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ABSTRACT

Ob. j ect  i v e .

To p r o d u c e  an i m p a c t  t o u g h e n e d  g r a d e  o f  ' V i c t r e x '
P o l y e t h e r s u l p h o n e  by b l e n d i n g  w i t h  ( A - B ) n t y p e  P o l y e t h e r s u l p h o n e /  
P o l y ( d i m e t h y l s i l o x a n e  ) [ P . E . S . / P . D . M. S . ]  b l o c k  c o p o l y m e r s .

P r o g r e s s ♦

A number  o f  n o v e l  ( A - B ) n t y p e  P . E . S . / P . D . M. S .  b l o c k  
c o p o l y m e r s  o f  v a r y i n g  b l o c k  m o l e c u l a r  w e i g h t s  h ave  been  
s y n t h e s i s e d  and c h a r a c t e r i s e d .

These  h a v e  been m e l t  b l e n d e d  w i t h  p u r e  4800P g r a d e  P . E . S .  t o  
y i e l d  a s e r i e s  o f  ' i m p a c t  m o d i f i e d '  P . E . S . / P . E . S . - c o - P . D . M. S . 
b l e n d s .

S t a n d a r d  I z o d  and T e n s i l e  t e s t  p i e c e s  have been i n j e c t i o n
moul ded  f r om t h e s e  b l e n d s ,  and t h e s e  t e s t  p i e c e s  used i n  a s t u d y  
o f  t h e  p h y s i c a l ,  c h e m i c a l  and m e c h a n i c a l  p r o p e r t i e s  o f  t h e  
b l e n d s .

The m e l t  s h e a r  v i s c o s i t y  o f  P . E . S .  has been f ou nd  t o  be 
s u b s t a n t i a l l y  r e d u c e d  by t h e  p r e s e n c e  o f  P . E . S . / P . D . M. S . 
c o p o l y m e r s .  T h i s  i s  b e l i e v e d  due ,  a t  l e a s t  i n  p a r t ,  t o  t h e  
m i g r a t i o n  o f  t h e  P . O . M . S .  b e a r i n g  c o p o l y m e r  t o  t h e  s u r f a c e  o f  
t h e  b l e n d  d u r i n g  p r o c e s s i n g .

I m p r o v e m e n t s  i n  s h a r p  n o t c h  i m p a c t  s t r e n g t h  o f  up t o  43%
h ave  been o b s e r v e d  i n  P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s  c o n t a i n i n g  
as l i t t l e  as 2 . 5 % c o p o l y m e r i s e d  P . D . M . S .  These  i m p r o v e m e n t s  h ave  
been a c h i e v e d  a t  t h e  e x p e n s e  o f  more modest  r e d u c t i o n s  ( no more  
t h a n  24%)  i n  t e n s i l e  s t r e n g t h s .

E x a m i n a t i o n  o f  i m p a c t  f r a c t u r e  s u r f a c e s  has r e v e a l e d  t h a t  
t h e  c o p o l y m e r s  p r o mo t e  l o c a l i s e d  p l a s t i c  d e f o r m a t i o n  i n  s h a r p l y  
n o t c h e d  P . E . S . ,  t h e  c o p o l y m e r  p a r t i c l e s  t h e m s e l v e s  u n d e r g o i n g
c a v i t a t i o n  d u r i n g  c r a c k  p r o p a g a t i o n .

I t  has a l s o  been shown,  h o w e v e r ,  t h a t  t h e  c o p o l y m e r s  
s u p p r e s s  t h e  g r o s s  p l a s t i c  d e f o r m a t i o n  u s u a l l y  o b s e r v e d  i n  
u n n o t c h e d  o r  b l u n t l y  n o t c h e d  P . E . S .  The a d d i t i v e  p a r t i c l e s  
p r o mo t e  c r a c k  i n i t i a t i o n  i n  such s p e c i m e n s ,  and a l t h o u g h  t h e y  
a l s o  f a c i l i t a t e  l o c a l i s e d  p l a s t i c  d e f o r m a t i o n ,  t h e  o v e r a l l  r e s u l t  
i s  u s u a l l y  a d e c r e a s e  i n  P . E . S .  i m p a c t  s t r e n g t h .

S i g n i f i c a n t l y ,  b l e n d s  c o n t a i n i n g  P . E . S .  and P . E . S . / P . D . M . S .  
c o p o l y m e r s  do n o t  a p p e a r  t o  p e r f o r m  any b e t t e r  u n d e r  i m p a c t  t h a n  
s i m p l e  p h y s i c a l  b l e n d s  o f  P . E . S .  and l i n e a r  P . D . M . S .  T h i s  i s  
b e l i e v e d  t o  be due t o  m i g r a t i o n  o f  t h e  P . D . M . S .  d oma i ns  t o  t h e  
s u r f a c e  o f  t h e  P . E . S . / P . D . M. S . c o p o l y m e r s .  Once a t  t h e  s u r f a c e ,  
t h e y  i n h i b i t  t h e  f o r m a t i o n  o f  t h e  d e s i r e d  a d h e s i v e  bond b e t w e e n  
t h e  P . E . S .  m a t r i x  and t h e  P . E . S .  domai ns  i n  t h e  c o p o l y m e r .

The p r e s e n c e  o f  t h e  c o p o l y m e r s  does n o t  a p p e a r  t o  h ave  any  
s i g n i f i c a n t  e f f e c t  on t h e  m e c h a n i c a l  p e r f o r m a n c e  o f  P . E . S .  as  
t e s t e d  a f t e r  i m m e r s i o n  i n  a r a n g e  o f  o r g a n i c  and i n o r g a n i c  
r e a g e n t s  a t  room t e m p e r a t u r e .
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1 .  INTRODUCTION AND AIMS OF THE I NVEST I GAT I ON.

P o l y ( o x y - l , A - p h e n y l e n e s u l p h o n y l - 1 , A - p h e n y l e n e ) , r e p e a t  u n i t  

c - o - Q  -so2- o  -  )n i s  m a r k e t e d  c o m m e r c i a l l y  by I m p e r i a l  C h e m i c a l  

I n d u s t r i e s  p . I . e .  u n d e r  t h e  t r a d e  name ' V i c t r e x '  PES.  I t  i s  a 

h i g h  t e m p e r a t u r e  e n g i n e e r i n g  t h e r m o p l a s t i c ,  and i s  a v a i l a b l e  i n  

f o u r  u n f i l l e d  i n j e c t i o n  m o u l d a b l e  g r a d e s ,  3 6 0 0 P ,  A100P,  A800P and 

5 2 0 0 P ,  a l l  o f  wh i c h  p o s s e s s  good t h e r m a l  s t a b i l i t y  and  

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

' V i c t r e x '  PES e x h i b i t s  good r e s i s t a n c e  t o  X - r a y s ,  b e t a - r a y s ,  

and ga mma - r a y s  a l o n g  w i t h  good e l e c t r i c a l  p r o p e r t i e s  and l ow  

f l a m m a b i l i t y . I t  i s ,  h o w e v e r ,  d e g r a d e d  by u l t r a v i o l e t  l i g h t .  

F u r t h e r m o r e ,  a l t h o u g h  t o u g h ,  ' V i c t r e x '  PES i s  n o t c h  s e n s i t i v e ,  

e x h i b i t i n g  b r i t t l e  f r a c t u r e  b e h a v i o u r  when a s h a r p  n o t c h  i s  

p r e s e n t .

The p r o b l e m  o f  U . V .  d e g r a d a t i o n  i s ,  t o  some e x t e n t ,  o v e r c o me  

by t h e  use o f  p i g m e n t s  such as c a r b o n  b l a c k  wh e r e  o u t d o o r  

a p p l i c a t i o n s  a r e  r e q u i r e d .

The p r o b l e m  o f  poor  n o t c h e d  i m p a c t  s t r e n g t h ,  h o w e v e r ,  i s  one  

w h i c h  has y e t  t o  be s a t i s f a c t o r i l y  o v e r c o me ,  and one w h i c h

i n h i b i t s  ' V i c t r e x '  PES f r om mak i ng f u r t h e r  i n r o a d s  i n t o  i m p o r t a n t  

m a r k e t s  e . g .  t h e  a e r o s p a c e  i n d u s t r y .  He r e  a demand e x i s t s  f o r  a 

t o u g h e n e d  g r a d e  wh i ch  a l s o  p o s s e s s e s  t h e  e x c e l l e n t  t h e r m a l

s t a b i l i t y  and l ow t o x i c  gas and smoke e m i s s i o n  p r o p e r t i e s  o f  p u r e  

' V i c t r e x '  PES.

The i n v e s t i g a t i o n  u n d e r t a k e n  h e r e  e x p l o r e s  met hod s  o f

p r o d u c i n g  such an i m p a c t  r e s i s t a n t  g r a d e  o f

p o l y ( o x y - 1 , A - p h e n y l e n e s u l p h o n y 1 - 1 , A - p h e n y l e n e ) ( r e f e r r e d  t o  

h e r e a f t e r  as p o l y e t h e r s u l p h o n e  o r  P . E . S . )  w i t h o u t  s a c r i f i c i n g  i t s

1



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

s o l v e n t  r e s i s t a n c e  or  p r o c e s s a b i l i t y .

I t  has a l r e a d y  been d e m o n s t r a t e d  t h a t  t h e  i m p a c t  s t r e n g t h  o f

s u l p h o n e  p o l y m e r s  may be i m p r o v e d  by t h e  i n c o r p o r a t i o n  o f

a d d i t i o n a l  g r o up s  i n t o  t h e  p o l y m e r  b a c k bo ne  ( 1 ) .  I t  i s ,  h o w e v e r ,  

e x t r e m e l y  l i k e l y  t h a t  s i g n i f i c a n t  and u n d e s i r a b l e  c h a n g e s  i n  

o t h e r  p r o p e r t i e s  woul d  r e s u l t  f r om such m o d i f i c a t i o n .

I n i t i a l  wor k  i n v o l v i n g  t h e  a d d i t i o n  o f  i m p a c t  m o d i f i e r s  such  

as p o l y e t h y l e n e  ( 2 ) ,  p o l y s i l o x a n e  ( 2 , 3 )  and f l u o r o p o l y m e r  ( 3 )  

r u b b e r s  t o  a P . E . S .  m a t r i x  has a l s o  r e s u l t e d  i n  an i m p r o v e m e n t  i n  

i m p a c t  s t r e n g t h .  P r o b l e ms  have  been e n c o u n t e r e d  w i t h  t h i s  r o u t e  

h o w e v e r ,  t h e  poor  a d h e s i o n  o f  m o d i f i e r  p a r t i c l e s  t o  t h e  m a t r i x  

r e s u l t i n g  i n  d e l a m i n a t i o n  o f  m o u l d i n g s  a t  a d d i t i v e  l e v e l s  >3%.

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

t e c h n o l o g i s t  i s  t h a t  o f  i n t r o d u c i n g  t o  t h e  m a t r i x  an a d d i t i v e  i n  

wh i c h  t h e  i m p a c t  m o d i f i e r  i s  c h e m i c a l l y  bonded t o  some a g e n t  

w h i c h ,  i n  t u r n ,  i s  ' c o m p a t i b l e '  w i t h  t h e  m a t r i x .  By d o i n g  t h i s  

i t  s h o u l d  be p o s s i b l e  t o  g r e a t l y  i m p r o v e  t h e  d i s p e r s i t y  o f ,  and  

a d h e s i o n  b e t we e n  t h e  m o d i f i e r  and t h e  m a t r i x  i t s e l f ,  t h u s

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

t h i s  p a r t i c u l a r  t y p e  o f  sys t em t h a t  f o r ms  t h e  b a s i s  o f  t h i s  

s t u d y .

W e l l  c h a r a c t e r i s e d  o l i g o m e r s  h ave  been used t o  s y n t h e s i s e  a 

s e r i e s  o f  n o v e l  a l t e r n a t i n g  b l o c k  c o p o l y m e r s  c o n t a i n i n g  P . E . S .  

and a r u b b e r  p h a s e .

These  c o p o l y m e r s  have  been t h o r o u g h l y  c h a r a c t e r i s e d  p r i o r  t o  

b e i n g  b l e n d e d  w i t h  p u r e  A800P P . E . S .  t o  y i e l d  ' i m p a c t  m o d i f i e d '  

P . E . S .  g r a d e s .
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A d e t a i l e d  e x a m i n a t i o n  o f  t h e  p r o p e r t i e s  o f  t h e s e  b l e n d s  has  

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

u n d e r s t a n d i n g  t h e  t o u g h e n i n g  mechani sms o p e r a t i n g  i n  t h e  

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

a l s o  been r e v i e w e d  and d e v e l o p e d .
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2 .  LITERATURE REVIEW.

2 . 1  BLENDING AS A ROUTE TO THE IMPACT MODI FI CATI ON OF POLYMERS.

W i t h  t h e  c o s t  o f  r e s e a r c h  and d e v e l o p m e n t  i n t o  new p o l y m e r s  

becomi ng p r o h i b i t i v e l y  h i g h ,  a t t e n t i o n  has now t u r n e d  ^ t o  

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

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

two o r  more e x i s t i n g  p o l y m e r s  t o  o b t a i n  new p r o d u c t s  i s  now 

a t t r a c t i n g  w i d e s p r e a d  i n t e r e s t  and c o m m e r c i a l  a p p l i c a t i o n .

Many o f  t h e  c o m m e r c i a l l y  a v a i l a b l e  t h e r m o p l a s t i c s  l a c k  

t o u g h n e s s  t o  such an e x t e n t  as t o  e x c l u d e  them f r om many 

a p p l i c a t i o n s .  H o w e v e r ,  i t  has been f o u nd  t h a t  t h i s  d e f i c i e n c y  

can be e l i m i n a t e d  by b l e n d i n g  t h e s e  g l a s s y  p o l y m e r s  w i t h  s m a l l  

amount s  o f  s u i t a b l e  r u b b e r y  p o l y m e r s .

2 . 1 . 1  T o u g h e n i n g  Me c h a n i s ms .

V a r i o u s  t h e o r i e s  h ave  been p r o p o s e d  t o  e x p l a i n  t h e  

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

a b s o r p t i o n  by r u b b e r  ( 4 , 5 ) ,  s t r e s s  r e l i e f  by c a v i t a t i o n  a r o u n d  

r u b b e r  p a r t i c l e s  ( 6 ) ,  c r a c k  b r a n c h i n g  i n d u c e d  by r u b b e r  p a r t i c l e s  

( 7 ) ,  c r a c k  t e r m i n a t i o n  a t  r u b b e r  p a r t i c l e s  ( 8 ) ,  m a t r i x  c r a z i n g  

( 8 - 1 5 ) ,  s h e a r  y i e l d i n g  ( 1 6 - 2 1 )  and combi ned c r a z i n g  and y i e l d i n g  

( 8 , 9 , 1 3 ) .  These  t h e o r i e s  have  been f o r m u l a t e d  m a i n l y  u s i n g  

i n f e r e n t i a l  e v i d e n c e  o b t a i n e d  by o p t i c a l  and e l e c t r o n  m i c r o s c o p y ,  

or  by v o l u m e t r i c  s t r a i n  m e a s u r e m e n t s .

I t  i s  f a i r  t o  say t h a t  none o f  t h e s e  t h e o r i e s  can be 

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

t o u g h e n i n g .  I n d e e d ,  t h e  r e l a t i v e  r o l e  o f  each mechani sm can be 

e x p e c t e d  t o  v a r y  w i t h  t h e  p a r t i c u l a r  s ys t em and t e s t  c o n d i t i o n s
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un d e r  i n v e s t i g a t i o n .  F o r  i n s t a n c e ,  K i n l o c h  e t  a l  ( 2 2 )  c o u l d  

f i n d  no e v i d e n c e  f o r  t h e  p r e s e n c e  o f  c r a z i n g  on e x a m i n i n g  epoxy  

r e s i n  m o d i f i e d  w i t h  a c a r b o n y l - t e r m i n a t e d  random c o p o l y m e r  o f  

b u t a d i e n e  and a c r y l o n i t r i l e . They p r o p o s e d  a t o u g h e n i n g

mechani sm i n  w h i c h  t h e  d e f o r m a t i o n  p r o c e s s e s  wer e  ( a )  l o c a l i s e d  

c a v i t a t i o n  i n  t h e  r u b b e r ,  o r  a t  t h e  p a r t i c l e / m a t r i x  i n t e r f a c e ,  

and ( b )  p l a s t i c  s h e a r  y i e l d i n g  i n  t h e  epoxy  m a t r i x ;  t h e  l a t t e r

b e i n g  t h e  mai n  s o u r c e  o f  e n e r g y  d i s s i p a t i o n .

P e t r i c h  ( 2 3 )  t o o ,  a f t e r  s t u d y i n g  P . V . C .  m o d i f i e d  w i t h  

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

c o u l d  n o t  be i n v o l v e d  i n  t h e  r e i n f o r c i n g  mechani sm and t h a t  i n  

t h e s e  sy s t e ms  t h e  r u b b e r  p a r t i c l e s  l o w e r  t h e  y i e l d  s t r e s s ,  

f a c i l i t a t i n g  c o l d  d r a w i n g  and t h e r e b y  i n c r e a s i n g  e n e r g y  

a b s o r p t i o n  as m a n i f e s t e d  by enha n c e d  i m p a c t  r e s i s t a n c e .

R e c e n t  wor k  by Wu ( 2 4 )  on r u b b e r  -  t o u g h e n e d  n y l o n  a t t e m p t s  

t o  e x a mi n e  t o u g h e n i n g  mechani sms q u a n t i t i v e l y . He a n a l y s e d  t h e  

i m p a c t  f r a c t u r e  mechani sms o f  r u b b e r  t o u g h e n e d  n y l o n  by m e a s u r i n g  

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

n o t c h e d  f r a c t u r e .  I n  t h i s  way he e s t a b l i s h e d  an e n e r g y  b a l a n c e  

f o r  t h e  i m p a c t  f r a c t u r e .  The s t r e s s  w h i t e n e d  z one  was shown t o  

be t h e  e n e r g y  d i s s i p a t i o n  z o n e ,  and he f o u nd  t h a t  25% o f  t h e

i m p a c t  e n e r g y  was d i s s i p a t e d  by m a t r i x  c r a z i n g  w h i l e  t h e

r e m a i n i n g  7 5% was d i s s i p a t e d  as h e a t  by m a t r i x  y i e l d i n g .

A c e r t a i n  amount  o f  i n f o r m a t i o n  on t h e  f r a c t u r e  b e h a v i o u r  o f  

P . E . S .  i s  a v a i l a b l e .  H i n e  and c o - w o r k e r s  ( 2 5 )  s t u d i e d  u n m o d i f i e d  

P . E . S .  u s i n g  f r a c t u r e  t o u g h n e s s  m e a s u r e me n t s  and o p t i c a l  

e x a m i n a t i o n .  They p r o p o s e d  a mi xed  mode f r a c t u r e  model  i n  w h i c h
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t h e  t o t a l  s t r a i n  e n e r g y  r e l e a s e  r a t e  c o n t a i n s  a p l a n e  s t r a i n  t e r m  

f r om c r a z i n g  and a p l a n e  s t r e s s  t e r m f r om s h e a r  l i p  f o r m a t i o n .

2 . 1 . 2  S t r u c t u r e - P r o p e r t y  R e l a t i o n s h i p s .

I t  i s  w e l l  known t h a t  t h e  s i z e  o f  t h e  i n c l u d e d  r u b b e r y  

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

m o d i f i c a t i o n  and t h e r e  i s  a minimum p a r t i c l e  s i z e  b e l o w  w h i c h  no 

s i g n i f i c a n t  t o u g h e n i n g  o c c u r s  ( 2 6 ) .

A t t e m p t s  t o  u n d e r s t a n d  t h e  r o l e  o f  t h e  r u b b e r  p a r t i c l e s  and  

why an opt i mum s i z e  e x i s t s  have  f o c u s s e d  p r i m a r i l y  on t h e i r  

a b i l i t y  t o  i n i t i a t e  c r a z e s  a n d / o r  s h e a r  bands ( 8 ,  1 1 - 1 3 ,  2 7 ,  2 8 ) .

I t  has been s u g g e s t e d  ( 1 3 )  t h a t  i n  h i g h  i m p a c t  p o l y s t y r e n e  

( H . I . P . S . )  t h e  s m a l l e s t  p a r t i c l e s  ( < 1pm) a r e  a b l e  t o  n u c l e a t e  

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

poor  t e r m i n a t i o n  e f f i c i e n c y  i s  supposed t o  l e a d  t o  l o n g  c r a z e s  

whi c h  f a i l  a t  r e l a t i v e l y  l ow s t r a i n s .

I t  has been p o i n t e d  o u t  r e c e n t l y ,  h o w e v e r ,  t h a t  t h i s

e x p l a n a t i o n  i s  based  on two a s s u m p t i o n s  whose v a l i d i t y  must  be

q u e s t i o n e d  ( 2 9 ) .  F i r s t l y ,  i f  a r u b b e r  p a r t i c l e  a c t s  as a s t r e s s

c o n c e n t r a t o r  t o  i n i t i a t e  c r a z e s  i t  c a n n o t  a l s o  be a c r a z e

t e r m i n a t o r ,  and s e c o n d l y ,  t h e  model  assumes t h a t  a l a r g e  c r a z e  i s  

a weak c r a z e .  I t  has been d e m o n s t r a t e d  t h a t  t h i s  i s  n o t  t h e  

c a s e ,  a t  l e a s t  f o r  t h o s e  p o l y m e r s  i n  wh i c h  c r a z e s  t h i c k e n  by 

s u r f a c e  d r a w i n g  ( 3 0 ) .  Gr owt h  s t u d i e s  w i t h  an o p t i c a l  m i c r o s c e o p e  

have shown l i t t l e  i n d i c a t i o n  t h a t  c r a z e s  a r e  t e r m i n a t e d  by r u b b e r  

p a r t i c l e s  o f  any s i z e  i n  t h i s  s ys t em ( 3 1 ) ,  and i t  a p p e a r s  t h a t  an 

a l t e r n a t i v e  e x p l a n a t i o n  o f  t h e  l ow c o n t r i b u t i o n  t o  t o u g h n e s s  o f  

s m a l l  p a r t i c l e s  i n  H . I . P . S .  i s  n e c e s s a r y .  The o b s e r v a t i o n  t h a t
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s o l i d  r u b b e r  p a r t i c l e s  i n  H . I . P . S .  a r e  l e s s  a b l e  t o  accommodat e  

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

i n t e r f a c e  t h a n  p a r t i c l e s  c o n t a i n i n g  a l a r g e  number  o f  s u b 

i n c l u s i o n s  ( 3 2 ) ,  s u g g e s t s  t h a t  t h e  p a r t i c l e - s i z e  e f f e c t  may be a t  

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

p a r t i c l e s .  '

One p o i n t  w h i c h  does  emer ge f r om t h e  l i t e r a t u r e  i s  t h a t  

c r i t i c a l  p a r t i c l e  s i z e s ,  b e l o w wh i c h  r u b b e r  t o u g h e n i n g  c e a s e s  t o

be e f f e c t i v e ,  a r e  n o t  t h e  same f o r  a l l  s y s t e m s .  The b e s t

a v a i l a b l e  e s t i m a t e s  a r e  0 . 8  jjm f o r  H . I . P . S . ,  0 . 4  pm f o r  A . B . S . ,  

and 0 . 2  pm f o r  t o u g h e n e d  P . V . C .  These  r e s u l t s ,  w h i c h  a r e  f u r t h e r  

s u p p o r t e d  by t h e  e x p e r i m e n t s  p e r f o r m e d  by B u c k n a l l  e t  a l  on 

H . I . P . S . / P . S . / P . P . 0 .  b l e n d s  ( 1 3 )  i n d i c a t e  t h a t  t h e  c r i t i c a l  

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

o f  t h e  m a t r i x  p o l y m e r .

One e x p l a n a t i o n  o f  t h i s  phenomenon i s  t h a t  i n  r e l a t i v e l y

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

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

l a r g e  enough t o  c o n t r o l  i t  i n d i r e c t l y  by i n i t i a t i n g  s h e a r  b a n d s .

A p a r t  f r o m p a r t i c l e  s i z e ,  t h e  number  o f  r u b b e r  p a r t i c l e s

p r e s e n t  i s  a l s o  i m p o r t a n t  s i n c e  t h i s  d e t e r m i n e s  t h e  number  o f  

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

i s  a f f e c t e d  by b o t h  t h e  l e v e l  o f  r u b b e r  added and t h e  d e g r e e  o f  

d i s p e r s i o n .

The r u b b e r - m a t r i x  a d h e s i o n  i s  a l s o  c r u c i a l  i n  t h e  i m p a c t  

m o d i f i c a t i o n  o f  p l a s t i c s .  I f  t h e  r u b b e r  i s  n o t  w e l l  bound t o  t h e  

m a t r i x ,  any c r a z e s  f o r me d  may n o t  be e f f e c t i v e l y  t e r m i n a t e d  and
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t h e  p r o p a g a t i o n  o f  a c a t a s t r o p h i c  c r a c k  t h r o u g h  t h e  sampl e  

becomes a p r o b a b i l i t y  ( 3 3 ) .  I n  a d d i t i o n ,  a p o o r l y  bound r u b b e r  

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

l a m e l l a r  s t r u c t u r e  wh i c h  d e l a m i n a t e s  on i n j e c t i o n  m o u l d i n g  and

i m p a c t  t e s t i n g .  T h i s  can u s u a l l y  be p r e v e n t e d  by i n c r e a s i n g  t h e  

s t a b i l i t y  o f  t h e  p a r t i c l e s  by g r a f t i n g  and c r o s s l i n k i n g  ( 3 4 ) .

I n  a r e c e n t  s t u d y ,  Wu ( 3 5 )  s t r e s s e d  t h a t  r u b b e r  p a r t i c l e  

s i z e  and r u b b e r - m a t r i x  a d h e s i o n  a r e  i n t e r - r e l a t e d  i . e .  c h a n g i n g  

one w i l l  change  t h e  o t h e r .

He s t u d i e d  t h e  e f f e c t s  o f  r u b b e r  p a r t i c l e  s i z e  and  

r u b b e r - m a t r i x  a d h e s i o n  on t h e  n o t c h e d  i m p a c t  t o u g h n e s s  o f

n y l o n - r u b b e r  b l e n d s .  A s h a r p  t o u gh  b r i t t l e  t r a n s i t i o n  was f o u nd  

t o  o c c u r  a t  a c r i t i c a l  p a r t i c l e  s i z e  when t h e  r u b b e r  vo l ume  

f r a c t i o n  and r u b b e r - m a t r i x  a d h e s i o n  wer e  h e l d  c o n s t a n t .  The 

c r i t i c a l  p a r t i c l e  s i z e  was f o u n d  t o  i n c r e a s e  w i t h  i n c r e a s i n g  

r u b b e r  vo l ume  f r a c t i o n  a c c o r d i n g  t o  t h e  e q u a t i o n : -

dc = Tc [ ( TT/6 mr - I ] " *

wher e  dc i s  t h e  c r i t i c a l  p a r t i c l e  d i a m e t e r

Tc i s  t h e  c r i t i c a l  i n t e r p a r t i c l e  d i s t a n c e

©r i s  t h e  r u b b e r  vo l u me  f r a c t i o n

The c r i t i c a l  i n t e r p a r t i c l e  d i s t a n c e  i s  a m a t e r i a l  p r o p e r t y

o f  t h e  m a t r i x ,  i n d e p e n d e n t  o f  r u b b e r  vo l ume f r a c t i o n  and p a r t i c l e  

s i z e .  Thus t h e  g e n e r a l  c o n d i t i o n  f o r  t o u g h e n i n g  i s  t h a t  t h e

i n t e r p a r t i c l e  d i s t a n c e  must  be s m a l l e r  t h a n  t h e  c r i t i c a l  v a l u e .

Wu s u g g e s t s  t h a t  t h i s  t o u g h e n i n g  c r i t e r i o n  s h o u l d  be v a l i d  

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

y i e l d i n g  o f  t h e  m a t r i x .



2 . 1 . 3  Th e r mod y n a mi c  c o n s i d e r a t i o n s  i n  P o l y m e r - P o l y m e r  
M i s c i b i l i t y ♦

I n  a few i n s t a n c e s  t h e  b l e n d i n g  p r o c e d u r e  r e s u l t s  i n  t h e  

f o r m a t i o n  o f  a ' c o m p a t i b l e '  s i n g l e  phase  b l e n d ,  b u t  g e n e r a l l y  t h e  

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

m a t r i x  i s  o b s e r v e d .  The f o r m a t i o n  o f  t h i s  t w o - p h a s e  s y s t e m i s  

c r u c i a l  t o  t h e  r u b b e r  t o u g h e n i n g  o f  p o l y m e r s  and some i n s i g h t  

i n t o  wh i c h  s y s t e ms  a r e  l i k e l y  t o  d i s p l a y  t h i s  phenomenon i s  

r e q u i r e d .

M i s c i b l e  m i x t u r e s  w i l l  o c c u r  whe ne v e r  t h e  f r e e  e n e r g y  o f  

m i x i n g  i s  n e g a t i v e  as g i v e n  b y : -

A ^ m i x  = A H m j x -  T A S m|-x

S c o t t  ( 3 6 )  when a p p l y i n g  t h e  F l o r y - H u g g i n s  e q u a t i o n  t o  

m i x t u r e s  o f  d i s s i m i l a r  p o l y m e r s  1 and 2 o b t a i n e d  t h e  f o l l o w i n g  

e x p r e s s i o n s  f o r  t h e  e n t h a l p y  and e n t r o p y  o f  m i x i n g : -

A ^m ix = BV®1 ®2

and ASmjX = ( - RV fl?i lnff l1 + (P^lnCo )
< Vr  Xt X 2 )

where  V r  i s  t h e  vo l ume  p e r  monomer r e p e a t  u n i t .

V i s  t h e  vo l ume  o f  t h e  s y s t e m .

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

Q). i s  t h e  v o l ume  f r a c t i o n  o f  i  i n  t h e  b i n a r y .

B i s  t h e  i n t e r a c t i o n  e n e r g y  d e n s i t y  c h a r a c t e r i s t i c  o f  t h e

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

T hese  e q u a t i o n s  c l e a r l y  show t h a t  A S mix i s  a f u n c t i o n  o f  

m o l e c u l a r  s i z e  and t e n d s  t o w a r d  z e r o  w i t h  i n c r e a s i n g  m o l e c u l a r  

w e i g h t .  On t h e  o t h e r  hand A H m j x depends  p r i m a r i l y  on t h e  e n e r g y
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change a s s o c i a t e d  w i t h  c ha ng e s  i n  n e a r e s t  n e i g h b o u r  c o n t a c t s  

d u r i n g  m i x i n g  ( 3 7 )  and i s  much l e s s  d e p e n d e n t  on m o l e c u l a r  

l e n g t h s .  I t  can be seen t h e r e f o r e  t h a t  AGmjx i s  p r i m a r i l y  

i n f l u e n c e d  by t h e  s i g n  and m a g n i t u d e  o f  AHmjx f o r  h i g h  m o l e c u l a r  

w e i g h t  m i x t u r e s .

F o r  w e a k l y  i n t e r a c t i n g  m a t e r i a l s  A H m jx i s  p r e d i c t e d  t o  be 

p o s i t i v e  and d e p e n d e n t  on t h e  d i f f e r e n c e  i n  p u r e  component  

s o l u b i l i t y  p a r a m e t e r s ,  d--, ( 3 8 )  v i a  t h e  e q u a t i o n : -

4 H mlx = V <J 1 -

O
T h i s  r e l a t i o n s h i p  b e t w e e n  ( cf1 - cf2 ) and A H m jx has been used  

t o  p r e d i c t  w h e t h e r  a s p e c i f i c  r u b b e r  wo u l d  be a good t o u g h e n i n g  

a d d i t i v e  f o r  a s p e c i f i c  b r i t t l e  p o l y m e r .

I t  has a l r e a d y  been s t a t e d  t h a t  two p r i m e  r e q u i r e m e n t s  f o r  

good r u b b e r  t o u g h e n i n g  a r e  t h e  f o r m a t i o n  o f  two p ha s e s  and good  

a d h e s i o n  b e t w e e n  p h a s e s .  S t e h l i n g  e t  a l  ( 3 9 )  a t t e m p t e d  t o  p l a c e  

t h e s e  two r e q u i r e m e n t s  on a more q u a n t i t a t i v e  b a s i s .  They  

o b s e r v e d  t h a t  phase  s e p a r a t i o n  wo u l d  o n l y  o c c u r  i f  t h e  a b s o l u t e  

v a l u e  tcTi — cf2 t i s  s u f f i c i e n t l y  l a r g e .  F o l l o w i n g  K r a u s e  ( 4 0 )  and  

as sumi ng  a m o l e c u l a r  w e i g h t  o f  10 f o r  each c o mp o n e n t ,  t h e y  

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

d i f f e r e n c e  |cf1 —cf2lcr whi ch must  be e x c e e d e d  f o r  phase  s e p a r a t i o n  

to  o c c u r  i s  0 . 4  ( J / c m 3 )0 *5 f o r  r u b b e r  c o n t e n t s  o f  5-1096 a t  2 5 ° C .

They  c o n s i d e r e d  a d h e s i o n  b e t we e n  p o l y m e r  p a i r s  w i t h  t h e  a i d  

o f  H e l f a n d ' s  t h e o r y  f o r  t h e  t h i c k n e s s  o f  t h e  i n t e r f a c e  b e t w e e n  

two p o l y m e r  p ha s e s  ( 4 1 ) .  T h i s  t h e o r y  s t a t e s  t h a t  t h e  i n t e r f a c i a l  

t h i c k n e s s  i n c r e a s e s  as icf-j — cr2 1 d e c r e a s e s .
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S t e h l i n g  e t  a l  i n t r o d u c e d  t h e  h y p o t h e s i s  t h a t  good a d h e s i o n

r e q u i r e s  p h y s i c a l  e n t a n g l e m e n t  b e t we e n  t h e  two k i n d s  o f  m o l e c u l e s

i n  t h e  i n t e r f a c e .  T a k i n g  t h e  number  o f  c h a i n  bonds b e t we e n

e n t a n g l e m e n t  p o i n t s  ( A 2 )  t o  be t y p i c a l l y  5 0 0 ,  a bond d i s t a n c e  o f

0 . 1 5 n m ,  and assumi ng  f r e e l y  j o i n t e d  bonds t h e y  c a l c u l a t e d  t h e

r o o t - m e a n - s q u a r e  d i s t a n c e  b e t we e n  e n t a n g l e m e n t s  t o  be 0 . 1 5  x 

0 5500 ‘ nm i . e .  3 . 3 n m.  T h i s  a p p r o a c h  l e a d s  t o  t h e  c o n c l u s i o n  t h a t  

t h e  i n t e r f a c i a l  t h i c k n e s s  s h o u l d  be g r e a t e r  t h a n  3nm f o r  good  

a d h e s i o n .  T h i s  r e q u i r e s  t h a t  id,  -d2\ < ~ 0 . 8  ( J / c m 3 )0 *5 .

E x p e r i m e n t a l  r e s u l t s  on P . V . C .  t o u g h e n e d  w i t h  p o l y ( b u t a d i e n e  

- c o - a c r y l o n i t r i l e )  , e t h y l e n e - p r o p y l e n e  c o p o l y m e r s  and

p o l y ( s t y r e n e - c o - b u t a d i e n e ) wer e  f o und  t o  be i n  s a t i s f a c t o r y  

a g r e e m e n t  w i t h  t h e  p r e d i c t i o n s  o f  t h i s  mo d e l .

T he r mody n a mi c s  does  n o t  l i m i t  us t o  s y s t e ms  w h i c h  mi x  

e n d o t h e r m i c a l l y  h o w e v e r ;  i f  t h e  h e a t  o f  m i x i n g  i s  e x o t h e r m i c  t h e n  

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

no l o n g e r  a p p l y  s i n c e  t h e  n e g a t i v e  c o n t r i b u t i o n s  t o  AGmjx a r e  n o t  

r e s t r i c t e d  t o  t h e  r a t h e r  s m a l l  h e l p  t o  be e x p e c t e d  f r om a 

p o s i t i v e  c o m b i n a t o r i a l  ASmjx .

S i n c e  e n t h a l p i c  i n t e r a c t i o n s  r e s u l t  f r om s h o r t - r a n g e  f o r c e s  

b e t we e n  a d j a c e n t  c e n t r e s ,  a r e a s o n a b l e  t e s t  o f  t h e  n e c e s s i t y  o f  

e x o t h e r m i c  i n t e r a c t i o n s  f o r  t h e  f o r m a t i o n  o f  m i s c i b l e  b l e n d s  

woul d  be t o  compar e  t h e  o b s e r v e d  m i s c i b i l i t y  o f  t h e  p o l y m e r  p a i r s  

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

m o l e c u l a r  w e i g h t  a n a l o g u e s .  Work c a r r i e d  o u t  by C r u z  ( A 3 )  seems  

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

s o l u b i l i t y  such as t h e  t w o - c o m p o n e n t  s o l u b i l i t y  p a r a m e t e r  

a p p r o a c h  by Shaw ( 4 4 ) ,  t h e  a d a p t a t i o n  o f  F l o r y ' s  e q u a t i o n  o f  

s t a t e  t h e r m o d y n a m i c s  by Mc Ma s t e r  ( 4 5 )  and t h e  s o l v e n t  p r o b e  

t e c h n i q u e s  - d i s c u s s e d  by Kwei  ( 4 6 )  and O l a b i s i  ( 4 7 )  a r e  c o n s i d e r e d  

m a j o r  a d v a n c e s .

A number  o f  t e c h n i q u e s  have been i n t r o d u c e d

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

p o l y m e r - p o l y m e r  i n t e r a c t i o n s  t h a t  l e a d  t o  b l e n d  m i s c i b i l i t y .  

These  i n c l u d e  p u l s e d  n u c l e a r  m a g n e t i c  r e s o n a n c e  ( 4 6 ) ,  s m a l l  a n g l e  

n e u t r o n  s c a t t e r i n g  ( 4 8 ,  4 9 ) ,  n o n r a d i a t i v e  e n e r g y  t r a n s f e r  ( 5 0 )  

and e x c i m e r  f l u o r e s c e n c e  ( 5 1 ) .

2 . 1 . 4  The P o l y m e r - P o l y m e r  I n t e r f a c e  and C o m p a t i b i l i s a t i o n  
C o n c e p t s .

As has been  s t a t e d  p r e v i o u s l y ,  i m m i s c i b i l i t y  i s  g e n e r a l l y  

t h e  r e s u l t  when p o l y m e r s  a r e  p h y s i c a l l y  m i x e d .  Good m i x i n g ,  

h o w e v e r ,  i s  d e p e n d e n t  on t h e  m a g n i t u d e  o f  t h e  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  two c o mp o n e n t s ,  and i n  t h e  s o l i d  s t a t e ,  good  

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

e f f i c i e n t  t r a n s f e r  o f  s t r e s s  b e t w e e n  t h e  component  p h a s e s .  Wu

( 5 2 )  has r e c e n t l y  r e v i e w e d  t h i s  a r e a  b u t  as y e t  n o t  enough i s  

known a b o u t  t h e  p o l y m e r - p o l y m e r  i n t e r f a c e .  More o f t e n  t h a n  n o t  

p o l y m e r s  do n o t  a d h e r e  t o  each o t h e r  w e l l  and p o o r  m e c h a n i c a l  

p r o p e r t i e s  e . g .  t e n s i l e  s t r e n g t h ,  e l o n g a t i o n  and i m p a c t  s t r e n g t h  

a r e  t h e  r e s u l t .
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O f t e n  t h e r e  a r e  r e a s o n s  f o r  b l e n d i n g  two p o l y m e r s  even  

t h o u g h  t h e  two do n o t  a d h e r e  a d e q u a t e l y  and t h u s  met hods  f o r  

i m p r o v i n g  t h i s  s i t u a t i o n  a r e  o f  g r e a t  i n t e r e s t .

P r o b a b l y  t h e  b e s t  a p p r o a c h  t o  i m p r o v i n g  a d h e s i o n  i s  t o  

empl oy  an a d d i t i v e  w i t h i n  t h e  b l e n d .  Thus t h e  d e v e l o p m e n t  o f  

' c o m p a t i b i l i s e r s ' has i n c r e a s e d  i n  i m p o r t a n c e  o v e r  r e c e n t  y e a r s

( 5 3 ) .  S u i t a b l y  c h os e n  c h e m i c a l l y  bonded h y b r i d s  e . g .  b l o c k  and  

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

c o p o l y m e r s  can a c t  as i n t e r f a c i a l  a g e n t s  b e t we e n  two i m m i s c i b l e  

phases  as i l l u s t r a t e d  b e l o w .

•A '  PORTIONS

' A '  PHASE

' B '  PHASE

GRAFT COPOLYMER A-B DIBLOCK COPOLYMER

* B ' PORTIONS
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T h i s  i s  s i m i l a r  t o  t h e  s o l u b i l i s i n g  e f f e c t  o f  d e t e r g e n t s  f o r  

o i l  and w a t e r  p h a s e s .  The p h y s i c a l  a f f i n i t y  o f  t h e  ' A '  p o r t i o n  

o f  t h e  c o p o l y m e r  f o r  t h e  ' A '  phase  and t h e  * B * p o r t i o n  o f  t h e  

c o p o l y m e r  f o r  t h e  * B * phase  s e r v e s  t o  l o c a t e  t h e  c o p o l y m e r  a t  t h e  

i n t e r f a c e  and c o n n e c t  p h y s i c a l l y  t h e  two ph a s e s  t h r o u g h  t h e

c o v a l e n t  bonds i n  t h e  c o p o l y m e r  b a c k b o n e .  The n e t  r e s u l t  o f  t h i s  

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

m e c h a n i c a l  p r o p e r t i e s ,  e l o n g a t i o n  and t e n s i l e  s t r e n g t h  and a

f i n e r  d i s p e r s i o n  o f  t h e  m i n o r  c o mp on e n t .

C o n f o r m a t i o n a l  r e s t r a i n t s  a r e  i m p o r t a n t  i n  t h i s  sy s t e m and 

b e c a u s e  o f  t h i s  a b l o c k  c o p o l y m e r  wo u l d  be e x p e c t e d  t o  be 

s u p e r i o r  t o  a g r a f t  c o p o l y m e r  f o r  t h i s  p u r p o s e  ( 5 4 ) .  A g r a f t  

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

b a c k b on e  t o  p e n e t r a t e  i t s  homopol ymer  p h a s e .  For  t h e  same r e a s o n  

A-B d i b l o c k  c o p o l y m e r s  s h o u l d  be more e f f e c t i v e  t h a n  A - B - A  

t r i b l o c k s  ( 5 4 ) .

F o r  t h e  b l o c k  o r  g r a f t  c o p o l y m e r  t o  l o c a t e  a t  t h e  b l e n d  

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

p h a s e s .  T h i s  t e n d e n c y  depends  on t h e  i n t e r a c t i o n s  b e t w e e n  t h e

two s e gme nt s  and on t h e i r  m o l e c u l a r  w e i g h t s .  The t h e o r i e s  

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

s e p a r a t i o n  i n  c o p o l y m e r s  w i l l  be c o n s i d e r e d  l a t e r .

A f u r t h e r  r e q u i r e m e n t  f o r  t h e  e f f e c t i v e  c o m p a t i b i l i s a t i o n  o f  

a p o l y m e r  b l e n d  by a b l o c k  o r  g r a f t  c o p o l y m e r  i s  t h a t  t h e  b l o c k  

o r  g r a f t  s h o u l d  n o t  be m i s c i b l e  as a wh o l e  m o l e c u l e  i n  one o f  t h e  

homopol ymer  p h a s e s .  T h i s  t e n d e n c y  a l s o  depends  on s e g m e n t a l  

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

b l e n d s  o f  c o r r e s p o n d i n g  homopol ymer s  i s  p r o v i d e d  by t h e  wor k  o f  

D e l  G i u d i c e  e t  a l  ( 5 5 ) .

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

s e q u e n t i a l  Z i e g l e r - N a t t a  p o l y m e r i s a t i o n  o f  s t y r e n e  and p r o p y l e n e .  

A f t e r  r e m o v i n g  u n wa n t e d  homopol ymer s  f r om t h e  r e a c t i o n  p r o d u c t ,  

t h e  r e s u l t a n t  d i b l o c k  c o p o l y m e r  o f  i s o t a c t i c  p o l y s t y r e n e  and  

i s o t a c t i c  p o l y p r o p y l e n e  was i n c o r p o r a t e d  i n t o  b l e n d s  o f  i s o t a c t i c  

p o l y s t y r e n e  and i s o t a c t i c  p o l y p r o p y l e n e .  At  l ow c o p o l y m e r  

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

s i g n i f i c a n t l y  r e d u c i n g  t h e  s i z e  o f  domai ns  i n  t h e  h e t e r o g e n o u s  

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

i m p r o v e m e n t  i n  t h e  a d h e s i o n  a c r o s s  t h e  domai n b o u n d a r i e s  was a l s o  

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

p r o p e r t i e s .

C o m m e r c i a l l y ,  e x t e n s i v e  use i s  made o f  c o p o l y m e r s  as  

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

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

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

i n s t a n c e ,  r u b b e r  i s  d i s s o l v e d  i n  t h e  s t y r e n e  monomer w h i c h  i s  

s u b s e q u e n t l y  p o l y m e r i s e d .  I t  has been shown t h a t  c h a i n  t r a n s f e r  

p r o c e s s e s  accompany p o l y m e r i s a t i o n  and r e s u l t  i n  a c e r t a i n  amount  

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

ho mo p o l y me r .  T h i s  g r a f t  i s  b e l i e v e d  t o  p l a y  an i n t e r f a c i a l  r o l e  

i n  t h e  b l e n d  t o  p r o v i d e  t h e  n e c e s s a r y  a d h e s i o n  b e t w e e n  p h a s e  

domai ns  ( 5 3 ) .
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P . V . C .  i s  a l s o  i m p a c t  m o d i f i e d  by b l e n d i n g  w i t h  r u b b e r y  

p a r t i c l e s .  I n  t h i s  p r o c e s s  t h e  two p o l y m e r s  a r e  made s e p a r a t e l y  

and s u b s e q u e n t l y  b l e n d e d .  The p r e f o r m e d  r u b b e r  p a r t i c l e s  used i n  

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

wh i c h  i s  b e l i e v e d  t o  a c t  as an i n t e r f a c i a l  a g e n t .

The above  c o n c e p t s  a r e  a l s o  e mp l o y e d  i n  t h e  m a n u f a c t u r e  o f  

compounds i n  t h e  A . B . S .  f a m i l y .  H e r e  t h e  b a s e  p o l y m e r  i s  

t y p i c a l l y  a g l a s s y  c o p o l y m e r  o f  s t y r e n e  and a c r y l o n i t r i l e  w h i l e  

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

c o p o l y m e r s  o f  b u t a d i e n e  and a c r y l o n i t r i l e .  Once a g a i n  some g r a f t  

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

a d h e s i o n .

2 . 2  THE ROLE OF COPOLYMERS I N THE IMPACT MODI F I CATI ON OF
HOMOPOLYMERS.

I t  has a l r e a d y  been shown t h a t  b l o c k  and g r a f t  c o p o l y m e r s  

can p l a y  an i m p o r t a n t  r o l e  as ' c o m p a t i b i l i s e r s ' i n  t h e  r u b b e r  

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

has been p a i d  t o  t h e  r o l e  t h a t  c o p o l y m e r s  t h e m s e l v e s  can p l a y  as  

i m p a c t  m o d i f i e r s  when b l e n d e d  w i t h  h o mopo l y me r s  ( 5 6 ) .  T h i s  

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

d i s p e r s i o n  o f  t h e  ' f o r e i g n '  segment  i n  t h e  homop o l ymer  m a t r i x  ( a n  

i m p o r t a n t  r e q u i r e m e n t  f o r  good i m p a c t  m o d i f i c a t i o n ) .

I n  t h i s  s e c t i o n  t h e  c r i t e r i a  f o r  t h e  s u c c e s s f u l  a p p l i c a t i o n  

o f  c o p o l y m e r s  as i m p a c t  m o d i f i e r s  a r e  r e v i e w e d  and r e f e r e n c e  i s  

made t o  s p e c i f i c  e x a m p l e s  o f  i m p a c t  m o d i f i c a t i o n  a c h i e v e d  v i a  

t h i s  r o u t e .
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2 . 2 . 1  T h e o r i e s  r e l a t i n g  t o  Phase  S e p a r a t i o n  i n  B l o c k  C o p o l y me r s  
and B l e n d s  o f  Cop o l y me r s  w i t h  H o m o p o l y me r s .

We h ave  a l r e a d y  seen how t h e  b l e n d i n g  o f  two p o l y m e r s

u s u a l l y  r e s u l t s  i n  ma c r o ph a s e  s e p a r a t i o n .  I n  b l o c k  c o p o l y m e r s ,  

h o w e v e r ,  i n c o m p a t i b l e  p o l y m e r s  a r e  l i n k e d  t o  each o t h e r  v i a  a

c o v a l e n t  bond .  T h i s  bond i n h i b i t s  m a c r o s c o p i c  p hase  s e p a r a t i o n  

and i n s t e a d  t h e s e  s y s t e ms  o f t e n  e x h i b i t  s e p a r a t i o n  on a m i c r o 

s c a l e .

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

f r e e  e n e r g y  a s s o c i a t e d  w i t h  t h e  i n t e r f a c e  b e t we e n  A and B doma i ns

i n  b l o c k  c o p o l y m e r s .  T h i s  s e r v e s  as a d r i v i n g  f o r c e  t o w a r d

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

j o i n t s  t o  s t a y  i n  t h e  i n t e r f a c i a l  r e g i o n  t h e r e  i s  a l o s s  o f

e n t r o p y  i n  two wa y s .  One i s  a t t r i b u t a b l e  t o  t h e  c o n f i n e m e n t  o f

t h e  j o i n t s  t o  t h e  i n t e r f a c e .  The o t h e r  has i t s  o r i g i n

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

s u p p r e s s i o n  o f  a v a s t  number  o f  p o l y m e r  c o n f o r m a t i o n s .  The  

e q u i l i b r i u m  domai n  s i z e  and shape a r e  a r e s u l t  o f  t h e  b a l a n c e  o f  

t h e s e  t h r e e  f r e e - e n e r g y  t e r m s .

Much a t t e n t i o n  has been p a i d  t o  t h e o r i e s  r e l a t i n g  t o  d oma i n  

f o r m a t i o n  and t h e  s t a t e  o f  t h e  i n t e r f a c e  i n  b l o c k  c o p o l y m e r s  w i t h  

M e i e r  ( 5 7 - 5 9 ) ,  H e l f a n d  ( 4 1 ,  6 0 - 6 7 ) ,  K r a u s e  ( 6 8 - 7 0 ) ,  L e a r y  and  

W i l l i a m s  ( 7 1 - 7 3 ) ,  Soen e t  a l  ( 7 4 )  and LeGr and  ( 7 5 )  b e i n g  t h e  

p r i n c i p l e  w o r k e r s  i n  t h i s  a r e a .

M e i e r ,  on s t u d y i n g  A-B and A- B- A  c o p o l y m e r s  e s t a b l i s h e d  t h e  

t h e r m o d y n a m i c  c r i t e r i a  f o r  domai n  f o r m a t i o n  and c a l c u l a t e d  t h a t  

h i g h e r  b l o c k  m o l e c u l a r  w e i g h t s  wer e  r e q u i r e d  f o r  p hase  s e p a r a t i o n  

i n  a c o p o l y m e r  t h a n  i n  s i m p l e  homopol ymer  b l e n d s  ( 5 9 ) .
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T h i s  t h e o r y  r e l i e s  h e a v i l y  on F l o r y ' s  i n t e r a c t i o n  p a r a m e t e r  

( XAb ) ( 3 7 )  and h ence  i s  somewhat  l i m i t e d  t o  n o n p o l a r  p o l y m e r  

s y s t e ms  wh er e  o n l y  d i s p e r s i v e  i n t e r a c t i o n s  a r e  i m p o r t a n t .  

F u r t h e r  wor k  by M e i e r  ( 5 8 )  a l l o w e d  a q u a n t i t i v e  e s t i m a t e  o f  t h e

s i z e  o f  t h e  i n t e r f a c i a l  zone  b e t w e e n  segment s  o f  A and B i n  an

A-B d i b l o c k  c o p o l y m e r  t o  be c a l c u l a t e d  as a f r a c t i o n  o f  t h e

sys t em v o l u me .

To a f i r s t  a p p r o x i m a t i o n  t h i s  was e s t i m a t e d  t o  be a f u n c t i o n  

o n l y  o f  t h e  p r o d u c t  o f  t h e  c o p o l y m e r  m o l e c u l a r  w e i g h t  (M)  and a 

measur e  o f  t h e  s e g m e n t a l  i n t e r a c t i o n s  e s t i m a t e d  by t h e  s o l u b i l i t y  

p a r a m e t e r  d i f f e r e n c e  f o r  t h e  two segment  t y p e s  i dA-dgl  . When t h e  

vol ume o f  t h e  i n t e r f a c i a l  zone b e t w e e n  A and B seg me nt s  o f  t h e

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

a h i g h  m o l e c u l a r  w e i g h t  o r  a l a r g e  s e g m e n t a l  such

t h a t  t h e  f u n c t i o n  M(dA - d B) i s  v e r y  l a r g e .  I f  t h e  i n t e r f a c i a l  

vol ume f r a c t i o n  i s  n e a r  u n i t y ,  t h e r e  w i l l  be no s e g r e g a t i o n  i n t o  

d o m a i n s .  T h i s  o c c u r s  a t  v e r y  l ow m o l e c u l a r  w e i g h t s  o r  w i t h  v e r y  

s m a l l  s e g m e n t a l  i n t e r a c t i o n s  e . g .  when dA~ d g .

The f i r s t  w o r k e r s  t o  r e a l i s e  t h a t  t h e  i n t e r p h a s e  b e t w e e n  

d i s s i m i l a r  segment s  was d i f f u s e  and had a f i n i t e  t h i c k n e s s  we r e  

L e a r y  and W i l l i a m s  ( 7 1 ,  7 2 ) .  They c a l c u l a t e d  t h e  G i b b ' s  f r e e  

e n e r g y  o f  d e m i x i n g  by e s t i m a t i n g  s e p a r a t e l y  t h e  e n t h a l p i c  and  

e n t r o p i c  c o n t r i b u t i o n s .  The e n t h a l p y  o f  d e m i x i n g  was ba s e d  on 

t h e  S c a t c h a r d - H i l d e b r a n d  r e g u l a r  s o l u t i o n  t h e o r y .  F or  a t r i b l o c k  

c o p o l y m e r  A - B - A ,  i t  r e a d s : -

= - V m 0)A fl)g( <JA - d g )  + f V mt|iA ' 0 B' ( d A- d g )
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wher e  t h e  f i r s t  t e r m  r e p r e s e n t s  c o m p l e t e  d e m i x i n g  and t h e  second  

t e r m  c o r r e c t s  f o r  t h e  p r e s e n c e  o f  a mi xed  i n t e r p h a s e  r e g i o n .  

0 a ' 0 B* i s  t h e  vo l ume a v e r a g e d  p r o d u c t  o f  t h e  vo l ume f r a c t i o n s  o f  

A and B i n  t h e  mi x e d  r e g i o n .  V a l u e s  o f  f  a r e  d e p e n d e n t  on t h e  

g e o m e t r y  o f  t h e  domai ns  ( s p h j e r e s ,  c y l i n d e r s  o r  l a m e l l a e ) .  Vm i s  

t h e  m o l a r  vo l ume  and cfj i s  t h e  s o l u b i l i t y  p a r a m e t e r  o f  c omponent  

i .

The e n t r o p i c  t e r m c o n s i s t s  o f  t h r e e  c o n t r i b u t i o n s : -

AS t o t a l  = ASi  + a s a + a s B 

AS-) i s  t h e  e n t r o p y  c ha nge  r e s u l t i n g  f r om t h e  r e q u i r e m e n t  t h a t  one  

o f  t h e  j u n c t i o n s  o f  t h e  A-B b l o c k s  must  be p l a c e d  i n  t h e  mi x e d  

r e g i o n .  AS^ i s  a s s o c i a t e d  w i t h  t h e  s t i p u l a t i o n  t h a t  one end o f  

t h e  A c h a i n  must  be i n  t h e  mi x e d  r e g i o n  and t h e  o t h e r  i n  t h e  A 

r e g i o n ,  w h i l e  ASB i s  due t o  t h e  f a c t  t h a t  b o t h  ends o f  t h e  B 

c h a i n  i n  t h e  t r i b l o c k  c o p o l y m e r  must  be i n  t h e  m i x e d  r e g i o n .  By 

m i n i m i s i n g  t h e  f r e e  e n e r g y  o b t a i n e d  f r om t h e s e  r e s p e c t i v e  

c o n t r i b u t i o n s ,  L e a r y  and W i l l i a m s  wer e  a b l e  t o  p r e d i c t  t h e  

f a v o u r e d  m o r p h o l o g y  f o r  t r i b l o c k  c o p o l y m e r s .

The L e a r y - W i l l i a m s  model  f o r  t h e  m i c r o p h a s e  t h e r m o d y n a m i c s  

o f  t r i b l o c k  A - B - A  c o p o l y m e r s  has r e c e n t l y  been m o d i f i e d  t o  

accommodat e  d e v i a t i o n s  f r o m homogeneous r a n d o m - c o i l

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

A c h a i n s  and has a l s o  been e x t e n d e d  t o  c o v e r  t h e  c a s e  o f  d i b l o c k  

A-B c o p o l y m e r s  ( 7 6 ) .
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The more r e c e n t  p a p e r s  by H e l f a n d  e t  a l  ( 4 1 ,  6 0 - 6 7 )  use a

mean f i e l d  a p p r o a c h  t o  i nhomogeneous  s y s t e m s .  F or  a d i b l o c k

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

f o l l o w i n g  f r e e  e n e r g y  e x p r e s s i o n  ( 6 3 ) : —

G = ( 2 £ )  ( x ^  + X g . ) ( I )  + l o g  ( d )
NkT ( k T ) J o A (2 a j )

+ O . l A l d 2' 5 ( ( x fl° - 5 / b A /0A)2- 5 + ( x B° - 5 / b c /0D) 2 -5 ) -  c < ( x a / / O a ) (
( [ ( x a ^ O a )  + ( x b ^ o b ) ] 2 -5 ) ( x A ^ o A ) +

wher e  ~6 i s  t h e  i n t e r f a c i a l  t e n s i o n

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

y O i s  t h e  d e n s i t y  o f  p u r e  A o r  B 

d i s  t h e  domai n  r e p e a t  d i s t a n c e  

aj i s  t h e  w i d t h  o f  t h e  i n t e r f a c i a l  r e g i o n  

oL i s  a me a s u r e  o f  t h e  r e p u l s i o n  b e t we e n  A and B b l o c k s  

T h e i r  p r e d i c t i o n s  o f  domai n s i z e s  as a f u n c t i o n  o f  m o l e c u l a r  

w e i g h t  a g r e e  w e l l  w i t h  t h e  d a t a  o f  Douy e t  a l .  The c a l c u l a t e d  

i n t e r f a c i a l  t h i c k n e s s e s  a l s o  compare  f a v o u r a b l y  w i t h  S . A . X . S .  

r e s u l t s  by H a s h i m o t o  e t  a l  ( 7 8 ) .

Soen e t  a l  ( 7 4 )  t r e a t e d  t h e  p r o b l e m  f r o m t h e  p o i n t  o f  v i e w  

o f  m i c e l l e  f o r m a t i o n .  As t h e  s o l v e n t  e v a p o r a t e s ,  a c r i t i c a l  

m i c e l l e  c o n c e n t r a t i o n  i s  r e a c h e d ,  a t  wh i c h  t h e  domai ns  a r e  f o r me d  

and a r e  assumed n o t  t o  change  upon f u r t h e r  d r y i n g .  Mi ni mum f r e e  

e n e r g i e s  f o r  an AB t y p e  o f  b l o c k  c o p o l y m e r  wer e  comput ed  i n  t h i s  

way.  At  l ow w e i g h t  f r a c t i o n s  o f  A ( b e l o w ~ 0 . 1 2 )  t h e  s p h e r i c a l  

mo r p h o l o g y  i s  f a v o u r e d .  Be t ween  0 . 1 2  and 0 . 3 8  w e i g h t  f r a c t i o n s  

o f  A r o ds  or  c y l i n d e r s  a r e  e x p e c t e d  t o  f o r m .  As t h e  e q u i m o l a r  

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

e q u i l i b r i u m  s t r u c t u r e .
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LeGr and  ( 7 5 )  has d e v e l o p e d  a model  t o  a c c o u n t  f o r  domai n  

f o r m a t i o n  and s t a b i l i t y  b ased  on t h e  change i n  f r e e  e n e r g y  wh i c h  

o c c u r s  b e t w e e n  a random m i x t u r e  o f  b l o c k  p o l y me r  and a m i c e l l a r  

domai n s t r u c t u r e .  The mode l  a l s o  c o n s i d e r s  c o n t r i b u t i o n s  t o  t h e  

f r e e  e n e r g y  o f  t h e  domai n  m o r p h o l o g y  r e s u l t i n g  f r om t h e  

i n t e r f a c i a l  b o u n d a r y  b e t w e e n  p ha s e s  and e l a s t i c  d e f o r m a t i o n  o f  

t h e  d o m a i n s .

A d i f f e r e n t  a p p r o a c h  t o  d e t e r m i n i n g  m i c r o p h a s e  s e p a r a t i o n  i n  

c o p o l y m e r s ,  wh i c h  i s  s t r i c t l y  t h e r m o d y n a m i c  and n o t  c o n c e r n e d

w i t h  m o r p h o l o g y ,  was d e v e l o p e d  by Kr a u s e  ( 6 8 - 7 0 ) .  T h i s  mode l  

p r e d i c t s  t h a t  phase  s e p a r a t i o n  becomes more d i f f i c u l t  as t h e  

number  o f  b l o c k s  i n c r e a s e  i n  a c o p o l y m e r  m o l e c u l e  o f  g i v e n

l e n g t h .  I t  p r e d i c t s  e a s i e r  phase  s e p a r a t i o n  when t h e  m o l e c u l a r  

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

c o m p o s i t i o n  and number  o f  b l o c k s  p e r  m o l e c u l e .  F u r t h e r m o r e ,  

phase s e p a r a t i o n  o c c u r s  r e a d i l y  f o r  a s ys t em h a v i n g  a 1 : 1  r a t i o  

o f  component s  ( b y  v o l u m e )  when t h e  m o l e c u l a r  c h a i n  l e n g t h  and  

number  o f  b l o c k s  a r e  k e p t  c o n s t a n t .  Phase s e p a r a t i o n  i s  a l s o

i m p r o v e d  by an i n c r e a s i n g  F l o r y - H u g g i n s  i n t e r a c t i o n  p a r a m e t e r  

( X AB) f ° r  t h e  c o p o l y m e r .

K r a u s e ' s  t h e o r y  i s  ba s e d  on t h e  c a l c u l a t i o n  o f  t h e  c r i t i c a l  

i n t e r a c t i o n  p a r a m e t e r  (XA B )cr u s i n g  t h e  e q u a t i o n : -

c c
^XAB^cr = z V r  f - l n (  v a ) vA ( v b ) Vb + 2 ( m - l ) ( ASdjs ) - l n ( m - l ) * }

< z - 2 ) V a v ^  t  ( R ) )
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Where Vr  = vo l ume o f  a l a t t i c e  s i t e

z = c o - o r d i n a t i o n  number  o f  t h e  l a t t i c e  

c
vA = v o l  f r a c t i o n  o f  monomer A i n  t h e  c o p o l y m e r  m o l e c u l e

ASdjs / R = d i s o r i e n t 0 , e n t r o p y  change  g a i n  on f u s i o n  p e r  segment  

When t h i s  e q u a t i o n  i s  used t o  make p r e d i c t i o n s  a b o u t  phase  

s e p a r a t i o n  i n  b l o c k  c o p o l y m e r s  i t  i s  c o n v e n i e n t  t o  l e t  Vr=VA =VB

I n  o r d e r  t o  use t h e  above e q u a t i o n  i t  i s  n e c e s s a r y  t o  f i r s t  

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

f r om H i l d e b r a n d ' s  s o l u b i l i t y  p a r a m e t e r s  ( 3 8 ) : -

XAB = V t ^ A ' ^ b )2 
RT

The t h e o r y  p r e d i c t s  t h a t  p o l y m e r s  s h o u l d  not  phase  s e p a r a t e

A f e a t u r e  o f  b o t h  M e i e r ' s  and K r a u s e ' s  work  i s  t h e  use o f  

H i l d e b r a n d ' s  s o l u b i l i t y  p a r a m e t e r .  S t u d i e s  c o n d u c t e d  by M c G r a t h  

e t  a l  ( 7 9 )  h ave  s e r v e d  t o  i l l u s t r a t e  b o t h  t h e  i m p o r t a n c e  o f  t h e  

d i f f e r e n t i a l  s o l u b i l i t y  p a r a m e t e r  icf-j - cf2 1 o r  A and t h e  c h e m i c a l  

bond b e t w e e n  t h e  segme nt s  on t h e  m i c r o p h a s e  s e p a r a t i o n  i n  b l o c k  

c o p o l y m e r s .

T h e o r e t i c a l  a p p r o a c h e s  h ave  a l s o  been made on more c o mp l e x  

i nhomogenous  m u l t i c o m p o n e n t  sy s t e ms  ( e . g .  b l e n d s  o f  h omop o l y me r s  

w i t h  c o p o l y m e r s  ) .

c
v B = v o l  f r a c t i o n  o f  monomer B i n  t h e  c o p o l y m e r  m o l e c u l e

m = number  o f  b l o c k s -  i n  each b l o c k  c o p o l y m e r  m o l e c u l e

VA = amor phous  vo l ume  o f  a r e p e a t  u n i t  o f  A

nA = number  o f  A u n i t s  i n  each c o p o l y m e r  m o l e c u l e

and t o  s e t  a c o n v e n i e n t  v a l u e  f o r  z ,  p o s s i b l y  £> ©c $

u n t i l  ( X AR) rr  «X,AB'cr  *  * AB‘
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K r a u s e  ( 7 0 )  d e v e l o p e d  an e q u a t i o n  p r e d i c t i n g  t h e  c o n d i t i o n s  

n e c e s s a r y  f o r  m i c r o p h a s e  s e p a r a t i o n  i n  m i x t u r e s  o f  b l o c k  

c o p o l y m e r s  w i t h  one o f  t h e  c o r r e s p o n d i n g  h o m o p o l y m e r s : -

c c
( X AB)cr= z Vr  ( - l n ( v A )VA ( v g ) vB - N HAl n v A + 2 ( m - l ) (AS^is) - l n ( m - l ) )

( z - 2 ) V B vAnB( Nc ( R ) - )

wher e  v™ = v o l  f r a c  o f  monomer r e p e a t  u n i t  A i n  t h e  t o t a l  m i x t u r e

Vg = v o l  f r a c  o f  monomer r e p e a t  u n i t  B i n  t h e  t o t a l  m i x t u r e

nHA = numb e r  o f  homopol ymer  A m o l e c u l e s  i n  t h e  s ys t em  

Nc = t o t a l  number  o f  c o p o l y m e r  m o l e c u l e s  i n  t h e  sy s t e m  

T h i s  e q u a t i o n  was d e r i v e d  u s i n g  e s s e n t i a l l y  an a p p r o a c h  

s u i t a b l e  f o r  a one component  s y s t e m ,  a l t h o u g h  a m i x t u r e  o f  

homopol ymer  w i t h  b l o c k  c o p o l y m e r  i s ,  o f  c o u r s e  a two comp on ent  

s y s t e m .  T h i s  a p p r o a c h  i s  p o s s i b l e  b e c a u s e  i t  i s  assumed t h a t  t h e  

homopol ymer  HA does n o t  mi x  w i t h  m i c r o p h a s e  B a f t e r  m i c r o p h a s e  

s e p a r a t i o n  i . e .  t h e  s y s t e m i s  n o t  a l l o w e d  t o  a c t  as an o r d i n a r y  

t w o - c o m p o n e n t  s y s t e m .

M e i e r  ( 8 0 )  i n  an e x t e n s i o n  o f  h i s  t h e o r y  c o n c e r n i n g

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

a b o u t  5% ( w / w )  o f  a homopol ymer  can be s o l u b i l i s e d  by a c o p o l y m e r  

a t  e q u i l i b r i u m  i f  t h e y  have  t h e  same m o l e c u l a r  w e i g h t .  T h i s  

l i m i t e d  s o l u b i l i t y  can be a t t r i b u t e d  t o  t h e  u n f a v o u r a b l e  e n t r o p y  

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

i n  t h e  same d o m a i n ,  i n  s p i t e  o f  t h e i r  c h e m i c a l  i d e n t i t y .
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More r e c e n t l y  Hong and N o o l a n d i  ( 8 1 )  d e v e l o p e d  a t h e o r y  o f  

i nh omo gen eou s  m u l t i c o m p o n e n t  s ys t ems  s t a r t i n g  f r om t h e  f u n c t i o n a l  

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

can be used t o  d e t e r m i n e  t h e  i n t e r f a c i a l  p r o p e r t i e s  and 

m i c r o d o m a i n  s t r u c t u r e s  o f  a c o m b i n a t i o n  o f  h o mo p o l y me r s ,  b l o c k  

c o p o l y m e r s ,  monomers and s o l v e n t s ,  and has been used t o  s t u d y  t h e  

e m u l s i f y i n g  e f f e c t  o f  b l o c k  c o p o l y m e r s  i n  i m m i s c i b l e  homopol ymer  

b l e n d s  ( 8 2 ) .  I t  has r e c e n t l y  been used i n  t h e  e v a l u a t i o n  o f  t h e  

f r e e  e n e r g y  o f  an i nh omogeneous  d i b l o c k  c o p o l y m e r - h o m o p o l y m e r  

b l e n d  ( 8 3 ) .

2 . 2 . 2  M o r p h o l o g i c a l  c o n s i d e r a t i o n s  i n  s y s t e ms  c o n t a i n i n g  B l o c k  
C o p o l y m e r s .

F i v e  f u n d a m e n t a l  domai n  s t r u c t u r e s  a r e  p o s s i b l e  f o r  b l o c k  

c o p o l y m e r s  c o n s i s t i n g  o f  two t y p e s  o f  b l o c k s .  At  c o m p o s i t i o n s  

w i t h  a p p r o x i m a t e l y  e g u a l  p r o p o r t i o n s  o f  t h e  t wo co mpon e n t s  a 

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

component  i n c r e a s e s  a t  t h e  e x pe ns e  o f  t h e  o t h e r ,  c y l i n d r i c a l  

m o r p h o l o g i e s  w i l l  r e s u l t  w i t h  t h e  m a t r i x  phase  b e i n g  composed o f  

t h e  component  i n  g r e a t e r  a b u n d a n c e .  On i n c r e a s i n g  t h e  p r o p o r t i o n  

o f  one c o mponent  f u r t h e r ,  t h e  m o r p h o l o g y  o f  s p h e r i c a l  doma i ns  o f  

m i n o r  c omponent  i n  a m a t r i x  o f  t h e  o t h e r  c o mp o n e n t  r e s u l t s .  

These  s t r u c t u r e s  h ave  been o b s e r v e d  by I n o u e  e t  a l  ( 8 4 )  i n  

d i b l o c k  c o p o l y m e r s  o f  i s o p r e n e  and s t y r e n e  c a s t  f r o m t o l u e n e .
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The m o r p h o l o g y  o f  a b l o c k  c o p o l y m e r  can a l s o  be m o d i f i e d  by 

c h a n g i n g  t h e  c a s t i n g  s o l v e n t  w h i l e  k e e p i n g  t h e  c o m p o s i t i o n  o f  t h e  

b l o c k  c o p o l y m e r  f i x e d .  The work p e r f o r m e d  by I n o u e  e t  a l  ( 8 4 )  on 

a 4 0 / 6 0  s t y r e n e / i s o p r e n e  c o p o l y m e r  s e r v e s  t o  i l l u s t r a t e  t h e  

p o i n t .  The domai n s t r u c t u r e  o f  t h e  s ampl e  c a s t  f r om t o l u e n e  was 

shown t o  e x h i b i t  an a l t e r n a t i n g  l a m e l l a r  a r r a n g e m e n t  w h i l s t  t h a t  

c a s t  f r om m e t h y l  e t h y l  k e t o n e  d i s p l a y e d  c o n s i d e r a b l e  i n t e r c o n n e c 

t i o n s  b e t we e n  t h e  s t y r e n e  d o m a i n s .  The f i l m s  c a s t  f r om  

c y c l o h e x a n e ,  c a r b o n  t e t r a c h l o r i d e ,  n - h e x a n e  and n - h e p t a n e ,  

h o w e v e r ,  a l l  a p p e a r e d  as p o l y s t y r e n e  domai ns  d i s p e r s e d  i n  a 

p o l y i s o p r e n e  m a t r i x .

These  d i f f e r e n t  domai n s t r u c t u r e s  a r e  n o t  n e c e s s a r i l y  

e q u i l i b r a t e d  o n e s ,  and can s o me t i me s  be c hanged  t o  t h e  

e q u i l i b r a t e d  ones by t h e r m a l  t r e a t m e n t  ( 7 3 ) .

I n  t h e  cas e  o f  b l e n d s  o f  b l o c k  c o p o l y m e r s  and h o m o p o l y m e r s ,  

a more c o m p l i c a t e d  s i t u a t i o n  a r i s e s .  Many e a r l y  s t u d i e s  ( 8 5 ,  8 6 )  

s u g g e s t  t h a t  homopol ymer  c h a i n s  can be c o n s i d e r a b l y  s o l u b i l i s e d  

i n  t h e  domai ns  o f  t h e  l i k e  b l o c k s  o f  t h e  c o p o l y m e r  p r o v i d e d  t h e  

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

l a t t e r .  N e v e r t h e l e s s ,  t h e r e  wer e  some r e p o r t s  ( 8 7 ,  8 8 )

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

w i t h  d i f f e r e n t  i n t e r i o r  s t r u c t u r e s  f r om t h e  b u l k  s amp l e  i n  

c e r t a i n  c o p o l y m e r - h o m o p o l y m e r  b l e n d s .  These  f e a t u r e s  we r e  

r e g a r d e d  as ' u n u s u a l  s t r u c t u r e s '  b u t  no r e a s o n a b l e  e x p l a n a t i o n  

f o r  t h e i r  f o r m a t i o n  was g i v e n .
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More r e c e n t l y  East mond e t  a l  ( 8 9 ,  9 0 )  have  p r e s e n t e d  a

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

b l o c k  c o p o l y m e r s  o r  AB c r o s s l i n k e d  c o p o l y m e r s  ( A B C P ' s )  w i t h  t h e i r  

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

t h e  ' u n u s u a l  s t r u c t u r e s '  w h i c h  wer e  i n e v i t a b l y  f ou nd  t o  a p p e a r  i n  

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

p r o c e s s i n g  c o n d i t i o n s ,  t h e y  s u g g e s t e d  t h a t  t h e  h omopol ymer  c h a i n s  

a r e  i n c o m p a t i b l e  w i t h  t h e  l i k e  b l o c k s  o f  c o p o l y m e r s  a t  

e q u i l i b r i u m ,  and t h e  d i s c r e t e  r e g i o n s  f o und  i n  t h e  b l e n d s  a r e  

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

f o r med  by a c o m b i n a t i o n  o f  ma c r o ph a s e  s e p a r a t i o n  b e t w e e n  t h e  

homopol ymer  and t h e  b l o c k  c o p o l y m e r  and m i c r o p h a s e  s e p a r a t i o n  i n  

t h e  b l o c k  c o p o l y m e r  i t s e l f .  T h i s  v i e w  i s  s u p p o r t e d  by M e i e r ' s  

t h e o r e t i c a l  c a l c u l a t i o n s  ( 8 0 ) .

2 . 2 . 3  B l o c k  vs G r a f t  C o p o l y m e r .

I n  t h i s  c h a p t e r  we have  c o n c e r n e d  o u r s e l v e s  s o l e l y  w i t h  

t h e o r i e s  and m o r p h o l o g i e s  a s s o c i a t e d  w i t h  b l o c k  c o p o l y m e r s .  Why 

such e mp h a s i s  s h o u l d  be p l a c e d  on t h e s e  c o p o l y m e r s  r a t h e r  t h a n  

g r a f t  c o p o l y m e r s  r e q u i r e s  some e x p l a n a t i o n .

I t  i s  i m p o r t a n t  t o  r e c o g n i s e  t h a t  a h i g h  d e g r e e  o f  

s t r u c t u r a l  c o n t r o l  and i n t e g r i t y  i s  n e c e s s a r y  i n  o r d e r  t o  a c h i e v e  

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

I t  i s  i n  t h i s  r e s p e c t  t h a t  b l o c k  c o p o l y m e r s  o f f e r  a c l e a r  

a d v a n t a g e  o v e r  g r a f t  c o p o l y m e r s .  Because  o f  t h e  g r e a t e r  

r e l i a b i l i t y  and p r e d i c t a b i l i t y  o f  b l o c k  c o p o l y m e r  s y n t h e t i c  

t e c h n i q u e s ,  i t  i s  p o s s i b l e  t o  a c h i e v e  d e s i r e d  s t r u c t u r e s  more  

p r e c i s e l y .
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T h i s  r e s u l t s  i n  much b e t t e r  c o n t r o l  o f  i m p o r t a n t  p a r a m e t e r s  

such as s e q u e n c e  a r c h i t e c t u r e ,  segment  l e n g t h  and s p a c i n g ,  

p o l y d i s p e r s i t y  and c o n t a m i n a t i o n  by homopol ymer  o r  u n d e s i r e d  

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

o f  m o r p h o l o g i c a l  p e r f e c t i o n  i n  b l o c k  c o p o l y m e r s  t h a n  i n  g r a f t  

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

p r o p e r t i e s .

The d e g r e e  t o  w h i c h  t h e  above  s t r u c t u r a l  c o n t r o l  i s  a c h i e v e d  

can o n l y  be a s c e r t a i n e d  t h r o u g h  t h e  use o f  e f f e c t i v e  c h a r a c t e r i s 

a t i o n  t o o l s .  The c h a r a c t e r i s a t i o n  t e c h n i q u e s  t r a d i t i o n a l l y  used  

t o  a n a l y s e  h omopo l y me r s  can  a l s o  be used i n  e l u c i d a t i n g  c o p o l y m e r  

s t r u c t u r e s .  A l t h o u g h  b l o c k  c o p o l y m e r s  can be d i f f i c u l t  t o  

c h a r a c t e r i s e  b e c a u s e  o f  t h e  i n e v i t a b l e  p r e s e n c e  o f  some 

c o n t a m i n a t i n g  homop o l ymer  and a l s o  t h e  need t o  be a b l e  t o  

d e t e r m i n e  t h e  c o p o l y m e r  a r c h i t e c t u r e  ( e . g .  A-B vs A - B - A ) ,  g r a f t  

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

c h a r a c t e r i s a t i o n .  T hese  m a c r o m o l e c u l e s  a r e  even  more c o mp l e x  

t h a n  b l o c k  c o p o l y m e r s  f o r  s e v e r a l  r e a s o n s .  W h i l e  t h e  number  o f  

segment s  can  be de duc e d  w i t h  some c e r t a i n t y  f r om t h e  s y n t h e t i c  

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

t o  t h e  m u l t i f u n c t i o n a l  n a t u r e  o f  t h e  b a c k bo n e  and t o  t h e  

q u e s t i o n a b l e  e f f i c i e n c y  w i t h  wh i c h  t h e s e  f u n c t i o n a l i t i e s  

p a r t i c i p a t e  i n  t h e  g r a f t i n g  r e a c t i o n .  The l e n g t h  o f  t h e  g r a f t  

s e gment s  and t h e i r  p o l y d i s p e r s i t y  a r e  a l s o  more d i f f i c u l t  t o  

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

i s  t h e  u n a n s w e r e d  q u e s t i o n  o f  t h e  s p a c i n g  o f  t h e  g r a f t  j u n c t i o n  

p o i n t s  a l o n g  t h e  b a c k b o n e .
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I n  b l o c k  c o p o l y m e r s  t h i s  p a r a m e t e r  i s  more a c c e s s i b l e .  I n  

A-B and A- B- A  b l o c k  c o p o l y m e r s  t h e r e  a r e  by d e f i n i t i o n  one o r  two 

j u n c t i o n  p o i n t s  r e s p e c t i v e l y .  I n  ( A - B ) n b l o c k  c o p o l y m e r s  t h e  

d i s t a n c e  b e t w e e n  i n t e r s e g m e n t  l i n k a g e s  can be deduced  f r om a 

kn owl e d g e  o f  t h e  b l o c k  m o l e c u l a r  w e i g h t .

I t  may be c o n c l u d e d  t h a t  a l t h o u g h  b l o c k  c o p o l y m e r  s y n t h e s i s  

can be more de mandi ng  t h a n  g r a f t  c o p o l y m e r  s y n t h e s i s ,  t h e  

a d d i t i o n a l  e f f o r t  i s  u s u a l l y  more t h a n  r e w a r d e d  by t h e  e x c e l l e n t  

s t r u c t u r a l  c o n t r o l  o b t a i n e d  and t h e  g r e a t e r  ease  w i t h  w h i c h  t h e  

s t r u c t u r e  may be c h a r a c t e r i s e d .

2 . 2 . A A r c h i t e c t u r a l  C o n s i d e r a t i o n s  i n  B l o c k  C o p o l y m e r s .

I n  t h e  p r e v i o u s  s e c t i o n  i t  was a s c e r t a i n e d  t h a t  b l o c k  

c o p o l y m e r s  had d i s t i n c t  a d v a n t a g e s  o v e r  g r a f t  c o p o l y m e r s  as 

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

a s u p e r i o r  p r o d u c t  r e s u l t i n g  f r om i m p a c t  m o d i f i c a t i o n  v i a  b l o c k  

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

s p e c i e s  o f  p o l y m e r  h y b r i d .

T h e r e  a r e  t h r e e  b a s i c  a r c h i t e c t u r a l  f or ms o f  b l o c k

c o p o l y m e r ,  A - B ,  A - B - A ,  and ( A - B ) n- . The A-B or  d i b l o c k  s t r u c t u r e  

i s  composed o f  one segment  o f  * A * r e p e a t  u n i t s  and one s egment  o f

’ B 1 r e p e a t  u n i t s .  The second  f or m i s  t h e  t r i b l o c k  s t r u c t u r e

c o n s i s t i n g  o f  a s i n g l e  segment  o f  ' B '  r e p e a t  u n i t s  l o c a t e d  

b e t we e n  two s e gment s  o f  ' A '  r e p e a t  u n i t s .  The t h i r d  b a s i c  t y p e  

i s  t h e  m u l t i b l o c k  c o n t a i n i n g  many a l t e r n a t i n g  ' A '  and * B ' b l o c k s .
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M e n t i o n  has a l r e a d y  been made o f  t h e  l i k e l i h o o d  o f  t h e  A-B 

d i b l o c k  s t r u c t u r e  b e i n g  t h e  most  s u i t a b l e  when c o p o l y m e r s  a r e  

used as c o m p a t i b i l i s e r s  i n  b l e n d s  o f  two i m m i s c i b l e  h o m o p o l y m e r s .

I t  wou l d  be p r e s u m p t i o u s , h o w e v e r ,  t o  e x p e c t  t h e  A-B 

s t r u c t u r e  t o  a l s o  be t h e  p e f e r r e d  c o p o l y m e r  s t r u c t u r e  when one  

homopol ymer  i s  m o d i f i e d  by t h e  s i m p l e  a d d i t i o n  o f  a c o p o l y m e r .

W h i l e  a number  o f  c o p o l y m e r  p r o p e r t i e s  a r e  i n d e p e n d e n t  o f  

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

r e s i s t a n c e  e t c . ,  o t h e r  p r o p e r t i e s  a r e  s i g n i f i c a n t l y  a f f e c t e d .  

These  i n c l u d e  e l a s t o m e r i c  b e h a v i o u r ,  m e l t  r h e o l o g y  and t o u g h n e s s  

i n  r i g i d  m a t e r i a l s .

The u n i q u e  e l a s t o m e r i c  b e h a v i o u r  o b s e r v e d  o n l y  w i t h  A - B - A  

and ( A - B ) n b l o c k  c o p o l y m e r s  i s  r e s p o n s i b l e  f o r  t h e  d e v e l o p m e n t  o f  

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

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

t o  be m u t u a l l y  e x c l u s i v e  i . e .  t h e r m o p l a s t i c i t y  t o g e t h e r  w i t h  

r u b b e r l i k e  b e h a v i o u r .

The key  r e q u i r e m e n t  f o r  a c h i e v i n g  t h e r m o p l a s t i c - e l a s t o m e r i c  

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

I n  t h i s  s y s t e m t h e r e  must  be a m a j o r  f r a c t i o n  o f  a s o f t  b l o c k  

( Tg < room t e m p e r a t u r e )  and a m i n o r  f r a c t i o n  o f  a h a r d  b l o c k  

( Tg > room t e m p e r a t u r e ) .  The h a r d  b l o c k s  a s s o c i a t e  t o  f o r m  s m a l l  

m o r p h o l o g i c a l  domai ns  t h a t  s e r v e  as p h y s i c a l  c r o s s l i n k i n g  and  

r e i n f o r c e m e n t  s i t e s .  These  s i t e s  a r e  t h e r m a l l y  r e v e r s i b l e  i . e .  

m e l t  p r o c e s s a b i l i t y  i s  p o s s i b l e  a t  t e m p e r a t u r e s  a bov e  t h e  h a r d  

b l o c k  Tg o r  Tm.
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I t  i s  i m p o r t a n t  t h a t  t h e  vo l ume f r a c t i o n  o f  t h e  h a r d  b l o c k  

i s  s u f f i c i e n t l y  h i g h  ( > 2 0 %)  t o  p r o v i d e  an a d e q u a t e  l e v e l  o f  

t h e r m a l l y  l a b i l e  c r o s s l i n k i n g  f o r  good r e c o v e r y  p r o p e r t i e s .  I f  

t h e  vo l ume f r a c t i o n  o f  h a r d  m a t e r i a l  i s  t o o  h i g h  h o w e v e r ,  t h e  

r i g i d  domai ns  may change  f r om s p h e r i c a l ,  p a r t i c u l a r  r e g i o n s  t o  an 

e x t e n d e d  f or m i n  w h i c h  e l a s t i c  r e c o v e r y  i s  r e s t r i c t e d  ( 9 1 ) .  

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

s t r u c t u r e s  s i n c e  o n l y  one end o f  t h e  s o f t  b l o c k  i s  c h e m i c a l l y  

l i n k e d  t o  a domai n o r  h a r d  s e g me n t s .

Because  o f  t h e i r  a b i l i t y  t o  f o r m p h y s i c a l  n e t w o r k  s y s t e m s ,  

A- B- A and ( A - B ) n a r c h i t e c t u r e s  e x e r t  an a d v e r s e  e f f e c t  on m e l t  

r h e o l o g y .  D e p e n d i n g  on s p e c i f i c  c h e m i c a l  s t r u c t u r e  and b l o c k  

l e n g t h ,  t h e s e  n e t w o r k s  can even  p e r s i s t  i n  t h e  b l o c k  c o p o l y m e r  

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

e l a s t i c i t i e s .  I n  c o n t r a s t ,  A-B a r c h i t e c t u r e s ,  w h i c h  do n o t  

p r o d u c e  n e t w o r k  s t r u c t u r e s ,  d i s p l a y  b e t t e r  m e l t  p r o c e s s a b i l i t y .

T h e r m o p l a s t i c  e l a s t o m e r s  based on ( A - B ) n r a t h e r  t h a n  A - B - A  

s t r u c t u r e s  c o u l d  be e x p e c t e d  t o  d i s p l a y  enha n c e d  r e c o v e r y  

p r o p e r t i e s  due t o  t h e  p r e s e n c e  o f  a g r e a t e r  number  o f  p h y s i c a l  

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

be a r g u e d  t h a t  n e t w o r k  d i s r u p t i o n  due t o  d e g r a d a t i o n  o r  t o  t h e  

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

e x t e n s i v e  f o r  ( A - B ) n r a t h e r  t h a n  f o r  A - B- A  s t r u c t u r e s .  From a 

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

p o s s i b i l i t y  t h a t  ( A - B ) n t h e r m o p l a s t i c  e l a s t o m e r s  a r e  more l i k e l y  

t o  have  b l o c k  m o l e c u l a r  w e i g h t s  s h o r t e r  t h a n  t h e i r  c h a r a c t e r i s t i c  

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

c o a r s e r  m o r p h o l o g y  t h a n  A- B- A  s t r u c t u r e s .  E x t r a p o l a t i o n  o f  t h i s  

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

mo r p h o l o g y  and t h e r e f o r e  r e s u l t  i n  m a t e r i a l s  w i t h  t h e  g r e a t e s t  

o p t i c a l  c l a r i t y .

2 . 2 . 5  S e l e c t e d  E x a mp l e s  o f  t h e  I m p a c t  M o d i f i c a t i o n  o f  
P o l y m e r  Sy s t e ms  w i t h  B l o c k  C o p o l y m e r s .

A number  o f  e x a m p l e s  a r e  a v a i l a b l e  i n  t h e  l i t e r a t u r e  w h i c h  

r e l a t e  t o  t h e  i m p a c t  m o d i f i c a t i o n  o f  homopol ymer s  w i t h  b l o c k  

c o p o l y m e r s .  F o r  i n s t a n c e ,  c o n s i d e r a b l e  i n t e r e s t  has been shown 

i n  t h i s  p a r t i c u l a r  r o u t e  as a means t o  i m p r o v i n g  t h e  i m p a c t  

r e s i s t a n c e  o f  p o l y s t y r e n e .

R i e s s  e t  a l  ( 9 2 )  s t u d i e d  t h e  t e r n a r y  sys t em p o l y s t y r e n e -  

p o l y i s o p r e n e - s t y r e n e / i s o p r e n e  d i b l o c k  c o p o l y m e r .  They f o u n d  t h a t  

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

and t e r n a r y  b l e n d s .  T h e i r  b e s t  r e s u l t s  wer e  o b t a i n e d  w i t h  a 

b i n a r y  b l e n d  o f  p o l y s t y r e n e  and a b l o c k  c o p o l y m e r  o f  h i g h

m o l e c u l a r  w e i g h t  c o n t a i n i n g  a b o u t  40% s t y r e n e .  I n  o r d e r  t o  

a c h i e v e  s i g n i f i c a n t  i m p r o v e m e n t s  o v e r  t h e  homopol ymer  b l e n d s ,  

h o w e v e r ,  r a t h e r  l a r g e  amount s  o f  b l o c k  c o p o l y m e r  ( > 2 5 %)  wer e  

r e q u i r e d .

C h i l d e r s  e t  a l  ( 9 3 ,  9 4 )  b l e n d e d  d i f f e r e n t  s t y r e n e - b u t a d i e n e  

b l o c k  c o p o l y m e r s  w i t h  p o l y s t y r e n e  b o t h  w i t h  and w i t h o u t  d i e ur n y l

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

s t r u c t u r e s  i n v e s t i g a t e d  wer e  SB,  SBS,  ( S B ) n and S:BS ( a  d i b l o c k

p o l y m e r  c o n t a i n i n g  a random c o p o l y m e r  s equence  and a p u r e

p o l y s t y r e n e  b l o c k ) .
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S i g n f i c a n t l y , when b l o c k  c o p o l y m e r s  o f  25% s t y r e n e  wer e  b l e n d e d  

w i t h  p o l y s t y r e n e  i n  a 1 : 3  r a t i o  a much g r e a t e r  i m p r o v e m e n t  i n  

i m p a c t  s t r e n g t h  was o b s e r v e d  t h a n  when p o l y b u t a d i e n e  or  a random 

c o p o l y m e r  o f  s t y r e n e  and b u t a d i e n e  we r e  l i k e w i s e  b l e n d e d  w i t h  

p o l y s t y r e n e .  By c r o s s l i n k i n g  t h e  r u b b e r  p h a s e ,  f u r t h e r  i n c r e a s e s  

i n  i m p a c t  s t r e n g t h  and t e n s i l e  s t r e n g t h  wer e  o b s e r v e d .  T h i s  was 

p a r t i c u l a r l y  n o t i c e a b l e  i n  t h e  b l o c k  c o p o l y m e r  b l e n d s .  I n  

e x p e r i m e n t s  wh er e  t h e  s t y r e n e  b l o c k  l e n g t h  i n  t h e  c o p o l y m e r s  was 

r e d u c e d  f r om 1 8 , 0 0 0  t o  ^  9 , 0 0 0  'a s i g n i f i c a n t  l o s s  i n  i m p a c t  

s t r e n g t h  was o b s e r v e d .  T h i s  s u g g e s t s  t h a t  t h e  s t y r e n e  b l o c k s  

c h e m i c a l l y  bonded t o  t h e  r u b b e r y  d omai ns  a c t  as a n c h o r s  t o  t h e  

p o l y s t y r e n e  m a t r i x ,  p e r f o r m i n g  t h e  r o l e  o f  t h e  g r a f t s  i n  

c o n v e n t i o n a l  i m p a c t  p o l y s t y r e n e  o r  A . B . S .  I n  o r d e r  t o  p e r f o r m ,  

t h i s  f u n c t i o n  e f f e c t i v e l y  i t  a p p e a r s  n e c e s s a r y  t h a t  t h e  

p o l y s t y r e n e  b l o c k s  must  be o f  a c e r t a i n  mini mum s i z e .

F u r t h e r  wor k  by D u r s t  e t  a l  ( 9 5 )  on s i m i l a r  s y s t e ms  r e s u l t e d  

i n  t h e  f o r m a t i o n  o f  e x c e l l e n t  c o m p o s i t i o n s  w i t h o u t  t h e  use  o f  

p e r o x i d e .  P o l y s t y r e n e  was b l e n d e d  i n  s o l u t i o n  w i t h  SBS t y p e  

s t y r e n e - b u t a d i e n e  b l o c k  c o p o l y m e r s  o f  v a r i o u s  c o m p o s i t i o n s  t o  

g i v e  a s e r i e s  o f  H . I . P . S .  p o l y m e r s  a l l  c o n t a i n i n g  20% by w e i g h t  

o f  p o l y b u t a d i e n e .  I n  a second  e x p e r i m e n t  p o l y b u t a d i e n e  was a l s o  

a d de d ,  a g a i n  k e e p i n g  t h e  t o t a l  p o l y b u t a d i e n e  c o n c e n t r a t i o n  a t  

20%.  The r e s u l t s  show a number  o f  i n t e r e s t i n g  f e a t u r e s .  I m p a c t  

s t r e n g t h s  a r e  l ow when t h e  s t y r e n e  c o n t e n t  o f  t h e  b l o c k  c o p o l y m e r  

i s  l o w .  T h i s  can be a t t r i b u t e d  t o  t h e  i n t e r f a c i a l  a d h e s i o n  

b e t w e e n  t h e  r u b b e r  and m a t r i x  b e i n g  p o o r .  I n c r e a s i n g  t h e  

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

i n c r e a s e s  t h e  i m p a c t  s t r e n g t h  w h i c h  r e a c h e s  5 0 0 J / m when t h e  r a t i o  

i s  5 0 : 5 0 .
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A t  h i g h e r  s t y r e n e  c o n t e n t s ,  t h e  b l o c k  c o p o l y m e r  b e c o me s  much l e s s  

e f f e c t i v e  b e c a u s e  t h e  s u r f a c t a n t  p r o p e r t i e s  o f  t h e  b l o c k  

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

l e v e l  f o r  t o u g h e n i n g .  A d d i t i o n  o f  p o l y b u t a d i e n e  t o  f o r m  a 

t e r n a r y  b l e n d  i n c r e a s e s  t h e  p a r t i c l e  s i z e .  I n  o r d e r  t o  o b t a i n  

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

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

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

m e l t  b l e n d i n g  and  t o u g h n e s s  i s  l o s t .

The i m p a c t  s t r e n g t h s  o b t a i n e d  by  D u r s t  e t  a l  i n  t h e  b e s t  o f  

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

u s u a l l y  o b t a i n e d  i n  H . I . P . S .  a l t h o u g h  t h e  v o l u m e  f r a c t i o n  o f  t h e  

r u b b e r  p h a s e  i s  c o m p a r a b l e  w i t h ,  and s o m e t i m e s  l o w e r  t h a n  t h e  

v o l u m e  f r a c t i o n  i n  c o m m e r c i a l  H . I . P . S .

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

p o l y m e r  H . I . P . S .  i s  a l s o  i n t e r e s t i n g .  B l e n d s  o f  p o l y s t y r e n e  and 

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

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

>25%,  b u t  when t h e  t h e r m o p l a s t i c  r u b b e r  i s  a d d e d  t o  H . I . P . S .  

w h i c h  a l r e a d y  has  a b o u t  25% by v o l u m e  r u b b e r ,  t h e  r e s u l t  i s  a 

p r o d u c t  w i t h  s u p e r h i g h  i m p a c t  s t r e n g t h  ( 9 6 ) .

A l t h o u g h  t h e  m a j o r  c u r r e n t  a p p l i c a t i o n s  o f  b l o c k  c o p o l y m e r s  

i n  b l e n d s  i n v o l v e  s t y r e n e - d i e n e  p o l y m e r s ,  o t h e r  b l o c k  c o p o l y m e r s  

h a v e  b e e n  f o u n d  t o  be u s e f u l .

I t  has  bee n  f o u n d  t h a t  i m p a c t  r e s i s t a n t  b l e n d s  r e s e m b l i n g  

A . B . S .  c a n  be p r o d u c e d  by  m e l t - b l e n d i n g  s t y r e n e / a c r y l o n i t r i l e  

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

- c a p r o l a c t o n e  t r i b l o c k  c o p o l y m e r s  and an o r g a n i c  p e r o x i d e  ( 9 7 ) .
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W i t h o u t  d o u b t  t h e  most  s i g n i f i c a n t  work  y e t  p e r f o r m e d  wh i c h  

b e a r s  d i r e c t  r e l e v a n c e  t o  t h e  a i ms o f  t h i s  i n v e s t i g a t i o n  i s  t h a t  

p e r f o r m e d  by Noshay e t  a l  ( 9 1 ,  9 8 - 1 1 1 ) .  They r e p o r t e d  b l o c k  

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

segment s  o f  p o l y s u l p h o n e : -

“ 4“ 0 -O " S02 ‘ O _0“O _ c ^Me  ̂2 ^ 0 “ V

and p o l y ( d i m e t h y l s i l o x a n e ) : -

—(—S i  CMe ] 2 - 0 —

These  we r e  s y n t h e s i s e d  by t h e  i n t e r a c t i o n  o f  p r e f o r m e d  

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

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

c h l o r o b e n z e n e  s o l u t i o n .

The b l o c k  c o p o l y m e r  s t r u c t u r e s  p r o d u c e d  wer e  w e l l  d e f i n e d  

and s t r i c t l y  c o n t r o l l e d ,  t h e  o l i g o m e r s  b e i n g  m u t u a l l y  r e a c t i v e .  

As a r e s u l t  t h e  s t r u c t u r e s  o f  t h e  segment s  i n  t h e  c o p o l y m e r s  wer e  

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

m a t e r i a l s .

The m o r p h o l o g y  o f  t h e s e  b l o c k  c o p o l y m e r s  can be c o n t r o l l e d  

by v a r y i n g  t h e  m o l e c u l a r  w e i g h t  o f  t h e  o l i g o m e r s .  At  a c o n s t a n t  

p o l y s u l p h o n e  Mn o f  A , 7 0 0 ,  p o l y ( d i m e t h y l s i l o x a n e ) ( P . O . M . S . )

o l i g o m e r s  o f  Mn 1 , 7 0 0  gave  s i n g l e  phase  c o p o l y m e r s  w h i l e  > 5 , 0 0 0  

Mn P . D . M . S .  o l i g o m e r s  p r o d u c e d  t w o - m i c r o p h a s e  s y s t e ms  due t o  

domai n f o r m a t i o n .  The l a t t e r  c o p o l y m e r s  d i s p l a y e d  two T g ' s  ( one  

a t  - 1 2 0 ° C  due t o  t h e  P . D . M . S .  phase  and a n o t h e r  a t  + 1 6 0 ° C  due t o  

t h e  p o l y s u l p h o n e  d o m a i n s .
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The e x t e n s i v e  phase  s e p a r a t i o n  d i s p l a y e d  by t h e s e  s y s t ems  a t  

such l ow b l o c k  Mn l e v e l s  i s  u n u s u a l .  T h i s  phenomenon i s  

c o n s i d e r e d  t o  be due t o  t h e  h i g h  d e g r e e  o f  i n c o m p a t i b i l i t y  o f  

p o l y s u l p h o n e  w i t h  P . D . M . S .  [cf f o r  p o l y s u l p h o n e  i s  

2 1 . 7  ( J / c m 3 )0*^ and 6 f o r  P . D . M . S .  i s  1 4 . 9  ( J / c m 3 )0 -5 ] .

M e c h a n i c a l  p r o p e r t i e s  o f  p o l y s u l p h o n e / P . D . M . S .  b l o c k  

c o p o l y m e r s  v a r y  w i d e l y  w i t h  c o m p o s i t i o n .  The c o p o l y m e r s  o b t a i n e d  

r a n g e d  f r om r i g i d  l ow e l o n g a t i o n  m a t e r i a l s  t o  f l e x i b l e ,  h i g h  

e l o n g a t i o n  c o m p o s i t i o n s  w i t h  t h e r m o p l a s t i c  e l a s t o m e r

c h a r a c t e r i s t i c s .

P o l y s u l p h o n e / P . D . M. S . b l o c k  c o p o l y m e r s  c o n t a i n i n g  seg ment s  

> 5 , 0 0 0  mT i wer e  f o und  t o  d i s p l a y  a s t o n i s h i n g l y  p oo r  m e l t  

p r o c e s s a b i l i t y . C o m p r e s s i o n  m o u l d i n g  gave  poor  q u a l i t y  f i l m s  and  

e x t r u s i o n  a t  3 4 0 ° C  ( 1 8 0 ° C  above t h e  Tg o f  t h e  p o l y s u l p h o n e  p h a s e )  

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

h i g h  m e l t  v i s c o s i t y  and e x t e n s i v e  m e l t  f r a c t u r e .  T h i s ,  i n  t u r n ,  

i s  b e l i e v e d  t o  be ca us e d  by a s i g n i f i c a n t  d e g r e e  o f  r e t e n t i o n  o f  

t h e  p h y s i c a l  n e t w o r k  s t r u c t u r e  e ven  i n  t h e  m e l t .  I m p r o v e d  m e l t  

p r o c e s s a b i l i t y  was o b s e r v e d  i n  c o p o l y m e r s  c o n t a i n i n g  s h o r t e r  

p o l y s u l p h o n e  se gme nt s  (Mn = 2 , 0 0 0 ) ,  h o w e v e r ,  t h i s  phenomenon,

wh i ch  i s  p r o b a b l y  due t o  r e d u c e d  c h a i n  e n t a n g l e m e n t  and g r e a t e r  

phase  b l e n d i n g ,  r e s u l t s  i n  a 2 0 ° C  s a c r i f i c e  i n  t h e  Tg o f  t h e  

p o l y s u l p h o n e  p h a s e .
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M a t z n e r  e t  a l  ( 1 0 5 )  a t t r i b u t e d  t h e  h i g h  d e g r e e  o f  p h y s i c a l  

n e t w o r k  r e t e n t i o n  i n  t h e  m e l t  t o  t h e  l a r g e  d i f f e r e n c e  i n  t h e  

s o l u b i l i t y  p a r a m e t e r s  o f  t h e  p o l y s u l p h o n e  and P . D . M . S .  s e g m e n t s .  

These w o r k e r s  e v a l u a t e d  t h e  m e l t  p r o c e s s a b i l i t y  o f  a s e r i e s  o f  

o r g a n o s i l o x a n e  b l o c k  c op o l y me r s _  c o n t a i n i n g  o r g a n i c  segment s  o f  

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

They c o n c l u d e d  t h a t  t h e  d i f f e r e n t i a l  s o l u b i l i t y  p a r a m e t e r  ( A ) 

b e t we e n  t h e  segment s  s h o u l d  be <2 ( J / c m 3 )0 *5 i n  o r d e r  t o  o b t a i n  

good m e l t  p r o c e s s a b i l i t y .

The p o l y s u l p h o n e / P . D . M. S . b l o c k  c o p o l y m e r s  wer e  f ou nd  t o  be 

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

homopol ymer s  ( 1 0 9 ,  1 1 0 ) .  The opt i mum e f f e c t  was o b t a i n e d  w i t h  

c o p o l y m e r s  c o n t a i n i n g  5 , 0 0 0  M"n p o l y s u l p h o n e  and P . D . M . S .  b l o c k s  

a t  b l o c k  c o p o l y m e r  c o n c e n t r a t i o n s  o f  5% by w e i g h t  and w i t h  

b l e n d i n g  c o n d i t i o n s  t h a t  p r o d u c e  a p o l y s u l p h o n e / P . 0 . M . S . maximum 

p a r t i c l e  s i z e  o f  0 . 5 - 3 . 0pm.  Under  t h e s e  c o n d i t i o n s  good q u a l i t y  

i n j e c t i o n  moul ded p a r t s  can be p r o d u c e d  w i t h  n o t c h e d  I z o d  i m p a c t  

s t r e n g t h s  as h i g h  as 1174  J / m compar ed w i t h  6 9 . 4  J / m f o r  

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

p o l y s u l p h o n e  wer e  f o und  t o  be a f f e c t e d  t o  o n l y  a m i n o r  e x t e n t  by 

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

f r om two i m p o r t a n t  c h a r a c t e r i s t i c s  o f  t h e  b l o c k  c o p o l y m e r  

-  c o m p a t i b i l i t y  and r h e o l o g y .  The b o r d e r l i n e  c o m p a t i b i l i t y  o f  

t h e  b l o c k  c o p o l y m e r  w i t h  t h e  p o l y s u l p h o n e  m a t r i x ,  w h i c h  i s  due t o  

t h e  p r e s e n c e  o f  t h e  p o l y s u l p h o n e  segment  i n  t h e  c o p o l y m e r ,  

r e s u l t s  i n  e f f i c i e n t  d i s p e r s i o n  and good i n t e r p h a s e  a d h e s i o n .
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The u n u s u a l  T h e o l o g i c a l  b e h a v i o u r  o f  t h e  c o p o l y m e r ,  wh i c h  

p r e v e n t s  i t  f r om b e i n g  m e l t  p r o c e s s a b l e  on i t s  own,  s e r v e s  an 

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

e x c e s s i v e  p a r t i c l e  b r e a k d ow n  d u r i n g  s h e a r  b l e n d i n g  and m e l t  

f a b r i c a t i o n  o p e r a t i o n s .  I n  t h i s  r e s p e c t ,  t h e  b l o c k  c o p o l y m e r  

r e s e m b l e s  t h e  b e h a v i o u r  o f  t h e  s t y r e n e - d i e n e  g r a f t  s y s t e ms  f o r med  

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

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

2 . 3  S e l e c t i o n  o f  R o u t e  and M a t e r i a l s  f o r  t h e  I m p a c t  M o d i f i c a t i o n  
o f  P o l y e t h e r s u l p h o n e .

2 . 3 . 1  S e l e c t i o n  o f  R o u t e .

I n  t h i s  r e p o r t  a number  o f  r o u t e s  t o  t h e  i m p a c t  m o d i f i c a t i o n  

o f  p o l y m e r s  h ave  been d i s c u s s e d .  Of  t h e s e ,  one o f  t h e  most  

i n t e r e s t i n g  and e f f e c t i v e  r o u t e s  was t h a t  a d o p t e d  by Noshay e t  a l  

( 9 1 ,  9 8 - 1 1 1 ) .  They f o u nd  t h a t  by a d d i n g  as l i t t l e  as 5% o f  an

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

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

S i g n i f i c a n t l y  t h e  a d d i t i o n  o f  t h i s  l ow l e v e l  o f  c o p o l y m e r  had  

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

F u r t h e r  i n v e s t i g a t i o n s  i n t o  t h i s  r o u t e  we r e  c o n s i d e r e d  

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

t o u g h e n i n g  mechani sms o p e r a t i n g .  Wi t h  t h i s  i n  mi n d ,  t h e  d e c i s i o n  

was made t h a t  a t t e m p t s  t o  i m p r o v e  t h e  n o t c h e d  i m p a c t  s t r e n g t h  o f  

p o l y e t h e r s u l p h o n e  ( P . E . S . )  s h o u l d  p r o c e e d  v i a  t h e  b l e n d i n g  o f  a 

c o p o l y m e r  o f  P . E . S .  and a s u i t a b l e  e l a s t o m e r  w i t h  P . E . S .  

h o m o p o l y m e r .
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2 . 3 . 2  S e l e c t i o n  o f  B l o c k  Cop o l y me r  A r c h i t e c t u r e .

A l l  b a s i c  b l o c k  c o p o l y m e r  a r c h i t e c t u r e s  ( A - B ,  A - B - A ,  and 

( A - B ) n ) can be e x p e c t e d  t o  y i e l d  c o p o l y m e r s  wh i c h  w i l l  a d h e r e  

w e l l  t o  P . E . S .  homopo l ymer s  p r o v i d e d  one o f  t h e  c o mponent s  i s  

c o m p a t i b l e  w i t h  t h e  P . E . S .  h omop o l y me r .  T h i s  o f  c o u r s e  can be 

f a c i l i t a t e d  by u s i n g  P . E . S .  i t s e l f  as one o f  t h e  c o p o l y m e r  

c o n s t i t u e n t s .

On l y  two o f  t h e  a r c h i t e c t u r e s ,  h o w e v e r ,  a r e  c a p a b l e  o f  

f o r m i n g  what  a r e  t e r m e d  t h e r m o p l a s t i c  e l a s t o m e r s .  Bot h  A - B - A  and 

( A - B ) n s t r u c t u r e s  can f o r m t w o - p h a s e  p h y s i c a l  n e t w o r k s  wh er e  t h e  

h a r d  b l o c k s  f o r m s m a l l  m o r p h o l o g i c a l  domai ns  t h a t  s e r v e  as 

p h y s i c a l  c r o s s l i n k i n g  and r e i n f o r c e m e n t  s i t e s .  As a c o n s e q u e n c e  

o f  t h i s  t h e r e  i s  no r e q u i r e m e n t  f o r  c h e m i c a l  c r o s s l i n k i n g  o f  t h e  

e l a s t o m e r i c  s e gment s  i n  t h e  b l o c k  c o p o l y m e r  i n  o r d e r  f o r  i t  t o  be 

p r o c e s s e d  by modern r a p i d  t h e r m o p l a s t i c s  p r o c e s s i n g  t e c h n i q u e s  

such as i n j e c t i o n  m o u l d i n g .

C o p o l y me r s  e x h i b i t i n g  t h e r m o p l a s t i c  e l a s t o m e r i c  b e h a v i o u r  

a r e  c o n s i d e r e d  t o  be an i m p o r t a n t  a d v a nc e me n t  i n  p o l y m e r  

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

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

t o  be d e s i r a b l e .

The e x p e c t e d  p r o p e r t i e s  o f  A - B- A  and ( A - B ) n s t r u c t u r e s  have  

been compar ed  c r i t i c a l l y  i n  an e a r l i e r  s e c t i o n .  I n  t h a t  r e v i e w  

i t  was n o t e d  t h a t  t h e  ( A - B ) n- s t r u c t u r e  was e x p e c t e d  t o  h a v e  a 

number  o f  a d v a n t a g e s  o v e r  t h e  A - B- A  s t r u c t u r e  i . e .  e n h a n c e d  

r e c o v e r y  p r o p e r t i e s ,  l e s s  e x t e n s i v e  n e t w o r k  d i s r u p t i o n ,  b e t t e r  

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

c o p o l y m e r  s t r u c t u r e  wou l d  be t h e  one empl o yed  i n  t h i s

i n v e s t i g a t i o n .

2 . 3 . 3  S e l e c t i o n  o f  E l a s t o m e r  f o r  i n c l u s i o n  i n  t h e  C op o l y me r  
S t r u c t u r e .

The c h o i c e  o f  e l a s t o m e r  t o  be used i n  t h e  ( A - B ) n b l o c k  

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

s ys t em i n t o  w h i c h  i t  i s  t o  be i n c o r p o r a t e d .  P o l y e t h e r s u l p h o n e  

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

t e m p e r a t u r e  p r o p e r t i e s .  A n o t h e r  i m p o r t a n t  f e a t u r e  o f  t h i s

p o l y m e r  i s  i t s  l ow f l a m m a b i l i t y . I n  o r d e r  t h a t  t h e s e  p r o p e r t i e s  

be m a i n t a i n e d  a f t e r  i m p a c t  m o d i f i c a t i o n ,  i t  i s  n e c e s s a r y  t h a t  t h e  

e l a s t o m e r  e mpl oy e d  i n  t h e  c o p o l y m e r  p o s s e s s e s  s i m i l a r  p r o p e r t i e s .

P r o b a b l y  t h e  most  s u i t a b l e  e l a s t o m e r s  a v a i l a b l e  w i t h  t h e

r e q u i r e d  p r o p e r t i e s  a r e  t h o s e  based  on t h e  s i l o x a n e  p o l y m e r

r e p e a t  u n i t  - ( S i [ R R ' ] - 0 ) - .  I n d e e d  p o l y ( d i m e t h y l s i l o x a n e )  

- ( S i [ M e ] - 0 ) n - ,  a p a r t  f r om p o s s e s s i n g  e x c e l l e n t  h i g h  t e m p e r a t u r e  

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

( Tg = - 1 2 3 ° C ,  M . P t .  - 5 5 ° C ) .  These  p r o p e r t i e s  a l o n g  w i t h  i t s  l ow  

t o x i c i t y  and f l a m m a b i l i t y  have  made P . O . M . S .  a p o p u l a r  c h o i c e  as  

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

A number  o f  w o r k e r s  a p a r t  f r om Noshay e t  a l  have  r e c o g n i s e d  

t h e  d e s i r a b l e  a t t r i b u t e s  o f  P . D . M . S . ,  and o u t s t a n d i n g  s t r e n g t h  

and t o u g h n e s s  has been r e p o r t e d  i n  b l o c k  c o p o l y m e r s  o f  P . D . M . S .  

w i t h  p o l y ( b i s p h e n o l - A  c a r b o n a t e )  ( 1 1 2 ) ,  p o l y s t y r e n e  ( 1 1 3 ,  1 1 4 )

and p o l y oL- m e t h y l s t y r e n e  ( 1 1 5 ) .  B l o c k  c o p o l y m e r s  c o n t a i n i n g  

P . D . M . S .  h ave  been t h o r o u g h l y  r e v i e w e d  e l s e w h e r e  ( 9 1 ) .
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The s i m p l e  l i n e a r  P . O . M . S .  homopol ymer  - ( S i [ M e ] 2 - 0 ) n ~ was 

c o n s i d e r e d  t o  be a s u i t a b l e  e l a s t o m e r  f o r  i n v e s t i g a t i o n s  i n t o  

c o p o l y m e r i s a t i o n  w i t h  P . E . S .  n o t  o n l y  b ecause  o f  i t s  above  

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

s o l u b i l i t y  p a r a m e t e r s  b e t we e n  t h e  two homopo l ymer s

[ P . E . S .  d = 2 5 . 2  d / c m 3 )0 ' 5 , P . O . M . S .  d = 1 4 . 9  d / c m 3 ) 0 ’ 5 ]

s h o u l d  e n s u r e  m i c r o p h a s e  s e p a r a t i o n  i n  t h e  c o p o l y me r  a t  v e r y  l ow  

b l o c k  m o l e c u l a r  w e i g h t s .

2 . 4  THE SYNTHESIS AND CHARACTERISATION OF ( A - B ) „  TYPE 
COPOLYMERS.

2 . 4 . 1  S y n t h e s i s  T e c h n i q u e s .

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

p r o d u c t i o n  a r e  o f t e n  r e s t r i c t e d  t o  a c o n s i d e r a b l e  e x t e n t  by t h e  

b l o c k  c o p o l y m e r  a r c h i t e c t u r e  t h a t  i s  d e s i r e d .  W h i l s t  A-B and 

A- B- A  b l o c k  c o p o l y m e r s  a r e  p r i m a r i l y  s y n t h e s i s e d  by a n i o n i c  

l i v i n g  p o l y m e r i s a t i o n  t e c h n i q u e s ,  ( A - B ) n s t r u c t u r e s  a r e  most  

o f t e n  p r e p a r e d  v i a  s t e p  g r o w t h  ( c o n d e n s a t i o n )  me t h o d s .  The r e a s o n  

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

( c a u s e d  by t h e  a d v e n t i t i o u s  i m p u r i t i e s  e n c o u n t e r e d  d u r i n g  

r e p e a t e d  s e q u e n t i a l  monomer a d d i t i o n  c y c l e s )  wh i ch  i n h i b i t s  t h e  

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

t e c h n i q u e s .

Bot h  l i v i n g  a d d i t i o n  p o l y m e r i s a t i o n  and s t e p  g r o w t h  

p o l y m e r i s a t i o n  met hods  have  t h r e e  d e s i r a b l e  f e a t u r e s .  F i r s t l y ,  

t h e  l o c a t i o n  and c o n c e n t r a t i o n  o f  a c t i v e  s i t e s  a r e  known.  

S e c o n d l y ,  homopol ymer  c o n t a m i n a t i o n  i s  m i n i m a l .  T h i s  r e s u l t s  f r om  

t h e  a b s e n c e  o f  t e r m i n a t i n g  s i d e  r e a c t i o n s  i n  l i v i n g  s y s t e ms  and  

f r om s t o i c h i o m e t r y  c o n t r o l  i n  t h e  s t e p - g r o w t h  s y s t e m s .  F i n a l l y
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segment  l e n g t h  and p l a c e m e n t  a r e  c o n t r o l l e d .  T h i s  i s  a c c o m p l i s h e d  

by s e q u e n t i a l  monomer a d d i t i o n  t e c h n i q u e s  i n  t h e  l i v i n g  

p o l y m e r i s a t i o n s  and by t h e  j u d i c i o u s  s e l e c t i o n  o f  o l i g o m e r  end  

g r o up s  and o l i g o m e r  m o l e c u l a r  w e i g h t  i n  t h e  s t e p - g r o w t h  c a s e .

A l t h o u g h  l o n g  b l o c k  l e n g t h s  and n a r r o w  m o l e c u l a r  w e i g h t  

d i s t r i b u t i o n s  a r e  more r e a d i l y  a c h i e v e d  i n  l i v i n g  sy s t e ms  t h a n  i n  

s t e p - g r o w t h  p r o c e s s e s ,  t h e  l a t t e r  o f f e r  t h e  a d v a n t a g e  o f  a much 

w i d e r  s e l e c t i o n  o f  p o l y m e r  t y p e s ,  and a r e  much l e s s  s e n s i t i v e  t o  

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

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

was made t h a t  a t t e m p t s  t o  p r o d u c e  t h e  d e s i r e d  ( A - B ) n s t r u c t u r e s  

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

d e c i s i o n  i s  s u p p o r t e d  by t h e  e v i d e n c e  o f  a number  o f  w o r k e r s  who,  

o v e r  r e c e n t  y e a r s ,  have  been s u c c e s s f u l  i n  p r o d u c i n g  b l o c k

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

t e r m i n a t e d  o l i g o m e r s .

Vaughn ( 1 1 2 )  and Kambour  ( 1 1 6 )  r e p o r t e d  t h e  s y n t h e s i s  o f  a 

g r oup  o f  r a n d o m l y  a l t e r n a t i n g  b l o c k  c o p o l y m e r s  o f  b i s p h e n o l - A -

p o l y c a r b o n a t e  and P . O . M . S .  by t h e  i n  s i t u  p o l y m e r i s a t i o n  o f  

d i c h l o r o - t e r m i n a t e d  s i l o x a n e  o l i g o m e r s  and b i s p h e n o l - A  and

p h o s g e n e .  P y r i d i n e  was used as an a c i d  a c c e p t o r .  M e r r i t t  ( 1 1 7 )

r e p o r t e d  an i m p r o v e m e n t  on t h i s  p r o c e s s  wh e r e b y  an a l k a l i  m e t a l  

h y d r o x i d e  was used as an a c i d  a c c e p t o r  i n  t h e  p h o s g e n a t i o n  r a t h e r  

t h a n  p y r i d i n e .

Noshay e t  a l  have  a l s o  been a c t i v e  i n  t h i s  a r e a .  I n  a

p r e v i o u s  d i s c u s s i o n  m e n t i o n  was made o f  t h e i r  r o u t e  t o  t h e  

s y n t h e s i s  o f  p o l y s u l p h o n e / P . D . M . S .  b l o c k  c o p o l y m e r s  v i a  t h e
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s i l y l a m i n e - h y d r o x y l  r e a c t i o n  ( 1 0 3 ) .  F u r t h e r  work ( 1 1 8 )  r e s u l t e d  

i n  t h e  p r o d u c t i o n  o f  p o l y ( * £ - m e t h y l s t y r e n e ) / P . D . M. S . v i a  t h e  

c o n d e n s a t i o n  o f  d i h y d r o x y l - t e r m i n a t e d  p o l y ( * C - m e t h y l s t y r e n e )

o l i g o m e r s  and b i s d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .

_ More r e c e n t l y  Tang e t  a l  ( 1 1 9 )  p r e p a r e d  a s e r i e s  o f  

p e r f e c t l y  a l t e r n a t i n g  b l o c k  c o p o l y m e r s  o f  b i s p h e n o l - A  

p o l y c a r b o n a t e  and P . D . M . S .  by t h e  s i l y l a m i n e - h y d r o x y l  r e a c t i o n .  

I n  t h i s  r e a c t i o n  s l i g h t l y  l e s s  t h a n  t h e  s t o i c h i o m e t r i c  q u a n t i t y  

o f  s i l o x a n e  o l i g o m e r s  was i n c r e m e n t a l l y  added t o  a h y d r a t e d  

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

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

p o l y ( a r y l e n e s i l o x a n e )  by t h e  h e t e r o f u n c t i o n a l  c o n d e n s a t i o n  o f  

b i s - s i l a n o l s  w i t h  b i s - a m i n o s i l a n e s  t o  o b t a i n  h i g h l y  v i s c o u s

s i l i c o n e  o i l s  h a v i n g  f u n c t i o n a l  g r o up s  ( 1 2 0 ) .  F u r t h e r m o r e  

O ' M a l l e y  e t  a l  ( 1 2 1 )  s t u d i e d  t h e  s y n t h e s i s  and c h a r a c t e r i s a t i o n  

o f  a l t e r n a t e  p o l y ( h e x a m e t h y l e n e  s e b a c a t e ) / P . D . M. S . ( A - B ) n t y p e

b l o c k  c o p o l y m e r s  by t h e  c o u p l i n g  r e a c t i o n s  o f  t h e  t e r m i n a l  

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

c h l o r o s i l y l  o r  d i m e t h y l a m i n o s i l y l  t e r m i n a l  g r o up s  on P . D . M . S .  I n  

a s i m i l a r  manner  Nagase e t  a l  ( 1 2 2 )  s y n t h e s i s e d  ( A - B ) n t y p e

t e t r a m e t h y l - p - s i l p h e n y l e n e  s i l o x a n e  ( T . M . P . S . ) / P . D . M . S .

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

T . M . P . S .  o l i g o m e r s  and d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  

o l i g o m e r s .

The a v a i l a b l e  e v i d e n c e  s u g g e s t s  t h a t  i t  s h o u l d  be p o s s i b l e  

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

a l t e r n a t i n g  ( A - B ) n t y p e  b l o c k  c o p o l y m e r s  o f  P . E . S .  and P . D . M . S .  

i n  wh i c h  t h e  b l o c k  s i z e s  o f  each component  a r e  s t r i c t l y



c o n t r o l l e d .  The p r e p a r a t i o n  and c h a r a c t e r i s a t i o n  o f  a s e r i e s  o f

such c o p o l y m e r s  was c o n s i d e r e d  t o  be t h e  e s s e n t i a l  f i r s t  s t e p  i n

t h i s  i n v e s t i g a t i o n .

2 . A . 2 T e c h n i q u e s  f o r  t h e  C h a r a c t e r i s a t i o n  o f  t h e  R e a c t i n g  
O l i g o m e r s  and B l o c k  C o p o l y m e r s .

No one p a r t i c u l a r  a n a l y t i c a l  t e c h n i q u e  i s  c a p a b l e  o f  

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

c o m b i n a t i o n  o f  t e c h n i q u e s  must  be e mpl oyed  i n  e l u c i d a t i n g  t h e  

s t r u c t u r e  o f  such a compound.  G e n e r a l l y  a l l  t h e  t o o l s  used f o r

t h e  c h a r a c t e r i s a t i o n  o f  homopol ymer s  may be used i n  i d e n t i f y i n g  

b l o c k  c o p o l y m e r s ,  h o w e v e r ,  a d d i t i o n a l  c o m p l e x i t i e s  o v e r  and a bove  

t h o s e  i n h e r e n t  i n  t h e  c h a r a c t e r i s a t i o n  o f  h omo p o l y me r s  a r e  

e n c o u n t e r e d  by t h e  a n a l y s t  when t h e s e  m o l e c u l e s  a r e  c o n s i d e r e d .  

F o r  i n s t a n c e ,  t h e r e  a r e  s p e c i f i c  u n c e r t a i n t i e s  a s s o c i a t e d  w i t h  

b l o c k  c o p o l y m e r s  such as t h e  l e n g t h ,  s e q u e n t i a l  p l a c e m e n t ,  

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

s e g me n t s .  A l t h o u g h  some o f  t h e s e  p r o b l e m s  can be a l l e v i a t e d  by

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

such as k n o w l e d g e  o f  w h e t h e r  a g i v e n  r e a c t i o n  p r o d u c t  i s ,  i n

f a c t ,  a b l o c k  c o p o l y m e r ,  a random c o p o l y m e r ,  a b l e n d  o f

homopol ymer s  o r ,  i n d e e d ,  a co mp l ex  m i x t u r e  o f  two o r  more o f

t h e s e  r e m a i n  u n r e s o l v e d .

I n  t h e  f o l l o w i n g  d i s c u s s i o n  an a t t e m p t  i s  made t o  r e v i e w  

b r i e f l y ,  some o f  t h e  i m p o r t a n t  t e c h n i q u e s  used i n  t h e  

c h a r a c t e r i s a t i o n  o f  b o t h  t h e  r e a c t i n g  o l i g o m e r s  and t h e  r e - s u i t i n g  

b l o c k  c o p o l y m e r s .  I t  i s  n o t  t h e  i n t e n t i o n  h e r e  t o  e n t e r  i n t o  

d e t a i l e d  d i s c u s s i o n  on t h e  t h e o r y  b e h i n d  t h e  t e c h n i q u e s ,  f o r  t h i s
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i n f o r m a t i o n  can be o b t a i n e d  f r om s t a n d a r d  t e x t s  and r e v i e w s .  

I n s t e a d  i t  i s  i n t e n d e d  t o  p o i n t  o u t ,  i n  some i n s t a n c e s  w i t h  

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

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

L e t  us f i r s t  c ons i - d e r  t h e  r e a c t i o n  p r o d u c t .  O b v i o u s l y  t h e  

f i r s t  t h i n g  we r e q u i r e  t o  know i s  i f  i t  i s  t r u l y  t h e  b l o c k  

c o p o l y m e r  we d e s i r e  o r  w h e t h e r  i t  i s  s i m p l y  a m i x t u r e  o f  t h e  two  

s t a r t i n g  m a t e r i a l s .  The p r o p e r t y  most  commonly r e l i e d  upon t o  

answer  t h i s  q u e s t i o n  i s  s o l u b i l i t y  b e h a v i o u r .  I f  we h ave  a s i m p l e  

m i x t u r e  o f  d i s s i m i l a r  h omopo l y me r s  t h e n  s e q u e n t i a l  e x t r a c t i o n  

w i t h  s o l v e n t s  s e l e c t i v e  f o r  each o f  t h e  component s  r e s u l t s  i n  

c o m p l e t e  d i s s o l u t i o n  o f  t h e  b l e n d  l e a v i n g  no i n s o l u b l e  r e s i d u e .  

When t h i s  p r o c e d u r e  i s  p e r f o r m e d  on a b l o c k  c o p o l y m e r ,  t h e  

c h e m i c a l  l i n k  t o  t h e  i n s o l u b l e  segment  i n h i b i t s  t h e  d i s s o l u t i o n  

o f  t h e  s o l u b l e  s egment  i n  i t s  s e l e c t i v e  s o l v e n t  and a r e s i d u e  

r e s u l t s .

A n o t h e r  met hod o f  d i f f e r e n t i a t i n g  b e t w e e n  s i m p l e  m i x t u r e s  

and b l o c k  c o p o l y m e r s  i s  f i l m  c l a r i t y .  U n l e s s  t h e  two h omopo l y me r s  

i n  a s i m p l e  m i x t u r e  h a v e  s i m i l a r  r e f r a c t i v e  i n d i c e s ,  f i l m s  c a s t  

f r om t h i s  m i x t u r e  w i l l  a p p e a r  v e r y  opaque due t o  phase  s e p a r a t i o n  

on a m a c r o - s c a l e .  I n  c o n t r a s t ,  b l o c k  c o p o l y m e r s  s h o u l d  p r o d u c e  

r e a s o n a b l y  t r a n s p a r e n t  f i l m s  s i n c e  phase  s e p a r a t i o n  i n  t h e s e  

compounds i s  u s u a l l y  on a m i c r o - s c a l e .

Ge l  P e r m e a t i o n  C h r o m a t o g r a p h y  ( G . P . C . ) ,  a met hod commonl y  

used f o r  m o l e c u l a r  w e i g h t  d e t e r m i n a t i o n s ,  can a l s o  be e mp l o y e d  i n  

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

r i s e  t o  a s i n g l e  p eak  on t h e  c h r o m a t o g r a m ,  wh e r e a s  a s i m p l e  b l e n d  

s h o u l d  g i v e  r i s e  t o  a p e a k  f o r  each o f  t h e  two c o m p o n e n t s .  These



two p e a k s ,  h o w e v e r ,  w i l l  o n l y  be r e s o l v e d  i f  t h e r e  i s  an 

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

h o m o p o l y m e r s .

Assumi ng t h a t  we h ave  p o s i t i v e l y  i d e n t i f i e d  t h e  p r o d u c t  as a 

b l o c k  c - opol ymer ,  t h e n  t h e  n e x t  t a s k  i s  t o  d e t e r m i n e  i t s

m a c r o m o l e c u l a r  s t r u c t u r a l  c h a r a c t e r i s t i c s  e . g .  m o l e c u l a r  w e i g h t  

and m o l e c u l a r  w e i g h t  d i s t r i b u t i o n .  T h i s  can be done u s i n g  t h e  

same i n s t r u m e n t a t i o n  as a p p l i e d  t o  h o mop o l y me r s ,  b u t  t h e i r

d e t e r m i n a t i o n  r e q u i r e s  more c o m p l i c a t e d  e x p e r i m e n t a l  p r o c e d u r e s

a n d / o r  d a t a  t r e a t m e n t s ,  e x c e p t  f o r  t h a t  o f  Mn by o s mo me t r y .

Dumelow e t  a l  have  r e c e n t l y  r e p o r t e d  a p r o c e d u r e  f o r  t h e

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

h e t e r o g e n e i t y  o f  b l o c k  c o p o l y m e r s  u s i n g  combi ned G . P . C .  and  

l o w - a n g l e  l a s e r  l i g h t  s c a t t e r i n g  ( 1 2 3 ) .  They d e f i n e d  a

c o m p o s i t i o n a l  h e t e r o g e n e i t y  p a r a m e t e r  whose v a r i a t i o n  w i t h

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

c o p o l y m e r s  and b l e n d s  o f  p o l y s t y r e n e  and P . D . M . S .

I n  a d d i t i o n  t o  c h a r a c t e r i s i n g  t h e  b l o c k  c o p o l y m e r  as a

w h o l e ,  i t  i s  a l s o  i m p o r t a n t  t o  be awar e  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  segment s  t h e m s e l v e s .  The p a r t i c u l a r  s y n t h e s i s  

t e c h n i q u e  emp l oyed  i n  t h e  f o r m a t i o n  o f  c o p o l y m e r s  i n  t h i s  

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

o l i g o m e r s ,  makes t h i s  p o s s i b l e .

The r e a c t i n g  o l i g o m e r s  can be c h a r a c t e r i s e d  b e f o r e  u s e ,  and

b e c a us e  o f  t h e i r  m u t u a l  r e a c t i v i t y ,  t h e i r  m o l e c u l a r  s t r u c t u r e  by

d e f i n i t i o n  w i l l  n o t  change upon i n c o r p o r a t i o n  i n t o  t h e  b l o c k

c o p o l y m e r .  I n  a d d i t i o n  t o  t h e  u s u a l  homopol ymer  c h a r a c t e r i s a t i o n  

t e c h n i q u e s ,  t h e  r e a c t i v e  o l i g o m e r s  may be c h a r a c t e r i s e d  by

A 5



c h e m i c a l  o r  p h y s i c a l  met hods  such as e n d - g r o u p  a n a l y s i s  or  

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  ( N . M . R . ) .

R e c e n t  d e v e l o p m e n t s  i n  e n d - g r o u p  a n a l y s i s  i n c l u d e  a new 

s p e c t r o p h o t o m e t r i c  met hod ( 1 2 4 )  and p o t e n t i o m e t r i c  met hod ( 1 2 5 )  

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

Van H o u w e l i n g e n  i n  h i s  r e v i e w  o f  f u n c t i o n a l  g r o u p  a n a l y s i s  

( 1 2 6 )  d e s c r i b e s  t h e  d e t e r m i n a t i o n  o f  h y d r o x y l  and ami no g r o u p s  i n  

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

The v a l u e  o f  N . M . R .  s p e c t r o s c o p y  i n  e l u c i d a t i n g  p o l y m e r  

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

W i l l i a m s  e t  a l  ( 1 2 7 ) .  They p r e s e n t e d  a met hod f o r  t h e  c o m p l e t e

a n a l y s i s  o f  b i s p h e n o l - A  p o l y c a r b o n a t e / P . D . M. S . b l o c k  c o p o l y m e r s

29  13by S i  and C N . M . R .  T h i s  a n a l y s i s  i n c l u d e d  number  a v e r a g e  

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

p o l y c a r b o n a t e  and s i l i c o n e  b l o c k s ,  t o t a l  p o l y m e r  c o m p o s i t i o n  

( p e r c e n t  s i l i c o n e  and B . P . A .  c a r b o n a t e ) ,  and an a n a l y s i s  o f  t h e  

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

by v i r t u e  o f  t h e  s y n t h e t i c  t e c h n i q u e .

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

me a s u r e m e n t s ,  i t  t h e n  r e m a i n s  f o r  t h e  a r c h i t e c t u r e  o f  t h e  b l o c k  

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

f or m t o  be a s s e s s e d .

The number  o f  t o o l s  a v a i l a b l e  t o  d e f i n e  a r c h i t e c t u r e  i s  

e x t r e m e l y  l i m i t e d ,  b u t  i n  c e r t a i n  c i r c u m s t a n c e s  a d i f f e r e n t i a t i o n  

b e t we e n  a r c h i t e c t u r a l  f o r ms  can be made.

E l a s t o m e r i c  A-B s t r u c t u r e s  w i l l  d i s p l a y  p o o r  e l a s t i c  

r e c o v e r y  p r o p e r t i e s  compar ed  t o  A - B- A  and ( A - B ) n s t r u c t u r e s  

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

R h e o l o g i c a l  p r o p e r t i e s  can a l s o  be used t o  d i s t i n g u i s h  an 

A-B s t r u c t u r e  f r om A- B- A  o r  ( A - B ) n s t r u c t u r e s ,  f o r  t h e  l a t t e r  two 

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

Knowl edge  o f  t h e  p o l y m e r i s a t i o n  t e c h n i q u e  o p e r a t i n g  i n  t he  

f o r m a t i o n  o f  a b l o c k  c o p o l y m e r  does e a s e  t h e  s i t u a t i o n  and a l l o w s  

i m p u r i t i e s  i n  t h e  mai n p r o d u c t  t o  be i d e n t i f i e d .

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

t h e  m o l e c u l a r  w e i g h t  o f  t h e  r e q u i r e d  p r o d u c t  -  say an ( A - B ) n t y p e  

c o p o l y m e r  -  and t h e  m o l e c u l a r  w e i g h t  o f  p o s s i b l e  i m p u r i t i e s  i . e .  

A-B o r  A - B- A  t y p e  c o p o l y m e r s  o r  even  A and B h o m o p o l y m e r s ,  t h e n  

G . P . C .  may be used t o  a s s e s s  t h e  i m p u r i t y  l e v e l s  i n  t h e  f i n a l  

p r o d u c t .

I n  c o n t r a s t  t o  t h e  m o l e c u l a r  c h a r a c t e r i s t i c s ,  b l o c k  

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

s u p e r m o l e c u l a r  s t r u c t u r e s .  As we have  s e e n ,  t h e s e  s t r u c t u r e s  

r e s u l t  f r om t h e  a g g r e g a t i o n  o f  se g me n t e d  p o l y m e r s  t o  f o r m compl ex  

m o r p h o l o g i c a l  s y s t e m s .  These s y s t e ms  a r e  c o m p r i s e d  o f  two  

n o r m a l l y  i n c o m p a t i b l e  phases  f o r c e d  t o  c o - e x i s t  w i t h  each o t h e r ,  

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

d i m e n s i o n s .

The c r i t e r i a  f o r  m i c r o p h a s e  s e p a r a t i o n  i n  b l o c k  c o p o l y m e r s  

have  been d i s c u s s e d  i n  a p r e v i o u s  s e c t i o n  and w i l l  n o t  be 

c o n s i d e r e d  h e r e .  I n s t e a d ,  t h e  t e c h n i q u e s  most  commonly used t o  

e x a mi n e  s u p e r m o l e c u l a r  s t r u c t u r e s  i n  b l o c k  c o p o l y m e r s  w i l l  be 

r e v i e w e d .

T h e r e  a r e  s e v e r a l  t e c h n i q u e s  t h a t  can be used t o  i n v e s t i g a t e  

s u p e r m o l e c u l a r  s t r u c t u r e s  and t h e  e f f e c t  o f  p a r a m e t e r s  such as

47



b l o c k  m o l e c u l a r  w e i g h t  on d o m a i n  s i z e .

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

d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D . S . C . )  and  T h e o l o g i c a l  

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

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

i n s t a n c e ,  m o d u l u s - t e m p e r a t u r e  and D . S . C .  d a t a  c a n  r e v e a l  t h e  

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

m u l t i p l e  g l a s s  t r a n s i t i o n  a n d / o r  m e l t i n g  b e h a v i o u r .

T r a n s m i s s i o n  and 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 y  may r e v e a l  t h e

s h a p e  and s i z e  o f  d o m a i n s  \< \ b l o c k  c o p o l y m e r

s p e c i m e n s .  E x a m i n a t i o n  o f  s p e c i m e n s  c u t  a t  d i f f e r e n t  a n g l e s  can

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

Q u i t e  o f t e n ,  a c h i e v i n g  s u f f i c i e n t  p h a s e  c o n t r a s t  c a n  be a 

p r o b l e m  and s e l e c t i v e  s t a i n i n g  p r o c e d u r e s  h a v e  t o  be a d o p t e d .  I n  

c e r t a i n  s y s t e m s ,  h o w e v e r ,  t h i s  i s  n o t  n e c e s s a r y .

Saam e t  a l  ( 1 1 3 ) ,  w o r k i n g  on p o l y s t y r e n e / P . D . M. S . b l o c k

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

o f  t h e  d i f f e r e n c e  i n  e l e c t r o n  a b s o r p t i o n  and  s c a t t e r i n g  o f  t h e  

p o l y s t y r e n e  and P . D . M . S .  b l o c k s .

O t h e r  u s e f u l  t o o l s  f o r  i n v e s t i g a t i n g  t h e  m o r p h o l o g y  o f  

a m o r p h o u s  b l o c k  c o p o l y m e r s  a r e  s m a l l - a n g l e  X - r a y  s c a t t e r i n g

( S . A . X . S . )  and s m a l l - a n g l e  n e u t r o n  s c a t t e r i n g  ( S . A . N . S . ) .  T h e s e  

t e c h n i q u e s  a f f o r d  i n f o r m a t i o n  on s u b s u r f a c e  m o r p h o l o g i c a l  

c h a r a c t e r i s t i c s  and a r e  t h e  m o s t  u s e f u l  t o o l s  f o r  i n v e s t i g a t i n g  

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

( 1 2 8 ,  1 2 9 ) .
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3 EXPERIMENTAL AND RESULTS.

The e x p e r i m e n t a l  wor k  p r e s e n t e d  h e r e  d e s c r i b e s  t h e  s y n t h e s i s  

and c h a r a c t e r i s a t i o n  o f  a s e r i e s  o f  h y d r o x y l - t e r m i n a t e d  P . E . S .  

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

The c h a r a c t e r i s a t i o n  and m o d i f i c a t i o n  o f  a s e r i e s  o f  

h y d r o x y l - t e r m i n a t e d  P . D . M . S .  o l i g o m e r s ,  a g a i n  o f  d i f f e r i n g  

m o l e c u l a r  w e i g h t ,  i s  a l s o  d e t a i l e d .

These  w e l l  c h a r a c t e r i s e d  o l i g o m e r s  have  been used t o  

s y n t h e s i s e  a s e r i e s  o f  ( A - B ) n t y p e  P . E . S . / P . D . M . S . b l o c k  

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

e x h i b i t  b e h a v i o u r  r a n g i n g  f r om t h e r m o p l a s t i c  t o  t h e r m o p l a s t i c -  

e l a s t o m e r i c .

A f t e r  e x t e n s i v e  c h a r a c t e r i s a t i o n ,  t h e s e  c o p o l y m e r s  have  been  

added i n  c a r e f u l l y  c o n t r o l l e d  amount s  t o  p u r e  4800P  g r a d e  P . E . S .  

t o  y i e l d  a s e r i e s  o f  ' i m p a c t  m o d i f i e d '  P . E . S . / P . E . S . - c o - P . D . M . S . 

b l e n d s .

S t a n d a r d  I z o d  and T e n s i l e  t e s t  p i e c e s  have  been i n j e c t i o n  

moul ded f r om t h e s e  b l e n d s ,  and t h e s e  t e s t  p i e c e s  used i n  a s t u d y  

o f  t h e  p h y s i c a l ,  c h e m i c a l  and m e c h a n i c a l  p r o p e r t i e s  o f  t h e  

b l e n d s .

T e s t  p i e c e s  o f  p ur e  4800P P . E . S .  and a s i m p l e  p h y s i c a l  b l e n d  

o f  l i n e a r  P . D . M . S .  and 4800P P . E . S .  have  been p r e p a r e d  i n  an 

i d e n t i c a l  manner  and used as r e f e r e n c e  m a t e r i a l s .

3 . 1  PREPARATION OF COPOLYMERS.

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

i n v o l v e s  t h e  s y n t h e s i s  o f  t h e  r e a c t i n g  o l i g o m e r s  i . e .  h y d r o x y l -  

t e r m i n a t e d  P . E . S .  and d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  The
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r o u t e s  t o ,  and c h a r a c t e r i s a t i o n  o f  t h e s e  o l i g o m e r s  a r e  d i s c u s s e d  

h e r e .

3 . 1 . 1  S y n t h e s i s  o f  H y d r o x y l - t e r m i n a t e d  P . E . S .  O l i g o m e r s .

A number  o f  s y n t h e s i s  r o u t e s  t o  p o l y ( a r y l e n e - e t h e r  

s u l p h o n e s )  have  been d e s c r i b e d  i n  t h e  l i t e r a t u r e .  These  i n c l u d e

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

c h l o r i d e s  c a t a l y s e d  by f e r r i c  c h l o r i d e  ( 1 3 0 ) ,  ( b )  t h e

p o l y c o n d e n s a t i o n  o f  A , A ' - d i h a l o g e n o d i p h e n y l  s u l p h o n e s  w i t h  

b i s p h e n o x i d e s  ( 1 3 1 ) ,  ( c )  t h e  p o l y c o n d e n s a t i o n  o f

h a l o g e n o p h e n y l s u l p h o n y l  p h e n o x i d e s  ( 1 3 2 ) ,  ( d )  t h e

p o l y c o n d e n s a t i o n  o f  compounds c o n t a i n i n g  h a l o g e n o p h e n y l s u l p h o n y 1 

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

( 1 3 2 ) ,  ( e )  t h e  p o l y c o n d e n s a t i o n  o f  s i l y l a t e d  b i s p h e n o l s  w i t h  

A , A'  - d i c h l o r o d i p h e n y l  s u l p h o n e  and A , A ' - d i f l u o r o d i p h e n y l  s u l p h o n e

( 1 3 3 )  and ( f )  t h e  n u c l e o p h i l i c  a r o m a t i c  s u b s t i t u t i o n  o f  

A , A 1- d i h a l o g e n o d i p h e n y l  s u l p h o n e s  w i t h  b i s p h e n o l s  u s i n g  p o t a s s i u m  

c a r b o n a t e / d i m e t h y l a c e t a m i d e  as b ase  and a p r o t i c  d i p o l a r  s o l v e n t  

r e s p e c t i v e l y  ( 1 3 A ) .

The r o u t e  recommended by I . C . I .  ( 1 3 5 )  and used h e r e  t o  

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

p r o c e e d s  as f o l l o w s  : -

n H 0 - O - S 0 2 < } - 0 H  + n C 1 - Q - S 0 2 - Q - C 1  + n K2 C03

( B i s p h e n o l  ' S ' )  ( A , A ' - D i c h l o r o d i p h e n y l  s u l p h o n e )

2 8 5 ° C  D i p h e n y l s u l p h o n e  
( s o l v e n t )

v
( - O - S 0 + 2n KC1 + n C02 + n H2 0

( P . E . S .  )
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I n  t h i s  r e a c t i o n  B i s p h e n o l  ' S '  i s  used i n  e x c e s s  t o  e n s u r e  

t h e  r e s u l t i n g  P . E . S .  p o l y m e r  i s  h y d r o x y l - t e r m i n a t e d .

The m o l e c u l a r  w e i g h t  o f  t h e  end p r o d u c t  i s  c o n t r o l l e d  by 

j u d i c i o u s  m a n i p u l a t i o n  o f  t h i s  B i s p h e n o l  ' S '  e x c e s s  i n  a c c o r d a n c e  

w i t h  t h e  s i m p l e  r e l a t i o n s h i p  f o r  c o n d e n s a t i o n  r e a c t i o n s

(DP>max = 1 + r / l - r  

wher e  ( D P ) mgx = maximum d e g r e e  o f  p o l y m e r i s a t i o n  i n  end p r o d u c t ,

r  = r a t i o  o f  r e a c t a n t  m o l a r  c o n c e n t r a t i o n s .

The p r o c e d u r e  f o r  t h e  p r e p a r a t i o n  o f  one such P . E . S .

o l i g o m e r  w i t h  a ( D p ) ma x ~ 27 i s d e s c r i b e d  h e r e  i n  d e t a i l .

R e a g e n t s

W e i g h t  ( q )  M o l a r  E x c e s s  (%)  

B i s p h e n o l  ' S '  ( 9 9 . 7 %  p u r e )  2 7 0 . 3 5  0  CQcfy 8

D i c h l o r o d i p h e n y l  s u l p h o n e  ( 9 9 . 7 %  p u r e )  2 8 7 . 1 5  ( v - 0 gM )

P o t a s s i u m  c a r b o n a t e  ( A n a l a r * )  1 5 2 . 0 5  10

D i p h e n y l  s u l p h o n e  5 0 3 . 5 0

*  The p o t a s s i u m  c a r b o n a t e  was s i e v e d  t o  < 3 0 0  m i c r o n  p r i o r  t o  u s e .  

P r o c e d u r e

The r e a c t a n t s  wer e  c h a r g e d  t o  a 2 l i t r e ,  3 - n e c k e d ,  r o u n d -

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

and o u t l e t  t o  a 250ml  r o u n d - b o t t o m e d  f l a s k  ( t o  c o l l e c t  e v o l v e d  

w a t e r ) .  The c o n t e n t s  wer e  d r y  mi x e d  u n d e r  a s t e a d y  s t r e a m  o f

n i t r o g e n .  The f l a s k  was t h e n  p l a c e d  i n  a h e a t i n g  m a n t l e  and t h e

c o n t e n t s  h e a t e d  t o  1 7 5 ° C .  T h i s  t e m p e r a t u r e  was m a i n t a i n e d  u n t i l  

t h e  c o n t e n t s  wer e  m o l t e n  wh e r e up on  t h e  s t i r r e r  was s t a r t e d .  The  

f l a s k  was t h e n  h e a t e d  a t  2 2 5 ° C  f o r  2 h o u r s  and t h e n  a t  2 8 5 ° C  f o r  

3 h o u r s .  The n ,  w h i l e  s t i l l  m o l t e n ,  t h e  p r o d u c t  was p o u r e d  i n t o  an

a l u m i n i u m  t r a y  and a l l o w e d  t o  c o o l .
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I n  t h e  r e a c t i o n ,  c a r b o n  d i o x i d e  and w a t e r  a r e  e v o l v e d ,  and 

t h e  l a t t e r  was seen t o  c o nd e n s e  i n  t h e  250ml  f l a s k .

The p r o d u c t  a t  t h e  end o f  t h e  r e a c t i o n  was P . E . S .  c o n t a i n i n g  

d i p h e n y l  s u l p h o n e  and p o t a s s i u m  s a l t  i m p u r i t i e s  w h i c h  had t o  be

r emoved by w a s h i n g .  T h i s  was done by g r i n d i n g  t h e  p r o d u c t  t o  a

f i n e  powder  and t h e n  s t i r r i n g  i n  a s e r i e s  o f  s o l v e n t s  u s i n g  a

s o l v e n t / s o l i d s  r a t i o  o f  4 : 1 .  The w a s h i n g  s e q u e n c e  was as

f o l l o w s  : -

( a )  8 one hour  m e t h a n o l  washes a t  5 0 ° C .

( b )  1 one h ou r  w a t e r / 1 0 %  a c e t i c  a c i d  wash a t  8 0 ° C .

( c )  2 one h our  w a t e r  washes a t  8 0 ° C .

The r e s u l t i n g  ' p u r e '  P . E . S .  o l i g o m e r  was c h a r a c t e r i s e d  u s i n g

a v a r i e t y  o f  a n a l y t i c a l  t e c h n i q u e s .

Two f u r t h e r  P . E . S .  o l i g o m e r s  w i t h  ( DP)  s o f  5 and 108 wer e3 max

p r e p a r e d  and c h a r a c t e r i s e d  i n  a s i m i l a r  ma n n e r .

3 . 1 . 2  C h a r a c t e r i s a t i o n  o f  H y d r o x y l - t e r m i n a t e d  P . E . S .  O l i g o m e r s .

3 . 1 . 2 . 1  M o l e c u l a r  S t r u c t u r e .

The m o l e c u l a r  s t r u c t u r e  o f  t h e  t h r e e  P . E . S .  o l i g o m e r s  was

v e r i f i e d  u s i n g  i n f r a r e d  and n u c l e a r  m a g n e t i c  r e s o n a n c e  

t e c h n i  q u e s .

F i l m s  o f  t h e  o l i g o m e r s  c a s t  f r om d i c h l o r o m e t h a n e  s o l u t i o n

wer e  a n a l y s e d  on a P y e - U n i c a m  S P - 2 0 0  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 .  

The r e s u l t a n t  a b s o r p t i o n  s p e c t r a  ( f i g s  1 - 3 )  we r e  e x a m i n e d ,  and

s p e c i f i c  bond s t r e t c h i n g  and v i b r a t i o n a l  modes a s s i g n e d  t o  t h e  

o b s e r v e d  a b s o r p t i o n  p e a k s .  These  a r e  s u mma r i s e d  i n  TABLE 1 .

Of  p a r t i c u l a r  i n t e r e s t  i n  t h e  I . R .  s p e c t r a  o f  t h e s e  P . E . S .  

o l i g o m e r s  i s  t h e  s t r o n g  peak  a t  I 2 4 0 c m “ 1 due t o  t h e  ' a r y l - 0 '  bond
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( a s s y m.  C- O- C s t r . ) .  The p r e s e n c e  o f  t h i s  bond i s  p r o o f  o f  t h e  

f o r m a t i o n  o f  P . E . S .  s i n c e  i t  o c c u r s  o n l y  i n  t h e  p o l y m e r  and n o t  

i n  e i t h e r  o f  t h e  o r i g i n a l  r e a c t a n t s  ( B i s p h e n o l  ' S '  and

D i c h l o r o d i p h e n y l  s u l p h o n e )  o r ,  i n d e e d ,  t h e  s o l v e n t  ( D i p h e n y l

s u l p h o n e ) .  I t  i s  a l s o  w o r t h  n o t i n g  t h e  i n t e n s i t y  o f  t h e  0 - H  s t r .  

peak  a t  ~  3 , 4 0 0 c m " 1 on each o f  t h e  t h r e e  s p e c t r a .  ' f ’h i s  i n t e n s i t y  

d e c r e a s e s  on mov i ng f r om t h e  P . E . S .  o l i g o m e r  w i t h  a l ow d e g r e e  o f  

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

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

0 - H  t e r m i n a t i o n s  p r e s e n t  on mov i ng t o  h i g h e r  p o l y m e r  m o l e c u l a r  

w e i g h t s .

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

t h e  s t r u c t u r e  o f  t h e  P . E . S .  o l i g o m e r s .  The 1H N . M . R .  s p e c t r a  o f

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

4 - 6 ) .  The s t r o n g  p eaks  a t  10*C a r e  a t t r i b u t a b l e  t o  t h e  c a l i b r a t i o n  

s t a n d a r d  t e t r a m e t h y l s i l a n e  ( T . M . S . )  i n c o r p o r a t e d  i n t o  t h e  s y s t e m ,  

w h i l e  t h e  peaks  a t  c h e m i c a l  s h i f t  7.50T? a r e  a t t r i b u t a b l e  t o  t h e  

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

used as a s o l v e n t  f o r  t h e  P . E . S .  o l i g o m e r s .  The p r e s e n c e  o f  

m o i s t u r e  i n  t h e  s ys t em m a n i f e s t s  i t s e l f  as p e a k s  b e t w e e n  6 and

The 1H N . M . R .  s p e c t r a  o b t a i n e d  f o r  a l l  t h r e e  o l i g o m e r s  a r e  

c o n s i s t e n t  w i t h  t h e  above  s t r u c t u r e .  A n o r m a l  AB q u a r t e t  i s  

o b s e r v e d  i n d i c a t i n g  r e p e a t  u n i t s  c o n t a i n i n g  o n l y  two n o n -

Tt.

I f  we now c o n s i d e r  t h e  s t r u c t u r e  o f  P . E . S .  :

e q u i v a l e n t  t y p e s  o f  p r o t o n  ( c h e m i c a l  s h i f t s  1 . 9 8 ^  f o r  Hb and

53



2.1Tt  f o r  Ha ) .  N o n - e q u i v a l e n t  p r o t o n s  a r e  p o s i t i o n e d  o r t h o  t o  

each o t h e r  as shown by t h e  t y p i c a l  c o u p l i n g  c o n s t a n t  ( J  v a l u e )  o f  

8 c / s .

A much s m a l l e r  AB q u a r t e t  ( p a r t i c u l a r l y  e v i d e n t  on t h e  1H 

N . M . R .  s p e c t r u m  o f  t h e  P . E . S .  o l i g o m e r  w i t h  a ( D p ) max 5 ,

( f i g  A)  can be a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  i m p u r i t i e s .  

R e f e r e n c e  t o  t h e  1H N . M . R .  s p e c t r a  o f  t h e  s t a r t i n g  m a t e r i a l s  

b i s p h e n o l  ' S ' ,  d i c h l o r o d i p h e n y l  s u l p h o n e  and d i p h e n y l  s u l p h o n e  

( f i g s  7 - 9 )  s u g g e s t s  t h a t  t h i s  i m p u r i t y  i s ,  i n  f a c t ,  u n r e a c t e d  

b i s p h e n o l  ' S ' .

3 . 1 . 2 . 2  M o l e c u l a r  W e i g h t .

T h r e e  d i f f e r e n t  a n a l y t i c a l  t e c h n i q u e s  wer e  e mp l o y e d  i n  t h e  

d e t e r m i n a t i o n  o f  t h e  m o l e c u l a r  w e i g h t  o f  t h e  t h r e e  P . E . S .  

o l i g o m e r s .

( a ) Ge l  P e r m e a t i o n  C h r o m a t o g r a p h y  A n a l y s i s .

Sampl es  s u b m i t t e d  t o  t h e  Rubber  and P l a s t i c s  R e s e a r c h  

A s s o c i a t i o n  ( R . A . P . R . A . )  wer e  a n a l y s e d  u s i n g  G e l  P e r m e a t i o n  

C h r o m a t o g r a p h y  ( G . P . C . ) .  The o p e r a t i n g  c o n d i t i o n s  e mp l o y e d  wer e  

as f o l l o w s : -

Col umn 1 P . L .  g e l  mi x e d  bed -  5 m i c r o n  b e a d .

F l ow R a t e  0 . 5 m l / m i n .

S o l v e n t  D i m e t h y l f o r m a m i d e .

T e m p e r a t u r e  8 0 ° C .

C a l i b r a t i o n  The sy s t e m was c a l i b r a t e d  w i t h  p o l y ( e t h y l e n e  

o x i d e )  and p o l y ( e t h y l e n e  g l y c o l )  c a l i b r a n t s ,  and a l l  

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

' e q u i v a l e n t s ' .

The v a l u e s  o b t a i n e d  a r e  s umma r i s e d  i n  TABLE 2 .

5 A



( b ) V i s c o m e t r y  A n a l y s i s .

The number  a v e r a g e  m o l e c u l a r  w e i g h t  o f  t h e  t h r e e  o l i g o m e r s  

was d e t e r m i n e d  u s i n g  a v i s c o m e t r i c  met hod  d e v e l o p e d  by I . C . I .  I n  

t h i s  met hod 0 . 5 g  o f  d r y  p o l y m e r  i s  w e i g h e d  i n t o  a c l e a n ,  d r y  50ml  

s t a n d a r d  v o l u m e t r i c  f l a s k .  A p p r o x i m a t e l y  30ml  o f

d i m e t h y l f o r m a m i d e  ( D . M . F . )  i s  added and t h e  f l a s k  sh aken  u n t i l  

t h e  p o l y m e r  has d i s s o l v e d .  When made up t o  t h e  mark w i t h  D . M . F .  

and s h a k e n ,  t h e  f l a s k  c o n t a i n s  a 1% w/ v  s o l u t i o n  o f  P . E . S .  i n  

D . M . F .

A c l e a n  d r y  s t a n d a r d  U - t u b e  v i s c o m e t e r  i s  p l a c e d  i n  a 

t h e r m o s t a t  b a t h  a t  25 ° C + 0 . 1 ° C  and D . M . F .  a d d e d .  The t i m e  f o r  

t h e  s o l v e n t  t o  f l o w  b e t we e n  t h e  two i n d i c a t e d  l e v e l s  (A s e c o n d s )  

i s  r e c o r d e d  w i t h  a s t o p w a t c h .  The f l o w  t i m e  i s  me a s u r e d  a f u r t h e r  

two t i m e s ,  a f t e r  wh i c h  t h e  v i s c o m e t e r  i s  d r a i n e d  and r i n s e d  w i t h  

t h e  p o l y me r  s o l u t i o n .  The r e q u i r e d  vo l u me  o f  p o l y m e r  s o l u t i o n  i s  

t h e n  added and t h e  f l o w  t i m e  f o r  t h i s  s o l u t i o n  (B s e c o n d s )  

measur ed i n  t r i p l i c a t e .  The r e d u c e d  v i s c o s i t y  ( R . V . )  o f  t h e  

p o l y m e r  ( f o r  a 1% s o l u t i o n )  i s  c a l c u l a t e d  as f o l l o w s

R . V .  = a v e r a g e  f l o w  t i m e  o f  s o l u t i o n  i n  second s  -  1 = E3 -  1
a v e r a g e  f l o w  t i m e  o f  s o l v e n t  i n  s e c o nds  A

The v a l u e  o f  r e d u c e d  v i s c o s i t y  may be c o n v e r t e d  t o  a v a l u e  

f o r  t h e  number  a v e r a g e  m o l e c u l a r  w e i g h t  ( Mn)  u s i n g  t h e  f o l l o w i n g  

r e l a t i o n s h i p s

D egr ee  o f  P o l y m e r i s a t i o n  ( D . P . )  = 292  x R . V . 1*508 

and Mn = MQ x D . P .

wher e  M0 = m o l e c u l a r  w e i g h t  o f  t h e  p o l y m e r  r e p e a t  u n i t  ( 2 3 2 . 2 5

f o r  P . E . S . ) .

The v a l u e s  o f  Mn o b t a i n e d  f o r  t h e  P . E . S .  o l i g o m e r s  u s i n g
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t h i s  met hod a r e  c o n t a i n e d  i n  TABLE 3.

( c ) P o t e n t i o m e t r i c  T i t r a t i o n s .

The number  a v e r a g e  m o l e c u l a r  w e i g h t  o f  c e r t a i n  p o l y m e r s  can  

be d e t e r m i n e d  r a p i d l y  and e a s i l y  by p o t e n t i o m e t r i c  t i t r a t i o n .

P h e n o l i c  compounds a r e  u s u a l l y  so w e a k l y  a c i d i c  t h a t  t h e y  

c a n n o t  be t i t r a t e d  i n  w a t e r ;  h o w e v e r ,  i n  b a s i c  n o n - a q u e o u s  

s o l v e n t s  such as e t h y l e n e d i a m i n e , D . M . F . ,  p y r i d i n e  and

d i m e t h y l s u l p h o x i d e , p h e n o l s  can be t i t r a t e d  as v e r y  weak a c i d s .

D e a l  and Wyld ( 1 3 6 )  have  d e s c r i b e d  a p o t e n t i o m e t r i c  met hod  

o f  t i t r a t i n g  p h e n o l s ,  d i h y d r o x y  p h e n o l s  and p o l y p h e n o l i c  

compounds i n  D . M . F .  and e t h y l e n e d i a m i n e  s o l v e n t s  u t i l i s i n g  a 

g l a s s - c a l o m e 1 e l e c t r o d e  s y s t e m .  A l c o h o l i c  s o l u t i o n s  o f  p o t a s s i u m  

h y d r o x i d e  and t e t r a b u t y l a m m o n i u m  h y d r o x i d e  (TBAOH)  wer e

i n v e s t i g a t e d  as t i t r a n t s .  I n  t h e s e  s t u d i e s ,  t h e  t i t r a t i o n s

c a r r i e d  o u t  i n  D . M . F .  u s i n g  TBAOH as t i t r a n t  wer e  f o u n d  t o  be 

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

More r e c e n t l y  Wnuk e t  a l  ( 1 2 5 )  d e t e r m i n e d  t h e  Mn o f  

h y d r o x y l - t e r m i n a t e d  p o l y ( a r y l  e t h e r )  s u l p h o n e  o l i g o m e r s  

( i n c l u d i n g  P . E . S . )  by p o t e n t i o m e t r i c  t i t r a t i o n  u s i n g  a g l a s s -

c a l o m e l  e l e c t r o d e  s y s t e m .  D i m e t h y l a c e t a m i d e  and

t e t r a e t h y l  ammonium h y d r o x i d e  wer e  used as s o l v e n t  and t i t r a n t  

r e s p e c t i v e l y .

I n  t h e  p r e s e n t  w o r k ,  t h e  D . M . F . / T B A O H  s o l v e n t - t i t  r a n t  s y s t e m  

used s u c c e s s f u l l y  by D e a l  and Wyl d on p h e n o l i c  compounds i s

empl oyed  i n  t h e  p o t e n t i o m e t r i c  t i t r a t i o n  o f  b i s p h e n o l  ' S '  and t h e

t h r e e  P . E . S .  o l i g o m e r s .
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A p p a r a t u s .

A Pye Uni cam 290  pH m e t e r  was used i n  c o n j u n c t i o n  w i t h  a 

c ombi ned  g l a s s - c a l o m e l  e l e c t r o d e .  A 60mm d i a m e t e r  x 60mm h i g h  

g l a s s  v i a l  e q u i p p e d  w i t h  a s c r e w - o n  b a k e l i t e  t o p  s e r v e d  as a 

t i t r a t i o n  v e s s e l .  H o l e s  i n  t h e  cap t o  p e r m i t  pa s s a ge  o f  t h e  

e l e c t r o d e ,  b u r e t t e  n o z z l e  and a n i t r o g e n  i n l e t  wer e  c a r e f u l l y  

s i z e d  so as t o  r e t a i n  a t i g h t  s e a l .  The t i t r a n t  ( 0 . 1 N  TBAOH i n  a 

s o l v e n t  o f  9 : 1  t o l u e n e / m e t h a n o l )  was d i s p e n s e d  u s i n g  a 2ml  

b u r e t t e  and t h e  s o l u t i o n  mi xed  v i a  a s m a l l  P . T . F . E . - c o a t e d  

s t i r r i n g  b a r / m a g n e t i c  s t i r r e r  s y s t e m .  A s c h e m a t i c  d i a g r a m  o f  

t h e  a p p a r a t u s  i s  g i v e n  i n  f i g u r e  1 0 .

P r i o r  t o  u s e ,  t h e  n i t r o g e n  was pa s s e d  t h r o u g h  a U - t u b e  

c o n t a i n i n g  s o d a - a s b e s t o s  ( a  c a r b o n  d i o x i d e  a b s o r b a n t )  and t h e  

g l a s s - c a l o m e l  e l e c t r o d e  was c o n d i t i o n e d  i n  D . M . F .  f o r  two d a y s .  

P r o c e d u r e .

I m m e d i a t e l y  b e f o r e  commencing t h e  m o l e c u l a r  w e i g h t  

d e t e r m i n a t i o n s ,  a b l a n k  t i t r a t i o n  o f  t h e  s o l v e n t  ( 2 5 m l )  was made 

e m p l o y i n g  t h e  same p r o c e d u r e s  as f o l l o w e d  f o r  t h e  p o l y m e r s .  The 

e l e c t r o d e  was t h e n  r i n s e d  w i t h  c l e a n  D . M . F .  p r i o r  t o  f u r t h e r  u s e .

A sampl e  o f  b i s p h e n o l  ' S '  was a c c u r a t e l y  we i g h e d  i n t o  t h e  

t i t r a t i o n  v e s s e l  and d i s s o l v e d  i n  D . M . F .  ( 2 5 m l )  w i t h  s t i r r i n g ,  

w h i l e  d r y ,  C02 - f r e e  n i t r o g e n  was pa s s e d  o v e r  t h e  s o l u t i o n .  A f t e r  

c o m p l e t e  d i s s o l u t i o n ,  t h e  e l e c t r o d e  was i mmer sed i n  t h e  s o l u t i o n  

and t h e  b u r e t t e  l o w e r e d  such t h a t  t h e  t i p  j u s t  p i e r c e d  t h e  

s u r f a c e .  The c e l l  p o t e n t i a l  was t h e n  me asu r ed  as a f u n c t i o n  o f  

vol ume o f  TBAOH added u n t i l  such t i m e  as t h e  p o t e n t i a l  c e a s e d  t o  

c hange  upon f u r t h e r  a d d i t i o n s  o f  t i t r a n t .  T h i s  p r o c e d u r e  was 

r e p e a t e d  f o r  t h e  t h r e e  P . E . S .  o l i g o m e r s .
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T i t r a t i o n  c u r v e s  wer e  p r e p a r e d  f o r  t h e  f o u r  m a t e r i a l s  ( f i g  

1 1 ) ,  and t h e  end p o i n t s  t a k e n  as t h e  i n f l e c t i o n  p o i n t s  on t h e s e  

c u r v e s .

C a l c u l a t i o n s .

I n  t h e  r e a c t i o n  b e t w e e n  TBAOH and h y d r o x y l - t e r m i n a t e d  

P . E . S . ,  t h e  P . E . S .  b e h a v e s  as an a c i d  t h u s  : -

The r e l a t i o n s h i p  b e t we e n  Mn f o r  t h e  sampl e  and t h e  vo l ume  

and c o n c e n t r a t i o n  o f  t i t r a n t  used i s  t h e r e f o r e  g i v e n  by t h e  

e x p r e s s i o n  : -

wher e  W = w e i g h t  o f  sampl e  i n  g r a ms ,  V = vo l ume o f  t i t r a n t  i n  

l i t r e s  ( c o r r e c t e d  f o r  t h e  b l a n k )  and C = c o n c e n t r a t i o n  o f  t i t r a n t  

i n  mol es  p e r  l i t r e .

T a k i n g  a v a l u e  o f  0 . 0 1 m l  as t h e  vo l ume o f  0 . 1 M ( 0 . 1 N )  TBAOH 

used i n  t h e  b l a n k  d e t e r m i n a t i o n ,  t h e  r e s u l t s  s ummar i sed  i n  TABLE 

A wer e  o b t a i n e d .

A c o m p a r i s o n  b e t w e e n  t h e  v a l u e s  o f  Mn o b t a i n e d  f o r  t h e

H 0 — S 0 2 0 — S 0 2 0 H

The TBAOH b e h a v e s  as a base  t h u s  : -

( Bu )4 N-OH ---------► ( B u ) 4 N+  + OH

The r e a c t i o n  may be r e p r e s e n t e d  by t h e  e q u a t i o n  : -

HO—(—P . E . S . —} - 0 H  + 2 ( Bu ) 4 N-OH

▼
”"0—(—P . E . S . — 0 “ + 2 ( B u )4 N+  + 2 H20

Thus : -

1 mol e  P . E . S .  = 2 mo l es  TBAOH.

Mn = 2 ( W ) / ( V ) ( C )
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P . E . S .  u s i n g  t h e  t h r e e  d i f f e r e n t  e v a l u a t i o n  met hods i s  shown i n  

TABLE 5.

The s p r e a d  o f  r e s u l t s  may be a t t r i b u t e d  p a r t l y  t o  t h e

p r e s e n c e  o f  i m p u r i t i e s  e . g .  r e s i d u a l  b i s p h e n o l  ' S ' ,  

d i c h l o r o d i p h e n y l  s u l p h o n e  and d i p h e n y l  s u l p h o n e  i n  t h e  P . E . S .

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

t i t r a t i o n  and v i s c o m e t r y  r e s u l t s  i n  d i f f e r e n t  ways;  f o r  i n s t a n c e ,  

t h e  p r e s e n c e  o f  any o f  t h e s e  l ow m o l e c u l a r  w e i g h t  r e s i d u e s  woul d  

r e d u c e  t h e  v i s c o s i t y  o f  t h e  p o l y m e r s  and hence  r e d u c e  t h e  v a l u e  

o f  Mn o b t a i n e d  by t h i s  me t hod .  On t h e  o t h e r  h a n d ,  t h e  p r e s e n c e  o f  

d i c h l o r o d i p h e n y l  s u l p h o n e  and d i p h e n y l  s u l p h o n e  wou l d  r e d u c e  t h e  

w e i g h t  f r a c t i o n  o f  r e a c t i v e  h y d r o x y l  g r o up s  p r e s e n t  i n  t h e  

s a m p l e .  T h i s  r e d u c t i o n  wo u l d  r e s u l t  i n  a s m a l l e r  vo l ume o f  TBAOH 

b e i n g  r e q u i r e d  i n  t h e  p o t e n t i o m e t r i c  t i t r a t i o n s  and hence  a 

h i g h e r  c a l c u l a t e d  v a l u e  f o r  Mn b e i n g  o b t a i n e d .  The p r e s e n c e  o f  

b i s p h e n o l  ' S '  w o u l d ,  o f  c o u r s e ,  h ave  t h e  o p p o s i t e  e f f e c t .

Wi t h  r e g a r d  t o  t h e  G . P . C .  r e s u l t s ,  t h e  u n a v a i l a b i l i t y  o f  

M a r k - H o u w i n k  c o n s t a n t s  f o r  P . E . S .  p r e v e n t e d  c o n v e r s i o n  o f  t h e  

r e s u l t s  v i a  u n i v e r s a l  c a l i b r a t i o n .  C o n s e q u e n t l y ,  t h e  r e s u l t s  

o b t a i n e d  a r e  e x p r e s s e d  as ' p o l y e t h y l e n e  g l y c o l / p o l y e t h y l e n e  o x i d e  

e q u i v a l e n t s '  o n l y .

3 . 1 . 2 . 3  T h e r m a l  C h a r a c t e r i s t i c s .

The 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 s  (Tg s )  o f  c o m m e r c i a l  A800P

g r a d e  V i c t r e x  and t h e  t h r e e  P . E . S .  o l i g o m e r s  wer e  d e t e r m i n e d

*
u s i n g  d i f f e r e n t i a l  s c a n n i n g  c a l o r i m e t r y  ( D . S . C . ) .  A M e t t l e r  

DSC 30 m e a s u r i n g  c e l l  was empl oy e d  and t h e  r e s u l t s  p r o c e s s e d  

u s i n g  a M e t t l e r  TC 10 TA m i c r o p r o c e s s o r .  The s a mp l e s  wer e  h e a t e d

* <Kiira \o < v m u \a V e . -VrtA e VS.C. 06 k\ flMW v f l s t a r a t f
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i n  s t a n d a r d  a l u m i n i u m  pans a t  a r a t e  o f  1 0 ° C / m i n  and t h e

r e s u l t a n t  c u r v e s  r e c o r d e d  ( f i g  1 2 ) .

The M e t t l e r  s ys t em y i e l d s  t h r e e  d i f f e r e n t  v a l u e s  f o r  each Tg

e v a l u a t i o n .  I n  o r d e r  t o  be c o n s i s t e n t  and u n a mb i g u o u s ,  o n l y  t h e  

second o f  t h e s e  v a l u e s  has been c o n s i d e r e d  i n  each  c a s e .  T h i s  

v a l u e  i s  d e f i n e d  as t h e  t e m p e r a t u r e  a t  wh i c h  an e x t r a p o l a t i o n  o f  

t h e  base l i n e  p r i o r  t o  any s p e c i f i c  h e a t  c a p a c i t y  ( Cp)  change  

i n t e r c e p t s  t h e  t a n g e n t  t o  t h e  c u r v e  a t  t h e  p o i n t  wh er e  h a l f  t h e  

Cp change has o c c u r r e d .  TABLE 6 summa r i s e s  t h e  Tg v a l u e s

o b t a i n e d .

The v a l u e  o b t a i n e d  f o r  t h e  h i g h  m o l e c u l a r  w e i g h t  A800P g r a d e  

V i c t r e x  i s  i n  good a g r e e m e n t  w i t h  t h e  e x p e c t e d  v a l u e  o f  2 2 3 °C.

The v a l u e s  f o r  t h e  P . E . S .  o l i g o m e r s ,  h o w e v e r ,  a r e  somewhat  

l o w e r  t h a n  t h i s  v a l u e .  T h i s  was n o t  u n e x p e c t e d  s i n c e  t h e  g e n e r a l  

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

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

One i n t e r e s t i n g  f e a t u r e  wh i c h  c o n f l i c t s  w i t h  t h e  a r g u m e n t ,  

h o w e v e r ,  i s  t h e  a p p a r e n t  i n c r e a s e  i n  Tg on mov i n g  f r om t h e  

o l i g o m e r  P . E . S . ( DP)max 27 t o  t h e  o l i g o m e r  w i t h  t h e  l o w e s t  

m o l e c u l a r  w e i g h t  i . e .  P . E . S . ( DP)max 5 .  T h i s  may be a t t r i b u t e d  t o  

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

m o l e c u l a r  w e i g h t  p o l y m e r  ( 1 3 7 ) .

The t h e r m a l  s t a b i l i t y  o f  4800P g r a d e  V i c t r e x  and t h e  t h r e e  

P . E . S .  o l i g o m e r s  was a s s e s s e d  u s i n g  t h e r m o g r a v i m e t r i c  a n a l y s i s  

( T . G . A . ) .  The i n s t r u m e n t a t i o n  e mp l o y e d  i n  t h i s  s t u d y  c o m p r i s e d  a 

Du P ont  950  T h e r m o g r a v i m e t r i c  A n a l y s e r  c o u p l e d  t o  a Du Po nt  900  

D i f f e r e n t i a l  T h e r m a l  A n a l y s e r .  The s a mp l e s  wer e  h e a t e d  a t  a r a t e  

o f  1 5 ° C / m i n  i n  a s t e a d y  s t r e a m  ( 2 5 0 m l / m i n )  o f  n i t r o g e n .
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The r e l a t i o n s h i p s  b e t w e e n  s ampl e  w e i g h t  l o s s  and t e m p e r a t u r e  

f o r  t h e s e  m a t e r i a l s  a r e  r e p r e s e n t e d  g r a p h i c a l l y  i n  f i g u r e  13 .

I m m e d i a t e l y  e v i d e n t  f r om t h i s  i n f o r m a t i o n  i s  t h e  e x c e l l e n t  

t h e r m a l  s t a b i l i t y  o f  A800P g r a d e  V i c t r e x .  No a p p r e c i a b l e  w e i g h t  

l o s s  was o b s e r v e d  i n  t h i s  m a t e r i a l  u n t i l  t e m p e r a t u r e s  > 4 5 0 ° C  had  

been a t t a i n e d .  A l s o  o f  i n t e r e s t  f r om t h e s e  c u r v e s  i s  t h e  a p p a r e n t  

dependence  o f  t h e r m a l  s t a b i l i t y  on p o l y m e r  m o l e c u l a r  w e i g h t .  The  

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

d e c r e a s i n g  m o l e c u l a r  w e i g h t .  Once a g a i n ,  h o w e v e r ,  i t  can be seen  

t h a t  t h e  P . E . S .  o l i g o m e r  w i t h  ( D P ) max 3 d e f i e s  c o n v e n t i o n .  I t s  

s u p e r i o r  h i g h  t e m p e r a t u r e  s t a b i l i t y  o v e r  t h e  o l i g o m e r  w i t h  

( DP) max 27 may,  once a g a i n ,  be a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  

c r o s s l i n k i n g .

D e s p i t e  t h e  e f f e c t s  o f  o l i g o m e r  m o l e c u l a r  w e i g h t  on t h e r m a l  

s t a b i l i t y ,  i t  i s  w o r t h  n o t i n g  t h a t  v e r y  l i t t l e  w e i g h t  l o s s  i s  

o b s e r v e d  i n  any o f  t h e  p o l y m e r s  b e l o w 3 5 0 ° C .

The r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  C r o s s l a n d  e t  

a l  ( 1 3 8 )  who,  i n  t h e i r  s t u d y  o f  t h e  t h e r m a l  s t a b i l i t y  and  

mechani sm o f  d e g r a d a t i o n  o f  P o l y ( a r y l e n e  s u l p h o n e s ) ,  f o u n d  t h e  

d e g r a d a t i o n  o f  P . E . S .  i n  n i t r o g e n  t o  be a s i n g l e  s t a g e  r e a c t i o n ,  

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

30 - 40% o f  t h e  s t a r t i n g  w e i g h t .

3 . 1 . 3  C h a r a c t e r i s a t i o n  o f  H y d r o x y l -  t e r m i n a t e d  P . D . M . S .
0 1 i q o m e r s .

F i v e  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  o l i g o m e r s  wer e  p r o v i d e d  by 

I . C . I .  f o r  use i n  t h i s  i n v e s t i g a t i o n .  These  s a mp l e s  r e q u i r e d  

c h a r a c t e r i s i n g  b e f o r e  t h e y  c o u l d  be c o n s i d e r e d  f o r  c o n v e r s i o n  t o
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d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  and r e a c t e d  w i t h  h y d r o x y l -  

t e r m i n a t e d  P . E . S .

S i m i l a r  c h a r a c t e r i s a t i o n  t e c h n i q u e s  wer e  e mpl o y e d  on t h e s e  

o l i g o m e r s  as wer e  empl oyed  on t h e  P . E . S .  o l i g o m e r s .

3 . 1 . 3 . 1  M o l e c u l a r  W e i g h t .

Gel  P e r m e a t i o n  C h r o m a t o g r a p h y  and V i s c o m e t r y  w e r e  empl oyed  

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

The G . P . C .  was p e r f o r m e d  by R . A . P . R . A .  u s i n g  t h e  f o l l o w i n g  

i n s t r u m e n t a l  p a r a m e t e r s

Col umns F our  co l umns c o n t a i n i n g  1 0 0 ,  1 0 ,  1 and 0 . 1  m i c r o n

p o r e  d i a m e t e r  P . L .  p a r t i c l e s .

F l ow Ra t e  l . O m l / m i n .

S o l v e n t  T e t r a c h l o r o e t h y l e n e .

T e m p e r a t u r e  8 0 ° C .

C o n c e n t r a t i o n  0 . 3 % .

C a l i b r a t i o n  The c a l i b r a t i o n  s t a n d a r d  e mpl o y e d  was 

p o l y s t y r e n e ,  b u t  as t h e  M a r k - H o u w i n k  c o n s t a n t s  wer e  n o t  known,  

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

a v e r a g e s  o b t a i n e d  wer e  t h e r e f o r e  e x p r e s s e d  as ' p o l y s t y r e n e  

e q u i v a l e n t s ' .  The v a l u e s  o b t a i n e d  a r e  s ummar i sed  i n  TABLE 7 .

S o l u t i o n  v i s c o m e t r y  was a l s o  e mp l oy e d  f o r  t h e  d e t e r m i n a t i o n  

o f  P . D . M . S .  o l i g o m e r  m o l e c u l a r  w e i g h t .  The p r o c e d u r e  d e s c r i b e d  

h e r e  was a p p l i e d  t o  each o f  t h e  f i v e  o l i g o m e r s  i n  t u r n .

A s e r i e s  o f  s o l u t i o n s  o f  t h e  o l i g o m e r  i n  t o l u e n e  was 

p r e p a r e d .  Each s o l u t i o n  was made t o  c o n t a i n  a d i f f e r e n t  o l i g o m e r  

c o n c e n t r a t i o n .  The r e l a t i v e  v i s c o s i t y  o f  each  s o l u t i o n  was t h e n  

d e t e r m i n e d  by m e a s u r i n g  t h e  t i m e  t a k e n  f o r  t h e  s o l u t i o n  t o  f l o w  

t h r o u g h  an O s t w a l d  V i s c o m e t e r  ( T y p e  BS/ U B)  a t  2 5 ° C  and c o m p a r i n g
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i t  w i t h  t h e  t i m e  t a k e n  f o r  p ur e  s o l v e n t  t o  f l o w  a t  t h e  same 

t e m p e r a t u r e .

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

p a r t i c u l a r  o l i g o m e r  a c c o r d i n g  t o  t h e  t h e o r y  o u t l i n e d  be l o w  

r \ r ( r e l a t i v e  v i s c o s i t y )  = r\ /n.0 = t / t 0 

wher e  t  = t i m e  t a k e n  f o r  p o l y me r  s o l u t i o n  t o  f l o w .

t G = t i m e  t a k e n  f o r  s o l v e n t  o n l y .

From , rqsp ( s p e c i f i c  v i s c o s i t y )  can be o b t a i n e d  f r om t h e  

r e l a t i o n s h i p

isp = a -W a o  = rlr ~ 1

A l i n e a r  r e l a t i o n s h i p  o f  t h e  r e d u c e d  v i s c o s i t y  ( r \ sp / c )  t o

p o l y m e r  c o n c e n t r a t i o n  i s  u s u a l l y  f o und  when iqr < 2 .  T h i s  l i n e a r

de pe n d e n c e  i s  d e s c r i b e d  w e l l  by t h e  e x p r e s s i o n

a sp/c = W  + k'[rl ] 2c

wher e  [r^] = i n t r i n s i c  v i s c o s i t y .

I n t r i n s i c  v i s c o s i t y  i s  o b t a i n e d  by e x t r a p o l a t i o n  o f  a g r a p h  

o f  r e d u c e d  v i s c o s i t y  vs c o n c e n t r a t i o n  o f  s o l u t i o n  t o  z e r o  

c o n c e n t r a t i o n  o f  p o l y me r

[ q ]  = 1 i m ( q sp/ c  ) 
c*»0

The M a r k - H o u w i n k  e q u a t i o n  : -

[ q ]  j = KMja

g i v e s  t h e  m o l e c u l a r  w e i g h t  o f  a s a mp l e  p r o v i d e d  [ f } ] j  and K and a 

( t h e  M a r k - H o u w i n k  c o n s t a n t s )  a r e  known.

I t  s h o u l d  be m e n t i o n e d  t h a t  t h i s  e q u a t i o n  a p p l i e s  s t r i c t l y  

t o  w e l l  f r a c t i o n a t e d  s a m p l e s .

F or  an u n f r a c t i o n a t e d  p o l y m e r

[ r ]̂ = K ( Mv ) a 

wher e  Mv = v i s c o s i t y  a v e r a g e  m o l e c u l a r  w e i g h t .
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Thus ,  Mv can be o b t a i n e d  f o r  a p a r t i c u l a r  o l i g o m e r  i f  [r^] i s  

d e t e r m i n e d  and t h e  M a r k - H o u w i n k  c o n s t a n t s ,  K and a ,  a r e  known f o r  

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

F or  P . D . M . S .  i n  t o l u e n e  a t  2 5 ° C ,  K = 0 . 7 3 8  x 10- 2  and

a = 0 . 7 2  ( 1 3 9 )  .

U s i n g  t h e s e  v a l u e s  o f  K and a and i n t r i n s i c  v i s c o s i t i e s  

o b t a i n e d  f r om p l o t s  o f  r^sp / c  vs c f o r  t h e  f i v e  o l i g o m e r s  

( f i g s  1 4 , 1 5 )  v a l u e s  o f  Mv wer e  c a l c u l a t e d .  These v a l u e s  a r e

r e c o r d e d  i n  TABLE 8 .

F or  t h e  s a mpl e s  wher e  Mv was d e t e r m i n e d  by b o t h  G . P . C .  and 

v i s c o m e t r y ,  good a g r e e m e n t  was o b s e r v e d  i n  t h e  v a l u e s  o b t a i n e d .  

T h i s  s e r v e s  t o  v a l i d a t e  t h e  ' p o l y s t y r e n e  e q u i v a l e n t s '  o b t a i n e d  by 

G . P . C .  as r e a s o n a b l e  a p p r o x i m a t i o n s  f o r  t h e  P . D . M . S .  o l i g o m e r  

m o l e c u l a r  w e i g h t s .

Because  o f  t h e  h i g h  m o l e c u l a r  w e i g h t  and hence  v e r y  l ow  

l e v e l  o f  r e a c t i v e  e n d - g r o u p s  i n  sa mp l e s  11 3 8 / 7 1 / 4 - 5 ,  t h e s e  

p o l y m e r s  wer e  c o n s i d e r e d  u n s u i t a b l e  f o r  use i n  c o p o l y m e r i s a t i o n  

w i t h  P . E . S .  v i a  a c o n d e n s a t i o n  t y p e  r e a c t i o n .  F o r  t h i s  r e a s o n  

most  o f  t h e  f u t u r e  d i s c u s s i o n  r e l a t e s  o n l y  t o  s a mpl es  

11 3 8 / 7 1 / 1 - 3 .

3 . 1 . 3 . 2  M o l e c u l a r  S t r u c t u r e .

A l l  t h r e e  s a mp l es  ( l a b e l l e d  11 3 8 / 7 1 / 1 - 3 )  y i e l d e d  s i m i l a r

s p e c t r a  when a n a l y s e d  on a P y e - U n i c a m  S . P . 120 0  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 i g s  1 6 - 2 1 ) .  P o t a s s i u m  b r o m i d e  p l a t e s  wer e  

empl oyed  i n  t h e  a n a l y s i s  i n  o r d e r  t o  f a c i l i t a t e  t h e  o b s e r v a t i o n

o f  sampl e  a b s o r p t i o n  a t  wavenumber s  b e l o w 600cm“ 1 . TABLE 9 

summar i ses  t h e  peak  i n f e r e n c e  f o r  t h e s e  s p e c t r a .
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Of i n t e r e s t  i n  t h e s e  s p e c t r a  i s  t h e  r e l a t i v e  i n t e n s i t y  o f

t h e  b r o a d  band a t  3 , 7 0 0 - 3 , 100cm-1 r e l a t i n g  t o  t h e  t e r m i n a t i n g

S i - O H  bonds .  As e x p e c t e d ,  t h i s  i n t e n s i t y  d e c r e a s e s  on mov i ng f r om  

t h e  l ow m o l e c u l a r  w e i g h t  o l i g o m e r  t o  t h a t  w i t h  t h e  h i g h e s t  

m o l e c u l a r  w e i g h t .

The 1H N . M . R .  s p e c t r a  o f  t h e  t h r e e  P . D . M . S .  o l i g o m e r s  a r e  

v e r y  s i m p l e  ( f i g s  2 2 - 2 4 ) .  The s i x  e q u i v a l e n t  p r o t o n s  i n  t h e

P . D . M . S .  g i v e  r i s e  t o  a s i n g l e t  w h i c h  a p p e a r s  a t  a c h e m i c a l  s h i f t

o f  l O . O ' t .  The s p e c t r a  a r e  c a l i b r a t e d  u s i n g  an e x t e r n a l  T . M . S .  

s t a n d a r d  owi ng t o  t h e  p r o x i m i t y  o f  t h e  P . D . M . S .  c h e m i c a l  s h i f t  t o  

t h a t  f o r  t h e  T . M . S .  ( 1 0 . 0 O -

3 . 1 . 3 . 3  T h e r m a l  C h a r a c t e r i s t i c s .

D . S . C .  c u r v e s  wer e  o b t a i n e d  f o r  t h e  t h r e e  h y d r o x y l -  

t e r m i n a t e d  P . D . M . S .  o l i g o m e r s  ( f i g  2 5 ) .  The same i n s t r u m e n t a t i o n  

and e v a l u a t i o n  p r o c e d u r e s  wer e  e mp l o y e d  as f o r  t h e  P . E . S .  

o l i g o m e r s  d i s c u s s e d  e a r l i e r .

A l l  t h r e e  P . D . M . S .  o l i g o m e r s  wer e  f o u n d  t o  have  a Tg v a l u e  

o f  - 1 2 3 ° C .  These  r e s u l t s  a r e  c o n s i s t e n t  w i t h  t h e  f i n d i n g s  o f  Lee  

e t  a l  ( 1 4 0 ) .  They o b t a i n e d  a P . D . M . S .  Tg v a l u e  o f  - 1 2 3 ° C  a t  

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

t h e  p o l y m e r  had a n e g l i g i b l e  e f f e c t  on Tg i f  t h e  m o l e c u l a r  w e i g h t  

e x c e e d e d  3 , 0 0 0 .

The work p e r f o r m e d  h e r e  s u g g e s t s  t h a t  t h e  m o l e c u l a r  w e i g h t  

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

3 , 0 0 0 .

O t h e r  i n t e r e s t i n g  f e a t u r e s  o f  t h e  D . S . C .  c u r v e s  f o r  t h e  

P . D . M . S .  o l i g o m e r s  a r e  t h e  e x o t h e r m i c  c o l d  c r y s t a l l i s a t i o n  p e a k s
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o b s e r v e d  b e t ween  - 7 0 ° C  and - 9 0 ° C ,  and t h e  e n d o t h e r m i c  m e l t i n g  

peaks  o bs e r v e d  a r o u nd  - 4 0 ° C .  These p eaks  t o o  wer e  o b s e r v e d  by Lee  

e t  a l .

The p r e s e n c e  o f  t h e  c o l d  c r y s t a l l i s a t i o n  peak  i n d i c a t e s  t h a t  

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

g i v i n g  r i s e  t o  c o l d  c r y s t a l l i s a t i o n  on h e a t i n g .  T h i s  p eak  becomes  

s m a l l e r  as t h e  c o o l i n g  r a t e  d e c r e a s e s  and e v e n t u a l l y  d i s a p p e a r s  

a t  c o o l i n g  r a t e s  l e s s  t h a n  ~ 4 ° C / m i n .

The P . D . M . S .  m e l t i n g  peaks  may a p p e a r  as a s i n g l e t  o r  

d o u b l e t  d e p e n d i n g  on t h e  r a t e  o f  c o o l i n g  and t h e  r a t e  o f  h e a t i n g  

o f  t h e  s a mp l e .

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

h y d r o x y l - t e r m i n a t e d  P . D . M . S .  o l i g o m e r s  showed t h e r e  t o  be a 

s t r o n g  r e l a t i o n s h i p  b e t we e n  t h e r m a l  s t a b i l i t y  and o l i g o m e r  

m o l e c u l a r  w e i g h t  ( f i g  2 6 ) .

E mp l o y i n g  t h e  same a p p a r a t u s  and o p e r a t i n g  c o n d i t i o n s  as f o r  

t h e  P . E . S .  o l i g o m e r s  i t  was shown t h a t  sampl e  11 3 8 / 7 1 / 1  ( a  

v o l a t i l e  o l i g o m e r  w i t h  a M n ~ 6 0 0 )  commenced l o s i n g  w e i g h t  even a t  

room t e m p e r a t u r e .  Sampl e 11 3 8 / 7 1 / 2  (Mn ~  5 , 0 0 0 )  r e m a i n e d

t h e r m a l l y  s t a b l e  up t o  2 5 0 ° C ,  w h i l s t  a P . D . M . S .  o l i g o m e r  o f  h i g h  

m o l e c u l a r  w e i g h t  -  sampl e  11 3 8 / 7 1 / 4  ( Mn ~ 5 3 , 0 0 0 ) ,  and a sampl e  

o f  c r o s s l i n k e d  P . D . M . S .  r e m a i n e d  t h e r m a l l y  s t a b l e  up t o ^ 4 0 0 ° C .

3 . 1 . 4  P r e p a r a t i o n  o f  D i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .

B e f o r e  c o p o l y m e r i s a t i o n  w i t h  h y d r o x y l - t e r m i n a t e d  P . E . S . , t h e  

P . D . M . S .  o l i g o m e r s  c h a r a c t e r i s e d  i n  t h e  p r e v i o u s  s e c t i o n  r e q u i r e d  

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

by d i m e t h y l a m i n o  g r o u p s .  T h i s  was c o n s i d e r e d  t o  be b e s t  a c h i e v e d
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by t h e  a d o p t i o n  o f  t h e  met hod d e s c r i b e d  by Nagase e t  a l  i n  t h e i r  

r e c e n t  p a p e r  ( 1 2 2 ) .  T h i s  t w o - s t a g e  p r o c e s s  p r o c e e d s  as f o l l o w s  : -  

Me Me Me

HO—(—S i  - 0 —) y H

Me

Me2 S iC l2
l - C I  + o t h e r  p r o d u c t s

Me2 NH

MeMe

Me2 N—(—S i - 0 - - )y-^ 1S i - N M e 2 + o t h e r  p r o d u c t s  

Me Me

O u t l i n e d  h e r e  a r e  t h e  e x p e r i m e n t a l  d e t a i l s  r e l a t i n g  t o  t h e  

c o n v e r s i o n  o f  sampl e  11 3 8 / 7 1 / 2  f r om h y d r o x y l - t e r m i n a t e d  t o  

d i m e t h y l  a m i n o - t e r m i n a t e d  P . D . M . S .

3 . 1 . 4 . 1  C h l o r i n a t i o n  o f  H y d r o x y 1 - t e r m i n a t e d  P . D . M . S .

A 500ml  t h r e e - n e c k e d  f l a s k  was e q u i p p e d  w i t h  a n i t r o g e n  

i n l e t ,  m e c h a n i c a l  s t i r r e r  and r e f l u x  c o n d e n s e r  ( f i g  2 7 ) .

D i c h l o r o d i m e t h y l s i l a n e  ( 1 0 0 m l )  was p l a c e d  i n  t h i s  f l a s k  and a

s o l u t i o n  o f  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  ( 1 0 7 . Og)  i n  100ml  

t o l u e n e  ( s o d i u m d r i e d  and f r e s h l y  d i s t i l l e d  o v e r  CaH2 ) added  

d r o p w i s e  o v e r  90 m i n u t e s  i n  a d r y  n i t r o g e n  a t m o s p h e r e  and w i t h  

v i g o r o u s  a g i t a t i o n .  The s o l u t i o n  was a l l o w e d  t o  r e a c t  f o r  a 

f u r t h e r  hour  a f t e r  wh i c h  e x c e s s  d i c h l o r o d i m e t h y l s i l a n e  and

t o l u e n e  wer e  r emoved by g e n t l e  h e a t i n g  u n d e r  v a c u o .  The r e s i d u e  

( c h l o r o - t e r m i n a t e d  P . D . M . S . ) ,  w h i c h  had a v i s c o s i t y  s i m i l a r  t o  

t h e  s t a r t i n g  m a t e r i a l ,  was s t o r e d  u n d e r  d r y  n i t r o g e n  as a

p r e c a u t i o n  a g a i n s t  h y d r o l y s i s .
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3 . 1 . A . 2 A m i n a t i o n  o f  C h l o r o - t e r m i n a t e d  P . D . M . S .

Us i n g  s i m i l a r  a p p a r a t u s  t o  t h a t  emp l o yed  i n  t h e  c h l o r i n a t i o n  

p r o c e s s ,  d i m e t h y l a m i n o  e n d - g r o u p s  wer e  a t t a c h e d  t o  t h e  P . D . M . S .  

o l i g o m e r .

To a s o l u t i o n  o f  d i m e t h y l a m i n e  ( 1 5 m l )  i n  f r e s h l y  d i s t i l l e d  

e t h e r  ( 2 0 0 m l )  was added d r o p w i s e  c h l o r o - t e r m i n a t e d  P . D . M . S .  

( l O O g )  u n d e r  d r y  n i t r o g e n  and w i t h  v i g o r o u s  a g i t a t i o n .  Upon 

c o m p l e t i o n  o f  t h e  a d d i t i o n  ( 1 h o u r )  t h e  m i x t u r e  was r e f l u x e d  f o r  

a f u r t h e r  hour  a f t e r  wh i c h  t h e  p r e c i p i t a t e d  d i m e t h y l a m i n e  

h y d r o c h l o r i d e  was removed by f i l t r a t i o n  i n  a d r y  b o x .  The  

f i l t r a t e  was e v a p o r a t e d  u n d e r  vacuo t o  remove e t h e r  and u n r e a c t e d  

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

p r e v e n t  h y d r o l y s i s .

A s i m i l a r  p r o c e d u r e  was a d o p t e d  i n  o r d e r  t o  a t t a c h  

d i m e t h y l a m i n o  e n d - g r o u p s  t o  sampl e  11 3 8 / 7 1 / 3 .  H o w e v e r ,  t h e  h i g h  

v o l a t i l i t y  o f  sampl e  11 3 8 / 7 1 / 1  n e c e s s i t a t e d  t h e  u t i l i s a t i o n  o f  a 

s o l v e n t  w i t h  a l o w e r  b o i l i n g  p o i n t  t h a n  t o l u e n e  ( b .  p t .  1 1 1 ° C )  

f o r  t h e  c h l o r i n a t i o n  p r o c e s s .  F o r  t h i s  r e a s o n ,  b e n z e n e  

( b .  p t .  8 0 ° C ) ,  wh i ch  had been f r e s h l y  d i s t i l l e d  o v e r  CaH2 , was 

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

sampl e  11 3 8 / 7 1 / 1  was t h e  same as t h a t  u t i l i s e d  f o r  t h e  o t h e r  two  

s a m p l e s .
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3 . 1 . 5  C h a r a c t e r i s a t i o n  o f  D i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  
0 1 i g o m e r s .

3 . 1 . 5 . 1  M o l e c u l a r  S t r u c t u r e .

I n f r a r e d  s p e c t r a  wer e  r e c o r d e d  f o r  a l l  t h r e e  P . D . M . S .  

o l i g o m e r s  a f t e r  b o t h  t h e  c h l o r i n a t i o n  and a m i n a t i o n  s t a g e s  

( f i g s  2 8 - 3 9 ) .

T h e r e  a r e  two f e a t u r e s  o f  p a r t i c u l a r  i n t e r e s t  on t h e  s p e c t r a

r e c o r d e d  a f t e r  t h e  c h l o r i n a t i o n  p r o c e s s .  These a r e  h i g h l i g h t e d  by

r e f e r e n c e  t o  t h e  s p e c t r a  o f  sampl e  11 3 8 / 7 1 / 1  b e f o r e  c h l o r i n a t i o n  

( f i g s  1 6 , 1 7 ) ,  and a f t e r  c h l o r i n a t i o n  ( f i g s  2 8 , 2 9 ) .  The 

d i s a p p e a r a n c e  i n  f i g s  28 and 29 o f  t h e  S i - O H  p eak  a t

3 , 7 0 0 - 3 , 100cm-1 and t h e  a p p e a r a n c e  o f  a p eak  a t  465cm“ 1 

a t t r i b u t a b l e  t o  t h e  S i - C l  assym.  s t r .  mode p r o v i d e  s t r o n g  

e v i d e n c e  t h a t  t h e  h y d r o x y l  e n d - g r o u p s  h ave  been s u c c e s s f u l l y

r e p l a c e d  by c h l o r o  e n d - g r o u p s .

E x a m i n a t i o n  o f  t h e  s p e c t r a  o b t a i n e d  a f t e r  a m i n a t i o n  o f  t h e  

sampl es  ( f i g s  3 4 - 3 9 )  r e v e a l s  l i t t l e  e v i d e n c e  f o r  t h e  p r e s e n c e  o f  

e i t h e r  t h e  S i - O H  or  t h e  S i - C l  bon d .  T h i s  p r o v i d e s  i n f e r e n t i a l  

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

3 . 1 . 5 . 2  M o l e c u l a r  W e i g h t .

I n t r i n s i c  v i s c o s i t i e s  and hence  v i s c o s i t y  a v e r a g e  m o l e c u l a r  

w e i g h t s  wer e  d e t e r m i n e d  f o r  a l l  t h r e e  P . D . M . S .  s a m p l e s  a f t e r  

a m i n a t i o n .

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

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

summar i sed  i n  TABLE 10 wer e  o b t a i n e d .
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By - r e f e r r i n g  t o  TABLES 8 and 10 i t  can be seen t h a t  v e r y  

l i t t l e  i n c r e a s e  i n  m o l e c u l a r  w e i g h t  was o b s e r v e d  f o r  sampl es  

11 3 8 / 7 1 / 1 - 2  on c o n v e r s i o n  t o  d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .

The v i s c o s i t y  o f  sampl e  11 3 8 / 7 1 / 3 ,  h o w e v e r ,  i n c r e a s e d  

s u b s t a n t i a l l y  on m o d i f i c a t i o n  g i v i n g  a Mv o f  9 1 , 6 8 4  compar ed w i t h  

a Mv o f  5 3 , 3 9 2  f o r  t h e  h y d r o x y l - t e r m i n a t e d  o l i g o m e r .  T h i s  

v i s c o s i t y  a v e r a g e  m o l e c u l a r  w e i g h t  was e q u a t e d  t o  a number  

a v e r a g e  m o l e c u l a r  w e i g h t  by r e f e r e n c e  t o  f i g  4 0 .  T h i s  c u r v e  was 

c o n s t r u c t e d  by r e l a t i n g  Mv ( o b t a i n e d  v i s c o m e t r i c a l l y ) t o  Mn 

( o b t a i n e d  by G . P . C . )  f o r  a l l  t h e  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  

o l i g o m e r s  wher e  b o t h  v a l u e s  wer e  q u o t e d .

I n  t h i s  way,  a v a l u e  o f  Mn 5 3 , 0 0 0  was o b t a i n e d  f o r  sampl e  

11 3 8 / 7 1 / 3  w i t h  d i m e t h y l a m i n o  t e r m i n a t i o n s .

3 . 1 . 6  S y n t h e s i s  o f  P . E . S . / P . D . M. S . B l o c k  C o p o l y m e r s .

3 . 1 . 6 . 1  S e l e c t i o n  o f  S o l v e n t  S y s t e m.

S h o r t l y  a f t e r  t h e  commencement  o f  t h e  i n v e s t i g a t i o n  i t  

became a p p a r e n t  t h a t  d i f f i c u l t i e s  wo u l d  a r i s e  w i t h  t h e  s e l e c t i o n  

o f  a s u i t a b l e  s o l v e n t  s ys t em i n  w h i c h  t o  c a r r y  o u t  t h e  

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

R e f e r e n c e  t o  H i l d e b r a n d ' s  s o l u b i l i t y  p a r a m e t e r s  f o r  t h e  two  

s t a r t i n g  m a t e r i a l s ,  P . E . S .  [ d = 2 5 . 2  ( J / c m 3 ) 0 *5 ] and P . D . M . S .

[ d = 1 4 . 9  ( J / c m 3 )0*5 ] i n d i c a t e d  g r o s s  i n c o m p a t i b i l i t y  b e t w e e n  

t h e  c o mp o n e n t s .  A l t h o u g h  t h i s  l a r g e  v a l u e  o f  A [ 1 0 . 3  ( J / c m 3 )0 *5 ] 

woul d  be b e n e f i c i a l  f r om t h e  p o i n t  o f  v i e w  o f  p r o m o t i n g  

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

woul d d i s s o l v e  b o t h  c omponent s  wou l d  be r e m o t e .

I n i t i a l  t r i a l s  u s i n g  c h l o r o b e n z e n e  [ cf = 1 9 . 4  ( J / c m 3 )0,5 ] ,  a 

s o l v e n t  empl oyed  by Noshay e t  a l  i n  c o p o l y m e r i s i n g  p o l y s u l p h o n e

[ cf = 2 1 . 7  ( J / c m 3 ) 0-5 ] w i t h  P . D . M . S . ,  wer e  u n s u c c e s s f u l .  Even a t  

t e m p e r a t u r e s  a p p r o a c h i n g  i t s  b o i l i n g  p o i n t  ( 1 3 2 ° C ) ,  c h l o r o b e n z e n e  

was f ound  t o  d i s s o l v e  h y d r o x y l - t e r m i n a t e d  P . E . S .  o n l y  s p a r i n g l y .  

O t h e r  common s o l v e n t s  e x a mi n e d  e . g .  t e t r a h y d r o f u r a n  ( T . H . F . ) ,  

d i p h e n y l s u l p h o n e  ( D . P . S . ) ,  N - m e t h y 1 - 2 - p y r r o l i d o n e  ( N . M . P . ) ,

d i m e t h y l s u l p h o x i d e  ( D . M . S . O . )  and d i m e t h y l f o r m a m i d e  ( D . M . F . )  wer e

a l l  f ound  t o  d i s s o l v e  one o f  t h e  o l i g o m e r s  w e l l  w h i l s t  o n l y  

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

D i c h l o r o m e t h a n e  [ cf = 1 9 . 8  J / c m 3 )0*5 ] was f o u n d  t o  be one 

s o l v e n t  wh i ch  d i d  a p p e a r  t o  d i s s o l v e  b o t h  P . E . S .  and P . D . M . S .  

H owe v e r ,  when t h i s  s o l v e n t  was e mpl oy e d  i n  an a t t e m p t  t o  

c o p o l y m e r i s e  h y d r o x y l - t e r m i n a t e d  P . E . S .  w i t h  d i m e t h y l  ami  n o -  

t e r m i n a t e d  P . D . M . S . ,  t h e  r e s u l t i n g  p r o d u c t  was f ound  t o  be a 

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

s e l e c t i v e  s o l u b i l i s a t i o n  o f  t h e  P . D . M . S .  phase  w i t h  d i e t h y l  

e t h e r ,  and t h e  p e r f o r m i n g  o f  I . R .  and N . M . R .  a n a l y s e s  on t h e  

s o l u t e  and r e s i d u e .

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

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

P . E . S .  f or ms a compl ex  compound w i t h  d i c h l o r o m e t h a n e  ( 1 4 1 )  l e a d  

one t o  s u g g e s t  t h a t  i t  i s  t h e  f o r m a t i o n  o f  such a c o mp l e x  

compound t h a t  i n h i b i t s  t h e  c o p o l y m e r i s a t i o n  o f  P . E . S .  w i t h  

P . D . M . S .
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C o p o l y m e r i s a t i o n  a t t e m p t s  e m p l o y i n g  m u l t i c o m p o n e n t  s o l v e n t  

s ys t ems  e . g .  t o l u e n e / N . M. P . ,  wher e  a c o m p l e t e l y  m i s c i b l e

s o l u t i o n  o f  b o t h  component s  was a c h i e v e d ,  r e s u l t e d ,  y e t  a g a i n ,  i n  

t h e  f o r m a t i o n  o f  a s i m p l e  p h y s i c a l  m i x t u r e  o f  P . E . S .  and P . D . M . S .

A f t e r  some c o n s i d e r a b l e  t i m e  i n v e s t i g a t i n g  d i f f e r e n t  s o l v e n t  

s y s t e m s ,  a s o l v e n t  was f o und  w h i c h  a p p e a r e d  t o  a l l o w  t h e  

c o p o l y m e r i s a t i o n  r e a c t i o n  t o  p r o c e e d .  1 , 2 - D i c h l o r o b e n z e n e

[ d = 2 0 . 5  ( J / c m 3 )0 ' 5 ] was f o u n d  t o  d i s s o l v e  r e a s o n a b l e

q u a n t i t i e s  o f  b o t h  h y d r o x y l - t e r m i n a t e d  P . E . S .  and d i m e t h y l a m i n o -  

t e r m i n a t e d  P . D . M . S .  a t  i t s  b o i l i n g  p o i n t  ( 1 8 0 ° C ) .

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

s o l v e n t  was s u p p l i e d  by t h e  i d e n t i f i c a t i o n  o f  t h e  

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

t h e  r e a c t i o n  v e s s e l .

A t t e m p t s  t o  i m p r o v e  t h e  s o l u b i l i t y  o f  t h e  P . E . S .  o l i g o m e r  i n  

1 , 2 - d i c h l o r o b e n z e n e  by t h e  i n c l u s i o n  o f  s m a l l  q u a n t i t i e s  o f  a 

s o l v e n t  s p e c i f i c  f o r  P . E . S .  i . e .  D . M . F . ,  r e s u l t e d  i n  no 

d e t e c t a b l e  d i m e t h y l a m i n e  l i b e r a t i o n  b e i n g  o b s e r v e d .

The f o l l o w i n g  mechani sm has been p r o p o s e d  t o  e x p l a i n  t h e  

a b o v e - m e n t i o n e d  phenomenon.

1 , 2 - d i c h l o r o b e n z e n e  i s  a p oo r  h y d r o g e n - b o n d i n g  s o l v e n t ,  and 

as such woul d  n o t  l e n d  i t s e l f  r e a d i l y  t o  such b o n d i n g  w i t h  any o f  

t h e  r e a c t i n g  o l i g o m e r s .  On t h e  o t h e r  h a n d ,  s o l v e n t s  such as 

D . M . F .  a r e  v e r y  s t r o n g  h y d r o g e n - b o n d i n g  s p e c i e s  and c o u l d  e n t e r  

i n t o  such b o n d i n g  w i t h  h y d r o x y l - t e r m i n a t e d  P . E . S .  t h u s  : -

H - ( - 0 - ^ - S 0 2 - ^ —) ^- 0- H-----------------0 = CH-N ( Me )2

Such h y d r o g e n - b o n d i n g  can h ave  a f u n d a m e n t a l  e f f e c t  on t h e
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r a t e  o f  a c o p o l y m e r i s a t i o n  r e a c t i o n  as s u g g e s t e d  by Noshay e t  a l  

( 1 0 3 ) .  These  w o r k e r s  f ound  t h a t  t h e  r e a c t i o n  b e t w e e n  h y d r o x y l -  

t e r m i n a t e d  p o l y s u l p h o n e  and d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  

p r o c e e d e d  a t  a much s l o w e r  r a t e  i n  T . H . F .  t h a n  i n  c h l o r o b e n z e n e .  

They s u g g e s t e d  t h a t  t h e  e f f e c t  m i g h t  be due t o  h y d r o g e n - b o n d i n g  

b e t we e n  t h e  T . H . F .  and t h e  p o l y s u l p h o n e  o l i g o m e r  h y d r o x y l  g r o u p .  

T h i s  b o n d i n g ,  t h e y  c l a i m e d ,  wou l d  r e d u c e  t h e  a v a i l a b i l i t y  o f  t h e  

p h e n o l i c  h y d r o g e n  f o r  h y d r o g e n - b o n d i n g  w i t h  t h e  n i t r o g e n  o f  t h e

s i l y l a m i n e  e n d - g r o u p s .  T h i s  - N  H b o n d i n g  i n  a s o l v e n t  such as

c h l o r o b e n z e n e  wou l d  be e x p e c t e d  t o  weaken t h e  S i - N  bond and make 

t h e  S i  more s u s c e p t i b l e  t o  a t t a c k  by t h e  0 o f  t h e  p o l y s u l p h o n e  

e n d - g r o u p s ,  as i l l u s t r a t e d  by : -

A l l  t h e  e v i d e n c e  c o l l e c t e d  t o  d a t e  on t h e  P . E . S . / P . D . M. S . 

c o p o l y m e r i s a t i o n  sys t em c o r r o b o r a t e s  t h e  f i n d i n g s  o f  Noshay e t  a l  

on t h e  p o l y s u l p h o n e / P . D . M. S . s y s t e m and s u g g e s t s  t h a t  any s o l v e n t  

c a p a b l e  o f  e n t e r i n g  i n t o  h y d r o g e n - b o n d i n g  w i t h  h y d r o x y l -  

t e r m i n a t e d  P . E . S .  s h o u l d  be e x c l u d e d  f r om use i n  t h e  

c o p o l y m e r i s a t i o n  r e a c t i o n  b e t we e n  P . E . S .  and P . D . M . S .

3 . 1 . 6 . 2  R e a c t i o n  P r o c e d u r e .

P r e s e n t e d  h e r e  a r e  t h e  d e t a i l s  r e l a t i n g  t o  t h e  p r e p a r a t i o n  

o f  a b l o c k  c o p o l y m e r  o f  h y d r o x y l - t e r m i n a t e d  P . E . S .  ( M n ~ A , 9 0 0 ) ,  

and d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  ( Mn ~ 5 , 1 0 0 )  . The r e a c t i o n  

p r o c e e d s  i n  1 , 2 - d i c h l o r o b e n z e n e  s o l v e n t  as f o l l o w s  : -

- - p o l y s u l p h o n e  0 :  >S i ---------P . D . M . S
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Me Me

( Me )2 N—(—S i - 0 —)pj -Si -N( Me ) 2  + HO—(— S O ? 0 —

Me Me

1 70°C

Me Me

I I ^  ^
( Me ) 2 N -{-- (  S i - O —̂ S i - O —f - \ _ / - S 0 2 - O - ° '  )m' ]y H + ( Me ) 2 NH*

Me Me

A 1 l i t r e ‘ 5 - n e c k e d  f l a s k  was f i t t e d  w i t h  a d r y  n i t r o g e n  

i n l e t ,  a m e c h a n i c a l  s t i r r e r ,  a t h e r m o m e t e r ,  an a d d i t i o n  f u n n e l  

c o n t a i n i n g  d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  ( 2 8 . 6 5 g / 0 . 0 0 5 6  m o l e )  

and a c o n d e n s e r  e q u i p p e d  w i t h  a s h o r t  p a t h  d i s t i l l a t i o n  t a k e - o f f .  

D r y i n g  t u b e s  wer e  p l a c e d  on t h e  c o n d e n s e r  and a d d i t i o n  f u n n e l  

( f i g  A l ) .  Dry  h y d r o x y 1 - t e r m i n a t e d  P . E . S .  ( 2 5 . 0 0 g / 0 . 0 0 5 1  m o l e )  was 

c h a r g e d  t o  t h e  f l a s k  a l o n g  w i t h  1 , 2 - d i c h l o r o b e n z e n e  ( 8 0 0 m l ) .  The  

s t i r r e r  was s w i t c h e d  on and t h e  t e m p e r a t u r e  o f  t h e  f l a s k  r a i s e d  

u n t i l  a s t e a d y  r e f l u x  was o b t a i n e d .  A s t r e a m  o f  d r y  n i t r o g e n  was 

m a i n t a i n e d  t h r o u g h o u t .  50ml  o f  1 , 2 - d i c h l o r o b e n z e n e  we r e  d i s t i l l e d  

o u t  a f t e r  wh i c h  t h e  t e m p e r a t u r e  was a d j u s t e d  t o  1 7 0 ° C  and t h e  

a d d i t i o n  o f  t h e  P . D . M . S .  b egu n .  The a d d i t i o n s  w e r e  i n c r e m e n t a l  

w i t h  10ml  b e i n g  added i n  t h e  f i r s t  i n c r e m e n t .  A f t e r  30 m i n u t e s  a 

f u r t h e r  5ml  wer e  a d d e d ,  t h e n  a t  30 mi n i n t e r v a l s  5 m l ,  3 m l ,  2 m l ,  

2 m l ,  1ml ,  and 1ml .  By d o i n g  t h i s ,  i t  was p o s s i b l e  t o  a p p r o a c h  

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

f o r m a t i o n  o f  h i g h  m o l e c u l a r  w e i g h t  p r o d u c t .  The e v o l u t i o n  o f  

d i m e t h y l a m i n e  ( t h e  r e a c t i o n  b y - p r o d u c t )  was d e t e c t e d  t h r o u g h o u t  

t h e  r e a c t i o n  w i t h  m o i s t  l i t m u s  p a p e r .  The m i x t u r e ’ was a l l o w e d  t o  

r e a c t  f o r  a f u r t h e r  2 h o u r s  a f t e r  t h e  f i n a l  P . D . M . S .  a d d i t i o n ,  

and t h e  b u l k  o f  t h e  s o l v e n t  t h e n  r emoved  by h e a t i n g  u n d e r  v a c u o .
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The p r o d u c t  was t a k e n  t o  c o m p l e t e  d r y n e s s  by h e a t i n g  a t  90 ° C i n  

a vacuum ov e n .

A s i m i l a r  p r o c e d u r e  was a d o p t e d  f o r  t h e  p r e p a r a t i o n  o f  a l l  

t h e  o t h e r  c o p o l y m e r s  used i n  t h i s  i n v e s t i g a t i o n .  D e t a i l s  o f  t he  

c o p o l y m e r s  s y n t h e s i s e d  a r e  c o n t a i n e d  i n  TABLE 1 1 .

3 . 2  CHARACTERISATION OF P . E ♦ S . / P . D . M. S . BLOCK COPOLYMERS.

The b l o c k  c o p o l y m e r s  p r e p a r e d  as p r e v i o u s l y  d e s c r i b e d  wer e  

c h a r a c t e r i s e d  u s i n g  a v a r i e t y  o f  t e c h n i q u e s .  The met hods  emp l o y e d  

and t h e  r e s u l t s  o b t a i n e d  a r e  d i s c u s s e d  h e r e .

3 . 2 . 1  M o l e c u l a r  W e i g h t .

Ge l  P e r m e a t i o n  C h r o m a t o g r a p h y  and S o l u t i o n  V i s c o m e t r y  wer e  

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

c o p o l y m e r s .

( a ) Ge l  P e r m e a t i o n  C h r o m a t o g r a p h y .

The c o p o l y m e r s  wer e  d i s s o l v e d  i n  1 , 2 - d i c h l o r o b e n z e n e  and 

s u b m i t t e d  t o  R . A . P . R . A .  f o r  a n a l y s i s .

T h e i r  h i g h  t e m p e r a t u r e  G . P . C .  s ys t em was used t o  o b t a i n  a 

c r u d e  i n d i c a t i o n  o f  t h e  ' p o l y s t y r e n e  e q u i v a l e n t '  m o l e c u l a r  

w e i g h t s .  The r e s u l t s  a r e  r e c o r d e d  i n  TABLE 1 2 .

( b ) V i s c o m e t r i c  A n a l y s i s .

O . l g  o f  each  c o p o l y m e r  was d i s s o l v e d  i n  50ml  

d i c h l o r o m e t h a n e .  The r e l a t i v e  v i s c o s i t y  o f  each s o l u t i o n  was 

t h e n  d e t e r m i n e d  by m e a s u r i n g  t h e  t i m e  t a k e n  f o r  t h e  s o l u t i o n  t o  

f l o w  t h r o u g h  an O s t w a l d  V i s c o m e t e r  ( T y p e  BS/ U A)  a t  2 5 ° C  and 

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

a t  t h e  same t e m p e r a t u r e .  V a l u e s  o f  s p e c i f i c  v i s c o s i t y  and r e d u c e d
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v i s c o s i t y  wer e  t h e n  c a l c u l a t e d  as i n  s e c t i o n  3 . 1 . 3 . 1  e a r l i e r .

The r e s u l t s  c o n t a i n e d  i n  TABLE 13 s u p p o r t  R . A . P . R . A . ' s  

G . P . C .  a n a l y s e s  i n  t h a t  t h e  c o p o l y m e r  w i t h  t h e  l o w e s t  m o l e c u l a r  

w e i g h t  as d e t e r m i n e d  by G . P . C .  a l s o  e x h i b i t s  t h e  l o w e s t  r e d u c e d  

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

i n c r e a s i n g  m o l e c u l a r  w e i g h t ,  we can o b s e r v e  t h a t  t h e y  a r e  a l s o  

l i s t e d  i n  o r d e r  o f  i n c r e a s i n g  r e d u c e d  v i s c o s i t y .

3 . 2 . 2  M o l e c u l a r  S t r u c t u r e .

I n f r a r e d  and 1H N . M . R .  t e c h n i q u e s  wer e  empl oy e d  i n  t h e  

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

E x a m i n a t i o n  o f  t h e  I . R .  s p e c t r a  o f  t h e  c o p o l y m e r s  

( f i g s  4 2 - 4  7 )  shows them t o  p os s e s s  t h e  s a l i e n t  f e a t u r e s  o f  t h e  

s p e c t r a  o f  t h e  P . E . S .  ( f i g s  1 - 3 )  and P . D . M . S .  ( f i g s  3 4 - 3 9 )  

o l i g o m e r s .  How e v e r ,  t h e r e  i s  one f e a t u r e  o f  p a r t i c u l a r  i n t e r e s t  

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

i s  a b s e n t  on t h e  s p e c t r a  o f  t h e  r e a c t i n g  o l i g o m e r s .  C l o s e

e x a m i n a t i o n  r e v e a l s  t h e  p r e s e n c e  o f  a peak  a t  920cm “1 on t h e

c o p o l y m e r  s p e c t r a .  T h i s  peak  can be a t t r i b u t e d  t o  t h e  S i - 0  s t r .

mode o f  t h e  S i - 0 - C 6 H5 l i n k a g e  ( e x p e c t e d  r a n g e  9 7 0 - 9 2 0 c m ”1 ) .  The

p r e s e n c e  o f  t h i s  S i - 0 - C 6 H5 l i n k a g e  i s  p r o o f  o f  t h e  f o r m a t i o n  o f  a 

P . E . S . / P . D . M. S . b l o c k  c o p o l y m e r  s i n c e  i t  o c c u r s  o n l y  i n  t h i s  

s p e c i e s  and i n  n e i t h e r  o f  t h e  r e a c t i n g  o l i g o m e r s .  F u r t h e r m o r e ,  

t h e  r e l a t i v e  i n t e n s i t y  o f  t h i s  p eak  a t  920cm”1 r e f l e c t s  t h e  

number  o f  S i - 0 - C 6 H5 l i n k a g e s  e x p e c t e d  i n  each  p o l y m e r ;  f o r

i n s t a n c e ,  t h e  peak  i s  a t  i t s  most  i n t e n s e  i n  t h e  s p e c t r u m  o f  

c o p o l y m e r  1 w h e r e ,  b e c a us e  o f  t h e  s m a l l  P . E . S .  and P . D . M . S .  

b l o c k  s i z e s ,  a l a r g e  p r o p o r t i o n  o f  S i - 0 - C g H 5 l i n k a g e s  can be 

e x p e c t e d .  On t h e  o t h e r  h a nd ,  t h e  p e a k  a p p e a r s  v e r y  s m a l l  on t h e
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s pe c t r u m o f  c o p o l y m e r  6 wher e  l a r g e  b l o c k  s i z e s  and a s m a l l  

p r o p o r t i o n  o f  S i - O - C g H g l i n k a g e s  a r e  t o  be f o u n d .

1H N . M . R .  s p e c t r a  o f  t h e  c o p o l y m e r s  ( f i g s  4 8 - 5 3 ) ,  o b t a i n e d  

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 / d i m e t h y l s u l p h o x i d e  s o l v e n t  m i x t u r e ,  

d i s p l a y  t h e  e s s e n t i a l  f e a t u r e s  o f  b o t h  t h e  P . E . S .  and P . D . M . S .

r e a c t i n g  o l i g o m e r s  ( f i g s  4 - 6 , 2 2 - 2 4 ) .  O t h e r  peaks  o b s e r v e d  on t h e

s p e c t r a  a t  2 . 7 5 ' t  and 1 .n't a r e  due t o  t h e  p r e s e n c e  o f  r e s i d u a l  

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

r e s p e c t i v e l y .

3 . 2 . 3  T he r ma l  C h a r a c t e r i s t i c s .

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

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

c o n d i t i o n s  empl oyed  wer e  as f o r  t h e  P . E . S .  and P . D . M . S .  o l i g o m e r s  

d i s c u s s e d  i n  s e c t i o n s  3 . 1 . 2 . 3  and 3 . 1 . 3 . 3  e a r l i e r .

R e f e r e n c e  t o  TABLE 11 and t h e  r e s u l t a n t  s a mpl e  w e i g h t  vs  

t e m p e r a t u r e  c u r v e s  ( f i g s  5 4 - 5 6 )  shows t h e r e  t o  be no d i s c e r n a b l e  

r e l a t i o n s h i p  b e t we e n  c o p o l y m e r  b l o c k  m o l e c u l a r  w e i g h t s  and  

t h e r m a l  s t a b i l i t y .  H owe v e r ,  t h e r e  does a p p e a r  t o  be a

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

(TABLE 12 )  and t h e r m a l  s t a b i l i t y ,  w i t h  c o p o l y m e r s  p o s s e s s i n g  

h i g h e r  o v e r a l l  m o l e c u l a r  w e i g h t s  a l s o  p o s s e s s i n g  s u p e r i o r  h i g h  

t e m p e r a t u r e  p r o p e r t i e s .

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

t o  be m a r g i n a l l y  i n f e r i o r  t o  t h a t  o f  P . E . S . ,  b u t  c o m p a r a b l e  t o ,  

or  s u p e r i o r  t o ,  t h a t  o f  l i n e a r  P . D . M . S .  o r  p h y s i c a l  b l e n d s  o f  

P . E . S .  w i t h  P . D . M . S .  ( f i g  5 6 ) .  C o p o l y me r  d e g r a d a t i o n  a p p e a r s  t o  

commence a t  t e m p e r a t u r e s  b e t w e e n  3 5 0 - 4 0 0 ° C .

F u r t h e r ,  t h e r m o g r a v i m e t r i c  a n a l y s i s  was p e r f o r m e d  i n  an
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a t t e m p t  t o  a s s e s s  t h e  e f f e c t  o f  s u b j e c t i n g  t h e  c o p o l y m e r s  t o  

t y p i c a l  P . E . S .  i n j e c t i o n  m o u l d i n g

A S t a n t o n  R e d c r o f t  TG 762 T h e r m o b a l a n c e  was e mp l oy e d  i n  t h i s  

i n v e s t i g a t i o n .

The c o p o l y m e r s  wer e h e a t e d  a t  a r a t e  o f  1 0 ° C / m i n  i n  a i r  t o  a 

maximum t e m p e r a t u r e  o f  3 6 0 ° C ,  and h e l d  a t  t h i s  t e m p e r a t u r e  f o r  30  

m i n u t e s .  A f t e r  t h i s  p e r i o d ,  t h e  w e i g h t  l o s s  o f  e ach  s ampl e  was 

r e c o r d e d ,  and t h e  v i s u a l  a p p e a r a n c e  n o t e d  (TABLE 1 4 ) .

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

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

t h e r m a l  s t a b i l i t y  as measur ed  i n  t e r m s  o f  w e i g h t  l o s s .  G e n e r a l l y ,  

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

w e i g h t  l o s s e s .  A l t h o u g h  h i g h e r  w e i g h t  l o s s e s  wer e  o b s e r v e d  i n  l ow  

m o l e c u l a r  w e i g h t  c o p o l y m e r s ,  no c o p o l y m e r  e x h i b i t e d  a w e i g h t  l o s s  

g r e a t e r  t h a n  1 2 . 5 % .

V i s u a l  e x a m i n a t i o n  r e v e a l e d  a l l  t h e  c o p o l y m e r s  t o  have  been  

a f f e c t e d  a f t e r  h e a t - t r e a t m e n t  i n  a i r  a t  3 6 0 ° C  f o r  30 m i n u t e s .  

Most  c o p o l y m e r s  a p p e a r e d  d a r k e r  i n  c o l o u r ,  b u t  some o f  t h e  

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

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

I t  i s  o b v i o u s  f r om t h e s e  r e s u l t s  t h a t  i f  t h e  c o p o l y m e r s  or  

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

n o r ma l  P . E . S .  p r o c e s s i n g  t e m p e r a t u r e s  ( 3 6 0 ° C )  t h e n  t h e  amount  o f  

t i m e  t h a t  t h e  c o p o l y m e r s  spend a t  t h i s  t e m p e r a t u r e  s h o u l d  be 

r e d u c e d  t o  a mi ni mum.  F a i l u r e  t o  do t h i s  i s  l i k e l y  t o  r e s u l t  i n  

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

b l e n d s .

D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y  i s  o f t e n  e m p l o y e d  as a
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means o f  i d e n t i f y i n g  m i c r o p h a s e  s e p a r a t i o n  w i t h i n  c o p o l y m e r s  -  

t h e  p r e s e n c e  o f  two t r a n s i t i o n s  on t h e  D . S . C .  c u r v e  c o r r e s p o n d i n g  

to  t h e  Tgs o f  t h e  r e a c t i n g  o l i g o m e r s  i s  i n d i c a t i v e  o f  s e p a r a t i o n ,  

wh e r e a s  t h e  p r e s e n c e  o f  a s i n g l e  Tg v a l u e  a t  some i n t e r m e d i a t e  

p o i n t  b e t ween  t h e  Tgs o f  t h e  o l i g o m e r s  d e n o t e s  t h e  f o r m a t i o n  o f  a 

s i n g l e  phase  c o p o l y m e r .

D . S . C .  a n a l y s i s  was p e r f o r m e d  on t h e  c o p o l y m e r s ,  t h e  same 

a p p a r a t u s  and i n s t r u m e n t a l  c o n d i t i o n s  b e i n g  e mp l oy e d  as f o r  t h e  

P . E . S .  and P . D . M . S .  o l i g o m e r s  ( s e c t i o n s  3 . 1 . 2 . 3  and 3 . 1 . 3 . 3 ) .

The c u r v e s  o b t a i n e d  ( f i g s  5 7 , 5 8 )  d i s p l a y  s i m i l a r  f e a t u r e s ,  

a l l  o f  wh i ch  c o r r e s p o n d  t o  t r a n s i t i o n s  t a k i n g  p l a c e  w i t h i n  t h e  

P . D . M . S .  component  o f  t h e  c o p o l y m e r s .  A change  i n  s p e c i f i c  . h e a t  

c a p a c i t y ,  c o r r e s p o n d i n g  t o  t h e  Tg o f  P . D . M . S . ,  i s  c l e a r l y  

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

- 1 2 2 ° C  and - 1 2 A ° C  as i n d e e d  i t  does i n  t h e  r e a c t i n g  P . D . M . S .

o l i g o m e r s  c o n s i d e r e d  e a r l i e r  ( f i g  2 5 ) .  O t h e r  p eaks  c o r r e s p o n d i n g  

t o  t h e  c o l d  c r y s t a l l i s a t i o n  and m e l t i n g  o f  P . D . M . S .  a r e  a l s o  

v i s i b l e .

No d i s c e r n a b l e  t r a n s i t i o n s  c o r r e s p o n d i n g  e i t h e r  t o  t h e  Tg o f  

a s e p a r a t e  P . E . S .  phase  w i t h i n  t h e  c o p o l y m e r s  o r ,  i n d e e d ,  t o  t h e  

Tg o f  a s i n g l e  phase  P . E . S / P . D . M. S . c o p o l y m e r  wer e  o b s e r v e d .

T h i s  phenomenon i s  b e l i e v e d  t o  be c a u s e d  by t h e  m i g r a t i o n  o f  

t h e  l o w e r  s u r f a c e  e n e r g y  P . D . M . S .  seg ment s  t o  t h e  s u r f a c e  o f  t h e  

c o p o l y m e r .  Once a t  t h e  s u r f a c e  t h e y  a c t  as i n s u l a t o r s  and i n h i b i t  

t h e  o b s e r v a t i o n  o f  t r a n s i t i o n s  o c c u r r i n g  i n  t h e  P . E . S .  s e gme nt s  

o f  t h e  c o p o l y m e r .

The a r g u me n t  f o r  P . D . M . S .  m i g r a t i o n  i s  s u p p o r t e d  by e v i d e n c e

o b t a i n e d  by o t h e r  w o r k e r s .  For  i n s t a n c e ,  S c h m i t t  e t  a l  ( 1 A 2 )
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i d e n t i f i e d  and q u a n t i f i e d  s u r f a c e  e n r i c h m e n t  w i t h  P . D . M . S .  i n  

b i s p h e n o l  A p o l y c a r b o n a t e / P . D . M . S . b l o c k  c o p o l y m e r s .  X - r a y  

p h o t o e l e c t r o n  s p e c t r o s c o p y  and i o n  s c a t t e r i n g  s p e c t r o s c o p y  wer e  

used i n  t h e  s t u d y .

C l e a r l y  t h e  D . S . C .  e v i d e n c e  does n o t  p r o v i d e  c o n c l u s i v e  

p r o o f  t h a t  m i c r o p h a s e  s e p a r a t i o n  has o c c u r r e d  i n  t h e  

P . E . S . / P . D . M. S . c o p o l y m e r s .  H o w e v e r ,  h a v i n g  i d e n t i f i e d  t h e  

P . D . M . S .  g l a s s  t r a n s i t i o n s  a t  - 1 2 3 ° C  and k nowi n g  t h a t  g r o s s  

i n c o m p a t i b i l i t y  e x i s t s  b e t we e n  P . E . S .  and P . D . M . S . ,  i t  can be 

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

t o  some e x t e n t ,  P . E . S .  and P . D . M . S .  ph a s e s  s e p a r a t e d  on a m i c r o 

s c a l e .

3 . 2 . A Dynami c M e c h a n i c a l  A n a l y s i s .

Dynami c M e c h a n i c a l  A n a l y s i s  ( D . M . A . )  was i n v e s t i g a t e d  as a 

means o f  c o m p l e m e n t i n g  t h e  D . S . C .  a n a l y s i s  p e r f o r m e d  on t h e  

P . E . S . / P . D . M . S . b l o c k  c o p o l y m e r s .

By e m p l o y i n g  a Toyo B a l d w i n  R h e o v i b r o n  i n s t r u m e n t  e q u i p p e d  

w i t h  s p e c i a l l y  d e s i g n e d  s h e a r  g r i p s  ( f i g  5 9 ) ,  i t  was hoped t o  

d e t e r m i n e  a number  o f  p a r a m e t e r s .  F o r  i n s t a n c e ,  by p l o t t i n g  t a n  cf 

vs t e m p e r a t u r e  i t  was e x p e c t e d  t o  d e t e c t  t r a n s i t i o n s  t a k i n g  p l a c e  

w i t h i n  t h e  c o p o l y m e r s  wh i c h  wer e  n o t  e v i d e n t  when t h e  sa mpl e s  

wer e  s u b j e c t e d  t o  a n a l y s i s  by t h e  l e s s  s e n s i t i v e  D . S . C .  

t e c h n i q u e s .  I n  p a r t i c u l a r ,  i t  was hoped t o  i d e n t i f y  t r a n s i t i o n s  

c o r r e s p o n d i n g  t o  t h e  Tg o f  t h e  P . E . S .  component s  w i t h i n  t h e  

c o p o l y m e r s .  F u r t h e r m o r e ,  i t  was hoped t h a t  D . M . A .  c o u l d  be used  

t o  c a l c u l a t e  t h e  dynami c  s h e a r  modul us  ( G 1 ) and d y n a mi c  s h e a r  

l o s s  modul us  ( G ' ’ ) f o r  t h e  s a mp l es  ( 1 A 3 ) .
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Howe v e r ,  p r o b l e m s  wer e  e n c o u n t e r e d  w i t h  t h e  R h e o v i b r o n ,  and  

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

p o l y s t y r e n e ,  p o l y s u l p h o n e  and P . E . S .  as s t a n d a r d s ,  no d i s c e r n a b l e  

i n f o r m a t i o n  was o b t a i n e d .  The i n v e s t i g a t i o n  was r e l u c t a n t l y  

t e r m i n a t e d .

3 . 2 . 5  C h e m i c a l  C o m p o s i t i o n .

The r e l a t i v e  p r o p o r t i o n s  o f  P . E . S .  and P . D . M . S .  i n  t h e  

c o p o l y m e r s  wer e  d e t e r m i n e d  u s i n g  b o t h  1H N . M . R .  and e l e m e n t a l  

m i c r o - a n a l y s i s  t e c h n i q u e s .

I n t e g r a t i o n  o f  t h e  P . E . S .  and P . D . M . S .  p eaks  on t h e  1H 

N . M . R .  s p e c t r a  f o r  t h e  c o p o l y m e r s  ( f i g s  48 -  5 3 )  e n a b l e d  t h e  

p e r c e n t a g e  o f  each component  t o  be d e t e r m i n e d .  A P . E . S . : P . D . M . S . 

p r o t o n  r a t i o  o f  8 : 6  was assumed.

Sampl es  o f  t h e  c o p o l y m e r s  we r e  a l s o  s u b m i t t e d  t o  E l e m e n t a l  

M i c r o - A n a l y s i s  L t d . ,  B e a w o r t h y ,  De v on ,  f o r  s i l i c o n  and s u l p h u r  

a n a l y s i s .  U n f o r t u n a t e l y  i t  was f o u n d  t h a t  s i l i c o n  c o u l d  n o t  be 

d e t e r m i n e d  on t h e s e  s a mp l e s  due t o  v o l a t i l i s a t i o n  l o s s e s .  

I n s t e a d ,  t h e  s u l p h u r  c o n t e n t  o f  t h e s e  s a mp l e s  was d e t e r m i n e d  i n  

d u p l i c a t e  and t h e  p e r c e n t a g e  o f  P . E . S .  and hence  P . D . M . S .  

d e t e r m i n e d  u s i n g  t h e  mean o f  t h e s e  two v a l u e s .

The r e s u l t s  o b t a i n e d  f r om b o t h  1H N . M . R .  and e l e m e n t a l  

a n a l y s i s  t e c h n i q u e s  a r e  c o n t a i n e d  i n  TABLE 1 5 .  A l s o  r e c o r d e d  a r e  

t h e  v a l u e s  o b t a i n e d  by a v e r a g i n g  t h e  r e s u l t s  f r om b o t h  a n a l y s i s  

met hods  a l o n g  w i t h  e x p e c t e d  p e r c e n t a g e s  c a l c u l a t e d  f r o m t h e  

w e i g h t s  o f  t h e  P . E . S .  and P . D . M . S .  o l i g o m e r s  used i n  each  

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

I n  g e n e r a l ,  t h e  r e s u l t s  o b t a i n e d  by a v e r a g i n g  t h e  P . E . S .  and
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P . D . M . S .  p e r c e n t a g e s  f r om 1H N . M . R .  and s u l p h u r  a n a l y s e s  a r e  i n  

good a g r e e m e n t  w i t h  t h e  e x p e c t e d  v a l u e s .

3 . 2 . 6  F i l m  F o r m a t i o n  and C l a r i t y .

One c h a r a c t e r i s t i c  p o s s e s s e d  by c o p o l y m e r s  w h i c h  s e t s  them 

a p a r t  f r om s i m p l e  p h y s i c a l  b l e n d s  ( o t h e r  t h a n  t h o s e  w i t h  

component s  o f  m a t c h i n g  r e f r a c t i v e  i n d i c e s )  i s  t h e i r  a b i l i t y  t o  

f or m f i l m s  w h i c h ,  i f  f r e e  f r om c o n t a m i n a t i o n ,  s h o u l d  a p p e a r  

t r a n s p a r e n t .  T h i s  t r a n s p a r e n c y  i s  a r e s u l t  o f  phase  s e p a r a t i o n  

o c c u r r i n g  on a m i c r o - s c a l e  r a t h e r  t h a n  a m a c r o - s c a l e .

A number  o f  s o l v e n t s  wer e  i d e n t i f i e d  f r om wh i c h  f i l m s  o f  t h e  

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

i n c l u d e d  b e n z e n e ,  d i c h l o r o m e t h a n e ,  c h l o r o b e n z e n e  and

1 , 2 - d i c h l o r o b e n z e n e .

The t r a n s p a r e n c y  o f  f i l m s  c a s t  f r om such s o l v e n t s  v a r i e d  

f r om sampl e  t o  s a m p l e ,  b u t  t h e  g e n e r a l  t r e n d  was f o r  t h e  

c o p o l y m e r s  w i t h  l ow P . E . S .  and P . D . M . S .  b l o c k  m o l e c u l a r  w e i g h t s  

t o  be more t r a n s p a r e n t  t h a n  t h o s e  w i t h  h i g h e r  m o l e c u l a r  w e i g h t  

b l o c k s .  Any c l o u d i n e s s  o b s e r v e d  i n  t h e  c o p o l y m e r  f i l m s  was 

a s c r i b e d  t o  homopol ymer  c o n t a m i n a t i o n  r e s u l t i n g  f r om i n c o m p l e t e  

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

A t t e m p t s  t o  c a s t  f i l m s  f r om s o l u t i o n s  c o n t a i n i n g  s t r o n g  

h y d r o g e n - b o n d i n g  s o l v e n t s  such as D . M . S . O . ,  D . M . F . ,  N . M . P .  e t c . ,  

r e s u l t e d  i n  t h e  a p p a r e n t  b r e a k d own  o f  t h e  c o p o l y m e r  i n t o  a s i m p l e  

p h y s i c a l  b l e n d  c o m p r i s i n g  a w h i t e / g r e y  s o l i d  phase  d i s p e r s e d  i n  a 

t r a n s p a r e n t  v i s c o u s  l i q u i d .  T h i s  phenomenon i s  b e l i e v e d  t o  be a 

r e s u l t  o f  t h e  c l e a v a g e  o f  t h e  r e l a t i v e l y  weak S i - 0 - C 6 H5 l i n k a g e .
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3 . 2 . 7  S e l e c t i v e  S o l v a t i o n .

One met hod o f  d i f f e r e n t i a t i n g  b e t we e n  a c o p o l y m e r  and a 

s i m p l e  p h y s i c a l  b l e n d  i s  by t h e  use o f  s e l e c t i v e  s o l v a t i o n .  T h i s  

t e c h n i q u e  may a l s o  be used t o  r emove unwa n t e d  homopol ymer

c o n t a m i n a t i o n  f r om i mp u r e  c o p o l y m e r s .

D i f f i c u l t i e s  wer e  e n c o u n t e r e d  i n  t h e  a p p l i c a t i o n  o f  t h i s

t e c h n i q u e  t o  t h e  P . E . S . / P . D . M . S . c o p o l y m e r s  u n d e r  t e s t ,  h o w e v e r ,

owi ng t o  t h e  r a t h e r  s u s p e c t  s o l v e n t  r e s i s t a n c e  o f  t h e s e

compounds.  S t r o n g  h y d r o g e n - b o n d i n g  s o l v e n t s  had t o  be a v o i d e d ,

and o f  t h e  s o l v e n t s  t h a t  r e m a i n e d ,  one had t o  be f o und  t h a t  

s e l e c t i v e l y  d i s s o l v e d  P . E . S .  and a n o t h e r  f ou nd  t h a t  s e l e c t i v e l y  

d i s s o l v e d  P . D . M . S .  w i t h o u t  c a u s i n g  d e g r a d a t i o n  o f  t h e  c o p o l y m e r .

D i e t h y l  e t h e r  C cf = 1 5 . 1  ( J / c m 3 )0 -5 ] was f o u nd  t o  

s e l e c t i v e l y  d i s s o l v e  P . D . M . S .  w i t h o u t  c a u s i n g  c o p o l y m e r  

b r e a k d o w n ,  b u t  c o n s i d e r a b l e  d i f f i c u l t y  was e n c o u n t e r e d  i n  

l o c a t i n g  a s o l v e n t  wh i c h  woul d  s e l e c t i v e l y  s o l u b i l i s e  P . E . S .

Onl y  one s o l v e n t ,  n i t r o m e t h a n e  [ d = 2 6 . 0  ( J / c m 3 )0 -5 ] was 

f o und  t o  possess  t h e  d e s i r e d  q u a l i t i e s .  H o w e v e r ,  t h e  use o f  t h i s  

compound was c o n s i d e r e d  t oo  h a z a r d o u s  owi n g  t o  i t s  t o x i c ,  

f l a m m a b l e  and p o t e n t i a l l y  e x p l o s i v e  n a t u r e .  S e l e c t i v e  s o l v a t i o n  

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

P r o c e d u r e .

A p r e w e i g h e d  e x t r a c t i o n  t h i m b l e  was p l a c e d  i n t o  a S o h x l e t  

e x t r a c t o r  c o n t a i n i n g  d i e t h y l  e t h e r ,  and t h e  s o l v e n t  r e f l u x e d  f o r  

2 h o u r s .  A f t e r  t h i s  t i m e ,  t h e  t h i m b l e  was r e mo v e d ,  r e w e i g h e d  and  

t h e  w e i g h t  l o s s  r e c o r d e d  as ' x '  g r a ms .

A n o t h e r  p r e w e i g h e d  t h i m b l e  c o n t a i n i n g  a known amount
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( a p p r o x .  l g )  o f  one o f  t h e  P . E . S . / P  . D . M. S . c o p o l y m e r s  was t r e a t e d

i n  an i d e n t i c a l  man ner ,  and t h e  w e i g h t  l o s s  r e c o r d e d  as ' y '

g r ams .  The w e i g h t  l o s s  o f  t h e  c o p o l y m e r  was t h e n  d e t e r m i n e d  as  

' y - x '  gr ams .  T h i s  w e i g h t  l o s s  was t h e n  e x p r e s s e d  as a p e r c e n t a g e  

o f  t h e  t o t a l  P . D . M . S .  c o n t e n t  o f  t h e  c o p o l y m e r  ( d e f i n e d  i n

TABLE 15 as t h e  mean o f  N . M . R .  and S u l p h u r  A n a l y s i s ) .  T h i s

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

As a s t a n d a r d ,  a s i m p l e  p h y s i c a l  b l e n d  o f  P . E . S .  ( M n ~  5 , 0 0 0 )  

and P . D . M . S .  ( M n * « 5 , 0 0 0 )  was p r e p a r e d  i n  and c a s t  f r om  

d i c h l o r o m e t h a n e .  T h i s  b l e n d  was t h e n  s u b j e c t e d  t o  t h e  same 

p r o c e d u r e  as t h e  c o p o l y m e r s .  The w e i g h t  l o s s  was e x p r e s s e d  as a 

p e r c e n t a g e  o f  t h e  P . D . M . S .  c o n t e n t  o f  t h e  b l e n d .

The r e s u l t s  o f  t h i s  a n a l y s i s  (TABLE 16 )  i n d i c a t e  a l m o s t  

c o m p l e t e  s o l v a t i o n  o f  t h e  P . D . M . S .  i n  t h e  s i m p l e  P . E . S . / P . D . M . S . 

b l e n d ,  b u t  o n l y  p a r t i a l  s o l v a t i o n  o f  t h e  P . D . M . S .  i n  t h e  

r e m a i n i n g  s a m p l e s .  Thus ,  f u r t h e r  s t r o n g  e v i d e n c e  has been  

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

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

s i m p l e  p h y s i c a l  b l e n d s  o f  P . E . S .  and P . D . M . S .

3 . 2 . 8  M o r p h o l o g y .

A J e o l  100CX T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p e  ( T . E . M . )  was 

e mpl oyed  i n  a s t u d y  o f  t h e  mo r p h o l o g y  o f  t h e  P . E . S . / P . D . M. S . 

c o p o l y m e r s .

T h i n  f i l m s  wer e  p r e p a r e d  by d i s s o l v i n g  t h e  c o p o l y m e r s  i n  

b e n z e n e ,  p o u r i n g  t h e  s o l u t i o n s  o n t o  w a t e r ,  and a l l o w i n g  t h e  

b e n z e n e  t o  e v a p o r a t e  n a t u r a l l y .

The f i l m s  wer e  c a r e f u l l y  f l o a t e d  o n t o  c o p p e r  g r i d s  p r i o r  t o
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e x a m i n a t i o n  on t h e  T . E . M .

M i c r o p h a s e  s e p a r a t i o n  was o b s e r v e d  i n  a l l  t h e  c o p o l y m e r s  

( f i g s  6 0 - 6 5 ) ,  t h e  d a r k  domai ns  c o r r e s p o n d i n g  t o  P . D . M . S .  and t h e  

l i g h t e r  domai ns  t o  P . E . S .  No s e l e c t i v e  s t a i n i n g  p r o c e d u r e s  wer e  

r e q u i r e d ,  good c o n t r a s t  be t we e n  t h e  two p hases  b e i n g  o b t a i n e d  

b e c a us e  o f  t h e  d i f f e r e n c e  i n  e l e c t r o n  a b s o r p t i o n  and s c a t t e r i n g  

o f  t h e  P . E . S .  and P . D . M . S .  b l o c k s .

A d i f f e r e n t  mo r p h o l o g y  was o b s e r v e d  f o r  each c o p o l y m e r ,  f o r  

i n s t a n c e ,  c o p o l y m e r  1 ( f i g  6 0 )  a p p e a r e d  as s m a l l  i r r e g u l a r  

domai ns  o f  P . D . M . S .  i n  a m a t r i x  o f  P . E . S .

C o p o l y me r s  2 and 3 ( f i g s  61 and 62 ) c o m p r i s e d  s p h e r i c a l

domai ns  o f  P . E . S .  i n  a m a t r i x  o f  P . D . M . S . ,  t h e s e  doma i ns  

a p p e a r i n g  l a r g e r  i n  c o p o l y m e r  3 t h a n  i n  c o p o l y m e r  2 .
J

Cop o l ymer  A ( f i g  6 3 )  d i s p l a y e d  two d i s t i n c t  m o r p h o l o g i c a l  

c h a r a c t e r i s t i c s .  The b u l k  o f  t h e  m a t e r i a l  a p p e a r e d  as s w i r l s  o f  

P . E . S .  i n  a m a t r i x  o f  P . D . M . S .  I n t e r s p e r s e d  w i t h  t h i s  wer e  

d r o p l e t s  o f  P . D . M . S .  c o n t a i n i n g  o c c l u d e d  P . E . S .

I n  c o n t r a s t  t o  t h i s ,  c o p o l y m e r  5 ( f i g  6A)  a p p e a r e d  as s w i r l s  

o f  P . D . M . S .  i n  a P . E . S . ' m a t r i x .

Cop o l y me r  6 ( f i g  65 ) d i s p l a y e d  s i m i l a r  m o r p h o l o g i c a l

c h a r a c t e r i s t i c s  t o  t h o s e  seen i n  c o p o l y m e r  A.

I n  t h e  p a s t ,  w o r k e r s  have  s o u g h t  t o  c o r r e l a t e  t h e  o b s e r v e d  

mo r p h o l o g y  o f  m i c r o p h a s e  s e p a r a t e d  c o p o l y m e r s  w i t h  t h e  b l o c k  

s i z e s  and r e l a t i v e  vo l ume f r a c t i o n s  o f  t h e  r e s p e c t i v e  c o mp on e n t s  

w i t h i n  t h e  c o p o l y m e r  (8A and 1 1 3 ) .  H o w e v e r ,  no a t t e m p t  has  been  

made t o  p e r f o r m  such an e x e r c i s e  i n  t h i s  s t u d y  s i n c e  t h e r e  i s  no 

r e a s o n  t o  b e l i e v e  t h a t  t h e  m i c r o s t r u c t u r e s  o b s e r v e d  i n  f i g s  60 t o  

65 r e p r e s e n t  t h e  e q u i l i b r i u m  m i c r o s t r u c t u r e s  f o r  t h e  r e s p e c t i v e
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c o p o l y m e r s .  I n d e e d ,  i t  wo u l d  be e x p e c t e d  t h a t  by c a s t i n g  t h e  

c o p o l y me r  f i l m s  f r om a d i f f e r e n t  s o l v e n t ,  o r  h e a t - t r e a t i n g  t h e  

sampl es  p r i o r  t o  e x a m i n a t i o n ,  d i f f e r e n t  m i c r o p h a s e - s e p a r a t e d  

m o r p h o l o g i e s  wou l d  be o b s e r v e d  ( 8 4 ) .

I n  a f u r t h e r  s t u d y ,  t h i n  f i l m s  o f  c o p o l y m e r s  1 , 2  and 5 were  

p r e p a r e d  a t  room t e m p e r a t u r e  on a R e i c h e r t  Om U3 u l t r a m i c r o t o m e .  

These f i l m s  wer e  f l o a t e d  o n t o  c o p p e r  g r i d s  and e x a mi ne d  on t h e  

T . E . M .

Cop o l ymer  1 ( f i g s  66 and 6 7 )  a p p e a r e d  as v e r y  s m a l l  

i r r e g u l a r  domai ns  o f  b o t h  P . E . S .  and P . D . M . S .  w i t h  no p a r t i c u l a r  

s p e c i e s  f o r m i n g  a c o n t i n u o u s  m a t r i x .

I n  c o n t r a s t ,  c o p o l y m e r  2 ( f i g s  68 and 69 ) d i s p l a y e d  a 

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

C op o l y me r  5 ( f i g s  70 and 7 1 )  c o m p r i s e d  l a r g e  s p h e r i c a l  o r  

e l l i p t i c a l  domai ns  o f  P . E . S .  i n  a m a t r i x  o f  P . D . M . S .

T h i s  s t u d y  o f  u l t r a m i c r o t o m e d  c o p o l y m e r  f i l m s  c o mp l e me n t s  

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

mi c r o p h a s e  s e p a r a t i o n  w i t h i n  t h e  c o p o l y m e r s .  Even i n  c o p o l y m e r  1 

c o n t a i n i n g  l ow m o l e c u l a r  w e i g h t  P . E . S .  and P . D . M . S .  b l o c k s ,  a 

t w o - p h a s e  mo r p h o l o g y  was o b s e r v e d .

F u r t h e r m o r e ,  t h e  d i f f e r e n t  m o r p h o l o g i e s  e x h i b i t e d  by 

u l t r a m i c r o t o m e d  f i l m s  as compar ed  w i t h  b e n z e n e - c a s t  f i l m s ,  

s u p p o r t  t h e  a r g u me n t  t h a t  e q u i l i b r i u m  m i c r o s t r u c t u r e s  a r e  n o t  

n e c e s s a r i l y  b e i n g  o b s e r v e d  i n  t h i s  i n v e s t i g a t i o n .

86



3 . 3  THE IMPACT MODI FI CATI ON OF A800P GRADE VICTREX WITH
P . E . S . / P . P . M . S .  BLOCK COPOLYMERS.

The P . E . S . / P . D . M . S . c o p o l y m e r s ,  p r e p a r e d  and c h a r a c t e r i s e d  

as d e s c r i b e d  p r e v i o u s l y ,  wer e  b l e n d e d  w i t h  A800P g r a d e  V i c t r e x  i n  

an a t t e m p t  t o  i m p r o v e  t h e  n o t c h e d  i m p a c t  r e s i s t a n c e  o f  t h e  

c o m m e r c i a l  p o l y m e r .

The p r e p a r a t i o n  and e v a l u a t i o n  o f  t h e s e  b l e n d s  i s  d e s c r i b e d

h e r e .

3 . 3 . 1  B l e n d i n g  P r o c e d u r e .

■^Copolymers 1 ,  2 ,  5 and 6 wer e  a l l  added t o  A800P g r a d e

V i c t r e x  powder  t o  y i e l d  b l e n d s  c o n t a i n i n g  2 . 5 % P . D . M . S .  T h i s  

l e v e l  o f  P . D . M . S .  was chosen  a f t e r  r e f e r e n c e  t o  t h e  wor k  

p e r f o r m e d  by Noshay e t  a l  on p o l y s u l p h o n e  ( 1 1 0 ) .  These  w o r k e r s  

f o und  t h a t  opt i mum i m p a c t  p r o p e r t i e s  o f  b l e n d s  o f  p o l y s u l p h o n e  

w i t h  a 5 0 / 5 0  wt  % p o l y s u l p h o n e / P . D . M. S . c o p o l y m e r  wer e  o b t a i n e d  

when 5% o f  t h e  c o p o l y m e r  ( e q u i v a l e n t  t o  2 . 5 % P . D . M . S . )  was  

p r e s e n t  i n  t h e  s y s t e m .

Cop o l y me r s  3 and A wer e  mi x e d  t o g e t h e r  t o  y i e l d  one l a r g e  

b a t c h  o f  P . E . S .  ( Mn A , 9 0 0 ) / P . D . M . S . ( M n * - 5 , 1 0 0 )  c o p o l y m e r .  By 

d o i n g  t h i s ,  enough c o p o l y m e r  was made a v a i l a b l e  f o r  s t u d i e s  t o  be 

c a r r i e d  o u t  on t h e  e f f e c t  o f  i n c r e a s i n g  P . D . M . S .  c o n t e n t  on b l e n d  

i m p a c t  s t r e n g t h .  B l e n d s  c o n t a i n i n g  0 . 5 % ,  1 . 0% and 2 . 5% P . D . M . S .  

wer e  p r e p a r e d  u s i n g  t h i s  mi xed  c o p o l y m e r  and A800P g r a d e  V i c t r e x  

p o w d e r .

One f u r t h e r  b l e n d  was p r e p a r e d  u s i n g  A800P V i c t r e x  and  

l i n e a r ,  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  ( Mn ~ 5 3 , 0 0 0 ) .  A g a i n  t h e  

P . D . M . S .  l e v e l  i n  t h e  f i n a l  m i x t u r e  was a d j u s t e d  t o  2 . 5 % .  The

*  5r*^U $c\y&
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p r e p a r a t i o n  o f  t h i s  s i m p l e  b l e n d  o f  V i c t r e x  and P . D . M . S .  p r o v i d e d

t h e  p o t e n t i a l  f o r  a d i r e c t  c o m p a r i s o n  t o  be made b e t w e e n  f r e e  and

c o p o l y m e r i s e d  P . D . M . S .  as i m p a c t  m o d i f i e r s  f o r  V i c t r e x .

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

TABLE 17 .

A l l  t h e  b l e n d s  p r e p a r e d  wer e  H e n s c h e l  mi xed  f o r  10 m i n u t e s  

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

a d d i t i v e  t h r o u g h o u t  t h e  V i c t r e x  m a t r i x .  A f t e r  H e n s c h e l  m i x i n g ,  

t h e  sa mpl e s  wer e  d r i e d  i n  an oven a t  1 5 0 ° C  o v e r n i g h t .

The b l e n d s  o f  c o p o l y m e r s  1 and 2 w i t h  V i c t r e x  wer e  e x t r u d e d

u s i n g  a B e t o l  e x t r u d e r  s i t e d  a t  I . C . I . ,  W i l t o n .  A f l a t  

t e m p e r a t u r e  p r o f i l e  o f  3 2 0 ° C  was used  on t h e  f o u r  b a r r e l  z o n e s  

and t h e  d i e  z o n e ,  and a sc r ew speed  o f  AO r . p . m .  e mp l o y e d  d u r i n g  

t h e  e x t r u s i o n  p r o c e s s .

A t t e m p t s  t o  p r o c e s s  t h e  o t h e r  b l e n d s  u s i n g  t h i s  e x t r u d e r  and  

t h e s e  o p e r a t i n g  c o n d i t i o n s  wer e  u n s u c c e s s f u l .  The p r e s e n c e  o f  t h e  

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

V i c t r e x  m a t r i x  so d r a m a t i c a l l y  t h a t  ' f e e d i n g '  p r o b l e m s  we r e  

e n c o u n t e r e d  a t  t h e  e n t r a n c e  t o  t h e  e x t r u d e r  b a r r e l .  A t t e m p t s  t o  

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

zones  and by l o w e r i n g  t h e  sc r e w s peed  p r o v e d  u n s u c c e s s f u l .

F u r t h e r  a t t e m p t s  t o  e x t r u d e  t h e s e  b l e n d s  u s i n g  a B e t o l  

e x t r u d e r  s i t e d  a t  S h e f f i e l d  C i t y  P o l y t e c h n i c  we r e  more  

s u c c e s s f u l .  By r e m o v i n g  t h e  b r e a k e r  p l a t e  i n  t h e  d i e  zone and  

u s i n g  a t e m p e r a t u r e  p r o f i l e  o f  zone  1 2 8 A ° C ,  zone  2 3 1 6 ° C ,  z o n e  3 

3 30° C and d i e  zone 3 2 2 ° C ,  t o g e t h e r  w i t h  a s c r e w speed  o f  

30 r . p . m . ,  a l l  t h e  r e m a i n i n g  b l e n d s  wer e  e x t r u d e d  s u c c e s s f u l l y .  

The e x t r u d a t e s  wer e  t h e n  g r a n u l a t e d  as a n e c e s s a r y  p r e - r e q u i s i t e
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t o  i n j e c t i o n  m o u l d i n g .

S t a n d a r d  I z o d  and T e n s i l e  t e s t  p i e c e s  wer e  p r e p a r e d  f o r  p u r e  

P . E . S .  and a l l  t h e  b l e n d s  u s i n g  an A r b u r g  A l l - r o u n d e r  i n j e c t i o n  

mo u l d i n g  mach i n e  ( m o u l d i n g  t e m p e r a t u r e  3 6 0 ° C ) .

3 . 3 . 2  V i s u a l  E x a m i n a t i o n  o f  B l e n d  T e s t  P i e c e s .

The e f f e c t  o f  a d d i n g  i n c r e a s e d  amount s  o f  c o p o l y m e r i s e d  

P . D . M . S .  t o  P . E . S .  was a s s e s s e d  by v i s u a l  e x a m i n a t i o n  o f  

i n j e c t i o n  moul ded t e n s i l e  t e s t  p i e c e s  ( f i g  7 2 ) .

The n o r ma l  t r a n s p a r e n c y  o f  p u r e  P . E . S .  i s  l o s t  on a d d i t i o n  

o f  1% c o p o l y m e r i s e d  P . D . M . S .  a l t h o u g h  no s i g n i f i c a n t  d e l a m i n a t i o n  

a p p e a r s  t o  o c c u r  a t  t h i s  a d d i t i v e  l e v e l .  How e v e r ,  when t h e  

c o p o l y m e r i s e d  P . D . M . S .  l e v e l  i s  r a i s e d  t o  2 . 5 % ,  e x t e n s i v e  

d e l a m i n a t i o n  becomes a p p a r e n t .

E x a m i n a t i o n  o f  a X - s e c t i o n  o f  a t e n s i l e  t e s t  p i e c e  

c o n t a i n i n g  2 . 5 % c o p o l y m e r i s e d  P . D . M . S .  r e v e a l e d  an a p p a r e n t l y  

i nhomogeneous  s h e a t h / c o r e  t y p e  m o r p h o l o g y  ( f i g  7 3 ) .

The o b s e r v e d  d e l a m i n a t i o n  i s  an i n d i c a t i o n  t h a t ,  d e s p i t e  t h e  

p r e s e n c e  o f  P . E . S .  domai ns  i n  t h e  c o p o l y m e r ,  g r o s s  

i n c o m p a t i b i l i t y  e x i s t s  b e t we e n  t h e  P . E . S .  m a t r i x  and t h e  P . D . M . S .  

b e a r i n g  a d d i t i v e .
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3 . 3 . 3  B l e n d  M e l t  R h e o l o q y .

I n t r o d u c t i o n

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

upon t h e  a b i l i t y  o f  t h e  p l a s t i c  t o  f l o w  and t a k e  up t h e  

i n t i m a t e  d e t a i l  o f  t h e  mo u l d .  The v i s c o s i t y  o f  t h e  m e l t  and 

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

p a r a m e t e r s  i n  t h i s  p r o c e s s .

The m e l t  t e m p e r a t u r e  i s  one such f a c t o r ;  f o r  i n s t a n c e ,

3
t h e  v i s c o s i t y  o f  4800P g r a d e  P . E . S .  i s  r e d u c e d  f r om 1 . 4  x 10

—2 2 —2N . s . m  t o  2 . 5  x 10 N . s . m  upon r a i s i n g  t h e  t e m p e r a t u r e  f r om

3 2 0 ° C  t o  3 80° C ( S h e a r  r a t e  = 1 0 3 s"1 ) .  At  any g i v e n  t e m p e r a t u r e ,

h o w e v e r ,  t h e  v i s c o s i t y  i s  a l s o  d e p e n d e n t  upon s h e a r  r a t e ,  and a

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

i n c r e a s i n g  s h e a r  r a t e .  The v e r y  h i g h  i n j e c t i o n  s p e e ds  o b t a i n a b l e

w i t h  modern i n j e c t i o n  m o u l d i n g  ma c h i n e s  can r e s u l t  i n  t h e

v e l o c i t y  and hence  t h e  s h e a r  r a t e  o f  t h e  m e l t  p a s s i n g  t h r o u g h  t h e

g a t e s  b e i n g  v e r y  g r e a t .  The m e l t  v i s c o s i t y  i n  t h e s e  a r e a s  m i g h t

as a c o nsequ ence  be s u b s t a n t i a l l y  r e d u c e d .  The s h e a r  r a t e  may

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

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

f i l l i n g ,  t e m p e r a t u r e  r i s e s  o f  as much as 2 0 ° C  may be e n c o u n t e r e d .

The d i f f i c u l t i e s  e n c o u n t e r e d  by t h e  a u t h o r  d u r i n g  t h e  

e x t r u s i o n  b l e n d i n g  o f  t h e  v a r i o u s  P . E . S . / P . E . S . - c o - P . D . M. S.  

c o m p o s i t i o n s  p r o mp t e d  an i n v e s t i g a t i o n  i n t o  t h e  u n u s u a l  

T h e o l o g i c a l  c h a r a c t e r i s t i c s  o f  t h e s e  m a t e r i a l s .  I t  was e x p e c t e d  

t h a t  t h e  d a t a  c o l l e c t e d  w o u l d  be u s e f u l  i n  two r e s p e c t s .  

F i r s t l y ,  i t  wou l d  y i e l d  i n f o r m a t i o n  on t h e  e f f e c t  on m e l t  

v i s c o s i t y  o f  p a r a m e t e r s  such as c o p o l y m e r  b l o c k  m o l e c u l a r
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w e i g h t s ,  o v e r a l l  c o p o l y m e r  m o l e c u l a r  w e i g h t ,  and P . D . M . S .  c o n t e n t  

i n  t h e  b l e n d .  S e c o n d l y ,  i t  wou l d  a s s i s t  i n  t h e  s e l e c t i o n  o f  

i n j e c t i o n  m o u l d i n g  c o n d i t i o n s ,  t h u s  r e d u c i n g  t h e  amount  o f  

p r e c i o u s  m a t e r i a l  l o s t  i n  ’ t r i a l  and e r r o r '  o p t i m i s a t i o n .

The D e t e r m i n a t i o n  o f  M e l t  V i s c o s i t y

Bot h  r o t a t i o n a l  and c a p i l l a r y  met hods  a r e  commonl y e mpl oyed  

i n  t h e  measu r emen t  o f  p o l y m e r - m e l t  v i s c o s i t i e s ,  a l t h o u g h  o n l y  

o ne ,  t h e  c a p i l l a r y  met hod a l l o w s  t h e  d e t e r m i n a t i o n  o f  m e l t  

v i s c o s i t y  a t  s h e a r  r a t e s  r e l e v a n t  t o  p r o c e s s i n g  o p e r a t i o n s ,  

i . e .  10 1 -  1 0 4 s-1 . F o r  t h i s  r e a s o n ,  t h e  c a p i l l a r y  met hod

was chosen as t h e  most  s u i t a b l e  met hod f o r  use i n  t h e s e

i n v e s t i g a t i o n s .

A D a v e n p o r t  c o n s t a n t - r a t e  e x t r u s i o n  c a p i l l a r y  r h e o m e t e r  was 

e mpl o y e d  t o  measur e  m e l t  v i s c o s i t y .  I n  t h i s  t y p e  o f  r h e o m e t e r ,  

t h e  sampl e  i s  c h a r g e d  t o  a v e r t i c a l  h e a t e d  b a r r e l ,  a t  t h e  b o t t o m  

o f  wh i c h  i s  a c a p i l l a r y  d i e .  The s a mp l e  i s  a l l o w e d  t o  s t a b i l i s e  

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

p i s t o n  i s  d r i v e n  down t h e  b a r r e l  t o w a r d s  t h e  c a p i l l a r y  a t  a 

c o n s t a n t  v e l o c i t y .  The v o l u m e t r i c  f l o w  r a t e  may be me a s u r e d  

d i r e c t l y  as t h e  p r o d u c t  o f  p i s t o n  v e l o c i t y  and b a r r e l

c r o s s - s e c t i o n a l  a r e a .

The r e l a t i o n s h i p  b e i n g  s o u g h t  i s  t h a t  b e t w e e n  f l o w  r a t e  

and p r e s s u r e  dr op  t h r o u g h  t h e  d i e .  I n  o r d e r  t o  me a s u r e  t h e

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

w a l l  j u s t  above t h e  e n t r a n c e  t o  t h e  d i e .  By d o i n g  t h i s ,  i t  i s  

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

i n  t h e  e x t r u d e r  b a r r e l  and a l s o  f r i c t i o n  l o s s e s  b e t w e e n  t h e
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p i s t o n  and t h e  b a r r e l  w a l l .  A d e r i v a t i o n  o f  t h e  P o i s e u i l l e  l aw  

f o r  c a p i l l a r y  f l o w  has been  p r e s e n t e d  by B r y d s on  ( 1 4 4 ) .  T h i s  

y i e l d s  t h e  f o l l o w i n g  r e l a t i o n s h i p s  : -

W a l l  s h e a r  s t r e s s  = PR. (N. m“ 2 ) -  ( 1 )
2L

W a l l  s h e a r  r a t e  jf = 4Q ( s “ 1 ) -  ( 2 )
TTR3

— p
wher e  P i s  t h e  p r e s s u r e  d r o p  t h r o u g h  t h e  d i e  ( N. m )

R i s  t h e  c a p i l l a r y  r a d i u s  (m)

L i s  t h e  c a p i l l a r y  l e n g t h  (m)

Q i s  t h e  vo l ume f l o w  r a t e  (m . s  )

V i s c o s i t y  i s  t h e n  g i v e n  b y : -

A p p a r e n t  v i s c o s i t y  = o's /  f  -  ( 3 )

I t  s h o u l d  be s t r e s s e d  h e r e  t h a t  t h e  P o i s e u i l l e  e q u a t i o n  

y i e l d s  an a p p a r e n t  r a t h e r  t h a n  a t r u e  me a s u r e  o f  v i s c o s i t y .  I n  

o r d e r  t o  d e r i v e  t h e  t r u e  v i s c o s i t y ,  a number  o f  c o r r e c t i o n s  must  

be made.  These  have  been s umma r i s e d  by C o g s w e l l  ( 1 4 5 ) .  I n  

p r a c t i c e ,  i t  i s  recommended t h a t  o n l y  t h r e e  o f  t h e  p r i n c i p l e  

s o u r c e s  o f  e r r o r  a r e  c o r r e c t e d  f o r .  These  a r e  a )  b a r r e l - h e i g h t  

e f f e c t s  and p i s t o n  f r i c t i o n ,  b )  t h e  ends p r e s s u r e  d r o p  and c )  a 

c o r r e c t i o n  f o r  n o n - p a r a b o l i c  v e l o c i t y  p r o f i l e  w i t h i n  t h e  d i e .

As we have  a l r e a d y  s e e n ,  e r r o r s  due t o  b a r r e l - h e i g h t  e f f e c t s  

and p i s t o n  f r i c t i o n  may be e l i m i n a t e d  by t h e  use o f  a t r a n s d u c e r  

j u s t  above t h e  d i e  e n t r a n c e .  C o r r e c t i o n s  f o r  t h e  r e m a i n i n g  two  

e r r o r  s o u r c e s  a r e  o u t l i n e d  b e l o w .

92



The ends p r e s s u r e  drop or  B a q l e y  c o r r e c t i o n

O b s e r v a t i o n s  by B a g l e y  ( 1 A 6 )  r e v e a l e d  t h a t  a p l o t  o f  

p r e s s u r e  d r o p  v e r s u s  d i e  l e n g t h - t o - r a d i u s  ( L / R )  a t  a f i x e d  w a l l  

s h e a r  r a t e  g i v e s  a s t r a i g h t  l i n e  w i t h  an i n t e r c e p t  such t h a t  t h e  

s h e a r  s t r e s s  i n  c a p i l l a r y  f l o w  i s  more c o r r e c t l y : -  

o-s = R / 2 ( d P / d L )  - ( A )

I t  i s  p o s s i b l e  t o  d e t e r m i n e  t h e  p r e s s u r e  g r a d i e n t  by u s i n g

two d i e s  o f  d i f f e r e n t  l e n g t h s ,  one a l o n g  d i e  ( L / R  = 2 0 )  and one

an o r i f i c e  ( L / R  = 0 )  such t h a t

° s  = ( PL " Po ) R/2L " (5)

wher e  = p r e s s u r e  d r op  t h r o u g h  t h e  l o n g  d i e  and

PQ = t h e  o r i f i c e  p r e s s u r e  d r o p

The v e l o c i t y  p r o f i l e  i n  t h e  d i e  -  R a b i n o w i t s c h  c o r r e c t i o n

The p s e u d o p l a s t i c  n a t u r e  o f  most  m e l t s  means t h a t  t h e  

assumed p a r a b o l i c  v e l o c i t y  p r o f i l e  i n  t h e  d i e  i s  a c t u a l l y  more  

p l u g - l i k e .  I n  o r d e r  t o  a c c o u n t  f o r  t h i s ,  t h e  R a b i n o w i t s c h

c o r r e c t i o n  ( 1 A 7 )  i s  o f t e n  made.  T h i s  c o r r e c t i o n  d e f i n e s  t h e  t r u e  

w a l l  s h e a r  r a t e  as b e i n g : -

7f . = 3n + 1 AQ - ( 6 )true------- ----------- — o
A n  TTRJ

where  n ( t h e  p s e u d o p l a s t i c i t y  i n d e x )  i s  t h e  power  i n  t h e  

r e l a t i o n s h i p

crs oA - ( 7 )
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E x p e r i m e n t a l

The b a r r e l  ( r a d i u s  1cm) o f  a D a v e n p o r t  c o n s t a n t - r a t e

e x t r u s i o n  c a p i l l a r y  r h e o m e t e r  was h e a t e d  t o  3 20° C and a l l o w e d  to  

s t a b i l i s e  a t  t h i s  t e m p e r a t u r e .  A l o n g  c a p i l l a r y  d i e  (L = 20mm,  

R = 1mm) was t h e n  i n s e r t e d  i n t o  t h e  base  o f  t h e  b a r r e l .  

G r a n u l e s  o f  t h e  P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d  u n d e r  t e s t  wer e  

d r i e d  a t  130° C f o r  3 h o u r s ,  a f t e r  wh i c h  t h e y  wer e  c h a r g e d  t o  t h e  

r h e o m e t e r  b a r r e l .  The g r a n u l e s  we r e  c omp a c t e d  and l e f t  t o  a t t a i n  

t h e  o p e r a t i n g  t e m p e r a t u r e  ( a  p e r i o d  o f  15 m i n u t e s  was a l l o w e d  f o r  

e q u i l i b r a t i o n ) .  A f t e r  t h i s  t i m e  t h e  p i s t o n  was s w i t c h e d  on,  a

p i s t o n  speed o f  1 cm/ mi n  s e l e c t e d  and t h e  p r e s s u r e  d r op  a t  t h i s

speed r e c o r d e d .  Ca r e  was t a k e n  t o  e n s u r e  t h a t  a s t a b l e  f l o w  had 

been e s t a b l i s h e d  b e f o r e  any p r e s s u r e  r e a d i n g  was t a k e n .  I n  a 

s i m i l a r  mann er ,  p r e s s u r e  r e a d i n g s  wer e  o b t a i n e d  f o r  p i s t o n  speeds  

o f  2 ,  3 ,  A,  5 and 10 c m / m i n .  Upon c o m p l e t i o n  o f  t h e  t e s t ,  t h e

r h e o m e t e r  b a r r e l  was c l e a n e d  and t h e  l o n g  c a p i l l a r y  d i e  r e p l a c e d  

w i t h  an o r i f i c e  ( L / R  = 0 ) .  The e n t i r e  p r o c e d u r e  was t h e n  

r e p e a t e d  u s i n g  g r a n u l e s  o f  t h e  same b l e n d  and t h e  same p i s t o n  

speeds as b e f o r e .

W a l l  s h e a r  s t r e s s e s ,  c o r r e c t e d  s h e a r  r a t e s  and s h e a r

v i s c o s i t i e s  wer e  c a l c u l a t e d  u s i n g  t h e  p r e v i o u s l y  d i s c u s s e d  

r e l a t i o n s h i p s  d e v e l o p e d  by B a g l e y  and R a b i n o w i t s c h .
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RESULTS AND DISCUSSI ON

S he a r  S t r e s s / S h e a r  Ra t e  R e l a t i o n s h i p s .

F i g u r e s  74 and 75 d e p i c t  t h e  r e l a t i o n s h i p  b e t w e e n  w a l l  s h e a r  

s t r e s s  and c o r r e c t e d  s h e a r  r a t e  f o r  t h e  v a r i o u s  b l e n d s  u nd e r  

i n v e s t i g a t i o n .

The v a r i a t i o n  o f  s h e a r  s t r e s s  w i t h  s h e a r  r a t e  f o r  t h e s e  

b l e n d s  was f ou nd  t o  be r e a s o n a b l y  l i n e a r  o v e r  t h e  r a n g e  s t u d i e d ,  

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

s a m p l e s .  V a l u e s  o f  t h e  e x p o n e n t ,  n ,  o f  t h e  power  l aw r e l a t i o n ,  

crs cC 0 , d e t e r m i n e d  f r om t h i s  d a t a  a r e  p r e s e n t e d  i n  TABLE 1 8 .

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

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

v a r i a t i o n  i n  t h e  v a l u e  o f  n f r om sampl e  t o  sampl e  i n d i c a t e d  a 

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

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

P . E . S . / P . D . M . S . c o p o l y m e r s  o r  i n d e e d  p u r e  l i n e a r  P . D . M . S .  t o  

P . E . S .  r e s u l t e d  i n  t h e  m e l t s  becomi ng  more N e w t o n i a n  i n  n a t u r e .

S he a r  V i s c o s i t y / S h e a r  S t r e s s  R e l a t i o n s h i p s .

The v i s c o s i t y  o f  a s i n g l e  phase  p o l y m e r  m e l t  i s  o f t e n

a s s e s s e d  i n  t e r ms  o f  i t s  r e l a t i o n s h i p  t o  s h e a r  r a t e .  Han ( 1 4 8 )

has shown,  h o w e v e r ,  t h a t  f o r  t w o - p h a s e  s y s t e m s ,  a more a c c e p t a b l e

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

a r g u e s  t h a t  i n  t w o - p h a s e  f l o w ,  s h e a r  r a t e  may n o t  be c o n t i n u o u s  

a t  t h e  phase  i n t e r f a c e ,  b u t  s h e a r  s t r e s s  may b e .  W i t h  t h i s  i n

m i n d ,  s h e a r  s t r e s s  was chosen as t h e  p a r a m e t e r  t o  w h i c h  b l e n d  

m e l t  v i s c o s i t y  was c o r r e l a t e d .  The r e s u l t s  a r e  e x p r e s s e d  

g r a p h i c a l l y  i n  f i g u r e s  76 and 7 7 .
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I m m e d i a t e l y  e v i d e n t  f r om f i g u r e  76 i s  t h e  d r a m a t i c  e f f e c t  

s m a l l  a d d i t i o n s  o f  c o p o l y m e r i s e d  P . D . M . S .  have  on t h e  s h e a r  

v i s c o s i t y  o f  P . E . S .  The t r e n d  was o b s e r v e d  by a d d i n g  d i f f e r e n t  

amount s o f  t h e  same c o p o l y m e r  t o  P . E . S .  homopol ymer  t o  y i e l d  

b l e n d s  c o n t a i n i n g  0 . 5 % ,  1 . 0% and 2 . 5% c o p o l y m e r i s e d  P . D . M . S .

A c o n s i d e r a b l e  r e d u c t i o n  i n  t h e  s h e a r  v i s c o s i t y  o f  P . E . S .  

was o b s e r v e d  even w i t h  b l e n d s  c o n t a i n i n g  as l i t t l e  as 0 . 5%  

P . D . M . S .  F u r t h e r  r e d u c t i o n s  r e s u l t e d  as t h e  p e r c e n t a g e  o f  

P . D . M . S .  i n  t h e  b l e n d  i n c r e a s e d .  The b l e n d s  a l s o  a p p e a r e d  t o  

become more N e w t o n i a n  w i t h  i n c r e a s i n g  P . D . M . S .  l e v e l s .

I n  a f u r t h e r  s t u d y  o f  t h e s e  P . E . S . / P . E . S . - c o - P . D . M. S . 

b l e n d s ,  an a t t e m p t  was made t o  a s s e s s  t h e  e f f e c t  o f  c o p o l y m e r  

m o l e c u l a r  s t r u c t u r e  on b l e n d  m e l t  v i s c o s i t y .  S h e a r  s t r e s s  vs  

s h e a r  v i s c o s i t y  r e l a t i o n s h i p s  wer e  compar ed  f o r  b l e n d s  c o n t a i n i n g  

d i f f e r e n t  c o p o l y m e r s  b u t  f i x e d  ( 2 . 5 % )  P . D . M . S .  l e v e l s  

( f i g u r e  7 7 ) .  The r e s u l t s  o b t a i n e d ,  h o w e v e r ,  p r o v e d  d i f f i c u l t  t o  

i n t e r p r e t  f o r  a number  o f  r e a s o n s .

' F i r s t l y ,  t h e  d i f f e r i n g  d e g r e e s  o f  p s e u d o p l a s t i c  b e h a v i o u r  

e x h i b i t e d  by t h e  b l e n d s  made any r e l a t i o n s h i p  b e t w e e n  v i s c o s i t i e s  

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

t h e y  wer e  compar ed .

• S e c o n d l y ,  w h i l s t  e v e r y  e n d e a v o u r  was made t o  e n s u r e  t h a t  

each  b l e n d  c o n t a i n e d  e x a c t l y  2 . 5 % P . D . M . S . ,  t h e  e x t e n t  t o  wh i c h  

t h i s  was a c h i e v e d  depended  v e r y  much upon t h e  a c c u r a c y  o b t a i n e d  

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

a l r e a d y  s e e n ,  s m a l l  v a r i a t i o n s  i n  P . D . M . S .  c o n t e n t  h ave  d r a m a t i c  

. e f f e c t s  upon b l e n d  m e l t  v i s c o s i t y .  I t  f o l l o w s  t h e n  t h a t  e ven  

s m a l l  d e p a r t u r e s  f r om a 2 . 5% P . D . M . S .  l e v e l  can p r o d u c e  

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



v i s c o s i t y  vs s h e a r  s t r e s s  c u r v e s  o b t a i n e d .

F i n a l l y ,  c o p o l y m e r  v i s c o s i t y  and hence  b l e n d  v i s c o s i t y  can  

be a f f e c t e d  by a number  o f  c o p o l y m e r  m o l e c u l a r  p a r a m e t e r s  

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

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

A l l  o f  t h e s e  p a r a m e t e r s  v a r y  f r om one b l e n d  t o  a n o t h e r ,  t h u s  

maki ng  an a s s e s me n t  o f  t h e  e f f e c t  o f  one p a r t i c u l a r  m o l e c u l a r  

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

D e s p i t e  t h e s e  o b v i o u s  l i m i t a t i o n s ,  one g e n e r a l  t r e n d  can be

used
o b s e r v e d .  A t A h i g h  s h e a r  s t r e s se s ^ ,  h i g h e r  m e l t  v i s c o s i t i e s  a r e  

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

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

phenomenon may be e x p l a i n e d  i n  t e r m s  o f  e n t a n g l e m e n t s  b e t w e e n  

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

i n c r e a s e  as t h e  m o l e c u l a r  c h a i n s  become l o n g e r ,  so g i v i n g  r i s e  

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

m i c r o p h a s e  s e p a r a t e d  c o p o l y m e r s ,  whe r e  b l o c k s  i n  one m o l e c u l a r  

c h a i n  a s s o c i a t e  and e n t a n g l e  w i t h  l i k e  b l o c k s  o f  o t h e r  c h a i n s ,  

we can e x p e c t  t h e  d e g r e e  o f  e n t a n g l e m e n t  t o  i n c r e a s e  w i t h  

i n c r e a s i n g  b l o c k  m o l e c u l a r  w e i g h t .  Once a g a i n ,  an i n c r e a s e  i n  

v i s c o s i t y  i s  t h e  l i k e l y  r e s u l t .

A l t h o u g h  t h i s  i n v e s t i g a t i o n  does  n o t  p e r m i t  an a s s e s s m e n t  

o f  t h e  r e l a t i v e  c o n t r i b u t i o n s  o f  b l o c k  m o l e c u l a r  w e i g h t s  and  

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

and hence  b l e n d  v i s c o s i t y ,  i t  i s  n o n e t h e l e s s  u s e f u l  as a g u i d e  

t o  t h e  amount  o f  c o n t r o l  o v e r  b l e n d  m e l t  v i s c o s i t y  t h a t  c o u l d  be  

a c h i e v e d  by j u d i c i o u s  c o n t r o l  o f  such c o p o l y m e r  m o l e c u l a r  

p a r a m e t e r s .
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CONCLUSION.

The T h e o l o g i c a l  p r o p e r t i e s  o f  P . E . S .  a r e  s i g n i f i c a n t l y  

a f f e c t e d  when t h e  homopol ymer  i s  b l e n d e d  w i t h  s m a l l  amount s o f  

P . E . S . / P . D . M . S .  b l o c k  c o p o l y m e r .

I n  a s t u d y  o f  t h e  e f f e c t  o f  t h e  a d d i t i v e  on P . E . S .  m e l t

r h e o l o g y ,  t h e  f o l l o w i n g  o b s e r v a t i o n s  have  been m a d e : -  

The m e l t  becomes more N e w t o n i a n  i n  n a t u r e .

b)  On l y  s m a l l  amount s  o f  a d d i t i v e  ( 0 . 5 % )  a r e  r e q u i r e d  t o

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

v i s c o s i t y  r e d u c t i o n s  o c c u r  w i t h  i n c r e a s e d  a d d i t i v e  l e v e l s .

c )  The m o l e c u l a r  p a r a m e t e r s  o f  t h e  a d d i t i v e  a p p e a r  t o  a f f e c t

m e l t  s h e a r  v i s c o s i t y  -  a t  h i g h  s h e a r  s t r e s s e s ,  l o w e r

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

w i t h  l ow m o l e c u l a r  w e i g h t  b l o c k s  o r  l ow o v e r a l l  m o l e c u l a r  

w e i g h t .

The f i n d i n g s  wh i c h  c o mp l e me n t  t h e  wor k  p e r f o r m e d  by C o l l y e r  

e t  a l  on P . E . S . / P . D . M . S .  b l e n d s  ( 1 4 9 ) ,  a r e  c o n s i s t e n t  w i t h  t h e  

f o r m a t i o n  o f  a l a m e l l a r  s t r u c t u r e  d u r i n g  e x t r u s i o n  wher e  t h e  

P . D . M . S .  b e a r i n g  c o p o l y m e r  b e h a v e s  i n  a s i m i l a r  manner  t o  l i n e a r  

P . D . M . S . ,  i . e .  m i g r a t e s  t o  t h e  r e g i o n s  o f  h i g h  s h e a r  s t r e s s  t o  

f orm a P . D . M. S . - r i c h  s h e a t h  a r o u n d  a r u b b e r - d e p l e t e d  c o r e .

T h i s  m i g r a t i o n  phenomenon i s  common t o  P . D . M. S . - b a s e d  

a d d i t i v e s  and has been o b s e r v e d  by a number  o f  w o r k e r s .  F o r  

i n s t a n c e ,  L e g r a n d  and G a i n e s  ( 1 5 0 )  h ave  shown t h a t  b l o c k  

c o p o l y me r s  o f  b i s p h e n o l - A - c a r b o n a t e  and P . D . M . S .  c o n c e n t r a t e  a t  

t h e  s u r f a c e  when t h e y  a r e  i n c o r p o r a t e d  a t  l ow c o n c e n t r a t i o n s  i n  

b i s p h e n o l - A - c a r b o n a t e  h o m o p o l y m e r .  O t h e r  w o r k e r s  ( 1 5 1 - 1 5 3 )  have  

shown s i m i l a r  b e h a v i o u r  w i t h  P . D . M. S . - p o l y s t y r e n e  b l o c k
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c o p o l y m e r s  i n  p o l y s t y r e n e .  P . D . M. S . - p o l y a m i d e  b l o c k  c o p o l y m e r s  o f  

t h i s  t y p e  have a l s o  been r e p o r t e d  ( 1 5 4 ) .

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

r e s u l t s  f r om b l e n d i n g  P.  E . S . / P . D . M. S . b l o c k  c o p o l y m e r s  w i t h  p u r e  

P . E . S .  has been o b s e r v e d  i n  o t h e r  m u l t i p h a s e  b l e n d s .  Wo r k e r s  

i n v e s t i g a t i n g  E D P M / V i t o n  b l e n d s  ( 1 5 5 )  d e m o n s t r a t e d  t h a t  t h e  

r e p o r t e d  ( 1 5 6 )  s i x - f o l d  r e d u c t i o n  o f  v i s c o s i t y  upon a d d i t i o n  o f  

one p o l y m e r  t o  a n o t h e r  i s  r e l a t e d  t o  t h e  e n t r a n c e  t o  t h e  

c a p i l l a r y  e f f e c t  and t h e  s l i p p a g e  a t  t h e  w a l l .

T h i s  v i s c o s i t y  r e d u c i n g  e f f e c t  can be used t o  a d v a n t a g e .  I n  

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

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

recommended mini mum f o r  P . E . S .  may be used w i t h o u t  t h e  m e l t  

becomi ng  t o o  v i s c o u s  t o  p r o c e s s .  The use o f  a l ow p r o c e s s i n g  

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

s t a b l e  t h a n  p u r e  4800P g r a d e  P . E . S . ,  i s  n o t  t o  d e g r a d e  i n t o  a 

s i m p l e  p h y s i c a l  b l e n d  o f  P . E . S .  and P . D . M . S .

I n  c o n c l u s i o n ,  i t  s h o u l d  be n o t e d  t h a t ,  a l t h o u g h  t h e  m e l t  

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

t r e n d s ,  q u e s t i o n s  must  be a s k e d  as t o  t h e  v a l i d i t y  o f  a p p l y i n g  

m a t h e m a t i c a l  mo de l s  d e v e l o p e d  f o r  s i n g l e  phase  p o l y m e r  s y s t e ms  t o  

sy s t e ms  where  two o r  more phases  a r e  p r e s e n t .  I n d e e d ,  i n  a r e c e n t  

a r t i c l e ,  Han ( 1 5 7 )  has p o i n t e d  o u t  t h a t  t h e  shape  o f  t h e  d r o p l e t s

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

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

r e s e r v o i r  s e c t i o n  ( i . e .  b a r r e l )  t o  a d i s t a n c e  f r om t h e  c a p i l l a r y  

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

t a k i n g  p r e s s u r e  me a s u r e me n t s  i n  t h e  r e s e r v o i r  s e c t i o n  and ma k i ng
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t h e  e n t r a n c e  c o r r e c t i o n  ( i . e .  B a g l e y  c o r r e c t i o n ) ,  w i t h  t h e  d a t a  

o b t a i n e d  i n  a c a p i l l a r y  v i s c o m e t e r ,  wou l d  n o t  g i v e  c o r r e c t  

i n f o r m a t i o n  on t h e  b u l k  v i s c o s i t y  o f  i n c o m p a t i b l e  p o l y m e r  b l e n d s .
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3 . 3 . 4  I m p a c t  T e s t i n g  o f  B l e n d s .

The t h r e e  most  i m p o r t a n t  f a c t o r s  i n f l u e n c i n g  t h e  b e h a v i o u r  

o f  P . E . S .  on i m p a c t  a r e  t h e  n o t c h  r o o t  r a d i u s  i n  t h e  m a t e r i a l ,  

t h e  amount  o f  m o i s t u r e  a b s o r b e d  and t h e  t e s t  t e m p e r a t u r e .

The e f f e c t s  o f  two o f  t h e s e  p a r a m e t e r s  on t h e  i m p a c t  

s t r e n g t h  o f  t h e  P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s  u nd e r  s t u d y  a r e  

d e s c r i b e d  h e r e .  Pur e  4800P P . E . S .  i s  used as a r e f e r e n c e  

m a t e r i a l .

A p p a r e n t  c r i t i c a l  s t r a i n  e n e r g y  r e l e a s e  r a t e s  ( G B ) have  

a l s o  been o b t a i n e d  f o r  t h e  b l e n d s  and p u r e  4800P P . E . S .  by t h e  

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

i m p a c t  d a t a .  F u r t h e r  i n f o r m a t i o n  has been o b t a i n e d  by s t u d y i n g  

t h e  f r a c t u r e  s u r f a c e s  o f  t h e  i m p a c t  s p e c i m e n .

I n s t r u m e n t a t i o n  and M a t e r i a l s  P r e p a r a t i o n .

A D a v e n p o r t  I z o d  I m p a c t  T e s t e r  was used t o  d e t e r m i n e  t h e  

i m p a c t  s t r e n g t h  o f  t h e  m a t e r i a l s  i n  a c c o r d a n c e  w i t h  B S2 7 8 2 ;  P a r t  

3;  Met hod 3 5 0 ;  1 9 8 4 .  A l l  me a s u r e me n t s  o f  i m p a c t  e n e r g y  wer e

p e r f o r m e d  on i n j e c t i o n  moul ded I z o d  t e s t  p i e c e s  o f  n o m i n a l  s i z e  

76.0mm x 12.7mm x 3.2mm i n t o  w h i c h  n o t c h e s  o f  t h e  a p p r o p r i a t e  

r o o t  r a d i i  and d e p t h  had been m a c h i n e d .

The spec i mens  wer e  s e c u r e d  i n  t h e  v i c e  o f  t h e  i n s t r u m e n t  a t  

a c l a m p i n g  p r e s s u r e  e q u a l  t o  a t o r q u e  o f  2 . 2 6 N m ,  and s t r u c k  by a 

pendul um o f  known e n e r g y  a t  a p o i n t  22mm above  t h e  t o p  p l a n e  o f  

t h e  v i c e  ( f i g  7 8 ) .

Because o f  s e v e r e  l i m i t a t i o n s  on t h e  amount  o f  m a t e r i a l  

a v a i l a b l e ,  each r e c o r d e d  i m p a c t  e n e r g y  v a l u e  r e p r e s e n t s  an 

a v e r a g e  t a k e n  f r om t h e  t e s t i n g  o f  j u s t  two s p e c i m e n s .
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E f f e c t  o f  T e m p e r a t u r e  on I z o d  I m p a c t  S t r e n g t h .

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

i n v e s t i g a t e d  u s i n g  an i m p a c t  t e s t e r  e q u i p p e d  w i t h  a 

h e a t i n g / c o o l i n g  chamber  w i t h i n  wh i ch  t h e  sampl e  u n d e r  t e s t  wou l d  

be p o s i t i o n e d  and a l l o w e d  t o  e q u i l i b r a t e  a t  t h e  r e q u i r e d  

t e m p e r a t u r e  p r i o r  t o  t e s t i n g  ( 1 5 8 ) .

At  t h e  t i m e  o f  t h e  i n v e s t i g a t i o n ,  such e q u i p m e n t  was n o t  

a v a i l a b l e .  C o n s e q u e n t l y ,  a need a r o s e  f o r  an a l t e r n a t i v e  t e s t i n g  

p r o c e d u r e  t o  be d e v e l o p e d .

B e f o r e  any i m p a c t  t e s t s  wer e  p e r f o r m e d  a s t a n d a r d

P . E . S . / P . E . S . - c o - P . D . M . S.  t e s t  p i e c e  was a d a p t e d  t o  a c c e p t  a 

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

h o l e  i n  t h e  t e s t  p i e c e  and p o s i t i o n e d  a t  a c e n t r a l  p o i n t  on t h e

p l a n e  o f  f r a c t u r e  ( f i g  7 9 ) .  The t e s t  p i e c e  was t h e n  p l a c e d  i n  an

oven and a l l o w e d  t o  e q u i l i b r a t e  a t  2 2 5 ° C  f o r  30 m i n u t e s  a f t e r  

w h i c h  i t  was removed and a l l o w e d  t o  c o o l  n a t u r a l l y  i n  an

e n v i r o n m e n t  o f  a i r  a t  2 5 ° C .

By m o n i t o r i n g  t h e  t e m p e r a t u r e  o f  t h e  sampl e  a t  d i f f e r e n t  

t i m e  i n t e r v a l s ,  a c o o l i n g  c u r v e  was o b t a i n e d  ( f i g  8 0 ) .  T h i s  c u r v e  

was used t o  d e t e r m i n e  t h e  i n s t a n t a n e o u s  t e m p e r a t u r e  on t h e  p l a n e  

o f  f r a c t u r e  a t  t h e  moment o f  i m p a c t  f o r  a number  o f  4800P  P . E . S .  

and b l e n d  3 I z o d  t e s t  p i e c e s  ( n o m i n a l  n o t c h  d e p t h  2 . 5mm,  n o t c h

r o o t  r a d i u s  0 . 25mm,  i n c l u d e d  a n g l e  4 5 ° ) .

By a l l o w i n g  t h e s e  t e s t  p i e c e s  t o  e q u i l i b r a t e  a t  2 2 5 ° C  f o r  30 

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

p e r i o d s  ( and hence  a t  d i f f e r e n t  t e m p e r a t u r e s )  a r e l a t i o n s h i p

b e t we e n  i m p a c t  s t r e n g t h  and t e m p e r a t u r e  was o b t a i n e d  f o r  t h e  two 

m a t e r i a l s  ( f i g  8 1 ) .
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F i g u r e  81 h i g h l i g h t s  t h e  i m p r o v e d  i m p a c t  s t r e n g t h  o b t a i n e d  

when A800P P . E . S .  i s  c o mbi ned  w i t h  a P . E . S . - c o - P . D . M. S . c o p o l y m e r  

t o  y i e l d  a b l e n d  c o n t a i n i n g  2 . 5% c o p o l y m e r i s e d  P . D . M . S .

An i m p r o v e m e n t  o f  30% on t h e  i m p a c t  s t r e n g t h  o f  p u r e  A800P  

P . E . S .  i s  o b s e r v e d  i n  t h e  t e m p e r a t u r e  r a n g e  6 5 - l A 5 ° C .  T h i s  

i m p r o v e m e n t  i n c r e a s e s  t o  A3% a t  25 ° C -  a p o i n t e r  p e r h a p s  t o  t h e  

p o s s i b l e  a t t a i n m e n t  o f  c o n s i d e r a b l y  enha nc e d  i m p a c t  s t r e n g t h s  a t  

s u b - z e r o  t e m p e r a t u r e s .

The e f f e c t  o f  t e m p e r a t u r e  on t h e  Char py  I m p a c t  S t r e n g t h  o f  

A800P P . E . S .  has been d e m o n s t r a t e d  e l s e w h e r e  f o r  sa mpl e s  w i t h  

d i f f e r e n t  r o o t  r a d i i  ( 1 5 9 ) .

For  t e s t  p i e c e s  w i t h  a n o t c h  r o o t  r a d i u s  o f  0 . 25mm,  t h e  

i m p a c t  s t r e n g t h  was shown t o  i n c r e a s e  s t e a d i l y  f r om a v a l u e  o f  

~ 2 K J / m 2 a t  - 1 0 0 ° C  t o  a maximum o f  ~ 5 . 6 K J / m2 a t  - 2 0 ° C .  The i m p a c t  

s t r e n g t h  t h e n  a p p e a r e d  t o  f a l l  s t e a d i l y  t o  a v a l u e **3 . 5 K J / m 2 a t  

1 0 0 ° C .

T h i s  s t e a d y  d e c r e a s e  i n  i m p a c t  s t r e n g t h  w i t h  i n c r e a s i n g  

t e m p e r a t u r e  i s  an u n u s u a l  phenomenon.  N e v e r t h e l e s s ,  i t  a p p e a r s  

f r om f i g u r e  81 t h a t  b o t h  t h e  p u r e  A800P P . E . S .  and t h e  

P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d  e x a mi ne d  by t h e  a u t h o r  e x h i b i t s  

t h i s  t r e n d  o v e r  t h e  t e m p e r a t u r e  r a n g e  2 5 - l A 5 ° C .
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E f f e c t  o f  Not ch  Root  R a d i u s  on I z o d  I m p a c t  S t r e n g t h .

The e f f e c t  o f  n o t c h  r o o t  r a d i u s  on I z o d  i m p a c t  

s t r e n g t h  was s t u d i e d  f o r  4800P P . E . S .  and a l l  t h e  

P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s .  U n d r i e d  i n j e c t i o n  moul ded I z o d  

t e s t  p i e c e s  wer e  p r e p a r e d  w i t h  n o t c h e s  o f  n o m i n a l  d e p t h  2 .5mm,  

i n c l u d e d  a n g l e  4 5 °  and r o o t  r a d i i  o f  0 . 1mm,  0.25mm and 1.0mm.  

These were i m p a c t  t e s t e d  a t  25 ° C as p r e v i o u s l y  d e s c r i b e d .  The 

r e s u l t s  a r e  d e p i c t e d  g r a p h i c a l l y  i n  f i g u r e s  8 2 - 8 4 .

One s t r i k i n g  f e a t u r e  o f  t h e s e  c u r v e s  i s  t h e  d r a m a t i c  

i n c r e a s e  i n  p ur e  4800P i m p a c t  s t r e n g t h  w i t h  i n c r e a s i n g  r o o t  

r a d i u s  ( f i g  8 2 ) .  W i t h  a r o o t  r a d i u s  o f  0 . 1mm,  4800P P . E . S .  i m p a c t  

s t r e n g t h  i s  ~ 2 K J / m 2 . When t h e  r o o t  r a d i u s  i s  i n c r e a s e d  t o  1mm, 

t h e  t e s t  s pe c i me n s  f a i l  t o  b r e a k  c o m p l e t e l y  i n d i c a t i n g  an i m p a c t  

s t r e n g t h  } . 125KJ/ m2 . T h i s  i n c r e a s e  i n  i m p a c t  s t r e n g t h  can be

a t t r i b u t e d  t o  an i n c r e a s e  i n  t h e  e x t e n t  o f  p l a s t i c  y i e l d i n g

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

A d d i t i o n s  o f  s m a l l  amount s  o f  P . E . S . - c o - P . D . M. S . i m p r o v e  t h e  

i m p a c t  s t r e n g t h  o f  s h a r p l y  n o t c h e d  P . E . S .  Ho w e v e r ,  t h e s e  

a d d i t i o n s  have  a d e t r i m e n t a l  e f f e c t  on t h e  i m p a c t  p e r f o r m a n c e  o f  

b l u n t l y  n o t c h e d  P . E . S .  by a p p a r e n t l y  s u p p r e s s i n g  t h e  e x t e n t  o f  

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

The m a g n i t u d e  o f  t h i s  e f f e c t  i s  d e t e r m i n e d  by t h e  

c o p o l y m e r  c o n c e n t r a t i o n  i n  t h e  b l e n d .  Thus i n  f i g u r e s  82 and 83  

t h e  c u r v e s  f o r  p u r e  P . E . S .  and b l e n d  4 ( c o n t a i n i n g  0 . 5 %  

c o p o l y m e r i s e d  P . D . M . S . )  a r e  a l m o s t  i d e n t i c a l .  As t h e  

c o p o l y m e r i s e d  P . D . M . S .  c o n c e n t r a t i o n  i s  i n c r e a s e d  t h r o u g h  1 . 0%  

( b l e n d  5 )  t o  2 . 5% ( b l e n d  3 )  so t h e  s h a r p  n o t c h  i m p a c t  s t r e n g t h

i n c r e a s e s  and t h e  b l u n t  n o t c h  i m p a c t  s t r e n g t h  d e c r e a s e s .
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A n o t h e r  t r e n d  i s  o b s e r v a b l e  i n  f i g u r e s  82 t o  8 4 .  B l e n d s  o f  

c o n s t a n t  ( 2 . 5 % )  P . D . M . S .  c o n t e n t  wh i c h  c o n t a i n  c o p o l y m e r s  w i t h  

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

i m p a c t  t h a n  t h o s e  c o n t a i n i n g  l ow b l o c k  m o l e c u l a r  w e i g h t

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

r o o t  r a d i i .

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

a s s i s t e d  by c l o s e l y  m a t c h i n g  t h e  m a t r i x  m o l e c u l a r  w e i g h t  w i t h  

t h a t  o f  t h e  ' l i k e '  b l o c k  i n  a c o p o l y m e r  and t h a t  i n  t h i s  case  

i m p r o v e d  i m p a c t  r e s i s t a n c e  i s  o b s e r v e d  wher e  t h e  c o p o l y m e r  P . E . S .  

b l o c k  m o l e c u l a r  w e i g h t s  a r e  c l o s e r  t o  t h a t  o f  t h e  P . E . S .  m a t r i x  

(Mn ~ 2 5 , 0 0 0 ) ,  i t  wou l d  be p r e s u m p t i o u s  t o  a t t r i b u t e  t h e

i m p r o v e m e n t  i n  i m p a c t  s t r e n g t h  t o  i m p r o v e d  a d h e s i o n  b e t w e e n  t h e

r u b b e r  phase  and t h e  P . E . S .  m a t r i x .  I n d e e d  i t  i s  u n l i k e l y  t h a t

any i m p r o v e m e n t  i n  i m p a c t  r e s i s t a n c e  can be a t t r i b u t e d  t o  

c o m p a t i b i l i s a t i o n  s i n c e  f r om f i g s  82 t o  84 i t  can be seen  t h a t  

b l e n d  9 ( c o n t a i n i n g  o n l y  h i g h  m o l e c u l a r  w e i g h t  l i n e a r  P . D . M . S .  

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

' c o m p a t i b i l i s i n g ' P . E . S .  c o p o l y m e r  b l o c k s .
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3 . 3 . 5  A p p l i c a t i o n  o f  F r a c t u r e  M e c h a n i c s  t o  I z o d  I m p a c t  D a t a .

When any body i s  s t r e s s e d ,  e n e r g y  i s  s t o r e d  i n  t h e  m a t e r i a l  

as s t r a i n  e n e r g y .  I f  a c r a c k  e x t e n d s ,  some o f  t h e  e n e r g y  i s  

r e l e a s e d .  By e q u a t i n g  t h e  e n e r g y  r e l e a s e d  t o  t h a t  a b s o r b e d  i n  

p l a s t i c  d e f o r m a t i o n  and c r e a t i n g  new f r a c t u r e  s u r f a c e s ,  i t  i s  

p o s s i b l e  t o  d e r i v e  a s t r a i n  e n e r g y  r e l e a s e  r a t e ,  ^ x c » wh i c h  

s h o u l d  be c o n s t a n t  a t  f a i l u r e .  The g e n e r a l  s o l u t i o n  f o r  

c a l c u l a t i n g  > wh i c h  i s  a p p l i c a b l e  t o  any l o a d i n g  s y s t e m -

g e ome t r y  i s : -

where  Pf i s  t h e  a p p l i e d  l o a d  a t  f a i l u r e ,  B i s  t h e  t h i c k n e s s ,  a i s  

t h e  c r a c k  l e n g t h  and d C / d a  i s  t h e  change  i n  c o m p l i a n c e  C 

( 1 / s t i f f n e s s ) ,  w i t h  r e s p e c t  t o  c r a c k  i n c r e a s e ,  d a .

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

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

t h e  maximum l o a d ,  o r  s t r e s s  a c h i e v e d ,  as i s  c o n v e n t i o n a l .

I f  a t t e n t i o n  i s  c o n f i n e d  t o  l i n e a r  e l a s t i c  f r a c t u r e  

me c h a n i c s  (LEFM)  t h e n  t h e  s p e c i me n  i s  assumed t o  d e f o r m  i n  a 

t o t a l l y  e l a s t i c  manner  so t h a t  t h e  c o m p l i a n c e  C,  i s  a f u n c t i o n  

o n l y  o f  c r a c k  l e n g t h  and g e o m e t r y .

The f o l l o w i n g  r e l a t i o n s h i p s  may t h e n  be e m p l o y e d : -

2B
R dC

da

a b s o r b e d  e n e r g y  U = 1 / 2  P . x

and C = _x 
P

where  x i s  t h e  sampl e  d e f l e c t i o n  a t  l o a d  P.
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N o r m a l i s i n g  f o r  sampl e  w i d t h  W we h a v e : -

U_.  1 . dC_____
BW C d ( a/W )

U__
BWZ

or  U = BWZGI c -(8 )

where  Z = (1 . dC ) - 1  
(C da )

The p a r a m e t e r  Z i s  a g e o m e t r i c a l  f u n c t i o n  wh i c h  can be 

e v a l u a t e d  f o r  any g e o m e t r y  -  P l a t i  and W i l l i a m s  s u g g e s t  t h e  

f o l l o w i n g  e x p r e s s i o n  f o r  Z i n  t h e  I z o d  t e s t  ( 1 6 0 ) : -

By p l o t t i n g  v a l u e s  o f  a b s o r b e d  e n e r g y  U a g a i n s t  BWZ f o r  

s a mpl es  c o n t a i n i n g  d i f f e r e n t  c r a c k  d e p t h s  ( t h i s  v a r i e s  Z )  a 

l i n e a r  p l o t  whose s l o p e  i s  t h e  f r a c t u r e  t o u g h n e s s  can be d e r i v e d .

T h i s  a n a l y s i s  a p p l i e s  t o  b r i t t l e  f r a c t u r e  i n i t i a t e d  f r om a 

s h a r p  n o t c h .

Z = _1 ( £  ) + 1_ (  55 ) ( W )  
2 ( W ) 3 6 (  W ) ( a )

- ( 9 )
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D e t e r m i n a t i o n  o f  A p p a r e n t  C r i t i c a l  S t r a i n  Ene r g y  R e l e a s e  R a t e .

A v a l u e  o f  a p p a r e n t  c r i t i c a l  s t r a i n  e n e r g y  r e l e a s e  r a t e  ( GB ) 

was d e t e r m i n e d  f o r  p u r e  A800P P . E . S .  and a l l  b l e n d s .

For  each c o m p o s i t i o n ,  I z o d  i m p a c t  t e s t  p i e c e s  wer e  p r e p a r e d  

w i t h  n o t c h e s  o f  d i f f e r e n t  d e p t h s ,  b u t  i d e n t i c a l  ( 0 . 1mm)  r o o t  

r a d i u s .  The i m p a c t  e n e r g y  o f  t h e s e  sp e c i me n s  a t  2 7 ° C  was t h e n  

f o u n d .

By e m p l o y i n g  e q u a t i o n  9 t o  c a l c u l a t e  v a l u e s  o f  Z and

c o r r e l a t i n g  g r a p h i c a l l y  i m p a c t  e n e r g y  w i t h  BWZ, t h e  l i n e a r  p l o t  

p r e d i c t e d  by e q u a t i o n  8 was o b t a i n e d  f o r  each b l e n d  ( f i g  8 5 ) .

The p l o t s  d i d  n o t  pass  t h r o u g h  t h e  o r i g i n  as e x p e c t e d .

I n s t e a d ,  p o s i t i v e  v a l u e s  o f  U wer e  o b t a i n e d  f o r  BWZ v a l u e s  o f

z e r o .  T h i s  d i s c r e p a n c y  has been a t t r i b u t e d  by M a r s h a l l  e t  a l  t o  

a k i n e t i c  e n e r g y  t e r m  Uke , w h i c h  must  be s u b t r a c t e d  f r om t h e

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

s t o r e d  i n  t h e  s p e c i me n  when t h e  c r a c k  i s  i n i t i a t e d  ( 1 6 1 ) .

E q u a t i o n  8 t h e n  becomes

U -  URe= BWZ GI c

V a l u e s  o f  Gg , c a l c u l a t e d  as t h e  s l o p e  o f  t h e s e  p l o t s  a r e  

c o n t a i n e d  i n  TABLE 1 8 .

I t  i s  i n t e r e s t i n g  t o  n o t e  f r o m t h e s e  v a l u e s  t h a t  o n l y  two  

b l e n d s ,  i . e .  b l e n d  8 c o n t a i n i n g  h i g h  b l o c k  and h i g h  o v e r a l l  

m o l e c u l a r  w e i g h t  c o p o l y m e r  and b l e n d  9 c o n t a i n i n g  h i g h  m o l e c u l a r  

w e i g h t  l i n e a r  P . D . M . S .  o n l y ,  p o s s e s s  Gg v a l u e s  g r e a t e r  t h a n  p u r e  

A800P P . E . S .  O t h e r  b l e n d s ,  p a r t i c u l a r l y  b l e n d s  A and 5 c o n t a i n i n g  

l ow l e v e l s  o f  c o p o l y m e r i s e d  P . D . M . S .  ( 0 . 5 %  and 1 . 0% r e s p e c t i v e l y )
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a p p e a r  t o  o f f e r  no b e n e f i t  i n  t e r ms  o f  r e s i s t a n c e  t o  f r a c t u r e .

I t  s h o u l d  be s t r e s s e d  h e r e  t h a t  t h e  Gg v a l u e s  o b t a i n e d  

r e l a t e  t o  a s p e c i f i c  c r a c k  r o o t  r a d i u s  ( i n  t h i s  case  0 . 1 mm) .

I t  has been d e m o n s t r a t e d  t h a t  t h e  i m p a c t  s t r e n g t h  o f  P . E . S .  

and a l l  t h e  b l e n d s  i s  i n c r e a s e d  w i t h  i n c r e a s i n g  n o t c h  r o o t  

r a d i u s .  T h i s  can be a t t r i b u t e d  p r i m a r i l y  t o  an i n c r e a s e  i n  t h e  

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

The p r e s e n c e  o f  p l a s t i c  y i e l d i n g  d e v a l u e s  any a n a l y s i s  based  

on LEFM,  s i n c e  r a t h e r  t h a n  b e i n g  i n d e p e n d e n t  o f  g e o m e t r y ,  GB 

r e t a i n s  a dependence  upon r o o t  r a d i u s .

N e v e r t h e l e s s ,  much u s e f u l  i n f o r m a t i o n  may be o b t a i n e d  f r om 

b l u n t  n o t c h  t e s t i n g ,  f o r  i n s t a n c e ,  P l a t i  and W i l l i a m s  d e r i v e d  t h e  

f o l l o w i n g  r e l a t i o n s h i p s  f o r  l a r g e  r o o t  r a d i u s  v a l u e s  ( 1 6 0 ) : —

where  r p i s  t h e  p l a s t i c  zone s i z e , ^ D  i s  t h e  n o t c h  r o o t  r a d i u s  and 

Wp i s  t h e  e l a s t i c  e n e r g y  p e r  u n i t  vo l ume  a t  y i e l d i n g .

From t h e s e  e q u a t i o n s ,  i t  can be seen t h a t  by d e t e r m i n i n g  GB

t o  d e t e r m i n e  Wp and w i t h  G j c ( i . e .  GB asyO- * .  o )  we may f i n d  r p .

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

p e r f o r m e d  on t h e  sa mpl e s  u n d e r  i n v e s t i g a t i o n  owi ng t o  a s h o r t a g e  

o f  m a t e r i a l .

GB = Gi c E / °  + 1  J
[ 8 r p 2 ]

f o r  a r a n g e  o f / O  v a l u e s ,  t h e  s l o p e  a t v a l u e s  can be used
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3 . 3 . 6  F r a c t u r e  S u r f a c e  M o r p h o l o g y .

P h i l i p s  PSEM- 500 and J e o l  J S M- T 1 0 0  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 s  were emp l oyed  i n  an e x a m i n a t i o n  o f  t h e  f r a c t u r e  

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

b l e n d s .

F i g u r e s  86 and 87 d e p i c t  a t y p i c a l  f r a c t u r e  s u r f a c e  o b t a i n e d  

upon i m p a c t  t e s t i n g  a p ur e  P . E . S .  t e s t  s p e c i me n  o f  n o t c h  r o o t  

r a d i u s  0 . 1  mm a t  25° C -  n o t e  t h e  smooth f e a t u r e l e s s  s u r f a c e .

I n  c o n t r a s t  a t y p i c a l  P . E . S . / P . E . S . - c o - P . D . M . S . b l e n d  

c o m p o s i t i o n  ( B l e n d  1)  when i m p a c t  t e s t e d  u n d e r  i d e n t i c a l  

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

o f  some p l a s t i c a l l y  d e f o r me d  m a t e r i a l  and a b o u t  wh i c h  a r e  

d i s t r i b u t e d  a number  o f  l i p p e d  c i r c u l a r  d e p r e s s i o n s  ( f i g  8 8 ) .

A s i l i c o n  map o f  f i g u r e  88 shows t h e s e  d e p r e s s i o n s  t o  be 

s i t e s  o f  h i g h  s i l i c o n  and hence  h i g h  P . D . M . S .  c o n c e n t r a t i o n  

( f i g  8 9 ) .

I t  i s  i n t e r e s t i n g  t h a t  t h e  r u b b e r  p a r t i c l e s  a l w a y s  a p p e a r  as  

d e p r e s s i o n s  f o r  t h e r e  a r e  no m a t c h i n g  p r o t u b e r a n c e s  t o  be f o u n d ,  

even on t h e  o p p o s i t e  f r a c t u r e  s u r f a c e .

T h i s  phenomenon was o b s e r v e d  by K i n l o c h  e t  a l  d u r i n g  t h e i r

i n v e s t i g a t i o n s  i n t o  r u b b e r  m o d i f i e d  e p o x y .  These  w o r k e r s  

p r o p o s e d  two p o s s i b l e  mechani sms t o  e x p l a i n  t h e s e  o b s e r v a t i o n s  

( 2 2 ) .  One i s  t h a t  t h e  m a t e r i a l  u n d e r g o e s  d i l a t i o n  ( v o l u m e  

i n c r e a s e )  and t h e  m a t r i x  p l a s t i c a l l y  e l o n g a t e s  a p p r o x i m a t e l y

i n  t h e  d i r e c t i o n  o f  t h e  maximum t e n s i l e  s t r e s s  a head  o f  t h e

c r a c k  i . e .  n o r ma l  t o  t h e  f r a c t u r e  s u r f a c e .

The o t h e r  p o s s i b l e  mechani sm a r i s e s  f r om t h e  r u b b e r  phase

h a v i n g  a h i g h e r  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  t h a n  t h e  m a t r i x .
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I f  t h e  m a t e r i a l  i s  assumed t o  be r e l a t i v e l y  s t r e s s  f r e e  a t  t h e  

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

t h e  r u b b e r y  p a r t i c l e s  t o  be u n d e r  t r i a x i a l  t e n s i o n  a t  

t e m p e r a t u r e s  be l ow t h e  Tg o f  t h e  m a t r i x .  Thus when a c r a c k

p a s s e s  t h r o u g h  t h e  s i t e  o f  a p a r t i c l e ,  t h e  r u b b e r  can c o n t r a c t  t o

g i v e  a d e p r e s s i o n .

Bot h  o f  t h e s e  e f f e c t s  c o u l d  l e a d  t h e r e f o r e  t o  t h e  

s t r e s s - f r e e  vo l ume o f  t h e  r u b b e r y  p a r t i c l e s  i n  t h e  f r a c t u r e d  

s u r f a c e  b e i n g  l e s s  t h a n  t h e  c a v i t y  i n  w h i c h  t h e y  a r e  bonded and

so g i v e  r i s e  t o  t h e  r u b b e r y  p a r t i c l e s  a p p e a r i n g  as c i r c u l a r

d e p r e s s i o n s .

The f a c t  t h a t  t h e  c o e f f i c i e n t  o f  t h e r m a l  e x p a n s i o n  f o r  

P . D . M . S .  ( 3 0 0 - 8 0 0  x 10- 6 / ° C )  i s  c o n s i d e r a b l y  g r e a t e r  t h a n  t h a t  

f o r  t h e  P . E . S .  m a t r i x  ( 5 5  x 1 0 ” 6 / ° C )  ( 1 6 2 )  s u g g e s t s  t h a t  t h e  

second o f  t h e s e  two mechani sms p l a y s  an i m p o r t a n t  r o l e  i n  t h e  

o c c u r r e n c e  o f  t h i s  phenomenon.

The e f f e c t  o f  i n c r e a s i n g  i m p a c t  t e s t  t e m p e r a t u r e  can be 

o b s e r v e d  i n  f i g u r e s  90 t o  9 7 .

F or  p ur e  P . E . S . ,  f i g u r e s  90 and 91 r e p r e s e n t  t h e  f r a c t u r e  

s u r f a c e  o b t a i n e d  when a s t a n d a r d  I z o d  sp e c i me n  o f  n o t c h  r o o t  

r a d i u s  0.25mm i s  i m p a c t  t e s t e d  a t  2 5 ° C .  P l a s t i c  d e f o r m a t i o n  i s  

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

When i m p a c t  t e s t e d  a t  145° C h o w e v e r ,  r i d g e s  a p p e a r  on t h e  

f r a c t u r e  s u r f a c e  ( f i g  9 2 )  -  e v i d e n c e  o f  u n s t a b l e  c r a c k

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

r u n n i n g  n or ma l  t o  t h e s e  r i d g e s  ( f i g  9 3 )  -  each l i n e  c o r r e s p o n d i n g  

t o  a j u m p / a r r e s t  e v e n t .  The l a r g e  a r e a s  o f  f r a c t u r e  s u r f a c e  

b e t we e n  t h e  a r r e s t  l i n e s  a r e  r e l a t i v e l y  smooth and f e a t u r e l e s s .
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I n  c o n t r a s t ,  a b l e n d  3 I z o d  s pec im en  o f  n o t c h  r o o t  r a d i u s

0 . 25mm,  i m p a c t  t e s t e d  a t  2 5 ° C  d i s p l a y s  w i d e s p r e a d  e v i d e n c e  o f

p l a s t i c  d e f o r m a t i o n  ( f i g s  94 and 9 5 ) .  At  145° C t h i s  p l a s t i c

d e f o r m a t i o n  i s  enhanced  ( f i g  9 6 )  and e x t e n s i v e  d r a w i n g  o f

m a t e r i a l  i s  o b s e r v e d  ( f i g  9 7 ) .

The amount  o f  p l a s t i c  d e f o r m a t i o n  o b s e r v e d  on a b l e n d

f r a c t u r e  s u r f a c e  a t  any p a r t i c u l a r  t e m p e r a t u r e  i s  d e p e n d e n t  upon  

t h e  c o n c e n t r a t i o n  o f  c o p o l y m e r  w i t h i n  t h e  b l e n d .  Thus we can see  

an i n c r e a s e  i n  t h e  e x t e n t  o f  p l a s t i c  d e f o r m a t i o n  on mov i ng  f r om  

p u r e  P . E . S .  ( f i g  9 8 )  t h r o u g h  b l e n d  4 c o n t a i n i n g  0 . 5 %

c o p o l y m e r i s e d  P . D . M . S .  ( f i g  9 9 )  and b l e n d  5 c o n t a i n i n g  1 . 0%  

c o p o l y m e r i s e d  P . D . M . S .  ( f i g  1 0 0 )  t o  b l e n d  3 c o n t a i n i n g

c o p o l y m e r i s e d  P . D . M . S .  a t  t h e  2 . 5 % l e v e l  ( f i g  1 0 1 ) .  These

o b s e r v a t i o n s  wer e  made on t e s t  s p e c i me n s  o f  n o t c h  r o o t  r a d i u s

0.1mm,  b r o k e n  a t  2 5 ° C .

F i g u r e s  102 t o  106 d e p i c t  t h e  f r a c t u r e  s u r f a c e s  o b t a i n e d  f o r  

t h e  f i v e  r e m a i n i n g  b l e n d s  ( a l l  c o n t a i n i n g  2 . 5% P . D . M . S . )  when 

I z o d  sp e c i me n s  o f  n o t c h  r o o t  r a d i u s  0.1mm wer e  b r o k e n  a t  2 5 ° C .

The p a r t i c l e  s i z e  d i s t r i b u t i o n  o f  t h e  r u b b e r  p hase  was 

d e t e r m i n e d  f o r  each b l e n d  by c o n s i d e r a t i o n  o f  v o i d  d i a m e t e r s  i n  

f i g u r e s  99 t o  1 0 6 .

I n  g e n e r a l ,  t h e  p a r t i c l e  d i a m e t e r s  l a y  i n  t h e  r a n g e  

1 . 0  -  5 . 0pm a l t h o u g h  f o r  b l e n d  2 ( f i g  1 0 3 )  p a r t i c l e s  w i t h  

d i a m e t e r s  up t o  12pm wer e  o b s e r v e d .

T h e r e  a p p e a r e d  t o  be no s i g n i f i c a n t  d i f f e r e n c e  b e t w e e n  t h e

p a r t i c l e  s i z e  d i s t r i b u t i o n  o b t a i n e d  f o r  t h e  m a j o r i t y  o f  t h e

b l e n d s  c o n t a i n i n g  2 . 5 % c o p o l y m e r i s e d  P . D . M . S .  and t h a t  o b t a i n e d  

f o r  b l e n d  9 ( f i g  1 0 6 )  c o n t a i n i n g  2 . 5 % l i n e a r  P . D . M . S .
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The e f f e c t  o f  i n c r e a s i n g  n o t c h  r o o t  r a d i u s  i s  t o  i n c r e a s e  

t h e  amount  o f  p l a s t i c  d e f o r m a t i o n  wh i c h  o c c u r s  d u r i n g  i m p a c t .  

Thus f o r  P . E . S .  i f  f i g  107 d e p i c t i n g  t h e  f r a c t u r e  s u r f a c e  o f  a 

sp e c i me n  o f  n o t c h  r o o t  r a d i u s  1.0mm t e s t e d  a t  2 5 ° C  i s  compar ed  

w i t h  f i g  86 d e p i c t i n g  a s pe c i me n  o f  n o t c h  r o o t  r a d i u s  0.1mm 

t e s t e d  a t  t h e  same t e m p e r a t u r e ,  t h e n  t h e  e x t e n t  o f  t h i s  

a d d i t i o n a l  d e f o r m a t i o n  becomes a p p a r e n t .

S i m i l a r l y ,  i f  f i g s  108 and 109 d e p i c t i n g  t h e  f r a c t u r e  

s u r f a c e  o f  b l e n d  3 when a s p e c i me n  o f  n o t c h  r o o t  r a d i u s  1.0mm i s  

t e s t e d  a t  25 ° C  a r e  compared w i t h  f i g s  94 and 101 d e p i c t i n g  

sp e c i me n s  o f  n o t c h  r o o t  r a d i u s  0.25mm and 0.1mm r e s p e c t i v e l y  

t e s t e d  a t  t h e  same t e m p e r a t u r e  t h e n  a c o n s i d e r a b l e  i n c r e a s e  i n  

t h e  amount  o f  p l a s t i c  d e f o r m a t i o n  can be o b s e r v e d .  T h i s  i n c r e a s e  

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

i m p a c t  s t r e n g t h s  o b t a i n e d  f o r  b l u n t l y  n o t c h e d  s p e c i m e n s .
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3 . 3 . 7  T e n s i l e  T e s t i n g  o f  B l e n d s .

D i s c u s s e d  h e r e  i s  t h e  e f f e c t  o f  t e m p e r a t u r e  on t h e  t e n s i l e  

s t r e n g t h  o f  t e s t  s p e c i me n s  m a n u f a c t u r e d  f r om

P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s .  A l l  s p e c i me n s  wer e  t e s t e d  a t  a 

f i x e d  s t r a i n  r a t e ,  p u r e  P . E . S .  b e i n g  used as a r e f e r e n c e  

m a t e r i a l .  I n  a d d i t i o n ,  b l e n d  3 and p u r e  P . E . S .  wer e  e x a mi n e d  f o r  

t h e  e f f e c t  o f  s t r a i n  r a t e  on t e n s i l e  s t r e n g t h  a t  c o n s t a n t  

t e m p e r a t u r e .

A l s o  p r e s e n t e d  a r e  v a l u e s  o f  e l o n g a t i o n  a t  b r e a k  and e l a s t i c  

modul us  f o r  a l l  t h e  b l e n d s  a t  a f i x e d  t e m p e r a t u r e  and s t r a i n  

r a t e .

I n s t r u m e n t a t i o n  and M a t e r i a l s  P r e p a r a t i o n .

An I n s t r o n  Mode l  3111 T e n s i l e  T e s t  ma c h i n e  ( f i g  1 1 0 )  was 

used t o  d e t e r m i n e  t h e  t e n s i l e  s t r e n g t h ,  e l o n g a t i o n  a t  b r e a k  and  

e l a s t i c  modul us  o f  t h e  m a t e r i a l s  i n  a c c o r d a n c e  w i t h  BS 2 7 8 2  :

P a r t  3 : Met hod 320B : 1 9 7 6 .

A l l  me a s u r e me n t s  wer e  p e r f o r m e d  on u n d r i e d ,  i n j e c t i o n  

mo u l d e d ,  b r o a d - w a i s t e d  d u m b b e l l  t e s t  p i e c e s  ( d i m e n s i o n s  as i n  

f i g  1 1 1 ) .  Sampl es  wer e  a l l o w e d  t o  e q u i l i b r a t e  a t  t h e  a p p r o p r i a t e  

t e m p e r a t u r e  f o r  10 m i n u t e s  p r i o r  t o  t e s t i n g .

Because  o f  c o n s t r a i n t s  on m a t e r i a l  a v a i l a b i l i t y ,  each  

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

j u s t  two s p e c i m e n s .

The E f f e c t  o f  T e m p e r a t u r e  on T e n s i l e  S t r e n g t h .

U s i n g  a f i x e d  s t r a i n  r a t e  o f  50mm/ mi n,  t h e  t e n s i l e  s t r e n g t h s  

o f  p u r e  P . E . S .  and a l l  t h e  P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s  wer e  

d e t e r m i n e d  o v e r  t h e  t e m p e r a t u r e  r a n g e  - 5 0 ° C  t o  + 2 0 0 ° C .  The  

r e s u l t s  a r e  p r e s e n t e d  g r a p h i c a l l y  i n  f i g s  112 t o  1 1 5 .

114



For  pur e  P . E . S .  ( f i g  1 1 2 )  t h e  t e n s i l e  s t r e n g t h  d r o p s  

s t e a d i l y  f r om *"119 MN/m2 a t  - 5 0 ° C  t o  ~ 4 6 M N / m 2 a t  2 0 0 ° C .  T h i s  

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

o b s e r v e d  i n  t h e  P . E . S . / P . E . S . - c o - P . D . M . S . b l e n d s  ( f i g s  1 1 2 - 1 1 5 ) ,  

a l l  o f  wh i c h  p ossess  l o w e r  t e n s i l e  s t r e n g t h s  t h a n  p u r e  P . E . S .  

o v e r  t h e  e n t i r e  t e m p e r a t u r e  r a n g e  s t u d i e d .

G e n e r a l l y ,  f o r  a g i v e n  t e m p e r a t u r e ,  t h e  t e n s i l e  s t r e n g t h  o f  

a sampl e  a p p e a r s  t o  depend upon t h e  amount  o f  P . D . M . S .  b e a r i n g  

a d d i t i v e  p r e s e n t  i . e .  h i g h e r  a d d i t i v e  l e v e l s  w i l l  r e s u l t  i n  l o w e r  

t e n s i l e  s t r e n g t h s .  N e v e r t h e l e s s ,  even  w i t h  sa mpl e s  c o n t a i n i n g  

2 . 5% c o p o l y m e r i s e d  P . D . M . S . ,  d e v i a t i o n s  f r om t h e  t e n s i l e  s t r e n g t h  

o f  p ur e  P . E . S .  a r e  u s u a l l y  s m a l l .

The o n l y  e x c e p t i o n s  a r e  b l e n d s  1 , 2  and 9 ,  t h e  t e n s i l e  

s t r e n g t h s  o f  wh i ch  a p p e a r  l i t t l e  a f f e c t e d  by t e m p e r a t u r e  o v e r  t h e  

r a n g e  - 5 0 ° C  t o  + 2 0 ° C .  T h i s  r e s u l t s  i n  s i g n i f i c a n t  d i f f e r e n c e s  

o c c u r r i n g  b e t we e n  t h e  t e n s i l e  s t r e n g t h s  o f  t h e s e  b l e n d s  and t h a t  

o f  p ur e  P . E . S .  a t  l o w e r  t e m p e r a t u r e s .

The E f f e c t  o f  S t r a i n  R a t e  on T e n s i l e  S t r e n g t h .

Spec i mens  o f  p ur e  P . E . S .  and b l e n d  3 wer e  used i n  an 

i n v e s t i g a t i o n  i n t o  t h e  e f f e c t  o f  s t r a i n  r a t e  on t e n s i l e  s t r e n g t h .  

S t r a i n  r a t e s  i n  t h e  r a n g e  l - 5 0 m m / m i n  wer e  empl o y e d  a t  a f i x e d  

t e m p e r a t u r e  o f  2 0 ° C .

For  each m a t e r i a l ,  t h e  t e n s i l e  s t r e n g t h  was seen t o  i n c r e a s e  

w i t h  i n c r e a s i n g  s t r a i n  r a t e  ( f i g  1 1 6 ) .  The r a t e  o f  i n c r e a s e  was 

e s s e n t i a l l y  t h e  same f o r  b o t h  m a t e r i a l s ,  w i t h  b l e n d  3 e x h i b i t i n g  

c o n s i s t e n t l y  l o w e r  t e n s i l e  s t r e n g t h s  t h a n  p u r e  P . E . S .
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E l a s t i c  Modul us  and E l o n g a t i o n  a t  B r e a k .

V a l u e s  o f  e l a s t i c  modul us and e l o n g a t i o n  a t  b r e a k  wer e

d e t e r m i n e d  f o r  a l l  t h e  b l e n d s  a t  20 ° C u s i n g  a s t r a i n  r a t e  o f

50mm/mi n (TABLE 1 9 ) .

A l t h o u g h  t h e  a d d i t i o n  o f  c o p o l y m e r i s e d  o r  l i n e a r  P . D . M . S .  

a p p e a r e d  t o  have  l i t t l e  e f f e c t  on t h e  e l a s t i c  modul us  o f  P . E . S .  

( t h i s  v a r i e d  by l e s s  t h a n  .+ 4 %) ,  t h e  e l o n g a t i o n  a t  b r e a k  was 

c o n s i d e r a b l y  r e d u c e d  by t h e  a d d i t i o n  o f  as l i t t l e  as 1% 

c o p o l y m e r i s e d  P . D . M . S .

F i g u r e  117 d e p i c t s  t y p i c a l  s t r e s s / s t r a i n  c u r v e s  f o r  p ur e  

P . E . S .  and b l e n d  5 when t e s t e d  a t  2 0 ° C  and a s t r a i n  r a t e  o f

50mm/ mi n.  The a d d i t i o n  o f  1% c o p o l y m e r i s e d  P . D . M . S .  s u p p r e s s e s  

t h e  m a t e r i a l ' s  a b i l i t y  t o  p l a s t i c a l l y  d e f o r m ,  and a r e d u c t i o n  i n  

t h e  e l o n g a t i o n  a t  b r e a k  f r om 24% t o  «** 5% i s  o b s e r v e d .
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3 . 3 . 8  R e s i s t a n c e  o f  B l e n d s  t o  C h e m i c a l  R e a g e n t s .

I t  i s  i m p o r t a n t  t o  be awar e  o f  any changes  t h a t  may o c c u r  i n  

a p o l y m e r ' s  r e s i s t a n c e  t o  c h e m i c a l  r e a g e n t s  when even  s m a l l  

q u a n t i t i e s  o f  a second m a t e r i a l  a r e  i n t r o d u c e d  i n t o  t h e  m a t r i x .  

F o r  t h i s  r e a s o n ,  a s t u d y  was p e r f o r m e d  on t h e  r e s i s t a n c e  o f  two 

b l e n d s ,  b l e n d  8 ( c o n t a i n i n g  2 . 5% c o p o l y m e r i s e d  P . D . M . S . )  and 

b l e n d  9 ( c o n t a i n i n g  2 . 5 % l i n e a r  P . D . M . S . ) ,  t o  s e l e c t e d  r e a g e n t s .  

P ur e  P . E . S .  was used as a r e f e r e n c e  m a t e r i a l .

The f o l l o w i n g  r e a g e n t s  wer e e mp l oy e d  : -

( a )  Tap w a t e r  a t  7 5 ° C .

( b )  A c e t o n e  a t  2 0 ° C .

( c )  T o l u e n e  a t  2 0 ° C .

( d )  10% H y d r o c h l o r i c  a c i d  s o l u t i o n  a t  2 0 ° C .

( e )  10% Sodi um H y d r o x i d e  s o l u t i o n  a t  2 0 ° C .

( f )  S h e l l  T e l l u s  27 o i l  a t  2 0 ° C .

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

r e q u i r e m e n t s  o f  A me r i c a n  N a t i o n a l  S t a n d a r d  ASTM D 5 4 3 - 6 7  

( R e a p p r o v e d  1 9 7 8 ) .

S t a n d a r d  i n j e c t i o n  moul ded t e n s i l e  and I z o d  t e s t  s p e c i me n s  

o f  p u r e  P . E . S .  and t h e  two b l e n d s  wer e  we i g h e d  and me a s u r e d  

d i m e n s i o n a l l y  p r i o r  t o  t o t a l  i m m e r s i o n  i n  t h e  a p p r o p r i a t e  r e a g e n t  

f o r  a p e r i o d  o f  7 d a y s .  D u r i n g  t h i s  i m m e r s i o n  p e r i o d ,  t h e

s o l u t i o n s  wer e  a g i t a t e d  e v e r y  24 h o u r s .

Upon r e m o v a l  f r om t h e  s o l u t i o n s ,  t h e  s p e c i me n s  wer e  d r i e d ,  

i m m e d i a t e l y  r e - w e i g h e d  and e x a mi n e d  v i s u a l l y .  I m p a c t  and t e n s i l e  

t e s t s  wer e  t h e n  p e r f o r m e d  on t h e  a p p r o p r i a t e  s a m p l e s  i n

a c c o r d a n c e  w i t h  p r o c e d u r e s  o u t l i n e d  i n  s e c t i o n s  3 . 3 . 4  and 3 . 3 ; 7 .  

P ur e  u n t r e a t e d  P . E . S .  was used as a r e f e r e n c e  m a t e r i a l .
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C a l c u l a t i o n s  o f  i m p a c t  and t e n s i l e  s t r e n g t h s  wer e  based on 

c r o s s - s e c t i o n a l  me a s u r e me n t s  made b e f o r e  i m m e r s i o n ,  w i t h  each  

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

j u s t  two s p e c i m e n s .

The r e s u l t s  o f  t h e  v i s u a l  e x a m i n a t i o n  o f  t h e  t e s t  s p e c i me n s  

a f t e r  i m m e r s i o n  a r e  c o n t a i n e d  i n  TABLE 2 0 .

A l l  t h e  sampl es  i mmer sed i n  t o l u e n e ,  10% HC1,  10% NaOH and  

S h e l l  T e l l u s  27 o i l  a p p e a r e d  u n a f f e c t e d ,  and o n l y  s l i g h t  

w h i t e n i n g  o f  t h e  s u r f a c e  was o b s e r v e d  f o r  b l e n d s  8 and 9 a f t e r  

e x p o s u r e  t o  t a p  w a t e r  a t  7 5 ° C .  H o w e v e r ,  i m m e r s i o n  i n  a c e t o n e  

caused  t h e  p u r e  P . E . S .  s p e c i me n s  t o  be r o u n d e d  and c r a c k e d  a t  t h e  

e d g e s .  The s u r f a c e s  o f  b l e n d s  8 and 9 d i s p l a y e d  s i g n s  o f  

s o f t e n i n g ,  s w e l l i n g  and w h i t e n i n g .

A l l  t h e  s amp l es  t e s t e d  d i s p l a y e d  e v i d e n c e  o f  w e i g h t  g a i n  

a f t e r  i m m e r s i o n  (TABLES 21 and 2 2 ) .  I n  a l l  b u t  one r e a g e n t ,  t h e  

w e i g h t  g a i n  was c o n f i n e d  t o ~ l %  o r  l e s s .  S u r p r i s i n g l y ,  f o r  t e s t  

p i e c e s  i mmer sed i n  aqueous  s o l u t i o n s ,  t h e  p r e s e n c e  o f  h y d r o p h o b i c  

P . D . M . S .  i n  b l e n d s  8 and 9 d i d  l i t t l e  t o  p r e v e n t  t h e  a b s o r p t i o n  

o f  w a t e r .

The most  s i g n i f i c a n t  w e i g h t  g a i n  o f  a l l  was o b s e r v e d  i n  t h e  

s p e c i me n s  i mmersed i n  a c e t o n e .  W e i g h t  g a i n s  o f  ' - 7% f o r  p u r e  

P . E . S . ,  ~ 8 . 5 %  f o r  b l e n d  8 and ^ 8 % f o r  b l e n d  9 wer e  r e c o r d e d .

E x a m i n a t i o n  o f  t h e  i m p a c t  t e s t  d a t a  (TABLE 2 3 )  showed most  

o f  t h e  sampl es  t o  p o s s e s s  i m p r o v e d  i m p a c t  r e s i s t a n c e  a f t e r  

i m m e r s i o n  i n  t h e  v a r i o u s  r e a g e n t s .  T h i s  i m p r o v e m e n t  was v e r y  

modest  f o r  sampl es  i mmer sed i n  t o l u e n e  and S h e l l  T e l l u s  27 o i l ,  

b u t  h i g h e r  f o r  s amp l es  i mmersed i n  t h e  t h r e e  aqueous  s o l u t i o n s .

O t h e r  w o r k e r s  h ave  o b s e r v e d  t h i s  phenomenon when
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i n v e s t i g a t i n g  p ur e  4800P g r a d e  P . E . S .  ( 1 5 9 ) .  They d e t e c t e d  s l i g h t  

p l a s t i c i s a t i o n  o f  t h e  m a t e r i a l  when a r t i c l e s  wer e  aged i n  w a t e r  

e i t h e r  a t  23°C or  1 0 0 ° C .  At  23 ° C  t h e  i m p a c t  s t r e n g t h  d u r i n g  

p l a s t i c i s a t i o n  was seen t o  i n c r e a s e  t o  a h i g h  v a l u e  and r e m a i n  

c o n s t a n t  t h e r e a f t e r .  A g e i n g  a t  1 00° C c a u s e d  t h e  i m p a c t  s t r e n g t h  

t o  f a l l  i n i t i a l l y  and t h e n  s t a b i l i s e .

I t  i s  p r o b a b l e ,  t h e r e f o r e ,  t h a t  t h e  enha nc e d  i m p a c t  

s t r e n g t h s  o b t a i n e d  by t h e  a u t h o r  when s ampl es  wer e  i mmer sed  i n  

aqueous  s o l u t i o n s  wer e  due more t o  t h e  p l a s t i c i s i n g  e f f e c t  o f  t h e  

w a t e r  t h a n  t o  t h e  p r e s e n c e  o f  e i t h e r  HC1 o r  NaOH.

The e x t e n t  o f  t h i s  i m p r o v e d  i m p a c t  p e r f o r m a n c e  i s  d e t e r m i n e d  

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

i m p a c t  r e s i s t a n c e ;  t h u s  t h e  s a mpl e s  i mmer sed  i n  s o l u t i o n s  a t  2 0 ° C  

p e r f o r m e d  b e t t e r  t h a n  t h o s e  i mmer sed i n  t a p  w a t e r  a t  7 5 ° C .

As e x p e c t e d ,  poo r  i m p a c t  p e r f o r m a n c e  was o b s e r v e d  f o r  p u r e  

P . E . S .  and b l e n d  9 a f t e r  i m m e r s i o n  i n  a c e t o n e .  S u r p r i s i n g l y

t h o u g h ,  and d e s p i t e  t h e i r  a p p e a r a n c e s ,  a c e t o n e  -  t r e a t e d  b l e n d  8

t e s t  p i e c e s  p e r f o r m e d  w e l l  u n d e r  i m p a c t .  W i t h  t h i s  one e x c e p t i o n ,  

t h e  u n d e r l y i n g  t r e n d  t h r o u g h o u t  t h e  i n v e s t i g a t i o n  was f o r  b l e n d  9 

t e s t  p i e c e s  t o  p e r f o r m  b e t t e r  u n d e r  i m p a c t  t h a n  b l e n d  8

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

P . E . S .  t e s t  p i e c e s .

The r e s u l t s  o f  t e n s i l e  t e s t s  p e r f o r m e d  on t e s t  p i e c e s  a f t e r  

i m m e r s i o n  a r e  c o n t a i n e d  i n  TABLE 2 4 .  The t e s t s  wer e  p e r f o r m e d  a t  

20° C and a s t r a i n  r a t e  o f  50mm/ mi n.

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

d i f f e r e n c e  was o b s e r v e d  b e t w e e n  t h e  t e n s i l e  s t r e n g t h s  o f  

u n t r e a t e d  t e s t  s p e c i me n s  and t h o s e  i mme r s e d  i n  t o l u e n e  o r  S h e l l
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T e l l u s  27 o i l .

A l l  s pe c i me ns  i mmer sed i n  aqueous  s o l u t i o n s  d i s p l a y e d

m o d e r a t e l y  l o w e r  t e n s i l e  s t r e n g t h s  t h a n  t h e i r  u n t r e a t e d

c o u n t e r p a r t s ,  w h i l s t  t h o s e  i mmer sed i n  a c e t o n e  e x h i b i t e d

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

I n  a l l  s o l u t i o n s ,  p ur e  P . E . S .  d i s p l a y e d  h i g h e r  t e n s i l e  

s t r e n g t h s  t h a n  b l e n d  9 w h i c h ,  i n  t u r n ,  p e r f o r m e d  b e t t e r  t h a n  

b l e n d  8 .

To c o n c l u d e ,  t h e  f i n d i n g s  o f  t h i s  i n v e s t i g a t i o n  may be

summar i sed  as f o l l o w s

( a )  T o l u e n e  and S h e l l  T e l l u s  27 o i l  have  l i t t l e  e f f e c t  on t h e  

a p p e a r a n c e  and m e c h a n i c a l  p e r f o r m a n c e  o f  p u r e  P . E . S .  o r  b l e n d s  8 

and 9 .

( b )  I m me r s i o n  o f  p u r e  P . E . S .  and t h e  b l e n d s  i n  aqueous  s o l u t i o n s  

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

t o  h i g h e r  i m p a c t  s t r e n g t h s  and l o w e r  t e n s i l e  s t r e n g t h s  b e i n g  

o b t a i n e d .

The m a g n i t u d e  o f  t h i s  e f f e c t  i s  d e t e r m i n e d  by t h e

t e m p e r a t u r e  o f  t h e  s o l u t i o n  i n  wh i c h  t h e  s p e c i me n s  a r e  i mme r s e d  -  

h i g h e r  i m p a c t  s t r e n g t h s  and l o w e r  t e n s i l e  s t r e n g t h s  b e i n g

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

C o n c e n t r a t i o n s  o f  10% HC1 or  NaOH i n  s o l u t i o n  a p p e a r  t o  have  

l i t t l e  e f f e c t  on a p p e a r a n c e  o r  p e r f o r m a n c e  o f  t e s t  s p e c i m e n s .

( c )  A c e t o n e  has a p r o n o u n c e d  e f f e c t  on t h e  p r o p e r t i e s  o f  p u r e  

P . E . S .  and t h e  b l e n d s ,  i t s  a b s o r p t i o n  i n t o  t h e  m a t e r i a l s  c a u s i n g  

s w e l l i n g  and s i g n i f i c a n t  w e i g h t  i n c r e a s e s .

I m me r s i o n  i n  a c e t o n e  d r a m a t i c a l l y  d e c r e a s e s  t e n s i l e  and 

i m p a c t  s t r e n g t h s  -  t h e  o n l y  e x c e p t i o n  b e i n g  t h e  p e r f o r m a n c e  o f
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b l e n d  8 u nd e r  i m p a c t .

( d )  O v e r a l l ,  t h e  a d d i t i o n  o f  2 . 5% l i n e a r  o r  c o p o l y m e r i s e d  

P . D . M . S .  a p p e a r s  t o  have  l i t t l e  e f f e c t  on t h e  r e s i s t a n c e  o f  

P . E . S .  t o  t h e  s e l e c t e d  aqueous  and o r g a n i c  r e a g e n t s  s t u d i e d .
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3 . 3 . 9  B u l k  Mo r p h o l o g y  o f  B l e n d s .

T h i n  f i l m s  o f  p u r e  P . E . S .  and a l l  t h e  b l e n d s  wer e  p r e p a r e d  

a t  room t e m p e r a t u r e  on a R e i c h e r t  Om U3 u l t r a m i c r o t o m e .  These  

f i l m s  wer e  f l o a t e d  o n t o  c o p p e r  g r i d s  and e x a mi n e d  on a J e o l  100CX  

T r a n s m i s s i o n  E l e c t r o n  M i c r o s c o p e .

F i g  118 i s  an e l e c t r o n  m i c r o g r a p h  o f  p u r e  P . E . S .  -  n o t e  t h e  

smooth d e f e c t - f r e e  a p p e a r a n c e .

I n  c o n t r a s t ,  f i g s  1 1 9 - 1 2 2  d e p i c t  f i l m s  o f  b l e n d s  3 ,  4 ,  7 and  

9 r e s p e c t i v e l y .  These a r e  t y p i f i e d  by t h e  p r e s e n c e  o f  v o i d s  

( b e l i e v e d  t o  have  been a t  one t i m e  t h e  s i t e s  o f  r u b b e r  

p a r t i c l e s )  and s m a l l  d a r k  a r e a s ,  s p h e r i c a l  o r  e l l i p t i c a l  i n  shape  

( b e l i e v e d  t o  be a c t u a l  r u b b e r  p a r t i c l e s ) .

F i g  123 i s  a h i g h  m a g n i f i c a t i o n  m i c r o g r a p h  o f  a v o i d  i n  

b l e n d  3 ,  and f i g s  124 and 125 a r e  s i m i l a r  m i c r o g r a p h s  o f  r u b b e r  

p a r t i c l e s  i n  b l e n d s  2 and 8 .

Of  p a r t i c u l a r  i n t e r e s t  i s  f i g  126 d e p i c t i n g  a f i l m  o f  

b l e n d  8 .  Her e  we can see n o t  o n l y  t h e  p r e s e n c e  o f  two r u b b e r  

p a r t i c l e s ,  b u t  a l s o  what  a p p e a r s  t o  be p hase  s e p a r a t i o n  a r o u n d  

t h e  s i t e  o f  a v o i d .

A l s o  o f  i n t e r e s t  i s  f i g  127 whe r e  we can o b s e r v e  a r u b b e r  

p a r t i c l e  a p p a r e n t l y  u n d e r g o i n g  f r a c t u r e  and c o n t r a c t i n g  t o  l e a v e  

a v o i d .
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A. SUMMARY AND CONCLUSIONS

The p o l y c o n d e n s a t i o n  o f  A , A ' - d i c h l o r o d i p h e n y 1 s u l p h o n e  w i t h  

e x c e s s  b i s p h e n o l  ' S '  i n  d i p h e n y l s u l p h o n e  s o l v e n t  was shown t o  be 

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

t e r m i n a t e d  P . E . S .  o l i g o m e r s .

A l t h o u g h  s e p a r a t i o n  o f  t h e  r e s u l t a n t  o l i g o m e r s  f r om t h e  

s o l v e n t  p r o v e d  t o  be somewhat  l a b o r i o u s ,  t h e  end p r o d u c t s  we r e  

shown by 1H N . M . R .  t o  be o f  r e a s o n a b l e  p u r i t y .

Numerous a n a l y t i c a l  t e c h n i q u e s  wer e  s u c c e s s f u l l y  e mp l oy e d  i n  

t h e  v e r i f i c a t i o n  o f  t h e  m o l e c u l a r  s t r u c t u r e  and m o l e c u l a r  w e i g h t  

o f  t h e  o l i g o m e r s .

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 s  wer e  o b t a i n e d  by D . S . C . ,  and  

T . G . A .  used t o  i d e n t i f y  a r e l a t i o n s h i p  b e t we e n  t h e r m a l  s t a b i l i t y  

and o l i g o m e r  m o l e c u l a r  w e i g h t  ( i . e .  h i g h e r  t h e r m a l  s t a b i l i t y  i s  

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

The f a i l u r e  o f  one o l i g o m e r  [ P . E . S .  ( D P ) max 5 ]  t o  c o n f o r m  t o  

t h i s  t r e n d  was a t t r i b u t e d  t o  t h e  p r e s e n c e  o f  a c e r t a i n  amount  o f  

c r o s s l i n k i n g  w i t h i n  t h e  p o l y m e r .

A s e r i e s  o f  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  o l i g o m e r s  was  

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

t h e s e  sa mpl e s  e s t a b l i s h e d .

The 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 s  o f  t h e  P . D . M . S .  o l i g o m e r s  

wer e  d e t e r m i n e d  by D . S . C . ,  and o t h e r  t r a n s i t i o n s  a s s o c i a t e d  w i t h  

c o l d  c r y s t a l l i s a t i o n  and m e l t i n g  a l s o  i d e n t i f i e d .

As w i t h  t h e  P . E . S .  o l i g o m e r s ,  T . G . A .  r e v e a l e d  a r e l a t i o n s h i p  

b e t we e n  t h e r m a l  s t a b i l i t y  and o l i g o m e r  m o l e c u l a r  w e i g h t .

The m o d i f i c a t i o n  o f  h y d r o x y l - t e r m i n a t e d  P . D . M . S .  w i t h  

d i c h l o r o d i m e t h y l s i l a n e  t o  y i e l d  c h l o r o - t e r m i n a t e d  P . D . M . S .
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a p p e a r e d  t o  p r o c e e d  r e a d i l y .  S u b s e q u e n t  m o d i f i c a t i o n  o f  

c h l o r o - t e r m i n a t e d  P . D . M . S .  w i t h  d i m e t h y l a m i n e  t o  y i e l d  

d i m e t h y l a m i n o - t e r m i n a t e d  a l s o  p r o v e d  p o s s i b l e .  I n  b o t h  cas e s  t h e  

e l i m i n a t i o n  o f  w a t e r  f r om t h e  r e a c t i o n  v e s s e l  was f ound  t o  be 

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

m o l e c u l a r  w e i g h t  o l i g o m e r s  wher e  t h e  number  o f  r e a c t i v e  g r o up s  

was s m a l l .

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

e x p o s i n g  b o t h  c h l o r o -  and d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  

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

o l i g o m e r s  was p e r f o r m e d .  End g r oup  s u b s t i t u t i o n  was m o n i t o r e d  by 

I n f r a r e d  s p e c t r o p h o t o m e t r y ,  and v i s c o m e t r i c  a n a l y s i s  was used t o  

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

o l i g o m e r s .

The s u c c e s s f u l  p r e p a r a t i o n  o f  a l t e r n a t i n g  b l o c k  c o p o l y m e r s  

o f  P . E . S .  and P . D . M . S .  v i a  t h e  s i l y l a m i n e - h y d r o x y l  c o n d e n s a t i o n

r e a c t i o n  was f o und  t o  be d e p e n d e n t  upon t h e  s o l v e n t  s y s t e m  

e m p l o y e d .

The l a r g e  d i f f e r e n c e  i n  s o l u b i l i t y  p a r a m e t e r  b e t we e n  P . E . S .

and P . D . M . S .  [ A = 1 0 . 3  ( J / c m 3 )0' 5 ] i n h i b i t e d  t h e  d i s s o l u t i o n  o f

b o t h  o l i g o m e r s  i n  any one p a r t i c u l a r  s o l v e n t .  N e v e r t h e l e s s ,

1 , 2 - d i c h l o r o b e n z e n e  was f ou nd  t o  d i s s o l v e  b o t h  P . E . S .  and  

P . D . M . S .  o l i g o m e r s  n e a r  i t s  b o i l i n g  p o i n t  ( 1 8 0 ° C ) .  F u r t h e r m o r e ,  

t h e  r e a c t i o n  b e t w e e n  h y d r o x y l - t e r m i n a t e d  P . E . S .  and 

d i m e t h y l a m i n o - t e r m i n a t e d  P . D . M . S .  was o b s e r v e d  t o  p r o c e e d  i n  t h i s  

s o l v e n t  as e v i d e n c e d  by t h e  l i b e r a t i o n  o f  t h e  r e a c t i o n  

b y - p r o d u c t ,  d i m e t h y l a m i n e ,  f r om t h e  r e a c t i o n  v e s s e l .  Once a g a i n ,  

t h e  e l i m i n a t i o n  o f  w a t e r  f r om t h e  s y s t e m was f o und  t o  be c r u c i a l
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t o  t h e  s u c c e s s  o f  t h e  o p e r a t i o n .

A t t e m p t s  t o  c o p o l y m e r i s e  P . E . S .  w i t h  P . D . M . S .  i n  s o l v e n t  

sys t ems  c o n t a i n i n g  s t r o n g  h y d r o g e n  b o n d i n g  s p e c i e s  e . g .  

d i m e t h y l f o r m a m i d e  f a i l e d .  I n  t h e s e  s y s t e m s ,  h y d r o g e n  b o n d i n g  

b e t we e n  t h e  h y d r o g e n  a t oms i n  t h e  P . E . S .  h y d r o x y l  t e r m i n a t i o n s  

and t h e  oxygen a t oms i n  t h e  s o l v e n t  r e d u c e s  t h e  a v a i l a b i l i t y  o f  

t h e  p h e n o l i c  h y d r o g e n  f o r  h y d r o g e n  b o n d i n g  w i t h  t h e  n i t r o g e n  o f  

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

S i  t o  a t t a c k  f r om t h e  oxygen  at oms o f  t h e  P . E . S .

Even d i c h l o r o m e t h a n e  i s  u n s u i t a b l e  as a r e a c t i o n  medium i n  

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

s o l v e n t  f o r ms  a c omp l e x  compound w i t h  P . E . S .  ( 1 4 1 ) .

A s e r i e s  o f  s i x  a l t e r n a t i n g  P . E . S . / P . D . M. S . c o p o l y m e r s  o f

v a r y i n g  b l o c k  and o v e r a l l  m o l e c u l a r  w e i g h t  wer e  s y n t h e s i s e d  u s i n g  

t h e  s i l y l a m i n e - h y d r o x y l  r e a c t i o n  i n  h o t  1 , 2 - d i c h l o r o b e n z e n e .

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

t e c h n i q u e s .

The m o l e c u l a r  w e i g h t  o f  each c o p o l y m e r  was d e t e r m i n e d  by

G . P . C .  The r e s u l t s  wer e  compl e me nt e d  by v i s c o m e t r i c  a n a l y s i s .

The m o l e c u l a r  s t r u c t u r e  o f  t h e  c o p o l y m e r s  was e l u c i d a t e d  

u s i n g  I n f r a r e d  and 1H N . M . R .  t e c h n i q u e s .  Of  p a r t i c u l a r

s i g n i f i c a n c e  was t h e  i d e n t i f i c a t i o n  o f  p e a k s  on t h e  I . R .  s p e c t r a  

o f  a l l  t h e  c o p o l y m e r s  a t t r i b u t a b l e  t o  t h e  S i - 0  s t r .  mode o f  t h e  

S i - 0 - C g H 5 l i n k a g e .  The p r e s e n c e  o f  t h i s  l i n k a g e  i s  p r o o f  o f  t h e  

f o r m a t i o n  o f  a P . E . S . / P . 0 . M. S.  c o p o l y m e r  s i n c e  i t  o c c u r s  o n l y  i n

t h i s  s p e c i e s  and i n  n e i t h e r  o f  t h e  r e a c t i n g  o l i g o m e r s .

F u r t h e r  s t r u c t u r a l  c o n f i r m a t i o n  wor k  i s  c u r r e n t l y  b e i n g

p e r f o r m e d  a t  I . C . I .  P l a s t i c s  and P e t r o c h e m i c a l s  D i v i s i o n ,  W i l t o n ,

125



29wher e  a r e l i a b l e  s o l v e n t  sys t em i s  b e i n g  d e v e l o p e d  f o r  t h e  S i  

N . M . R .  a n a l y s i s  o f  t h e  c o p o l y m e r s .

T h e r ma l  a n a l y s i s  showed t h e  c o p o l y m e r s  t o  p o s s e s s  a t h e r m a l  

s t a b i l i t y  m a r g i n a l l y  i n f e r i o r  t o  t h a t  o f  P . E . S .  b u t  c o m p a r a b l e  o r  

s u p e r i o r  t o  t h a t  o f  l i n e a r  P . D . M . S .  C o p o l y me r s  p o s s e s s i n g  h i g h e r  

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

t e m p e r a t u r e  p r o p e r t i e s .

Copo l ymer  d e g r a d a t i o n  commences b e t w e e n  3 5 0 - A 0 0 ° C .  At  t h e s e  

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

p h y s i c a l  P . E . S . / P . D . M. S . b l e n d s  p r e s u m a b l y  as a r e s u l t  o f  t h e  

c l e a v a g e  o f  t h e  r e l a t i v e l y  wea;k S i - 0 - C 6 H5 l i n k a g e .

D . S . C .  a n a l y s i s  r e v e a l e d  t h e  p r e s e n c e  o f  p e a k s  a t t r i b u t a b l e  

t o  t r a n s i t i o n s  o c c u r r i n g  w i t h i n  t h e  P . D . M . S .  c o mponent  o f  t h e  

c o p o l y m e r s .  No t r a n s i t i o n s  a t t r i b u t a b l e  t o  P . E . S .  we r e

o b s e r v a b l e .  T h i s  phenomenon i s  b e l i e v e d  t o  be due t o  t h e

m i g r a t i o n  o f  t h e  l o w e r  s u r f a c e  e n e r g y  P . D . M . S .  s e g me n t s  t o  t h e

s u r f a c e  o f  t h e  c o p o l y m e r .  Once a t  t h e  s u r f a c e  t h e y  a c t  as

i n s u l a t o r s  and i n h i b i t  t h e  o b s e r v a t i o n  o f  t r a n s i t i o n s  o c c u r r i n g  

i n  t h e  P . E . S .  segment s  o f  t h e  c o p o l y m e r .

E v i d e n c e  t h a t  t h i s  m i g r a t i o n  phenomenon e x i s t s  has been

p r o v i d e d  by work c a r r i e d  o u t  a t  I . C . I . ,  W i l t o n .  H e r e  X - r a y  

p h o t o e l e c t r o n  s p e c t r o s c o p y  (XPS o r  ESCA) was p e r f o r m e d  on 

c o p o l y m e r  1 c o n t a i n i n g  5 6 . 5 % P . E . S .  and A3. 5% P . D . M . S .  The  

r e s u l t s  showed t h e r e  t o  be a S i / S  a t o m i c  r a t i o  o f  5 . 0 5  on t h e  

c o p o l y m e r  s u r f a c e  as compared t o  a S i / S  r a t i o  o f  2 . AO w i t h i n  t h e  

b u l k  o f  t h e  c o p o l y m e r .

The c h e m i c a l  c o m p o s i t i o n  o f  t h e  c o p o l y m e r s  has been v e r i f i e d  

by 1H N . M . R .  and e l e m e n t a l  m i c r o - a n a l y s i s  t e c h n i q u e s .  Good
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a g r e e m e n t  has been o b t a i n e d  w i t h  t h e  e x p e c t e d  v a l u e s .

The e x i s t e n c e  o f  a c o p o l y m e r  ( a s  opposed t o  a s i m p l e  

p h y s i c a l  b l e n d )  may be v e r i f i e d  by i t s  a b i l i t y  t o  be c a s t  i n t o  

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

a p p l i c a t i o n  o f  s e l e c t i v e  s o l v a t i o n  t e c h n i q u e s .

T r a n s p a r e n t  f i l m s  o f  t h e  c o p o l y m e r s  wer e  s u c c e s s f u l l y  c a s t  

f r om v a r i o u s  weak or  non h y d r o g e n  b o n d i n g  s o l v e n t s .  A t t e m p t s  t o  

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

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

a s i m p l e  p h y s i c a l  b l e n d .  T h i s  phenomenon may a l s o  be a t t r i b u t e d  

t o  t h e  c l e a v a g e  o f  t h e  r e l a t i v e l y  weak S i - 0 - C 6 H5 l i n k a g e .

The i d e n t i f i c a t i o n  o f  P . D . M . S .  i n  t h e  r e s i d u e  a f t e r  s o l v e n t  

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

c o p o l y m e r i c  s t r u c t u r e s .

T . E . M .  e x a m i n a t i o n  o f  t h i n  f i l m s  o f  t h e  c o p o l y m e r s  r e v e a l e d  

them a l l  t o  be m i c r o p h a s e  s e p a r a t e d .  These  f i n d i n g s  a r e  i n  

a c c o r d a n c e  w i t h  t h e  t h e o r i e s  o f  M e i e r  ( 5 8 )  and K r a u s e  ( 6 8 - 7 0 ) ,  

b o t h  o f  wh i c h  p r e d i c t  e x t e n s i v e  phase  s e p a r a t i o n  a t  h i g h  

d i f f e r e n t i a l  s o l u b i l i t y  p a r a m e t e r  ( A ) .

Each c o p o l y m e r  was shown t o  d i s p l a y  a d i f f e r e n t  m o r p h o l o g y .  

H o w e v e r ,  i t  i s  b e l i e v e d  t h a t  t h e  o b s e r v e d  m i c r o s t r u c t u r e s  we r e  

n o n - e q u i 1 i b r a t e d  and q u i t e  l i k e l y  t o  change when e q u i l i b r a t e d ,  

s a y ,  by t h e r m a l  t r e a t m e n t .

The a b o v e - m e n t i o n e d  c o p o l y m e r s  wer e  b l e n d e d  w i t h  A800P g r a d e  

P . E . S .  i n  an a t t e m p t  t o  i m p r o v e  t h e  n o t c h e d  i m p a c t  r e s i s t a n c e  o f  

t h e  c o m m e r c i a l  p o l y m e r .  P h y s i c a l  and ' m e c h a n i c a l  t e s t i n g  was 

p e r f o r m e d  on I z o d  and T e n s i l e  t e s t  p i e c e s  i n j e c t i o n  mo u l d e d  f r om  

t h e s e  b l e n d s .
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The T h e o l o g i c a l  p r o p e r t i e s  o f  4800P  g r a d e  P . E . S .  wer e  shown 

t o  be s i g n i f i c a n t l y  a f f e c t e d  by t h e  a d d i t i o n  o f  s m a l l  amount s  o f  

c o p o l y m e r i s e d  P . D . M . S .  The f i n d i n g s ,  wh i c h  a r e  summar i sed  i n  

s e c t i o n  3 . 3 . 3 ,  a r e  c o n s i s t e n t  w i t h  t h e  f o r m a t i o n  o f  a l a m e l l a r  

s t r u c t u r e  d u r i n g  e x t r u s i o n  wher e  t h e  P . D . M . S .  b e a r i n g  c o p o l y m e r  

b e h a v e s  i n  a s i m i l a r  manner  t o  l i n e a r  P . D . M . S .  and m i g r a t e s  t o  

t h e  r e g i o n s  o f  h i g h  s h e a r  s t r e s s  t o  f or m a P . D . M . S . - r i c h  s h e a t h  

a r o u n d  a r u b b e r  d e p l e t e d  c o r e .

F u r t h e r  work s h o u l d  be p e r f o r m e d  on m e l t  b l e n d e d  P . E . S . /  

P . E . S . - c o - P . D . M. S . e x t r u d a t e s  i n  o r d e r  t o  a s s e s s  q u a n t i t a t i v e l y  

any P . D . M . S .  m i g r a t i o n  t h a t  may o c c u r  i n  t h e s e  s y s t e m s .  EDAX,  

Auger  and ESCA a n a l y s e s  may be u s e f u l  i n  such an i n v e s t i g a t i o n .

T e s t  p i e c e s  i n j e c t i o n  moul ded  f r om g r a n u l a t e d  P . E . S . /  

P . E . S . - c o - P . D . M . S . e x t r u d a t e s  d i s p l a y e d  e v i d e n c e  o f  s u r f a c e  

d e l a m i n a t i o n  ( f i g  7 2 )  p a r t i c u l a r l y  a t  h i g h e r  {2.5%)  P . D . M . S .  

l e v e l s .  T h i s ,  once a g a i n ,  has been a t t r i b u t e d  t o  t h e  m i g r a t i o n  

o f  t h e  P . D . M . S .  b e a r i n g  a d d i t i v e  t o  t h e  s u r f a c e  o f  t h e  m o u l d i n g .  

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

EDAX,  Auger  and ESCA t e c h n i q u e s  t o  b l e n d  t e s t  p i e c e s .

The i m p a c t  s t r e n g t h  o f  4800P P . E . S .  was shown t o  be i m p r o v e d  

by t h e  a d d i t i o n  o f  2 . 5 % c o p o l y m e r i s e d  P . D . M . S .  F o r  t e s t  p i e c e s  

w i t h  a r o o t  r a d i u s  o f  0 . 25mm,  n o m i n a l  n o t c h  d e p t h  2.5mm and  

i n c l u d e d  a n g l e  4 5 ° ,  a 30% i n c r e a s e  i n  i m p a c t  s t r e n g t h  was 

o b s e r v e d  i n  t h e  t e m p e r a t u r e  r a n g e  6 5 - 1 4 5 ° C .  T h i s  i m p r o v e m e n t  

i n c r e a s e d  t o  43% a t  2 5 ° C ,  and i n d i c a t i o n s  a r e  t h a t  g r e a t e r  

i m p r o v e m e n t s  may be p o s s i b l e  a t  s u b - z e r o  t e m p e r a t u r e s .  F u r t h e r  

i n v e s t i g a t i o n s  s h o u l d  be c a r r i e d  o u t  on t h e  i m p a c t  p e r f o r m a n c e  o f  

t h e s e  P . E . S . / P . E . S . - c o - P . D . M. S . b l e n d s  a t  t e m p e r a t u r e s  down t o
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t h e  Tg o f  P . D . M . S .  ( - 1 2 3 ° C )  and p r e f e r a b l y  l o w e r .

The e f f e c t  o f  n o t c h  r o o t  r a d i u s  on t h e  i m p a c t  s t r e n g t h s  o f  

4800P P . E . S .  and t h e  b l e n d s  i s  r e m a r k a b l e .  A d d i t i o n s  o f  s m a l l  

amount s  o f  P . E . S . - c o - P . D . M. S . i m p r o v e  t h e  i m p a c t  s t r e n g t h  o f  

s h a r p l y  n o t c h e d  P . E . S .  a t  2 5 ° C .  Ho w e v e r ,  t h e s e  a d d i t i o n s  h a v e  a 

d e t r i m e n t a l  e f f e c t  on t h e  i m p a c t  p e r f o r m a n c e  o f  b l u n t l y  n o t c h e d  

P . E . S .  by a p p a r e n t l y  s u p p r e s s i n g  t h e  e x t e n t  o f  p l a s t i c  y i e l d i n g  

o c c u r r i n g  d u r i n g  f r a c t u r e .  The m a g n i t u d e  o f  t h i s  e f f e c t  i s  

d e t e r m i n e d  by t h e  l e v e l  o f  a d d i t i v e  i n  t h e  b l e n d ,  i . e .  h i g h e r  

P . D . M . S .  l e v e l s  y i e l d  h i g h e r  s h a r p  n o t c h  i m p a c t  s t r e n g t h s  b u t  

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

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

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

b l o c k  m o l e c u l a r  w e i g h t  c o p o l y m e r s .  N e v e r t h e l e s s ,  any i n c r e a s e  i n  

t h e  i m p a c t  s t r e n g t h  o f  P . E . S .  by t h e  a d d i t i o n  o f  P . E . S . /  

P . E . S . - c o - P . D . M. S . c o p o l y m e r s  c a n n o t  be a t t r i b u t e d  t o  t h e  

c o m p a t i b i l i s i n g  e f f e c t  o f  t h e  P . E . S .  b l o c k s  i n  t h e  c o p o l y m e r s  

s i n c e  b l e n d s  c o n t a i n i n g  o n l y  4800P P . E . S .  and l i n e a r  P . D . M . S .  

p e r f o r m e d  b e t t e r  u n d e r  i m p a c t  t h a n  some b l e n d s  c o n t a i n i n g  P . E . S .  

c o p o l y m e r  b l o c k s .

V a l u e s  o f  A p p a r e n t  C r i t i c a l  S t r a i n  E n e r g y  R e l e a s e  R a t e  ( Gg ) 

o b t a i n e d  f o r  4800P P . E . S .  and a l l  t h e  b l e n d s  by t h e  a p p l i c a t i o n  

o f  L i n e a r  E l a s t i c  F r a c t u r e  M e c h a n i c s  t o  s h a r p  n o t c h  I z o d  i m p a c t  

d a t a  (TABLE 1 9 )  c o n f i r m e d  t h e  m a r g i n a l l y  s u p e r i o r  i m p a c t  

p r o p e r t i e s  o b t a i n a b l e  t h r o u g h  t h e  a d d i t i o n  o f  l i n e a r  P . D . M . S .  

r a t h e r  t h a n  c o p o l y m e r i s e d  P . D . M . S .

I m p a c t  t e s t s  p e r f o r m e d  a t  I . C . I . ,  W i l t o n ,  showed t h e  n o t c h e d  

i m p a c t  s t r e n g t h  o f  4800P P . E . S .  t o  be d r a m a t i c a l l y  i n c r e a s e d  by
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t h e  p r e s e n c e  o f  t h e  a d d i t i v e s .

By c a r r y i n g  o ut  n o t c h e d  I z o d  i m p a c t  t e s t s  t o  t h e  ASTM 

s t a n d a r d ,  t h e  r e s u l t s  c o n t a i n e d  i n  TABLE 26 wer e  o b t a i n e d .

B l e n d s  7 and 8 ,  b o t h  c o n t a i n i n g  2 . 5 % c o p o l y m e r i s e d  P . D . M . S . ,  

d i s p l a y e d  i m p a c t  s t r e n g t h  i n c r e a s e s  o f  136% and 122% r e s p e c t i v e l y  

o v e r  p u r e  A800P P . E . S .  B l e n d  9 c o n t a i n i n g  2 . 5 % l i n e a r  P . D . M . S .  

showed a s i m i l a r  i n c r e a s e  o f  125%.  Even b l e n d  A c o n t a i n i n g  j u s t  

0 . 5 % c o p o l y m e r i s e d  P . D . M . S .  d i s p l a y e d  an i m p a c t  s t r e n g t h  12A% 

b e t t e r  t h a n  t h a t  o f  p u r e  P . E . S .

A l t h o u g h  t h e s e  r e s u l t s  do n o t  i n d i c a t e  any s i g n i f i c a n t  

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

c o p o l y m e r i s e d  o r  l i n e a r  P . D . M . S . ,  i t  i s  w o r t h w h i l e  n o t i n g  t h a t ,  

u n d e r  c e r t a i n  c o n d i t i o n s ,  t h e  i m p a c t  s t r e n g t h  o f  p u r e  P . E . S .  can  

be more t h a n  d o u b l e d  by t h e  a d d i t i o n  o f  as l i t t l e  as 0 . 5 %  

c o p o l y m e r i s e d  P . D . M . S .

E x a m i n a t i o n  o f  t h e  f r a c t u r e  s u r f a c e s  o b t a i n e d  d u r i n g  t h e  

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

i n t e r e s t i n g  t r e n d s .

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

c o p o l y m e r i s e d  P . D . M . S .  a p p e a r s  t o  p r o m o t e  p l a s t i c  d e f o r m a t i o n  

w i t h i n  t h e  P . E . S .  m a t r i x .  The e x t e n t  o f  t h i s  p l a s t i c  d e f o r m a t i o n  

i s  i n c r e a s e d  w i t h  i n c r e a s i n g  t e m p e r a t u r e  and i n c r e a s i n g  r u b b e r  

c o n t e n t .  I n c r e a s i n g  t h e  n o t c h  r o o t  r a d i u s  w i l l  a l s o  i n c r e a s e  t h e  

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

The r u b b e r  p a r t i c l e s  a l w a y s  a p p e a r  on t h e  b l e n d  f r a c t u r e  

s u r f a c e s  as l i p p e d  c i r c u l a r  d e p r e s s i o n s  o f  t y p i c a l  d i a m e t e r  1pm.

By c o m b i n i n g  t h e  i n f o r m a t i o n  o b t a i n e d  d u r i n g  t h e  i m p a c t  

t e s t i n g  o f  t h e  b l e n d s  w i t h  t h a t  o b t a i n e d  f r om f r a c t u r e  s u r f a c e
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s t u d i e s  i t  i s  p o s s i b l e  t o  e x p l a i n  t h e  o b s e r v e d  phenomena.

A t o u g h e n i n g  mechani sm i s  p r o p o s e d  wh e r e b y  t h e  d e f o r m a t i o n  

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

p a r t i c l e  /  m a t r i x  i n t e r f a c e  and ( b )  p l a s t i c  s h e a r  y i e l d i n g  i n  t h e  

P . E . S .  m a t r i x ,  t h e  l a t t e r  b e i n g  t h e  mai n  s o u r c e  o f  e n e r g y  

d i s s i p a t i o n .

S h a r p l y  n o t c h e d  p ur e  4800P P . E . S .  r e q u i r e s  v e r y  l i t t l e  

e n e r g y  f o r  c r a c k  i n i t i a t i o n  and p r o p a g a t i o n .  The r e s u l t i n g  

f r a c t u r e  s u r f a c e  i s  smooth and f e a t u r e l e s s .

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

P . D . M . S .  t o  P . E . S .  i n c r e a s e s  t h e  i m p a c t  r e s i s t a n c e  i n  s h a r p l y  

n o t c h e d  sp e c i me n s  b e cause  o f  t h e  d i s s i p a t i o n  o f  e n e r g y  t h r o u g h  

l o c a l i s e d  c a v i t a t i o n  a c c o mpa ni e d  by l i m i t e d  l o c a l i s e d  m a t r i x  

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

p r o p a g a t i o n .

On t h e  o t h e r  h a n d ,  b l u n t l y  n o t c h e d  o r  u n n o t c h e d  p u r e  P . E . S .  

r e q u i r e s  c o n s i d e r a b l e  e n e r g y  i n p u t  f o r  c r a c k  i n i t i a t i o n ,  and 

e x t e n s i v e  p l a s t i c  d e f o r m a t i o n  i s  o b s e r v e d  i n  such s p e c i me n s  when 

i m p a c t  t e s t e d .

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

P . D . M . S .  i n  such s p e c i me n s  w i l l  p r o mo t e  c r a c k  i n i t i a t i o n  b u t  once  

a g a i n  r e t a r d  c r a c k  p r o p a g a t i o n .  I n  t h i s  i n s t a n c e  t h e  r e d u c t i o n  i n  

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

i s  n o t  c o u n t e r b a l a n c e d  by t h e  i n c r e a s e  i n  i m p a c t  s t r e n g t h  due t o  

l o c a l i s e d  c a v i t a t i o n  and y i e l d i n g .  Reduced i m p a c t  p e r f o r m a n c e  i s  

t h e  r e s u l t .

The r e l a t i v e  c o n t r i b u t i o n  o f  each o f  t h e s e  mechan i sms  t o  t h e  

o v e r a l l  i m p a c t  s t r e n g t h  i s  d e t e r m i n e d  by t h e  amount  o f  t h e
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r u b b e r - b e a r i n g  a d d i t i v e  p r e s e n t .  F or  s h a r p l y  n o t c h e d  s p e c i m e n s ,  

i n c r e a s i n g  t h e  a d d i t i v e  c o n c e n t r a t i o n  i n c r e a s e s  t h e  i m p a c t  

s t r e n g t h .  F or  b l u n t l y  n o t c h e d  sp e c i me n s  t h e  c o n v e r s e  i s  t r u e .

The r e s u l t s  o f  t e n s i l e  t e s t s  p e r f o r m e d  on p u r e  A800P P . E . S .  

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

Under  u n i a x i a l  t e n s i o n  ( s t r a i n  r a t e  50mm/ mi n ,  t e m p e r a t u r e  2 0 ° C )  

u n n o t c h e d  P . E . S .  i s  t o u gh  and e x h i b i t s  c o n s i d e r a b l e  e l o n g a t i o n  

p r i o r  t o  f a i l u r e .  The a d d i t i o n  o f  s m a l l  amount s  o f  P . D . M . S .  i n  

b o t h  c o p o l y m e r i s e d  and l i n e a r  f o r ms  r e s u l t s  i n  a modest  d e c r e a s e  

i n  P . E . S .  t e n s i l e  s t r e n g t h ,  b u t  a s i g n i f i c a n t  d e c r e a s e  i n  i t s  

e l o n g a t i o n  a t  b r e a k .  C l e a r l y  t h e  P . D . M . S .  b e a r i n g  a d d i t i v e s  a r e  

p r o m o t i n g  c r a c k  i n i t i a t i o n  and i n h i b i t i n g  t h e  e x t e n s i v e  p l a s t i c  

d e f o r m a t i o n  o b s e r v e d  i n  p ur e  P . E . S .  The e f f e c t  i s  c o m p a r a b l e  t o  

t h a t  o b s e r v e d  upon i m p a c t  t e s t i n g  u n n o t c h e d  P . E . S .  and b l e n d  

s p e c i m e n s .

I n v e s t i g a t i o n s  wer e  p e r f o r m e d  i n t o  t h e  e f f e c t  o f  t h e  

P . D . M . S .  b e a r i n g  a d d i t i v e s  on t h e  r e s i s t a n c e  o f  P . E . S .  t o  

s e l e c t e d  o r g a n i c  and i n o r g a n i c  r e a g e n t s .  The f i n d i n g s ,  w h i c h  a r e  

summar i sed  i n  s e c t i o n  3 . 3 . 8 ,  i n d i c a t e  t h a t  t h e  p r e s e n c e  o f  up t o  

2 . 5% c o p o l y m e r i s e d  o r  l i n e a r  P . D . M . S .  has no s i g n i f i c a n t  e f f e c t  

on t h e  m e c h a n i c a l  p e r f o r m a n c e  o f  P . E . S .  a f t e r  i m m e r s i o n  i n  t h e  

r e a g e n t s  f o r  a p e r i o d  o f  7 da y s .

To c o n c l u d e ,  i t  has been shown t h a t  i t  i s  p o s s i b l e  t o  

s y n t h e s i s e  P . E . S . - c o - P . D . M. S . ( A - B ) n t y p e  b l o c k  c o p o l y m e r s  by t h e  

s i l y l a m i n e - h y d r o x y l  c o n d e n s a t i o n  r e a c t i o n .  F u r t h e r m o r e  i t  has  

been shown t h a t  t h e s e  c o p o l y m e r s  i m p r o v e  t h e  i m p a c t  s t r e n g t h  o f  

s h a r p l y  n o t c h e d  P . E . S .  when added i n  s m a l l  q u a n t i t i e s .

Howe v e r ,  i n v e s t i g a t i o n s  h ave  shown t h a t  t h e  m a g n i t u d e  o f
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t h i s  i m p r o v e d  i m p a c t  p e r f o r m a n c e  i s  no g r e a t e r  t h a n  t h a t  o b s e r v e d  

when l i n e a r  P . D . M . S .  i s  added t o  P . E . S .  The r e a s o n  p r o p o s e d  f o r  

t h i s  i s  P . D . M . S .  m i g r a t i o n .

A n a l y s i s  has r e v e a l e d  t h a t  P . D . M . S .  domai ns  m i g r a t e  t o  t h e  

s u r f a c e  o f  t h e  P . E . S - c o - P . D . M. S . c o p o l y m e r s .  Once t h e r e  t h e y  

i n h i b i t  t h e  f o r m a t i o n  o f  t h e  d e s i r e d  a d h e s i v e  bond b e t we e n  t h e  

P . E . S .  m a t r i x  and t h e  P . E . S .  domai ns  i n  t h e  c o p o l y m e r .  Thus t h e  

a d h e s i o n  o b t a i n e d  b e t we e n  t h e  P . E . S . - c o - P . D . M. S . c o p o l y m e r s  and  

t h e  P . E . S .  m a t r i x  i s  l i t t l e  b e t t e r  t h a n  t h a t  o b t a i n e d  b e t we e n  

l i n e a r  P . D . M . S .  and t h e  P . E . S .  m a t r i x .

A s o l u t i o n  t o  t h i s  p r o b l e m  wo u l d  be t o  i n h i b i t  t h e  m i g r a t i o n

o f  P . D . M . S .  t o  t h e  s u r f a c e  d u r i n g  c o p o l y m e r  s y n t h e s i s .  T h i s

c o u l d  p e r h a p s  b e s t  be a c h i e v e d  by c r o s s l i n k i n g  t h e  P . D . M . S .  

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

The phenomenon o f  P . D . M . S .  m i g r a t i o n  i s  n o t  o n l y  c o n f i n e d  t o  

P . D . M . S .  domai ns  w i t h i n  a c o p o l y m e r ,  f o r  i t  a l s o  o c c u r s  w i t h i n  

t h e  b l e n d s  t h e m s e l v e s .  I n  a l l  t h e  P . E . S . - c o - P . D . M . S . / P . E . S . 

b l e n d s  and t h e  l i n e a r  P . E . S . / P . D . M. S . b l e n d ,  m i g r a t i o n  o f  t h e

P . D . M . S .  b e a r i n g  a d d i t i v e  t o  t h e  s u r f a c e  o c c u r r e d .  T h i s  r e s u l t e d  

i n  d e l a m i n a t i o n  b e i n g  o b s e r v e d ,  p a r t i c u l a r l y  i n  the'  b l e n d s  w i t h

h i g h e r  P . D . M . S .  c o n t e n t s .

How, t h e n ,  i s  t h i s  p r e v e n t e d ?  Woul d ,  f o r  i n s t a n c e ,  t h e

c r o s s l i n k i n g  o f  t h e  P . D . M . S .  phase  d u r i n g  c o p o l y m e r i s a t i o n  a l s o

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

i n  a P . E . S . - c o - P . D . M . S . / P . E . S.  b l e n d ?  Woul d t h e  c r o s s l i n k i n g  o f  

P . D . M . S .  d u r i n g  b l e n d i n g  w i t h  P . E . S .  p r e v e n t  P . D . M . S .  m i g r a t i o n

i n  a s i m p l e  P . E . S . / P . D . M . S . b l e n d ?  These a r e  j u s t  two o f  t h e

q u e s t i o n s  f u t u r e  w o r k e r s  must  answer  i f  opt i mum i m p a c t
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F i g u r e  1 0 .  A p p a r a t u s  f o r  P o t e n t i o m e t r i c  T i t r a t i o n  o f  P . E . S .  
O l i g o m e r s



/GLASS-CALOMEL 
ELECTRODE ASSEMBLY2 ml BURETTE

INLET FOR C02 
FREE NITROGEN

AIRTIGHT CAP

-60 mm* 60 mm 
GLASS VESSEL

STIRRING BAR

MAGNETIC STIRRER



F i g u r e  1 1 .  P o t e n t i o m e t r i c  T i t r a t i o n  C u r v e s  f o r  P . E . S .  O l i g o m e r s
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F i g u r e  1 2 .  D . S . C .  C u r v e s  f o r  P . E . 5 .  O l i g o m e r s ,  ( a )  4800P V i c t r e x ,
( b )  P . E . S .  [Mn ~  1 3 0 0 ] ,  ( c )  P . E . S .  [ M n ^ 4 9 0 0 ] ,  and
P . E . 5 .  [Mn 9 6 0 0 ]
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F i g u r e  1 4 .  Reduced V i s c o s i t y  vs C o n c e n t r a t i o n  C u r v e s  f o r  t h r e e  
P . P . M . S .  O l i g o m e r s  i n  T o l u e n e  a t  2 5 ° C



SAMPLE No. 11 38/71/1

x SAMPLE No. 11 38/71/2

o SAMPLE No. 11 38/71/3

15 ••

70 8-00 30 5-040 6010 20

PDMS C0NCn (q/100ml )
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F i g u r e  1 5 .  Reduced V i s c o s i t y  vs C o n c e n t r a t i o n  C u r v e s  f o r  two  
P . P . M . S .  O l i g o m e r s  i n  T o l u e n e  a t  2 5 ° C



x SAMPLE No. 11 38/71/480-
o SAMPLE No. 11 38/71/5

70-

60-
REDUCEO
VISCOSITY

^  50-

40-

0 3*01-0 2-0 80604-0 5-0 7-0

POMS CONCn (q /100ml)
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F i g u r e  1 6 .  I n f r a r e d  S p e c t r u m  o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
( M n ~ 6 0 0 )  -  Range 4 Q0 0 - I 2 0 0 c m~ 1
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F i g u r e  1 7 .  I n f r a r e d  S p e c t r u m  o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
( M n ~ 6 0 0 )  -  Range l 3 0 0 - 4 0 0 c m ~ 1
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F i g u r e  1 8 .  I n f r a r e d  S p e c t r u m o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
( M n ~ 4 9 Q Q )  -  Range A000 - 1200cm~
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F i g u r e  1 9 .  I n f r a r e d  S p e c t r u m o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
( M n ~ 4 9 0 0 )  ~ Ra n de 1300-400cm' ~
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F i g u r e  2 0 .  I n f r a r e d  S pe c t r u m o f  H y d r o x y l - t e r m i n a t e d  P . P . M . 5 .  
(Mn * * 2 9 0 0 0 )  -  Range 4 0 0 0 - 1 2 0 0 c m~
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F i g u r e  2 1 .  I n f r a r e d  S p e c t r u m o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
(Mn * * 2 9 0 0 0 )  -  Range 1300- A00cm~
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F i g u r e  2 2 .  1H N . M . R .  S pe c t r u m o f  H y d r o x y 1 - t e r m i n a t e d  P . P . M . S .  
( Mn ** 600  )
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F i g u r e  2 3 .  1H N . M . R .  S p e c t r u m o f  H y d r o x y 1 - t e r m i n a t e d  P . P . M . S .  
(Mn * * 4 9 0 0 )
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F i g u r e  2 4 .  1H N . M . R .  S p e c t r u m o f  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
(Mn ~ 2 9 0 0 0 )
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F i g u r e  2 5 .  D . S . C .  Cu r v e s  f o r  H y d r o x y l - t e r m i n a t e d  P . P . M . S .
O l i g o m e r s ,  ( a )  P . P . M . S .  (f in ~ 6 0 0 ) ,  ( b )  P . P . M . S .  
(f in r* 4 9 0 0 )  and ( c )  P . P . M . S .  (Mn ^ 2 9 0 0 0 ) .
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F i g u r e  2 6 .  T . G . f t .  C u r v e s  f o r  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  
O l i g o m e r s
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F i g u r e  2 7 .  A p p a r a t u s  f o r  t h e  C h l o r i n a t i o n  o f  H y d r o x y l - t e r m i n a t e d
P . D . M . S .
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F i g u r e  2 8 .  I n f r a r e d  S p e c t r u m o f  C h l o r o - t e r r o i n a t e d  P . D . M . S .  
(Mn *>*800) -  Range 4 0 0 0 - 1 2 0 0 c n r *
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F i g u r e  2 9 .  I n f r a r e d  S p e c t r u m  o f  C h l o r o - t e r m i n a t e d  P . P . M . S .  
( f l n — 8 0 0 )  -  Range 130Q-A00cm~^
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F i g u r e  3 0 .  I n f r a r e d  S p e c t r u m  o f  C h l o r o - t e r m i n a t e d  P . P . M . S .  
( M n ~ 5 1 0 0 )  -  Range 4 0 Q 0 - I 2 0 0 c m ~ 1
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F i g u r e  3 1 .  I n f r a r e d  S p e c t r u m  o f  C h l o r o - t e r m i n a t e d  P . P . M . 5 .  
(M*n ~ 5 1 0 0 ) -  Range 1300-400cm~'1
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F i g u r e  3 2 .  I n f r a r e d  S p e c t ru m  o f  C h l o r o - t e r m i n a t e d  P . P . M . S .  
(Mn *>*29000) -  Range 4 0 0 0 - l 2 0 0 c m ~ 1
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F i g u r e  3 3 .  I n f r a r e d  S p e c t r u m  o f  C h l o r o - t e r m i n a t e d  P . P . M . S .  
(Mn * * 2 9 0 0 0 )  -  Range l 3 0 0 - 4 0 Q c m " 1
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F i g u r e  3 4 .  I n f r a r e d  S p e c t r u m  o f  A m i n e - t e r m i n a t e d  P . P . M . S .  
( M n « v 8 0 0 )  -  Range 4 0 0 0 - I 2 0 0 c m ~ 1
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F i g u r e  3 5 .  I n f r a r e d  S p e c t r u m  o f  A m i n e - t e r m i n a t e d  P . P . M . S .  
( tTn*«8QQ) -  Range l3 Q Q - 4 Q 0 c n r 1
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F i g u r e  3 6 .  I n f r a r e d  S pe c t ru m  o f  A m i n e - t e r m i n a t e d  P . P . M . 5 .  
(Mn ~ 5 1 0 0 )  -  Range 4 0 0 0 - l 2 0 0 c m ~ 1
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F i g u r e  3 7 .  I n f r a r e d  S pe c t ru m  o f  A m i n e - t e r m i n a t e d  P . P . M . S .  
( M n * » 5 1 0 0 )  -  Range l 3 0 Q - 4 0 0 c m ~ 1
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F i g u r e  3 8 .  I n f r a r e d  S pe c t ru m  o f  f l m i n e - t e r m i n a t e d  P . P . M . S .  
(M?i o*5 3 0 0 0 )  -  Range 4 0 0 0 - l 2 0 0 c m ~ 1
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F i g u r e  3 9 .  I n f r a r e d  S p e c t r u m  o f  A m i n e - t e r m i n a t e d  P . P . M . S .  
(Mn «»«53C)QQ) -  Range l3 00~A00cm ~1
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F i g u r e  4 0 .  Mv ( D e t e r m i n e d  V i s c o m e t r i c a l l y ) vs Mn ( D e t e r m i n e d  by 
G . P . C . )  f o r  H y d r o x y l - t e r m i n a t e d  P . P . M . S .  O l i g o m e r s
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F i g u r e  4 1 .  A p p a r a t u s  f o r  t h e  P r e p a r a t i o n  o f  P . E . S . / P . D . M. S.  
B l o c k  C o p o ly m e r s
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F i g u r e  A3.  I . R .  S p e c t r u m  o f  P . E . S . / P . D . M . S . B l o c k  C o p o ly m e r  No 2
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F i g u r e  4 5 .  I . R .  S p e c t r u m  o f  P . E . S . / P . D . M. S . B l o c k  C opo ly m er  No 4
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F i g u r e  56.  C o mp a r i s o n  be t ween  t h e  T h e r m a l  S t a b i l i t i e s  o f  ( 0 )  a 
P . E . S .  o l i g o m e r ,  ( x )  a P . P . M . 5 .  o l i g o m e r ,  ( o )  a 
s i m p l e  p h y s i c a l  b l e n d  o f  t h e s e  o l i g o m e r s  and ( □ )  a 
b l o c k  c o p o l y m e r  d e r i v e d  f r om t h e s e  o l i g o m e r s .
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F i g u r e  5 7 .  D . S . C .  c u r v e s  f o r  t h r e e  P . E . S . / P . D . M. S . b l o c k
c o p o l y m e r s ,  ( a )  Cop o l ymer  1 ,  ( b )  C o p o l y me r  2 ,  
and ( c )  Co po l y me r  3 .
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F i g u r e  5 8 .  D . S . C .  c u r v e s  f o r  t h r e e  P . E . S . / P . D . M. S . b l o c k  
c o p o l y m e r s ,  ( d )  C o p o l y me r  4 .  ( e )  Cop o l y me r  5,  
and ( f )  C o p o l y me r  6 .
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F i g u r e  5 9 .  S c h e m a t i c s  o f  S h e a r  G r i p s  s p e c i a l l y  d e s i g n e d  f o r  use  
on Toyo B a l d w i n  R h e o v i b r o n .



SAMPLE

C +  C - h

2 0 5



F i g u r e  6 0 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C op o l y me r  1
( c a s t  f r o m b e n z e n e  s o l u t i o n ) .

F i g u r e  6 1 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C op o l y me r  2
( c a s t  f r om b e nz e n e  s o l u t i o n ) .



L

1 jjm

ljjm

206



F i g u r e  6 2 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y m e r  3
( c a s t  f r om b enz ene  s o l u t i o n ) .

F i g u r e  6 3 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y me r  A
( c a s t  f r om benzene  s o l u t i o n ) .



I__________________________________________I

1 jjm

1___________________
0 . 5 jjm
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F i g u r e  6 4 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y me r  5
( c a s t  f r om b enz ene  s o l u t i o n ) .

F i g u r e  6 5 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y me r  6
( c a s t  f r om b enzene  s o l u t i o n ) .
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F i g u r e  6 6 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y me r  1
( u l t r a m i c r o t o m e d ) .

F i g u r e  6 7 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f
C o p o l y me r  1 ( u l t r a m i c r o t o m e d ) .



___________________ I

0 . 5jjm
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F i g u r e  6 8 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C o p o l y me r  2
( u l t r a m i c r o t o m e d ) .

F i g u r e  6 9 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f
Cop o l y me r  2 ( u l t r a m i c r o t o m e d ) .
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F i g u r e  7 0 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  C op o l y me r  5
( u l t r a m i c r o t o m e d ) .

F i g u r e  7 1 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f
C o p o l y me r  5 ( u l t r a m i c r o t o m e d ) .





F i g u r e  7 2 .  I n j e c t i o n  moul ded  t e n s i l e  t e s t  p i e c e s ,  ( a )  P u r e  P . E . S .
( b )  B l e n d  5 (1% c o p o l y m e r i s e d  P . P . M . S . )  and ( c )  B l e n d
3 ( 2 . 5 %  c o p o l y m e r i s e d  P . P . M . S . ) .

F i g u r e  7 3 .  X - s e c t i o n  o f  B l e n d  3 t e n s i l e  t e s t  p i e c e .
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F i g u r e  7 4 .  W a l l  S h e a r  S t r e s s  vs C o r r e c t e d  S h e a r  R a t e ,  ( x )  Pur e
4800P P . E . S . ,  ( o )  B l e n d  4 ,  ( ■ )  B l e n d  5 and ( • )  B l e n d
3.

F i g u r e  7 5 .  W a l l  S h e a r  S t r e s s  vs C o r r e c t e d  Shear  R a t e ,  C )  B l e n d  9 
( ■ )  B l e n d  8 ,  ( x )  B l e n d  7 ,  ( o )  B l e n d  1 and (T)  B l e n d  2 .



or

U1

T = 320 C

CORRECTED SHEAR RATE (s-1)

T = 320 C

CORRECTED SHEAR RATE (s*1)
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F i g u r e  7 6 .  S h e a r  V i s c o s i t y  vs W a l l  S he a r  S t r e s s ,  ( x )  Pu r e  48QQP 
P . E . S . ,  - ( ■ )  B l e n d  A, ( ■ )  B l e n d  5 and ( o )  B l e n d  3 .

F i g u r e  7 7 .  S h e a r  V i s c o s i t y  vs W a l l  S he a r  S t r e s s ,  ( x )  B l e n d  9 ,  
( ■ )  B l e n d  8 ,  (M)  B l e n d  7 ,  ( o )  B l e n d  1 and (4 ) B l e n d  2 .
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F i g u r e  7 8 .  A r r a n g e m e n t  f o r  t h e  i m p a c t  t e s t i n g  o f  b l e n d  s p e c i me n s  
i n  t h e  D a v e n p o r t  I z o d  I m p a c t  T e s t e r .

F i g u r e  7 9 .  L o c a t i o n  o f  T h e r mo c ou p l e  w i t h i n  I z o d  t e s t  s p e c i m e n .



Dimensions in millimetres

Striking edge radius 0,8 ±  0,2

Radius 0,2 ±  0,
CM
o'
+ i

<N|
CNI

Rxed vice jaw Movable vice jaw

Faces C and D, 
in contact with the 
specimen, and parallel 
to within 0,025 mm.

Thermocouple



F i g u r e  8 0 .  C o o l i n g  c u r v e  f o r  I z o d  t e s t  spec i men ( s a m p l e  a l l o w e d  
t o  c o o l  n a t u r a l l y  i n  an e n v i r o n m e n t  o f  a i r  a t  2 5 ° C ) .
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F i g u r e  8 1 .  I z o d  I m p a c t  S t r e n g t h  vs T e m p e r a t u r e  c u r v e s  -  n o m i n a l  
n o t c h  d e p t h  2 . 5mm,  r o o t  r a d i u s  0.25mm and i n c l u d e d  
a n g l e  4 5 ° .  ( □ )  B l e n d  3 and ( o )  p ur e  48Q0P P . E . S .
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F i g u r e  8 2 .  I z o d  I m p a c t  S t r e n g t h  vs No t c h  Root  R a d i u s  c u r v e s  
( n o t c h  d e p t h  2 . 5mm,  i n c l u d e d  a n g l e  4 5 °  and t e s t  
t e m p e r a t u r e  2 5 ° C ) .



120

110

100

90

■80

>70

60

50

40

30

20

10

0

•  Pure PES

x Blend 2

o Blend 9

i
0.8

r -
0.2

Notch Root Radius (mm)

218



F i g u r e  8 3 .  I z o d  I m p a c t  S t r e n g t h  vs N ot c h  Root  R a d i u s  c u r v e s
( n o t c h  d e p t h  2. 5mm,  i n c l u d e d  a n g l e  4 5 °  and t e s t  
t e m p e r a t u r e  2 5 ° C ) .
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F i g u r e  8A.  I z o d  I m p a c t  S t r e n g t h  vs N o t c h  Root  R a d i u s  c u r v e s  
( n o t c h  d e p t h  2.5mm,  i n c l u d e d  a n g l e  4 5 °  and t e s t  
t e m p e r a t u r e  2 5 ° C ) .
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F i g u r e  8 5 .  I m p a c t  E n e r g y  vs BWZ c u r v e s  -  n o t c h  r o o t  r a d i u s  0.1mm,  
t e s t  t e m p e r a t u r e  2 7 ° C .  ( a )  [ x ]  B l e n d  1 and [ o ]  B l e n d  2 
( b )  [ o ]  B l e n d  3 and [ x ]  B l e n d  4 ,  ( c )  [ o ]  B l e n d  5 ,  [ > ]  
B l e n d  7 and [ x ]  B l e n d  8 ,  ( d )  [ o ]  B l e n d  9 and [ x ]  Pur e
4800P P . E . S .
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F i g u r e  8 6 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  p ur e  4800P P . E . S .
i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0.1mm
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  8 7 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  
p u r e  48Q0P P . E . S .  i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h
r o o t  r a d i u s  0. 1mm,  t e m p e r a t u r e  2 5 ° C ) .
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F i g u r e  8 8 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f
B l e n d  1 i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s
0. 1mm,  t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  8 9 .  S i l i c o n  Map o f  above  f r a c t u r e  s u r f a c e  a r e a .



lO j jr
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F i g u r e  9 0 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  p u r e  4800P P . E . S .
i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0.25mm 
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  9 1 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  
p u r e  48QQP P . E . S .  i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h
r o c t  r a d i u s  0 . 25mm,  t e m p e r a t u r e  2 5 ° C ) .
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F i g u r e  9 2 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  p u r e  4800P P . E . S .
i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o c t  r a d i u s  0.25mm
t e m p e r a t u r e  1 4 5 ° C ) .

F i g u r e  9 3 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  p f  
p u r e  48 0 0 P  P . E . S .  i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h
r o o t  r a d i u s  0 . 25mm,  t e m p e r a t u r e  1 4 5 ° C ) .



I___________I
1 mm

□ 5 □ C
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F i g u r e  9 4 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  3 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0 . 25mm,  
t e m p e r a t u r e  2 3 ° C ) .

F i g u r e  9 5 .  H i gh  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f
B l e nd  3 i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s
0. 25mm,  t e m p e r a t u r e  2 5 ° C ) .



1 mm

________ I

1 Ojj m
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F i g u r e  9 6 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  3 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0 . 25mm,  
t e m p e r a t u r e  1 4 5 ° C ) .

F i g u r e  9 7 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f
B l e n d  3 i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s
0 . 25mm,  t e m p e r a t u r e  1 4 5 ° C ) .



1________
lOjjm

227



F i g u r e  9 8 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  p u r e  4800P P . E . S .
i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0. 1mm.  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  9 9 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  4 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0. 1mm,
t e m p e r a t u r e  2 5 ° C ) .



□  ”1 5  [



F i g u r e  1 0 0 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  5 i m p a c t  
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0.1mm,  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  1 0 1 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  3 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0.1mm,
t e m p e r a t u r e  2 5 ° C ) .



1 OOjjm
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F i g u r e  1 0 2 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  1 i m p a c t  
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0 . 1mm,  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  1 0 3 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  2 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0 . 1mm,
t e m p e r a t u r e  2 3 ° C ) .



I_______________________

1 00pm
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F i g u r e  1 0 4 . ; S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  7 i mpa c t  
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0.1mm,  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  1 0 5 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  8 i m p a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0. 1mm,
t e m p e r a t u r e  2 5 ° C ) .



_____________________________  I
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F i g u r e  1 0 6 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  9 i m p a c t  
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  0. 1mm,  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  1 0 7 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  p ur e  A800P P . E . S .
i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  1.0mm
t e m p e r a t u r e  2 5 ° C ) .



1___________I
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F i g u r e  1 0 8 .  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  3 i mp a c t
f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s  1.0mm,  
t e m p e r a t u r e  2 5 ° C ) .

F i g u r e  1 0 9 .  H i g h  M a g n i f i c a t i o n  S c a n n i n g  E l e c t r o n  M i c r o g r a p h  o f
B l e n d  3 i m p a c t  f r a c t u r e  s u r f a c e  ( n o t c h  r o o t  r a d i u s
1.0mm,  t e m p e r a t u r e  2 5 ° C ) .
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F i g u r e  1 1 0 .  I n s t r o n  Model  3111 T e n s i l e  T e s t  m a c h i n e .

F i g u r e  1 1 1 .  T e n s i l e  t e s t  p i e c e  g e o m e t r y .



1 0 0

3-2Reference 
li nesRad. 60 min.

D im e n s io n s  in mm. 
Tolerances ± 0-5

2 3 A



F i g u r e  1 1 2 .  T e n s i l e  S t r e n g t h  vs T e m p e r a t u r e .  (  x   ) Pur e
4800P P . E . S . ,  ( -  -  o -  -  ) B l e n d  1 .  ( S t r a i n  r a t e  
5 0 mm/ mi n . )

F i g u r e  1 1 3 .  T e n s i l e  S t r e n g t h  vs T e m p e r a t u r e .  (  x   ) B l e n d  2 ,
( -  -  o -  -  ) B l e n d  3 .  ( S t r a i n  r a t e  5 0 m m / m i n . )
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F i g u r e  1 1 4 .  T e n s i l e  S t r e n g t h  vs T e m p e r a t u r e .  (  x   ) B l e n d  4 ,
( -  -  o -  -  ) B l e n d  5 .  ( S t r a i n  r a t e  5 0 mm/ mi n . )

F i g u r e  1 1 5 .  T e n s i l e  S t r e n g t h  vs T e m p e r a t u r e .  (  x   ) B l e n d  7 ,
( -  -  o -  -  ) B l e n d  8 ,  ( —  -  — ■ —  -  —  ) B l e n d  9 .
( S t r a i n  r a t e  5 0 m m / m i n . )
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F i g u r e  1 1 6 .  T e n s i l e  S t r e n g t h  vs S t r a i n  R a t e .  ( □  ) P u r e  4800P  
P . E . S . ,  ( o ) B l e n d  3 .  ( T e m p e r a t u r e  2 0 ° C . )
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F i g u r e  1 1 7 .  S t r e s s  vs S t r a i n  c u r v e s ,  ( a )  Pur e  4800P P . E . S . ,  
( b )  B l e n d  5 .  ( T e m p e r a t u r e  2 0 ° C ,  s t r a i n  r a t e
5 0 m m / m i n ♦ )
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F i g u r e  1 1 8 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  p u r e  4800P P . E . 5 .  
( u l t r a m i c r o t o m e d  a t  room t e m p e r a t u r e ) .

F i g u r e  1 1 9 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  3
( u l t r a m i c r o t o m e d  a t  room t e m p e r a t u r e ) .
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F i g u r e  1 2 0 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  A
( u l t r a m i c r o t o m e d  a t  room t e m p e r a t u r e ) .

F i g u r e  1 2 1 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  7
( u l t r a m i c r o t o m e d  a t  room t e m p e r a t u r e ) .





F i g u r e  1 2 2 .  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  o f  B l e n d  9
( u l t r a m i c r o t o m e d  a t  room t e m p e r a t u r e ) .

F i g u r e  1 2 3 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  
o f  a v o i d  i n  B l e n d  3 .
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F i g u r e  1 2 4 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  
o f  a r u b b e r  p a r t i c l e  i n  B l e n d  2 .

F i g u r e  1 2 5 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  
o f  r u b b e r  p a r t i c l e s  i n  B l e n d  8 .





F i g u r e  1 2 6 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  
o f  r u b b e r  p a r t i c l e s  and phase  s e p a r a t i o n  a r ou nd  t h e  
s i t e  o f  a v o i d  i n  B l e n d  8 .

F i g u r e  1 2 7 .  H i g h  M a g n i f i c a t i o n  T r a n s m i s s i o n  E l e c t r o n  M i c r o g r a p h  
o f  a r u b b e r  p a r t i c l e  a p p a r e n t l y  u n d e r g o i n g  f r a c t u r e
and c o n t r a c t i o n g  t o  l e a v e  a v o i d .



0 . 5jjm

I___________________
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OBSERVED PEAK 
( cm"1 )

INTERPRETATION EXPECTED RANGE 
(cm-1 )

3400 0 - H  s t r . 3 6 4 5 - 3 2 0 0

3100 C-H s t r .  a r o m a t i c 3 1 0 0 - 3 0 0 0

1585 C-H s t r .  a r om. 1 6 0 0 - 1 5 8 5

1500 C-H s t r .  a r om. 1 5 0 0 - 1 4 3 0

1325  & 1300 so2 asymm. s t r .  ( d o u b l e t ) 1 3 4 0 - 1 2 9 0

1240 C- O- C asymm. s t r . 1 3 1 0 - 1 2 1 0

1150 S02 symm. s t r . 1 1 6 5 - 1 1 2 0

695 o u t o f  p l a n e  r i n g  b e n d i n g 7 1 0 - 6 7 5

TABLE 1 .  I n f r a r e d  C o r r e l a t i o n  f o r  P . E . S .  O l i g o m e r s .
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SAMPLE Mn Mw Mz Mw/Mn Mz/ Mn

1 . (D~P) max 5 1959 11460 1816A6 5 . 8 5 9 2 . 7 2

2 . <D~p >max 27 666 0 A0698A 1 5 0 0A568 6 1 . 1 1 2 2 5 3

3. <DP>max 108 110 7 5 1A786A5 1 8 3 5 0 1 8 7 1 * 1 3 3 . 5 165 6 9

*  S 6 &  't& X 'T

TABLE 2 .  P . E . S .  O l i g o m e r  M o l e c u l a r  W e i g h t s  o b t a i n e d  by G . P . C .

SAMPLE REDUCED VI SCOSI TY Mn

1 .  ̂ ^max 5 0 . 0 7 2 A 129A

2 . (DP )max 27 0 . 1 7 5 9 A932

3 . (DP )max 108 0 . 2 7 2 6 9 5 5 2

TABLE 3 .  P . E . S .  O l i g o m e r  M o l e c u l a r  W e i g h t s  by V i s c o m e t r y .

SAMPLE WEI GHT( q)
CORRECTED 

END POI NT VOL.  ( cm3 ) Mn

BISPHENOL ’ S' 0 . 0 1 2 5 1 . 0 2 5 2 AA

1 • (DP )max 5 0 . 0 6 5 2 0 . 6 2 5 20 8 6

2 .  ( D P ) max 2 7 0 . 2 A 6 8 0 .  580 8 5 1 0

3 . (DP )max 108 0 . A970 0 . 8 2 5 120A8

TABLE A.  P . E . S .  O l i g o m e r  M o l e c u l a r  Wt s .  by P o t e n t i o m e t r i c  T i t r n .
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SAMPLE
Mn

G . P . C . VISCOMETRY T I TRAT I ON

BISPHENOL ' S ' - - 2 AA*

1-  W > m a x  5 1959 129 A 2 0 8 6

2 .  ( D P ) max 2 7 666 0 A932 8 5 1 0

3 * <DP>max 108 11075 9552 120A8

*  BISPHENOL ' S '  M o l e c u l a r  We i g h t  i s  250

TABLE 5 .  P . E . S .  O l i g o m e r  M o l e c u l a r  W e i g h t s :  r e s u l t s  f r o m t h r e e  
d i f f e r e n t  e v a l u a t i o n  p r o c e d u r e s .

SAMPLE T q ( 0 C )

A800P VICTREX 22A

1- ( DP>max 5 179

2 .  ( D P ) max 27 17A

3* ( D P ) max 108 202

TABLE 6 .  P . E . S .  O l i g o m e r  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 s  by 
D i f f e r e n t i a l  S c a n n i n g  C a l o r i m e t r y .
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SAMPLE Mn Mw Mz Mv Mw/Mn Mz/ Mn

11 3 8 / 7 1 / 1 APPROX. MOL. WT . QUOTED AT 600 - -

11 3 8 / 7 1 / 2 49 4 5 11970 3 2 4 4 0 1 0420 2 . 4 2 6 . 5 6

11 3 8 / 7 1 / 3 2 8 5 1 0 5 8 3 1 0 9 1 0 2 0 5 3 9 3 0 2 . 0 5 3 . 1 9

11 3 8 / 7 1 / 4 5 3 3 7 0 1 1 9 9 0 0 2 0 7 9 0 0 1 0 9 3 0 0 2 . 2 5 3 . 9 0

11 3 8 / 7 1 / 5 6 2 5 8 0 1 4 5 1 0 0 2 4 7 7 0 0 1 3 2 6 0 0 2 . 3 2 3 . 9 6

TABLE 7 .  G P . O .  A n a l y s i s  o f H y d r o x y l - T e r m i n a t e d  P . D M. S .
O l i g o m e r s .

SAMPLE Mv

11 3 8 / 7 1 / 1

J

0 .  60 450

11 3 8 / 7 1 / 2 7 . 0 6 13802

11 3 8 / 7 1 / 3 1 8 . 7 0 5 33 9 2

11 3 8 / 7 1 / 4 2 7 . 6 0 9 1 6 8 4

11 3 8 / 7 1 / 5 31 . 2 8 109092

TABLE 8 .  V i s c o m e t r i c  A n a l y s i s  o f  H y d r o x y l - T e r m i n a t e d  P . P . M . 5 .  
O l i g o m e r s .
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OBSERVED I NTERPRETATI ON EXPECTED
PEAK ( cm" 1 ) RANGE (cm-1 )

3 7 0 0 - 3 1 0 0 S i - O H  assym.  s t r . 3 7 0 0 - 3 2 0 0

296 0 C-H s t r .  a l i p h a t i c j u s t  b e l o w 3000

1250 S i - C H 3 s t r . 1250

1 1 0 0 - 1 0 0 0 S i - O - S i  s t r . 1 1 0 0 - 1 0 0 0

800 S i - C  s t r . 800

700 S i - C H g  v i b . 700

TABLE 9 .  I n f r a r e d  C o r r e l a t i o n  f o r  H y d r o x y I - T e r m i n a t e d  P . P . M . S .  
O l i g o m e r s .

SAMPLE Mv

11 3 8 / 7 1 / 1 0 . 6 2 450

11 3 8 / 7 1 / 2 7 . 0 6 1 3802

11 3 8 / 7 1 / 3 2 7 . 6 91684

TABLE 1 0 .  V i s c o m e t r i c  A n a l y s i s  o f  D i m e t h y l a m i n o - T e r m i n a t e d  
P . D . M. S . O l i g o m e r s ♦
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SAMPLE No.
BLOCK Mn

P . E . S . P . D . M . S .

1 1300 800

2 1300 5100

3 A900 5 10 0  BATCH 1

A A900 5 1 0 0  BATCH 2

5 960 0 5100

6 96 0 0 530 0 0

TABLE 1 1 .  C o p o l y me r  B l o c k  M o l e c u l a r  W e i g h t s .
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SAMPLE Mn Mw Mz Mv Mw/Mn Mz/ Mn

1 10800 1A700 18900 2 1 5 0 0 1 . 3 6 1 . 9 9

2 3A300 8 0 3 0 0 1AA000 7A600 2 . 3 A A . 2 0

3 2A600 3 7 1 0 0 505 0 0 32A00 1 . 5 1 2 . 0 5

A 15700 2 8 1 0 0 3 9 3 0 0 2 5 3 0 0 1 . 7 9 2 . 5 0

5 2 6 6 0 0 3A100 A2100 A9200 1 . 2 8 1 . 5 8

6 7 0 5 0 0 1 3 9 0 0 0 3 1 0 0 0 0 7A600 1 . 9 7 A.  AO

TABLE 12 .  G . P . C . A n a l y s i s  o f  C o p o l y m e r s .

RELATI VE S P E C I F I C REDUCED
SAMPLE VI SCOSI TY VI SCOSI TY V I S COS I T Y

( so) ( >|sp / c )

1 1 . 0 5 0 . 0 5 2 A . 0

2 1 . 1 0 0 . 1 0 5 0 . 5

3 1 . 0 7 0 . 0 7 3 3 . 8

A 1 . 0 6 0 . 0 6 2 8 .  3

5 1 . 0 8 0 . 0 8 3 8 . 5

6 1 . 1 1 0 . 1 1 5 5 . 0

TABLE 13 .  V i s c o m e t r i c  A n a l y s i s  o f  C o p o l y m e r s .
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COPOLYMER WEIGHT LOSS (%) APPEARANCE

1 1 2 . 5 DARKENING OF COLOUR

2 7 . 0 SLI GHT DARKENING

3 8 . 0 SLI GHT D I S SOCI AT I ON

4 1 2 .  5 SOME DI SSOCI AT I ON

5 5 . 6 SOME DI SSOCI AT I ON

6 6 . 0 SLI GHT DARKENING

TABLE 1 4 .  We i g h t  Loss and A p p e a r a n c e  o f  C o p o l y me r s  a f t e r  
h e a t - t r e a t m e n t  i n  a i r  a t  3 6 0 ° C  f o r  30 m i n u t e s .
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SAMPLE PDMS CONTENT WEIGHT LOSS
OF SAMPLE (%)  (% OF PDMS CONTENT)

COPOLYMER 1 A 3 . 5 3 3 . 0

COPOLYMER 2 8 0 .  A 2A .A

COPOLYMER 3 5 2 . 8 59 . 0

COPOLYMER A 5 9 . 9 A 2 . 7

COPOLYMER 5 3 8 . 8 1 5 . 8

COPOLYMER 6 8 3 .  A 2A . 0

PES/PDMS BLEND 5 8 .  3 9 9 .  1

TABLE 1 6 .  S e l e c t i v e  S o l v a t i o n  A n a l y s i s  ( S o l v e n t  -  D i e t h y l  E t h e r ) .
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BLEND No. ADDI T I VE ADDI T I VE  CONTENT P . D . M . S .  CONTENT
I N BLEND (%) I N BLEND (%)

1 COPOLYMER 1 5 . 7 5 2 . 5 0

2 COPOLYMER 2 3 . 1 1 2 . 5 0

3 COPOLYMERS 3&A A. 33 2 . 5 0

A COPOLYMERS 3&A 0 . 8 7 0 .  50

5 COPOLYMERS 3&A 1 . 7 3 1 . 0 0

7 COPOLYMER 5 6 .  AA 2 . 5 0

8 COPOLYMER 6 3 . 0 0 2 . 5 0

9 LINEAR P . D . M . S . 2 . 5 0 2 . 5 0

TABLE 1 7 .  B l e n d  C o m p o s i t i o n s  ( M a t r i x  A800P Gr ade  P . E . S . )

BLEND No SHEAR THI NNI NG  
INDEX ( n )

<>•<+£

i 0 . 3 6

2 0 .  A6

3 0 . 7 5

A 0 . 5 2

5 0 .  58

7 0 . 5 7

8 0 .  7A

9 0 . 7 0

TABLE 1 8 .  V a l u e s  o f  S h e a r  T h i n n i n g  I n d e x  f o r  t h e  v a r i o u s  B l e n d s
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BLEND No Gb ( K J / m 2 )

P . E . S . A . 3 3

1 3 . 8 7

CM A . 32

3 A . 0 0

A 3 . A6

5 3 .  33

7 3 . 9 3

OD A . 5 0

9 A . 6 0

TABLE 1 9 .  V a l u e s  o f  A p p a r e n t  C r i t i c a l  S t r a i n  E n e r g y  R e l e a s e  R a t e  
( Gb ) f o r  t h e  v a r i o u s  B l e n d s .  ( T e s t  t e m p e r a t u r e  2 7 ° C ,  
n o t c h  r o o t  r a d i u s  0 . 1 m m . )
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BLEND No. TENSI LE STRENGTH ELONGATION ELASTI C MODULUS
(MN/ m2 ) AT BREAK (%) (MN/m2 )

PURE PES 9 1 . 9 2 A . A 1013

1 8 3 . 8 2 . 8 6 990

2 8 7 . 0 3 . 7 5 1005

3 8 9 . 2 5 . 0 0 1011

A 9 1 . 3 1 7 . 0 1052

5 9 1 .  3 A . 91 995

7 8 8 . 9 5 . 5 3 1016

8 8 7 .  A 5 . 0 0 1021

9 8 7 . 7 A . 91 100A

TABLE 2 0 .  T e n s i l e  D a t a  f o r  t h e  B l e n d s .  ( S t r a i n  R a t e  50mm/ mi n ,  
t e m p e r a t u r e  2 0 ° C .
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SAMPLE TAP WATER ACETONE TOLUENE HCl NaOH TELLUS 27
AT 75 0C ( 10%) ( 10%) OI L

PURE PES U BAD ATTACK,  
CRACKS AT 

EDGES

U U U U

BLEND 8 SLIGHT
SURFACE

WHITENING

SOFTENING,  
SWELLING & 
WHITENING

U U U U

BLEND 9 SLIGHT
SURFACE

WHITENING

SOFTENING,  
SWELLING & 
WHITENING

U U U U

U = U n a f f e c t e d

TABLE 2 1 .  V i s u a l  A p p e a r a n c e  o f  B l e n d s  a f t e r  i m m e r s i o n  i n  s e l e c t e d  
c h e m i c a l  r e a g e n t s  f o r  a p e r i o d  o f  7 d a y s .
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SAMPLE TAP WATER 
AT 7 5 0 C

ACETONE TOLUENE HC1
( 10%)

NaOH
( 10%)

TELLUS 27 
OI L

PURE PES 1 . 2 1 6 . 6 0 0 . 3 6 0 .  66 0 . 7 5 0 . 0 9

BLEND 8 1 . 2 1 8 . 1 3 0 . 3 5 0 . 6 1 0 . 6 7 0 . 0 6

BLEND 9 1 . 2 0 7 . 4 9 0 . 2 9 0 . 6 2 0 . 6 9 0 . 0 6

TABLE 2 2 .  P e r c e n t a g e  We i g h t  Ga i n  i n  I z o d  t e s t  s p e c i m e n s  a f t e r  
i m m e r s i o n  i n  s e l e c t e d  c h e m i c a l  r e a g e n t s  f o r  7 d a y s .

SAMPLE TAP WATER 
AT 7 5 0 C

ACETONE TOLUENE HC1
( 10%)

NaOH
( 10%)

TELLUS 27  
OI L

PURE PES 1 . 6 8 7 . 4 1 0 . 6 1 1 . 11 1 . 0 6 0 .  35

BLEND 8 1 . 2 4 8 . 7 7 0 . 4 1 0 . 5 8 0 . 6 9 0 . 1 0

BLEND 9 1 . 2 2 8 . 3 0 0 . 4 4 0 . 6 3 0 . 7 1 0 . 1 7

TABLE 2 3 .  P e r c e n t a g e  We i g h t  Ga i n  i n  T e n s i l e  t e s t  s p e c i m e n s  a f t e r  
i m m e r s i o n  i n  s e l e c t e d  c h e m i c a l  r e a g e n t s  f o r  7 d a y s .
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SAMPLE UNTREATED TAP WATER 
AT 75 0C

ACETONE TOLUENE HC1
( 10%)

NaOH
( 10%)

TELLUS 
27 OI L

PURE PES 6 . 2 9 7 . 7 0 3 . 7 9 6 . 9 2 8 . 6 A 9 .  38 6 . 9 9

BLEND 8 7 . 77 9 . 6 9 1 1 . 6 9 . 6 2 11 .1 1 1 . 2 9 . 5 1

BLEND 9 9 . 5 1 1 1 . 7 6 . 7 0 1 0 . 6 1 1 .  3 1 2 . 9 1 0 . 6

TABLE 2A.  I m p a c t  S t r e n g t h  ( K J / m 2 ) o f  I z o d  t e s t  s p e c i me n  a f t e r  
i m m e r s i o n  i n  s e l e c t e d  c h e m i c a l  r e a g e n t s  f o r  7 d a y s .  
( T e s t  t e m p e r a t u r e  2Q° C,  n o t c h  r o o t  r a d i u s  0 . 25mm,
n o t c h  d e p t h  2. 5mm)

SAMPLE UNTREATED TAP WATER 
AT 7 5 0 C

ACETONE TOLUENE HC1 NaOH 
( 10%)  ( 10%)

TELLUS 
27 OI L

PURE PES 8 5 . 5  8 2 . 2 6 8 . 1 8 6 . 2 8 1 . 1  8 1 . 6 8 6 .  3

BLEND 8 8 1 . 3  7 7 . 1 5 9 . 0 7 9 . 6 7 6 . 9  7 6 . 3 8 0 . 9

BLEND 9 8 2 . 6  7 7 . 5 6 0 . 0 8 0 .  2 7 7 . 9  7 6 . 6 81 .A

TABLE 2 5 .  T e n s i l e  S t r e n g t h ( MN/ m2 ) o f  t e s t s p e c i me n s a f t e r
i m m e r s i o n  i n  s e l e c t e d  c h e m i c a l  r e a g e n t s  f o r  7 d a y s .  
( S t r a i n  r a t e  50mm/ mi n,  t e s t  t e m p e r a t u r e  2 0 ° C . )
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BLEND No. P . D . M . S .  CONTENT IMPACT STRENGTH
(%) ( K J / m 2 )

A800P PES 0 . 0 7 .  80

A 0 . 5  COPOLYMERISED 1 7 .  AA

7 2 . 5  COPOLYMERISED 1 8 .  38

8 2 . 5  COPOLYMERISED 1 7 .  35

9 2 . 5  LINEAR 1 7 .  56

TABLE 2 6 .  N o t c h e d  I z o d  I m p a c t  D a t a  f o r  B l e n d s  u s i n g  A5TM S t a n d a r d  
( I n f o r m a t i o n  s u p p l i e d  by I . C . I . ,  W i l t o n )



APPENDIX 1 

MODULE A -  50 HOUR CASE STUDY

INVESTMENT I N  MACHINERY FOR THE RECYCLING OF I . C . I .  APC-2  
COMPOSITE MATERIAL -  AN ECONOMIC ASSESSMENT.  .

INTRODUCTION

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

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

a p p l i c a t i o n s  i n  a r e a s  wher e  t r a d i t i o n a l l y  m e t a l s  and c e r a m i c s  

have e n j o y e d  u n q u e s t i o n a b l e  u s a g e .  T h i s  may be a t t r i b u t a b l e  n o t  

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

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

b l e n d i n g .

Over  r e c e n t  y e a r s  c o n s i d e r a b l e  work has been p e r f o r m e d  on 

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

s o f t  r u b b e r y  a d d i t i v e s  e . g .  c o p o l y m e r s  or  h a r d ,  r i g i d  comp on e n t s  

e . g .  g l a s s  or  c a r b o n  f i b r e s .  T h i s  has e n a b l e d  t h e  m a n u f a c t u r e r s  

t o  s u p p l y  each  p o l y m e r  i n  a number  o f  g r a d e s  f o r m u l a t e d  t o  s u i t  a 

r a n g e  o f  a p p l i c a t i o n s .

' V i c t r e x '  PEEK ( p o l y e t h e r e t h e r k e t o n e ) i s  one such h i g h  

p e r f o r m a n c e  t h e r m o p l a s t i c  e n g i n e e r i n g  p o l y m e r .  I t  i s  m a r k e t e d  by 

I . C . I .  i n  a r a n g e  o f  u n r e i n f o r c e d  and f i b r e  r e i n f o r c e d  g r a d e s ,  

one o f  w h i c h  f o r ms  t h e  b a s i s  . o f  t h i s  s t u d y .

APC-2 i s  a PEEK /  c a r b o n  f i b r e  c o m p o s i t e  c o m p r i s i n g  61% by 

vol ume (68% by w e i g h t )  c o n t i n u o u s  c a r b o n  f i b r e  i m p r e g n a t e d  w i t h  

PEEK t o  f or m a p r e - i m p r e g n a t e d  t a p e  or  ' p r e p r e g ' .  The ' p r e p r e g '  

t a p e s  a r e  l a i d  up and moul ded t o  f or m s h e e t s  s u i t a b l e  f o r  

p r o c e s s i n g  by a v a r i e t y  o f  p r o c e d u r e s .

S c r a p  i s  g e n e r a t e d  f r om t h e s e  p r o c e s s e s ,  and i t  i s  an 

eco nomi c  a s s e s s m e n t  o f  t h e  p o s s i b i l i t y  o f  r e c l a i m i n g  and

1



u t i l i s i n g  t h i s  s c r a p  t h a t  i s  u n d e r t a k e n  h e r e .

Work a l r e a d y  p e r f o r m e d  on t h e  r e c l a m a t i o n  o f  APC-2 s c r a p  has  

i n d i c a t e d  t h a t  t h e  s c r a p  can be g r a n u l a t e d ,  d i l u t e d  w i t h  

a d d i t i o n a l  r e s i n  and used as an i n j e c t i o n  m o u l d i n g  compound o f  

h i g h  v a l u e .  F u r t h e r m o r e ,  i t  has been shown t h a t  p r e c o n s o l i d a t e d  

s h e e t  s t o c k  w i t h  good p r o p e r t i e s  can be o b t a i n e d  by c o mp r e s s i o n  

m o u l d i n g  12.7mm s q u a r e  o f f c u t s  o f  APC-2 ' p r e p r e g '  ( 1 ) .

Wi t h  t h e  c o s t  o f  v i r g i n  APC-2 ' p r e p r e g '  b e i n g  h i g h  ( J a n  1988  

p r i c e  -  £1 5 0  /  Kg f o r  q u a n t i t i e s  o v e r  , 10Kg)  i t  i s  l i k e l y  t h a t  

c o n s i d e r a b l e  s a v i n g s  may be made by r e u s i n g  s c r a p  m a t e r i a l .

A r e c e n t  s t u d y  by N e a l e  e t  a l  on t h e  e c o nomi c s  o f  r e c y c l i n g  

i n d u s t r i a l  s c r a p  p l a s t i c  i n  new p r o d u c t s  c o n s i d e r e d  d i f f e r e n t  

r e c y c l i n g  r o u t e s  and how t h e  i n c o r p o r a t i o n  o f  g r a n u l a t e  a f f e c t s  

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

s p e c i f i c a t i o n  ( 2 ) .  An i n v e s t m e n t  a p p r a i s a l  was made o f  mach i ne  

s i d e  s i t u a t i o n s  u s i n g  Net  P r e s e n t  V a l u e  ( N . P . V . )  a n a l y s i s ,  f o r  

t h r e e  c o m m e r c i a l l y  a v a i l a b l e  g r a n u l a t o r s  and a m a t h e m a t i c a l  model  

e s t a b l i s h e d  and used t o  p r e d i c t  c o s t  r e l a t i o n s h i p s  i n  p r o d u c t s  

i n c o r p o r a t i n g  d i f f e r e n t  amount s  o f  s c r a p .  They c o n c l u d e d  t h a t  t h e  

o p p o r t u n i t i e s  f o r  t h e  p r o f i t a b l e  p u r c h a s e  o f  g r a n u l a t o r s  f o r  

r e g r i n d i n g  i n d u s t r i a l  s c r a p  t h e r m o p l a s t i c s  wer e  c o n s i d e r a b l e  even  

a t  v e r y  l ow l o a d  f a c t o r s .

F u r t h e r  t o  t h i s  w o r k ,  N e a l e  and H i l y a r d  d e v e l o p e d  an 

i n v e s t m e n t  a p p r a i s a l  model  and c o m p u t e r  p r o g r a m wh i c h  was more  

a p p l i c a b l e  t h a n  t h e  s t a n d a r d  N . P . V .  e q u a t i o n  used i n  t h e  a b o v e -  

m e n t i o n e d  s t u d y  ( 3 ) .  T h i s  p r o v i d e d  f o r  t h e  i n c o r p o r a t i o n  o f  more  

c o m p l e t e  i n f o r m a t i o n  and t h e  a b i l i t y  t o  p e r f o r m  s i m p l e  

s e n s i t i v i t y  a n a l y s e s .  The mode l  was d e s i g n e d  t o  c a t e r  f o r  t h e
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U . K .  t a x a t i o n  sys t em as amended i n  C h a n c e l l o r  L a w s o n ' s  1984  

B u d g e t .  I n b u i l t  f l e x i b i l i t y  a l l o w e d  i t  t o  cope w i t h  d i f f e r e n t  t a x  

r a t e s ,  d i f f e r e n t  r a t e s  o f  t a x - a l l o w a b l e  d e p r e c i a t i o n  and  

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

as i n p u t  v a r i a b l e s .  T h i s  model  was l a t e r  r e f i n e d  and e x t e n d e d  ( 4 )  

and i t  i s  t h i s  most  r e c e n t  model  t h a t  i s  e mpl oyed  i n  t h i s  c a s e  

s t u d y .

OBJECTIVE

To a s s e s s  t h e  economi c  w o r t h  o f  i n v e s t i n g  i n  a c o m p r e s s i o n  

m o u l d i n g  ma c h i ne  f o r  t h e  p u r p o s e  o f  c o n v e r t i n g  s c r a p  APC-2  

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

PROCEDURE

T h r e e  c o m p r e s s i o n  m o u l d i n g  ma c h i n e s  wer e  i d e n t i f i e d  wh i c h  

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

304. 8mm x 304.8mm and minimum t h i c k n e s s  1.0mm f r om 12.7mm ‘s q u a r e  

p i e c e s  o f  s c r a p  APC-2 ' p r e p r e g '  u n d e r  t h e  recommended  

c o n s o l i d a t i o n  p r e s s u r e  o f  5 . 5 MPa  and t e m p e r a t u r e  o f  3 9 0 ° C  ( 1 ) .  

These c o n d i t i o n s  r e q u i r e d  t h a t  t h e  p r e s s e s  wer e  c a p a b l e  o f  

a p p l y i n g  a minimum f o r c e  o f  5 2 , 1 0 3  Kg or  5 2 . 1  t o n n e s  t o  t h e  

m a t e r i a l .

D e t a i l s  o f  t h e  f i r s t  o f  t h e s e  p r e s s e s ,  a D a n i e l s  75 t o n s  

( 7 6 . 2  t o n n e s )  U p s t r o k e  M o u l d i n g  P r e s s ,  m a r k e t e d  by John Brown  

P l a s t i c s  M a c h i n e r y  L t d .  a r e  c o n t a i n e d  i n  f i g u r e s  1 - 3 .

The r e m a i n i n g  two p r e s s e s  a r e  m a r k e t e d  by B i p e l  L t d .  as 

s e m i - a u t o m a t i c  and f u l l y  a u t o m a t i c  v e r s i o n s  o f  t h e  same 80 t o n  

( 8 1 . 3  t o n n e s )  Compr ess i on  P r e s s  ( f i g  4 ) .

The e x t e n d e d  c omput e r  model  o f  N e a l e  and H i l y a r d ,  o r i g i n a l l y  

w r i t t e n  f o r  t h e  BBC B m i c r o c o m p u t e r ,  was t a k e n  and m o d i f i e d  f o r
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use on an Epson H X- 2 0  P o r t a b l e  C o m p u t e r .  The r e s u l t a n t  p r o gr am i s  

d e t a i l e d  i n  f i g u r e  5 .

The model  r e q u i r e s  t h e  q u a n t i f i c a t i o n  o f  a number  o f  

p a r a m e t e r s .  The v a l u e s  a s s i g n e d  t o  t h e s e  p a r a m e t e r s  a r e  l i s t e d  

be l ow w i t h  comments wher e  a p p r o p r i a t e .

a )  Y e a r  i n  wh i c h  i n v e s t m e n t  made = 1988

b)  Name o f  ma c h i n e  = D a n i e l s ,  B i p e l  S e m i - A u t o  or  B i p e l  Aut o  as  

a p p r o p r i a t e .

c )  I n i t i a l  c a p i t a l  e x p e n d i t u r e  i n c l u d i n g  a l l o w a n c e  f o r  

i n s t a l l a t i o n  c o s t  -  D a n i e l s  = £ 2 0 , 3 9 6 ,  B i p e l  S e m i - A u t o  £ 2 6 , 5 0 0  

and B i p e l  Aut o  £ 3 5 , 0 0 0  ( a l l o w a n c e  f o r  i n s t a l l a t i o n  £ 1 , 0 0 0  i n  

a l l  c a s e s ) .

d)  S t a r t i n g  C o r p o r a t i o n  Tax r a t e  = 35% ( t h i s  i s  t h e  c u r r e n t  t a x  

r a t e  f o r  a medium s i z e d  c o mp a n y ) .

e )  Y e a r l y  d e c r e m e n t  i n  C o r p o r a t i o n  Tax r a t e  = 0%, number  o f  y e a r s  

o v e r  wh i c h  i t  o c c u r s  = 0 • y e a r s  ( i t  i s  assumed t h a t  t h e  

C o r p o r a t i o n  Tax r a t e  w i l l  r e m a i n  c o n s t a n t  a t  35% f o r  t h e  

d u r a t i o n  o f  t h e  p r o j e c t ) .

f )  R a t e  o f  i n v e s t m e n t  g r a n t  = 0% ( no a s s i s t a n c e  a s s u me d ) .

g)  R e q u i r e d  r a t e  o f  r e t u r n  -  t h r e e  v a l u e s  used i . e .  10%,  20% and  

30% ( f i x e d  l o a d  f a c t o r  o f  50%)  i n  o r d e r  t o  p e r f o r m  s e n s i t i v i t y  

a n a l y s i s  on t h e  e f f e c t  o f  r a t e  o f  r e t u r n  on p r o j e c t  v i a b i l i t y .

h)  Wo r k i n g  c a p i t a l  i n v e s t m e n t  = £0

i )  L i f e t i m e  o f  p r o j e c t  = 5 y e a r s  ( a  c o n s e r v a t i v e  e s t i m a t e  o f  t h e  

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

payment  = 1 y e a r  ( u s u a l  i n  t h e  U . K . ) .

j )  Maximum d e s i g n  o u t p u t  r a t i n g  = 0 . 4  Kg /  h r  ( i t  has been

s u g g e s t e d  t h a t  a r e a l i s t i c  c y c l e  t i m e  f o r  t h e  p r o d u c t i o n  o f  a
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304.8mm x 304. 8mm x 1.0mm s h e e t  o f  APC-2 i s  45 m i n u t e s .  U s i n g  

a v a l u e  o f  1 . 6 g  /  cm^ f o r ’ t h e  d e n s i t y  o f  APC-2 ( 5 )  t h i s  

e q u a t e s  t o  t h e  p r o d u c t i o n  o f  1 4 8 . 6g APC-2 p e r  45 m i n u t e s  o r  

a p p r o x .  200g p e r  h o u r .  H o w e v e r ,  i t  i s  b e l i e v e d  t h a t  t h i s  c y c l e  

t i m e  can be s u b s t a n t i a l l y  r e d u c e d ,  i n d e e d  h a l v e d ,  by t h e  

s i m p l e  m o d i f i c a t i o n  o f  t h e  moul d and t h e  a d o p t i o n  o f  t h e  

p r e s s i n g  c y c l e  recommended by I . C . I .  ( 6 ) .  Thus a maximum 

d e s i g n  o u t p u t  r a t i n g  o f  4 0 0 g  /  h r  i s  c o n s i d e r e d  r e a s o n a b l e ,  

k)  Wage c o s t  = £5 /  h r  ( a  r e a s o n a b l e  r a t e  f o r  a s e m i - s k i l l e d  

o p e r a t o r ) .

1)  Runn i ng  c o s t ,  D a n i e l s  = £ 0 . 3 0  /  h r ,  B i p e l  S e m i - A u t o  = £ 1 . 0 9  /  

hr  and B i p e l  Aut o  = £ 1 . 0 9  /  h r  ( t h e s e  v a l u e s  a r e  based on t h e  

power  r e q u i r e m e n t s  o f  t h e  r e s p e c t i v e  p r e s s e s ,  a s sumi ng  an 

e l e c t r i c i t y  c o s t  t o  i n d u s t r y  o f  3 . 8 5 p  /  u n i t  [ 1 u n i t  = 1KW /  

h r ] ) .

m) M a t e r i a l  c o s t  = £0 / K g  ( i t  i s  assumed t h a t  s c r a p  APC-2  

' p r e p r e g '  i s  r e a d i l y  a v a i l a b l e  and has no r e s a l e  v a l u e ) ,  

n)  Load f a c t o r  -  t h r e e  v a l u e s  used i . e .  25%,  50% and 75% ( f i x e d  

r a t e  o f  r e t u r n  o f  20%)  t o  e n a b l e  s e n s i t i v i t y  a n a l y s i s  t o  be 

p e r f o r m e d  on t h e  e f f e c t  o f  l o a d  f a c t o r  on p r o j e c t  v i a b i l i t y ,

o)  Sc r a p  v a l u e  o f  e q u i p m e n t  = £0

p)  U pp e r ,  l o w e r  v a l u e  o f  u n i t  p r i c e  = £ 1 5 0  /  Kg and £10  /  Kg

r e s p e c t i v e l y  ( t h i s  r a n g e  ch-'osen s i n c e  t h e  p r i c e  o f  v i r g i n  

APC-2 i s  £150  /  K g ) ,  

q) R e q u i r e d  i n c r e m e n t  i n  u n i t  p r i c e  = £ 1 0 /  Kg.

r )  Ra t e  o f  f i r s t  y e a r  d e p r e c i a t i o n  a l l o w a n c e  = 0% ( a s  p r o p o s e d  i n  

t h e  1984  F i n a n c e  A c t ) ,  

s)  W r i t i n g  down a l l o w a n c e  = 25% ( a l s o  as p r o p o s e d  i n  t h e  1984
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F i n a n c e  A c t ) .

The c o mp u t e r  p r o g r a m was run  f o r  each o f  t h e  t h r e e  

c o m p r e s s i o n  p r e s s e s  u s i n g  t h e  a b o v e - m e n t i o n e d  p a r a m e t e r s .  

S e n s i t i v i t y  a n a l y s e s  wer e  p e r f o r m e d  by v a r y i n g  l o a d  f a c t o r  ( f i x e d  

r a t e  o f  r e t u r n )  and r a t e  o f  r e t u r n  ( f i x e d  l o a d  f a c t o r ) .  I n  each  

c a s e ,  t h e  b r e a k - e v e n  p r i c e  ( i . e .  t h e  p r i c e  a t  wh i c h  t h e  r e s u l t a n t  

p r e c o n s o l i d a t e d  s h e e t  wou l d  have  t o  be s o l d  i n  o r d e r  t o  c o v e r  t h e  

c o s t  o f  t h e  i n v e s t m e n t )  was d e t e r m i n e d .  The r e s u l t s  a r e  c o n t a i n e d  

i n  TABLES 1 - 6 .

DI SCUSSI ON

I t  became c l e a r  f r om t h e  r e s u l t s  c o n t a i n e d  i n  TABLES 1 - 6  

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

s c r a p  APC-2 ' p r e p r e g '  wou l d  n o t  be low i f  t h e  c o s t  o f  i n v e s t m e n t  

i n  a new c o m p r e s s i o n  m o u l d i n g  p r e s s  was t o  be o f f s e t .  

N e v e r t h e l e s s ,  i t  was n o t e d  ‘t h a t  t h e  p r o j e c t e d  b r e a k - e v e n  p r i c e s  

d i d  r e p r e s e n t  s i g n i f i c a n t  r e d u c t i o n s  on t h e  c o s t  o f  v i r g i n  APC-2  

m a t e r i a l  ( £ 1 5 0  /  K g ) .

Not  s u r p r i s i n g l y ,  t h e  l o w e s t  b r e a k - e v e n  p r i c e s  wer e  o b t a i n e d  

f o r  t h e  p r e s s  i n  wh i c h  t h e  l o w e s t  i n i t i a l  c a p i t a l  e x p e n d i t u r e  

and,  c o i n c i d e n t a l l y ,  t h e  l o w e s t  r u n n i n g  c o s t s  wer e  i n c u r r e d  i . e .  

t h e  D a n i e l s  p r e s s .  At  a l o a d  f a c t o r  o f  50% and a r e q u i r e d  r a t e  o f  

r e t u r n  o f  20%,  t h e  b r e a k - e v e n  s e l l i n g  p r i c e  was £ 3 2 . 4 6  /  Kg.  The  

c o m p a r a t i v e  b r e a k - e v e n  p r i c e s  f o r  t h e  B i p e l  S e m i - A u t o  and A ut o  

p r e s s e s  wer e  £ 4 0 . 1 8  /  Kg and £ 4 8 . 1 8  /  Kg r e s p e c t i v e l y .

A n a l y s i n g  t h e  d a t a ,  i t  was o b s e r v e d  t h a t  t h e  b r e a k - e v e n  

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

r e t u r n .  F or  a f i x e d  l o a d  f a c t o r  o f  50%,  an i n c r e a s e  i n  r a t e  o f  

r e t u r n  f r om 10% t o  30% r e s u l t e d  i n  t h e  f o l l o w i n g  i n c r e a s e  i n
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b r e a k - e v e n  p r i c e : -  D a n i e l s  p r e s s  28^2%,  B i p e l  S e m i - A u t o  p r e s s  

2 9 . 8 % and B i p e l  Aut o p r e s s  3 3 . 3 % .

The b r e a k - e v e n  p r i c e  was a l s o  shown t o  be s u b s t a n t i a l l y  

a f f e c t e d  by changes  i n  l o a d  f a c t o r .  F or  a f i x e d  r e q u i r e d  r a t e  o f  

r e t u r n  o f  20%,  a d e c r e a s e  i n  l o a d  f a c t o r  f r om 75% t o  25% r e s u l t e d  

i n  t h e  f o l l o w i n g  b r e a k - e v e n  p r i c e  i n c r e a s e s : -  D a n i e l s  p r e s s  9 8 . 3 %  

B i p e l  S e m i - A u t o  p r e s s  1 0 4 . 4 % and B i p e l  Aut o  p r e s s  1 1 8 . 1 % .

C l e a r l y  t h e  p r i c e  t h a t  can be commanded f o r  p r e c o n s o l i d a t e d  

s h e e t  m a n u f a c t u r e d  f r om s c r a p  APC-2 ' p r e p r e g '  i s  d e p e n d e n t  upon  

t h e  p r o d u c t ' s  p h y s i c a l  and m e c h a n i c a l  p r o p e r t i e s  and i t s  

a v a i l a b i l i t y .  S h e e t s  p r e p a r e d  by c o m p r e s s i o n  m o u l d i n g  s c r a p  APC-2  

' p r e p r e g '  s q u a r e s  p ossess  random i n - p l a n e  r e i n f o r c e m e n t .  T y p i c a l  

p r o p e r t i e s  as d e t e r m i n e d  by I . C . I .  ( 7 )  a r e  c o n t a i n e d  i n  TABLE 7.

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

f e a t u r e s  o f  v i r g i n  APC- 2 ,  i t  wo u l d  be r e a s o n a b l e  t o  e x p e c t  t h e  

m a r k e t  p r i c e  t o  be c l o s e l y  l i n k e d  t o  t h a t  o f  t h e  c o m m e r c i a l  

c o m p o s i t e  m a t e r i a l .  The r e v o l u t i o n a r y  and e x c l u s i v e  n a t u r e  o f  

APC- 2 ,  c o u p l e d  w i t h  I . C . I .  ' s  r e q u i r e m e n t s  t o  r e c o u p  r e s e a r c h  and 

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

m a t e r i a l  f o r  some y e a r s  t o  come.  O p p o r t u n i t i e s  e x i s t ,  t h e r e f o r e ,  

f o r  r e c y c l e d  m a t e r i a l  t o  be m a r k e t e d  a t  a c o r r e s p o n d i n g l y  

f a v o u r a b l e  p r i c e .

CONCLUSION

Assumi ng a f a v o u r a b l e  m a r k e t  s u r v e y ,  and p r o v i d e d  l o a d  

f a c t o r s  can be m a i n t a i n e d  a t  o r  above  50%,  o p p o r t u n i t i e s  e x i s t  

f o r  r e a s o n a b l e  p r o f i t s  t o  a c c r u e  t h r o u g h  t h e  p u r c h a s i n g  o f  a 

D a n i e l s ' c o m p r e s s i o n  m o u l d i n g  p r e s s  t o  m a n u f a c t u r e  p r e c o n s o l i d a t e d  

s h e e t  f r om s c r a p  APC-2 ' p r e p r e g '  -  t h e  s h e e t  t o  be m a r k e t e d  a t  

p r i c e s  as l ow as £50  /  Kg ( o ne  t h i r d  t h a t  o f  v i r g i n  A P C - 2 ) .
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High speed upstroke moulding presses
Daniels high speed upstroke column 
presses incorporate proven features 
which enable the moulder to 
maximise his production using 
either loose or fixed tooling.
The presses are supplied in either 
single acting gravity opening or 
double acting hydraulically opening 
versions. Hydraulic power units are 
available to operate either one press 
or several presses connected in series. 
The daylight specified can be m odi
fied to  suit individual requirements 
and multi-daylight configurations 
can be supplied.
The Daniels process timer e lim in
ates the variables associated w ith  
manual operation. W ith this equip
ment the operator simply loads the 
press and starts the cycle. Breathes, 
cure etc. then fo llow  according to 
the predetermined settings of the 
timer. Every cycle is therefore 
identical and the operator, not 
being responsible for accurate press 
control, is free to perform other 
ancilliary operations.
Guards are normally fitted as 
standard which comply w ith  the 
latest health and safety require
ments.
Special presses other than the ones 
shown can be supplied to meet 
customers requests when the need 
arises.

Daniels Engineering Ltd.
Bath Road, Stroud,
Gloucestershire GL5 3TL, England. 
Tel: 04536 2261 Telex: 43143

Dani els

oo

75 Ton

c
©MOOOltLi)
LEESONA CORPORATION

..i John Brown

Figure 1 Daniels Compression Moulding Presses “  General  Informat ion
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The Daniels Column Type Single Acting Upstroke Press is 
constructed in accordance with the following specification.

j  BASIC PRESS
!i Of four column design; having a cast iron cylinder. The ram is of 
cast iron and is single acting. It is guided in a bushed gland 
ring which is assembled with shims for packing adjustment.

The tables also are iron castings, the moving table being guided 
by pads which bear on the four columns.

The cylinder casting is extended to form the press base, and is 
provided with four holes to accept 3/4” diameter fixing bolts.

j  ELECTRICALLY HEATED PLATENS

' Two electrically heated platens are fitted to the press, suitable 
for operation at 390 degrees C having strip type resistance 
elements.

| High density insulation material 1" thick is fitted to the press 
• tables to reduce heat transfer from the platens.
j  TEMPERATURE CONTROLLERS

i The operating temperature of the platens is regulated by 
j  indicating controllers (one per platen); housed in a panel 
j  attached to the left-hand side of the press and complete with 
j  contactors fuses and switchgear.
DIRECTIONAL CONTROL

Of the press is by Daniels three-position piston type valve, 
mounted at the right-hand side of the press and with lever for 
manual operation.
PRESSURE GAUGE
Indicates hydraulic pressure in pounds per square inch and bars.
A conveniently situated chart permits ready .conversion of these 
readings to indicate the force exerted in tons on the ram.
GUARDS
---------
When a motorised pump is fitted, the latest health and safety 
regulations demand that guards are fitted. We can supply these, 
comprising fixed side and rear mesh screens, with a front manually 
operated mesh screen, mechanically interlocked with the main 
control valve.

MOTORISED PUMP

Of Vickers manufacture which is situated at floor level adjacent 
to the right-hand side of the press. The unit is complete with 
pressure relief and unloading valves, motor, starter and oil 
supply tank.
PROCESS CONTROLLER

A simple timer is fitted, arranged to control the duration of the 
cure period, at the end of which the press opens automatically.
The instrument has a range of 0-30 minutes, and is housed in the 
panel with the temperature controllers, etc.
When this process controller is fitted, the directional control 
valve is amended to incorporate an air cylinder assembly, with 
push buttons for cycle initiation or manual operation when 
required.

Figure 2.  Daniels Compression Mould ing Presses ~  S p e c i f i c a t io n
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PRESS DATA

Main Ram Diameter 

Main Ram Stroke 

Daylight between Tables 

Daylight between platens 

Platen size 
Electric Loading 
Maximum hydraulic pressure 

Pump Motor H.P.
Approximate press closing speed

8"

14”
24”
18"
14" square x 2" thick 
2.1 kw
3,360.00 p.s.i.
7.5 HP (5.6 kw)
1.2" per second

SERVICES REQUIRED

Electricity; 415 volts, 3 phase and neutral, 50 cycles, 4 wire.
j Air; Small volume at approximately 80 p.s.i.(5.62 kg/cm2) for 

valve operation.
Hydraulic Oil; No Hydraulic Oil is supplied with the press, but a 
list of recommendations is given in the Machine Handbook.

F ig u re  3. Daniels 75 Ton Compression Moulding Press — Data
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8 0  ton Compression Press

26 V  (679.5) 
—  Between—  

Columns

25’/.“  (641) 
—Between— 
Stop Pistes

•54’/ . "  (1378) 
Over Sheets

8 V  
(225)

18"
(457)

2 7 V  (702) 
ACS Only

9 V  
(235)

Dimension induction heated platens
(If transfer is 

89 d»*. 13%) ho le in  b o tto m  p lt te n  o n ly  f i t t e d )

3? holes M 1? in  each platen

H — f-

Oimensions in m illtm e ife s  {equivalents in  inches in  b re ck tt)

T a b le  s ize  le f t  to  r ig h t  b e tw e e n  s id e p la te s  
T a b le  s ize  f r o n t  to  b a c k

'S t a n d a r d  h e a te d  p la te n  s ize  ( 9 .7  k V A  p e r  p a ir )
D a y lig h t  b e tw e e n  ta b le s  
D a y l ig h t  b e tw e e n  h e a te d  p la te n s

M a in  ra m  s tro k e  
H y d r a u l ic  C ir c u it  P ressu re
M a x .  p ress in g  fo rc e  (M a in  ra m  p re s s u re  in te n s if ie d  t o  3 0 0 0  p s i)
M a in  ra m  p u ll  b a c k  fo rc e  a t  c ir c u it  p ressu re
T ra n s fe r  ra m  fo rc e
T ra n s fe r  ra m  s tro k e
M a x im u m  p u m m e l d ia m e te r
A p p r o x im a te  w e ig h t  o f  m a x im u m  s h o t (b ased  o n  1 2 g / in 3 )

E je c t io n  fo rc e  ( t o p  a n d  b o t to m  e je c to r )
E je c to r  r e tu r n  fo rc e
E je c to r  s t ro k e  ( t o p  a n d  b o t t o m )
T o t a l  k V A  s e lf c o n ta in e d  press.
W e ig h t  o f  press, n e t t ,  s e m i-a u to  s e lf c o n ta in e d

* 2 0 "  p la te n s  c a n  b e  f i t t e d .

Information in this publication is to the best of our 
knowledge true and accurate but, because we are con
stantly seeking to improve our products, we reserve the 
right to change specifications at any time. This state
ment does not affect the statutory rights of a consumer.

2 5 ’/ .  in 6 4 1  m m
19V a  in 4 9 8  m m
1 8  in  x  1 8  in 4 5 7  m m  x  4 5 7  m m
3 0  in 7 6 2  m m
2 1 V a  in 5 4 3  m m
1 4  in 3 5 5  m m
1 0 0 0  psi 6 8 . 9 7  B ars
8 1  to n 8 2 .4  t
3 . 2  to n 3 .2  t
1 2 .6  to n 1 2 .8  t
3  in 7 6  m m
2  in 5 0  m m
4  o z 1 1 3  g
2  to n 2 . 0 1
1 to n 1 . 0 1
3 .5  in 8 9  m m
2 8 . 3 2 8 .3
3 . 6 2  to n 3 9 6 3  K g .

M e t r ic  u n its  a re  a d ir e c t  c o n v e rs io n  
o f  n o m in a l im p e r ia l  va lu es .

B IP E L  L I M I T E D
Aldridge Road Streetly
Sutton Coldfield West Midlands B74 2DZ
telephone 021-353 2480 telex 337741

F ig u re  4.  B ioel  80  Ton Compress ion  Moulding  Press — Data
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160 PRI NT "ENTER YEAR I N WHICH INVESTMENT I S  TO BE MADE"
170 INPUT B$
190 PRI NT "ENTER MACHINE NAME"
200 INPUT A$
220  PRINT "ENTER I N I T I A L  CAPITAL EXPENDITURE I NCLUDI NG ALLOWANCE 

FOR I NSTALLATI ON COST ( £ ) "
230  INPUT C
250  PRI NT "ENTER STARTING CORPORATION TAX RATE ( %) "
260  INPUT T 
270 T = T / 100
290 PRI NT "ENTER YEARLY DECREMENT IN CORPORATION TAX RATE ( % ) ,  

NUMBER OF YEARS OVER WHICH I T  OCCURS (YEARS) "
300 INPUT DCT , NN 
310  DCT = D C T / 1 0 0
330  PRI NT "ENTER RATE OF INVESTMENT GRANT ( %) "
340  I NPUT G 
350 G= G/ 100
370 PRI NT "ENTER REQUIRED RATE OF RETURN ( %) "
380 INPUT K 
390 K = K / 100
410 PRI NT "ENTER WORKING CAPITAL INVESTMENT ( £ ) "
420  I NPUT W
440 PRI NT "ENTER L I F E T I ME  OF PROJECT,  DELAY IN PAYMENT OF TAX 

( Y E A R S ) "
450  INPUT NM, D
470 PRI NT "ENTER MAXIMUM DESIGN OUTPUT RATING ( U N I T / H O U R ) "
480 INPUT QM
500 PRI NT "ENTER WAGE COST ( £ / HO UR ) "
510 INPUT F 
520 F=F/QM
540 PRI NT "ENTER RUNNING COST ( £ / H O U R ) "
550  INPUT E 
560 E=E/QM
580 PRI NT "ENTER MATERIAL COST ( £ / H O U R ) "
590 INPUT M
610 PRI NT "ENTER LOAD FACTOR ( %) "
620  I NPUT L 
630 L = L / 1 0 0
650 PRI NT "ENTER SCRAP VALUE OF EQUIPMENT ( £ ) "
660  INPUT S
6 80  PRI NT "ENTER UPPER,  LOWER VALUE OF UNI T PRICE ( £ / U N I T ) "
690  INPUT P U , PL
710 PRI NT "ENTER REQUIRED INCREMENT IN UNI T PRICE ( £ / U N I T ) "
720 I NPUT I P
740 PRI NT "ENTER THE RATE OF FI RST YEAR DEPRECI ATI ON ALLOWANCE 

(%) "
750  INPUT YU 
760 Y U = Y U / 100
780  PRI NT "ENTER WRITING DOWN ALLOWANCE ( %) "
790  INPUT WDA
800 WDA=WDA/100
810 'CALCULATION SECTION
8 20  '  •
840  GOSUB 900  
8 60  PRINT

F i g u r e  5 .  I n v e s t m e n t  A p p r a i s a l  Pr ogr am ( m o d i f i e d  For  Epson H X - 2 0  
P o r t a b l e  C o m p u t e r ) .
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865  Y = Y - 0 . 2 5
870  I F  Y<YL THEN 880 ELSE 820  
88 0  END
890 ' ----------------------------------------------'
900  'SUB 1 
910  Y=YU
920  Q=QM* L* 35* A8  
930  AVC=F+M+E 
9A0 AVC=AVC*1000  
950  A V C = I N T ( AVC)
960  AVC=AVC/ 1000  
97 0  V=AVC*Q
990  PRI NT " ------------------------------------------------------------ "
1000  PRI NT T A B ( O ) ; "YEAR OF INVESTMENT = " ; TAB( 2 0 ) ; B$
1020  PRI NT T A B ( O ) ; "MACHINE = " ; TAB( 1 1 ) ;A$
10A0 PRI NT TAB(O) ;"WAGE C OST= " ; TAB( 1 2 )  ; F ; TAB( 1 6 ) ; " £ / U N I T  OF 

OUTPUT"
1060  PRI NT "P=OUTPUT PRI CE"
1090  PRI NT
1100 PRI NT TAB( 3 ) ; "P £ / U N I T " ; TAB( 1 5 ) ; " NPV £"
1110  P=PL
1120 TP=T-DCT*NN
1130 ' F I R S T  REPEAT
11 AO TT = T
1150  GOSUB 3000
1160  R=P*Q
1170  SU1=0
1180  N=1
1190  TT=T-DCT
1200 I F  TT<TP THEN TT=TP
1210  'SECOND REPEAT
1220 GOSUB 3000
1230  K S= KS* 10000
12A0 K S = I N T ( KS )
1250  K S = K S / 100  
1260  K S = K S / 100  
1270  X X = 1 / ( ( 1 + K S ) A N )
1280 SU1=SU1+XX
1290 N=N+1
1300  TT=TT- DCT
1310  I F  TT<TP THEN TT=TP
1320 I F  N>NM THEN 1330 ELSE 1210
1330  P 1 = ( R - V ) * S U 1
1 3 AO SU2=0
1350  N=1 +0
1360  TT = T - 2 * DCT
1370  I F  TT<TP THEN TT = TP
1380 TQ=TQ-DCT
1390  I F  TQ<TP THEN TQ=TP
1A00 ' THI RD REPEAT
1 A 10 GOSUB 3000
1A20 YY = T Q / ( (1 + KS ) AN )
1 A30 SU2 = SU2 + YY 
1A AO N=N + 1 
1A 50 TT = TT-DCT

F i g u r e  5 .  ( c o n t . )
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1460  I F  TT <TP THEN TT = TP
1470  TQ=TQ-DCT
1480 I F  TQ<TP THEN TQ=TP
1490  I F  N>NM+D THEN 1500  ELSE 1400
1500  P 2 = ( R- V ) *SU2
1510  SU3 = 0
1520  N=D
1530  T T = T - ( N* DC T )
1540  I F  TT<TP THEN TT=TP 
1550  T I = T - D C T  
1560  I F  T I < T P  THEN T I = T P  
1570  'FOURTH REPEAT 
1580  GOSUB 3000
1590  Z Z = ( ( l - W D A ) A ( N - l ) ) * T I / ( ( 1 + K S ) A ( N ) )
160 0  SU3=SU3+ZZ
1610  N=N+1
1620  TT=TT- DCT
1630 I F  TT<TP THEN TT = TP
1640  T I = T I - D C T
1650 I F  TT<TP THEN T I  = TP
1660  I F  N>NM+D THEN 1670  ELSE 1570
16 70 P 3 = ( C * ( 1 - G ) * ( 1 - Y ) * ( W D A ) ) * S U 3  
1680  T T= T- D* DCT
1690 I F  TT<TP THEN TT=TP 
1700  GOSUB 3000
1710  C C = - C + ( Y * T * C ) * ( l - G ) / ( ( l + K S ) A D ) + ( G * C ) / ( ( 1+KS) AD) - W
1720  TT=T-NM*DCT
1730  I F  TT <TP THEN TT = TP
1740  GOSUB 3000
17 50 W S = ( W + S ) / ( ( 1 + K S ) A N M )
1760  SU4=0
1770  N=1 
1780  TT=T
1790 ' F I F T H  REPEAT
1800 WD = W D A * ( ( l - W D A ) A ( N - l )  )
1810  SU4=SU4+WD 
1820  N=N+1
1830 I F  N>NM THEN 1840  ELSE 1790  
1840  WW=1-SU4
1850 W D V = ( C * ( 1 - Y ) * ( 1 - G ) ) * W W  
1860  TN=T- NM*DCT  
1870 I F  TN<TP THEN TN=TP 
1880  T T = T - ( N M + 1 ) * D C T  
1890 I F  TT<TP THEN TT=TP 
1900  GOSUB 3000
1910 W W V = T N * ( S - W D V ) / ( ( 1 + K S ) A ( N M + 1 ) )
1920  NPP=CC+WS-WWV 
1930 VVV=NPP+P1- P2+P3  
1940  V V V = I N T ( V V V )
1950 PRI NT T A B ( 5 ) ; P ; T A B ( 1 5 ) ; V V V  
1960  P = P+ I P
1970 I F  P>PU THEN 1980 ELSE 1130  
1980 PRI NT
1990 P R I N T " ----------------------------------------------------»
20 2 0  PRI NT

F i g u r e  5 .  ( c o n t . )
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2 0 3 0  RETURN
2 0 AO * * * * * * * * * * * * * * * * * * * * *
3 0 0 0  'SUB 
301 0  KO=K 
3 0 2 0  Z=1
3 0 3 0  ' S I X T H  AND FINAL REPEAT 
30A0 K S = K * ( l - T T / ( ( 1 + K 0 ) A D ) )
305 0  KO=KS 
3 0 6 0  Z=Z+1
3 0 7 0  I F  Z > 3 THEN 3080  ELSE 3030  
3 0 8 0  RETURN

F i g u r e  5 .  ( c o n t . )  
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OUTPUT PRI CE NET PRESENT VALUE ( £ )
( £  /  Kq) R . O . R .  10% R . O . R .  20% R . O . R .  30%

10 - 1 7 3 3 3 - 1 8 0 0 7 - 1 8 4 8 7
20 - 8 0 0 5 - 9 9 8 8 - 1 1 5 4 4
30 1324 - 1 9 7 0 - 4 6 0 1
AO 10652 6048 2 3 4 2
50 1 9980 14066 9 2 8 5
60 2 9 3 0 9 2 2 0 8 4 1 6 2 2 8
70 38637 3 0 1 0 2 2 3 1 7 1
80 479 6 5 3 8121 3 0 1 1 4
90 57294 4 6 1 3 9 3 7 0 5 7

100 6 6 6 2 2 5 4 1 5 7 4 4 0 0 0
110 75951 621 7 5 5 0 9 4 3
120 8 5 2 7 9 7 0 1 9 3 5 7 8 8 6
130 946 0 7 7 8 2 1 2 6 4 8 2 9
140 103 9 3 6 8 6 2 3 0 7 1 7 7 2
150 1 132 6 4 9 4 2 4 8 7 8 7 1 5

BREAK-EVEN PRI CE £ 2 8 . 5 8 £ 3 2 . 4 6 £ 3 6 . 6 3

TABLE 1 .  D a n i e l s  P r e s s  -  R e l a t i o n s h i p  b e t we e n  N . P . V .  and O u t p u t  
P r i c e  f o r  v a r i o u s  R a t e s  o f  R e t u r n  ( Lo a d  F a c t o r  5 0 % ) .

OUTPUT PRI CE NET PRESENT VALUE ( £ )
( £  /  Kq) LOAD FACTOR 25% LOAD FACTOR 75%

10 - 1 6 7 0 4 - 1 9 3 1 0
20 - 1 2 6 9 5 - 7 2 8 2
30 - 8 6 8 5 4 7 4 5
40 - 4 6 7 6 1 6 7 7 2
50 - 6 6 7 2 8 8 0 0
60 33 4 2 4 0 8 2 7
70 7351 5 2 8 5 4
80 1 1 3 6 0 6 4 8 8 1
90 1 5369 7 6 9 0 9

100 1 93 7 8 8 8 9 3 6
110 2 3 3 8 7 1 0 0 9 6 3
120 2 7 3 9 6 1 1 2 9 9 0
130 314 0 5 1 2 5 0 1 8
140 3 5 4 1 5 1 3 7 0 4 5
150 394 2 4 1 4 9 0 7 2

BREAK-EVEN PRICE £ 5 1 . 6 6 £ 2 6 . 0 5

TABLE 2 .  D a n i e l s  P r e s s  -  R e l a t i o n s h i p  b e t we e n  N . P . V .  and O u t p u t
P r i c e  f o r  v a r i o u s  Load F a c t o r s  ( R a t e  o f  R e t u r n  2 0 % ) .
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OUTPUT PRICE NET PRESENT VALUE ( £ )
( £  /  Kq) R . O . R .  10% R . O . R .  20% R . O . R .  30%

10 - 2 3 4 5 5 - 2 4 1 9 8 - 2 4 7 1 4
20 - 1 4 1 2 6 - 1 6 1 8 0 - 1 7 7 7 1
30 - 4 7 9 8 - 8 1 6 2 - 1 0 8 2 8
40 4531 - 1 4 4 - 3 8 8 5
50 13859 7874 3057
60 2 3 1 8 7 15893 100 0 0
70 3 2 5 1 6 239 1 1 169 4 3
80 4 1 8 4 4 3 1 9 2 9 2 3 8 8 6
90 5 1 1 7 2 399 4 7 3 0 8 2 9

100 605 0 1 4 7 9 6 5 3 7 7 7 2
110 69 829 559 8 4 4 4 7 1 5
120 7 9 1 5 8 6 4 0 0 2 5 1 6 5 8
130 8 8 4 8 6 7 2 0 2 0 58601
140 9 7 8 1 4 8 0 0 3 8 6 5 5 4 4
150 1 0 7 1 4 3 8 8 0 5 6 7 2 4 8 7

BREAK-EVEN PRI CE £ 3 5 . 1 4 £ 4 0 . 1 8 £ 4 5 . 6 0

TABLE 3 .  B i p e l  S e m i - A u t o  P r e s s ' -  R e l a t i o n s h i p  b e t we e n  N . P . V .  and  
O u t p u t  P r i c e  f e r  v a r i o u s  R a t e s  o f  R e t u r n  ( L e a d  F a c t e r  
30%) .

OUTPUT PRICE NET PRESENT VALUE ( £ )
(£ /  Kq) LOAD FACTOR 25% LOAD FACTOR 75%

10 - 2 2 1 0 4 - 2 6 2 9 3
20 - 1 8 0 9 5 - 1 4 2 6 5
30 - 1 4 0 8 6 - 2 2 3 8
40 - 1 0 0 7 7 9789
50 - 6 0 6 8 2 1 8 1 6
60 - 2 0 5 8 3 3 8 4 4
70 1951 458 7 1
80 5 9 6 0 5 7 8 9 8
90 9 9 6 9 6 9 9 2 6

100 1 3 9 7 8 8 1 9 5 3
110 1 7 9 8 7 9 3 9 8 0
120 2 1 9 9 6 1 0 6 0 0 7
130 2 6 0 0 5 1 1 8 0 3 5
140 3 0 0 1 4 1 3 0 0 6 2
150 3 4 0 2 3 1 4 2 0 8 9

BREAK-EVEN PRICE £ 6 5 . 1 3 £ 3 1 . 8 6

TABLE 4 .  B i p e l  S e m i - A u t e  P r e s s  -  R e l a t i o n s h i p  b e t we e n  N . P . V .  and
Ou t p u t  P r i c e  f e r  v a r i o u s  Lead F a c t o r s  ( R a t e  p f  R e t u r n
2 0%) .
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OUTPUT PRICE NET PRESENT VALUE ( £ )
(£ /  Kq) R . O . R .  10% R . O . R .  20% R . O . R .  30%

10 - 29A1A - 3 0 6 1 6 - 3 1 A 7 8
20 - 2 0 0 8 6 - 2 2 5 9 8 - 2 A 5 3 5
30 - 1 0 7 5 8 - 1 A 5 8 0 - 1 7 5 9 2
AO - 1 A 2 9 - 6 5 6 2 - 1 0 6 A 9
50 7899 1A56 - 3 7 0 6
60 17227 9A75 3237
70 26556 17A93 10180
80 3588A 2 5 5 1 1 17123
90 A5213 3 3 5 2 9 2A066

100 5A5A1 A15A7 3 1009
110 638 6 9 A9566 ' 3 7 9 5 2
120 731 9 8 5758A AA895
130 825 2 6 6 5 6 0 2 51837
1 AO 9185A 7 3 6 2 0 5 8780
150 1011 8 3 8 1 6 3 8 65723

BREAK-EVEN PRI CE £ A 1 . 5 3 £ A 8 . 18 £ 5 5 . 3A

TABLE 5 .  B i p e l  Aut o  P r e s s  -  R e l a t i o n s h i p  b e t w e e n  N . P . V .  and 
O u t p u t  P r i c e  f o r  v a r i o u s  R a t e s  o f  R e t u r n  ( Lo ad  F a c t o r  
5 0 %) .

OUTPUT PRICE NET PRESENT VALUE ( £ )
( £  /  Kq) LOAD FACTOR 25% LOAD FACTOR 75%

10 - 2 8 5 2 2 - 3 2 7 1 1
20 - 2 A 5 1 3 - 2 0 6 8 3
30 - 2 0 5 0 A - 8 6 5 6
AO - 1 6 A 9 5 3371
50 - 1 2 A 8 6 15398
60 - 8 A 7 6 27A26
70 - AA67 39A53
80 -A-58 51A80
90 3551 635 0 8

100 7 5 6 0 755 3 5
110 1 1 5 6 9 87562
120 1 5 5 7 8 9 9 5 8 9
130 1 9 5 8 7 1 11617
1 AO 2 3 5 9 6 1236AA
150 2 7 6 0 5 135671

BREAK-EVEN PRICE £ 8 1 .  1A £ 3 7 . 2 0

TABLE 6 .  B i p e l  Aut o  P r e s s  -  R e l a t i o n s h i p  b e t w e e n  N . P . V .  and
O u t p u t  P r i c e  f o r  v a r i o u s  Load F a c t o r s  ( R a t e - o f  R e t u r n
2 0 %) .
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APPENDIX 2

Proe. IX  Intl. Congress on Rheology, Mexico, 1984.

RHEOLOGY OF POLYETHERSULPHONE (PES)/POLYDIMETHYL' 
SILOXANE (PDMS) BLENDS

A.A. Collyer*, D.W. Clegg**, G.H. France*, M. Morris**,
K. Blake*, D.J. Groves*** and M.K. Cox***

*Department of Applied Physics 
**Department of Metallurgy 

Sheffield City Polytechnic, Pond St., Sheffield, England, U.K. 
***ICI Petrochemicals and Plastics Division,

Wilton Centre, Wilton, Middlesbrough, England, U.K.

ABSTRACT

Results obtained on PES/PDMS blends using a Davenport Extrusion Rheometer show 
that an addition of only 2% PDMS reduces the shear viscosity, the degree of 
non-Newtonian behaviour and the shear modulus of the blend over the PES melt, 
but causes an increase in the tensile viscosity.

Scanning electron micrographs show the complexity of the microstructure of 
the blends due to the degradation of PDMS, which gives rise to voiding and a 
lamellar structure. The observed rheological behaviour is attributed to the 
combination of this complex microstructure and the probable breakdown of the 
continuum rheological equations used to calculate the results.

KEYWORDS

Polyethersulphone; polydimethyl siloxane; extrusion rheometry; polymer 
blends; thermogravimetric analysis.

INTRODUCTION

Polyethersulphone (PES) is a high-tempegature engineering thermoplastic that 
has an upper service temperature of 180 C. Although tough, it is, like most 
thermoplastics, notch sensitive. To extend its applications in the aerospace 
industry a better notched behaviour is necessary, but there must be no loss of 
thermal stability or of low toxic gas and smoke emission properties, which for 
PES are well within the specification given by Boeing.

A successful method of achieving improved notched behaviour is by adding a 
dispersed rubber phase to the thermoplastic matrix. However, the choice of 
rubber for use in PES is made difficult because of the high processing tempera
tures (320 - 390 C) of this thermoplastics. Elastomers that may withstand 
these temperatures would probably be silicone or fluorocarbon based, but the 
latter may ruin the good low toxic gas and smoke emission properties of PES.

Noshay and co-workers (1971, 1973, 1974) faced similar problems in the rubber 
toughening of polysulphone: these workers elected to use polydimethyl siloxane
(PDMS) as the dispersed elastomeric phase. For this reason the present authors 
made the same choice.
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As the PES and PDMS phases are grossly incompatible, with solubility parameters 
of 22.6 and 14.0 MJ^ ra" k  respectively, a simple blend would have poor mecha
nical properties owing to the poor adhesion between the two phases. In order 
to combine toughening with good adhesion between the phases, the difference in 
their solubility parameters must lie between 0.4 and 0.8 (Stehling and co
workers, 1981). Noshay and co-workers achieved this by making a block copoly
mer of polysulphone and PDMS, which was used as the dispersed rubber phase.
This seemed successful on a laboratory scale, but nevertheless the present 
authors' initial intention was to use PDMS as the dispersed phase in the PES, 
and to use a PES/PDMS block copolymer as an interfacial agent to improve the 
adhesion between the two phases. This would reduce the cost of the new 
material.

i

\a

Fig. 1. Thermogravimetric analyses of PES, PDMS, a blend and a block copolymer
of PES/PDMS

A thermogravimetric analysis of the materials was carried out to ascertain 
whether this initial proposal was realistic. From fig. 1, it can be seen that 
in the processing range of PES, the PDMS shows a noticeable weight loss, more 
so than either the blend or the block copolymer. For this reason the block 
copolymer would probably be used as the dispersed rubber phase.

For an introduction to the rheology of blends of thermoplastics with elasto
mers, the work of Munstedt (1981) was studied. The results revealed the 
following:-

(1) The temperature dependence of the viscosity functions is independent of 
the rubber or its concentration.

(2) There is a yield stress at the high rubber loadings or for smaller 
particle size.

(3) The blends have slightly higher shear viscosity than the thermoplastic 
in the higher shear stress range.

(4) The tensile viscosity of the blends is more sensitive to microstructure 
than the shear viscosity, and has higher values than for the matrix 
material.

(5) The extrudate swell is reduced by the rubber additive but the entrance 
pressure is independent of rubber concentration.
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The above work was carried out with polybutadiene (PB) and polyacrylic 
ester in styrene acrylonitrile and PB in PVC. The main differences in the 
present work is that the above materials have overlapping process temperature 
ranges and the above experiments were carried out at lower shear stresses.

The present report covers the initial rheological measurements on PES/PDMS 
blends, calculating the results assuming a continuous fluid; and some initial 
examination of the microstructure of the extrudates is made.

EXPERIMENTAL

The materials used in the current experiments are defined in Table 1. The 
blends were initially mixed by hand and then passed twice through a single
screw extruder at 360 C. The final granules were pre-dried at 150 C for five 
hours before being extruded through a Davenport Extrusion Rheometer. The PDMS 
was not crosslinked.

TABLE 1 Materials Used in the Present Experiments

Material Grade Supplier

PES 300 P ICI, Wilton,
U.K.

PDMS Polymer 26 Dow Corning,
Swansea, UK.

The rheological parameters were obtained from pressure measurements at the 
entrances to a long die and an orifice die. The latter was used to determine 
the tensile viscosities of the melts using the theory of Cogswell (1978, 1981), 
and die swell measurements were related to recoverable shear strain using 
Tanner’s equation (1970). All the shear rates were corrected using the 
Rabinowitsch correction.

RESULTS AND DISCUSSION

Figure 2 shows that the shear viscosity of the melts is reduced by the PDMS 
additive, that the blend becomes more Newtonian and that the critical shear 
stresses and shear rates at the onset of melt fracture are reduced. (See 
arrows in fig. 2.)
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Fig. 2 Variation of shear viscosity with wall shear stress and PDMS concent
ration

The injection spiral moulding results shown in fig. 3 confirm the extrusion 
results by giving longer spiral lengths for blends with the higher PDMS 
concentration. These results are in direct contrast to the findings of 
Munstedt (1981) and this is partly attributed to the fact that the PDMS is 
very fluid at these temperatures. The morphologies of the blends, described 
below, indicate another possible explanation.
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Fig. 3 Spiral lengths as a function of barrel temperature and PDMS concentra
tion in injection spiral moulding
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The two sets of results above indicate that the very fluid PDMS phase is 
profoundly affecting the flow by migrating to regions of high shear rate. 
Certainly, the extrudates and spiral mouldings obtained show gross 
delamination in the blends for PDMS concentrations greater than 1%.

E
z

O
>

Fig. 4 Variation of tensile viscosity as a function of tensile stress and
PDMS concentration

Figure 4 shows an increase in tensile viscosity of the blends over the PES 
melt, the greatest change being between 0 and 2% PDMS. This is in agreement 
with Munstedt (1981), who made measurements using an extensional rheometer.
The authors, however, are uncertain of the effect on the measured values of 
the entrance pressure caused by the following effects at the die inlet:-

(1) the change in size and shape of the dispersed particles;

(2) the orientation of the dispersed particles;

(3) the possible rotation of the particles;

(4) the change in the distribution of the particles in a radial direction.

The authors believe that a proportion of the entrance pressure is taken up in 
causing these phenomena and that an overestimate of the tensile viscosity occurs. 
Some of the above effects are considered in much of the work on the mathe
matical modelling of two-phase flows, and it is felt that the work of 
Barthes-Biesel and co-workers (1980, 1981) may be applicable to the present 
results.
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Fig. 5 The variation of shear modulus with wall shear stress and PDMS concen
tration

Shear modulus results obtained from extrude swell measurements are shown in 
fig. 5. The PDMS additive reduces the swelling ratio, in agreement with 
Munstedt (1981). These values of swelling ratio are used to calculate the 
shear moduli, which are thus reduced. This result seems consistent with poor 
adhesion between the phases. The authors however are quite aware that the 
change in morphology of the dispersed phase at the die exit may cause spurious 
results, as already indicated for the measurement of tensile viscosity.
Clearly, some mathematical modelling of the kind already mentioned is necessary.

Figure 6 shows the microstructure of the extrudate from a 4% PDMS/PES blend 
and an EDAX silicon map of the same area. The microstructure is much more 
complex than at first believed. In many of the microstructures examined, the 
deformation and agglomeration of the PDMS particles give rise to a lamellar 
structure, and the decomposition of the PDMS gives rise to voiding and 
delamination. Some of the sites are filled with PDMS, but even here the 
adhesion between the two phases may be considerably reduced by volatiles 
released from the PDMS on partially decomposing. This voiding may enhance the 
toughening but causes the delamination.

From the above, it is clear that future work will have to be directed to a 
study of the blend morphology and how it is influenced by flow changes at the 
inlet and exit regions of the die. This must continue before any mathematical 
modelling of the system is attempted.
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Fig. 6 A scanning electron micrograph of a 4% PDMS/PES blend (a) and the 
equivalent EDAX map of the areas of silicon (b). The fracture surface is

across the extrudate

A possible method of.freezing the microstructure in the state found at the 
inlet region and in the die might employ a computer-controlled haul-off system. 
The inlet microstructure may be frozen in by pulling away extrudates from 
short or zero length dies at such a rate that the swelling ratio is unity.
A linescan camera could be used to monitor the diameter of the extrudate, which 
is pulled away from the die at an increasing rate. When the swelling ratio is 
unity, the linescan camera triggers the haul-off to maintain a constant rate. 
Experiments would, be carried out at different shear rates and the frozen in 
microstructures studied. The change in the stress field at the exit could 
present some challenging analysis.



CONCLUSIONS

Table 2 summarises the effect of a small addition of PDMS to the gross rheolo
gical behaviour of PES/PDMS blends.

TABLE 2 The Effect on the Gross Rheological Behaviour of PES/PDMS Blends by
the Addition of PDMS

Shear
Viscosity

Shear
Thinning
Index

Critical
Shear
Stress

Critical
Shear
Rate

Tensile
Viscosity

Shear
Modulus

1 1 4  1 1 1

The results, however, have been calculated assuming the fluid is a continuum. 
A study of the microstructure is of paramount importance prior to attempting 
to model the flow of the blends. It is hoped that the block copolymer when 
used instead of the PDMS will give rise to a more stable material and an 
easier system to model.
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APPENDIX 3

THE RHEOLOGICAL BEHAVIOUR OR ENGINEERING THERMOPLASTICS AND SILICONE 
RUBBER BLENDS

KEYWORDS: polym er b len d s , p o ly d im e th y ls ilo x a n e , p o ly e th e rs u lp h o n e ,
p o ly b u ty le n e te re p h th a la te , rh eo lo g y .

ABSTRACT: R h e o lo g ic a l s tu d ie s  were made us ing  c a p i l la r y  and o s c i l la t o r y
rheom etry  on b lends between (a )  PES and PDMS, (b ) PBT and PDMS and (c )  
PES and an —4 AB •J-q b lo ck  copolymer o f PES and PDMS.. The c a p i l la r y  
rheom etry  re s u lts  in d ic a te d  a lim ite d  c o m p a t ib i l i ty  between th e  p h y s ic a l 
b lends and th is  was co rro b ora ted  fo r  PBT b lends o n ly  by o s c i l la t o r y  
e x p e rim e n ts . The blends in v o lv in g  the  b lo c k  copolymer showed no l im i te d  
c o m p a t ib i l i ty  and in t e r f a c ia l  adhesion was p o o r. EDX and SIMS a n a ly s is  
in d ic a te d  p a r t ic le  s ize s  o f  the o rd e r o f  1 y  and a tendency f o r  p a r t i c le  
a g g lo m e ra tio n .

REFERENCE: FRANCE, G .H ., COLL YER, A. A . ,  BLACKMORE, D .L . ,  BLAKE, K . ,
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INTRODUCTION

The development of rubber toughened grades of most high temperature engineering thermoplastics such as 
polysulphone and polyethersulphone has been retarded because of problems associated with interfacial adhesion 
between the two components. A method of overcoming this problem is to use a block copolymer of the 
toughening rubber and the matrix polymer as a dispersed elastomeric phase. This has led to an interest in 
the processing behaviour of polymer blends involving a thermoplastic and an elastomer polydimethylsiloxane 
(PDMS) has been tried as a rubber toughening agent for polysulphone and polyethersulphone (PES), and the work 
described in this paper involves blends of PDMS with PES, with polybutyleneterephthalate (PBT) and with an 
— (■ AB block copolymer of PES/PDMS with an S.-O-C linkage.

Several observers [1-8], studying the rheological behaviour of blends of incompatible polymers, have noted 
peaks and troughs in the viscosity-concentration curves for low concentrations of either one of the 
components. The peaks are attributed to a limited compatibility between Che two components, which occurs 
below a limiting concentration, above which a two-phase blend exists.

In the work reported above the Hildebrand solubility parameters of the polymers studied are not as vastly 
different, which is not true of those used in the present work; PES (22.6), PBT (21.5) and PDMS (14.9), where 
the units are (MJm~*)'. There may, therefore, be little limited compatibility between the silicone elastomer 
and PES or PBT.

EXPERIMENTAL

The PDMS was supplied by Dow Corning, the PES (Victrex 6800 P) is a standard 1CI moulding grade and the PBT 
(Arnite TO6 200) is a standard Akzo moulding grade. The — (■ AB -)-jj PES/PDMS block copolymer with an Sf—O-C 
linkage was synthesised by M. Morris.

The capillary rheometry was carried out on a computer-controlled Davenport Extrusion Rheometer at Sheffield 
City Polytechnic. Oscillatory rheometry was carried out on two Rheometrics Dynamic Spectrometers,' one at ICI 
Wilton (PES blends) by D.J. Croves and the other at Akzo Research Laboratories, Arnhem (PBT blends), by 
J.P.C. Bootsma and J.H. Kampschreur.

RESULTS AND DISCUSSION

(a) PES/PDMS Blends

The variation of blend viscosity with PDMS concentration is shown in Figure 1. This figure shows a 
viscosity minimum at 2Z PDMS and a maximum at 4Z, for a wall shear stress of 10s Nm~*. The results from 
the oscillatory shear experiments (ICI) for a shear stress of lO1* Nra-J do not show the above variation, 
but, as seen in Figure 2, the viscosity decreases as the PDMS concentration increases and shear stress 
increases. The discrepancy between the two sets of results is attributed to the small size of the effect 
at 360°C.

Figure 3 shows the effect of blending a small amount of block copolymer to the PES. Table 1 gives the 
codes for the blends in this figure. The graphs show a steady decrease in viscosity with block copolymer 
concentration and shear stress, and oscillatory shear results back up this finding. A decrease in 
viscosity would be expected on adding more of the low molecular weight block copolymer. This suggests 
that there is no chemical linkage provided by the block copolymer at the PES/PDfS interface. Injection 
moulded products show gross delaminatiotv [6].

(b) PBT/PDMS Blends

Figure 4 shows the capillary rheometry results for PBT/PDMS blends. The trough at 4Z PDMS and the 
maximum at 6Z PD1S may not be more significant than the errors, but as seen in Figure 5, the Rheometrics 
results from Akzo show a similar trough at 2Z PDMS. Interpretation of the results is difficult because 
of oxidative and hydrolytical degradation of the PBT during the course of the experiment [9,10j.

(c) Morphological Results

The peaks and troughs in the viscosity-concentration curves for various polymer blends have been 
attributed to changes in morphology with concentration of the species. Some preliminary examinations
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Figure 6 An EDX picture from the fracture surface 
of a PBT/PDHS extrudate (62 PDMS) shoving silicon 
rich areas.

Figure 7 Secondary ion image of the fracture surface 
of a PES/PDMS extrudate using positive ions and 
10 keV C t  from a liquid metal ion source (0.5pdia. 
beam [11J).
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of the blends of PES/PDMS (6Z PDMS) and PBT/PDMS (6Z PD1C) were made using SIMS and EDX. Figure 6 shows 
an EDX picture from the fracture surface of a PBT/PDMS extrudate. Two silicon rich areas are clearly 
visible of diameters 7 and 40 p respectively.

Figure 7 shows a silicon map from the fracture surface of a PES/PDMS extrudate using SIMS. The better 
resolution shows 1 p particles of PDMS, which tend to agglomerate [11]. The information from the SIMS
result suggests that the 7 P and 40 p silicon rich areas in the EDX picture may be due to the
agglomeration of small particles.

CONCLUSIONS

The fluctuations in the vi scosi ty-concentration curves for both PES/PDMS and PBT/PDMS blends are small. This 
is attributed to the large differences in solubility parameters between the PDHS and the thermoplastics.
Some observers, [4,12,13] have noted wall slip in melt blends that gave minima in viscosity-concentration 
graphs. Slip manifests itself by lowering the shear thinning index. On adding PDMS the shear thinning index 
increases over that value for PES. It is felt that there is no slip of the lower shear rates, but may occur
at higher shear rates at higher temperatures. Slip may be investigated by the method of [14].

Further studies are to be made of PES/silicone elastomer blends using a slit die, which is theoretically more 
acceptable. This will be carried concurrently with shear heating measurements using an IR pyrometer.
Moreover it is hoped to perfect the SIMS technique for investigating the sire, shape and distribution of the 
dispersed phase.

The results for the PES/block copolymer blends show that interfacial adhesion is as poor as in the physical 
blends. This may be due to (1) the breaking of the S^-O-C linkage at 320°C or (2) PDMS migration to the 
extremities of the block copolymer. There is evidence for both of these phenomena.
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Table 1 Codes for the blends in Figure 3

Saaqile No Additive
PES

Block b t f  
PDMS

Additive Cone. 
/ Z

PDMS Cone. 
I Z -

1 Pure Victrex PES _ _
2 4900 5100 0.87 0.5
3 4900 5100 1.73 1.0
4 4900 5100 4.33 2.5
5 Linear PDMS 2.5 2.5
6 9600 53000 3.0 2.5
7 9600 5100 6.44 2.5
8 1300 800 5.75 2.5
9 1300 5100 3.11 2.5


