
CHAPTER V
DIELECTRIC PROPERTIES OF DURABLE POLYBENZOXAZINES 

COMPOSITES IN THE MICROWAVE FREQUENCY REGION

5.1 Abstract

H ig h  p e r f o r m a n c e  t h e r m o s e t t i n g  r e s i n s  m a d e  o f  h i g h  m o l e c u l a r  

w e i g h t  p o l y b e n z o x a z i n e s ,  f o r  e l e c t r o n i c  a p p l i c a t i o n s ,  w e r e  p r o d u c e d  in  o r d e r  to  

e l i m i n a t e  b r i t t l e n e s s  a s  a  m a j o r  s h o r t c o m i n g  o f  u s u a l  m o n o m e r i c  b e n z o x a z i n e s .  

m e t h y l e n e d i a n i l i n e  ( B A - m d a ) -  a n d  h e x a m e t h y l e n e d i a m i n e  ( B A - h d a ) - b a s e d  

p o l y b e n z o x a z i n e s  w e r e  p r e p a r e d  v i a  t h e  s o lv e n t  m e t h o d .  T h e  tw o  d i f f e r e n t  d i a m i n e -  

b a s e d  p o l y b e n z o x a z i n e s  w e r e  i n v e s t i g a t e d  f o r  d i e l e c t r i c  b e h a v i o r s  in  t h e  m i c r o w a v e  

f r e q u e n c i e s .  D i e l e c t r i c  c h a r a c t e r i s t i c s  o f  t h e  s a m p l e s  w e r e  o b s e r v e d  i n  t h e  f r e q u e n c y  

r a n g e  o f  3 0 0  M H z  to  1 G H z ,  f r o m  - 5 0  °c  to  1 5 0  ° C .  T h e  r e s u l t s  s h o w e d  t h a t  t h e  

r e l a t i v e  p e r m i t t i v i t y  ( s ’)  a n d  l o s s  t a n g e n t  ( t a n  5 )  o f  p o l y ( B A - m d a )  w e r e  4 .5 7  a n d  

0 . 0 2 2 ,  r e s p e c t i v e l y ,  w h i c h  w e r e  h i g h e r  t h a n  t h a t  o f  p o l y ( B A - h d a )  ( s ’ =  3 .0 4  a n d  t a n  

5  =  0 . 0 0 8 )  m e a s u r e d  a t  r o o m  t e m p e r a t u r e  (1  G H z ) .  W i t h  t h e  e x c e p t i o n a l  d i e l e c t r i c  

p r o p e r t i e s  i n c l u d i n g  t h e r m a l  c h a r a c t e r i s t i c s ,  p o l y ( B A - m d a )  w a s  f u r t h e r  d e v e l o p e d  b y  

c o m b i n i n g  w i t h  B S T  to  u p l i f t  t h e  d i e l e c t r i c  p r o p e r t i e s .  T h e  c o m p o s i t e s  b e t w e e n  B A -  

m d a  a n d  b a r i u m  s t r o n t i u m  t i t a n a t e ,  B a i . xS r xT i 0 3 , ( B S T )  f i l l e r s  w e r e  s tu d i e d  a s  a  

f u n c t i o n  o f  t h e  c e r a m i c  c o n t e n t  a n d  s u r f a c e  m o d i f i c a t i o n .  I t  w a s  f o u n d  t h a t  b y  a d d i n g  

6 0  w t .%  o f  s i l a n e  m o d i f i e d  B S T ,  t h e  d i e l e c t r i c  c o n s t a n t  a n d  lo s s  t a n g e n t  w e r e  8 .1 6  

a n d  0 . 0 3 ,  r e s p e c t i v e l y .  I n  a d d i t i o n ,  t h e  d i e l e c t r i c  p r o p e r t i e s  o f  p o l y ( B A - m d a )  

c o m p o s i t e s  w e r e  n e a r l y  s t a b l e  w i t h  v a r i a t i o n s  o f  t e m p e r a t u r e  a n d  f r e q u e n c y ,  

i n d i c a t i n g  t e m p e r a t u r e  a n d  f r e q u e n c y  i n d e p e n d e n c e .

Keyword: H i g h  m o l e c u l a r  w e i g h t  p o l y b e n z o x a z i n e ,  b a r i u m  s t r o n t i u m  t i t a n a t e  

( B S T ) ;  d i e l e c t r i c  m a t e r i a l s ;  m i c r o w a v e  f r e q u e n c y
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5.2 Introduction

D i e le c t r i c  m a t e r i a l s  o p e r a t e d  a t  h i g h  f r e q u e n c y  o p e r a t i o n  h a v e  b e e n  

e x p a n d e d  to  m o d e r n  m i c r o e l e c t r o n i c s  a n d  e l e c t r i c a l  p r o d u c t s .  T h e  m a t e r i a l s  u s e d  

m u s t  h a v e  a t t r a c t i v e  p r o p e r t i e s  s u c h  a s  m o d e r a t e  r e l a t i v e  p e r m i t t i v i t y ,  l o w  l o s s  

t a n g e n t ,  a n d  g o o d  m e c h a n i c a l  p r o p e r t i e s  [ 1 - 2 ] .  T o  o b ta i n  t h e s e  p r o p e r t i e s ,  

p o l y m e r / c e r a m i c  c o m p o s i t e s  h a v e  b e e n  c o n s i d e r e d  t o  b e  p o te n t i a l  c a n d i d a t e s  f o r  

i n t e g r a t i o n  i n t o  e l e c t r o n i c  d e v ic e s .  W i t h  t h e  r e c e n t  p r o g r e s s ,  h i g h  p e r f o r m a n c e  

p o l y b e n z o x a i n e / B S T  c o m p o s i t e s  w e r e  s u c c e s s f u l l y  p r e p a r e d  a n d  p r o p o s e d  f o r  b e i n g  

u s e d  in  c a p a c i t o r  a p p l i c a t i o n s  a t  l o w  f r e q u e n c y .  D i a m i n e - b a s e d  p o l y b e n z o x a z i n e /  

B a T iC >3 c o m p o s i t e s  w i th  0 -3  c o n n e c t i v i t y  w e r e  s tu d i e d  t h e  d i e l e c t r i c  p r o p e r t i e s  i n  t h e  

f r e q u e n c y  r a n g e  o f  1 k H z  to  1 0  M H z .  T h e  d i e l e c t r i c  c o n s t a n t  a n d  l o s s  t a n g e n t  o f  t h e  

c o m p o s i t e  w i t h  7 0  w t .%  o f  B S T  w e r e  1 3 .8  a n d  0 .0 1 3 ,  r e s p e c t i v e l y  [ 3 ] ,  K r u e s o n  et. 
al. l a t e r  d e v e l o p e d  t h e  m a t e r i a l  b y  i n t r o d u c i n g  f l u o r i n e -  a n d  a m i n e - b a s e d  

p o l y b e n z o x a z i n e  a s  p o l y m e r  m a t r i c e s  a n d  d o p e d  b a r i u m  t i t a n a t e  w i t h  s t r o n t i u m .  

T h u s  th e  C u r i e  t e m p e r a t u r e  w a s  s h i f t e d  to  a  l o w e r  t e m p e r a t u r e  o b t a i n i n g  a  h i g h e r  

d i e l e c t r i c  c o n s t a n t  a t  r o o m  t e m p e r a t u r e .  T h i s  r e s e a r c h  r e v e a l e d  t h e  i m p r o v e m e n t  in  

d i e l e c t r i c  p r o p e r t i e s  o f  t h e  c o m p o s i t e s .  A t  8 0  w t .%  o f  B S T  l o a d i n g ,  t h e  d i e l e c t r i c  

c o n s t a n t  a n d  l o s s  t a n g e n t  w e r e  4 0  a n d  0 .1 2 0 ,  r e s p e c t i v e l y  (1 k H z )  [ 4 ] ,  A l t h o u g h  

p o l y b e n z o x a z i n e  t h e r m o s e t s  h a v e  s h o w n  a  n u m b e r  o f  a p p e a l i n g  p r o p e r t i e s  i n c l u d i n g  

h ig h  g la s s  t r a n s i t i o n  t e m p e r a t u r e ,  g o o d  t h e r m a l  s t a b i l i t y ,  e x c e l l e n t  m e c h a n i c a l  

p r o p e r t i e s ,  n e a r  z e r o  s h r i n k a g e ,  a n d  l o w  w a t e r  a b s o r p t i o n .  T h e i r  a p p l i c a t i o n  in  s o m e  

r e s e a r c h  a r e a s  h a s  b e e n  l i m i t e d  d u e  to  t h e  b r i t t l e  n a t u r e  o f  s h o r t  m o l e c u l a r  w e i g h t  

p o l y b e n z o x a z i n e s  [5 ] ,  V a r i o u s  a l t e r n a t i v e s  h a v e  b e e n  p r o p o s e d  t o  m i n i m i z e  t h i s  

p r o b le m .  I t  i s  w e l l - k n o w n  t h a t  p o l y b e n z o x a z i n e s  c a n  b e  p r e p a r e d  in  a  v a r i e t y  o f  

w a y s  b y  v a r y i n g  t h e  p h e n o l  o r  a m in e  g r o u p s ,  t h u s  p r o d u c i n g  s u b s t a n t i a l  m o l e c u l a r  

d e s ig n  f l e x i b i l i t y .  T h e r e f o r e ,  t h e  m a in  c h a i n  b e n z o x a z i n e  p o l y m e r  ( M C B P )  a p p r o a c h  

IS  a l s o  o n e  o f  t h e  p r e f e r r e d  w a y s  to  o v e r c o m e  t h e  s h o r t c o m i n g  o f  t h e  t r a d i t i o n a l  s h o r t  

m o l e c u l a r  w e i g h t  p o l y b e n z o x a z i n e  a n d  to  i m p r o v e  t h e  p r o c e s s i n g  c a p a b i l i t y  [ 6 ], 

D i e l e c t r i c  b e h a v i o r s  o f  h ig h  m o l e c u l a r  w e i g h t  p o l y b e n z o x a z i n e  c o m p o s i t e s ,  a p p l i e d  

f o r  h ig h  f r e q u e n c y  a p p l i c a t i o n s  h a v e  n o t  b e e n  r e p o r t e d  t o d a t e .  A s  a  r e s u l t ,  i n  t h i s  

w o r k ,  a  s e r i e s  o f  h ig h  m o l e c u l a r  w e i g h t  m e t h y l e n e d i a n i l i n e - b a s e d  ( B A - m d a )  a n d
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h e x a m e t h y l e n e d i a m i n e - b a s e d  b e n z o x a z i n e  ( B A - h d a )  p o l y b e n z o x a z i n e s  w e r e  f i r s t l y  

s t u d i e d  f o r  d i e l e c t r i c  b e h a v i o r s  a t  m i c r o w a v e  f r e q u e n c y  w i t h  a  w i d e  r a n g e  o f  

t e m p e r a t u r e s .  T h e  e f f e c t  o f  t h e  m o l e c u l a r  s t r u c t u r e  o f  t h e  p o l y b e n z o x a z i n e s  u s in g  

t w o  d i a m i n e s — o n e  a l i p h a t i c  ( h e x a m e t h y l e n e d i a m i n e )  a n d — o n e  a r o m a t i c

( m e t h y l e n e d i a n i l i n e )  o n  d i e l e c t r i c  c h a r a c t e r i s t i c s  w a s  d e s c r i b e d .  F u r t h e r m o r e ,  t h e  

s u i t a b l e  p o l y m e r  m a t r i x  w a s  u s e d  f o r  c o m p o s i t e  f a b r i c a t i o n s .  F o r  i n c r e a s i n g  

d i e l e c t r i c  c o n s t a n t ,  n a n o p a r t i c l e - b a r i u m  s t r o n t i u m  t i n a n a t e  (B a o jS ro .y T iC f i )  w a s  

i n t r o d u c e d  i n t o  p o l y m e r  m a t r i x  a t  v a r i o u s  c o n t e n t s .  T o  e n h a n c e  t h e  c o m p a t i b i l i t y  

b e t w e e n  p o l y m e r  a n d  c e r a m i c ,  t h e  s u r f a c e  o f  B S T  p o w d e r  w a s  a l s o  m o d i f i e d  b y  

u s i n g  3 - a m i n o p r o p y l - t r i m e t h o x y s i l a n e  a n d  p o l y m e r  m a t r i x  b a s e d .  T h e  d i e l e c t r i c  

p r o p e r t i e s  u n d e r  t e m p e r a t u r e  a n d  f r e q u e n c y  v a r i a t i o n s  o f  c o m p o s i t e s  o n  t h e  a m o u n t  

o f  B S T  l o a d i n g  w e r e  i n v e s t i g a t e d  a n d  d i s c u s s e d .  T h e  t h e o r e t i c a l  m o d e l s  h a v e  b e e n  

c a l c u l a t e d  a n d  p r o p o s e d  f o r  p r e d i c t i n g  t h e  d i e l e c t r i c  c o n s t a n t  o f  t h e  p o l y m e r - c e r a m i c  

c o m p o s i t e .

5.3 Experimental

5 .3 .1  S y n t h e s i s  o f  M e t h y l e n d i a n i l i n e -  ( B A - m d a )  a n d  

H e x a m e t h y l e n e d i a m i n e - B a s e d  ( B A - h d a )  B e n z o x a z i n e  P r e c u r s o r s

T o  S y n t h e s i z e  B A - m d a  p r e c u r s o r  t h r o u g h  t h e  s o l v e n t  m e t h o d ,  m d a  

( 4 0 .0  m m o l ,  7 .9 3  g ) ,  b i s p h e n o l - A  ( 4 0 .0  m m o l ,  9 .1 3  g )  a n d  p a r a f o r m a l d e h y d e  ( 1 7 2  

m m o l ,  5 .1 5  g )  w e r e  a d d e d  i n t o  2 5 0  m l  r o u n d - b o t t o m  f l a s k  w i t h  1 0 0  ทา.L  o f  

c h l o r o f o r m  a s  t h e  s o lv e n t .  T h e  r e a c t i o n  w a s  c a r r i e d  o u t  u n d e r  r e f l u x  a t  1 0 0 °c  f o r  5 

h . T h e  o b t a i n e d  m i x t u r e  w a s  f i l t e r e d  a n d  s e q u e n t i a l l y  w a s h e d  w i t h  0 .5  N  N a F lC C f i  

a q u e o u s  s o l u t i o n  ( 2 0 0  m L ) .  T o  e l i m i n a te  w a t e r ,  t h e  s a m p l e  s o l u t i o n  w a s  d r i e d  w i t h  

a n h y d r o u s  s o d i u m  s u l f a t e  f o r  o n e  n ig h t .  A f t e r  e v a p o r a t i o n ,  t h e  w h i t e  c r y s t a l  

b e n z o x a z i n e  p r e c u r s o r s  w e r e  s o l i d  a t  r o o m  t e m p e r a t u r e .  T h e  s y n t h e s i z e d  p r e c u r s o r s  

w e r e  g r o u n d  i n t o  a  f i n e  p o w d e r  a n d  t a k e n  f o r  m a te r i a l  c h a r a c t e r i z a t i o n s .  P r e p a r a t i o n  

o f  B A - h d a  u s e d  t h e  s a m e  a p p r o a c h ,  s u b s t i t u t i n g  h d a  in  t h e  p l a c e  o f  m d a .
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Figure 5.1 C h e m i c a l  r o u t e  f o r  s y n t h e s i s  o f  m e t h y l e n e d i a n i l i n e -  ( B A - m d a )  a n d  

h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  b e n z o x a z i n e  p r e c u r s o r s  [ 6 ]

5 .3 .2  P r e p a r a t i o n  o f  p o l v t B A - m d a )  a n d  p o l v ( B A - h d a )  s p e c i m e n s

T h e  B A - m d a  p r e c u r s o r s  ( ~ 2  g )  w e r e  d i s s o l v e d  in  3 g  o f  

d i m e t h y l f o r m a m i d e .  F i r s t l y ,  t h e  m i x t u r e  w a s  h e a t e d  t o  1 0 0  ๐c  a n d  v ig o r o u s l y  s t i r r e d  

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

a l u m i n i u m  m o l d .  T o  a v o id  b u b b l e s  b e i n g  t r a p p e d  i n s i d e  t h e  s p e c i m e n ,  t h e  

t e m p e r a t u r e  w a s  g r a d u a l l y  i n c r e a s e d  u p  to  2 0 0 ° c .  A f t e r  t h e  c u r i n g  p r o c e s s ,  t h e  f u l ly  

c u r e d  s p e c i m e n  g a v e  t h e  t r a n s p a r e n t  d a r k  b r o w n  a n d  w a s  u s e d  f o r  c h a r a c t e r i z a t i o n s .  

T h e  p r e p a r a t i o n  o f  t h e  B A - h d a  s p e c i m e n  w a s  p e r f o r m e d  in  t h e  s a m e  w a y .

5 .3 .3  P o l v ( B A - m d a )  C o m p o s i t e  P r e p a r a t i o n

T h e  f a b r i c a t i o n  o f  c o m p o s i t e s  w a s  p r e p a r e d  b y  d i s s o l v i n g  B A - m d a  

in  d i m e t h y l f o r m a m i d e .  T h e  m i x t u r e  w a s  v i g o r o u s l y  s t i r r e d  u n t i l  o b t a i n i n g  

h o m o g e n e o u s  s o l u t i o n .  T h e n  B S T  p o w d e r s  a t  d e s i r a b l e  a m o u n t  ( 3 0 ,  4 0 ,  5 0 ,  a n d  6 0  

w t .%  o f  B S T )  w e r e  a d d e d  a n d  f o l l o w e d  b y  c u r i n g  p r o c e s s  a s  m e n t i o n  in  5 .3 .2 .

5 .3 .4  S u r f a c e  M o d i f i c a t i o n  b y  B A - m d a  B e n z o x a z i n e  P r e c u r s s o r  S u r f a c e  

T o  m o d i f y  B S T  b y  B A - m d a  p r e c u r s o r ,  T h e  5 w t .%  o f  B A - m d a  w a s  

d i s s o l v e d  in  T H F .  T h e  p r e p a r e d  s o l u t i o n  w a s  s l o w l y  a d d e d  d r o p w i s e  to  t h e  s t i r r i n g
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B S T  p a r t i c l e / T H F  s lu r r y  s y s t e m .  T h e n  t h e  m i x t u r e  w a s  c o n t i n u o u s l y  s t i r r e d  f o r  1 h . 

a n d  e v a p o r a t e d  T H F  o u t  a t  7 0 ° c .  L a s t l y ,  B A - m d a  t r e a t e d  B S T  w a s  d r i e d  i n  a  

v a c u u m  o v e n  o v e r n i g h t  in  o r d e r  to  r e m o v e  th e  r e s i d u a l  s o lv e n t .

5 .3 .5  C h a r a c t e r i z a t i o n s  a n d  t e s t i n g

T h e  p r o t o n  n u c l e a r  m a g n e t i c  r e s o n a n c e  s p e c t r o s c o p y  ( 'H - N M R )  w a s  

u s e d  to  c o n f i r m  m o l e c u l a r  s t r u c t u r e  o f  p o l y b e n z o x a z i n e  p r e c u r s o r s .  T h e  s p e c t r a  w e r e  

o b t a i n e d  o n  a  V a r i a n  M e r c u r y  N M R  s p e c t r o m e t e r  o p e r a t e d  a t  4 0 0 .0 0  M H z  b y  u s i n g  

d e u t e r a t e d  c h l o r o f o r m  ( C D C I 3)  a s  t h e  s o l v e n t  to  w h i c h  t h e  c h e m i c a l  s h i f t s  (Ô ) w e r e  

g iv e n .  T h e  f u n c t io n a l  g r o u p s  r e l a t e d  to  s t r u c t u r e  o f  t h e  m a t e r i a l s  w e r e  a l s o  

i n v e s t i g a t e d  b y  u s i n g  a  N i c o l e t  N e x u s  6 7 0  f o u r i e r  t r a n s f o r m  i n f r a r e d  

s p e c t r o p h o t o m e t e r  ( F T I R ) .  A l l  F T I R  s p e c t r a  w e r e  o b t a i n e d  in  a  s p e c t r a l  r a n g e  o f  

4 0 0 0 - 4 0 0  c m ' 1 a s  a  f u n c t i o n  o f  t im e  w i t h  6 4  s c a n s  a t  a  r e s o l u t i o n  o f  2  c m '1. T h e  K B r  

p e l l e t  t e c h n i q u e  w a s  a p p l i e d  in  t h e  p r e p a r a t i o n  o f  s a m p l e  p o w d e r .  T h e  s a m p l e s  

p r e p a r e d  w e r e  s u f f i c i e n t l y  t h i n  w i th  o p t i c a l  t h i c k n e s s  s m a l l  e n o u g h  a c c o r d i n g  t o  

B e e r - L a m b e r t ’s la w . T h e  c u r i n g  p r o f i l e  o f  b e n z o x a z i n e  p r e c u r s o r s  w a s  c a r r i e d  o u t  

u s in g  a  P e r k i n - E l m e r  D S C  7  i n s t r u m e n t .  T h e  s a m p l e  w a s  f i r s t  h e a t e d  f r o m  3 0 ° c  to  

3 0 0 ° c  a n d  c o o l e d  d o w n  a t  a  r a t e  o f  5 ° c / i n i n  u n d e r  a  N 2 a t m o s p h e r e  w i t h  a  f l o w  r a t e  

o f  2 5  m l / m i n .  G l a s s  t r a n s i t i o n  t e m p e r a t u r e  (T g ) o f  p o l y b e n z o x a z i n e  b a s e d  w a s  

m e a s u r e d  u n d e r  t e n s i o n  m o d e  b y  G A B O  E P L E X O R  1 0 0  N  o p e r a t e d  a t  1 H z  a n d  a  

s t r a i n  v a l u e  o f  0 .1 %  w e r e  a p p l i e d .  T h e  t e m p e r a t u r e  w a s  s c a n n e d  f r o m  2 5  °c  t o  2 5 0  

°c  w i t h  a  h e a t i n g  r a t e  o f  2 ° c / m i n  u n d e r  N 2 a t m o s p h e r e  w i t h  f l o w  r a t e  o f  1 0 0  m l / m i n .  

T h e  T G - D T A  c u r v e s  w e r e  c o l l e c t e d  u s i n g  a  P e r k i n - E l m e r  P y r i s  D i a m o n d  T G / D T A  

i n s t r u m e n t .  T h e  s a m p l e  w a s  lo a d e d  ~ 5  m g  o n  t h e  a l u m i n a  p a n  a n d  h e a t e d  f r o m  3 0 ° c  

to  9 0 0 ° c  a t  a  h e a t i n g  r a t e  o f  1 0 ° c / m i n  u n d e r  N 2 f l o w  o f  1 0 0  m L / m i n . .  T h e  t r u e  

d e n s i t y  o f  b e n z o x a z i n e  p r e c u r s o r  w e r e  m e a s u r e d  b y  p y c n o m e t e r  ( Q u a n t a c h r o m e ,  

U l t r a p y c n o m e t e r  1 0 0 0 )  u n d e r  h e l iu m  p u r g e  a t  p r e s s u r e  o f  2 0  p s i .  R e l a t i v e  d e n s i t y  o f  

m a t e r i a l s  ( p o l y m e r  a n d  p o l y m e r - c o m p o s i t e s )  w a s  m e a s u r e d  in  o r d e r  to  o b s e r v e  t h e  

e x i s t e n c e  o f  v o id  b y  f o l l o w i n g  th e  t e s t  m e t h o d  A  o f  A S T M  D  7 9 2 - 0 0 .  T h e  

d i m e n s i o n  o f  s a m p l e s  w a s  2 0  m m  X  5 m m  X 2  m m . A n a l y t i c a l  b a l a n c e  w i t h  d e n s i t y  

k i t  c o n s i s t s  o f  B a la n c e  S A R T O R I U S  r e s e a r c h  R C 2 1 0 S  a n d  k i t  S A R T O R I U S  

Y D K 2 0 1 .  D i e l e c t r i c  p r o p e r t i e s  [ d i e l e c t r i c  c o n s t a n t  ( s ’) ,  a n d  l o s s  t a n g e n t  ( t a n  8  ;
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ร " /e ’)]  o f  p o l y ( B A - m d a )  a n d  p o l y ( B A - h d a )  s p e c i m e n s  w e r e  d e t e r m i n e d  b y  u s i n g  a n  

E 4 9 9 1 A  R F  i m p e d a n c e / m a t e r i a l  a n a l y z e r  e q u i p p e d  w i t h  a  1 6 4 5 3 A  d i e l e c t r i c  

m a t e r i a l  t e s t  f i x t u r e ,  A g i l e n t  T e c h n o l o g i e s ,  I n c . ,  U S A ) .  T h e  s c a n  f r e q u e n c i e s  r a n g e d  

f r o m  3 0 0  M H z  to  1 G H z .  T h e  p r e p a r e d  s a m p l e  w a s  p l a c e d  i n s i d e  a  E s p e c  ร บ - 2 6 1  

t e m p e r a t u r e  c h a m b e r  ( v a r i a b l e  t e m p e r a t u r e  o v e n )  a n d  t e m p e r a t u r e  w a s  c o n t r o l l e d  

f r o m  - 5 0  ๐c  to  1 5 0  ๐บ . F i r s t ,  t h e  s a m p l e  w a s  h e a t e d  f r o m  r o o m  t e m p e r a t u r e  to  

1 5 0  ๐c  a n d  t h e n  c o o le d  d o w n  b y  10 °c i n c r e m e n t  u n t i l  r e a c h i n g  - 5 0  ๐บ . D u r i n g  t h e  

t e m p e r a t u r e  r a m p  d o w n ,  d a t a  c o l l e c t i o n  w a s  d e l a y e d  f o r  2  m in .  a f t e r  e a c h  s te p  in  

o r d e r  to  i n c r e a s e  t h e  a c c u r a c y  o f  t h e  d i e l e c t r i c  m e a s u r e m e n t .  M i c r o s t r u c t u r e  o f  t h e  

c o m p o s i t e s  w a s  e x a m i n e d  u s i n g  a  s c a n n in g  e l e c t r o n  m i c r o s c o p e  ( S E M ;  H I T A C H I  ร -  

4 8 0 0 )  a t  v o l t a g e  o f  15 k v .  T h e  s u r f a c e  o f  s p e c i m e n s  w a s  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  b e f o r e  o b s e r v a t i o n  to  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 .  A t o m i c  f o r c e  

m o d u l a t e  m o d e  ( F M M )  w a s  u s e d  to  m e a s u r e  Y o u n g ’s m o d u l u s  a n d  h a r d n e s s  o f  e a c h  

r e g i o n  o f  c o p o l y m e r  w h ic h  c a n  b e  r e f e r r e d  t o  t h e  d i s t r i b u t i o n  o f  u r e t h a n e  c o n t e n t  in  

b e n z o x a z i n e  p h a s e .  I n  t h i s  m o d e ,  a t  10  p m  o f  s c a n  s i z e  a n d  0 .2  H z  o f  s c a n  r a t e  w e r e  

s e t  s o  a s  to  a n a l y z e  t h o s e  p a r a m e t e r s  o f  th e  m a t e r i a l s .
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5.4 Results and Discussions

5 .4 .1  B e n z o x a z i n e  P r e c u r s o r s  a n d  P o l y m e r s  C h a r a c t e r i z a t i o n s

5.4.1.1 Nuclear Magnetic Resonance Spectroscopy (NMR) Analysis 
T h e  s t r u c t u r e s  o f  t h e  s y n t h e s i z e d  p o l y b e n z o x a z i n e s  p r e c u r s o r s  w e r e  

c h a r a c t e r i z e d  b y  ' h  N M R ,  a n d  F T I R  t e c h n i q u e s  to  i d e n t i f y  t h e  f o r m a t i o n  o f  h ig h  

m o l e c u l a r  w e i g h t  p o l y b e n z o x a z i n e  p r e c u r s o r s .

T h e  ' f l  N M R  s p e c t r u m  o f  B A - m d a  c a n  b e  s e e n  in  F i g .  5 .2 .  T h e  

a r o m a t i c  p r o t o n s  a r e  f o u n d  a t  6 . 6 0 - 7 . 2 5  p p m .  T h e  c h a r a c t e r i s t i c  p e a k s ,  a s s i g n a b l e  to  

m e t h y l e n e  ( O - C H 2- N )  a n d  m e t h y l e n e  o f  o x a z i n e  ( A r - C H 2- N ) ,  a p p e a r  a t  5 .2 4  a n d  a t

4 .5 0  p p m ,  r e s p e c t i v e l y .  M o r e o v e r ,  t h e  m e th y l  p r o t o n  o f  b i s p h e n o l - A  a n d  m e t h y l e n e  

p r o t o n  o f  m d a  a r e  o b s e r v e d  a t  1 .5 2  a n d  3 .7 9  p p m ,  r e s p e c t i v e l y .

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
C h e m i c a l  sh i f t  ( p p m )

Figure 5 .2  T h e  ’H - N M R  s p e c t r a  o f  m e t h y l e n d i a n i l i n e - ( B A - m d a )  b a s e d  
p o l y b e n z o x a z i n e s .

T h e  c h a ra c te r iz e d  m o le c u la r  s tru c tu re  o f  B A -h d a  b y  *H  N M R

s p e c tru m  as s h o w n  in  F ig . 5 .3 , th e  c h a ra c te r is t ic  peaks a ss ig n a b le  to  m e th y le n e  ( O -

C F F - N )  a n d  m e th y le n e  ( A r - C F B - N )  o f  o x a z in e  r in g  are  o b s e rv e d  a t 4 .81  a n d  a t 3 .92
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p p m ,  r e s p e c t i v e l y .  A d d i t i o n a l l y ,  t h e  m e th y l  p r o t o n  o f  b i s p h e n o l - A  a p p e a r s  a t  1 .5 8  

a n d  t h e  m e t h y l e n e  p r o t o n  o f  h d a  is  o b s e r v e d  a t  2 .7 0  a n d  1 .3 4  p p m .  T h e  a p p e a r a n c e  

o f  c h e m i c a l  s h i f t s  s t r o n g l y  c o n f i r m s  t h e  f o r m a t i o n  o f  t h e  p r e c u r s o r s  [6 ]  .

8.0 7.5 7.0 6.5 6.0 5.5 5.0 4.5 4.0 3.5 3.0 2.5 2.0 1.5 1.0
C h e m i c a l  s h i f t  ( p p m )

Figure 5 .3  T h e  'H - N M R  s p e c t r a  o f  h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  
p o l y b e n z o x a z i n e s .

5.4.1.2 Fourier Transform Infrared Spectroscopy (FTIR) Analysis 
T h e  F T I R  s p e c t r a  o f  m e th y l e n d i a n i l i n e - ( B A - / m / < 2 )  a n d  

h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A -hda) b e n z o x a z i n e s  p r e c u r s o r s  a r e  s h o w n  in  F ig .

5 .4  a n d  5 .5 ,  r e s p e c t i v e l y .  A s y m m e t r i c  s t r e t c h i n g  o f  C - O - C  ( 1 2 3 4  c m '1), a s y m m e t r i c  

s t r e t c h i n g  o f  C - N - C  ( 1 1 8 0 - 1 1 8 7  c m '1) ,  a n d  C F F  w a g g i n g  o f  o x a z i n e  ( 1 3 2 5 - 1 3 2 8  

c m '1) a r e  f o u n d .  I n  a d d i t i o n ,  t h e  c h a r a c t e r i s t i c  a b s o r p t i o n s ,  w h i c h  a r e  s u b j e c t  to  

t r i s u b s t i t u t e d  b e n z e n e  r i n g  a t  1 5 0 2 - 1 5 1 1  c m '1 a n d  o u t  o f  p l a n e  b e n d i n g  v i b r a t i o n s  o f  

C - F l  a t  9 3 7 - 9 4 3  c m ' 'a r e  o b s e r v e d .  T h e s e  a b s o r p t i o n  b a n d s  d e m o n s t r a t e  t h a t  t h e  

p r e c u r s o r s  c o n t a i n i n g  t h e  b e n z o x a z i n e  s t r u c t u r e  in  t h e  b a c k b o n e  h a v e  b e e n  a c q u i r e d
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4000 3500 3000 2500 2000 1500 1000 500

W a v e n u m b e r  ( c m  ' )

Figure 5.4 T h e  F T I R  s p e c t r a  o f  m e t h y l e n d i a n i l i n e - ( B A - m d a )  b a s e d  
p o l y b e n z o x a z i n e s .

4000 3500 3000 2500 2000 1500 1000 500

W a v e n u m b e r  ( c m  ' )

Figure 5.5 T h e  F T I R  s p e c t r a  o f  h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  
p o ly b e n z o x a z i n e s .
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5.4.1.3 Differential Scanning Calorimetry (DSC) Analyses 
T h e  D S C  d i a g r a m s  o f  B A - m d a  a n d  B A - h d a  a s  p r e c u r s o r s  a r e  s h o w n  

i n  F i g u r e  5 .6 .  T h e  e x o t h e r m i c  o n s e t s  a r e  r e l a t e d  to  t h e  r i n g - o p e n i n g  o f  m o n o m e r s  

a n d  t h e  f o r m a t i o n  o f  p h e n o l i c  h y d r o x y l  g r o u p  in  p o l y b e n z o x a z i n e  n e t w o r k .  T h e  

o n s e t s  o f  h i g h  m o l e c u l a r  w e i g h t  p r e c u r s o r ,  B A - m d a  a n d  B A - h d a  e x h i b i t  a t  204°c 
a n d  1 9 8 ° c .  I n  a d d i t i o n ,  e x o t h e r m i c  p e a k  t e m p e r a t u r e s  o f  t h e m  a r e  p r e s e n t e d  a t  

237°c a n d  232°c, r e s p e c t i v e l y .  A  s in g l e  e x o t h e r m i c  p e a k  o f  t h e  c u r i n g  r e a c t i o n  

s u g g e s t s  t h a t  t h e  r e a c t i o n  o f  b o th  B A - m d a  a n d  B A - h d a  m o n o m e r s  f o r m  a  n e t w o r k  

s t r u c t u r e  s i m u l t a n e o u s l y  a t  t h e  s a m e  t e m p e r a t u r e  r a n g e .

Figure 5 .6  D S C  p a t t e r n s  o f  m e t h y l e n e d i a i n l i n e  ( B A - m d a ) - a n d  

h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  p o l y b e n z o x a z i n e s  p r e c u r s o r s .

5.4.1.4 Microwave Dielectric Properties Measurements 
T h e  h ig h  m o l e c u l a r  w e i g h t  p o l y ( B A - m d a )  a n d  p o l y  ( B A - h d a )  

s p e c i m e n s  w e r e  i n v e s t i g a t e d  f o r  d i e l e c t r i c  c h a r a c t e r i s t i c s  in  t h e  f r e q u e n c y  r a n g e  o f  

3 0 0  M H z  to  1 G H z  u n d e r  t e m p e r a t u r e  v a r i a t i o n  r a n g i n g  f r o m  - 5 0  °c t o  1 5 0  °c. T h e  

d i e l e c t r i c  p r o p e r t i e s  o f  p o ly  ( B A - m d a )  a r e  s h o w n  in  F ig .  5 .7 .
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(a)

(b )

Figure 5.7 T e m p e r a t u r e  a n d  f r e q u e n c y  d e p e n d e n c e  o f  a )  d i e l e c t r i c  c o n s t a n t  a n d  b )  

d i e l e c t r i c  l o s s  t a n g e n t  o f  a n i l i n e - b a s e d  p o l y b e n z o x a z i n e  ( B A - m d a ) .

A t  r o o m  t e m p e r a t u r e  ( 1 G H z ) ,  t h e  d i e l e c t r i c  c o n s t a n t  a n d  l o s s  t a n g e n t  

( t a n  5 )  o f  p o l y ( B A - m d a )  a r e  4 .5 7  a n d  0 .0 2 2 ,  r e s p e c t i v e l y .  I t  c a n  b e  s e e n  t h a t  t h e
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d i e l e c t r i c  c o n s t a n t  a n d  l o s s  t a n g e n t  o f  p o l y ( B A - m d a )  s l i g h t l y  i n c r e a s e  w h e n  t h e  

t e m p e r a t u r e  i n c r e a s e s .  A t  t e m p e r a t u r e s  a b o v e  5 0  ๐c ,  t h e r e  a r e  s i g n i f i c a n t  e n h a n c e d  

in  t h e  d i e l e c t r i c  p r o p e r t y  v a l u e s  a n d  f r e q u e n c y  d e p e n d e n c e .  H o w e v e r ,  t h e  g a p  

b e t w e e n  t h e  h ig h e s t  a n d  th e  l o w e s t  v a l u e s  o f  t h e  d i e l e c t r i c  c o n s t a n t  u n d e r  

t e m p e r a t u r e  v a r i a t i o n  o f  t h e  p o l y ( B A - m d a )  is  w i t h i n  2 ,  i n d i c a t i n g  t h a t  t h e  f l u c t u a t i o n  

a t m o s p h e r e  h a s  a  s m a l l  i n f l u e n c e  o n  t h i s  p o l y m e r  t y p e .  F o r  t h e  d i e l e c t r i c  

c h a r a c t e r i s t i c s  o f  a l i p h a t i c  d i a m i n e - b a s e d ,  p o l y ( B A - h d a )  a s  s e e n  in  F ig .  5 .8 .  I t  is  

f o u n d  t h a t  t h e  r e l a t i v e  p e r m i t t i v i t y  ( ๙ )  a n d  d i s s i p a t i o n  f a c t o r  ( t a n  5 )  o f  p o l y ( B A - h d a )  

a r e  3 .0 4  a n d  0 .0 0 8 ,  r e s p e c t i v e l y  o b s e r v e d  a t  r o o m  t e m p e r a t u r e  (1 G F I z ) .  T h e  

d i e l e c t r i c  c o n s t a n t  is  s t a b l e  a t  d i f f e r e n t  a t m o s p h e r e s  a n d  s m a l l  d e v i a t i o n  o f  l o s s  

t a n g e n t  is  f o u n d  a t  v a r i o u s  t e m p e r a t u r e s .  T h e s e  c h a r a c t e r i s t i c s  p r o v e  t h a t  p o l y  ( B A -  

h d a )  is  n o t  d e p e n d e n t  o n  t e m p e r a t u r e  a n d / o r  f r e q u e n c y .

In  p r i n c i p l e ,  t h e  d i e l e c t r i c  p r o p e r t i e s  a r e  d i r e c t l y  r e l a t e d  to  t h e  

d e p e n d e n c e  o n  th e  c h e m i c a l  s t r u c t u r e s  o f  p o ly m e r s .  W h e n  c o m p a r i n g  th e  d i e l e c t r i c  

c h a r a c t e r i s t i c s  o f  t h e  t w o  d i a m i n e - b a s e d  p o l y b e n z o x a z i n e s ,  i t  i s  f o u n d  t h a t  p o l y ( B A -  

m d a )  e x h i b i t e s  a  h i g h e r  d i e l e c t r i c  c o n s t a n t  a n d  d i s s i p a t i o n  f a c t o r  t h a n  p o l y ( B A - h d a ) .  

T h i s  i s  b e c a u s e  p o l y ( B A - m d a )  is  c o m p r i s e d  o f  a  l a r g e  n u m b e r  o f  a r o m a t i c  r i n g s  

l e a d i n g  t o  m o r e  u n s a t u r a t e d ,  c o n j u g a t e d ,  a n d  p h e n y l  g r o u p s .  T h e s e  c o n j u g a t e d  

d o u b l e  b o n d s  o f  a r o m a t i c  s y s t e m  a r e  m o r e  p o l a r i z a b l e  t h a n  th e  C - H  b o n d s  a n d  C - C  

b o n d s  o f  a l i p h a t i c  d i a m i n e - b a s e d  p o l y b e n z o x a z i n e s  [ 7 - 8 ] ,  In  th i s  s tu d y ,  t h e  d i e l e c t r i c  

c o n s t a n t  a n d  lo s s  f a c t o r  f o r  b o th  p o l y ( B A - m d a )  a n d  p o l y ( B A - h d a )  d o  n o t  s h o w  a n y  

s i g n i f i c a n t  f l u c t u a t i o n  u n d e r  t e m p e r a t u r e  a n d  f r e q u e n c y  v a r i a t i o n s .  T h e s e  s u p e r i o r  

b e h a v i o r s  a r e  d e r i v e d  f r o m  h ig h  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  (T g )  o f  t h e  t w o  r e s i n s .  

A c c o r d i n g  to  th e  T a k e i c h i  r e p o r t e d  [ 5 ] ,  T g  v a l u e s  o f  p o l y ( B A - m d a )  a n d  p o l y ( B A -  

h d a )  w e r e  a r o u n d  2 2 8  a n d  2 4 7  ° c ,  r e s p e c t i v e ly .  T h u s  th e  r e l a x a t i o n  p r o c e s s  o f  

p o l y ( B A - m d a )  a n d  p o l y ( B A - h d a )  a r e  l e s s  t h a n  t h o s e  o f  t r a d i t i o n a l  p o ly m e r s .
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Figure 5.8 T e m p e r a t u r e  a n d  f r e q u e n c y  d e p e n d e n c e  o f  a )  d i e l e c t r i c  c o n s t a n t  a n d  b )  

d i e l e c t r i c  l o s s  t a n g e n t  o f  h e x a m e t h y l e n e d i a m i n e - b a s e d  p o l y b e n z o x a z i n e  ( B A - h d a ) .
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5.4.1.5 Thermal Gravimetric Analysis (TGA)
T G A  t h e r m o g r a m  a n d  t h e r m a l  p r o p e r t i e s  o f  h i g h  m o l e c u l a r  w e i g h t  

p o l y ( B A - m d a )  a n d  p o l y ( B A - h d a ) ,  w h i c h  r e p o r t e d  a t  5 %  a n d  1 0 %  w e i g h t  l o s s e s  w i th  

t h e  r e s i d u a l  w e i g h t  a t  9 0 0  ๐c  a r e  p r e s e n t e d  in  F i g u r e  5 .9 .  T h e  c u r e d  p r o d u c t s  

e x h i b i t s  h ig h  d e g r a d a t i o n  t e m p e r a t u r e .  T h e  t h e r m a l  s t a b i l i t y  a n d  c h a r  y i e l d  o f  P o l y  

( B A - m d a )  w e r e  h i g h e r  t h a n  P o l y ( B A - h d a )  d u e  to  th e  h i g h  a r o m a t i c  c o n t e n t  in  t h e  

b a c k b o n e  o f  p o l y ( B A - m d a )  [9 ] ,

T a b le  5.1 T h e r m a l  p r o p e r t i e s  o f  m e t h y l e n e d i a i n l i n e  ( B A - m d a ) - a n d  

h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  p o l y b e n z o x a z i n e s

M ate ria ls T dS (°C) Tdio (๐C) R esid u al w eig h t 
(% ) a t 9 0 0 ° c

P o l y ( B A - h d a ) 2 9 5 .0 3 3 0 .8 1 6 .4

P o l y ( B A - m d a ) 3 1 6 .7 3 5 3 .2 3 1 .9

F ig u re  5.9 T G A  t h e r m o g r a m  o f  o f  m e t h y l e n e d i a i n l i n e  ( B A - m d a ) - a n d  

h e x a m e t h y l e n e d i a m i n e - b a s e d  ( B A - h d a )  p o l y b e n z o x a z i n e s .
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5 .4 .2  P o l y ( B A - m d a ) / B a r i u m  S t r o n t i u m  T i t a n a t e  C o m p o s i t e s  

C h a r a c t e r i z a t i o n s

5.4.2.1 Microwave Dielectric Properties Measurements 
F o r  c o n c e r n i n g  w i t h  v a r i o u s  a s p e c t s ,  p o l y ( B A - m d a )  i s  s u p e r i o r  to  

p o l y ( B A - h d a )  b o t h  o f  t h e r m a l  a n d  d i e l e c t r i c  p r o p e r t i e s .  H e n c e  p o l y ( B A - m d a )  w a s  

u s e d  a s  p o l y m e r  m a t r i x  f o r  c o m b i n i n g  w i t h  b a r i u m  s t r o n t i u m  t i a t a n a t e  ( B S T ) .  T h e  

c o m p o s i t e  m a t e r i a l s  w e r e  p r e p a r e d  b y  v a r y i n g  B S T  f r o m  3 0  to  6 0  w t .% .  T h e  

d i e l e c t r i c  c h a r a c t e r i s t i c s  o f  t h e  c o m p o s i t e s  w e r e  s tu d i e d  i n  t h e  f r e q u e n c y  r a n g e  o f  

3 0 0  M H z  t o  1 G H z  w i t h  t h e  t e m p e r a t u r e  v a r i a t i o n  f r o m  - 5 0  ๐c  to  1 5 0  ๐c .  T h e  

t e m p e r a t u r e  d e p e n d e n c e  o f  t h e  p e r m i t t i v i t y  a n d  d i s s i p a t i o n  f a c t o r  o f  c o m p o s i t e s  w i t h  

v a r i o u s  B S T  l o a d i n g s  is  s h o w n  in  F i g u r e  5 .1 0 a  a n d  b ,  r e s p e c t i v e l y .
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F ig ure  5.10 T e m p e r a t u r e  d e p e n d e n c e  o f  a )  d i e l e c t r i c  c o n s t a n t  a n d  b )  l o s s  t a n g e n t  o f  

p o l y ( B A - m d a )  c o m p o s i t e s  b y  v a r y i n g  B S T  c o n t e n t s  m e a s u r e d  a t  1 G H z .
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F ig .  5 .1 0 a  s h o w s  t h a t  t h e  a m o u n t  o f  B S T  l o a d i n g  h a s  a n  i n f l u e n c e  o n  d i e l e c t r i c  

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

h i g h e r  a m o u n t  o f  B S T  a d d i n g .  I n  t h e  p r e s e n t  o f  c e r a m i c  f i l l e r ,  t h e  c e r a m i c  p a r t i c l e s  

c o m e  c l o s e r ,  r e s u l t i n g  i n  a n  i n c r e a s e d  d i p o l e - d i p o l e  i n t e r a c t i o n .  T h i s  p h e n o m e n o n  

p r o v i d e s  a  h i g h e r  d i e l e c t r i c  c o n s t a n t  [ 1 0 ] .  W i th  a  w i d e  r a n g e  o f  t e m p e r a t u r e  

o b s e r v a t i o n ,  t h e  r e l a t i v e  p e r m i t t i v i t y  o f  a l l  c o m p o n e n t s  in  th e  e x i s t e n c e  o f  B S T  i s  

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

p o l y m e r  a n d  c e r a m i c  p h a s e s .  A s  a  c o n s e q u e n c e ,  t h e  r i g id i ty  p a r t  f r o m  t h e  c e r a m i c  

f i l l e r  c o u l d  h e l p  w e a k e n  t h e  r e l a x a t i o n  p r o c e s s  o f  t h e  p o l y m e r  m a t r i x .  O n  t h e  

c o n t r a r y ,  l o s s  t a n g e n t  is  i n d e p e n d e n t  o n  t h e  a m o u n t  o f  B S T  l o a d i n g  b u t  s l i g h t l y  

d e p e n d e n t  o n  t e m p e r a t u r e  v a r i a t i o n  a s  s h o w n  in  F ig  5 .1 0 b .  T h i s  i s  b e c a u s e  t h e  l o s s  

r e l i e s  o n  s e v e r a l  f a c t o r s  r e l a t e d  to  t h e  w h o le  s a m p l e  c h a r a c t e r i s t i c s  [ 1 1 ] .  

N e v e r t h e l e s s ,  in  t h i s  s tu d y ,  t h e  d i s s i p a t i o n  f a c t o r  o f  a l l  c o m p o s i t e s  i s  s t i l l  l e s s  t h a n  

0 .0 5 .  B e s i d e s ,  t h e  s tu d y  a s  a  f u n c t i o n  o f  f r e q u e n c y  ( 3 0 0  M H z  to  1 G H z )  is  o b s e r v e d .  

T h e  d i e l e c t r i c  c o n s t a n t  a n d  l o s s  t a n g e n t  o f  p o l y ( B A - m d a )  c o m p o s i t e s  u n d e r  v a r y i n g  

B S T  w e i g h t  r a t i o s  ( 3 0 ,  4 0 ,  5 0 ,  a n d  6 0  w t .% )  m e a s u r e d  a t  r o o m  t e m p e r a t u r e  a r e  

i l l u s t r a t e d  in  F ig .  5 .1 1 a  a n d  b .
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Figure 5.11 Frequency dependence of a) dielectric constant and b) loss tangent of 
BA-mda composites by varying BST contents measured at room tepmperature.

The dielectric constant of the composite demonstrates small 
improvement. It is shifted from 6.12 to 7.93 at 30 wt.% and at 60 wt.% of BST



I l l

loading, respectively, As an observed frequency, the relative permittivity and 
dissipation factor of prepared composites exhibit nearly the same, which refers to the 
frequency independence characteristic (Fig. 5.1 la). Also, the values of dielectric loss 
tangent for the composites loaded with 30 wt.% and 60 wt.% are 0.032 and 0.069, 
respectively.

5 .4 .2 .2  D en sity  M easu rem en t
The measurement on density was performed to observe the presence 

of voids or porosity in poly(BA-mda) composite specimens at various BST contents 
This analysis was based on ASTM D792-00. The experimental density as relative 
density was compared with the theoretical densiy calculated by using equation (4.3). 
Density of Poly(BA-mda) and BST nanopowder is 1.182 and 5.412 g/cm3, 
respectively. The density of the poly(BA-mda)/BST composites at desirable BST 
weight fractions are summarized as shown in Table 5.2 and Fig. 5.12. Moreover, the 
experimental density can fit well with the theoretical density at the variation of BST 
content in the composite as shown in Figure 5.12. Evidently, the experimental 
density at 50, 60 wt.% of BST loading is found to be decreased when compared with 
the theoretical density. The result implies that the entrapment of air or bubble was 
presence in the composite specimens. This effect is corresponding to the small 
improvement in dielectric constant at high BST loading.

Table 5.2 Density of the poly(BA-mda) composites at various contents

Poly(BA-mda)/BST
(wt.%)

Density' (g/cm3)
Relative Theoretical

70/30 0.0917 1.477 1.569
60/40 0.1357 1.730 1.176
50/50 0.1906 1.778 1.988
40/60 0.2610 1.950 2.286
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BST volume fraction

Figure 5.12 The comparison between (•) experimental and (-) theoretical density as 
a function of BST volume fraction.

5.4.2 . ร T h erm o gra vom etric  an a lysis  (TG A) therm ogram .
Thermogravimetric analysis (TGA) thermograms of poly(BA-mda) 

composites at various BST contents are displayed in Table 5.3. Degradation 
temperature (Td) of the composites was reported at 5% and 10% weight losses with 
the residual weight at 900 ๐c. It is found that the thermal stability of the composites 
is significantly enhanced with higher amount of BST. By adding 60 wt.% of BST, 
the degradation temperature (Tds) of the materials is shifted from 316.7 to 365.0. The 
result originates from the attachment of BST particle to the polymer matrix resulting 
in the restriction of chain movement of the polymer phase. As a result, the 
interconnection between two phases is improved, which is able to retard the 
degradation of the composites by shifting decomposition temperature to higher 
values. Char yield of the composite systems is found to increase linearly with 
increasing the mass fraction of the BST. The presence of void did not affect the 
thermal stability of the composites because the nature of BST structure is thermally 
stable up to very high temperatures. As can be seen in Table 5.3, 31.9 % of the
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residual weight of the neat poly (BA-mda) is uplifted to 77.5 after adding 60 wt.% of 
BST. It is confirmed that the existence of higher amount of BST improves not only 
the dielectric properties as former mention but also thermal properties [12-13].

Table 5.3 Thermal properties of poly(BA-mda) composites at various compositions 
with 30. 40, 50, and 60 wt.% of BST loading

Poly(BA-mda)/BST
(wt.%)

BST
Volume
fraction

Td5
(°C)

Tdio
(°C)

Residual 
weight(%) at 

900°c
100/0 0 316.7 353.2 31.9
70/30 0.0917 326.3 361.4 50.9
60/40 0.1357 335.1 372.2 60.9
50/50 0.1906 360.0 377.2 72.2
40/60 0.2610 365.0 404.6 77.5

Figure 5.13 TGA thermogram of poly(BA-mda) composites at various compositions 
with 30, 40, 50, and 60 wt.% of BST loading.
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5 .4 .2 .4  A tom ic  fo r c e  m ic ro sco p y  (AFM) A n a lys is  
According to FMM operation, the mechanical data including Young’s 

modulus and hardness are presented in Table 5.4. It is found that the Poly(BA-mda) 
composites yield higher Young’s modulus and hardness in comparison to the neat 
polymer based. The hardness of adding 60 wt.% of BST in the poly(BA-mda) 
significantly shifts from 2.2 to 2.6 kPa. Similarly, the modulus value is also 
enhanced from 108 to 151 kPa. These phenomena are derived from the higher 
stiffness of BST filler. On account of the identical embedded characteristic of BST in 
polymer matrix and also determination of mechanically microscopic level, the 
different in the amount of BST do not largely affect to those factors.

Table 5.4. The mechanical properties in microscopic level of poly(BA-mda) 
composites at various BST contents monitored by AMF in FM-mode

Poly(BA-mda)/BST
(wt.%)

Hardness
(kPa)

Young’s modulus 
(kPa)

100/0 2.2 ±0.2 108 ± 10
70/30 2.9 ±0.3 138 ± 9
60/40 3.2 ± 0.1 152 ± 6
50/50 2.9± 0.2 151 ± 8
40/60 3.6 ±0.5 151 ±10

วิ. 4 .2 .5  E xperim en ta l D a ta  F ittin g
Under various assumptions concerning arrangement of inclusions and 

filler shape, different laws have been proposed to fit the experimental dielectric 
constants for two component mixtures, and to predict the effect of each phase on the 
dielectric properties. In this study, series, Lichtenecker model, Maxwell-Wagner 
equation and Kerner expression modified by Jayasundere-Smith (J-S prediction) 
were used for dielectric prediction of pol(BA-mda) composites, as shown in Figure 
5.14. The equations of these models are described as follow:
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Series model 
Lichtenecker model

£ Ec Ep
loge = 0plog£p + 0 C log£c

Maxwell-Wagner equation £ = £p 2̂ P++ Ec+20 C(~C~ ~ 1

Kerner expression £p0p + £ĉ c[3£p/(£c + 2£p)][l + 30c(£c-£p)/(£c + 2£p)]
</>p+0c(3£p)/(£c+2£p)[l+30c(£c—£p)/(£c + 2fp)]

where £ is the dielectric constant of the composites; £p and £c refer to the dielectric 
constants of the polymer matrix and the BST ceramic, respectively; 0C and (pp are
the volume fraction of the ceramic and polymer, respectively

From the experimental data obtained by calculated of five theoretical 
models, as indicated in Figure 5.14, It is found that the measured dielectric constant 
of the Poly(BA-mda) composites is fit with Maxwell-Wagner equation. It considers 
the composite as a random mixture of nearly rough spherical inclusions [4, 14-15],

13
12
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9
8 - 
7 - 
6- 
5- 
4 q

Measured
Series

' “  Lichtenecker 
Maxwell-Wagner 
Jayasundere-Smith

~ ~ ~ ~

~r0.00 0.05 0.10 0.15 0.20
BST volume fraction

0.25 0.30

Figure 5.14 Plot of theoretical models and the measured dielectric constant for 
different BST volume fractions at room temperature and 1 GHz.
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5.4.3 Characterization of Poly(BA-mda)-Modified BST
5.4 .3 .1  F o u rier T ransform  In frared  S p ec tro sco p y  (FTIRj A n a lysis  
By raising the dielectric capability of poly(BA-mda) composites, the 

compatibility between polymer and ceramic should be improved. For the BST coated 
by 5wt.% of BA-mda system, it is evidently from Fig 5.15 that BST powder 
modified by 5 wt.% of the Ba-mda matrix displays the absorption peak around 1125- 
1225 cm '1 belonging to the asymmetric C-O-C stretching mode and additionally C- 
N-C antisymmetric stretching mode.presented at 1175 cm'1 and 1227 cm'1 confirm 
that surface modification on BST surface by BA-mda is successful [35],

Wavenumber (cm *)

F ig u re  5.15 The FTIR spectra: (a) BST powder and (b) BST treated with 5 wt.% 
BA-mda.

5 .4 .3 .2  S can n in g  E lec tron  M icro sco p y  (SEM ) A n a lys is  
The effect of BST surface modification on the distribution of ceramic 

filler in poly(BA-mda) matrix was investigated using SEM technique.

Figure 5.16 (a)-(c) demonstrates cross-sectional mophologies of the 
composites at 50 wt.% of BST particles which are untreated, treated with silane 
coupling agent and treated with BA-mda, respectively. From the SEM images, it
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could be seen the agglomeration and the poor dispersion of various modified BST 
approaches. These phenomena result from the silane coupling agent and BA-mda as 
surface modifiers could not work efffectively. This may be due to the unsuitable 
composite preparation method, which those of specimens were prepared by using 
solvent with the fact that the starting polymer matrix cannot melt by itself. 
Therefore, the interconnection that attached to BST surface was destroyed causing 
higher incompatibity between two phases again. Since, the distribution is directly 
related to dielectric properties. Therefore, the study of dielectric properties has been 
further investigated.

F ig u re  5.16 SEM micrographs of poly(BA-mda) composites at 50 wt.% of BST with 
(a) untreated BST powder, (b) silane treated BST powder, and (c) BA-mda treated 
BST powder.

5 .4 .3 .3  M icro w a ve  D ie le c tr ic  P ro p er tie s  M easu rem en ts  
The dielectric characteristics including the relative permittivity and 

loss tangent on surface modification routes by using BA-mda and 3-aminopropyl 
trimethoxysilane as surface modifiers were compared with untreated BST system. 
The dielectric measurement was carried out under the temperature dependence 
ranging from -50 ๐c  to 150 °c  as shown in Fig. 5.17-5.20, respectively. The study
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under frequency dependence in the range of 300 MHz to 1 GHz was also performed 
at the same composition as presented in Fig.5.21-5.24, respectively. It is clear that 
the dielectric constant at every BST fraction of untreated and treated BST is nearly 
the same. The higher amount of BST loading and also surface treatment could not 
shift the dielectric constant to higher values as expected. The study on morphologies 
by SEM as discussed earlier is related to the observed dielectric properties. Poor 
distribution of ceramic filler results in obtaining lower polarizability and also 
creating higher dielectric loss, which ruins the dielectric characteristic. However, the 
prominent of this system that has been found is the nearly stable of dielectric 
constant with various atmospheres. The loss tangent is slightly dependent on 
temperature where this factor is still less than 0.05 for all compositions.
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Figure 5.17 Temperature dependence of a) dielectric constant and b) loss tangent of
poly(BA-mda) composite at 30 wt.% of BST measured at 1 GHz.
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( b )

Figure 5.18 T em p era tu re  d ep en d en ce  o f  a) d ie lec tric  co n stan t and  b) lo ss  ta n g e n t o f
p o ly (B A -m d a) co m p o site  at 40  w t.%  o f  B S T  m easu red  at 1 G H z.
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(a)

( b )

Figure 5.19 T em p era tu re  d ep en d en ce  o f  a) d ie lec tric  co n stan t and  b) lo ss  tan g en t o f
p o ly (B A -m d a ) co m p o site  a t 50 w t.%  o f  B S T  m easu red  at 1 G H z.
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Figure 5.20 T em p era tu re  d e p e n d e n c e  o f  a) d ie lec tr ic  co n s ta n t and  b) lo ss  ta n g e n t o f
p o ly (B A -m d a ) co m p o site  at 60 w t.%  o f  B S T  m e a su re d  at 1 G H z.
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Figure 5.21 F req u en cy  d ep en d en ce  o f  a) d ie lec tric  co n s tan t an d  b) loss ta n g e n t o f
p o ly (B A -m d a) c o m p o site  at 30 w t.%  o f  B S T  m easu red  a t ro o m  tem p era tu re .
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Figure 5.22  F req u en cy  d ep en d en ce  o f  a) d ie lec tric  co n s tan t and  b) lo ss  tan g en t o f
p o ly (B A -m d a) co m p o site  at 40  w t.%  o f  B S T  m easu red  at ro o m  tem p era tu re .



125

j :

2

(a)
*  50 >vt.% untreated USX

R o o m  te m p e ra tu re

o  50 w t.%  treated BA-mda

®  50 w t.%  treated silane

— — 0 ------------- H

0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0
F r e q u e n c y  ( G H z )

toc
0 0J3
1
©

(b)0.10

0.08

0.06

0.04

0.02

0.00

*  50 w t.%  untreated BS I
R o o m  te m p e ra tu re

Q 50 w t.%  treated BA-mda

®  50 w t.%  treatetl silane

•  ' ^ * "  - ร ---------------9 — ---------ร - -----
-------น---- '  î t ~ ~  *----------■ ------- — พ —  ------ ^

1 1 1 1 I I I I I I 1 ' I 1 f
0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0

F r e q u e n c y  ( G H z )

Figure 5.23 F req u en cy  d e p en d en ce  o f  a) d ie lec tr ic  co n stan t and  b) loss tan g en t o f
p o ly (B A -m d a) co m p o site  at 50 w t.%  o f  B S T  m easu red  at ro o m  tem p era tu re .



Lo
ss

126

(a)
20  า
18-
16-

ไง 14 -
c1ฐ 12 -
co
Ü 10 -
น -
o 8 -
iน .a 6  -

4 -
2 -

60 w t.%  uutreated BST 

“ Q  60 w t.%  treated BA -in  da 

60 w t.%  treated silane

R o o m  te m p e ra tu re

F r e q u e n c y  ( G H z )

( b )

Figure 5 .24  F req u en cy  d ep en d en ce  o f  a) d ie lec tr ic  co n stan t and  b) loss tan g en t o f
p o ly (B A -m d a) c o m p o site  a t 60  w t.%  o f  B S T  m easu red  at room  tem p era tu re .



127

5.5 C on c lu sio n s

U s i n g  h ig h  m o l e c u l a r  w e i g h t  p o l y b e n z o x a z i n e s  c o u l d  h e l p  e x p a n d  t h e  

a p p l i c a t i o n s  o f  p o l y b e n z o x a i n e  r e s i n .  A f t e r  o b s e r v e d  t h e i r  p r o p e r t i e s ,  t h e s e  m a in  

c h a i n  t y p e s  p o s s e s s e d  g o o d  t h e r m a l  s t a b i l i t y ,  s u i t a b l e  t o u g h n e s s ,  a n d  h i g h  g la s s  

t r a n s i t i o n  t e m p e r a t u r e .  F o r  t h e  d i e l e c t r i c  s tu d y ,  i t  w a s  f o u n d  t h a t  t h e  d i e l e c t r i c  

p r o p e r t i e s  w e r e  s t r o n g l y  d e p e n d e n t  o n  m o l e c u l a r  s t r u c tu r e .  H i g h  m o l e c u l a r  w e i g h t  

m e t h y l e n e d i a n i l i n e -  ( B A - m d a )  b a s e d  p o l y b e n z o x a z i n e  c o n t a i n i n g  a r o m a t i c  

b a c k b o n e  p r o v i d e d  b e t t e r  d i e l e c t r i c  p r o p e r t i e s  c o m p a r e d  to  t h a t  o f  B A - h d a .  

T h e r e f o r e ,  p o l y ( B A - m d a )  w a s  u s e d  a s  a  p o ly m e r  m a t r i x .  F o r  t h e  p o l y ( B A - m d a ) / B S T  

c o m p o s i t e s ,  i t  w a s  f o u n d  t h a t  t h e  d i e l e c t r i c  c o n s t a n t  c a n  s l i g h t l y  i n c r e a s e  b y  t h e  

h i g h e r  c e r a m i c  c o n te n t .  B y  a d d i n g  6 0  w t %  ( 2 6  v o l .% )  o f  u n t r e a t e d  B S T  p o w d e r ,  t h e  

d i e l e c t r i c  c o n s t a n t  i n c r e a s e d  f r o m  6 .1  to  8 .0  a t  1 G H z  ( r o o m  t e m p e r a t u r e ) .  S u r f a c e  

m o d i f i c a t i o n  u s in g  3 - a m i n o p r o p y l  t r i m e t h o x y  s i l a n e  a n d  B A - m d a  d id  n o t  h e l p  

i m p r o v e  t h e  d i s p e r s i o n  o f  c e r a m i c  f i l l e r .  T h e  d i e l e c t r i c  r e s u l t s  d e r i v e d  f r o m  u n t r e a t e d  

a n d  t r e a t e d  s y s t e m s  a r e  n e a r l y  t h e  s a m e .  F o r  t h e o r e t i c a l  m o d e l  p r e d i c t i o n ,  p o l y ( B A -  

i n d a )  c o m p o s i t e s  w e r e  f i t  w e l l  w i t h  M a x w e l l - W a g n e r  e q u a t i o n  c o n s i d e r e d  t h a t  

c o m p o s i t e s  a r e  a s  a  r a n d o m  m i x t u r e  o f  n e a r l y  r o u g h  s p h e r i c a l  i n c lu s i o n s .

5.6 A ck n ow led gem en ts

T h e  a u t h o r s  t h a n k  t h e  p a r t i a l  s c h o l a r s h i p  a n d  p a r t i a l  f u n d i n g  o f  t h e  r e s e a r c h  

w o r k  p r o v i d e d  b y  t h e  P e t r o l e u m  a n d  P e t r o c h e m i c a l  C o l l e g e ,  C h u l a l o n g k o r n  

U n i v e r s i t y  a n d  C e n te r  o f  E x c e l le n c e  o n  P e tr o c h e m ic a l  a n d  M a te r ia ls  T e c h n o lo g y  

( P E T R O - M A T )  a n d  th e  9 0 lh A n n i v e r s a r y  o f  C h u l a l o n g k o r n  U n i v e r s i t y  F u n d  ( t h r o u g h  

th e  R a t c h a d a p h i s e k s o m p h o t  E n d o w m e n t  F u n d ) .
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