0 0  °C; 
th e y  c a n  b e  r e f e r r e d  to  th e  s h o r t  c h a in  a n d  th e  lo n g  c h a in  d e g r a d a t io n s ,  r e s p e c t iv e ly .  
T h e  a c r y l ic  e la s to m e r s  N ip o l  A R 7 1  th e rm o g ra m  s h o w s  a  d e g r a d a t io n  p e a k  a t  3 0 0 ° c .

T h e  a v e r a g e  p a r t i c le  d ia m e te r  o f  p o ly (p -p h e n y le n e )  is  a p p r o x im a te ly  4 6  p m  
w i th  s ta n d a r d  d e v ia t io n  o f  2  p m . H ig h ly  d o p e d  a n d  u n d o p e d  p o ly ( p - p h e n y le n e )  
p a r t i c le  m ic r o s t r u c tu r e  w a s  o b s e rv e d  u s in g  a  s c a n n in g  e le c t ro n  m ic r o s c o p e  ( S E M ). 
F ig u r e s  1 ( a ) - (b )  s h o w  th e  s h a p e s  o f  th e  u n d o p e d  a n d  th e  d o p e d  p o ly ( p - p h e n y le n e )  
p a r t i c le s ;  th e y  a re  q u i te  i r r e g u la r  in  s h a p e . F ig u r e  1 (c ) , o f  th e  p o ly m e r  b le n d  
b e tw e e n  A R 7 1  a n d  3 0  v o l%  u n d o p e d  p o ly ( p - p h e n y le n e ) ,  s h o w s  th a t  p a r t i c le s  a re  
d i s p e r s e d  u n i f o r m ly  w i th in  th e  A R 7 1  m a tr ix .
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T h e  X - ra y  c h a r a c te r i s t ic  p e a k s  o f  u n d o p e d  p o ly ( p - p h e n y le n e )  a r e  a t  2 0  e q u a l  
to  1 9 .5 8 , 2 2 .4 8 . a n d  2 7 .9 4 , w i th  c o r r e s p o n d in g  d - s p a c in g s  o f  4 .5 3 0 1 ,  3 .9 5 1 8 ,  a n d  
3 .1 9 0 7  A , r e s p e c t iv e ly .  T h e  d - s p a c in g  a t 1 9 .5 8 °  c a n  b e  r e f e r r e d  to  th e  le n g th  o f  a  
p h e n y l  u n it ;  th e  r in g  is  n e a r ly  p l a n a r  a n d  c o m p le te ly  o f  p a r a  s u b s t i tu t io n .  A f te r  
d o p in g ,  th e  n e w  p e a k  h a s  n o t  b e e n  d e te c te d  b u t  th e  p e a k s  s h if ts  to  h ig h e r  2 0  v a lu e s ,  
a n d  th e  p e a k  in te n s i ty  d e c r e a s e s .  T h e  d - s p a c in g s  s l ig h t ly  d e c r e a s e d  w h ic h  s u g g e s ts  
th a t  th e  s t r u c tu r e s  a re  m o r e  c lo s e ly  p a c k e d  [1 5 , 16 ].

T h e  s p e c i f ic  c o n d u c t iv i ty  o f  u n d o p e d  a n d  d o p e d  p p p  a n d  p o ly m e r  b le n d s  w a s  
m e a s u r e d  b y  a  c u s to m - b u i l t  tw o  p o in t  p ro b e  ( K e i th le y ,  M o d e l  6 5 1 7 A ) . T h e  s p e c i f ic  
c o n d u c t iv i ty  o f  u n d o p e d  p p p  is  5 .2 8 x 1  O'6 s / c m  w i th  a  s ta n d a r d  d e v ia t io n  o f  4 .8 6 x 1 0 ' 
7 S /c m . T h e  s p e c i f ic  c o n d u c t iv i ty  o f  d o p e d  p p p  a t  Nacid : Nmonomer e q u a l  to  1 :1 0 0 , 
1 :1 0 , 1 :1 , 1 0 :1 , a n d  100 :1  a re  1 . 0 7 x l 0 '6, 1 . 5 6 x l 0 '6, 3 . 4 8 x l 0 '5, 3 . 3 1 x l 0 '4, a n d  
1 .3 0 x 1 0 '3 S /c m  w i th  s ta n d a rd  d e v ia t io n s  o f  1 .6 6 x 1 0 '7, 7 .2 4 x 1  O'7, 2 .8 6 x 1  O'6, 

4 .7 8 x 1 0"5, a n d  2 .2 6 x 1 0 '5 s / c m ,  r e s p e c t iv e ly .

E lec tro rh e o lo g ic a l P ro p e r tie s
E ffect o f  C o n cen tra tion
E ffe c t  o f  p o ly ( p - p h e n y le n e )  c o n c e n t r a t io n  o n  th e  r h e o lo g ic a l  p r o p e r t ie s  o f  

p o ly m e r  b le n d s  b e tw e e n  p o ly ( p - p h e n y le n e )  a n d  A R 7 1  w a s  f ir s t  in v e s t ig a te d .  T h e  
m o r p h o lo g y  o f  d i s p e r s e  p h a s e  is  r a n d o m ly .  P o ly ( p - p h e n y le n e )  c o n c e n t r a t io n s  o f  th e  
b le n d s  a r e  0 , 5 , 10 , 2 0 , 2 5 , 3 0 , a n d  4 0 %  v o l. F ig u r e  2 (a )  s h o w s  th e  s to ra g e  m o d u lu s  
(G ')  v s .  f r e q u e n c y  a t  e le c t r i c  f ie ld  s t r e n g th s  o f  0  a n d  2  k v / m m  a n d  a t  s t r a in  e q u a l  to
0.1 % . G 'o a n d  G ' 2kv/mm in c re a s e  l in e a r ly  w i th  in c re a s in g  p a r t ic le  c o n c e n t r a t io n .  T h e  
l in e a r i ty  o f  G 'o  v s . c o n c e n t r a t io n  e n d s  a t  2 0  %  v o l;  b e y o n d  th is  c o n c e n t r a t io n  th e  
in c re a s e  is  n o n l in e a r .  F o r  G ?2kv/mm th e  l in e a r i ty  e x te n d s  u p  to  th e  m a x im u m  
c o n c e n t r a t io n  o f  4 0  % . In  th is  f ig u re ,  w e  a ls o  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  
AGAkv/mm v s . c o n c e n t r a t io n .  It c a n  b e  s e e n  th a t  th e  r e s p o n s e  is  m a x im u m  a t 3 0  %  
v o l;  it  is  e q u a l  to  1 0 7 ,7 7 0  P a . T h e  c o r r e s p o n d in g  s e n s i t iv i ty  v a lu e  is  0 .9 7 1 , a s  a ls o  
t a b u la te d  in  T a b le  1 T h e  m ix in g  o f  p o ly ( p - p h e n y le n e )  p a r t i c le s  in to  A R 7 1  le a d s  to  
th e  in c r e a s e s  in  b o th  G ' a n d  G "  w i th  a n d  w i th o u t  e le c t r ic  f ie ld . T h e  in c r e a s in g  o f  G 'o  
c a n  b e  a t t r ib u te d  to  th e  e f fe c t  o f  p a r t i c le s  a c t in g  a s  f i l le r s .  T h e  c o r r e s p o n d in g
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in c re a s e  in  G "  c a n  b e  a t t r ib u te d  to  th e  in d u c e d  f re e  v o lu m e  a n d  th e  f a c t  th a t  th e  
in te r f a c e  o f  th e  p a r t i c le s  a n d  th e  m a tr ix  is  p o o r .

F ig u re  2 (b )  s h o w s  th e  r e la t io n  b e tw e e n  th e  r e s p o n s e  A G '2kv/mm a n d  th e  

s e n s i t iv i ty  A G '2kv/mm /G 'o  v s . G 'o  o f  th e  p u re  A R 7 1  a n d  v a r io u s  p o ly m e r  b le n d s . T h e  
s to ra g e  m o d u lu s  s e n s i t iv i ty  v a lu e s  a t  e le c t r i c  f ie ld  s tr e n g th  o f  2  k v / m m  a re  6 1 .7 , 
2 3 .8 ,  3 0 .6 , 7 1 .0 , 7 6 .3 , 9 7 .1 , a n d  1 4 .3 %  fo r  p u re  A R 7 1 , a n d  b le n d s  o f  5 , 10 , 15 , 2 0 , 
2 5 , 3 0 , a n d  4 0  v o l% . T h e  s e n s i t iv i ty  f ir s t  d e c r e a s e s  w i th  G 'o  , th e n  r i s e s  to w a r d s  a  
m a x im u m , a n d  th e n  d e c r e a s e s  m o n o to n ic a l ly  w i th  th e  p a r t i c le  c o n c e n t r a t io n  g r e a te r  
th a n  3 0  %  v o l. T h e  in itia l d e c r e a s e  in  th e  G ‘ r e s p o n s e  s u g g e s ts  th a t  a  v e r y  s o f t  
m a tr ix  c a n  b e  r e a d i ly  a c t iv a te d  w ith  e le c t r ic  f ie ld . F o r  a  s m a l l  a m o u n t  o f  p a r t i c le s  
a d d e d , th e  f i l le r s  in d u c e  o n ly  a d d i t io n a l  f re e  v o lu m e , th e  n u m b e r  o f  p a r t i c le s  is  to o  
s m a l l ,  a n d  th e  d is ta n c e s  b e tw e e n  p a r t i c le s  a r e  to o  la rg e  to  c r e a te  a  s ig n i f ic a n t  p a r t i c le  
in te r a c t io n  th ro u g h  th e  e le c t r i c  f ie ld - in d u c e d  d ip o le  m o m e n ts .  T h e r e f o r e ,  th e  
s e n s i t iv i ty  is  lo w  a t lo w  p a r t i c le  c o n c e n t r a t io n .  A s  m o re  p a r t i c le s  a re  a d d e d  to  th e  
m a tr ix ,  th e  d i s ta n c e s  b e tw e e n  p a r t i c le s  b e c o m e  s m a l le r  a n d  s t r o n g e r  in te r p a r t ic le  
in te r a c t io n s  r e s u l t .  P h y s ic a l ly ,  th e  in d u c e d  d ip o le  m o m e n ts  c a n  b e  th o u g h t  o f  
g e n e ra t in g  a n  e q u iv a le n c e  o f  e le c t r ic  n e tw o rk  s t r a n d s  w h ic h  in c re a s e  th e  s to ra g e  

m o d u lu s  r e s p o n s e  a n d  s e n s i t iv i ty .  T h e  m a x im u m  A G ?2kv/mm a n d  A G '2kv/mm/G'o 
o c c u r s  w i th  th e  m a te r ia l  s y s te m  A R 7 1 :3 0 _ u n .  F o r  th e  m a te r ia l  s y s te m  w ith  th e  
h ig h e s t  p a r t ic le  c o n c e n t r a t io n  o f  4 0  %  v o l c o r r e s p o n d in g  to  th e  h ig h e s t  G 'o , th e  
e f f e c t  o f  e le c t r ic  f ie ld  a p p e a r s  to  d im in is h  s in c e  th is  s y s te m  is  p r e s u m a b ly  h a r d e n e d  
w i th o u t  e le c tr ic  f ie ld  a p p l ie d , a n d  th e  p h a s e  s e p a r a t io n  m a y  e x i s t  b e tw e e n  th e  m a tr ix  
a n d  th e  p a r t ic le s ,  a n d  c o n s e q u e n t ly  a  p o o r  s t r e s s  t r a n s f e r ;  a n  a d d i t io n a l  in c re a s e  in  G ’ 
w i th  e le c t r ic  f ie ld  is  h a m p e re d .

S h ig a  e t al. [4 ] w a s  fo u n d  th e  s im i l a r  e f fe c t  fo r  p o ly ( p - p h e n y le n e )  a n d  
s i l ic o n e  e la s to m e r  b le n d . T h e  e le c t r o v is c o e la s t i c  e f fe c t  in c re a s e d  w i th  in c r e a s in g  o f  
p a r t i c le  c o n te n t .  T h e y  fo u n d  th a t  th e  e n h a n c e m e n t  o f  s h e a r  m o d u lu s  w a s  n e g l ig ib le  
b e lo w  8 .4 %  v o l. L iu  e t a l. [1 7 ] r e p o r te d  a  s im i la r  e f fe c t  fo r  s i l ic o n e /s i l ic a  e la s to m e r .  
T h e y  fo u n d  th a t  th e  e n h a n c e m e n t  o f  s h e a r  m o d u lu s  w a s  n e g l ig ib le  b e lo w  8 .0  v o l% , 
b u t  in c re a s e d  d r a m a t ic a l ly  a b o v e  th is  th r e s h o ld  c o n c e n t r a t io n .  A t v o lu m e  f r a c t io n  
a b o v e  5 5  v o l% , th e  s h e a r  m o d u lu s  d e c r e a s e d  b e c a u s e  th e  in te r p a r t ic le  fo rc e
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d e c r e a s e d  w i th  th e  s te r ic  h in d ra n c e  e f fe c t .  K ra u s e  e t a l. [1] r e p o r te d  th a t  th e  
c o m p re s s io n  m o d u lu s ,  in  th e  a b s e n c e  o f  a n  e le c t r ic  f ie ld ,  in c re a s e d  b y  a  f a c to r  o f  2 
w h e n  th e  P A N I  p a r t i c le  c o n c e n t r a t io n  w a s  in c re a s e d  f ro m  0  to  2 0  w t% . T h is  w a s  
e x p e c te d  b e c a u s e  th e  P A N I p a r t i c le s  s h o u ld  a c t a s  f i l le r  p a r t ic le s .  C h o tp a t t a n a n o n t  e t 
al. [1 8 ] f o u n d  th a t  th e  s to ra g e  a n d  lo s s  m o d u li i  o f  a  p o ly m e r  b le n d  b e tw e e n  
p o ly th io p h e n e  a n d  p o ly is o p re n e  in c re a s e d  w ith  in c r e a s in g  p o ly th io p h e n e  
c o n c e n t ra t io n .

E ffect o f  T em peratu re
T h e  e f f e c t  o f  t e m p e ra tu re  o n  th e  r h e o lo g ic a l  p r o p e r t ie s  o f  th e  p r e s t in e  

e la s to m e r  [A R 7 1 ]  w a s  in v e s t ig a te d  n e x t  a t  e le c tr ic  f ie ld  s t r e n g th s  o f  0  a n d  2  k Y /m m  
w i th  th e  t e m p e ra tu re  r a n g e  b e tw e e n  3 0 0 - 3 5 0  K . F ig u re  3 (a )  s h o w s  G 'o  a n d  G ’2kv/mm 
v s . a b s o lu te  te m p e ra tu re .  H e r e  w e  u s e d  o n e  s a m p le  e a c h  fo r  th e  G 'o  a n d  GTkv/mm 
m e a s u r e m e n ts .  W i th o u t  e le c t r ic  f ie ld  a p p l ie d ,  G ’o w a s  m e a s u r e d  s u c c e s s iv e ly  a t  e a c h  
te m p e ra tu re .  E le c t r ic  f ie ld  w a s  f ir s t  a p p l ie d  o n  a n o th e r  s a m p le  f o r  a  p e r io d  o f  10 
m in u te s  b e f o r e  G ’2kv/nim w a s  m e a s u r e d  s u c c e s s iv e ly  a t  e a c h  te m p e r a tu r e .  W e  c a n  s e e  
th a t  th e  s to ra g e  m o d u l i i  in c re a s e  l in e a r ly  w i th  te m p e r a tu r e ,  in  c o n f o r m a t io n  w i th  th e  
c la s s ic a l  n e tw o rk  th e o r y  [1 9 ] :

G '= v k BT  (3 )

w h e re  k e  is  B o l tz m a n n ’ร c o n s ta n t ,  T  is  th e  a b s o lu te  te m p e r a tu r e  [K ] , a n d  V  is  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  [ 1 /c m 3]. S in c e  th e  e la s to m e r  w a s  u n m o d i f i e d  a n d  n o  
c r o s s l in k s  e x is te d ,  th e  l in e a r  d e p e n d e n c e  o f  G ’o a n d  G ’2kv/mm o n  T  p r e s u m a b ly  s te m s  
f ro m  p h y s ic a l  e n ta n g le m e n ts .  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 i c  f ie ld  
a t  a n y  te m p e r a tu r e  in v e s t ig a te d ,  a s  a  r e s u l t  o f  th e  d ip o le -d ip o le  in te r a c t io n s  c r e a te d  
b y  th e  e le c t r ic  f ie ld  w i th in  th e  m a tr ix .  In  a d d i t io n ,  w e  m a y  n o te  th a t  th e  s lo p e  o f  G ’o 
is  lo w e r  th a n  th a t  o f  G ’2kv/mm- E q . (3 )  im p l ie s  th a t  v  o f  th e  b le n d  w i th  e le c t r ic  f ie ld  
a p p l ie d  is  la r g e r  th a n  a t  w i th o u t  e le c t r ic  f ie ld . .

F ig u re  3 (b )  s h o w s  A G ’2kv/mm a n d  A G ’2kv/mm/G’o o f  p u re  A R 7 1  a s  f u n c t io n s  
o f  G ’o f o r  th e  e x p e r im e n ts  o f  F ig u re  3 (b ) . B o th  f u n c t io n s  in c re a s e  m o n o to n ic a l ly  
w i th  G ’o- T h e  e f fe c ts  o f  e le c t r ic  f ie ld  s tr e n g th  a n d  te m p e r a tu r e  o n  th e  
e le c t ro rh e o lo g ic a l  p r o p e r t ie s  o f  a  p o ly m e r  b le n d  o f  A R 7 1  a n d  p o ly ( p - p h e n y le n e )  3 0
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v o l%  o r  A R 7 1 :3 0 _ U ท, w a s  in v e s t ig a te d  n e x t  in  th e  r a n g e  o f  e le c t r i c  f ie ld  s tr e n g th  
b e tw e e n  0 -2  k v / m m ,  a n d  in  th e  r a n g e  o f  te m p e ra tu re  b e tw e e n  3 0 0 - 3 5 0  K . F ig u re  
4 (a )  s h o w s  G ’o a n d  G ' 2kv/mm v s . te m p e ra tu re .  E x p e r im e n ts  w e re  c a r r ie d  o u t  u s in g  th e  
s a m e  p r o c e d u r e  a s  th a t  o f  th e  d a ta  o f  F ig u re  3 (a ) . W ith  th e  p r e s e n c e  o f  p o ly (p -  
p h e n y le n e )  p a r t ic le s ,  G ’o a n d  G^kv/m m  in c re a s e  l in e a r ly  w ith  te m p e r a tu r e ,  c o n s is te n t  
w i th  th e  r e la t io n  o f  E q . (3 ) . H e re , V  w ith  e le c tr ic  f ie ld  is  s l ig h t ly  h ig h e r  th a t  th a t  o f  V  

w ith o u t  e le c t r i c  f ie ld . F ig u r e  4 (b )  s h o w s  AG^kv/m m  a n d  A G ’2kv/mm/G'o o f  p u re  A R 7 1  

a s  f u n c t io n s  o f  G ’o fo r. th e  e x p e r im e n t  o f  F ig u re  2 (b ) . W h ile  A G ’2kv/mm in c re a s e s  

m o n o to n ic a l ly  w i th  G ’o, A G ’2kv/mm/G’o d e c re a s e s .  S h ig a  e t a l. [4 ] r e p o r te d  th a t  th e  
t e m p e r a tu r e  c o u ld  b e  le a d  to  in c re a s e d  th e  e le c t ro v is c o e la s t i c  e f fe c t  o f  p o ly m e r  
b le n d s . F ro m  th e i r  r e s u l t s  th e  p o ly m e r  b le n d s  h a d  e le c t ro v is c o e la s t i c  e f f e c t  s ta r t  
a c c e le r a te d  a t  o v e r  5 0  °c a n d  a t ta in  m a x im a  a t  1 1 0  °c. T h e y  e x p la in e d  th a t  th e  e f f e c t  
o f  in c r e a s in g  o f  th e  s to ra g e  m o d u lu s  c o m e  f ro m  th e  p o in t -d ip o le  a p p r o x im a t io n  
m o d e l .  T h is  e f fe c t  c o m e s  f ro m  th e  r a is in g  o f  d ie le c t r ic  p e r m i t t iv i ty  b y  in c r e a s in g  th e  
te m p e ra tu re .

Tim e D ep en d en ce  o f  the E lec tro rh eo lo g ica l R espon se
F in a lly ,  w e  in v e s t ig a te d  th e  te m p o ra l  c h a r a c te r is t ic  o f  p u r e  A R 7 1  a n d  th e  

p o ly m e r  b le n d  a t  p a r t i c le  c o n c e n t r a t io n  o f  3 0  v o l%  ( A R 7 1 :3 0 _ u n ) ,  a t  e le c t r i c  f ie ld  
s t r e n g th s  1 a n d  2 k v / m m .  T h e  te m p o ra l  c h a r a c te r is t ic  o f  e a c h  s a m p le  w a s  r e c o r d e d  
in  th e  l in e a r  v i s c o e la s t ic  r e g im e  a t  a  s tr a in  o f  0.1 % , a n d  f re q u e n c y  o f  1 r a d /s .

F ig u r e  5 s h o w s  th e  c h a n g e  in  G ' o f  p u re  A R 7 1  s y s te m  a t e le c t r i c  f ie ld  
s t r e n g th s  o f  1 a n d  2  k v /m m  d u r in g  a  t im e  s w e e p  te s t ,  in  w h ic h  a n  e le c t r i c  f ie ld  w a s  
tu rn e d  o n  a n d  o f f  a l te rn a te ly .  A t th e  e le c tr ic  f ie ld s  o f  1 o r  2 k v /m m , G ' im m e d ia te ly  
in c re a s e s  a n d  r a p id ly  r e a c h e s  a  s te a d y - s ta te  v a lu e . T h e n , w i th  th e  e le c t r ic  f ie ld  o f f , 
G ' d e c r e a s e s  b u t  d o e s  n o t  r e c o v e r  i t s  o r ig in a l  v a lu e . S u b s e q u e n t  o n  a n d  o f f  o n  e le c t r ic  
f ie ld  p r o d u c e s  s te a d y  s ta te  r e s p o n s e s  a f te r  a  d u r a t io n  o f  a b o u t  1 0 ,0 0 0  s e c . T h e  
r e s p o n s e  o f  G ' c a n  b e  d iv id e d  in to  tw o  r e g im e s :  th e  in i t ia l  r e g im e  in  w h ic h  G ' r a p id ly  
o v e r s h o o ts  to  a  la rg e  v a lu e  o n  th e  f ir s t  c y c le  f o l lo w e d  b y  a  i r r e v e r s ib le  d e c a y  w i th  
e le c t r ic  f ie ld  o f f ;  a n d  th e  s te a d y  s ta te  r e g im e  in  w h ic h  G ' s u b s e q u e n t ly  e x h ib i t s  a  
r e v e r s ib le  c y c l ic  r e s p o n s e .  T h e  t im e  r e q u i re d  f o r  G ’ to  r e a c h  th e  s te a d y - s ta te  v a lu e
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o n  a p p ly in g  th e  f ie ld  is  c a l le d  th e  in d u c t io n  t im e , Tjnd. A s  s h o w n  in  T a b le  2 , th e  Tjnd 
in c r e a s e s  w i th  in c r e a s in g  e le c t r i c  f ie ld  s t r e n g th ;  th e y  a re  1 2 0  a n d  3 9 5  s e c  a t  e le c t r ic  
f ie ld  s t r e n g th s  e q u a l  to  1 a n d  2  k v /m m , r e s p e c t iv e ly .  T h e  t im e  r e q u i r e d  fo r  G ' to  
d e c a y  to w a r d s  i ts  s te a d y - s ta te  v a lu e  w h e n  th e  e le c t r ic  f ie ld  is  tu rn e d  o f f  is  c a l le d  th e  
r e c o v e r y  t im e , Tree. I t  is  e s s e n t ia l ly  in d e p e n d e n t  o f  th e  e le c t r ic  f ie ld  s tr e n g th , a s  
s h o w n  in  T a b le  2 . T h e  r e c o v e r y  t im e  a re  7 2  a n d  9 7  s e c  a t  e le c t r ic  f ie ld  s tr e n g th  

e q u a l  to  1 a n d  2  k v /m m , r e s p e c t iv e ly .  T h e  in d e p e n d e n c e  o f  Tree o n  th e  f ie ld  s tr e n g th  
s u g g e s ts  th a t  th e  s t r a in s  in d u c e d  w e re  n o ta b ly  s m a ll  s u c h  th a t  th e  r e la x a t io n s  w e re  
n e a r ly  th e  sa m e .

F ig u r e  6  s h o w s  th e  t e m p o r a l  r e s p o n s e  o f  A R 7 1  a n d  p p p  3 0  v o l%  b le n d s  
( A R 7 1 :3 0 _ u n )  a t  e le c t r i c  f ie ld  s t r e n g th s  o f  1 a n d  2  k v /m m , r e s p e c t iv e ly .  A f te r  s o m e  
in i t ia l  p e r io d  w i th  e le c t r ic  f ie ld  o n  a n d  o f f , th e  A R 7 1 :3 0 _ นท a p p e a r s  to  b e  a  
r e v e r s ib le  s y s te m  a t  b o th  o f  e le c t r i c  f ie ld  s t r e n g th s .  O u r  r e s u l t  h e re  m a y  s u g g e s t  th a t  
th e r e  a r e  s o m e  i r r e v e r s ib le  in te r a c t io n s  b e tw e e n  p o ly ( p - p h e n y le n e )  p a r t i c le s ,  p e r h a p s  
d u e  to  d ip o le  b o n d in g s  b e tw e e n  a d ja c e n t  p o ly ( p q r h e n y le n e )  p a r t i c le s  a n d  r e s id u a l  
d ip o le  m o m e n ts  in d u c in g  p e r m a n e n t  in te r p a r t ic le  in te r a c t io n s .  Tjnd in c re a s e s  w ith  

e le c t r ic  f ie ld  s t r e n g th ;  a s  s h o w n  in  T a b le  4 .2 , Tjnd a re  103 a n d  4 9 7  s e c  a t  e le c t r ic  f ie ld  

s t r e n g th s  e q u a l  to  1 a n d  2  k v /m m , r e s p e c t iv e ly .  O n  th e  o th e r  h a n d ,  Tree is  n e a r ly  

in d e p e n d e n t  o f  e le c t r i c  f ie ld  s t r e n g th ;  a s  s h o w n  in  T a b le  2 , Tree a re  9 4  a n d  1 8 0  se c  a t 
e le c t r i c  f ie ld  s t r e n g th  e q u a l  to  1 a n d  2  k v /m m , r e s p e c t iv e ly .

C o n c lu s io n s
In  th is  s tu d y , e le c t r o r h e o lo g ic a l  p r o p e r t ie s  o f  p o ly (p -p h e n y le n e ) /A R 7 1  b le n d s  

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 f e c ts  o f  p o ly ( p - p h e n y le n e )  p a r t i c le  
c o n c e n t r a t io n  a n d  te m p e r a tu r e  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  e le c t r i c  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 . In  th e  p u re  A R 7 1  
s y s te m , th e  s to ra g e  m o d u lu s  ( G ')  in c re a s e s  w i th  in c re a s in g  e le c t r ic  f ie ld  s tr e n g th . W e  
s u g g e s t  th is  r e s u l t  to  b e  r e la te d  to  th e  n u m b e r  o f  e le c t r ic a l  s t r a n d s  c r e a te d  b y  e le c t r ic  
f ie ld - in d u c e d  d ip o le  m o m e n ts .  T h e  s to ra g e  m o d u lu s  s e n s i t iv i ty  (A G '2kv/mm/G'o) o f  
th e  p o ly m e r  b le n d s  w i th  th e  c o n c e n t r a t io n s  o f  0 , 5 , 10 , 15 , 2 0 , a n d  2 5  in c re a s e s  
l in e a r ly  w i th  e le c t r i c  f ie ld  s t r e n g th  0  k v /m m . T h e  m a x im u m  s to ra g e  m o d u lu s
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s e n s i t iv i ty  is  a b o u t  9 7 %  f o r  th e  A R 7 1 :3 0 _ u n  s y s te m  a t e le c t r ic  f ie ld  s t r e n g th  2 
k v /m m .

T h e  e f f e c t  o f  t e m p e r a tu r e  is  to  in c re a s e  th e  s to ra g e  m o d u lu s  o f  p u re  A R 7 1  
a n d  p o ly (p -p h e n y le n e ) /A R 7 1  lin e a r ly . F o r  p u re  A R 7 1  a n d  A R 7 1 :3 0 u n  s y s te m s , in  
c o n fo rm i ty  w i th  th e  c la s s ic a l  r u b b e r  e la s t ic i ty ,  th e  e f fe c t  o f  t e m p e r a tu r e  a n d  e le c t r ic a l  
s t r a n d s  in d u c e  a n  in c re a s e  in  G ’ l in e a r ly  w i th  te m p e ra tu re .  W ith  p p p  p a r t ic le s  
p r e s e n t ,  th e  e f f e c t  o f  e le c t r i c a l  s tr a n d s  in d u c e d  b e c o m e s  m o r e  d o m in a n t .

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  lik 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 r o 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 r n  U n iv e r s i ty ;  th e  C e n te r  o f  P e tr o le u m , P e t r o c h e m ic a l ,  a n d  
A d v a n c e d  M a te r ia ls ;  th e  R o y a l  T h a i  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 4 8 ) ;  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 ts  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 . a re  g r a te f u l ly  a c k n o w le d g e d .

R e f e r e n c e s
[1 ] ร . K ra u s e , K . B o h o n , M a c r o m o le c u le s  3 4  (2 0 0 1 )  7 1 7 9 - 7 1 8 9 .
[2 ] R . K o m b lu h ,  R . P e r l r in e , Q . P e i, ร . O h , J . J o s e p h , P r o c e e d in g s  o f  T h e  f ir s t  
W o r ld  C o n g re s s  o n  B io m im e tic s ,  2 0 0 2 .
[3 ] Z . S h e n , H . X u e , Y . L i, S y n th . M e ta ls  1 2 4  ( 2 0 0 1 )  3 4 5 - 3 4 9 .
[4 ] T . S h ig a , A d v a n c e s  in  P o ly m e r  S c ie n c e , v o l .  1 3 4 /2 0 , S p r in g e r - V e r la g ,
B e r l in ,  1 9 9 7 , p p . 1 3 3 - 1 6 3 .
[5 ] H . S h i r a k a w a , E .J . L o u is ,  A .G . M a c D ia r m id ,  C .K . C h ia n g ,  A .J . H e e g e r ,  J.
C h e m . S o c . 5 7 8  ( 1 9 7 7 )  9 1 1 - 9 2 3 .
[6 ] B . F ra n c is ,  M . R a w is o ,  S y n th . M e ta ls  6 9  ( 2 0 0 5 )  8 5 - 9 7 .
[7 ] A .A . B e r l in ,  J . P o ly m . S c i. 55  ( 1 9 6 2 )  1 0 5 - 1 2 0 .
[8 ] P . K o v a c ic ,  A . K y r ia k is ,  J . A m . C h e m . S o c . 85  ( 1 9 6 9 )  2 2 3 8 - 2 2 4 2 .
[9 ] p .  K o v a c ic ,  F . w .  K o c h , J . A m . C h e m . S o c . 2 8  (1 9 6 3 )  1 8 6 4 - 1 8 6 9 .
[1 0 ]  p .  K o v a c ic ,  R .M . L a n g e , J. A m . C h e m . S o c . 2 8  ( 1 9 6 2 )  1 9 6 0 - 1 9 6 6 .
[1 1 ]  p .  K o v a c ic ,  c. พ น , J . P o ly m . S c i. 4 7  ( 1 9 6 0 )  5 4 0 - 5 4 4 .



[1 2 ] P . H ia m tu p ,  M S  T h e s is ,  S i lp a k o m  U n iv e r s i ty ,  2 0 0 2 ,  p p . 2 2 - 2 3 .
[1 3 ]  ร . G e e th a , D . c .  T r iv e d i ,  S y n th . M e ta ls  148 ( 2 0 0 5 )  8 9 1 - 9 0 0 .
[1 4 ]  J. O g u m a , K . A k a g i ,  H . S h i ra k a w a , S y n th . M e ta ls  101 ( 1 9 9 9 )  8 6 - 1 0 3 .
[1 5 ]  w . v .  E v a n s , R . P e a rs o n , D . B r a i th w a i te ,  J. A m . C h e m . S o c . 6 3  ( 1 9 9 4 )  
1 0 2 4 - 1 0 3 0 .
[1 6 ]  B . Y u . H . L i, M a te r .  S c i. E n g . A 3 2 5  ( 2 0 0 2 )  4 6 3 ^ 1 9 0 .
[1 7 ]  B . L iu . T .M . S h a w , J . R h e o l. 4 5  ( 2 0 0 1 )  6 4 1 —6 5 7 .
[1 8 ] D . C h o tp a t ta n a n o n t ,  A . S ir iv a t , A .M . J a m ie s o n , C o l lo id  P o ly m . S c i. 2 8 2
( 2 0 0 4 )  3 5 7 - 3 6 5 .
[1 9 ]  M . R u b in s te in ,  R .H . C o lb y , P o ly m . P h y s . ( 2 0 0 3 )  2 9 8 - 3 0 0 .



37

T a b l e  1 R h e o lo g ic a l  p r o p e r t ie s  o f  p o ly m e r  b le n d s  o f  p p p  a n d  a c r y l ic  e la s to m e r  
( N ip o l ,  A R 7 1 )

% v /v  o f  
p p p

G'o
(P a)

G '2 kV/mm
(P a)

G "„
(P a)

G"2kV/mm
(P a)

AG^kV/mm
(P a)

A G ,r2kV/mm
(P a) AG^kV/mm/G'o AG " 2,,V,mm/G  " 0 (S /cm .)

0 9959 16105 1124 2206 6146 1082 0.617 0.962 2 .3 5 E -I2
5 21375 26478 2707 2897 5103 190 0.238 0.065 3 .53E -12
10 27250 34979 2565 3918 7729 1353 0.306 0.527 8 .73E -12
20 39859 68158 5316 9798 28299 4482 0.710 0.843 1.03E-11
25 68353 120490 10825 18503 52137 7678 0.763 0.415 4.28E-11
30 115420 218750 15111 28564 107770 13453 0.971 0.890 8 .9 5 E -1 1
40 343330 396960 42644 50312 49800 7668 0.143 0.179 1.01E-09

A ll o f  m a te r ia ls  w e r e  te s te d  a t  f r e q u e n c y  =1 r a d /s ,  s tr a in  0 .1 %  a n d , t e m p e r a tu r e  =  
2 7 ° c
G'o, a n d  G "o a r e  th e  s to ra g e  a n d  lo s s  m o d u l i i  w i th o u t  e le c t r i c  f ie ld  
G !2kv/mm, a n d  G M2kv/mm a re  th e  s to ra g e  a n d  lo s s  m o d u l i i  a t  2  k v /m m .
A G ^k v /m m is  th e  s to ra g e  m o d u lu s  r e s p o n s e  d e f in e d  a s  G '2kv/mm - G ’o 
A G M2kv/mm is  th e  lo s s  m o d u lu s  r e s p o n s e  d e f in e d  a s  G " 2kv/mm - G "o 
A G  ' 2kv/mm/G'o is  th e  s e n s i t iv i ty  o f  th e  s to ra g e  m o d u lu s  
A G " 2kv/mm/G"o is  th e  s e n s i t iv i ty  o f  th e  lo s s  m o d u lu s  
<J is  th e  e le c t r ic a l  c o n d u c t iv i ty  o f  p o ly m e r

T a b l e  2  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  a t  2 7 ° c  o f  A R 7 1  m a tr ix  a n d  A R 7 1 :3 0 _ u n

S am p le s E lec tric
field

F irs t
in d u c tio n

tim e

S a tu ra te d
in d u c tio n

tim e

F irs t
reco v ery

tim e

S a tu ra te d
reco very

tim e
F irs t

A G ’in,!
S a tu ra te d

A G ’inJ
F irs t

A G ’™
S a tu ra te d

A G ’rcc

(k V /m m ) ( îml) (ร) (timl) (ร) (tree) (ร) (tree) (ร) (P a .s) (P a .s) (P a .s) (P a .s)

P u re  AR71 1 451 120 97 72 2,490 578 256 374

P u re  AR71 2 487 395 132 97 4,795 1,115 802 922

A R 7 1 :3 0  un 1 602 103 443 94 6,374 2,819 2,410 1,771

A R 7 1 :3 0  un 2 518 497 437 180 43,910 63,270 24,140 49,650
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(c)
F i g u r e  1 T h e  m o r p h o lo g y  o f  p o ly ( p - p h e n y le n e )  p a r t i c le s  a n d  th e  p o ly ( p - p h e n y le n e ) /  
A R 7 1  b le n d :  a )  s y n th e s iz e d  u n d o p e d  p p p  a t  m a g n if ic a t io n  o f  1 ,5 0 0 ; b )  s y n th e s iz e d  
d o p e d  P P P , a t  N acjd: Nmonomer =  1 0 0 :1 , a n d  a t  m a g n if i c a t io n  o f  1 ,5 0 0 ; a n d  c )  
A R 7 1 :3 0 _ u n  b le n d  a t  m a g n i f i c a t io n  o f  1 5 0 0 .



1 e + 6

3 e + 5
"fcIX
0  2 e + 5  

1 e + 5

4e+5

0
0 1 0  20  3 0  4 0

C o n c e n t r a t i o n  (v o l% )

F r e q u e n c y  = 1 .0  r a d / s ,  S t r a in  = 0 .1 %  
- O -  G'o (Pa)

1 e + 5 £

i J

1 e + 3

(a)

F i g u r e  2  E f fe c t  o f  c o n c e n t r a t io n  o f  p a r t i c le  o n : (a )  th e  s to ra g e  m o d u lu s  r e s p o n s e s  
(A  G ')  a t  E  =  1 a n d  2 k v /m m  a n d  s to ra g e  m o d u lu s  a t  E  =  0  ( G ’o) a n d  2  k v /m m  ( G ?o); 
a n d  (b )  th e  s to ra g e  m o d u lu s  s e n s i t iv i ty  (A G ’/G 'o )  v s . G 'o , a n d  th e  s to ra g e  m o d u lu s  
r e s p o n s e  A G ’ a t  E  =  2  k v /m m  (A G ’2kv/mm) v s . G 'o .



4 0

G'o (Pa)
( b )

F i g u r e  3  E f fe c t  o f  te m p e r a tu r e  fo r  th e  p u re  m a tr ix  o n : (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  a t v a r io u s  te m p e ra tu re s  f o r  o n e  s a m p le  a t  a ll t e m p e r a tu r e s  
t e s te d ;  (b )  th e  s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A G ’/G 'o )  v s . G 'o  a n d  th e  s to ra g e  
m o d u lu s  r e s p o n s e  A G  a t  E  =  2  k v / m m  (A G ’2kv/mm) v s . G 'o-
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10 1 e + 6

เ 1CM
๐<3 O '

2 kV/mnr/G()

- O -  AR71:30_นก at T = 300 K, G'0 = 44,494 Pa 
- y -  AR71:30~un at T = 310 K, G'o = 103,638 Pa 
- Q -  AR71:30~un at T = 320 K, G'o = 187,260 Pa 
-« 0 -  AR71:30~un at T = 330 K, G'o = 315,070 Pa 
- A -  AR71:30jjn at T = 340 K, G'o = 445,630 Pa 
- O -  AR71:30~un at T = 350 K, G'o = 504,884Pa

.1
1 .0 e + 5

G 'o  ( P a )

CO{£
EE>
CM

๐<3

1 e + 5

(b )
F i g u r e  4  E f f e c t  o f  te m p e r a tu r e  o f  th e  p o ly m e r  b le n d  b e tw e e n  A R 7 1  a n d  u n d o p e d  
p p p  a t  3 0 %  v /v  ( A R 7 1 :3 0 _ u n ) :  ( 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  
a t v a r io u s  te m p e r a tu r e s  u s in g  o n e  s a m p le  fo r  a ll  te m p e r a tu r e s  te s te d ;  (b )  th e  
s e n s i t iv i ty  o f  s to ra g e  m o d u lu s  (A  G V G 'o ) v s . G 'o  a n d  th e  s to ra g e  m o d u lu s  r e s p o n s e  A 
G ’ a t E  =  2  k v / m m  ( A G ’2kv/mm) v s . G 'o-
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2 0 0 0
CL

๐ 10000
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6 0 0 0
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Time (sec)
F i g u r e  5  T e m p o r a l  r e s p o n s e  o f  th e  s to ra g e  m o d u lu s  ( G !) o f  A R 7 1  m a tr ix  a t  e le c t r ic  
f ie ld  s t r e n g th s  o f  1 a n d  2  k v / m m ,  f r e q u e n c y  1 .0  r a d /s ,  s t r a in  0 .1 % , a n d  a t  2 7  ° c .



4 3

Time (sec)
F i g u r e  6  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 ‘) o f  th e  p o ly m e r  b l e n d  b e tw e e n  
A R 7 1  a n d  u n d o p e d  p p p  a t 3 0 %  v /v  (A R 7 1  ะ3 0 _ u n )  a t  e le c t r ic  f ie ld  s t r e n g th s  o f  1 a n d  
2  kv/mm, f r e q u e n c y  1.0  r a d /s ,  s t r a in  0 .1 % , a n d  a t  27 °c.
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