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6.1 Abstract

T h i s  s t u d y  i s  p u r p o s e d  t o  c o m p a r e  a  t h e r m o p l a s t i c  v u l c a n i z a t e  ( T P V )  v i a  
d y n a m i c  v u l c a n i z a t i o n  m a d e  o f  e p o x i d i z e d  n a t u r a l  r u b b e r  ( E N R )  a n d  
p o l y ( v i n y l i d e n e  f l u o r i d e )  ( P V D F )  t o  a c r y l o n i t r i l e  b u t a d i e n e  r u b b e r  ( N B R )  a n d  
P V D F .  T h e  e f f e c t s  o f  r u b b e r  t y p e s  a n d  a d d i t i o n  o f  P L A  o n  m e c h a n i c a l  a n d  o i l  
s w e l l i n g  p r o p e r t i e s  w e r e  s t u d i e d  f o r  c o m p a r i n g  b e t w e e n  n a t u r a l  a n d  s y n t h e t i c  r u b b e r .  
R u b b e r  p a r t s  w e r e  m i x e d  a t  r o o m  t e m p e r a t u r e  b y  u s i n g  t w o  r o l l  m i l l ,  f e d  i n  t w i n  
s c r e w  e x t r u d e r  w i t h  t h e r m o p l a s t i c  p a r t s  t o  o c c u r  d y n a m i c  v u l c a n i z a t i o n  a n d  t h e n  
c o m p r e s s e d  i n  c o m p r e s s i o n  m o l d i n g .  T h i s  r e s e a r c h  w a s  e m p h a s i z e d  o n  t h e  r u b b e r  
t y p e s  ( E N R  a n d  N B R )  a t  f i x e d  5 0  w t %  a n d  t h e  a d d i t i o n  o f  P L A  a t  f i x e d  1 0  w t % .  
C u r i n g  a g e n t s  ( D B P H )  w a s  f i x e d  a t  5  p h r .  T h e  r e s u l t s  s h o w e d  t h a t  t e n s i l e  s t r e n g t h  
a n d  t e a r  s t r e n g t h  o f  N B R / P V D F  s y s t e m  w e r e  h i g h e r  t h a n  N B R / P V D F / P L A  s y s t e m  
a n d  T P V  o f  N B R  t y p e  g a v e  b e t t e r  p r o p e r t i e s  t h a n  E N R  t y p e  i n  b o t h  o f  t h e m .  I n  
c o n t r a s t  t o  t h e  y o u n g ’ ร m o d u l u s ,  t h e  N B R / P V D F / P L A  s h o w e d  h i g h e r  m o d u l u s  t h a n  
N B R / P V D F .  T h e  a d d i t i o n  o f  P L A  i n t o  N B R / P V D F  i n s i g n i f i c a n t l y  a f f e c t e d  t h e  
h a r d n e s s .  T h e  o i l  r e s i s t a n t  p r o p e r t i e s  o f  N B R  s y s t e m  g a v e  b e t t e r  r e s u l t s  t h a n  E N R  
s y s t e m  i n  b o t h  o f  a d d i n g  a n d  n o n - a d d i n g  P L A  b u t  t h e  s w e l l i n g  i n  E 8 5  g a v e  s i m i l a r  
r e s i s t a n c e  r e s u l t s .  T h e  a d d i t i o n  o f  P L A  i n  N B R / P V D F  i n s i g n i f i c a n t l y  c h a n g e d  t h e  
s w e l l i n g  i n d e x .

6.2 Introduction

T h e  p r o d u c t i o n  o f  r u b b e r  p a r t s  b e c o m e  a  b i g  m a r k e t  b e c a u s e  t h e y  h a v e  
h i g h l y  c o n s u m e d  i n  f u e l  a n d  c h e m i c a l  t r a n s m i s s i o n  l i n e  i n  a u t o m o t i v e  a n d  c h e m i c a l  
i n d u s t r i e s  s u c h  a s ,  g a s k e t ,  s u s p e n s i o n  b u s h ,  o i l  t a n k  p l u g  a n d  d r a i n  p i p e .  T h e  r u b b e r s  
f o r  s p e c i a l  a p p l i c a t i o n s  l i k e  t h e s e  h a v e  p r o m i n e n t  p r o p e r t i e s  f o r  e x a m p l e ,  f l e x i b i l i t y ,
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t h e r m a l  r e s i s t a n c e ,  c h e m i c a l  a n d  o i l  r e s i s t a n c e ,  c o m p r e s s i b i l i t y ,  i m p a c t  r e s i s t a n c e ,  
a n d  f r i c t i o n  r e s i s t a n c e .  I n  t h e  p r e s e n t ,  s y n t h e t i c  r u b b e r  m o s t l y  u s e  a s  m a j o r  r a w  
m a t e r i a l s .

D y n a m i c  v u l c a n i z a t i o n  i s  t h e  v u l c a n i z a t i o n  p r o c e s s  o f  a n  e l a s t o m e r  d u r i n g  
i t s  m e l t  m i x i n g  w i t h  a  t h e r m o p l a s t i c ,  w h i c h  r e s u l t s  t o  a  n e w  c l a s s  o f  m a t e r i a l s  c a l l e d  
t h e r m o p l a s t i c  v u l c a n i z a t e s  ( T P V ) .  T h e  d y n a m i c a l l y  v u l c a n i z e d  b l e n d s  o f  e p o x i d i z e d  
n a t u r a l  r u b b e r  ( E N R )  a n d  p o l y ( v i n y l i d e n e  f l u o r i d e )  ( P V D F )  h a v e  b e e n  r e c o g n i z e d  a s  
T P V  m a t e r i a l s  w h i c h  a r e  p r o m i s i n g  c a n d i d a t e s  t o  b e  a b l e  t o  u s e  i n s t e a d  o f  s y n t h e t i c  
r u b b e r .  S u p r i  a n d  H .  I s m a i l  [ 1 ]  r e p o r t e d  d y n a m i c a l l y  v u l c a n i z e d  b l e n d s  o f  p o l y ( v i n y l  
c h l o r i d e ) / a c r y l o n i t r i l e  b u t a d i e n e  r u b b e r  ( P V C / N B R )  g a v e  b e t t e r  r e s u l t s  t h a n  b i n a r y  
b l e n d s  i n  t e r m s  o f  m e c h a n i c a l  p r o p e r t i e s ,  s w e l l i n g  r e s i s t a n c e ,  t h e r m a l  s t a b i l i t y  a n d  
i n t e r a c t i o n  b e t w e e n  P V C  a n d  N B R .  S a c h i k o  I s h i d a  et al. [ 2 ]  r e v e a l e d  t h a t  N B R  w a s  
p o s s i b l e  t o  m e l t  b l e n d  w i t h  P L A  d u e  t o  t h e  l o w  i n t e r f a c i a l  t e n s i o n  b e t w e e n  t h e m .

I n  t h i s  w o r k ,  P V D F  a n d  P L A  u s e d  a s  t h e r m o p l a s t i c  p a r t s  t o  p r o v i d e  o i l  a n d  
c h e m i c a l  r e s i s t a n t  p r o p e r t i e s  a n d  m a k e  i t  m o r e  e n v i r o n m e n t a l  f r i e n d l y ,  r e s p e c t i v e l y ,  
E N R  u s e d  a s  r u b b e r  p a r t  t o  p r o v i d e  t h e  e l a s t o m e r i c  p r o p e r t i e s  c o m p a r i n g  w i t h  t h a t  o f  
N B R .  T h i s  r e s e a r c h  r e p o r t  t h e  e f f e c t s  o f  r u b b e r  t y p e s  ( E N R  a n d  N B R )  a t  f i x e d  5 0  
w t %  a n d  t h e  a d d i t i o n  o f  P L A  a t  f i x e d  1 0  w t %  o n  t h e  m e c h a n i c a l  p r o p e r t i e s  ( t e n s i l e  
a n d  t e a r  s t r e n g t h  a n d  h a r d n e s s ) ,  t h e r m a l  p r o p e r t i e s  ( D M A ) ,  c u r i n g  p r o p e r t i e s  ( M D R ) ,  
o i l  s w e l l i n g  r e s i s t a n t  p r o p e r t i e s  a n d  m o r p h o l o g y  ( S E M )  o f  t h e  b l e n d s .
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6.3 Experimental section

6 . 3 . 1  M a t e r i a l s
T h e  m a t e r i a l s  u s e d  i n  t h i s  s t u d y  w e r e  E N R  w i t h  2 5  %  e p o x i d a t i o n ,  

s u p p l i e d  b y  M u a n g  M a i  G u t h r i e  P C L . ,  N B R  ( g r a d e  K R Y N A C  3 3 4 5 F ) ,  s u p p l i e d  b y  
P I  I n d u s t r y  L t d . ,  P V D F  ( g r a d e  Z 1 0 0 ) ,  s u p p l i e d  b y  A s a m b l y  C h e m i c a l s  C o m p a n y ,  
P L A  ( g r a d e  2 0 0 2 D ) ,  s u p p l i e d  b y  N a t u r e W o r k s  L L C .  T h e  s e l e c t e d  a d d i t i v e s  ( F l u k a  
r e a g e n t  g r a d e s )  w e r e  c a l c i u m  h y d r o x i d e  ( C a ( O H ) 2 )  a n d  2 , 5 - b i s ( t e r t - b u t y l p e r o x y ) “  
2 , 5 - d i m e t h y l h e x a n e  ( D B P H ) .  T r i a c e t i n  w a s  s u p p l i e d  b y  S i g m a - A l d r i c h  C o .  L L C .  
S t e a r i c  a c i d  a n d  t r i a l l y l  i s o c y a n u r a t e  ( T A I C )  w e r e  p u r c h a s e d  f r o m  N e o  p l a s t o m e r  
C o . , L t d .  G a s o h o l  9 1 , 9 5 ,  E 2 0  a n d  E 8 5  w e r e  s u p p l i e d  b y  P T T  P C L .

6 . 3 . 2  P r e p a r a t i o n  o f  t h e  b l e n d s
6 .3 .2 .1  P rep a ra tio n  o f  ru b b er  p a r ts

T h e  E N R  a n d  N B R  c o m p o u n d s  w e r e  p r e p a r e d  f o r  c u r i n g  
c h a r a c t e r i z a t i o n  b y  u s i n g  M D R .  T h e y  w e r e  b l e n d e d  b y  u s i n g  a n  i n t e r n a l  m i x e r  a t  
r o o m  t e m p e r a t u r e  w i t h  a  r o t o r  s p e e d  o f  5 0  r p m .  T h e  E N R  ( o r  N B R )  w a s  c h a r g e d  f i r s t  
i n t o  t h e  m i x i n g  c h a m b e r ,  t h e n  s t e a r i c  a c i d ,  C a ( O H ) 2 , T A I C  a n d  D B P F I  w e r e  a d d e d ,  
r e s p e c t i v e l y .  M i x i n g  w a s  t h e n  c o n t i n u e d  u n t i l  a  c o n s t a n t  t o r q u e  w a s  o b t a i n e d .  T h e  
t o t a l  m i x i n g  t i m e  w a s  1 2  m i n u t e s .  T h e  c o m p o u n d  w a s  r e m o v e d  f r o m  t h e  m i x e r  a n d  
w a s  t e s t e d  i n  n e x t  s t e p s .  T h e  f o r m u l a t i o n s  w e r e  s h o w n  i n  t a b l e  6 . 1 .

6 .3 .2 .2  P rep a ra tio n  o f  th e rm o p la s tic  p a r ts
T h e  t h e r m o p l a s t i c  p a r t s  w h i c h  c o n t a i n  P V D F ,  t r i a c e t i n  ( 5  p h r )  

a n d  P L A ,  i f  a n y ,  w e r e  p r e p a r e d  b y  m e l t - m i x i n g  i n  a  c o - r o t a t i n g  t w i n  s c r e w  e x t r u d e r  
( L T E 2 0 - 4 0  m o d e l ) .  I n  c a s e  o f  a d d i n g  P L A ,  t h e  P V D F / P L A  b l e n d s  w e r e  m i x e d  a t  
c o m p o s i t i o n  o f  8 0 / 2 0 .  T h e  t e m p e r a t u r e  p r o f i l e  f r o m  t h e  f e e d  z o n e  t o  d i e  i s  1 7 5 ,  1 8 0 ,  
1 8 5 ,  1 8 5 ,  1 9 0 ,  1 9 0 ,  1 9 5 ,  1 9 5 ,  2 0 0 ,  2 1 0  °c. T h e  s c r e w  s p e e d  w a s  u s e d  a t  5 0  r p m .  T h e  
e x t r u d a t e  w a s  c o o l e d  i n  w a t e r  b a t h  a n d  t h e n  c u t  i n t o  p e l l e t  b y  p e l l e t i z e r .

6 .3 .2 .3  P re p a ra tio n  o f  T h erm o p la s tic  v u lc a n iza te  (TP V )
T h e  f o r m u l a t i o n s  o f  t h e  T P V  b l e n d s  a r e  g i v e n  i n  T a b l e  6 . 2 .  

F i r s t  s t e p ,  t h e  r u b b e r  p a r t s  w e r e  p r e p a r e d  a t  r o o m  t e m p e r a t u r e  b y  u s i n g  t w o  r o l l  m i l l  
( L R M  1 1 0  m o d e l ) .  T h e  E N R  o r  N B R  w a s  m i x e d  w i t h  s t e a r i c  a c i d ,  C a ( O H ) 2 , T A I C ,
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D B P H  a n d  t r i a c e t i n ,  r e s p e c t i v e l y .  T h e  t o t a l  m i x i n g  t i m e  w a s  4 5  m i n .  T h e  c o m p o u n d  
w a s  r e m o v e d  f r o m  t w o  r o l l  m i l l ,  c u t  i t  t o  b e  s m a l l  s t r i p s ,  p u t  t h e r m o p l a s t i c  b l e n d s  
p e l l e t s  w h i c h  o b t a i n e d  f r o m  6 . 3 . 2 . 2  o n  t o p  o f  r u b b e r  c o m p o u n d  s u r f a c e  a n d  f e d  i n  
t w i n  s c r e w  e x t r u d e r ,  r e s p e c t i v e l y .

Table 6.1 F o r m u l a t i o n s  o f  E N R  a n d  N B R  c o m p o u n d s  f o r  c u r i n g  c h a r a c t e r i z a t i o n

Materials Quantity, phra Mixing times, min
E N R  o r  N B R 100 0 -2

S t e a r i c  a c i d 0.25 2 -3
C a ( O H ) 2 3 3 - 6

T A I C X/2 oc ร๐

D B P H X 8 - 10

Note: ap h r  i s  p a r t  p e r  h u n d r e d  p a r t  o f  r u b b e r  a n d  X  =  t h e  v a r y i n g  D B P F 1  c o n t e n t  a t  3, 
5  a n d  7  p h r .

L a s t  s t e p ,  t h e  T P V  w a s  a c h i e v e d  b y  b l e n d i n g  t h e r m o p l a s t i c  a n d  r u b b e r  v i a  
t w i n  s c r e w  e x t r u d e r  b y  u s i n g  t e m p e r a t u r e  p r o f i l e  f r o m  t h e  f e e d  z o n e  t o  d i e  o f  1 8 5 ,  
1 8 8 ,  1 8 8 ,  1 7 8 ,  1 8 0 ,  1 8 2 ,  1 8 5 ,  1 8 8 ,  1 9 0 ,  1 9 0  °c. T h e  s c r e w  s p e e d  w a s  u s e d  a t  7 0  r p m .  
T h e n  t h e  e x t r u d a t e  w a s  c o o l e d  i n  w a t e r  b a t h  a n d  t h e n  c u t  i n t o  p e l l e t s  b y  p e l l e t i z e r .  
T h e  T P V  b l e n d s  p e l l e t s  w e r e  c o m p r e s s e d  i n  a  c o m p r e s s i o n  m o l d  ( W a b a s h  M P I ,  
V 5 0 H - 1 8 - C X  m o d e l ,  U S A ) .  H o t - p r e s s  p r o c e d u r e s  i n v o l v e d  p r e - h e a t i n g  a t  1 9 0  °c 
f o r  5  m i n ,  f o l l o w e d  b y  c o m p r e s s i n g  f o r  5  m i n  a t  t h e  s a m e  t e m p e r a t u r e  w i t h  p r e s s u r e  
o f  2 0  t o n s .
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Table 6 . 2  F o r m u l a t i o n s  o f  T P V  b l e n d s  o f  E N R  a n d  N B R

Materials Blends (wt %)
I II

E N R  o r  N B R 5 0 5 0
P V D F 4 0 5 0
P L A 10 -
D B P H  a 5 5
T A I C  a 2 . 5 2 . 5
S t e a r i c  a c i d  a 0 . 2 5 0 . 2 5
C a ( O H ) 2 a 3 3
T r i a c e t i n  a 2 . 5 2 . 5
T r i a c e t i n  b 2 . 5 2 . 5

Note:a A t  p h r  o f  r u b b e r  a n d h A t  p h p  o f  p l a s t i c .

6 . 3 . 3  S t u d y  o f  c u r i n u  p r o p e r t i e s
T h e  c u r i n g  p r o p e r t i e s  o f  o r g a n o c l a y  f i l l e d  E N R  i n c l u d i n g  c u r e  r a t e  

i n d e x  ( C R I ) ,  c u r e  t i m e  ( t 9 o ) a n d  m a x i m u m  t o r q u e  w e r e  o b s e r v e d  b y  u s i n g  M D R .  F o r  
M D R  ( r h e o T E C H  M D + , T e c h  p r o ,  A 0 2 2 S ) ,  t h e y  w e r e  t e s t e d  u n d e r  o p e r a t i o n  o f  
c o n s t a n t  c o n d i t i o n s  ( 0 . 5  d e g  a r c  s t r a i n  a m p l i t u d e ,  r o t o r  s i z e  L )  a t  v a r i o u s  
t e m p e r a t u r e s  r a n g i n g  f r o m  1 8 0  -  2 0 0  °c.

6 . 3 . 4  S t u d y  o f  m e c h a n i c a l  p r o p e r t i e s
T h e  m e c h a n i c a l  p r o p e r t i e s  i n c l u d i n g  t h e  t e n s i l e  s t r e n g t h ,  t e a r  s t r e n g t h  

a n d  h a r d n e s s  ( s h o r e  A ) .  T e n s i l e  t e s t  w a s  d o n e  a c c o r d i n g  t o  A S T M  D 4 1 2 - 0 6 a  o r  I S O  
3 7  ( t y p e  1 ) ,  t e a r  t e s t  w a s  d o n e  a c c o r d i n g  t o  A S T M  D 6 2 4 - 0 0  o r  I S O  3 4  b y  u s i n g  t h e  
u n i v e r s a l  t e s t i n g  m a c h i n e  ( I n s t r o n ,  4 2 0 6 - 0 0 6  m o d e l )  w i t h  l o a d  c e l l  o f  5  k N  a n d  
c r o s s h e a d  s p e e d  o f  5 0 0  m m / m i n .  T h e  h a r d n e s s  w a s  d e t e r m i n e d  a c c o r d i n g  t o  A S T M  
D 2 2 4 0  b y  u s i n g  s h o r e  A  d u r o m e t e r  ( Z w i c k ,  t y p e  7 2 0 6 ) .  F i v e  s p e c i m e n s  w e r e  u s e d  i n  
e a c h  c a s e .
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6 . 3 . 5  S t u d y  o f  t h e r m a l  p r o p e r t i e s  b y  u s i n a  d y n a m i c  m e c h a n i c a l  a n a l y z e r
( D M A )

T h e  s t o r a g e  m o d u l u s  ( E 'X  t h e  l o s s  m o d u l u s  ( E " ) ,  a n d  t h e  d i s s i p a t i o n  
f a c t o r  ( t a n  § )  a r e  m e a s u r e d  b y  D M A  ( G A B O - E P L E X O R  100N m o d e l )  u s i n g  a  
c o n s t a n t  f r e q u e n c y  o f  1 H z  a n d  a  t e m p e r a t u r e  r a n g e  o f  -80°c t o  +120°c. T h e  
m e a s u r e m e n t s  w e r e  c a r r i e d  o u t  u n d e r  t e n s i o n  m o d e  w i t h  a  s t a t i c  l o a d  o f  1 0  N  a n d  a  
d y n a m i c  l o a d  o f  5  N .  T h e  d i m e n s i o n s  o f  t h e  t e s t  s a m p l e s  w e r e  i n  
w i d t h * l e n g t h * t h i c k n e s s  (10*50*2 m m ) .

6 . 3 . 6  S t u d y  o f  o i l  s w e l l i n g  r e s i s t a n c e  p r o p e r t i e s
T h e  o i l  r e s i s t a n c e  o f  t h e  b l e n d s  w a s  s t u d i e d  a f t e r  i m m e r s i n g  s a m p l e  i n  

o i l  a t  t e m p e r a t u r e  o f  2 5  °c a n d  1 0 0  °c f o r  2 4  h o u r s  a n d  7  d a y s  a c c o r d i n g  t o  A S T M  
D 4 7 1 - 0 6  o r  I S O  2 2 8 5  ( M e t h o d  A ) .  I n  t h i s  s t u d y ,  g a s o h o l  9 1 ,  g a s o h o l  9 5 ,  E 2 0  a n d  
E 8 5  w h i c h  c o n t a i n  1 0 ,  1 0 ,  2 0  a n d  8 5  %  e t h a n o l ,  r e s p e c t i v e l y ,  w e r e  u s e d .  A f t e r  
r e m o v a l  f r o m  t h e  o i l ,  t h e  t e s t  p i e c e s  w e r e  w i p e d  w i t h  t i s s u e  p a p e r  t o  r e m o v e  e x c e s s  
o i l  f r o m  t h e  s u r f a c e  a n d  w e i g h e d  i m m e d i a t e l y .  T h e  s w e l l i n g  i n d e x  a n d  p e r c e n t a g e  o f  
s w e l l i n g  w e r e  c a l c u l a t e d  u s i n g  e q u a t i o n  6 .1  a n d  6 . 2 ,  r e s p e c t i v e l y :

Final m a ss
S w e l l i n g  i n d e x  =  ------- --------In itia l m a ss  (6.1)

%  S w e llin g  =  ^ ๆ ^ ^  X 10 .6 2 1

W h e r e  พ ร  r e f e r  t o  a  s w e l l i n g  w e i g h t  a n d  W o  r e f e r  t o  a n  o r i g i n a l  w e i g h t .

6 . 3 . 7  S t u d y  o f  m o r p h o l o g y
T h e  m o r p h o l o g y  o f  r u b b e r  a n d  p l a s t i c  p h a s e s ,  t h e  v u l c a n i z e d  r u b b e r  

p a r t i c l e s  s i z e  a n d  t h e  d i s p e r s i o n  o f  v u l c a n i z e d  r u b b e r  p a r t i c l e s  w a s  e x a m i n e d  b y  
u s i n g  t h e  f i e l d  e m i s s i o n  s c a n n i n g  e l e c t r o n  m i c r o s c o p e  ( F E - S E M )  H I T A C H I  ร - 4 8 0 0  
m o d e l  w h i c h  c o n t r i b u t e d  t h e  i m a g e s  i n  t h e  m a g n i f i c a t i o n  r a n g e  o f  1 , 0 0 0  t o  1 0 , 0 0 0  
t i m e s  a t  1 0  k v .  T h e  s a m p l e s  m u s t  b e  c o a t e d  w i t h  p l a t i n u m  u n d e r  v a c u u m  c o n d i t i o n  
b e f o r e  o b s e r v a t i o n  t o  m a k e  t h e m  e l e c t r i c a l l y  c o n d u c t i v e .
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6.4 Results and discussion

6.4.1 Curing properties of ENR and NBR
Curing characteristics of ENR and NBR using DBPH at 5 phr in terms 

of cure rate index (CRI), cure time (tço), maximum elastic torque (ร'@MI1 or MH), 
minimum elastic torque (ร'@ML or ML) and maximum viscous torque (ร''@MH) 
obtained from MDR were shown in table 6.3. It can be seen that the increase of 
temperature resulted to higher CRI and lower tyo because the higher temperature 
accelerated the curing reaction in both of ENR and NBR systems, as seen a clear 
trend of increasing CRI in figure 6.1. The NBR showed faster curing reaction than 
ENR due to its high degree of unsaturation. Focusing on MM, the NBR gave higher 
MH than ENR which mean higher stock modulus due to the nature of NBR structure 
that has high polarity and strong intermolecular bond. These reasons also explained 
the higher ร''@MH of NBR than that of ENR which mean higher damping 
properties.

Figure 6.1 Cure rate index of the ENR and NBR compounds using DBPH 5 phr at 
the different temperature obtained from MDR.
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Table 6.3 Cure characteristics of ENR and NBR at DBPH 5 phr obtained from 
MDR.

Rubber Upper and ร, @ML, ร,@MH, ร"@MH tyfn Cure rate
types Lower die, °c Ibf-in Ibf'in , Ibf-in min index (CRI)
ENR 180 1.34 10.91 0.40 5.34 1.94

190 1.20 10.24 0.34 2.26 4.71
200 0.77 9.26 0.24 1.03 10.75

NBR 180 0.67 17.5 0.70 5.22 3.45
190 0.54 17.7 0.84 1.58 12.8
200 0.45 17.7 0.74 0.49 57.5

6.4.2 Mechanical properties
Mechanical properties in terms of tensile strength, young’s modulus at

0.2 % strain and percent elongation at break were shown in table 6.4.

Table 6.4 The tensile strength, Young’s modulus and percent elongation at 
break of the blends at fixed DBPH 5 phr comparing between ENR and NBR

NBR/PVDF/ 
PLA, % wt

Tensile strength, 
MPa

Young’s 
modulus, MPa

Elongation at 
break, %

50/40/10 9.53 ± 0.42 190.52 ±5.48 20.28 ±5.76
50/50/0 11.32 ±0.23 161.34 ± 2.70 30.75 ±4.24

ENR/PVDF/ 
PLA, % wt

Tensile strength, 
MPa

Young’s 
modulus, MPa

Elongation at 
break, %

50/40/10 5.08 ± 0.44 83.50 ±3.17 38.13 ±8.99
50/50/0 9.28 ±0.39 250.36 ±7.54 10.39 ± 1.59
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From figure 6.2, the results showed that the NBR systems gave better 
tensile strength than that of ENR systems in both with and without PLA which can 
be attributed to the cyano group of NBR is more polar than epoxy group of ENR. As 
seen from figure 6.3 and 6.4, the NBR/PVDF/PLA gave higher young’s modulus and 
lower elongation at break than NBR/PVDF resulted from the polar segments of NBR 
and PLA which interactions could take place. Sachiko Ishida et al. [2] also reported 
that the interfacial tension between NBR and PLA was very low. As seen from figure 
6.5, the surface energy and interfacial tension between PLA and rubbers were 
reported. Therefore, there is no method available for measuring directly the 
interfacial tension in their blends. So this research estimated the values of the 
interfacial tension via contact-angle measurements at room temperature. It can be 
seen than the interfacial tension between PLA and rubber decreased in the order of 
IR > EPM > AEM > NBR. If the interfacial tension is low, the repulsion of chain 
segments in the presence of incompatible chain segments due to the interaction 
energy is low. Moreover, the surface free energies of rubbers seem to become high 
when the polarity becomes high. Because PLA has hydroxyl groups, it is thought that 
the polar segments of rubbers might enhance the compatibility and reduce the 
repulsion forces under melt-blending conditions.

i :

•5 10c°I 8zI 6 ร
4

2

ว
PLA NO PI.A

cz—I Vulcanized ENR/PVDF/PLA and ENR/PVDF 
m m  Vulcanized NBR/PVDF/PLA and NBR/PVDF

Figure 6.2 The comparison of tensile strength of vulcanized ENR/PVDF and 
NBR/PVDF with and without PLA.
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Figure 6.3 The comparison of young’s modulus of vulcanized ENR/PVDF and 
NBR/PVDF with and without PLA.
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I -J Vulcanized ENR/PVDF/PLA and ENR/PVDF 
โ3ŒSA Vulcanized NBR/PVDF/PLA and NBR/PVDF

PLA NO PLA

Figure 6.4 The comparison of elongation at break of vulcanized ENR/PVDF and 
NBR/PVDF with and without PLA.
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Figure 6.5 Surface energy and interfacial tension between PLA and rubbers.

Table 6.5 and 6.6 showed the tear strength and hardness. It can be seen from 
figure 6.6 and 6.7 that the NBR systems gave better values than that of ENR systems 
in both adding and non-adding PLA which can be attributed to the cyano group of 
NBR is more polar than epoxy group of ENR, thereby the stronger interaction of 
NBR helped to resist the crack propagation.

Table 6.5 The tear strength of the blends at fixed DBPH 5 phr comparing between 
ENR and NBR

NBR/PVDF/PLA, % wt Tear strength, kN/m

50/40/10 63.92 ±4.76
50/50/0 87.84 ±9.19

ENR/PVDF/PLA, % wt Tear strength, kN/m
50/40/10 29.40 ±2.35
50/50/0 63.47 ± 8.98
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Table 6.6 The hardness of the blends at fixed DBPH 5 phr comparing 
ENR and NBR

NBR/PVDF/PLA, % vvt Hardness (Shore A)
50/40/10 88.0 ±0.89
50/50/0 88.8± 1.17

ENR/PVDF/PLA, % wt Hardness (Shore A)
50/40/10 65.8 ± 1.30
50/50/0 65.2 ± 1.64

I------ 1 Vulcanized ENR/PVDF/PLA and ENR/PVDF
120 . m sm  Vulcanized NBR/PVDF/PLA and NBR/PVDF

l’LA N O  PLA

between

Figure 6.6 The comparison of tear strength of vulcanized ENR/PVDF and 
NBR/PVDF with and without PLA.
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Figure 6.7 The comparison of hardness of vulcanized ENR/PVDF and NBR/PVDF 
with and without PLA.

6.4.3 Dynamic mechanical properties
Figure 6.8 and 6.9 represented the temperature dependence of storage 

modulus (E1) and loss factor (tan delta), respectively on the effects of rubber types. 
The explanation example of the sample name was shown here, ENR-50505-PLA 
means the TPV with PLA of ENR rubber type at rubber/plastic/DBPH ratio of 
50/50/5. The storage modulus of ENR system at below 0°c region showed higher 
modulus than that of NBR system due to the nature of them. At 20 -  40 °c, the NBR 
system showed higher storage modulus than that of ENR which also related to the 
higher Young’s modulus of NBR system than that of ENR.

PLA N O  PLA
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Figure 6.8 Effects of the rubber types on the storage modulus as a function of 
temperature.

According to the dynamic mechanical investigation was used to 
predict the miscibility of the system. The TPV both of ENR and NBR systems 
showed two tan delta peak, in case of ENR showing peak around -25 and +45 °c, 
whereas that of NBR showing peak around -6 and +53 °c. Two clearly separated 
peaks indicated that the ENR (and NBR) and PLA phases were not fully compatible. 
The obtained glass transition temperature of ENR is at -25 °c. The Tg of PVDF is at 
-35 °c reported by R. D. Simoes ei al. [3]. There was a single tan delta peak in 
between the Tg of these two components but it can’t be concluded that the ENR and 
PVDF phases were miscible because the Tg of them were close (< 20 °C), miscibility 
can’t be judged from Tg measurements. In case of NBR system, there was a single 
tan delta peak in between the Tg of them but it also can’t be concluded the 
miscibility.

The area under peak related to the damping characteristics. The 
damping properties of NBR system was lower than that of ENR which attributed to 
the higher crosslinking density of NBR supported by the cure rate index from MDR 
which results were shown above (6.4.1).
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Figure 6.9 Effects of the rubber types on the tan delta as a function of temperature.

6.4.4 Oil swelling properties
Oil swelling test was done in gasohol 91, gasohol 95, E20 and E85 at 

room temperature and 100 °c for 24 hours and 7 days. Figure 6.10-6.13 studied the 
effects of the rubber types (ENR and NBR) and addition of PEA on the oil resistance 
in 4 oil types including effects of higher temperature and longer time of immersion. 
The explanations of the sample name were shown here, for example, ENR-PLA 
means the TPV with PLA using ENR as rubber part and NBR-NO PLA means TPV 
without PLA using NBR as rubber part.

The results revealed that the TPV of NBR systems gave lower oil 
swelling index in all of conditions than that of the TPV of ENR systems which 
attributed to the nature of NBR structure which had more polarity and the higher 
extent of crosslink which showed in cure characteristics obtained from MDR, the 
results were shown above. Thereby the swelling index of NBR systems after 
immersed for 7 days insignificantly changed due to the stability in oil uptake. The 
higher temperature of immersion resulted to slightly increase in swelling index of 
NBR systems but significantly increase in that of ENR systems.
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Gasohol 91 Gasohol 95 E20 E85
Ethanol (%)

Figure 6.10 Oil swelling index using rubber/plastic/DBPH ratio of 50/50/5 by 
varying the rubber types at room temperature for 24 hours.

Gasohol 91 Gasohol 95 E20 E85
Ethanol (%)

Figure 6.11 Oil swelling index using rubber/plastic/DBPH ratio of 50/50/5 by 
varying the rubber types at room temperature for 7 days.
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Figure 6.12 Oil swelling index using rubber/plastic/DBPH ratio of 50/50/5 by 
varying the rubber types at 100 °c for 24 hours.

G asohol 91 G asohol 95 E20  E85

Ethanol (%)

Figure 6.13 Oil swelling index using rubber/plastic/DBPH ratio of 50/50/5 by 
varying the rubber types at 100 °c for 7 days.
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6.4.5 SEM morphology
SEM images recorded by scanning the samples along the cross section 

of fractured surface provided further details of the morphology of the blends. They 
revealed that the morphology observed at the cross section was similar to that found 
at the volume of the blends, which is important information. Figure 6.14 revealed the 
studies of SEM morphology of TPV blends in different types of rubber. According to 
the literature of R.D. Simoes et al. [3], the rougher region was PVDF phase while the 
smoother region was rubber phase. It can be seen that the morphology showed the 
co-continuous phases (at the rubber/plastic ratio of 50/50) in both of figure (a) and 
(b). Focusing on the interface of figure (a), the clear edge between NBR and 
thermoplastic domain not appeared compared to that of ENR system in figure (b) 
which may attributed to better interfacial adhesion. Moreover, Sachiko Ishida et al. 
[2] found that if the interfacial tension is low, the repulsion of chain segments in the 
presence of incompatible chain segments due to the interaction energy is low; 
therefore, the particle size of rubber phases decrease.

(a) (b)

Figure 6.14 The SEM morphology with lOOOx magnification; (a) NBR/PVDF/PLA 
and (b) ENR/PVDF/PLA.

6.5 Conclusion

The TPV of ENR/PVDF was compared to NBR/PVDF which NBR used as a 
benchmark. The effects of rubber types and PEA contents on cure characteristics,
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mechanical, oil resistant and morphological properties have been studied. The results 
showed that NBR compound gave higher cure rate index and maximum torque than 
ENR. The NBR/PVDF with and without PLA showed higher tensile and tear 
strengths and hardness than ENR/PVDF system. The SEM morphology revealed the 
better interfacial adhesion between NBR and PVDF than that of ENR and PVDF.
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