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CHAPTER 1

I N T R O D U C T I O N

D uring th e  l a s t  t e n  y e a r s  t h e r e  h a s  beai c o n s i d e r a b l e  i n t e r e s t  i n  

p o ly m e r-p o ly m e r  m i s c i b i l i t y  w i t h  t h e  em phasis on e s t a b l i s h i n g  p h a se  

d iagram s and e x p l a i n i n g  them i n  te rm s  o f  thermodynamic 

t h e o r i e s , 1 , 2, 3 . In  c o n t r a s t  t h e r e  h ave  been  v e r y  few  s t u d i e s  o f  t h e  

d em ixin g  p r o c e s s  and i t s  d y n a m ic s .

The s t u d y  o f  t h e  k i n e t i c s  o f  p h a s e  s e p a r a t i o n  p r o c e s s e s  i n  polym er 

m ix t u r e s  i s  o f  i n t e r e s t  f o r  f o u r  r e a s o n s .

F i r s t l y ,  s t u d y in g  t h e  k i n e t i c s  o f  a p r o c e s s  o f t e n  l e a d s  t o  a  more 

co m p le te  u n d e r s t a n d in g  o f  t h e  therm od yn am ics.

S e c o n d ly ,  v e r y  l i t t l e  i s  known a b o u t  t h e  v a l i d i t y  o f  t h e  c u r r e n t  

t h e o r i e s  o f  p o ly m e r  m o tio n  i n  t h e  m e lt  s t a t e  and few  measurements o f  

p olym er d i f f u s i o n  c o e f f i c i e n t  e x i s t .  K i n e t i c  s t u d i e s  o f  p hase 

s e p a r a t i o n  o f  p o ly m e rs  may t e s t  some o f  t h e s e  t h e o r i e s .

T h i r d l y ,  p olym er m i x t u r e s  a r e  g o o d  model sy s te m s  i n  w h ich  t o  s t u d y  

fun d a m en ta l p h a se  s e p a r a t i o n  p r o c e s s e s ,  f o r  exam ple , s p in o d a l  

d e c o m p o s it io n .  B e c a u s e  o f  t h e i r  l o n g  e n t a n g le d  n a t u r e  p o lym er



2

m o le c u le s ,  h av e  low  d i f f u s i o n  c o e f f i c i e n t s  compared w ith  s m a l l  

m o le c u le s .  F u rth e rm o re  u n l i k e  g l a s s e s  and m e t a ls  th e y  phase 

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

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

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

The mean f i e l d  a p p r o x im a tio n  on  w h ic h  s p l n o d a l  d e c o m p o s it io n  

t h e o r y  i s  b a s e d  h a s  been  shown r e c e n t l y  t o  be more v a l i d  f o r  

p o ly m e rs  th a n  f o r  s m a l l  m o le c u le  s y s t e m s .

F i n a l l y  much g r e a t e r  c o n t r o l  c a n  b e  e x e r c i s e d  w i t h  p h ase  

s e p a r a t i o n  e x p e r im e n t s  on p o ly m e r s  th a n  on any o t h e r  system . F or  

exa m p le ,  p h a s e  b o u n d a r ie s  c a n  be  r e a d i l y  m a n ip u la te d  t o  a g iv e n  

te m p e r a tu r e ,  c r y s t a l l i n i t y  c a n  be  e l i m i n a t e d  by random 

c o p o l y m e r i s a t i o n  and t h e  m o b i l i t y  o f  t h e  component polym ers ca n  b e  

v a r i e d  by a l t e r i n g  t h e i r  m o le c u la r  w e i g h t .

F o u r t h l y ,  t h e  s t u d y  o f  th e  k i n e t i c s  o f  p h a se  s e p a r a t i o n  i n  p o ly m e r  

b le n d s  may w e l l  e n a b le  new p o ly m e r  m a t e r i a l s  t o  be  made by 

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

t o  g i v e  a  known m i c r o s t r u c t u r e .  S uch  m a t e r i a l s  may h ave u s e f u l  

m e c h a n ic a l  p r o p e r t i e s ,  o r  b e  u s e f u l  a s  p o t e n t i a l  membranes.



CHAPTER 2

THERMODYNAMICS

A p r e c u r s o r  t o  t h e  s t u d y  o f  t h e  dynam ics o f  p h ase  s e p a r a t i o n  i n  polym er 

m ix t u r e s  i s  a k n o w le d g e  o f  t h e i r  therm odynam ics. A b r i e f  d i s c u s s i o n  o f  

t h e  im p o rta n t  a s p e c t s  w i l l  f o l l o w  :

PHASE STABILITY

The f r e e  e n e r g y  o f  m ix in g  two s p e c i e s  i s  g iv e n  by :

AGm = AHm -  TASm

Where :

AHm i s  t h e  e n t h a l p y  o f  m ix in g  

ASm i s  t h e  e n t r o p y  o f  m ix in g

A p l o t  o f  th e  f r e e  e n e r g y  o f  m ix in g  a s  a  f u n c t i o n  o f  c o m p o s it io n  i s  

shown i n  F i g . l ,  t e m p e r a tu r e  and p r e s s u r e  b e in g  c o n s t a n t .  I f  AGm i s  a 

co n v e x  f u n c t i o n  o v e r  t h e  e n t i r e  c o m p o s i t io n  r a n g e  th e n  one s i n g l e  

homogenous p h a se  w i l l  e x i s t .  A l t e r n a t iv e ly  i f  AGm i s  co n v e x  o n ly  o v e r  

a p o r t i o n  o f  t h e  c o m p o s i t io n  r a n g e ,  th e n  r e g i o n s  o f  s t a b i l i t y  and
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m e t a s t a b i l i t y  w i l l  e x i s t .  These  r e g i o n s  g i v e  r i s e  t o  d i f f e r e n t  

mechanisms o f  p h a se  s e p a r a t i o n  w h ic h  w i l l  be d i s c u s s e d  f u l l y  i n  C h a p te r  

4.

THERMODYNAMICS OF POLYMER MISCIBILITY

In g e n e r a l  most lo w  m o l e c u l a r  w e ig h t  m ix tu r e s  h av e  f a v o u r a b l e  f r e e  

e n e r g i e s  o f  m ix in g  and a r e ,  t h e r e f o r e ,  m i s c i b l e ,  w h i l s t  h ig h  m o le c u la r  

w e ig h t  p o ly m e rs  h a v e  u n f a v o u r a b le  f r e e  e n e r g i e s  o f  m ix in g  and a r e  

im m is c ib le .  In  s m a l l  m o le c u le  m ix t u r e s  t h e  e n t r o p y  term d o m in a te s ,  

w h ereas w i t h  p o ly m e rs  t h e  e n t r o p y  o f  m ix in g  i s  a lm o s t  n e g l i g i b l e  

b e c a u s e  t h e  p o lym er b a c k -b o n e  r e s t r i c t s  t h e  number o f  p o s i t i o n s  

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

F i g . 2 .  O b v i o u s ly ,  a s  t h e  c h a in  le n g t h  i n c r e a s e s  t h e  number o f  p o s s i b l e  

a rra n g e m e n ts  d e c r e a s e s  and t h e  e n t r o p y  o f  m ix in g  d i m i n i s h e s .  T h is  

c o n c e p t  i s  e x p r e s s e d  m a t h e m a t ic a l ly  i n  t h e  F lo r y - H u g g in s  L a t t i c e  m o d e l5 *

AG
kT

<t> 1 — < b

na
Xn(l-<J>) + x<Kl-4>)

C o m b in a to r ia l  E n tro p y  Term
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Where :

k i s  t h e  Boltzm an c o n s t a n t

T i s  t h e  te m p e r a tu r e  (K)

N-A 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  polym er A

N g 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  polym er B

<j> i s  t h e  volum e f r a c t i o n  o f  component A

i s  t h e  F lo r y - H u g g in s  i n t e r a c t i o n  p ara m eter

The c o m b i n a t o r i a l  e n t r o p y  component i s  t h e  e n tr o p y  t h a t  a r i s e s  f r o m  

t h e  number o f  p o s s i b l e  ways o f  a r r a n g i n g  t h e  two p olym ers on th e  

l a t t i c e .  T h is  m odel a l s o  i n c l u d e s  a  X  term  t o  a l l o w  f o r  any s l i g h t  

ch a n g es  i n  e n t h a l p y  ca u se d  by i n t e r a c t i o n s  betw een t h e  two com ponents.

The F lo r y - H u g g in s  l a t t i c e  model p r e d i c t s  an  up per  c r i t i c a l  s o l u t i o n  

t e m p e r a tu r e  p h a s e  d ia gra m , f o r  h i g h  m o le c u la r  w e ig h t  polym er m i x t u r e s ,  

bu t i n  r e a l i t y  t h e y  h av e  lo w e r  c r i t i c a l  s o l u t i o n  tem p e ra tu re  b e h a v io u r  

(LCST)

L a t e r  F lo r y  and o t h e r s  7 , 8, 9 p ro p o s e d  an  e q u a t io n  o f  s t a t e  t h e o r y  t o  

t a k e  i n t o  a c c o u n t  e x p a n s io n  and p r e s s u r e  c o e f f i c e n t s  a s  w e l l  a s  t r y i n g  

t o  p r e d i c t  LCST b e h a v i o u r .  I t  h a s  been  used  1 ° ^ !  i n m o d e ll in g  

p o ly m e r-p o ly m e r  p h a s e  b o u n d a r ie s .  The e q u a t io n  o f  s t a t e  th e o r y
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i n c l u d e s  t h e  c o m b i n a t o r i a l  e n t r o p y  te r m s ,  an i n t e r a c t i o n  termA^2 and 

an e m p i r i c a l  p a r a m e te r  Qi 2 . T h is  l a t t e r  term  r e p r e s e n t s  an a d d i t i o n a l  

c o n t r i b u t i o n  fro m  a non c o m b i n a t o r i a l  e n t r o p y  o f  m ix in g . In  many 

c a s e s  i t  i s  i n c l u d e d  i n  t h e  d e f i n i t i o n  o f  X12 w h ich  th e n  becomes :

X 12 = X 12 “ Tv Ql2

Where :

T i s  t h e  t e m p e r a tu r e  i n  K

v  r e d u c e d  volum e o f  t h e  m ix t u r e

r a t h e r  th a n  b e i n g  e x p r e s s e d  a s  a  s e p a r a t e  te r m .

THERMODYNAMICS OF PRACTICAL "SYSTEMS

M i s c i b i l i t y  o f  p o ly m e r  m ix tu r e s  o c c u r s  i n  t h r e e  s i t u a t i o n s .

1 .  P o lym ers  o f  v e r y  lo w  m o le c u la r  w e ig h t  w h ich  no l o n g e r  

h a v e  a  n e g l i g i b l e  e n t r o p y  o f  m ix in g .

2. P o lym ers  w h ich  a r e  c h e m i c a l l y  a lm o s t  i d e n t i c a l  h a v in g  

a v e r y  s m a l l  u n fa v o u r a b le  h e a t  o f  m ix in g .
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3. P olym ers w h ic h  show s p e c i f i c  i n t e r a c t i o n s  betw een th e

component monomers r e s u l t i n g  i n  f a v o u r a b le  h e a t s  o f  m ix in g .

P olym ers t h a t  f a l l  i n t o  c a t e g o r y  1 a r e  g e n e r a l l y  o f  no com m ercial 

i n t e r e s t ,  h o w e ve r ,  t h e y  a r e  v e r y  u s e f u l  model sy stem s f o r  a ca d e m ic  

s t u d i e s  o f  t h e  therm odynam ics o f  m i s c i b i l i t y  and dynamics o f  p h a s e  

s e p a r a t i o n .

Examples o f  c a t e g o r y  2 a r e  n o t  v e r y  common. Examples i n c l u d e ;  

c h l o r i n a t e d  p o l y e t h y l e n e  w i t h  po l y (  v i n y l - c h l o r i d e ) 1  ̂ and p o s s i b l y  

d e u t e r a t e d  p o ly m e r s  w i t h  t h e  e q u i v a l e n t  h yd rogen o us polym er.

C a te g o r y  3 i s  by f a r  t h e  most common and t h e  most c o m m e r c ia l ly  

im p o r ta n t  g r o u p .  Such sy stem s o f t e n  e x h i b i t  p a r t i a l  m i s c i b i l i t y  and 

h a v e  lo w e r  c r i t i c a l  s o l u t i o n  t e m p e r a tu r e  p hase b e h a v io u r  1 3 ,
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CHAPTER 3

POLYMER MOTION

A k n ow led ge  o f  t h e  p h y s i c s  o f  p o ly m e r  m o tion  p a r t i c u l a r l y  

t r a n s l a t i o n a l  d i f f u s i o n  i s  n e c e s s a r y  t o  u n d e rs ta n d  p hase  s e p a r a t i o n  In  

p olym er b l e n d s .

At t e m p e r a tu r e s  b e lo w  t h e  g l a s s  t r a n s i t i o n ,  Tg o f  a polym er t h e r e  

w i l l  be no t r a n s l a t i o n a l  m o tio n , h o w e ve r ,  i t  must be remembered t h a t  

b e c a u s e  o f  t h e  v i s c o e l a s t i c  n a t u r e  o f  p o ly m e rs  t h e  g l a s s  t r a n s i t i o n  

measurement w i l l  be  f r e q u e n c y  d e p e n d e n t . 15

S t u d ie s  on p oly m e r  d i f f u s i o n ,  a r e  hampered b e c a u s e  t r a n s l a t i o n a l  

d i f f u s i o n  c o e f f i c i e n t s  a r e  e x t r e m e l y  lo w .  Few measurements h av e  b een  

made, p a r t i c u l a r l y  f o r  h ig h  m o l e c u l a r  w e i g h t s .  Polym er d i f f u s i o n  has 

been  r e c e n t l y  r e v ie w e d  by T i r r e l . 16

R ecen t s t u d i e s  h a v e  a lm o s t  e x c l u s i v e l y  been  co n ce rn e d  w i th  de Gennes 

t h e o r y  o f  r e p t a t i o n  1 7 , 18 , b a s e d  on  t h e  tu b e  m odel o f  Edwards. 19 

T h is  model e n v i s a g e s  a p olym er c h a i n  t r a p p e d  i n  a tu b e  o f  

e n ta n g le m e n ts  form ed by o t h e r  p o ly m e r  c h a in s  ( F i g . 3 ) .  Only c h a in s  

a b o v e  a  g i v e n  m o le c u la r  w e ig h t  w i l l  form  e n t a n g le m e n t s ,  t h i s  v a l u e
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i s  term ed t h e  e n ta n g le m e n t  m o l e c u l a r  w e ig h t  (N e). V a lu e s  f o r  Ne a r e  

d e te r m in e d  e x p e r i m e n t a l l y  fro m  v i s c o e l a s t i c  s t u d i e s  a s  a f u n c t i o n  o f  

m o le c u la r  w e i g h t .

The e n t a n g le m e n t s  a r e  assumed t o  b e  im m obile d u r in g  t h e  tim e i t  t a k e s  

f o r  t h e  p o ly m e r  c h a i n  t o  e x t r i c a t e  i t s e l f  by Brow nian m otion from  t h e  

t u b e .

The r e p t a t i o n  m odel p r e d i c t s  t h a t  t h e  s e l f  d i f f u s i o n  c o e f f i c i e n t  (D) 

w i l l  be  d e p e n d e n t  on th e  d e g r e e  o f  p o l y m e r i s a t i o n  (N) and t h e  

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

c o e f f i c i e n t  D i s  p r e d i c t e d  t o  s c a l e  a s  :

D N- 2

E a r l y  work by K l e i n 20, 2 * , 22 and b y  L e g e r  e t  a l 23 u s i n g  d i f f e r e n t  

t e c h n iq u e s  w e r e  i n  v e r y  good a g re e m e n t  w i t h  t h e  above  s c a l i n g  la w .  

K l e i n 21* a l s o  d e m o n stra te d  t h a t  t h e  m a t r ix  m o le c u la r  w e ig h t  had n o  

i n f l u e n c e  on t h e  measured d i f f u s i o n  c o e f f i c i e n t  o f  a  l a b e l l e d  c h a in .  

However, b o th  t h e  t e c h n iq u e s  u t i l i z e d  by K l e i n  and L eger  e t  a l  w e re  

n o t  s u i t a b l e  f o r  s t u d y in g  v e r y  h i g h  m o le c u la r  w e ig h t  c h a in s .  However, 

t h e  r e p t a t i o n  m odel f a i l s  t o  e x p l a i n  v i s c o e l a s t i c  d a ta  on p o ly m e r s ,  i n  

p a r t i c u l a r  i t  p r e d i c t s  an e x p o n e n t  o f  3 .0  f o r  t h e  v i s c o s i t y  dependence 

on t h e  d e g r e e  o f  p o ly m e r i s a t i o n  ( N ) ,  w h i l s t  an



10

e x p o n e n t  o f  3 .4  i s  a lw a y s  fo u n d  i n  p r a c t i c e . 26

The m odel a l s o  f a i l s  t o  e x p l a i n  t h e  N“ 2 b e h a v io u r  r a t h e r  th a n  t h e  N""1 

b e h a v io u r  e x p e c t e d  on a R o use  m o d el26 f o r  polym er d i f f u s i o n  below  t h e  

e n ta n g le m e n t  m o le c u la r  w e i g h t . 2^ , 28 T h is  ca sts  doubts on t h e  s t r i c t  

v a l i d i t y  o f  t h e  r e p t a t i o n  m od el.  More r e c e n t l y  Smith e t  a l 29 u s i n g  

f l u o r e s c e n c e  r e d i s t r i b u t i o n  a f t e r  p a t t e r n  p h o to b le a c h in g  (FRAPP) 

d e m o n s tr a te d  t h a t  f o r  h ig h  m o le c u la r  w e ig h t  l a b e l l e d  c h a in s  th e  

d i f f u s i o n  c o e f f i c i e n t  o b t a i n e d  was d ep en d en t on m a tr ix  m o le c u la r  

w e ig h t  i n  c o n t r a d i c t i o n  t o  t h e  r e p t a t i o n  t h e o r y .  K l e i n 30 h a s  r e c e n t l y  

i n v e s t i g a t e d  t h e  d i f f u s i o n  o f  b ra n c h e d  s t a r  m o le c u le s  f o r  w h ich  de 

G en n es31 p r e d i c t s  a  much s l o w e r  d i f f u s i o n  c o e f f i c i e n t  and a l s o  fou n d  

d e v i a t i o n  from  t h e  r e p t a t i o n  t h e o r y .  He s u g g e s t s  t h a t  f o r  v e r y  h i g h  

m o le c u la r  w e i g h t s  o r  s t a r  m o le c u le s  w h ere  r e p t a t i o n  i s  s lo w  tu b e  

r e n e w a l  e f f e c t s  become im p o r t a n t ,  i . e . , t h e  tu b e  i s  no l o n g e r  f i x e d  

d u r i n g  t h e  t im e t h e  p o lym er c h a i n  i s  c o n t a in e d  w i t h i n  t h e  tu b e .

S t u d ie s  u s i n g  t h e  N eutron S p in  Echo t e c h n iq u e  on P o l y ( m e t h y l s i l o x a n e )

q o
m e lt s  by R i c h t e r  e t  * a l .  d e m o n s tr a te  o n ly  Rouse ty p e  m o tion  f o r  c h a in s  

a b o ve  t h e  e n ta n g le m e n t  m o le c u la r  w e i g h t .  They s u g g e s t  t h a t  th e  

r e p t a t i o n  m odel i s  o n ly  v a l i d  f o r  t h e  s e l f  d i f f u s i o n  c a s e .
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However, an  u n p u b l is h e d  s t u d y  by H ig g in s  and R o o ts 33 u s i n g  t h e  same 

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

two modes o f  r e l a x a t i o n  f o r  m o le c u la r  w e ig h t s  a b o ve  Ne, w h i l s t  o n l y  t h e  

f a s t e r  mode i s  o b s e r v a b l e  f o r  m o le c u la r  w e ig h t s  be low  Ne. The s h o r t e r  

r e l a x a t i o n  t im e  c o r r e s p o n d s  t o  l o c a l  Rouse t y p e  m o tio n ,  w h i l s t  th e  

lo n g e r  r e l a x a t i o n  t im e i s  b e l i e v e d  t o  co r re s p o n d  t o  r e p t a t i o n .  T h e i r  

d a ta  s u g g e s t s  t h a t  t h e  t im e  s c a l e  o b s e r v e d  by R i c h t e r  e t  a l  was t o o  

s h o r t  t o  o b s e r v e  r e p t a t i o n  and, t h e r e f o r e ,  o n ly  t h e  Rouse ty p e  m o tio n  

was o b s e r v e d .

S tu d ie s  l o o k i n g  a t  t h e  r e l a x a t i o n  o f  o r i e n t a t e d  m e lts  n e a r l y  a lw a y s  

g i v e s  r i s e  t o  R ouse b e h a v io u r  r a t h e r  th a n  r e p t a t i o n .  F o r  exam ple, Boue 

e t  a l 31* foun d  t h e  r e l a x a t i o n  o f  p o lym er m e lts  a f t e r  s t e p  d e fo r m a t io n  t o  

be a c c u r a t e l y  m o d e lle d  by Rouse b e h a v io u r  e v e n  f o r  m o le c u la r  w e ig h t s  i n  

e x c e s s  o f  e n ta n g le m e n t  v a l u e s .

R e c e n t ly  i t  h a s  been  shown t h a t  t h e  d i f f u s i o n  o f  p o ly c a p r o la c t a m  (PCL) 

i n t o  p o ly (  v i n y l  c h l o r i d e )  (PVC) w ent a s  and n o t  t h e  IT2 b e h a v io u r

q c q^*
e x p e c te d  . d e  Gennes h a s  e x p l a i n e d  t h i s  i n  term  o f  b e in g  th e  r e s u l t

p
o f  an T  d i f f u s i o n  c o e f f i c i e n t  and a thermodynam ic d r i v i n g  f o r c e  

f a v o u r i n g  m ix in g  w h ic h  i s  p r o p o r t i o n a l  t o  t h e  number o f  monomers i n  t h e  

c h a in  (N ).  In  t h e  c a s e  o f  PCL/PVC b le n d s  t h e r e  i s  a  l a r g e  n e g a t i v e  

e n t h a lp y  o f  m ix in g  a r i s i n g  from  a s p e c i f i c  i n t e r a c t i o n
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b e tw e e n  th e  component monomers. Though th e  e x p l a n a t i o n  o f  de Gennes 

f o r  th e  N” 1 d i f f u s i o n  c o e f f i c i e n t  b e h a v io u r  seems v e r y  p l a u s i b l e ,  t h e  

d a t a  c o u ld  a l s o  b e  e x p l a i n e d  by Rouse ty p e  b e h a v io u r  o c c u r i n g .  At 

p r e s e n t ,  i t  i s  n o t  c l e a r  how p o ly m e rs  w i l l  d i f f u s e  d u r in g  p hase  

s e p a r a t i o n ,  h o w e v e r ,  d i f f u s i o n  i n  p olym er b le n d s  i s  u n l i k e l y  t o  b e  

m o d e lle d  e x a c t l y  by a r e p t a t i o n  m o d el,  even  when one o f  t h e  p o ly m e rs  

ca n  b e  e f f e c t i v e l y  assum ed t o  b e  im m obile  w i t h  r e s p e c t  t o  t h e  o t h e r .

I t  i s  c l e a r  th o u g h  t h a t  t h e  a v e r a g e  c h a in  l e n g t h  w i l l  h av e  a pronounced 

e f f e c t  on d i f f u s i o n .  Thus p o ly m e rs  w i t h  a h ig h  f r i c t i o n a l  tu b e  

c o e f f i c i e n t  (due t o  b u lk y  s i d e  g r o u p s ) ,  h ig h  d e g r e e s  o f  p o l y m e r i s a t i o n  

o r  a r e  b ran ch ed  a r e  l i k e l y  t o  p h a se  s e p a r a t e  s l o w l y .

I t  m ight b e  e x p e c t e d  t h a t  i n  a p o lym er m ix tu re  t h e  s h o r t e r  c h a in s  w i l l  

d i f f u s e  f a s t e r  th a n  t h e  l o n g e r  c h a in s  and th u s  a  ra n g e  o f  d i f f u s i o n  

c o e f f i c i e n t  e x i s t .  A l t e r n a t i v e l y ,  t h e r e  may be  a  l o t  o f  c o - o p e r a t i v i t y  

betw een  c h a in s  and o n ly  one d i f f u s i o n  c o e f f i c i e n t  may th u s  e x i s t  f o r  a 

g i v e n  b le n d  c o m p o s i t io n .

B ecause  o f  o u r  l i m i t e d  know led ge  o f  polym er d i f f u s i o n ,  t h e  b e s t  

a p p ro a ch  w i l l  b e  t o  u t i l i z e  a s  n e a r  m onod isperse  m o le c u la r  w e ig h t  

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

c o m p l i c a t i o n s .
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CHAPTER 4

THEORIES OF PHASE SEPARATION

I N T R O D U C T I O N

There a r e  many t h e o r i e s  o f  p h a s e  s e p a r a t i o n ,  no one t h e o r y  

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

a r e  a p p l i c a b l e  o n l y  f o r  a  s h o r t  t im e  s c a l e  f o r  one o r  two s y s te m s .

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

d e t a i l e d  t h e o r y .

C o n sid er  a  p h a s e  d ia g r a m  w i t h  a  m i s c i b i l i t y  gap  a s  shown i n  F i g . 4** I f  

a polym er m ix t u r e  w i t h  a  c o m p o s i t io n  Xo i s  quenched from  a  h ig h  

te m p e r a tu re  T^ t o  a lo w e r  te m p e r a tu r e  T i ,  t h e n  t h e  c o m p o s i t io n  w i l l  

i n i t i a l l y  be  t h e  same t h r o u g h o u t  t h e  m ix t u r e  and i t s  f r e e  e n e rg y  w i l l  

be  ( jo  on t h e  f r e e  e n e r g y  c u r v e  i n  F ig .^ i- .  However, t h e  polym er m ix tu r e  

w i l l  be im m e d ia te ly  u n s t a b l e  b e c a u s e  s m a l l  f l u c t u a t i o n s  i n  c o m p o s i t io n  

t h a t  p ro d u ce  A r i c h  and B r i c h  r e g i o n s  w i l l  c a u s e  t h e  t o t a l  f r e e  e n e r g y  

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

e q u i l i b r i u m  c o n c e n t r a t i o n s  and X2 a r e  r e a c h e d .  T h is  i s  shown 

s c h e m a t i c a l l y  i n  F i g .  S a .  The a b o v e  p r o c e s s  ca n  o c c u r  f o r  any  polym er 

m ix tu r e  c o m p o s i t io n  w h ere  t h e  f r e e  e n e r g y  c u r v e  h a s  a n e g a t i v e

c u r v a t u r e  i . e
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6<}>2

Thus t h e  polym er m ix tu r e  m is t  l i e  b e tw e e n  t h e  p o i n t s  o f  i n f l e c t i o n  on 

t h e  f r e e  e n e rg y  c u r v e .  The l o c u s  o f  t h e  p o i n t s  where 62G/6<t>2 = 0 i s  

term ed t h e  s p in o d a l .

I f  t h e  polym er m ix tu re  l i e s  o u t s i d e  t h e  s p i n o d a l ,  bu t w i t h i n  t h e  

b i n o d a l  ( d e f i n e d  by t h e  p o i n t s  o f  common ta n g e n t)  s m a l l  f l u c t u a t i o n s  

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

t h e  f l u c t u a t i o n s  d e c a y .  L a r g e  f l u c t u a t i o n s  can , how ever, r e s u l t  i n  a 

d e c r e a s e  i n  t h e  f r e e  e n e r g y .  Such a f l u c t u a t i o n  i s  term ed a n u c le u s  

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

homogenous n u c l e a t i o n ;  a l t e r n a t i v e l y  a  n u c le u s  ca n  b e  form ed by a 

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

n u c l e a t i o n  o c c u r s .  The n u c le u s  h a s  a n  e x c e s s  s u r f a c e  e n e r g y  compared 

w i t h  i t s  s u rro u n d in g s  and i s  s t r o n g l y  h e l d  t o g e t h e r  w i t h  t h e  r e s u l t  

t h a t  m o le c u le s  f lo w  i n  by c o n v e n t i o n a l  down h i l l  d i f f u s i o n .  U n lik e  t h e  

t o t a l l y  u n s t a b l e  p h a se  s e p a r a t i o n  p r o c e s s  n u c l e a t i o n  and grow th  

r e q u i r e s  an  a c t i v a t i o n  e n e r g y  and t h e  s y s t e m  i s ,  t h e r e f o r e ,  m e t a s t a b l e  

b e tw e e n  t h e  b in o d a l  and s p i n o d a l .  T h i s  p r o c e s s  i s  shown s c h e m a t i c a l l y  

i n  F i g . S  b.

Not a l l  t h e o r i e s  r e c o g n i s e  t h e  s p i n o d a l  a s  t h e  l i m i t  o f  m e t a s t a b i l i t y .  

B i n d e r 3  ̂ c la im s  t h a t  t h e  s p i n o d a l  is  " u n p h y s i c a l "  s i n c e  t h e  b a r r i e r  t o
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p h ase  s e p a r a t i o n  n e v e r  q u i t e  g o e s  t o  z e r o  o n l y  becomirvj l e s s  t h a n f c QT .  

He p r o p o s e s  a c l u s t e r  model t h a t  c a n  a c c o u n t  f o r  d e co m p o s it io n  i n  b o th  

t h e  m e t a s t a b l e ,  and t h e  u n s t a b l e  r e g i o n  o f  t h e  p h a se  d iagram .

S t u d ie s  o f  t h e  n u c l e a t i o n  s t a g e  o f  n u c l e a t i o n  and grow th  a r e  d i f f i c u l t  

due t o  t h e  n e c e s s i t y  o f  e l i m i n a t i n g  f o r e i g n  p a r t i c l e s  from t h e  s y s te m .

T h is  t h e s i s  i s  m o s t ly  c o n c e r n e d  w i t h  t h e  p h a se  s e p a r a t i o n  mechanism o f  

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

The c h a r a c t e r i s t i c  f e a t u r e s  o f  t h i s  p r o c e s s  a r e

1 .  I t  i s  an u n s t a b l e  p r o c e s s  r e q u i r i n g  no a c t i v a t i o n  e n e r g y  

and i s ,  t h e r e f o r e ,  v e r y  r a p i d .

2. An o r d e r  p a r a m e te r  t h a t  d e s c r i b e s  t h e  s y s te m  ob eys a  l o c a l  

c o n s e r v a t i o n  la w  th u s  t h e  d e c o m p o s i t io n  i s  l i m i t e d  by 

d i f f u s i o n  l i k e  p r o c e s s e s .  The d i f f u s i o n  i s  u p h i l l  and, 

t h e r e f o r e ,  t h e  d i f f u s i o n  c o e f f i c i e n t  h a s  a n e g a t i v e  s i g n .

3 . T em peratu re  f l u c t u a t i o n s  p l a y  no p a r t .

4. The p r o c e s s  o c c u r s  c o h e r e n t l y ;  t h e  c o m p o s i t io n  o f  t h e  

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

w aves h a v e  random o r i e n t a t i o n s  and p h a se  a n g l e s ,  so  th e  

s p in o d a l  s t r u c t u r e  i s  random and i n t e r c o n n e c t e d .
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A l l  t h e  t h e o r i e s  o f  p h a se  s e p a r a t i o n  a v o id  d e s c r i b i n g  t h e  m o le c u la r  

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

s e p a r a t i o n  u s i n g  m a c r o s c o p ic  v a r i a b l e s .  In  p r a c t i c e  p h ase  s e p a r a t i o n  

k i n e t i c s  h a v e  o f t e n  b e e n  d e s c r i b e d  i n  term s o f  power la w  e x p r e s s i o n s .  

For e x a m p le ,  t h e  t im e  d ep en d en ce  o f  t h e  maximum s c a t t e r e d  i n t e n s i t y  may 

be  g i v e n  by :

Im c< t

S i m i l i a r l y  t h e  t im e  d ep en d en ce  o f  t h e  a v e r a g e  c o r r e l a t i o n  l e n g t h  may be 

g i v e n  by :

Dm cx t °

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

by G o ld b u r g 38 who r e c o g n i s e d  t h a t  t h e  b e h a v io u r  o f  a sy stem  p hase  

s e p a r a t i n g  was v e r y  d e p e n d e n t  on t h e  t im e  s c a l e  o v e r  w h ich  t h e  p h a se  

s e p a r a t i o n  was o b s e r v e d .  He t h e r e f o r e  i n t e r p r e t e d  h i s  d a t a  i n  term s o f  

a re d u ce d  u n i t  a p p r o a c h  w h ere  :

Q m  = QmDm ( t  *= o)

T = tD ( t  = o) / (Dm)2 ( t  -  o)
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w here b o th  Qm and x a r e  d i m e n s i o n le s s  q u a n t i t i e s  c o m p le te ly  d eterm in ed  

by e x p e r im e n t .

T h is  a p p ro a ch  h a s  r e c e n t l y  b e e n  u s e d  by S n y d e r .39 

E a r l y  S t a g e  T h e o r i e s  

The C a h n - H i l l i a r d  T h e o ry

Cahn and H il l ia rd * *  3 d e s c r i b e d  t h e  f r e e  e n e r g y  G o f  an  inhomogenous 

b i n a r y  m ix t u r e  composed o f  s m a l l  m o le c u le s  ( e . g . , A and B) i n  an 

i n c o m p r e s s i b l e  s y s te m  a s  :

1 .  G = dir (G(<J>) + K<|>2+ . .  . )

Where K. is the gradient energy coefficient 

w h ere  G (<{>) i s  t h e  f r e e  e n e r g y  d e n s i t y  o f  t h e  sy ste m  h a v in g  c o m p o s i t io n  

<t> o f  one component ( e . g . , A ) w h ic h  i s  u n ifo r m  e veryw h ere  i n  s p a c e  and 

t h e  se co n d  term  i s  t h e  e x c e s s  f r e e  e n e r g y  a r i s i n g  from t h e  

c o n c e n t r a t i o n  g r a d i e n t .  By t a k i n g  t h e  v a r i a t i o n a l  d e r i v a t i v e  o f  

e q u a t io n  1 t h e  c h e m ic a l  p o t e n t i a l  d i f f e r e n c e  (pA-pB) i s  o b t a i n e d .  The 

f l u x  o f  e a c h  component JA o r  JB i s  t h e n  o b ta in e d  from M (p A -p B ). An 

a p p l i c a t i o n  o f  t h e  c o n t i n u i t y  e q u a t i o n  d c / d t  = d i v  JA t o  JA r e s u l t s

i n  :
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2.

w here M i s  t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t  w h ich  i s  a p p r o x im a te ly  

c o n s t a n t ,  h a v in g  a s l i g h t  c o n c e n t r a t i o n  dependence. F or  most p r a c t i c a l  

p u rp o s e s  i t  ca n  b e  r e g a r d e d  a s  b e i n g  e q u i v a l e n t  t o  a  d i f f u s i o n  

c o e f f i c i e n t .  I t  i s  u s e f u l  t o  com pare e q u a t io n  2 w i t h  a c o n v e n t i o n a l  

d i f f u s i o n  e q u a t io n  e x p r e s s i o n .

N e g l e c t i n g  n o n - l i n e a r  term s t h e  s o l u t i o n  t o  e q u a t io n  2 i s  o b t a i n e d  by :

3. 54>/5t = DV24>

This gives rise to the concept of the Cahn-Hilliard diffusion

c o e f f i c i e n t  (D) b e in g .

4. D = M(d2G/d<J>2)
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w here t h e  g ro w th  r a t e  R(Q) I s  g i v e n  b y .

6. R(Q) --MQ2 [ (  -  2KQ2J

B eca u se  K i s  a lw a y s  p o s i t i v e  62G/6<j)2 g o v e r n s  t h e  s i g n  o f  t h e  g r o w th  

r a t e .  P o s i t i v e  v a l u e s  o f  6 2G/6<j>2 y i e l d  n e g a t i v e  v a l u e s  o f  R(Q) and a l l  

i n s t a b i l i t i e s  d e c a y .  As 62G/6<J>2 becom es z e r o  l o n g  w a v e le n g th s  w i l l

grow and a s  i t  becomes n e g a t i v e  s h o r t e r  w a v e le n g th s  become c a p a b le  o f  

g r o w in g .  The l i n e a r  t h e o r y  o f  C a h n - H i l l i a r d  ca n  be used  t o  p r e d i c t  t h e  

waveu«c.fcof' , Qm o f  t h e  s p a t i a l  c o m p o s i t i o n  f l u c t u a t i o n s  t h a t  grow most 

r a p i d l y  and t h e  c r i t i c a l  wave e c t o r  (Qc) below  w h ich  f l u c t u a t i o n s  d e c a y  

i n  t h e  s p i n o d a l  r e g i o n .  From e q u a t i o n  6 i t  f o l l o w s  t h a t  :

7 .

a n d , t h e r e f o r e

8.

The c o n c l u s i o n  t o  b e  drawn fro m  t h e s e  two e q u a t io n s  i s  t h a t  Qm
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i s  c o n t r o l l e d  o n l y  by therm odyn am ics  w h i l e  R(Qm) i s  c o n t r o l l e d  a l s o  by 

t h e  i n t e r d i f f u s i o n  c o e f f i c i e n t .

At t h e  s p in o d a l  p o i n t  :

9- 1*2 1 , o T-1 L-0

(6(j)2)

and a s  a  r e s u l t

Qm2 = R(Qm) = 0

A t Q ^  Qm, R(Q) i s  d o m in a n t ly  c o n t r o l l e d  by d i f f u s i o n ,  t h e  

c o n t r i b u t i o n  o f  w h ic h  i s  s u c h  t h a t  t h e  l a r g e r  Q t h e  l a r g e r  R(Q). I f ,  

h o w e v e r ,  Qc > Q R(Q) i s  now d o m in a n tly  c o n t r o l l e d  by

thermodynamic p r o p e r t i e s .

Thus w here R(Q) i s  c o n t r o l l e d  by d i f f u s i o n  

R ( d i f f u s i o n )  (Q) ^  Q2D

and w here R(Q) i s  c o n t r o l l e d  by therm odynam ics
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^(thermodynamics) (Q) = [' ,»2g 
< W ) " 2KQ2J

It is, therefore, apparent that the dynamics in the linear spinodal 

regime are determined by the terms M, (62G/6<|) 2) o.̂ d K.

From C/H theory the scattering wavevector maximum can be shown to be 

given by :

to. Qm2

Assuming regular solution theory and a temperature independent value 

for K Cahn1*1* demonstrated that :

52G Ts-Tx 
d t p  a ( Ts )

Thus a plot of Qm2 against temperature should be linear and extrapolate 

to zero. Assuming M to be temperature independent it also follows that 

the Cahn-Hilliard diffusion coefficient is given by :
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D a (I®Zl)Ts

The slope of D against temperature should be linear and extrapolate to 

zero at the spinodal.

The linearized C/H theory predicts an exponential growth in scattered 

intensity with time, a negative diffusion coefficient and phase 

interconnectivity, all of which occur at early times during the phase 

separation process.

However, the C/H theory also predicts a sharp transition in behaviour

at the spinodal, a constant Qm at a given temperature and a continuous

exponential growth of scattered intensity all of which are not

found.45,46. In practice Qm gets progressively smaller, there is no

sharp boundary between nucleation and growth and spinodal decomposition
percent

and the exponential growth only occurs for the first n2WA of the phase 

separation process.

Even during the initial stages of the phase separation C/H theory 

cannot quantitatively predict the rate of phase separation.

All these faults are due to assumptions made in deriving the C/H 

theory. Various workers have modified the C/H theory and others have 

started afresh with completely new theories.
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The problems with the C/II approach are1**7

1. It Is difficult to interpret the parameter G(<j)).

2. The coarse graining is assumed to be done on a scale

much larger than molecular distances but not larger than the 

correlation length of concentration fluctuations. A result of 

this is that G can be defined in a meaningful way for :

(UCST) 0.95^ T/Ts ̂ 1.0

but not for deeper quenches. In polymer blends the phase sizes 

are likely to be much larger than the molecular distances 

compared with metallic alloys, ceramics.,or glasses and 

this might extend the temperature range.

3. Near the spinodal the thermodynamic driving force for

phase separation will be small and as a result the rate will be 

slow and nucleation processes will contribute significantly 

to the phase separation process.

4. The theory totally neglects the non-linear terms which 

become more important as the phase separation proceeds.

5. The theory neglects hydrodynamic terms, viscous flow and

changes in volume.
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6. The theory assumes the thermodynamics of the phase

separating system are modelled by regular solution 

theory, thus the phase separation is brought about by 

the reduction in the favourable TAS term as the 

temperature is lowered. The theory will still be 

valid for polymer systems having UCST phase behaviour 

where the phase separation is brought about by the reduction 

in the combinatorial entropy term as the temperature is 

lowered. However, most partially miscible polymer mixtures have 

LCST phase behaviour and their thermodynamics are 

dominated by favourable enthalpies of mixing.

In these cases the temperature dependence of Qm and D will not be as 

predicted by Cahn, but both parameters will obviously go to zero at the 

spinodal, assuming no nucleation and growth taking place.

Experimentally there is often not a sharp spinodal boundary. Cook48 

has explained this phenomena in terms of the C/H theory failing to 

incorporate thermal fluctuations. Park et al49 have pointed out that:

13. Qc/Qm = /2

is only valid when thermal fluctuations are included in the C/H theory 

at T = 0°K.
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The expression with thermal fluctuations included becomes :-

'4- Qrn _ r Ts-T12 
Qc " L 2'Is-1

,UCST,(case)

Binder**7 has criticised this approach of incorporating thermal 

fluctuations for systems with short range interactions. He does not 

believe thermal fluctuations to be large enough or localized enough to 

round off the spinodal.

Langer and coworkers58,51 have modified the C/H theory to take into 

account the neglected non-linear terms as well as thermal fluctuations, 

which has resulted in the Langer, Bar-on and Miller theory52(LBM 

theory). This theory predicts:

Dm t °.212

Im t0.81
Where Im is the intensity at Qm.

This theory fits the limited early time data for the spinodal 

decomposition of solids such as metallic alloys, but not the spinodal 

decomposition of fluids, such as lutidine/water mixtures. This led
c 0Kawasaki and Ohta to suggest that long range hydrodynamic forces are 

important during the early stages of spinodal decomposition. They 

incorporated hydrodynamic terras into the LBM Theory to correct for the



26

hydrodynamic interactions. This has become known as the K/0 theory and 

fits the data for lutidine/water fairly well. However, hydrodynamic 

effects are most important daring the later stages of phase separation 

for which the K/0 theory does apply since it is based on LBM theory and 

thus C/H theory which assumes only a small amount of phase separation 

takes place.

Late Stage Theories

The late stage starts when there is no more increase in the phase corvc- 
enW-<xKons and the phases adjust their sizes by a variety of mechanisms to 

minimise their surface energy.

i
The first process considered is that of Ostwald ripening also known as 

the constant volume evaporation model54. Ostwald ripening can follow 

nucleation and growth or spinodal decomposition mechanisms. Ostwald 

ripening is the dissolution of small droplets to further the growth of 

large droplets. Lifshitz and Slyozov55 have put forward a theory 

predicting the time dependence of the average droplet size as

Dm (A t0. 33

In spinodally decomposed samples with the classical interconnected 

morphology there is an alternative mechanism proposed by McMaster56 of 

interfacial tension driven viscous flow. He has interpreted this
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c •ymechanism in terms of Tomotika’s analysis of the break-up of one 

thread of viscous Newtonian Liquid in another Newtonian liquid. This 

analysis gives rise to an exponential growth in the phase size and 

McMaster found such an effect.

Siggia88 extended the K/0 theory to late times. He suggests that the 

mechanism of constant volume evaporation for the late stages when the 

drops are much larger than the initial correlation length is not so 

important for liquids. He argues that the volume fraction of 

precipitate actually produced in most phase separation experiments 

probably favours direct coalescence. When the minority phase is 

continuous as in a quench at the critical concentration, surface 

tension effects cause a crossover from D m ^ t 8 to Dm ̂ ,t.

Modifications for Polymers.

Polymer blends are viscous fluids in the melt state when they phase 

separate, thus hydrodynamic effects during the early stages are likely 

to be more important than in metallic alloys, but not as important as 

in liquids. Coherency assumed in the C/H theory is likely to be a more 

valid assumption for polymers than for metals. The C^H theory assumes 

an homogenous state prior to phase separation and for many polymer 

blends with crystalline regions present this will be an invalid

assump tion.
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Theoretical studies by Binder^9and de Gennes^9,6  ̂demonstrated that the 

mean field approximation, on which the theory of Cahn~Hilliard is based 

is more valid for polymers than for small molecule systems. The mean 

field approximation is more valid when assumed over a distance scale 

larger than molecular forces operate, but shorter than the wavelength of 

the decomposing fluctuations. Polymers decompose on a much longer 

wavelength than do alloys and glasses. This will extend the 

temperature range over which the mean field approximation is valid.

Binder59also recognises in contrast to his view for small molecule 

mixtures that the spinodal has a physical significance in 

polymer-polymer mixtures. Binder also demonstrates that homogenous 

nucleation and growth will be so slow as to be insignificant in high 

molecular weight entangled polymer mixtures.

Modification of theories of phase separation may or may not be 

necessary for polymer mixtures. It is important to consider what 

features distinguish polymers from other materials. These include, 

their long entangled nature, presence of long range interactions and 

their reduced entropy due to the polymer backbone restricting the 

number of positions in space open to the monomer units.

Binder59de Gennes62and Pincus63have discussed what modification these 

factors will have on the theory of spinodal decomposition, their 

theories will be discussed later.

Others39have stressed the similiarities between the polymer phase 

separation and that of glasses, alloys and liquid mixtures.
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Van Aartsen6l*utilized FLory-Huggins theory and C/H theory to derive the 

following expression for the size scale of phase separation in polymer 

solvent mixtures.

IS. Dm = 27it[3(1- ^  ^
s

where l is the range of molecular interaction, Ts and T are the 

temperature of the spinodal and sample respectively.

An almost identical expression can be derived using Debye's theory of 

non-homogenous solutions and C/H theory. The van Aartsen expression 

has been simply modified for polymer mixtures having LCST behaviour by 

replacing the term (1-T/Ts) by (T/Ts-1). For polymer/polymer mixtures 

it can be shown that:

li. i = Rg//3

where Rg is the radius of gyration. It is normally assumed that both 

component polymers have identical radii of gyration. For a high 

molecular weight polymer mixture Rg is typically about 200A and Dm 

will, therefore, be approximately 5000A a'few degrees inside the
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s p i n o d a 1.

Binderb9de Gennes62and Pincus63have attempted to modify the C/rl theory

for the effects of entanglements and reptation. They assume the free 

energy of the blend is described by the Flory-Huggins Lattice model, 

has a positive X favouring segregation and the degree of polymerisation 

(N) is very large. Their theories give rise to a second view that 

believes spinodal decomposition will start on a scale the order of the 

radius of gyration of the polymer molecules or less.

As yet no studies have been carried out to look for this small scale 

phase separation. The techniques of SANS and SAXS that could be used

are not widely available, de Gennes first considered theoretical
» 1

aspects of phase separation of polymer blends. He obtained

1  _ 2K+(aq) 2

_N<t>(l — 4>) 36<Kl-4>)

where tq * is the relaxation spectrum for a single relaxation.

In the intermediate wavevector regime Ne ^^}Rg  ̂ a scaling argument 

was used giving:

M ( q ) on q 2

Hi i s was based on a single relaxation time for a mode of wavevector
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q of: a non-interacting chain in a melt.

Later de Gennes6^modified his theory to take into account two modes of 

relaxation, this theory was subsequently reconsidered and corrected by 

Pincus who showed:

M(q) q“2

and found that the most unstable mode immediately after quenching is 

molecular weight dependent. Pincus predicts the initial unstable mode 

q to be given by:

/3 /<* _!

for (x/xs - 1 ) << 1 near the spinodal and:

u. q 1 = Rg/6 (in 6x/xs) *

for a deep quench X » X s .  The corresponding expressions for the 

growth rate are:

y.O. R Trep 1
K

Ks
- 1

“ ')
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XI, H l7!'':>r' ( x )  ( * » * S)

Close Co Che spinodal the growth race, R undergoes a cricical slowing 

down and die spinodal decomposiCion may be masked by nucleacion 

p r o c e s s e s .

The essenCial predicCions made by Pincus are; 1. The unsCable mode has 

a wavelengCh comparable Co the ideal chain radius and therefore, should 

vary as N with only a weak concentration dependence providing the 

final temperature is not too close to the spinodal. 2. The 

corresponding growth rate is proportional to the reptation diffusion 

coefficient of the melt^ this is also predicted by Binder.

3. Finally for very deep quenches a transient microphase separation 

may occur on a scale Ne'-1 (the distance between entanglements) as 

discussed by de Gennes for crosslinked blends. This requires X/xs Vs* 

N/Ne which Pincus considers will be unlikely to be achieved.
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C H A P T E R  5

Small Angle Scattering

I N T R O D U C T I O N

Small angle scattering is probably the best technique for studying 

phase separation, since it enables both the concentration gradient 

and the size scale of phase separation to be measured. However, 

there are considerable difficulties in the interpretation of small 

angle scattering data. Many other techniques notably various types 

of microscopy are often very useful in conjunction with small angle 

scattering techniques.

Microscopy though not ideally suited to quantiiative studies, 

permits the direct observation of the morphology of the blend and 

more importantly the nature of the interface between phases.

Spectroscopic techniques that can determine the environment of the 

polymers in the one and two phase regions are also useful in 

conjunction with scattering techniques.



No extensive review of small angle scattering theory will be 

undertaken, numerous excellent reviews of small angle 1 ight 

n e u t r o n ' a n d  Xray s c a t t e r i n g  ^3 have been published. Nearly 

all the experimental and theoretical studies published deal with 

scattering from dilute suspensions of isolated particles of fixed 

volume and concentration. The interpretation of scattering from a 

phase separating system is not a trivial matter. Only the general 

features of small angle diffraction will be covered and a 

comparison of the three techniques used, followed by a review of 

the scattering behaviour expected from systems undergoing a 

nucleation mechanism and a spinodal decomposition mechanism.

Theory

Consider the situation shown in Figure 7. If radiation is 

scattered from two points in a medium a distance D apart then the 

path difference between the two scattered rays is:

2P sin 0/2

where P = D sin (^_ % )  is the projection of D onto the plane 

bisecting the incident and scattered rays and 0 is the scattering

- 34 -

angle.
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If there are two phases present and their scattering properties are 

different then an interference pattern will be formed. Not only 

can there be interference of scattered waves from the same particle 

as illustrated in the figure, but also interference of scattered 

waves from two or more particles. The condition for interference 

to occur is that the path length 2P sin 0/ 2 must correspond to 

approximately the diameter of the particles or the interparticle 

spacing and should be approximately the magnitude of the wavelength 

of the incoming radiation.

One of the major differences between the three scattering 

techniques is their wavelength. Thus the source of radiation 

determines the scale of phase separation observed. The range 

acceasable to the three small angle techniques is illustrated 

schematically in Figure 8.

In a scattering experiment it is usual to describe events in terms 

of the wavevector of the radiation. The wavevector of the incident 

beam ki is related to that of the scattered beam ks via K = ks_- 

ki. For neutrons the wavevector is simply called the Q vector, for 

photons the K vector and for Xrays the H vector. All wavevectors 

will be called Q for convenience in this thesis.
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If there is no energy lost or gained during the scattering event 

i.e., the collision is totally elastic then:

TV Q = 1Q1 = 4tc sin (0/2)

In the light scattering case the refractive index n of the 

scattering medium compared to vacuum must be taken into account. 

The refractive index governs the velocity of light and thus the 

wavelength in the medium. The new wavelength is given by

n

t
Thus Q is given by

- 3.4• Q = 4Tin sin (0/2)
\

alrnoakThe wavelength of neutrons and X-rays is^unaltered by the nature of 

the scattering medium.

All sorts of systems will give a scattering pattern including an 

extremely ordered array of atoms in a crystal in which case the
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experiment becomes the Bragg diffraction case, the projection P 

becomes the distance between planes and a series of peaks are 

observed in the scattering pattern. The case for constructive 

interference will then exist.

2d sin 0/ 2 = n\

d = 2n n/Q

However even a random arrangement of molecules in a gas with an 

average spacing will cause at least one scattering peak.

The second requirement for scattering to occur is that the
i

scattering property must be different for the two phases. This 

scattering property known as contrast is the second major 

difference between the three techniques. With light it is 

polarizabilities or refractive index, for X-rays the electron 

density and for neutrons the neutron crosssection. The refractive 

index and electron density difference can be readily estimated for 

a material, the neutron crosssection is a complex term and can not 

be readily predicted.
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Scattering from a System Undergoing Spinodal Decomposition

The amplification factor in the C/H theory has a sharp maximum at:

thus one particular wavelength becomes dominant, the system can be 

approximated to a sinusoidal concentration of this wavelength. It 

can be assumed for a given system that the concentration is 

proportional to the scattering property. The Fourier transform of 

a sinusoidal fluctuation gives rise to a scattering pattern with a 

single well defined peak at wavevector Qm where:

Thus it can be seen that there is an equivalence between (3 and Q. 

Rundraan and Hilliard were the first to carry out small angle 

scattering on a spinodally decomposing system and pointed out that 

it was not necessary to transform the scattering pattern into real 

space. It was also demonstrated that for a system undergoing

Qm = All sin (0/2)
X

spinodal decomposition:
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XI. I (Qm) o( exp 2R(Qm)t

Thus at early times, where the non linear terms are unimportant 

spinodal decomposition is characterised by the exponential growth 

of a single scattering maximum at a fixed wavelength. Because a 

spinodally decomposing system is highly periodic and dominated by 

the most rapidly growing wavevector a Bragg type expression can be 

used to determine the correlation length from the position of the 

scattering maximum.

Vi. Dm = X

2 sin(<J>/2)

i

The Bragg type expression is only strictly valid for a purely 

sinusoidal wavelength fluctuation random in space and is not valid 

for any other wave type that may be formed during the late stages, 

such as a square wave.

In practice most spinodally decomposing systems are not dominated 

completely by the most rapidly growing wavevector. There exists a 

range of wavevectors greater than Qm up to a wavevector Qc, the 

critical wavevector given by:
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Qm = /2.Q c

above w hich f l u c t u a t i o n s  d e c a y .  The C/H t h e o r y  p r e d i c t s  b oth  Qc 

and Qm t o  be tim e i n v a r i a n t ,  how ever th e  i m p l i c i t  assum ption  t h a t  

th e  62G/ 6<J>2 term  rem ains c o n s t a n t  i n  th e  C/H t h e o r y  a s  phase 

s e p a r a t i o n  p ro ce e d s  i s  i n c o r r e c t .  T h is  a ssum ption  b re a k s  down 

so o n er  f o r  w a v e v e c to r s  c l o s e  t o  Qc, s i n c e  th e  polym er m o le cu le s  do 

n o t  have t o  d i f f u s e  so f a r ;  r e s u l t i n g  i n  t h e  i n t e n s i t y  ( I )  not 

g row in g  e x p o n e n t i a l l y  f o r  s o  l o n g  and t h e  s c a t t e r i n g  p a t t e r n  

becoming s h a r p e r  on t h e  h ig h  Q s i d e .  C o n v e r s e ly  w a v e v e c to r s  a t  

v e r y  lo w  Q grow  e x p o n e n t i a l l y  f o r  t h e  l o n g e s t  t im e s .

In  many s t u d i e s  o f  s p in o d a l  d e c o m p o s i t io n  t h e  Bragg ty p e  a n a l y s i s  

i s  u sed  and s c a t t e r i n g  maxima a r e  a t t r i b u t e d  t o  s i n u s o i d a l  

f l u c t u a t i o n s  o f t e n  w ith o u t  a n y  e v i d e n c e .  T his  ap p ro a ch  i m p l i c i t l y  

assum es a s p in o d a l  d e c o m p o s i t io n  mechanism b e f o r e  any d a ta  i s  eve n  

a n a ly s e d .  Many o f  t h e  f e a t u r e s  o f  s p in o d a l  d e c o m p o s it io n  co u ld  

a r i s e  by a n u c l e a t i o n  and g ro w th  mechanism.



S c a t t e r i n g  from a System U ndergoing N u c le a t io n  and Growth

There h as been some d e b a te  a s  t o  w h e th e r  a s c a t t e r i n g  maximum can 

be formed by a n u c l e a t i o n  and g row th  mechanism and w h eth er  a 

s c a t t e r i n g  maximum p r o v id e s  e v i d e n c e  o f  s p in o d a l  d e c o m p o s it io n .  

T h e r e fo r e  i t  i s  u s e f u l  t o  c o n s i d e r  how s c a t t e r i n g  maxima a r e  

form ed.

In a sm a ll  a n g le  s c a t t e r i n g  e x p e r im e n t  a d i s t i n c t  s c a t t e r i n g  

maximum can  a r i s e  i n  t h r e e  w ays.

1 .  The fo r m a t io n  o f  a dominant s p a c in g  such  a s  betw een  

polym er r i c h  p h a s e s .

2. The fo r m a t io n  o f  m o n o d isp e rse  p a r t i c l e  a r r a n g e d  

rand om ly.

3. A co m b in a t io n  o f  b o th  1 and 2 .

Homogenous n u c l e a t i o n  and g row th  would not be e x p e c te d  t o  g i v e  r i s e  

t o  m o n od isp erse  p a r t i c l e s  and t h e  o c c u r e n c e  o f  a predom inant 

s p a c in g  would n o t  be e x p e c t e d  on a random n u c l e a t i o n  m odel.

However, a d i f f u s e  maxima can  a r i s e  becaus'e t h e r e  i s  a r e s t r i c t i o n



below  w h ich  n u c le a t e d  p a r t i c l e s  can  n o t  be formed termed t h e  

c r i t i c a l  r a d i u s .  The maximum a r i s e s  i n  t h i s  c a s e  from b oth  the  

i n t e r f e r e n c e  from p a r t i c l e s  and betw een p a r t i c l e s .  T his  ty p e  o f  

s c a t t e r i n g  maximum i s  c l e a r l y  d i s t i n g u i s h a b l e  from a maximum formed 

by s p in o d a l  d e c o m p o s i t io n ,  b e c a u s e  a s  more and more p a r t i c l e s  

n u c l e a t e  th e  p a r t i c l e  i n t e r f e r e n c e  term becomes s m a l le r  and th e  

maximum moves t o  h i g h e r  Q v e c t o r s .

H eterogenous n u c l e a t i o n  a r i s i n g  from  a l a r g e  number o f  i d e n t i c a l  

n u c l e i  w i l l  g i v e  a d i s t i n c t  s c a t t e r i n g  maximum based  on t h e  

f o r m a t io n  o f  a d i f f u s i o n  d e p l e t i o n  zone mechanism o r i g i n a l l y  

proposed  by W alker and G u i n i e r 7 5 . T h i s  model assumes each  p a r t i c l e  

c o n s i s t s  o f  a ^ h e r i c a l  n u c le u s  o f  r a d i u s  R̂  surrou nd ed  by a  s h e l l  

o f  r a d iu s  R2 (m easured from  t h e  c e n t r e  o f  t h e  p a r t i c l e ) . The model 

c o u ld  e q u a l l y  w e l l  d e s c r i b e  a s y s te m  o f  c l o s e l y  packed p a r t i c l e s  

where e a ch  p a i r  o f  p a r t i c l e s  i s  s e p a r a t e d  by a w e l l  d e f in e d  

d i s t a n c e  w hich i n t r o d u c e s  a s h o r t  r a n g e  o r d e r  t o  t h e  sy stem , 

w i th o u t  any l a r g e  ra n g e  o r d e r .  W alk er  and G u i n i e r  showed t h a t  

t h e i r  model l e a d s  t o  a s c a t t e r i n g  maximum and t h a t  th e  s c a t t e r e d  

i n t e n s i t y  i s  z e r o  a t  Q = 0 . I t  was a l s o  d em o n strated  t h a t  i f  R2 i s  

g r e a t e r  th a n  a b o u t  2R̂  th e n  t h e  i n t e n s i t y  d i s t r i b u t i o n  on th e  h igh  

Q s i d e  o f  t h e  maximum can  be a c c u r a t e l y  m o d elled  by th e  G u in ie r  

e q u a t i o n 7 where R = R̂  s i n c e  t h e
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(%9) I(Q )< * QR6 exp ( - R 2Q2/ 5 )

d e p l e t i o n  zone e f f e c t s  t h e  s c a t t e r i n g  b e h a v io u r  p re d o m in a n tly  on 

th e  h ig h  Q s i d e  o f  t h e  maximum.

Both t y p e s  o f  n u c le a t e d  maximum w i l l  be m o d elled  by th e  G u in ie r  

e q u a t io n ,  however a maximum formed by a s p in o d a l  d e co m p o sit io n  

mechanism would n o t  g e n e r a l l y  be  m o d e lle d  by t h e  G u in ie r  e q u a t io n ,  

s i n c e  e q u a t io n  6 p r e d i c t s  a d i f f e r e n t  Q dependence o f  th e  i n t e n s i t y  

on th e  h ig h  Q s i d e  o f  t h e  s c a t t e r i n g  maximum and o n l y  i n  v e r y  

e x c e p t i o n a l  c i r c u m s t a n c e s  w ould t h e  d a ta  f i t  a G u i n i e r  p l o t .

Both t y p e s  o f  n u c l e a t i o n  form ed maxima a r e  h e a v i l y  dependent on t h e  

volume o f  t h e  p r e c i p i t a t i n g  p h a se  i n  c o n t r a s t  t o  s p in o d a l  

d e c o m p o s it io n .

N u c le a t io n  mechanisms a r e  l i k e l y  t o  g i v e  r i s e  t o  much l a r g e r  

c o r r e l a t i o n  l e n g t h s  th a n  s p in o d a l  d e c o m p o s it io n  s i n c e  th e  

u n fa v o u r a b le  s u r f a c e  e n e r g i e s  a s s o c i a t e d  w ith  t h e  sh arp  i n t e r f a c e  

formed d u r in g  n u c l e a t i o n  and g ro w th  w i l l  promote th e  fo r m a t io n  o f  

l a r g e r  p a r t i c l e s  s i n c e  a l a r g e  p a r t i c l e  has a s m a l le r  s u r f a c e  to  

volume r a t i o .
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L a t e r ,  d u r in g  t h e  grow th  s t a g e  o f  n u c l e a t i o n  and grow th t h e  

p a r t i c l e s  w i l l  c o a r s e n ,  o b v i o u s l y  a s  th e  n u c l e i  do not a l l  d e v e lo p  

a t  t h e  same t im e ,  b o th  n u c l e a t i o n  and grow th  w i l l  be o c c u r in g  a t  

th e  same t im e. The d r i v i n g  f o r c e  f o r  t h e  grow th s t a g e  i s  th e  

u n fa v o u r a b le  s u r f a c e  e n e r g y .  Small p a r t i c l e s  w i l l  t h e r e f o r e  

d is a p p e a r  a t  th e  exp en se  o f  l a r g e r  p a r t i c l e s  e i t h e r  by an O stw ald  

r i p e n i n g  o r  a c o a l e s c e n c e  mechanism and th e  s c a t t e r i n g  peak w i l l  

move t o  lo w e r  Q i n  a s i m i l a r  f a s h i o n  t o  t h a t  e x p e c te d  from a 

s p in o d a l  d e c o m p o s it io n  mechanism.

I t  ca n  be u s e f u l  to  d e c o n v o lu t e  th e  s c a t t e r i n g  p a t t e r n  i n t o  i t s  two 

components t h e  i n t e r p a r t i c l e  s t r u c t u r e  f a c t o r  S(Q) and t h e  p a r t i c l e  

form f a c t o r  P(Q) e s p e c i a l l y  i f  t h e  f u l l  I (Q )  s c a t t e r i n g  p a t t e r n  

w i th  good s t a t i s t i c s  i s  a v a i l a b l e .  T h is  app roach  i s  u s e f u l  s i n c e  

i t  ca n  g i v e  much more a c c u r a t e  d a ta  on t h e  p a r t i c l e  s i z e  and g i v e s  

v a l u a b l e  in f o r m a t io n  on t h e  d i s t r i b u t i o n  and arrangem ent o f  th e  

p h a s e s .  W right e t  a l 7 7 , 78 h a v e  u t i l i z e d  t h i s  app roach  i n  t h e  s t u d y  

o f  n u c l e a t i o n  and grow th  o f  c e r a m ic s  and g l a s s e s ,  d e c o n v o lu t in g  

I(Q )  p l o t s  ta k e n  a t  d i f f e r e n t  t im es  d u r in g  th e  s e p a r a t i o n  p r o c e s s .

O ther f e a t u r e s  o f  s p in o d a l  d e c o m p o s it io n  b e s i d e s  th e  s c a t t e r i n g  

maximum c o u ld  a l s o  a r i s e  by a n u c l e a t i o n  and grow th mechanism, 

i n c l u d i n g  th e  w a v e v e c to r  maximum g ro w in g  e x p o n e n t i a l l y  w h i l s t  a t  a
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f i x e d  Q. I f  t h e r e  were a p p r o p r i a t e  changes i n  P(Q) and S(Q) I(Qm) 

c o u ld  rem ain f i x e d .  D u rin g  t h e  n u c l e a t i o n  s t a g e  o f  n u c l e a t i o n  and 

grow th th e  s c a t t e r e d  i n t e n s i t y  would be e x p e c te d  t o  go a s  R6 where 

R i s  th e  p a r t i c l e  r a d i u s .  T h i s  p r o c e s s  c o u ld  e a s i l y  be f a l s e l y  

i n t e r p r e t e d  a s  e x p o n e n t ia l  g ro w th  from  a s p i n o d a l l y  decomposing 

system .

G e n e ra l  c o n s i d e r a t i o n s

A lth ou gh  sm a ll  a n g le  s c a t t e r i n g  by l i g h t j X - r a y s  and n e u tr o n s  

i n v o l v e s  th e  same b a s i c  p r i n c i p l e s ,  t h e  n a t u r e  o f  t h e  r a d i a t i o n  h as 

a v e r y  marked i n f l u e n c e  on t h e  d e s i g n  o f  t h e  e x p e rim e n t  and on the 

d a t a  a n a l y s i s .

I d e a l l y  th e  r a d i a t i o n  s o u r c e  s h o u ld  be i n t e n s e  enough t o  p erm it  

r e a l  tim e e x p e r im e n ts  a s  t h i s  r e s u l t s  i n  th e  m in im is a t io n  o f  e r r o r s  

and i s  a  h i g h l y  e f f i c i e n t  way o f  u s i n g  h ig h  f l u x  n e u tr o n  and Xray 

s o u r c e s .

Most s o u r c e s  h ave  a d i s t r i b u t i o n  o f  w a v e le n g th s  and t h e r e f o r e  some 

form o f  monochromator must be u se d . In p r a c t i c e  t h i s  may be 

c a r r i e d  o u t  by Bragg r e f l e c t i o n  o r  v e l o c i t y  s e l e c t i o n .  The ch osen  

method o f  monochromating th e  beam w i l l  a lw a ys  be a compromise
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b e tw een  o b t a i n i n g  t h e  d e s i r e d  f l u x  and g e t t i n g  th e  r e q u i r e d  

w a v e le n g t h  r e s o l u t i o n .  The s c a t t e r e d  r a d i a t i o n  a f f e c t s  th e  

d e t e c t i o n  s y s te m  u s e d ,  how ever a r e a  d e t e c t o r s  a r e  p r e f e r r e d  

p a r t i c u l a r l y  f o r  SANS and SAXS w h ere  t h e  f l u x  i s  low  and t h e  

s t a t i s t i c s  ca n  b e  im proved d r a m a t i c a l l y  by c o u n t in g  o v e r  211 and 

s u b s e q u e n t ly  r a d i a l l y  a v e r a g i n g  t h e  d a t a .  I d e a l l y  t h e  main beam 

and t r a n s m i t t e d  beam f l u x e s  s h o u ld  b e  m o n ito red  c o n t i n u o u s l y  t o  

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

made i f  n e c e s s a r y .

A d e d i c a t e d  co m p u ter  i s  t h e  f i n a l  component o f  a  s m a ll  a n g l e  

s c a t t e r i n g  e x p e r im e n t  and i s  p a r t i c u l a r l y  im p o r ta n t  f o r  r e a l  tim e 

experim entf. I t  i s  u s e d  t o  c o n t r o l  t h e  e x p e r im e n t  and i d e a l l y  

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

o f  t h e  e x p e r im e n t  c a n  b e  f o l l o w e d .

S m a ll  A n g le  L i g h t  S c a t t e r i n g

U n lik e  n e u t r o n  and X - r a y  s o u r c e s  l i g h t  s o u r c e s  a r e  r e l a t i v e l y  

i n e x p e n s i v e  and w i d e l y  a v a i l a b l e .  L a s e r s  a r e  r e a d i l y  a v a i l a b l e  and 

o f f e r  a c o n v e n i e n t  method o f  o b t a i n i n g  an i n t e n s e  m onochrom atic 

beam. L i g h t  s o u r c e s  h a v e  v e r y  h i g h  f l u x e s  compared w i t h  n e u tr o n  

and X ray  s o u r c e s .
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D e t e c t io n  o f  th e  s c a t t e r e d  l i g h t  c a n  be by u s e  o f  p h o to g r a p h ic  

f i l m ,  p h o t o m u l t p l i e r  t u b e s ,  o r  p h o to d io d e s .  The c h o i c e  o f  

d e t e c t i o n  sy ste m  depends on t h e  i n t e n s i t y  o f  t h e  s c a t t e r e d  l i g h t ,  

however more r e c e n t l y  s m a l l  a n g l e  s c a t t e r i n g  in s tr u m e n ts  have 

tended t o  u t i l i s e  p h o to d io d e s ,  s i n c e  t h e s e  can  be bought 

co m m e rc ia l ly  a s  l i n e a r  and a r e a  a r r a y s  a lo n g  w i th  o p t i c a l  

m u lt ic h a n n e l  a n a l y s e r s .M o s t  m a t e r i a l s  have c o n s i d e r a b l y  d i f f e r e n t  

r e f r a c t i v e  i n d i c e s  s o  c o n t r a s t  b e tw een  p h ases  i s  n o rm a lly  good 

u n l i k e  n e u tr o n  s c a t t e r i n g  and X - r a y  s c a t t e r i n g .  However t h e  l a r g e  

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

w a v e le n g th s  and a n g l e s  h a v e  t o  b e  c o r r e c t e d  f o r  r e f r a c t i o n  e f f e c t s .  

T h i s  can  c o m p l ic a t e  t h e  d a t a  a n a l y s i s  c o n s i d e r a b ly  and a l s o  l i m i t  

th e  d - s p a c in g  o r  Q ra n g e  t h a t  c a n  b e  s t u d i e d  s i n c e  a t  l a r g e  a n g l e s  

a t o t a l  i n t e r n a l  r e f l e c t i o n  c o n d i t i o n  can be s e t  up. R e f r a c t i o n  

e f f e c t s  a l s o  o c c u r  from  s u r f a c e  d e f e c t s  c a u s in g  s p u r io u s  

s c a t t e r i n g .  The m a jo r  e x p e r i m e n t a l  d i f f i c u l t y  i s  however t h a t  

e x tr a n e o u s  f o r e i g n  p a r t i c l e s  a l s o  h a v e  a good r e f r a c t i v e  in d e x  

d i f f e r e n c e ,  o f t e n  g r e a t e r  th a n  th e  d i f f e r e n c e  betw een th e  two 

p h ases  b e in g  s t u d i e d  r e s u l t i n g  i n  a d d i t i o n a l  s c a t t e r i n g .  G reat 

c a r e  therefore  h as  t o  be t a k e n  t o  remove f o r e i g n  p a r t i c l e s .
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Small angle Neutron Scattering

Neutron small angle scattering facilities are not widely 

available.Time for SANS studies is therefore limited. The 

wavelength of the neutron determines the Q range that can be 

studied. One of the major advantages of SANS is that with cold 

neutron sources a Q range overlapping with SALS at low Q and SAXS 

at high Q can be studied.

Hie contrast in a SANS experiment is determined by the difference 

in the neutron scattering lengths. There is not a systematic 

variation of scattering lengths with atomic number, as for example 

with XTays and because the neutron scatters off the nucleus each 

isotope has a different scattering length. Most organic molecules 

have very similar total coherent scattering lengths, so attention 

has to be paid to obtaining sufficient contrast. The isotope 

deuterium fortunately has a markedly different scattering length 

from hydrogen enabling the possbility of labelling one component.

The coherent intensity in a neutron experiment is described by the 

crosssection d^/d-A, which is the probability that a neutron will 

be scattered into a solid angle -A* for a unit volume of the sample. 

The crosssection is effectively an expresson for the scattering 

power of the sample and is analagous to the Rayleigh ratio used
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in light scattering. For the case of a polymer mixture

where and are the total coherent neutron scattering lengths 

for the monomers of polymer A and polymer B. VA and VQ are the 

volumes occupied by polymers A and B. S(Q) is the structure factor 

for the system.

In a phase separation experiment the terms b/A and b.̂  will not 

correspond to the actual monomer cross-sections, but to an average 

monomer cross-section for a concentration of monomers somewhere 

between that of the initial composition and the composition defined 

by the co-existence curve. Thus it is almost impossible to 

calculate absolute cross-sections, however it is possible to 

readily calculate relative scattering cross-sections.

Coherent scattering lengths for carbon, hydrogen, deuterium, oxygen 

and chlorine are given in Table 1. V^/V^ will be approximatly

unity. Table 2 shows the relative cross-sections for a variety of 

poly(methylmethacrylates) with solution chlorinated polyethylenes 

of differing degrees of chlorination. It can be seen that the
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scattering cross-section is larger for high degrees of chlorination 

of the SCPE with hydrogerous PMMA, than it is with low degrees of 

chlorination. Using deuterated PMMA improves the scattering 

cross-section dramatically. The final column of the table compares 

the relative times to obtain an I(Q) scattering pattern with 

suffcient statistics, based on some experimental data obtained from 

a hydrogerous PMMA/SCPE blend quenched during the early stages of 

spinodal decomposition. It is clear that without using deuterated 

PMMA it is impractical to study FMMA/SCPE blends with degrees of 

chlorination much less than 70 weight per cent. Replacing the 

hydrogenous PMMA by fully deuterated PMMA enables the possibility 

of performing real time kinetic experiments.

Many other systems can be studied by deuterium labelling one of the 

components, including polystyrene/polybutadiene oligomer mixtures.

Small angle X-ray Scattering

Xrays have a much shorter wavelength than neutrons derived from a 

cold source, however X-ray detectors have a spatial resolution an 

order of magnitude better than neutron detectors. In theory then 

it should be possible to study an identical Q range to that of 

SANS. In practice it is difficult to overcome the problem of
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parasitic scattering close to the main beam. Although this parastic 

scattering can be removed in the data treatment there is always some 

uncertainty about scattering data taken at such low Q vectors.

In small angle X-ray scattering the contrast arises from the 

electron density, the number of electrons»n a given volume. Each 

electron has a scattering length of 0.95 X 10~ 12 cm so the electron 

density (P) can be calculated using the following expression:

P = E k
V

where bi is the scattering length and V the volume. The contrast
i

is then given by :

P - ? P= A. ~ f 8

where and Paare the electron density of components A and B 

respectively.

Most organic molecules have a very similar electron density unless 

they have an electron dense atom present, such as sulphur,



52

chlorine or bromine. Such atoms are frequently used in SAXS 

experiments however unlike deuterium labelling in SANS experiments 

these atoms have an appreciable absorption. Assuming the Lambert 

Beer law applies the scattered intensity would be proportional to 

the thickness of the sample, however absorption by the sample 

increases exponentially with sample thickness.

Therefore to get optimum results it is important to use a suitable 

sample thickness.

The linear absorption coefficient is given by

where p/P is the mass absorption coefficient of the ith element

P i s  t h e  mean d e n s i t y  o f  t h e  e n t i r e  sample 

P i  i s  t h e  mass f r a c t i o n  o f  t h e  i t h  e lem en t

The optimum saniple thickness is then calculated by

Topt = 1/y.
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C H A P T E R  6

Previous Experimental Studies of Spinodal 
Decomposition 

I N T R O D U C T I O N

Spinodal decomposition has been studied in a wide range of materials, 
including; alloys, ̂ V79*3 0 glasses, ^1-83 geis> s*+ mixtures of 

oligomers,3 s5 small molecules, 51-^3 polymers with solvent,5  ̂and 

polymers.

Despite these extensive studies the spinodal decomposition mechanism of 
Cahn has never been conclusively demonstrated. Experiments on phase 

separation are fraught with experimental difficulties, some of these 
are discussed below, because they dictate the type of experiment 
carried out and limit our understanding of the processes involved.

The spinodal decomposition theory assumes an homogenous state prior to 
phase separation, that is difficult to obtain experimentally, 
particularly for glasses, ceramics, alloys and to a lesser extent 

polymer mixtures.

In nearly all phase separating systems an<i particularly small molecules 
the mobility of the components is so high that the phase separation 

process occurs very rapidily. In nearly all cases only the late stages 

can be observed. To overcome this problem two types of experiments
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h ave  been p erform ed .

The f i r s t  ty p e  h as  in v o lv e d  l o o k i n g  a t  v e r y  s h a l lo w  quenches i n t o  t h e  

s p in o d a l  i n  o r d e r  t o  m in im is e  t h e  <52G/6<J>2 term d r i v i n g  t h e  phase 

s e p a r a t i o n .  T y p i c a l l y  AT i s  t h e  o r d e r  o f  lOmK. T his  app roach  has 

been most w id e ly  used  w i t h  m i x t u r e s  o f  s m a l l  m o le c u le s .

Experimentally shallow quenches result in a poor contrast difference 

between the two phases, because the final concentrations defined by the 
coexistence curve are very close. The data analysis is complicated by 
Debye ^11 critical scattering that occurs close to the spinodal. The 

second approach has been used mostly with metallic alloys and glasses 
and involves performing deep quenches into the two phase region. This 

method relies on a marked reduction of the mobility of the components 
with temperature. Attempts have often been made to utilise 

experimental systems where the phase boundary lies close to some 
restriction in the mobility e.g. , a glass transition or melting point 

in order to ensure a low mobility for a deep quench. The major 
disadvantage of such an approach is the mean field approximation on 
which the spinodal decomposition theory is based will be even less 

valid. Secondly it becomes difficult to establish phase boundaries 
accurately near to a restriction in the mobility of the mixture.

The study of solid systems such as metals, glasses and ceramics are 
complicated by the lack of coherency and strain effects.
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Many systems are crystalline initially invalidating the homogeneity 

criterion or crystallise as the phase separation proceeds complicating 

the data analysis.

Most metallic alloys, glasses and ceramics have phase boundaries at 

elevated temperatures making real time experiments difficult, if not 

impossible. Nearly all studies on such systems have been carried out 

using quenched samples and it is never certain that no additional 

separation occurs during the quench. Metallic alloys^and*glasses and 

ceramics require very thin samples for SAXS studies that are difficult 

to prepare.

Most systems apart from polymer and oligomer mixtures have initial
i

correlation lengths (a few degrees away from the spinodal) that are 

only accesable by SANS or SAXS and these techniques are not widely 

available.

Alloys

The spinodal decomposition theory was originally developed for metallic 

alloys, despite this comparatively few detailed studies have been 

undertaken. There has been a tendency to ascribe all periodic 

interconnected structures to spinodal decomposition even though such a 

morphology can arise by a nucleation and growth mechanism. Spinodal 

decomposition has been reviewed in alloys recently. ^ 5, ^6 Only

kinetic studies will be considered here.
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Aluminium Zinc Alloy

The first study was carried out with an aluminium/zinc alloy by Rundman 

and Hilliard^ , 7 0 and this system has been extensively studied.

Rundman and Hilliard utilized SAXS to study the phase separation. They 

noted that it was unnecessary to transform the SAXS pattern into real 

space.Samples were quenched from 400°C in the solid state to 6 5°C .

They found an initial decrease in the scattered intensity at high Q 

values, but later Lnl(Q) against time plots were linear and Qm remained 

fixed during this time period.

Gerold and M e r z , ^  however, claimed that the reduction in scattered

i n t e n s i t y  i n i t i a l l y  was due t o  p a r t i a l  phase s e p a r a t i o n  o c c u r in g  a t
)

400°C p r i o r  t o  Rundman and H i l l i a r d s  e x p e r im e n ts  a t  65°C and t h a t  t h e  

C/H t h e o r y  w as, t h e r e f o r e ,  n o t  v a l i d .  They s u g g e s te d  t h a t  t h e  i n c r e a s e  

i n  s c a t t e r e d  i n t e n s i t y  was due t o  domain g row th .

Agarw al and Herman00 r e p e a t e d  Rundman and H i l l i a r d s  e x p e r im e n ts ,  b u t  

quenched from  t h e  m e lt  s t a t e  t o  a v o i d  c r e a t i n g  s t r u c t u r e  i n  t h e  sam p les  

p r i o r  t o  a n n e a l in g  a t  6 5°C . They a g a in  used  SAXS and t h e i r  d a ta  

co n firm s Rundman and H i l l i a r d s  c o n c l u s i o n s .  They a d d i t i o n a l l y  show th e  

c u t - o f f  w a v e v e c to r  Qc t o  be f i x e d  and no c r o s s o v e r  t o  o c c u r  a t  a l l .

The time invariant Qc result agrees with the C/H prediction. They
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plot R(Q) against and show marked curao. tare as opposed to the 

linearity predicted from C/H theory. Agarwal and Herman studied the 

morphology of the spinodally decomposed alloy using transmission 

electron microscopy and demonstrated an interconnected diffuse edged 

structure.

Junqua et al  ̂8 claimed that a scattering maximum found in studies of 

spinodal decomposition in the Al/Zn alloy could be taken as evidence of 

a change in mechanism from nucleation and growth to spinodal 

decomposition. However, a more vigorous analysis of this system by 

Laslaz et al 0,9 using SANS with its lower Q range has demonstrated that 

a scattering maximum at low Q can occur by a nucleation and growth 

mechanism. This study has shown that only where a scattering maximum 

is present at the earliest stages of phase separation can it be claimed 

as evidence of spinodal decomposition. They demonstrate that there is 

no sudden change in mechanism at the spinodal and that the spinodal 

decomposition theory does not apply for shallow quenches. In a later 

study using transmission electron microscopy Laslaz et al^°° observe an 

interconnected diffuse edged morphology for deep quenches typical of 

spinodal decomposition. Because they find an ill defined spinodal they 

favour the cluster theory approach of Binder.

Cartraud et al^01 have studied deep quenches and demonstrated the
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Cahn-Hilliard theory to be valid for very early times using SAXS and 
mechanical hardening measurements.

Glasses

Many workers claim evidence of spinodal decomposition in glasses from 
the observation of an interconnected morphology. Only two Mnetic 

studies of the spinodal decomposition process have been undertaken in 
glasses. The first in Soda-Silica glasses and the second in 
Lead-borate glasses.

Soda-Silica Glasses

Nielsen0* looked at spinodal decomposition in two compositions of 
soda-silica glass close to the critical composition. This SAXS study 
is complicated by the fact that the glasses are quenched to room 
temperature from the melt state (before thermal ageing in the spinodal) 

and undergo considerable partial phase separation. Nielsen estimates 
that the one composition is 35% phase separated and the other 60% phase 

separated. For this reason the application of C/H theory to the 

analysis of the data is suspect.

Nucleation and growth is initially observed to occur. The SAXS data
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initially fits a Guinler plot and discrete dispersed particles are 
observed in the transmission electron microscope. Later the scattered 

intensity grows exponentially and an interconnected morphology is 

observed. For the more phase separated composition a plot of Qc2 

against temperature is linear and extrapolates to the spinodal. The 
35% phase separated sample undergoes more nucleation and growth and the 

data does not fit C/H theory so well as the 60% phase separated 
sample.

Lead Borate Glasses

Srinivisan et al®2 investigated spinodal decomposition using SAXS in 

the B 20 3“PbO-A120 3 system. They demonstrate theoretically that the 
theories of Cahn and Cook do not lead to the occurence of a crossover 

point in SAXS curves during the early stages of the decomposition in a 
conventional down quenching experiment. The occurence of observed 
crossovers during the eary stages in up quench experiments is taken to 
indicate phase separation prior to the spinodal ageing treatment.

Liquid-Liquid Systems

Two small molecule liquid systems have been studied. These are
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Isobutynic acid/water and Lutidine/Water. Most studies have been 

restricted to critical mixtures using very shallow quenches (AT^lOmK) 

and following the resultant phase separation by SALS. Data analysis is 
complicated by Debye critical scattering. ^  Because of the high 
mobilty of these mixtures it is impossible to follow the early stages 

and C/H theory does not apply. This has stimulated the development of 
completely new theories.

In general power law expressions have been used to describe the 
results, for example

Im <* t ®

Qm * t^

where Im is the maximum in the scattered intensity and Qm is the 
wavevector maximum. O  and <j> are exponents having a range of values.

Wong and Knobler have made extensive studies on isobutynic 
acid/water mixtures. They found the ® and <t> exponents to be dependent 

on the quench depth for critical mixtures, but the exponents were 
independent of quench depth for off critical mixtures.

Goldburg et al ^  have carried out studies on the Lutidine/water
system
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and demonstrated that Im and Qm for different AT. plotted against a 

scaled separation time t yielded a single composite curve that was 

in qualitative agreement with the LBM theory and the cluster theory of 

Binder. The rate of increase in Im and the decrease in Qm were, 

however, more rapid than both theories predict. Goldburg et al suggest 

that long range hydrodynamic interactions as proposed by Kawasaki and 

Ohta were also important.

Polymer Solvents

Smolders and van Aartsen97 looked at phase separation in poly(phenylene 
oxide)/caprolactam mixtures. They showed the early stages to be 
described by C/H theory since the scattered intensity grew 
exponentially. However, they calculate Qc from the scattering maximum 

(assuming Qm = /2 Qc) and then plot Qc2 against temperature. The error 
in the determination of Qc is large, but the plot extrapolates back to 
180°C whilst it is known that the spinodal is at 130°C clearly in 
disagreement with the theory. They claim this arises from a 
temperature dependence of the range of molecular forces (1) and do not 
consider the alternative expplanations; that the thermodynamics of 
this system are not modelled by Flory Huggins theory or that K in 
equation fc is depend .nt on the temperature.
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Oligomers

The dynamics of phase separation have only been studued in two oligomer 

mixtures: polystyrene/poly(methylphenylsiloxane) (PS/PMPS) and 

poly(styren e)/polybutadiene. (PS/PB).

Polystyrene/Poly(methylphenylsiloxane)

A series of papers have been published on this system.5’5,̂ 02' ,

The polystyrene component has an Mw of 9000 and Mw/Mn of 1.09. It is 

therefore not strictly speaking an ologomer. The PMPS has an Mw of 

2,800 and Mw/Mn of 1,57. As this system exhibits an upper critical 

solution temperature (UCST) phase behaviour typical of oligomers, it 

will be considered as an oligomer mixture.

Most UCST systems are extremely sensitive to molecular weight so the 

polydispersity of the PMPS may well result in the system not having a 

sharp spinodal locus. Since there is no data on the molecular weight 

dependance of the phase boundary this effect can not be assessed.

Experiments were performed by temperature jumping into the spinodal. 

Typical jumps took approximately one minute and were up to 10^C. The 

scattered light from the sample was followed as a function of time
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using a scanning diode that took approximately two minutes to scan the 

resulting scattering pattern. The poor temperature jumps and the slow 

detection system effectively means that the early stages of the phase 

separation are lost, though this important point is not appreciated by 

the authors. The correlation length is never time invariant or even 

approximately so and the intensity grows non exponentially. Power law 

expressions are used to describe the growth of the intensity (I) and Qm 

in an identical fashion to Goldburg, where the exponents © and 

<J> for Qm and I have a range of values. Aike small molecule liquid

mixtures the exponents are approximately 3x larger for the critical 

mixture. Because at no stage does Qm remain fixed or I(Q) grow 

exponentially the authors favour the theories of Binder and Langer.

They scale their data in an identical fashion to Goldburg and show that 

the rescaled data superimposes with that for small molecule liquids. 

They conclude that phase separation in polymers is essentially 

identical to small molecule mixtures, despite the fact that the 

distinctive features of polymers, namely the long entangled nature is 

not present in their samples. Furthermore, the modified theories of 

spinodal decomposition proposed by the theoreticians are based on an 

entangled-reptation model, for polymer translational diffusion.
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Polystyrcne/Polybutadiene

Russel et al®6 investigated phase separation in PS/PB oligomers.

Unlike the previous authors they performed sharp temperature jumps and 

had a fast detection system. On theoretical grounds it would be 

expected that PS/PB oligomers of the molecular weight used in this 

study would phase separate in the SAXS Q range, so these authors used 

SAXS. Unfortunately, Qm was too small to follow by SAXS and the 

analysis was limited to the high Q end of the scattering pattern, 

corresponding to very short wavelengths. They show an exponential 

growth in I(Q)^calculate the Cahn-Hilliard diffusion coefficient to be 

10-13 cm2s“ .̂ This value is much lower than the diffusion
^Sot *1 a-

coefficients^published recently indicating that early stages ofi
spinodal decomposition are not being followed as claimed by these 

authors.

They also note an increase in Qc with increasing quench depth into the 

spinodal. By plotting Qc against temperature and extrapolating Qc to 

zero tĥ r obtain the spinodal temperature. This analysis is incorrect 

if thermal fluctuations are included, Park et al have shown that it is 

Qm that changes with temperature whilst Qc remains fixed when the phase 

separation is driven by the effect of temperature on the entropy.
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Polymer-Polymer Mixtures

An extensive study of the dynamics of the demixing process in 

polystyrene/poly(vinylmethylether) (PS/PVME) blends has been undertaken 

by a number of workers. Only two other polymer blends have been 

studied; these are polystyrene/poly(o-chlorostyrene) and 

poly(methylmethacrylate)/Styrene acrylonitrile copolymer.

Polystyrene/Poly(vinylmethyletHer)

9 9Nishii et al carried out the first study of the dynamics of phase 

separation in PS/PVME blends. They used a combination of techniques 

including, optical microscopy, turbidity measurements and nucleari
magnetic resonance spectroscopy. They used turbidity measurements to 

determine the phase diagram. Microscopy was used to determine the 

crude position of the spinodal, observation of an interconnected 

morphology providing evidence of being within the spinodal and a 

dispersed phase structure as being within the meta-stable region.

Unlike most studies of spinodal decomposition Nishii et al utilized the 

following difference between spinodal decomposition and nucleation and 

growth. During spinodal decomposition the concentration of the two 

polymers will change continuously from the original concentration to 

the concentrations defined by the coexistence curve, whilst during
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nucleation and growth only compositions corresponding to that at the 

coexistence curve and that of the original mixture will exist. Using 

nuclear magnetic resonance T, spin relaxation measurements Nishi et al 

demonstrated that the environment of the two polymers changes 

continuously within the spinodal thus providing evidence for spinodal 

decomposition.

Gelles and Curtis10̂  have similarily monitored the concentrations of 

the two polymers during phase separation using an excimer fluorescence 

technique. They show that the concentration difference between the two 

phases changes rapidly during short times and changes more slowly over 

longer times. They approximate the plot of the short time data to a 

straight line and assume Dm to be about lum in order to obtain a roughi
estimate of the Cahn-Hilliard diffusion coefficient.

Gelles and Curtis 0̂5 have also investigated the effect of molecular 

weight of the PS component on the rate of phase separation. This paper 

is full of assumptions concerning the data analysis including an 

assumption that they are following spinodal decomposition. They 

estimate R(Qm) for two PS/PVME blends containing two monodisperse 

polystyrenes of Mw = 100,000 and Mw = 1,800,000. Both the polystyrene 

molecular weights are above the entanglement value. The molecular 

weight of the PVME component remains unchanged, is very polydisperse
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and a proportion of it will be below the entanglement value. The 

cloudpoint curve for both systems is determined visually at a 5^C 

min-  ̂heating rate and they assume this corresponds to the binodal. 

This is unlikely at such fast heating rates particularly for the 

high molecular weight polystyrene blend. A scaling analysis based 

on a reptation concept derived by Pincus to predict the 

Cahn-Hilliard growth rate is used to compare their data on the two 

different molecular weights. The growth rate dependence on 

molecular weight is much less than predicted by Pincus at 

approximately identical quench depths and temperature and they 

suggest this is due to the low molecular weight unentangled 

component in the polydisperse PVME strongly affecting the kinetics 

of the early stages. Because of the very many questionable 

assumptions in this paper little information of any significance is 

obtained.

Hashimoto et al1^6 have studied phase separation in PS/PVME blends 

by SALS using a He/Ne laser light source. A high molecular weight 

monodisperse PS and a polydisperse PVME were used. Experiments 

were carried out at room temperature after annealing samples inside 

the spinodal for a given time.
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No scattering maximum is observed during the time period that the 

scattered intensity grows exponentially i contradiction to C/H 

theory. It is claimed this is a result of the low diffusion 

coefficient of this system. Snyder107 however believes that the 

absence of a scattering maximum results, from total internal 

reflection of the scattered light from the sample washing out the 

maximum. He claims to avoid this problem by utilizing a shorter 

wavelength He/Cd laser light source.

A close examination of Hashimoto et a l ’s data shows them to be 

utilizing very shallow quenches and for their data to show intense 

scattering at small angles. This suggests that significant 

nucleation and growth is occuring and possibly dominating the phase 

separation process initially. It is likely that all three reasons 

contribute towards the non observation of a scattering maximum 

during the early stages. Because they do not observe a maximum in 

the early stages, it can not be demonstrated that Qm is time 

invariant. Indeed when a scattering maximum does appear in their 

data it is at very large Q suggesting the further possiblity that a 

scattering maximum was not observed because it was at too a high a

Q. It seems very likely that Hashimoto et al fortuitously obtained 

apparent exponential growth. They go on to calculate Cahn-Hilliard 

diffusion coefficients^ using a fixed Qm at three temperatures
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close to the spinodal and linearly extrapolate the plot of D to the 

spinodal temperature claiming that Qm will not vary close to the 

spinodal clearly according to equation 10 Qm should go rapidly to 
zero at the spinodal.

Sayder et al 8,s have published a series of papers on phase

separation in PS/PVME. A polydisperse PS was used (Mw = 6.0 x 10^ 

Mn = 1.5 x 10^) some of which will be below the entanglement 

molecular weight (Ne) and a PVME Mw = 4.6 x 101* Mn = 2.1 x 10^

The first paper^03 of the series measures the total integrated 

scattered intensity for three compositions over a 20°C range as a 

function of time. It is demonstrated that initially the total 

integrated intensity grows exponentially. The wave vector maximum 

is measured during the early stages and using this value they 

calculate the Cahn-Hilliard diffusion coefficient (D). These values 

plotted against temperature linearly extrapolate to the spinodal. 

However, their data is inconsistent with the C/H/Flory-Huggins 

model when examined closely, since to be completely consistent Qm^ 

should also extrapolate to zero linearly as a function of 

temperature and it clearly does not. The plot of D against 

temperature must therefore be apparently linear because the absence 

of an increase in Qm is compensated for by an increase in the

diffusional
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mobility as the temperature is raised.

In a second98 and third paper^0 Snyder et al investigate the 

critical composition at fixed temperature (150°C) looking at the 

full angular scattering pattern as a function of time. They show 

the scattered intensity at the wave vector maximum to grow 

exponentially, whilst its position remains approximately time 

invariant. At later times the scattering peak becomes sharper and 

the maximum moves to lower Q vectors. During no time period does 

the maximum obey a power law expression consistent with Ostwald 

ripening or coalescence mechanisms.

A plot of the R(Q)/Q2 against Q 2 is not linear as predicted by C/H
i

theory but exhibits significant curvature. They conclude that 

phase separation of PS/PVME blends is broadly in agreement with C/H 

theory.

•3C[In a final paper Snyder et al compare their data with data on 

glasses and alloys as well as small molecules using Goldburgs 

reduced unit scaling approach. They conclude that phase separation 

in polymers is very similar to these systems.
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Polystyrene Poly(-o-Chlorostyrene)

Stein et al^°r' studied this blend by SALS. Samples were prepared 

by coprecipitation and pressing. Both component polymers had 

molecular weights greater than the entanglement value (Ne). At no 

stage was the correlation length time independent.

Observation of the total integrated scattered intensity was used to 

demonstrate whether new phases were being created. Initially, the 

total integrated intensity increased slightly demonstrating the 

creation of new phase, however Ln(I) against time plots were non 

linear. Over most of the experimental time period the integrated 

intensity remained constant indicating that the late stages ofi
domain growth were being observed. It is suggested that the domain

growth occurs according to McMasters viscous flow model and that

minimal break-up of the interconnected spinodal structure occurs.

Recently, SANS studies have demonstrated this system to be
no

inhomogenous prior to phase separation.

Poly(methyl-methacrylate) Styrene-acrylonitrile Copolymer

McMaster6  ̂ studied phase separation in this polymer mixture using 

transmision electron microscopy. There is no natural contract
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between the component polymers, however, McMaster observes the 

development of phase structure with time in the electron beam. He 

suggests that this is due to reaction of the styrene-acrylonitrile 

phase with vacuum oil in the microscope. This is almost certainly 

not the case and instead it is the etching away of the 

poly(methylmethacrylate) component by the electron beam that gives 

the contrast. McMaster cites the observation of an interconnected 

morphology as evidence of spinodal decomposition. He observes the 

coarsening of the interconnected structure and claims it only 

breaks down to a dispersed phase structure when the wavelength is 

approximately the thickness of the specimen. He proposes a novel 

viscous flow mechanism of coarsening to explain his observed

results.
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C H A P T E R  7 

MATERIALS

Choice of Systems for Study

An ideal blend system for studying the kinetics of phase separation 

does not exist. Such an ideal mixture of polymers would possess 

the following properties.

(1) The thermodynamics of its miscibility would be well characterised.

(2) It would form completely homogeneous mixtures, by at least one, 

and preferably two, methods of preparation.

(3) The phase boundary should be at an easily accessible temperature.

(4) Both component polymers should be available in a range of mono- 

disperse molecular weights.

(5) The phase separation process would be suitable for following 

by small angle light scattering, small angle neutron scattering and 

small angle X-ray scattering; therefore there would have to be 

suitable differences in the refractive index, neutron scattering 

cross-section and electron density of the two polymers.

The first system chosen was an oligomer system of polybutadiene and 

polystyrene having an upper critical solution temperature. This 

system's thermodynamics of miscibility have been studied and mixtures 

are miscible primarily due to the large combinatorial entropy associated
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with the oligomers. The spinodal can be measured directly by pulse- 

induced critical scattering, and an attempt is presently being made 

to measure the thermodynamic interaction parameter as a function of 

temperature.

The second system chosen for study was ethylene-vinyl-acetate

copolymer with chlorinated polyethylene. The thermodynamics of this
M-u

system have been studied in detail at Imperial College. This 

mixture is particularly suited for study by small angle scattering 

techniques because the chlorine present provides a large refractive 

index, neutron scattering cross-sections and electron density dif­

ference. It is also closely related to poly(vinylchloride)/ethylene- 

vinyl— acetate blends used commercially. The major disadvantage is that 
bcth the chlorinated polyethylene and the ethylene-vinyl-acetate 

copolymer have a broad molecular weight distribution.

The third system to be studied was poly(methyl-methacrylate) with 

chlorinated polyethylene. This blend was studied because a pre­

liminary investigation showed that the phase separation occurred on 

a much smaller scale than that normally found. A second reason for 

studying this blend is that the thermodynamic interaction parameter
I I S

is presently being studied as a function of temperature.
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Thermodynamics of Miscibility of the Systems Studied 

Thermodynamics of polymer miscibility has already been briefly 

reviewed in Chapter 2. The section below gives detailed infor­

mation on the thermodynamics of the polymer mixtures studied.

Polystyrene (PS)/'Polybutadiene (PB) Oligomers

This system is an example of category 1. The entropy of mixing is

comparitively large; as a result, phase boundaries are upper

critical solution temperature and highly dependent on the molecular

weight of the two components^^. The heat of mixing of these

oligomers has been measured and is unfavourable for mixing^^.

Deuterating either component shifts the phase boundary upwards to

high temperatures, broadens the spinodal curve around the critical
118point and reduces the metastable gap . It is surprising that

deuteration should affect such phase boundaries, deuterium being

indistinguishable chemically from hydrogen. Deuteration is known
119to shift the crystallisation temperature of poly(ethylene) and

120the phase boundary of poly(styrene) in cyclohexane . Recently
121Stem et al. have demonstrated the LCST of high molecular weight 

mixtures of polystyrene/poly(vinylmethylether) to move up to 40°C 

upwards, on deuterating the polystyrene component. These effects 

exist where there is a delicate balance in the free energy. They 

are attributable to the changed vibrational amplitude and specific 

volume caused by deuteration'1' ^ .
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Poly(methylmethacrylate) (PMMA) and Ethylena-Viny1-Acetate 
Copolymer (EVA) with Solution Chlorinated Poly(ethylene) (SCPE)

These two blends are examples of category 3 and have a strong

specific interaction. Both blends have a negative enthalpy of 
123 12 Amixing ’ which is believed to result from a weak hydrogen bond

(Fig. 9) between the hydrogen adjacent to the Cl in the SCPE and

the oxygen of the carbonyl group in either the PMMA or the EVA.

The phase boundaries of both systems have been modelled using the
123 123Flory equation of state approach * and it has been shown that 

a negative non-combinatorial entropy (Q^) unfavourable for mixing 

is required in order to get phase separation in these blends. 

However, this analysis assumes that heat of mixing data is inde­

pendent of temperature and that the enthalpy of mixing obtained 

experimentally for oligomers is directly transferable to high 

polymers.

It has been shown that the PMMA/SCPE phase boundary is only dependent
—  4 125on the molecular weight below M - 5 x 10 and that the phasew

127boundary is not very sensitive to deuterating the PMMA component

Neutron scattering studies have demonstrated the radius of gyration
128of the PMMA to be consistent with a single coil , providing strong 

evidence that this blend is a homogeneous mixture on a molecular 

level. The phase boundary moves to high temperatures as the percen­

tage chlorination of the SCPE is increased, until at 62% the system
129is completely miscible , no phase boundary being detected below 

the thermal decomposition temperature of the SCPE.
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Heats of mixing studies using oligomeric PMMA with chlorinated

octadecane show a more favourable enthalpy of mixing as the degree

of chlorination of the octadecane is increased^^. The enthalpy

of mixing is only negative for degrees of chlorination greater than

45 ± 4% and PMMA is only miscible with SCPE with degrees of

chlorination greater than 48 ± 4%. The heat of mixing of the analogues

does not exhibit any appreciable temperature dependence up to 90°C.
. . 131These results strongly support the view proposed by Chai et al. 

that the miscibility of PMMA/SCPE blends is determined primarily by 

the specific interaction present.

The heat of mixing of sec-octyl acetate and chlorinated paraf&ns,

analogues of EVA and SCPE, are negative and again become more negative
132as the degree of chlorination is increased . Unlike the PMMA/

chlorinated octadecane system, the heat of mixing is markedly
133 • . . . .temperature dependent , becoming less negative with increasing

temperature (Fig. 10). Phase boundaries of EVA/SCPE blends have

been shown to be dependent on the vinyl-acetate content of the EVA
134 . .and on the degree of chlorination of the SCPE . The lower critical

solution temperature rises as the concentration of the interacting

groups is increased. Direct evidence of the specific interaction
135has been obtained from Fourier-Transform infra-red studies . The 

carbonyl-stretching vibration of the EVA in the presence of the SCPE 

at room temperature is shifted several wavenumbers and broadened.
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On raising the temperature to 130°C well into the two-phase region, 

the carbonyl peak shifts back to that corresponding to the pure 

EVA copolymer (Fig. 11).

Material Preparation and Characterisation 

Commercial Chlorinated Polyethylenes

Chlorinated polyethylene, code number H48 was obtained from Dupont. 

Before use it was dissolved in tetrahydrofuran to give a 5% 

solution, then centrifuged to remove talc added by the manufacturer, 

reprecipitated in water, and finally vacuum-dried. The molecular 

weight distribution is given in Table 3 along with its elemental 

analysis.

136Polyethylene is chlorinated commercially using a suspension technique 

As a result, the product is not evenly chlorinated. Polymer molecules 

at the centre of the suspended particle are not chlorinated at all, 

whilst polymer molecules at the surface are heavily chlorinated.

The unchlorinated polyethylene retains its crystallinity and spheru- 

lites were observed between cross polars in light microscopy.

The presence of such large potential nuclei and the variation of 

the chlorination level were disadvantages of this material. Preli­

minary experiments indicated that these spherulites were initiating
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nucleation and growth during spinodal decomposition. To eliminate 

the complexity of dealing with two potential phase separation 

mechanisms, solution chlorinated polyethylenes were prepared.

Solution Chlorinated Polyethylene (SCPE)

Solution chlorinated polyethylene is an analogue of the commercially 

important polymer poly(vinylchloride) (PVC). Unlike PVC the 

chlorine atoms are randomly distributed along the polymer backbone 

and this eliminates any crystallinity.

The method used for the preparation of solution chlorinated poly-
137ethylene has been previously described by Chai et al. . High 

density straight chain polyethylene (20 g) is dissolved in chloro­

benzene at 130°C to give a 20% by weight solution. Dried chlorine
i

gas is bubbled through the solution at 35 ml min to give the 

required degree of chlorination.

The reaction is a free radical chlorination and the mechanism is 

probably:

Heat
Cl2 +  2C1 *

»v

Cl* + RH RC1 + H*

H* + Cl* HC1



%0

The required chlorination time was calculated assuming a 50% 

reaction efficiency. The chlorination was then stopped and the SCPE 

precipitated in a ten times excess of ice-cold methanol. The 

precipitated SCPE was allowed to stand in methanol overnight and 

then vacuum-dried.

The level of chlorination could be estimated approximately by the 

weight increase of the reaction flask and its contents prior to 

precipitation of the SCPE. An accurate measurement of the degree 

of chlorination was obtained by elemental analysis for hydrogen and 

carbon and assuming the balance to be chlorine.

138The chlorination has been shown by Chai et al. to be random along 

the polymer backbone, providing the amount of chlorine present is 

above 50% by weight. Below this level of chlorination, seg iments of 

unchlorinated C ^  groups exist.

The percentage chlorination has a marked effect on the glass transi­

tion temperature of the SCPE, particularly at high percentages.

Glass transitions (Tgs) are associated with the segmental motion 

of the polymer backbone; increasing the chlorine content will have 

little effect at low degrees of chlorination where the chance of a 

chlorine on two adjacent carbon atoms is small. However, at high 

degrees of chlorination this possibility will exist and adjacent
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chlorines will severely restrict the rotation of the polymer back­

bone. A plot of T against weight percent chlorine content is shownO
in Fig. 12.

The original polyethylene is very polydisperse so the SCPE made from

it is also polydisperse. A number of SCPEs were fractionated to

eliminate the potential complication of having a wide range of

diffusion coefficients present. The theory of polymer fractionation
139has been reviewed by Komngsveldt . A combination of adding non­

solvent to a dilute solution of the polymer and cooling were used. 

The SCPE was dissolved in benzene to form a 2% solution by weight. 

Isopropanol was then added until the solution became turbid. The 

flask was then warmed to 40°C to redissolve the precipitate formed 

and then cooled slowly back to room temperature. The precipitate 

was allowed to settle, then the benzene and isopropanol decanted 

off. The precipitate was redissolved in chlorobenzene and repreci­

pitated in methanol. The process was repeated to give successive 

fractions. Later fractions were cooled to 4°C to help reduce the 

amount of non-solvent required and to speed up the settling of the 

precipitate.

The molecular weight details of the polydisperse unfractionated and

fractionated SCPEs are listed in Table 3.
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Ethylene Vinylacetate Copolymer

Two samples were obtained from ICI called Evatone 40 and Evatone 45, 

with specified vinylacetate contents of 40% and 45% by weight 

respectively. This was confirmed by elemental analysis. Frac­

tionation was carried out with the Evatone 45 in an identical 

manner to that for SCPE.

It was suspected that the EVAs might contain some block copolymer 

and therefore possess crystalline polyethylene phases. Such crystal­

line regions could have a pronounced effect on the phase separation 

mechanism acting, for example, as nucleating particles. Polyethy­

lene crystals would be more dense than the surrounding polymer and 

therefore have a different refractive index and electron density.

Both pure materials gave no significant scattering by SAXS or 

SALS and therefore can be regarded as totally amorphous materials. 

They are probably genuine random copolymers containing no block 

copolymer.

140 .Polyvinylacetate is known to be highly branched. It is therefore 

very likely that the ethylene vinylacetate copolymer is branched to

some extent.
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Poly(methylmethacrylate)s (PMMA)

Hydrogenous and deuterated poly(methylmethacrylate)s were used.

All were prepared by free radical polymerisations and thus the poly­

methylmethacrylates) will all have essentially atactic stereo­

chemistry. PMMA was bought from Polysciences and is a suspension 

polymerised material.

PMMA (D) was a laboratory synthesised material prepared from fully 

deuterated methylmethacrylate monomer and subsequently molecular 

weight fractionated using acetone/methanol mixtures. The sample 

used was the fourth fraction.

Polystyrene Oligomers

These samples were obtained from Polymer Laboratories and were made
I

by an anionic polymerisation.

Polybutadiene Oligomers

Samples of polybutadiene oligomers PB 960 and PB 2660 were purchased

from Goodyear Chemical Company. PB (D) was a fully deuterated
141material specially prepared by L. Fetters . The microstructure 

of the samples as given by the manufacturers are listed in Table 7a, 

and their molecular weight details in Table 7b.

The molecular weight details and glass transition temperatures can 

be found in Tables 3 - 7  for all the polymers studied.



84

Sample Coding

Solution chlorinated polyethylenes are coded according to the degree 

of chlorination, the first two digits defining the degree of chlori­

nation and the next digit the fraction number. For example,

SCPE^^J would be the 5th molecular weight fraction of solution 

chlorinated polyethylene with 50 weight percent chlorine.

An identical procedure is used for coding EVA samples except now the 

first two digits define the vinylacetate content.

A 'D' in brackets after the sample indicates the sample is a fully 

deuterated material.

Blend Preparation
i

There are four potential methods of preparing polymer blends:

(1) Mechanical mixing in the melt.

(2) Coprecipitation from a common solvent followed by hot pressing.

(3) In-situ polymerisation of one polymer in the presence of 

another.

(4) Solvent casting from a common solvent.

Mechanical mixing was not considered a practical proposition for 

preparing blends for phase separation studies of high polymers,



because the very low diffusion coefficients of polymers would lead 

to very long times being required to ensure a homogeneous blend.

The high shear mixers that are conventionally used to overcome the 

problem of low diffusion coefficients are not suitable for small 

sample volumes. Mechanical mixing, however, was used for preparing 

oligomers of polystyrene and polybutadiene.

Coprecipitation followed by hot pressing was found not to be a 

satisfactory method for preparing homogeneous blends as phase 

separation occurred during the coprecipitation step.

In-situ polymerisation was not investigated, though it does offer 

a potentially very easy way of forming homogeneous blends. The 

second polymerisation frequently results in the formation of block/ 

graft copolymer and it is not very easy to control the molecular 

weight of the second polymer.

Solvent casting from a common solvent was widely used, though 

frequently partial phase separation occurred during the casting 

technique. This technique of making blends is often highly depen­

dent on the choice of solvent. Care has to be taken to ensure that 

all of the solvent is removed and this restricts the thickness of 

polymer film that can be satisfactorily cast. However, this is not 

a problem for preparing blends for small angle scattering techniques 

since thin films are required to ensure no multiple scattering occurs
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Preparation of Samples

Polystyrene/polybutadiene oligomer mixtures were prepared for 

SALS just prior to use by mixing preweighed amounts of PS and PB 

in stoppered tubes containing a magnetic stirrer at 120°C, This 

process took about 3 minutes to achieve a homogeneous mixture.

Crude sample cells were formed by taking a drop of the homogeneous 

mixture and sandwiching it between two coverslips to give an even 

film 20-50 ym thick containing no air bubbles.

SANS samples were prepared by mixing the oligomers under vacuum 

in quartz cells to remove trapped air bubbles at 120°C. They were 

then vacuum-sealed.

Blends of SCPE with EVA and SCPE with PMMA were prepared by 

solvent casting. Dried Analar methylethylketone and Analar chloro­

benzene were used as the common solvents for EVA/SCPE and PMMA/SCPE 

respectively. A 5% solution of the two polymers (in the desired 

proportions) in the appropriate solvent was made. This solution 

was then spun using MSE (25) centrifuge at 10,000 rpm to remove any 

foreign particles and dust. Samples for use with the Turbidimeter 

and for SANS and SAXS studies were prepared by pouring enough of 

the centrifuged polymer blend solution into a petridish to give a 

final film thickness of 0 . 2 mm after evaporation of the solvent. 

Petridishes excluded dust and gave a slow fate of evaporation of the
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solvent. Samples for SALS studies were prepared by placing several 

drops of polymer blend solution onto clean 19 mro diameter coverslips 

contained in a petridish. The drops were dispersed over the surface 

of the coverslip to give an even film thickness. Typical final film

thicknesses were 10 - 50 ym.
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C H A P T E R  8

DESIGN OF A SMALL ANGLE LIGHT SCATTERING INSTRUMENT 

Introduction

Preliminary studies were carried out to define the requirements of 

a small angle light scattering instrument for carrying out phase 

separation experiments on polymer blends. A decision was taken 

to do real time experiments, because this enables rapid data 

acquisition with the minimisation of errors due to variation in 

thickness between samples and quenching. Real time experiments 

also enable more results to be obtained from a limited amount of 

material; this is an important consideration when molecular weight 

fractionation has been carried out.

i
Design Requirements 

The temperature jump

It is important to be able to jump from the one-phase region of the 

phase diagram into the two-phase region as rapidly as possible.

The simplest way this can be achieved is by means of a temperature 

jump. A survey of the literature and some preliminary experiments 

found that the majority of phase boundaries for partially compatible 

blends were between room temperature and 200°C. Studies using a 

simple experimental apparatus consisting of a heated block, a helium/ 

cadmium laser, a photomultiplier tube and a chart recorder, were
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carried out on poly(ethylene oxide)/poly(ethersulphone) (PEO/PES) 

and ethylene vinylacetate copolymer/solution chlorinated poly(ethylene) 

blends (EVA/SCPE). A significant increase in the scattered intensity 

was found to occur in about 300 s for the EVA/SCPE blend and in 

less than 1 s for a PEO/PES blend only 1°C inside the phase boundary. 

Plots of In I against time had significantly different slopes at 

two temperatures only 3°C apart with the EVA/SCPE blend. On these 

preliminary results the following requirements were decided upon.

(1) A temperature range from room temperature to 250°C.

(2) A temperature jump time of less than 5 s.

(3) The ability to maintain a preset temperature to within 0.5°C 

over several hours.

i
(4) The temperature should be automatically monitored.

(5) The apparatus should be suitable for doing temperature scans 

to enable phase boundaries to be determined.

The Detection System

Preliminary experiments were carried out using strips of photo­

graphic film and a camera shutter to provide estimates of the angular 

range and resolution required of the detection system. Scattering 

maxima were found initially at about 30° for an EVA/SCPE blend
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and the maxima moved to small angles over several hours until at

about 3° it became impossible to resolve from the laser beam.

The light intensity of the angular maximum was measured early on
-2during the phase separation and found to be 6 uW cm 30 cm from the 

sample.

The specification below was agreed upon on the basis of these 

studies and the previous studies.

(1) Angular resolution about 2°.

(2) Angular range 50°.

_2(3) Sensitivity at least 6 yW cm at 420 nm.

(4) A response time for measuring the intensity over the angular 

range of less than 0.25 s.
»

(5) The detection system should preferably enable scattering 

patterns to be viewed visually during an experiment.

Light source

The light source should ideally be monochromatic, collimated and 

preferably of variable wavelength. Its output should be constant 

over the longest experimental time, i.e. at least 8 hours.
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Description of the Instrument

The instrument designed around these specific requirements is 

illustrated schematically in Fig. 13. The apparatus consists of a 

horizontally-mounted, 5 mW vertically-polarised laser. Two choices 

of laser are available, a He/Ne Aerotech model 1105P (X = 633 nm) 

or a He/Cd Liconix model 4110 (X = 420 nm) . This enables the 

wavelength of the light source to be varied, enabling a useful 

check on the validity of scattering patterns. Both lasers have 

advantages and disadvantages. The He/Ne laser has the advantage of 

shifting scattering maximum to larger angles; this is particularly 

useful for large correlation lengths that become difficult 

to resolve from the laser beam. The He/Cd laser is useful 

for short correlation lengths where the angle of scattering with the 

He/Ne laser becomes so large that a total internal reflection con-i
dition can be set up.

For convenience of loading samples into the apparatus, the optical 

axis is vertical. This is achieved by a 1" prism mounted on a 

sprung adjustable base that bends the laser beam through a right 

angle. Three screws passing through the prism base allow the prism 

to be tilted a few degrees in two directions, enabling the easy 

alignment of the laser beam with the collimating holes and sample 

holder (see Fig. 14). For convenience, for safety and to try and
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avoid spurious scattering from dust particles, the apparatus is 

enclosed in a light-proof box. The laser beam passes up through the 

collimating holes, and enters the sample block via a 5 mm diameter 

hole on its underside. The sample block is illustrated in Fig. 15.

The laser beam passes through the sample holder which consists of 

a thin brass plate with a 19.5 mm diameter, 0.5 mm deep indentation 

on the upper surface and a 3 mm diameter hole at the centre of 

the indentation that allows the laser beam through. The samples 

are solution cast onto 19 mm covers lips that fit into the indentation 

in the sample holder. The sample holder slides in and out of the 

brass sample block facilitating the loading and unloading of 

samples. A large hole is cut in the upper surface of the block to 

enable light scattered at large angles to escape. Both exit and 

entry holes for the laser beam are glazed to maintain a uniform
i

temperature inside the block. The surface of most of the brass 

sample block is covered by an insulating jacket to minimise heat 

losses. Two thermocouples pass through the insulating jacket and 

into the block. One senses the temperature for display and the 

other is connected to a temperature control unit. Four 18 W soldering 

iron heaters within the brass block can heat the block to 200°C.

They are connected to the temperature control unit and can maintain 

a predetermined temperature to within ±0.5°C over 8 hours, or 

alternatively be used to raise the temperature of the block at a set

rate.
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The detection system consists of a laboratory-built diode array.

The diodes used were obtained from Radio Spares, Part Number 308-067. 

They were chosen because they had a good sensitivity even to blue 

light, low noise, a linear response, a very short rise and fall 

time, as well as built-in amplifiers. Their properties are listed 

in Table 8. The array consists of a curved aluminium plate, 5 mm x 

10 mm x 90 mm with a radius of 16 cm into which are mounted 16 

diodes. Each diode is approximately 8.5 mm in diameter. They are 

arranged in two rows with a half stagger (Fig. 16). The array is 

mounted on a holder that slides in a groove, such that the diodes 

are set on a fixed radius 16 cm from the sample. This arrangement 

locates the diodes at 2° intervals. The 16 diodes therefore span 

an arc of 32°. The holder and groove are calibrated, so the diode 

array can be moved readily to alter the Q range of the instrument.i

Two additional diodes are used. One is mounted directly behind the 

prism and measures the intensity of the laser beam prior to passing 

through the sample. A second diode measures the intensity at 0° and 

is used to check that only a small percentage of the beam is being 

scattered by the sample. This ensures that multiple scattering 

events are not occurring. The diodes are connected to a multiplexer 

and a 12-bit A/D convertor that forms an interface with a BBC model B 

microcomputer. The connection of the interface to the computer is

via the 1 MHz bus line.
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The linearity of the response of the diodes was checked using a

fixed light source. The voltage output of each diode was measured

as a function of distance from the light source. The potential V
2was proportional to l/(distance) confirming that the output 

voltages of the diodes are proportional to the light intensity.

The linearity of the A/D conversion was checked by inputting 

known voltages using a mV calibrator in place of the output from 

the diodes and checking the response via the microcomputer.

The intensity/voltage response of the diodes, although linear, were 

all slightly different, presumably due to slight variations in the 

gain of amplifier component. The intensity of light scattered from 

a drop of milk is constant over the angular range from 0 to 20°.

This fact was used to measure the relative responses of the diodes, 

the data then being used to normalise the output from the diodes 

automatically, using the microcomputer.

This operation was performed by first measuring the dark signal from 

each diode then with the diode array set at 0° and a drop of milk 

in the laser beam, the output of each diode was measured. The 

dark response was subtracted from the milk response to give a set 

of normalisation values. The dark response and the normalisation 

values are stored on floppy disk for subsequent automatic normalisa­

tion of the collected data by the computer.'
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Computer Programmes

Three programmes were written, two for carrying out kinetic experi­

ments and one for carrying out phase boundary determinations.

All three programmes ask for the experimental details; date, 

sample, composition, laser type, time interval between readings 

and the file name for storage on floppy disk. All the programmes 

automatically normalise the intensity of the diodes.

"Polymer" is a programme for carrying out kinetic experiments. It 

is written entirely in BBC Basic and it carries out the normalisation 

procedure, reads each diode in the array once between time inter­

vals, displaying the data collected continuously and storing it on 

floppy disk for subsequent data analysis.

A second programme "Kmean" is identical to "Polymer" but contains 

a subroutine written in machine code for speed of operation that 

samples the diode array ten times and takes a mean for each time 

reading. This programme was written specifically for use with 

the He/Cd laser that has a high frequency noise.

The final programme "Cloud" was written for measuring phase boun­

daries. It is similar to "Polymer", but also displays the 

temperature, the time, and monitors the intensity of the incoming 

laser beam, and corrects the data from the diodes for any change that 

might occur.
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Characteristics of the SALS Instrument

The stability of the output of both lasers, the helium/cadmium and 

the helium/neon, was measured by monitoring the response of the diodes 

with a drop of milk in the laser beam. The intensity in arbitrary 

units and the standard deviation of the mean over ten readings at 

5 s intervals and ten readings at 100 s intervals are shown in 

Table 9. Typically the coefficient of variation is less than 1% 

for the helium/neon, and less than 6 % for the helium/cadmium.

These errors are for a fairly strongly scattering system and 

experimental errors, particularly during the early stages of phase 

separation where the scattering is weak and speckling is occuring, 

will be greater than this.

The diode normalisation procedure was carried out ten times and the 

mean and standard deviation are listed in Table 10 for both lasers.

The major errors associated with the instrument are not systematic 

errors, and therefore cannot be quantified readily. These errors 

were scattering from dust particles contaminating the film, parasi­

tic scattering from the optics and scattering from surface irregu­

larities .

The Q range of the instrument is dependent on the laser wavelength 

and the refractive index of the polymer mixture studied, but using
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-5 -1 -3 -both lasers a Q range from approximately 8 x 10 A to 2 x 10 A 

can be studied. The Q resolution of the instrument varies consider­

ably with the scattering angle deteriorating rapidly at small 

angles.
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C H A P T E R  9

EXPERIMENTAL TECHNIQUES

Determination of Phase Boundaries

In general it is satisfactory to determine a crude phase boundary 

and most studies are not concerned about whether the boundary 

concerned corresponds to a binodal or spinodal.

There are essentially two common ways of determining phase 

boundaries in polymer mixtures. The first method involves 

determining the presence or absence of two glass transitions, such
I

techniques include differential scanning calorinetry, dielectric 

relaxation and dynamic mechanical relaxation. These methods are 

not very sensitive even when there is a large difference in the 

glass transition temperatures of the two polymers. The second 

method involves scattering from the two phases present by light, 

Xrays or neutrons. Of these small angle light scattering or 

turbidity measurements are the most readily available. Most 

polymers have a large difference in their refractive indices making 

this method very sensitive. Phase boundaries determined by this 

method are termed cloud point curves, since the samples become 

visually cloudy.

Most phase boundaries in this thesis were determined using a small
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angle light scattering instrument called a "Turbidimeter". The 

instrument was built by Chong and is fully described is his Phd 

t h e s i s . * B r i e f l y  it consists of a heated sample block capable of 

holding four sample holders. These consist of a split brass rod in 

which is placed a thin film of the polymer blend sandwiched 

between two pieces of glass. A projector lamp is focussed onto the 

blend and light scattered at 45° is focussed onto a photodiode.

The block temperature is controlled by a temperature ramp enabling 

it to be heated or cooled at rates from 0.1 to 1.0 °C min-1. The 

temperature for each sample is monitored by a thermocouple. The 

diode and thermocouple in each channel are interfaced to a data 

logger so the intensity and temperature changes can be followed 

automatically. A typical plot of intensity against temperature is
I

shown in Figure. 17. The sudden change in the intensity 

corresponds to the cloudpoint. The cloudpoint can be improved upon 

by monitoring the scattered intensity as a function of time at 

fixed temperatures above and below the suspected phase boundary.

This instrument suffers from two disadvantages. A comparitively 

large amount of sample is required and it gives no indication 

whether the cloudpoint curve obtained corresponds to the binodal or 

spinodal.

Cloudpoints were also determined using the small angle light 

scattering instrument described in Chapter 8 . This instrument 

utilizes a much smaller amount of sample and because it has a
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multiangle detector, the presence or absence of a scattering 

maximum can be determined, a scattering maximum providing some 

evidence for the spinodal being determined. The instrument 

was used in two modes carrying out heating or cooling runs at 1°C 

min- 1  or isothermal experiments over eight hours.

Small angle Xray scattering was used to obtain the phase

boundary in PMMA/SCPE blends that did not give sharp cloudpoint 

transitions in the Turbidimeter. Because of a poor refractive 

index difference between the PMMA and SCPE and an initial phase 

size too small to be observed by light scattering. Sample films 

(lcm2x 0.2mm) were heated for one minute at 10°C intervals from 

90°C to 180°C for each composition. Each film was then placed in
I
a Kratky camera1^ 2 and run for 100s to determine the scattering 

pattern. If there was a significant increase in scattered 

intensity compared with the control blend the sample was judged to 

have been in the two phase region of the phase diagram. In this 

way a crude phase diagram could be constructed that was refined by 

repeating the procedure above and below the suspected phase 

boundary using a longer heat treatment time of five minutes.

Transmission Electron Microscopy

Samples for transmission electron microscopy were thin films
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approximately 0.2mm thick. To obtain a sufficient rigidity 

during sectioning they were embedded in cold curing epoxy resin. 

Only PMMA/SCPE^'7 blends were studied and because this system has a 

glass transition above room temperature the sectioning was 

comparitively straightforward. Thin sections 1000-2000 A were cut 

using standard procedures and collected on 400 mesh copper grids. 

These were then examined using a Jeol 100KV Tem scan electron 

microscope. No staining procedure was necessary due to the 

electron dense chlorine present.

Light Microsopy

Samples for light microscopy were thin films solution cast onto 

19mm diameter coverslips to give a final film thickness of 5-10 

pm.These samples were heated for known times using the heating 

block of the light scattering instrument and then examined 

immediately using differential interference contrast light 

microscopy.
✓

Dynamic Mechanical Analysis

Dynamic Mechanical Analysis has been reviewed by

Bill/rietj er1 . Measurements were carried out using a Rheovibron

model DDV-2(Tokyo Measuring Instrument Company Limited). A strip
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of film 20 x 5 x 0.2mm was mounted in the jaws of the instrument.

An oscillatory frequency of 11 Hj was used for all the 

measurements. The temperature was scanned from 0°C to 200°C at a 

l^C min-  ̂ heating rate and a plot of tan 6 against temperature 

obtained. The maximum in tan 6 was taken as the glass transition 

temperature.

Small Angle Light Scattering

Kinetic experiments were performed using the purpose built SALS 

instrument. The sample block and holder are preheated to the

desired temperature, the sample holder withdrawn and the coverslip
Ik*.

supporting the polymer film loaded into^holder which is then slid 

back into the block. With practice this operation can be performed 

in about 3s. The thermal heat capacity of the block and sample 

holder is much greater than that of the coverslip ensuring the 

sharp temperature jump of the polymer film.

The scattered

intensity from the polymer blend is monitored as a function of time 

and displayed on the visual display unit enabling the progress of 

the experiment to be followed.

Data Analysis

The optics of the SALS instrument could be aligned so well that no 

corrections for parasitic scattering were necessary. The D spacing 

for each angle was calculated using the following expression:
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Dm =

2n Sin

Refractive indices for polymers can not be measured easily. For 

most common polymers raeasurenents have been made on their oligomers. 

D spacings and Q vectors are not extremely sensitive to the 

refractive index so estimates of the refractive index were made by 

simply meaning the refractive index of the component polymers. The 

values for refractive index were taken from the Polymer 

HandbookM ̂

The main problems with the instrument were the low resolution at 

low Q and the complication of total internal reflection occuring at 

large scattering angles. This latter complication was overcome by 

neglecting measurements were the scattering maxima was at angle 

greater than 50® and taking measuremnts with both the He/Ne and the 

He/Cd lasers.

The He/Cd laser was the preferred choice for short correlation 

lengths, since the shorter wavelength will result in the scattering 

maximum being at a smaller angle than if the He/Ne laser had been 

used. In this way the problem of total internal reflection was

minimised.
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SMALL ANGLE NEUTRON SCATTERING 

Description of the Instrument

The small angle neutron scattering experiments were carried out at 

the Institute Laue-Langevin, Grenoble, on the small angle camera 

Dll. This instrument has been described in detail by Ibel,^^ but 

a brief description of the principle features will be given here.

The neutron source for this instrument is a high flux nuclear 

reactor. The neutrons are moderated first using liquid D20, then 

using liquid deuterium. A guide tube leaves the second moderator 

chamber, the first few metres of which are curved to eliminate 

gamma radiation and high energy neutrons, the low energy long
i

wavelength neutrons are totally internally reflected along the 

evacuated guide. The white beam is monochromated using a helical 

velocity selector which has a wavelength resolution. (AX/X) of 0.1. 

The beam is collimated after velocity selection by means of 

altering the internal diameter of the neutron wave guides and by 

means of diaphrams. The apparent source can be set at distances 

from 2-40m from the sample. The beam passes through a uranium 

fission counter, so the flux can be measured continuously, this 

type of counter has a low cross-section so most of the beam is 

transmitted and it also has a high counting efficiency. The 

collimated beam typically has a diameter of about 10mm. The 

neutron beam passes through the sample and some of the neutrons are 

scattered into the detector. This consists of an array of 64 X 64



- 105-

1 cm2 cells formed by vertical and horizontal electrodes in a plate 

like glass vessel filled with BF3. The address of a neutron 

striking the detector is determined by observing the coincidence of 

pulses at the horizontal and vertical electrodes. Because the unit 

cell of the detector is comparitively large, resolution at small 

angles is achieved by moving the detector back away from the 

sample. The detector can be positioned at 5 points from 2-40m from 

the sample. This is not ideal, because the scattered intensity 

falls as l/(distance)2. Thus the choice of sample-detector 

distances and the wavelength to give the desired Q range is 

determined as a compromise between the loss of flux by using long 

wavelengths and the reduction in the number of counts at the 

detector. To prevent the main beam saturating the detector a beam
i

stop is placed in front of the detector.

The operation of the instrument and the analysis of data are 

described in two reports of the Institute Lae.e Lang^oin M 7, M 8.

Two types of SANS experiments were carried out: quenched sample

experiments using the PMMA/SCPE22 system and real time experiments 

using PS with deuterated PB and deuterated PMMA with SCPE^7

Quenched Sample Experiments

Quenches were carried out using the heated sample block of the

small angle light scattering instrument. The sample block and

holder were preheated to the required temperature, then the holder 
withdrawn and the polymer film, 12mm X 12mm sandwiched between two
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coverslips dropped into the sample holder and it slid back into the 

block. After the required time the sample was removed from the 

block. The SCPE and the PMMA both have glass transition 

temperatures much higher than room temperature ensuring that the 

structure of the blend will remain "frozen in" indefinitely. The 

quenched samples were taped over an 8.5mm diameter hole in a 

cadmium sample holder. Then run on Dll using a sample to detector 

distance of 10.6m and a wavelength of 5A or 10A as appropriate for 

12 minutes each.

Real Time Experiments
On Poly(methylmethacrylate) Solution Chlorinated Polyethylene 

Mixtures
i

Using fully deuterated poly(methylmethacrylate) it is possible to 

carry out real time kinetics of phase separation experiments on 

poly(methylmethacrylate)/SCPE blends. It is not possible to 

measure the transmission of the neutron beam during real time 

experiments. To ensure that transmission corrections would not be 

necessary and to facilitate sharp temperature jumps polymer blend 

films 0.2mm thick were used. This thickness is much thinner 

thanoptimum (about 1mm), the disadvantage of using such thin films 

is that the statistics will be poorer.

A specially designed sample jig (Fig.18) was built for real time 

SANS experiments. Its design is similar to that for the purpose



built SALS apparatus. Briefly it consists of a brass block mounted 

on two pillars. The block contains two 12mm diameter quartz 

windows to allow the passage of the neutron beam. The sample film 

is placed between two pieces of aluminium foil and secured firmly 

in the sample holder, which consists of a brass plate 2mra thick 

containing a 12mm diameter hole. The sample holder is mounted on 

an arm which is located on the shaft of a solenoid. In the sample 

"out" position the sample holder makes contact with the block and 

heats up, because the sample is thin it maintains reasonable 

thermal equilibrium with room temperature. On activating the 

solenoid the sample holder slides into the block performing a rapid 

temperature jump and locating the sample in the neutron beam. The 

parts of the brass block exposed to the neutron beam are covered by
i

cadmium foil. The block is covered on the incoming beam side by a 

sheet of cadmium containing a 9.5mm diameter hole centred on the 

12mm diameter windows. This defines the final beam at the sample 

and prevents scattering occuring from within the block. Scattering 

patterns were measured continuously using a 10s time slice. Thirty 

two spectra could be obtained continuously before the available 

storage space of the Camac was filled.

On Polystyrene/Polybutadiene Oligomers Mixtures

Real time experiments were performed using the PS1460/PB.2660 

system on the 80/20 composition containing a small proportion of
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deuterated PB. Quenches were carried out by taking the quartz 

sided neutron cells from an oven at 120^C and plunging them into an 

ice/water mixture at 0°C. They were held at this temperature for 

three minutes then placed in the neutron beam at room temperature. 

Because of the large mass of the sample and the poor thermal 

conductivity of the quartz a slow temperature quench will occur.

An identical quenching cycle was performed using an identical cell 

but replacing the PS/PB mixture by silicone oil containing a 

thermocouple. The response of the thermo couple is shown in 

Fig. 19.

Data Treatment

Corrections were made for the response of the area detector using 

the incoherent scattering from water. The data was isotropic and 

the data was therefore radially summated. Pairs of consecutive 

scattering patterns were summed to improve the statistics of some 

runs. No corrections for parasitic scattering or sample background 

scattering were necessary.

SMALL ANGLE X-RAY SCATTERING

Description of the Instrument

Small angle Xray scattering was carried out at the Daresbury SRS 

using the small angle camera on port 7. The synchroton radiation
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source was required in order to carry out real time experiments.

A detailed descripton of the SAXS facility has been reported 

previously in a series of papers describing the optics, 1^ 9 

d e t e c t o r s ^  and applications of the instrument.^ ^  Small 

angle X-ray scattering has found less widespread use in material 

science and polymer science compared with SANS and for this reason 

the small angle scattering instrument at Daresbury shares many of 

its features with the protein crystallography camera.

Briefly the beam from the synchrotron storage ring is focused by a 

platinum coated mirror from the storage ring and then monochromated 

by a cut germanium (III) crystal, the beam is focused to a point in 

front of the detector. This arrangement gives a wavelength of 

1.608A and a resolution Ak/k of 0.0035, much greater than, ij 

required for small angle scattering. The profile of the beam is 

determined by a set of remotely controllable slits operating in 

vacuum. Each slit consists of four jaws of a tungsten aluminium 

composite. This gives a final beam profile at the sample of about 

3mm X 0.5mm and a flux of 5 X 10* photons s--*- mm“  ̂ when the SRS is 

running at 2 GeV and 200m A. Because the current gradually reduces 

with time in the storage ring, the incident intensity was 

repeatedly monitored with an ionization detector before the 

sample. An evacuated aluminium flight tube with berylian windows, 

two metres long was used between the sample and the detector, 

giving a final sample to detector distance of 217cm.
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Both the area detector and the single wire detector, were used.

Both have a much greater spatial resolution (typically a fraction 

of a mm) than the detector of Dll. This enables spacings up to 

1300A to be reso^lved which is almost equivalent to Dll, despite 

the much shorter wavelength of the Xrays. The Q range covered at a 

fixed detector distance was greater than Dll, this is the main 

advantage of the small angle Xray facility at Daresbury compared 

with the Dll camera at the I.L.L. Both detectors are linked via 

sophisticated processing electronics to a dedicated PDP11 

computer.

Experimental Details

The small angle Xray sample holder was similar to the neutron 

sample holder described previously. The main component is a brass 

block containing two soldering iron heaters connected to a 

temperature controller. The block contains two window slits 

approximately 2mm X 8mm glazed with thin strips ( 10pm) of mica. 

Specimen sample thickness of 0.1 — 0.2mm were used, this thickness 

gives an optimum transmission-absorbtion ratio. Chlorine having an 

appreciable absorbtion of X-rays (in the solution chlorinated 

polyethylene). Films of the SCPE/PMMA blends were taped onto thin 

brass plates over another 2mm X 8mm slitr. The brass plates were 

attached to a circular wheel which rotated around in a step fashion 

sliding the brass plates into and out of the brass block. During 

an experiment the brass plate holding the sample was held rigidly
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in alignment with the X-ray beam. The length of the block was long 

enough to maintain an isothermal region in the centre.

Experiments were performed on two separate dates using on the first 

occasion the linear wire detector and on the second occasion the 

area detector. The linear wire detector was used first because 

initially there was no idea of the time scale of the phase 

separation process and the linear detector offered the advantage of 

more rapid data acquisition since the time to dump the data to disc 

was shorter and there was less chance of saturating the linear 

detector. On the second experimental day the area detector was 

used because by now there was a good idea of the rate of phase 

separation and it was hoped to follow the early stages of the phase 

separation process where the intensity of the scattering is weaker 

and the statistics can be improved considerably by utilising an 

area detector.

Treatment of SAXS Data

Treatment of Linear Wire Detector Data

Both static and real time experiments were performed using the 

linear wire detector. Unfortunately, the time slicing facility for 

controlling the real time experiments was not available and the 

timing had to be carried out manually resulting in a large error in

the time of the runs.
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This complicated the subsequent subtraction of parasite scattering 

from the scattering pattern which is particularly pronounced at 

small Q vectors.

Static quenched samples were run for 60s so the timing error is 

minimal control blends of the same composition and thickness were 

run for an identical time and used as subtraction runs to correct 

for absorption by the chlorine atoms present and parasitic 

scattering, after correction for any change in the flux of the 

beam. No attempt was made to correct for slit smearing as the 

geometry of the beam is not drastically slit like and there is 

considerable debate as to how slit smearing corrections should be 

made. Finally, the quality of the data is not sufficient to
i

warrant slit smearing corrections. No attempt was made to correct 

for multiple scattering, or the counting efficiency of the 

detector. The efficiency of the detector was however measured and 

found to exhibit an approximately even response along its entire 

length. Any correction would be small, much less than + 5%.

Real time data was treated in a similar fashion. The first time 

slice during which no appreciable phase separation occurred was 

used as the sample background and subtracted from subsequent runs 

in the series. Small corrections for variations in the period of 

the time slice were made according to the number of counts in the 

first channel. This channel corresponds to a Bragg spacing of 

3000A and it is assumed that scattering from the sample
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contributes a negligible number of counts to this channel. The 

data from SAXS and SANS experiments are in reasonable agreement 

suggesting the methods of data analysis are satisfactory.

Treatment of Area Detector Data

Cells giving spuriously high or low readings were masked out by 

placing pieces of lead sheet over the relevant areas of the 

detector, prior to collecting data. Data was radially summated 

from segments of the detector containing no masks. Time slicing 

was carried out automatically so no correction for the time period 

of the run was required. The first run of each series was again 

used as a background for subsequent runs in the series.



114

CHAPTER 10

RESULTS AND DISCUSSION

Polystyrene/Polybutadiene Oligomers

Cloud points were determined by placing coverslip encapsulated films in 

the sample holder of the small angle light scattering instrument at 

120°C. The scattered intensity was measured over an angular range of 

32° as the sample was cooled at -0.5°C min In all cases the scat­

tering curve remained approximately constant until suddenly the scat­

tered intensity started to rise dramatically, particularly at small 

angles. This is illustrated in Fig. 20a. The onset of the increase in 

the scattered intensity was taken as the cloudpoint temperature. riow-
i
ever, occasionally over a limited composition range the development of 

a scattering maximum was observed. This is illustrated in Fig. 20b. A 

nucleation and growth mechanism would not be expected to give rise to a 

sharp scattering maximum, unless a large number of identical nucleii 

were present. In contrast spinodal decomposition will always give rise 

to a scattering maximum.

Scattering maxima were observed from 30% PS to 71% PS in PS 4500/PB 960 

mixtures and at 70% PS in a PS 1460/PB 2660 mixture. The cloudpoint
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curves are shown in Fig. 21 for these two systems.

The PS/PB oligomers have low molecular weights and are unentangled, 

their diffusion coefficients will be high and this will favour the 

observation of nucleation and growth as the samples are cooled into the 

two phase region. The amount of nucleation and growth that takes place 

in a given sample will depend on how long the sample takes to trans­

verse the metastable region and how fast the oligomer molecules dif­

fuse.

From the cloudpoint data it might be expected that the spinodal lies 

close to the binodal in the PS 4500/PB 960 system, whilst the spinodal 

strikes the cloudpoint sharply near 70% PS in the PS 1460/PB 2660 sys­

tem. Pulse induced critical scattering (PICS)52, can be used to 

determine the spinodal around the critical point in oligomeric mix­

tures. This technique involves measuring the light scattered from a 

sample in both stable and metastable states at 30 and 90°. By extrapo­

lating a plot of the reciprocal of the intensity (I) against tempera­

ture to the point where 1 / 1 is zero, an accurate estimate of the spino­

dal is obtained. Spinodal data collected using PICS by Atkin et a l ^ 1* 

for the PS 1460/PB 2660 system is shown in Fig. 22 and it can be seen 

that the 70 weight percent composition indeed lies fairly close to the 

critical composition. The sharpness of the spinodal curve around the 

maximum indicates that it was extremely fortuitous to make a composi­
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tion lying close to the critical composition prior to having the PICS 

data. The spinodal for an almost identical system to the PS 450U/PB 

960 system has recently been d e t e r m i n e d ( P i g *  2 1 ). Here the 

spinodal is broader and lies close to the cloudpoint curve over a 

comparatively large range of compositions.

This data provides strong evidence for the development of a scattering 

maximum only arising within the spinodal, and nucleation and growth 

giving rise to no scattering maximum.

KINETICS

The PS 4500/PB 960 System

It proved impossible to follow the early stages of spinodal decomposi­

tion in this system. Over no time period was the correlation length 

(Dm) time independent and not surprisingly plots of Ln (scattered 

intensity) against time were non linear, even for very shallow quenches 

into the spinodal Typical I(Q) plots are shown in Fig. 23 and a 

typical scattering pattern in Fig. 24. Although the initial time inva­

riant correlation length must be shorter than the first correlation 

length observed, it is unlikely to be much shorter. The indication is 

that it must be much larger than predicted by van Aartsen64.
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T -T _ 1
Dm = 2nX [3 -|---] 5

s

The value of 1 will be approximately 25A for this system giving an 
expected value of Dm of 720A at 8 8 °C.

Russel et al86 have also studied phase separation in oligomers. They 

demonstrated using real time SAXS experiments that the scale of phase 

separation was greater than 897A and in fact occurred on a range acces­

sible to SALS. A plot of the correlation length against log time is 

shown in Fig. 25. At no stage is the plot linear. Similar results 

were found by Snyder et al^08 with polystyrene/poly(vinylmethylether) 

mixtures. They claimed their results demonstrated that no distinct 

coarsening mechanism was taking place during the late stages.

The PS 1460/PB 2660 System

Two small angle techniques NS and SALS were used to study the demixing 

process. The SANS samples contained a small proportion (less than 10%) 

of a deuterated polybutadiene. Deuteration is known to affect the 

phase boundaries in these mixtures l18; however the small proportion of 

deuterium added had no significant effect on the measure/yof cloudpoint

curve.
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Preliminary SALS studies demonstrated that off critical quenches just 

into the spinodal could not be performed quickly enough to prevent 

significant nucleation and growth taking place, particularly with mix­

tures containg less than 70% by weight PS. Nucleation and growth is 

presumably aided by the large metastable gap between the binodal and 

spinodal arising from the sharpness of the spinodal curve, as well as 

the high mobility of the system.

For these reasons only quenches at 70% PS and deep quenches at 80% PS 

were studied. The cloudpoint curve for this system is at a much lower 

temperature than the PS 4500/PB 960. Furthermore, the critical compo­

sition is towards the PS component with the higher glass transition 

temperature. Applying the Fox equation^ 6 as below and assuming glass 

transition temperatures of 80°C and -60°C for polystyrene

1
TgAB

♦a , 1_*
TgA Tg

YA
Tg,

TgT

TgAB

= weight fraction polymer A

= the glass transition temperature polymer A 

= the glass transition temperature polymer B

= the glass transition temperature of the mixture.

and polybutadiene gives a glass transition for the 70% PS composition 

of 21°C. This value is close to spinodal temperature suggesting that
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the mobility of this mixture may be low within the spinodal and enable 

the study of the early stages of phase separation. The glass transi­

tion is plotted as a function of composition in Fig. 21.

SALS Experiment

The SALS study was carried out with the 70% PS composition only. At 

early times the scattering maximum was at a fixed angle and the scatte­

red intensity grew exponentially in agreement with predictions of the 

C/H theory. A typical plot of Lnl(Q) against time is shown in Fig.

26.

The time period over which the plot is linear is sufficiently long to

be able to neglect the temperature jump time (5-10s) and to get a large »
number of points on the linear portion. At later times the intensity 

no longer grew exponentially and the peak position moved to smaller 

angles and became sharper (Fig. 27). The initial correlation length 

(Dm) is clearly the order of a micron and also temperature dependent, 

decreasing with increasing quench depth into the spinodal (see Table 

11). The correlation length is clearly much larger than predicted by 

van Aartsen's expression. Despite this the observed temperature depen­

dence is qualitatively predicted by the theory. Values for R.(Qm) Qm

and D are also listed in Table 11. The order of magnitude of D 
-13 2 -1

(=10 cm s ) compared with values for high molecular weight blends of
— —10 —13 2 —1PS/PVME* 0 6 , 8, 89 (D = 10 .—  10 cm s ) seems too small. However,
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these latter measurements were taken at much higher temperatures and 

well above the glass transition temperature of the system. Comparison 

with measurements of diffusion coefficients of polystyrene oligomers^ 

at similar temperatures suggest the magnitude of D is reasonable.

Russel et al86 found D also to be about 10 cm s for an oligomeric 

PS/PB system but at much higher temperatures and well above the glass 

transition. It seems likely that Russel et al88 were therefore not 

following the early stages of phase separation, especially as they were 

only observing the high Q portion of the scattering pattern.

Cahn1*1* predicted that the plot of the Cahn-Hilliard diffusion 

coefficient (D) against temperature should be linear and extrapolate to 

the spinodal at D = 0 enabling the spinodal to be determined from the 

two phase region of the phase diagram. Such a plot is shown in Fig. 28 

and is not linear. The decrease in D for deep quenches is suspected to 

arise from a reduction in the interdiffusion coefficient as the glass 

transition is approached since:

D = M -Mf- 
d4>

Cahn assumed M to be independent of temperature.

2An alternative method for determining the splinodal is to plot Qm 

against temperature the plot should be linear with an intercept at Qm^
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= 0 corresponding to the spinodal. Despite the fact the Qra cannot be
2determined precisely a plot of Qm against temperature is shown in Fig. 

29. The plot does not extrapolate to zero at the spinodal. This could 

be explained by:

1. The radius of gyration of the component oligomers being 

temperature dependent;

2. The thermodynamics of miscibility not being modelled accurately 

by Flory-Huggins theory.

The cut-off wavevector Qc is byond the resolution of the SALS 

instrument, but is greater than /2.Qm, the predicted value from the C/h 

theory.

Plots of the correlation length (Dm) against log (time) are shown in 

Fig. 30. At no time does Dm follow any power law behaviour typical of 

the coalescence or Ostwald ripening mechanism, nor does it grow 

exponentially as predicted by Mcmaster^.

SANS experiments

Sharp temperature jumps could not be performed with the large mass of 

sample and thick walled quartz cells used in SANS experiments. A typi—
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cal temperature-time profile for a deep quench is shown in Fig. 19.

For this reason only deep quenches with the 80% by weight polystyrene 

composition were studied. A scattering maximum was observed (Fig. 31) 

at low Q corresponding to a correlation length of 1230A. The peak 

became sharper and moved slowly to smaller angles with time. Plots of 

Ln scattered intensity against time were non-linear. This is not sur­

prising considering the thermal history of the sample. The correlation 

length is approximately that predicted by the van Aartsen expression 

assuming the interaction length X to have an identical value to the 

previously studied 70% PS composition.

The cut-off wavevector Qc is approximately 1.71 x 10 ^A Clearly 

this value is greater than /2.Qm. Using the expression below first

derived by Park**9, that takes into account the thermal fluctuations
)

considered by Cook4+8

Qm _ rTs—T -|—5 
Qc L 2Ts -*

and taking Ts as 313K and T as 273K gives a predicted ratio of 0.255 
for Qm/Qc, compared with the actual value of 0.275. The agreement is 

surprisingly good considering the poor thermal quench. Russel et al86 

found values of Qc in their SAXS experiments on a very similar PS/PB 

oligomer system that were apparently temperature dependent. This is in 

contradiction to the modified expression of Park. The values found by
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- 2  -1Russel et al were in the range 2.4-3.3 x 10 A . Our value of 1.71 x 
-2 -1

10 A is smaller but for a slightly lower molecular weight mixture.

ETHYLENE VINYL-ACETATE COPOLYMER/SOLUTION CHLORINATED POLYETHYLENE 

(EVA/SCPE)

DETERMINATION OF PHASE BOUNDARIES

Originally an attempt was made to study phase separation in commercial

chlorinated poly(ethylene)/ethylene vinyl-acetate copolymer mixtures.

Homogenous blends could not be obtained; partial phase separation

occurred during solvent casting and crystal spherulites roughly 0.5pm

in size were observed by light microscopy. Phase separation in these

inhomogeneous blends appeared to take place by two mechanisms (Fig. 32). 
»

The structure of the solvent cast blends was very variable and had an 

influence on the phase separation process. The study of phase separa­

tion in these blends was terminated and laboratory prepared SCPE/EVA 

blends were investigated instead.

Cloudpoint curves for SCPE50/EVAif5 and SCPE50/EVA^° were determined 

using the turbidimeter. These are shown in Fig. 33 and agree with 

previously published results. Subsequent SALS experiments demonstrated 

these blends to have undergone partial phase separation, particularly 

with the lower vinyl-acetate content copolymer, EVA40 at high SCPE
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weight fractions. The EVA and the SCPE both have a broad molecular 

weight distribution and it was thought that a small amount of high 

molecular weight polymer could be causing the partial phase separation. 

Molecular weight fractionation was carried out in order to overcome

this problem, as well as other potential problems associated with a 

polydisperse system. Homogenous blends across the whole composition 

range could only be formed with the lowest molecular weight fraction of 

the SCPE50. This was the fifth fraction obtained and is therefore 

labelled SCPE50/5. All the subsequent studies were carried out using 

this fraction with EVA1*5/3.

The phase boundary was measured using the SALS instrument and carrying

out isothermal experiments as described in Chapter 9. The phase boun-
»

dary is shown in Fig. 34. In contrast to the PS/PB oligomers, in all 

cases where phase separation took place a scattering maximum was obser­

ved. The implication of this is that the experimentally determined 

phase boundary corresponds to the spinodal and not the binodal. Nucle- 

ation and growth is probably strongly suppressed in this system because 

of (1) the low mobility due to the highly branched EVA, (2) the 

closeness of the phase boundary to the glass transition temperature of 

the SCPE, at high SCPE weight fractions. The phase boundary has a 

lower LCST than the polydisperse system from which it was fractionated, 

despite the reduced molecular weight of both components. There are two 

possible explanations for this:
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1. Previously determined phase boundaries are kinetically shifted 

to higher temperatures, because the higher average molecular 

weight in the unfractionated blends reduces the mobility.

2. The fractionation procedure has fractionated not only the basis 

of chain length, but also on the polarity of the polymers, thus 

on the chlorine content of the SCPE50 or the vinyl-acetate con­

tent of the EVA45. This could only occur if the chlorine and 

vinyl-acetate are non-randomly distributed among the polymer 

chains. This seems unlikely for the SCPE but potentially possi­

ble for the EVA.

A careful elemental analysis was carried out on both the SCPE fractions

and the EVA fractions. The results are presented in Tables 12 and 13

and show no evidence of fractionation on the basis of vinyl-acetate or
)

chlorine content. Thus there appears to be a strong kinetic effect on 

the phase diagram determined previously for the unfractionated blends.

The minimum of the phase diagram is at*high SCPE weight component as 

expected on the basis of the combinatorial entropy terms. The phase 

boundary of this system is very similar to that of poly(vinylchloride) 

/EVA blends that always exhibit greater miscibility at high EVA weight

fractions.
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KINETIC EXPERIMENTS

Preliminary studies by SANS and SALS showed this blend system to phase 

separate only in the Q range accessible by light scattering so phase 

separation was followed using the purpose-built light scattering inst­

rument described in Chapter 8 . Kinetic experiments were carried out as 

outlined in the experimental section. Within the phase boundary plots 

of Ln (Intensity) against time were initially linear (Fig. 35) provid­

ing the rate of phase separation was fairly slow and the early stages 

could be followed. At high SCPE concentrations Jin (Intensity)-time 

plots were initially linear over a 20°C temperature range. This data 

confirms that the measured phase boundary is the spinodal.

Unlike studies on PS/PVME blends *06, * a temperature dependence of the
)

initial correlation length was found in this polymer mixture for compo­

sitions high in EVA. Compositions containing large amounts of SCPE had 

initial correlation lengths that were independent of temperature. 

Temperature dependence of the initial correlation length has been found 

in studies of spinodal decomposition in UCST systems and is normally 

called quench depth dependence. It is the theoretically expected beha­

viour since:
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The d2G/d<t>2 terra would be expected to increase the further you go into 

the spinodal. Thus the initial correlation length reflects d2G/d<j>2, 

the thermodynamic driving force for phase separation. The initial 

correlation length does decrease as T-Ts increases for EVA concentra- 

tionJgreater than 46% EVA. Data for the quench depth dependence of Dm 

for several concentrations is shown in Figs. 36 and 37. van Aartsen's 

equation (equation IS, p. 19) fits the observed data well providing a 

value for J£, the interaction length is arbitrarily chosen. The exact 

mathematical definition of Z is unclear, but it should be the order of 

the radius of gyration of the polymer molecules. The values of Z 

required to fit the experimental data are much larger than even the 

radius of gyration of the highest molecular weight component, the EVA. 

Values for Z are given in the caption of Fig. 36. The magnitude of Z

does however increase as the EVA content of the blend increases.
)

Nishii et al®^ also used a value for Z much greater than the radius of 

gyration in their study of phase separation in PS/PVME blends.

It has been postulated that phase separation in many polymer blends is 

brought about by the dissociation of a specific chemical interaction 

and a subsequent reduction in the favourable enthalpy of mixing term.

A Fourier transform infra red study of the carbonyl stretching fre­

quency in EVA/SCPE blends provides evidence for a hydrogen bond speci­

fic interaction that dissociates as the temperature is raised^3S. The 

data taken from this study is shown in Fig. 11. As the phase boundary
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is crossed the carbonyl stretching frequency shifts dramatically. 

However, above 100°C there is no further change indicating that the 

hydrogen bonds have completely dissociated.

Heat of mixing measurements with oligomer analogues show a marked 

reduction in the enthalpy of mixing as the temperature is raised* ̂ . 

This data is shown in Fig. 10 and provides further evidence for the 

dissociation of a specific interaction.

The quench depth dependence is only observed from about 95°C upwards 

(Figs. 36 and 37) indicating that the effect of temperature on the AS 

term is now the most likely driving force for phase separation. The
Aconcept of entropy driving the phase separation in LOST phase diagram 

implies that the entropy must be unfavourable towards mixing, i.e. it
i

must be negative. This is disturbing at first sight. However, the 

following expression is routinely used*^5 for the entropy term in the 

equation of state approach to modelling phase boundaries.

-TAS =RT (n. lmj).+n lmj) ) + 37Nv* {<j>. P, *T. In +M 1 1 Z 2 k 1 1 1

[(V1/3-l)/(v /3-l) ] + 4>2P2*T2ln[(v21/3-l)] - 7Nr*

f  4>I (j)2 TQ12
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The last term is included in the entropy of mixing term in order to fit 

the experimental data, where Q is the empirical interaction entropy 

parameter that reflects the change in entropy due to the interaction of 

unlike segments during mixing. Q is therefore very unlikely to be 

negative resulting in AS being negative.

There are four possible reasons why no quench depth dependence of the 

initial correlation length is observed in blends with a high SCPE con­

tent. They are:

(1) The specific interaction in this blend could dissociate over a 

narrow temperature range resulting in a large reduction in the 

enthalpy of mixing. In this case the phase separation will be 

driven not by the entropy term, but by the enthalpy of mixing 

term. No prediction can then be made as to how the initial 

correlation length will vary as a function of temperature.

(2) There is some structure in these blends or on the surface of the 

coverslip that preferentially favours a given particle size.

(3) The value for the interaction length i which is related to the 

radius of gyration is temperature dependent. Studies of poly- 

mer/liquid systems have shown^57 that the radius of gyration of 

polymer molecules reduce as the co-existence curve is approached
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and the liquid becomes a poorer solvent for the polymer. The 

calculated amount 1 would have to change by as a function of 

temperature within the spinodal is shown in Fig. 38 assuming the 

phase separation is entropically driven.

(4) The phase boundary could possibly be at a much lower temperature 

than shown in Fig. 34. At large values of AT, i.e. for a deep 

quench the initial correlation length will be almost insensitive 

to temperature.

Since there appears to be a smooth transition on going from quench 

depth behaviour to no quench depth behaviour the second explanation 

seems unlikely. The phase boundary would have to be at 20°C for the 

fourth explanation to be valid which is not credible. Neutron scatter­

ing s t u d i e s 8, 159 of the radius of gyration of polymer molecules in 

polymer mixtures have so far only demonstrated a slight coil expansion 

or contraction with respect to the homopolymer melt. It seems unlikely 

therefore that such a large change in the radius of gyration could 

occur to account for the third explanation. The most probable explana­

tion is therefore the first one.

Growth rates of the fastest growing wavevector, K(Qm) obtained from the 

slope of In intensity against time plots are given in Tables 14 to 18. 

Also shown are the values of Qm and the calculated values of the Cahn- 

Hilliard diffusion coefficient, D. If the mobility of the polymers
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does not change significantly with temperature and the phase separation 

is brought about by the entropy term, the plot of D should be linear 

and extrapolate to the spinodal at D = 0. This has recently been 

demonstrated by Snyder et al^°® and by Hashimoto et al^ * 5 for PS/PVME 

blends. Plots of D against temperature are shown in Figures 39 and AO 

for EVA/SCPE blends. The extrapolation back is reasonable for EVA rich 

compositions 55% EVA and 59% EVA. Least square fits giving values for 

the intercepts of 100°C and 116°C compared with the temperature of the 

spinodal at 95°C and 113°C respectively. The data for the SCPE ricn 

compositions give nonlinear plots. For example the 24% EVA composition 

is shown in Figure 40 and a least squares fit gives an intercept of 

70°C compared with 53°C. The nonlinearity probably results from two 

causes:

(1) The quench depth dependence is not modelled by equation 1-5, 

p.15., the wavevector maximum will therefore be larger than 

expected for small values of AT and since D is calculated by

This will lead to a lower value of D being obtained for small AT

values.
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(2) As the temperature increases the mobility term M also 

increases and since

52G
d(J)2" 2B Ts-T 

v Ts 1

where B is a constant 

and

3l. I) = 2BM (-jy ~-T)

Equation 31 is analogous to the proposed scaling relationship for U  

i .e.

D a (Ts-TTs

Snyder et al found y* to^approximately equal to one for PS/PVME blends 

as predicted by the linearized Flory-Huggins/Cahn-Hilliard model des­

pite observing no quench depth dependence of Dm. These results are in 

stark contrast to the exponential WLF behaviour found normally for 

polymer diffusion where y* would not be a constant and to the results 

shown earlier on PS/PB oligomers.
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Hie correlation length was always found to be time independent during 

the period that Lnl against time was linear. In most cases the wave- 

vector cut-off, Qc was beyond the range of the instrument; in all cases 

Qc }  /2xQm as was found in PS/PB oligomer mixtures. For shallow quen­

ches into the spinodal and particularly around 20-40% EVA, the scatter­

ing maximum was very broad, probably as a result of Qc Qm and pos­

sibly the very low mobility of the system.

EVA rich compositions near to the spinodal have a wavevector cut-off Qc 

within the range of the instrument, this is shown in Fig. 41. Qc } 

/2.Qm but not as large as predicted by Park4*9. If the phase separation 

is entropy driven and thermal fluctuations are also included then Park 

showed that Qc should remain fixed whilst only Qm should alter. In 

contrast neglect of thermal fluctuations results in both Qc and Qm 

changing with temperature since their ratio is fixed. Slightly deeper 

quenches into the spinodal result in Qc moving to higher Q and out of 

range of the instrument in contradiction'to Park's expression. A study 

of the temperature dependence of Qc by SANS in conjunction with a SALS
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study of Qn̂  might be useful in deciding whether thermal fluctuations 

should be included in the theory.

Plots of R(Q)/Q2 against Q 2 should be linear according to C/H theory 

(equation 6 ) and extrapolate to the apparent diffusion coefficient of 

the system at Q2 = 0. Such plots are shown in Figures 42 and 43. in 

all cases there is a marked deviation from linearity, as found for many 

other systems. During the late stages the correlation length increases 

and the scattering peak sharpens. Typical I(Q) plots are shown in 

Figs. 44 and 45. It was noted that the correlation length grew more 

rapidly for the polymer mixtures with high proportions of SGPE. This 

is clearly seen when Figs. 46 and 47 are compared. The 13% EVA compo­

sition shows a much faster growth of Dm than the 46% EVA composition 

for similar quench depths and temperatures. It appears that the SCPE 

is much more mobile than the EVA despite its much higher glass transi­

tion temperature, presumably the greater mobility arises from the lower 

molecular weight of the SCPE and the branched nature of the EVA. The 

higher proportion of SCPE in the 13% EVA composition results in Dm 

growing more rapidly than in the 46% EVA composition.

The late stages of spinodal decomposition are normally regarded as 

being entirely separate from the early stages. Distinctly different 

mechanisms are believed to take place such as Ostwald ripening, coales­

cence and viscous flow, most of which predict power law behaviour. No
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evidence of any power law behaviour was found for Dm at any temperature 

or composition. Typical plots are shown in Figs. 46 to 48. This could 

indicate that Ostwald ripening coalescence and viscous flow mechanisms 

do not take place, or that they all take place with no one mechanism 

dominating.

LIGHT MICROSCOPY

Differential interference microscopy was used to study the blends 

before and after heat treatment. An interconnected morphology with a 

diffuse interface was observed at early times (Figs. 49 to 50). Later 

the wavelength of the system becomes longer and the interface sharper. 

An interconnected structure has often been cited as evidence for spino- 

dal decomposition having taken place; however interconnected structures 

can arise from nucleated systems, the additional presence of a diffuse 

interface provides much stronger evidence for spinodal decomposition.

At temperatures very close to the spinodal at high temperatures, for 

example compositions with 59% and 62% EVA, a dispersed phase with a 

sharp interface was observed intermingled with an interconnected mor­

phology (Fig. 50). It appears therefore that significant nucleation 

and growth takes place close to the spinodal at very high temperatures 

where the system is fairly mobile. Points where an interconnected 

morphology with a diffuse interface were observed are plotted on the

phase diagram and provide additional evidence for the measured boundary
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being the spinodal. Unfortunately, close to the phase boundary at low 

temperatures there was insufficient contrast to observe any morphology 

by microscopy.

One surprising observation was that the interconnected morphology was 

still seen during the time period that the correlation length grew 

dramatically (Fig. 51) explaining why the power law behaviour expected 

from Ostwald ripening and coalescence mechanisms was not found.

Deep inside the spinodal nucleation and growth could still take place 

providing a suitable nucleus is present. Nucleation can be seen in 

Fig. 53 and has clearly initiated from a heterogenous particle. Fig. 

52 shows the same sample at a point well away from the heterogenous 

particle; the interconnected morphology typical of spinodal decomposi­

tion can be seen. Note the large size of the domains formed by nuclea­

tion and growth compared with the small domains formed by spinodal 

decomposition.
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POLY(METHYLMETHACRYLATE)/SOLUTION CHLORINATED POLYETHYLENE MIXTURES

Introduction

A full analysis of the dynamics of phase separation in polymethylmeth­

acrylate) /solution chlorinated polyethylene blends is hindered at pre­

sent because of insufficient data. Experimental time for SAXS and SANS 

was limited because of the high demand for these techniques. The data 

analysis is complicated by the polydispersity of the SCPE (Mw/Mn =*

6.5), that may give rise to a range of diffusion coefficients and inte­

raction lengths. Molecular weight fractionation is presently being 

carried out to eliminate these complexities in future experiments. 

Despite the limited data, particularly for the early stages, the 

results are of interest because the scale of phase separation is much 

smaller than has been previously observed in any other polymer mixture. 

For this reason the results will be presented here.

Two different chlorinated polyethylenes were studied because fully 

deuterated poly(methylmethacrylate) was not available initially and in 

order to get reasonable contrast with neutrons the level of chlorina­

tion of the polyethylene had to be increased (see Table 2).

Determination of Phase Boundaries

Both SAXS and SALS were used to determine the phase boundary of EMMA/ 

SCPE mixtures. Small angle light scattering determinations using the
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turbidimeter did not show a sharp discontinuity in the plot of the 

scattered intensity at 45° as a function of temperature. This resulted 

in a large error in the cloudpoint curve. The ill-defined cloudpoint 

was thought to arise from the poor refractive index difference between 

the component polymers. However, it was later found that the phase 

separation initially occurs on a scale smaller than can be observed by 

light scattering. The phases slowly grow to light scattering dimen­

sions, resulting in a gradual increase in the scattered intensity. The 

experimentally determined phase boundaries for PMMA/SCPE^7 and PMMA/ 

SCPE^2 are shown in Figs. 54 and 55.

Small angle X-ray scattering was used to study phase separation in this 

blend and showed the initial scale of phase separation to occur on a 

submicron level. Because both component polymers have almost identical 

glass transition temperatures the phase boundary cannot be determined 

by any method that involves measurement of a glass transition. Small 

angle X-ray scattering was therefore used to determine phase bounda­

ries. A Kratky camera was used and the procedure is outlined in the 

Techniques section. This was a rapid though not ideal method for 

determining phase boundaries, becuse of the limited range of the Kratky

c a m e r a  ( d  = 3 0 0 A ) ,  p o o r  r e s o l u t i o n  a t  s u c h  l a r g e  s p a c i n g s  a n d  s l i t  
m a x

smearing. Samples heat treated at high temperatures frequently exhibi­

ted almost no small angle scattering compared with samples heat treated 

at a lower temperature for an identical time period. Studies on the
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same samples at the SRS (Daresbury) where the small angle camera has a 

resolution of about 1 3 0 0 A  showed this effect to be due to the correla­

tion length increasing with time faster at higher temperatures and the 

peak going out of the range accessible to the Kratky camera.

The SAXS measured phase boundaries are lower than those determi­

ned by SALS indicating that the initial domains take a long time to 

grow to light scattering dimensions. Both phase boundaries are close 

to the glass transition temperature of the blend. The glass transition 

temperature as a function of composition is calculated according to the 

Flory-Fox equation and shown on Figs. 54 and 55. Because the observed 

phase boundaries are so close to the glass transition temperature they 

can only be regarded as an upper limit to the phase boundary. The fact

that PMMA/SCPE6  ̂and PMMA/SCPE^ blends showed partial miscibility was
>

surprising since Chai^60 claimed that SCPE with 62% by weight chlorine 

was completely miscible with PMMA. Originally it was thought that 

Chai's conclusion was wrong since he utilized differential scanning 

calorimetry to show only a single glass transition and there is only a 

small difference in the glass transitions of the two polymers. How­

ever, subsequent studies of PMMA/ SCPE65 blends using both SAXS and 

SANS showed this system to be completely miscible. Thus there appears 

to be a window of complete miscibility of PMMA with SCPEs having a 

degree of chlorination of about 62%.
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The phase boundary for the PMMA/SCPE72 system determined using the 

small angle Kratky camera is shown in Fig. 55. Unfortunately, homoge­

nous blends could not be cast at high PMMA weight fractions, so the 

phase boundary is ill-defined in this region. The phase boundary 

appears to be slightly higher than that for PMMA/SCPE^ blends; this 

could be real or a kinetic effect due to the higher glass transition 

temperature of the SCPE72.

It is clear from these results that there has to be another term 

besides that of the specific interaction term emphasised by Chai^2  ̂

which is of importance in determining the miscibility of PMMA and SCPE, 

particularly at high degress of chlorination.

Deuterating the poly(methylmethacrylate) appears to have very little 

effect on the observed phase boundary in contrast to polystyrene/poly- 

(vinylmethylether) blends. Deuteration would be expected to move the 

phase boundary to higher temperatures, the slight movement to lower 

temperatures observed may well result from the slightly higher molecu­

lar weight of the PMMA and a small change in its tacticity. For exam­

ple, the miscibility of poly(vinylchloride)/PMMA blends is heavily 

dependent on the tacticity of the PMMA*61, isotactic PMMA being comple­

tely immiscible whilst syndiotactic is fully miscible.
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Preliminary Studies

Preliminary studies showed the original polymer blend films prior to 

heat treatment to exhibit very little small angle scattering by light 

X-rays or neutrons and they were therefore assumed to be homogenous 

blends. Occasionally a very small peak at very low Q (=; 10 was

observed by SANS (Fig. 58). However its intensity was low and since it 

was not in the Q-range where phase separation initially took place it 

can be safely ignored. It is thought to result from microvoids in the 

solvent cast film.

Confirmation that small angle neutron and X-ray scattering were obser­

ving phase separation and not void formation due to solvent left over

from the preparation could not be obtained by conventional methods of
)

determining two distinct glass transitions, since both polymers have 

almost identical glass transitions. However, poly(methylraethacrylate) 

/solution chlorinated polyethylene blends where the chlorinated poly­

ethylene has a lower degree of chlorination, 54.5%, show two distinct 

glass transition temperatures-*-62 as well as a short correlation 

length*-63 after heat treatment in the two phase region. Transmission 

electron microscopy of some of the phase separated samples studied by 

SANS was undertaken. Although both polymers are not very stable to 

irradiation by the electron beam and the contrast was poor, phase sepa­

ration was clearly seen and the size of the domains observed agreed 

approximately with the peaks in the appropriate I(Q) plots. Typical
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microgra/hs are shown in Figs. 56 and 57. The I(Q) plot for the sample 

shown in Fig. 56 is Fig. 58.

Farther evidence that a phase separation of the component polymers was 

being observed is that blends of PUMA/SCPE^ ** were found not to phase 

separate at all by SAXS and SANS. If voiding due to residual solvents 

was causing the apparent phase separation then there is no reason why 

it should not also occur in PMMA/SCPE65 blends prepared in an identical 

manner.

COMPARISON OF SAXS AND SANS

Data was obtained both by SAXS at Daresbury and SANS at Grenoble on

phase separation of PMMA/SCPE blends. One quenched sample was studied
)

by both techniques, the intensity against Q plots obtained are shown in 

Fig. 7g . There is reasonable agreement between the two techniques, 

particularly at the maximum and on the low Q side of the maximum.

There is however a small significant difference between the two techni­

ques at high Q, which could arise from:

1. Errors in the subtraction of a large background from the SAXS 

scattering pattern;

2. Errors in the Q calibration of the* detector using the Bragg 

diffraction peaks of collagen;
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3. The fact that the SAXS instrument has a much smaller beam area

than the Dll camera and thus a small atypical part of the sample 

was viewed by the X-ray beam.

It is hoped to test this latter point when further time for SAXS 

becomes available at the Daresbury SRS.

The maximum wavevector Qm of Fig. 58 corresponds to approximately 600A 

or 0.06|im; this is interesting because the scale of phase separation is 

much smaller than predicted by van Aartsen (equation IS, pl9). Pre­

vious studies of phase separation in high molecular weight polymer 

mixtures have demonstrated the phase separation to occur only on a 

scale of approximately l.Opm. Very recently phase separation in two

high molecular weight systems PS/PVME161* and poly(ethylacrylate)/poly
)

(vinylidenefluoride) 165 has been studied by SAXS. In both cses there 

was no evidence of a scattering maximum.

There are several possible explanations for observing a short correla­

tion length.

1. This polymer blend is a mixture of two glassy polymers in cont­

rast to most polymer blends studied that are mixtures of two 

rubbers or a glass with a rubber. Just above the glass transi­

tion temperature of the blend, where phase separation occurs, 

the interaction length, X, is not the order of the radius of
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gyration, but much smaller because segments of the polymer chain 

are effectively immobile.

2. The specific interaction consisting of a hydrogen bond is still 

important in the two phase region and acts as a physical cross­

link preventing large scale phase separation.

3. The thermodynamic driving force for phase separation, the 

d̂ G/d<j)2 term is extremely large and since:

n 2 32gQm a W

a small correlation length results. It is conceivable that this

arises in part from the phase boundary being considerably below
)

the glass transition temperature and in part from the enthalpy 

of mixing term becoming rapidly unfavourable as the hydrogen 

bonds between the two polymers dissociate.

4. The scale of phase separation is constrained by entanglements 

and influenced by reptation. Theoretical studies by Binder, de 

Gennes and Pincus all predict short correlation lengths, the 

order of the radius of gyration for high molecular weight entan­

gled polymers undergoing spinodal decomposition.
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5. There is some structure within the polymer blend or on its sur­

face that causes the preferential heterogenous nucleation of a 

short correlation length.

The first explanation cannot be valid because mixtures of PMMA/SCPE^1*, 

where the SCPE has a lower degree of chlorination and lower glass tran­

sition temperature, also phase separate with a short correlation 

length. No evidence for or against the other explanations is available 

at present. The fifth explanation will be readily eliminated if the 

initial correlation length can be shown to be temperature dependent.

SMALL ANGLE X-RAY SCATTERING STUDIES

Linear Wire Detector Data i

Figures 59 and 60 show a series of I(Q) plots at different times. The 

peak position moves to lower Q vectors, whilst the intensity increases, 

and the peak becomes sharper, particularly on the high Q side.

Data for the growth of the correlation length as a function of log time 

for different compositions is shown in Figs. 61 to 65. At no stage is 

the correlation length time invariant so the early stages only last for 

a very short time even at temperatures just above the glass transition

temperature of the blend.
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Because of the short correlation length, the polymer molecules have to 

diffuse much shorter distances (=300A) than in, for example, PS/PVME 

blends where the correlation length is typically =ilO,OOOA and thus 

approach equilibrium much faster. It is also possible that the mecha­

nism of translational diffusion in polymer melts is different over the 

two different distance scales involved. Unfortunately, the fact that 

the early stages are not realised considerably hinders the interpreta­

tion of the data and particularly makes any observation of the quench 

depth dependence of the initial correlation length impossible since the 

correlation length is never time invariant.

There is however some circumstantial evidence for a quench depth depen­

dence. Figs. 62 and 63 do appear to show that the higher temperature 

data would extrapolate back to a shorter correlation length. Further­

more, samples containing 27% and 13% SCPE67 (Figs. 63 ad 64) do exhibit 

a significantly larger correlation length than do samples containing 

70% and 55% SCPE66 (Figs. 62 and 61) at a given time and temperature.

At a set temperature the quench depth (AT) is smaller for samples con­

taining 27% and 13% SCPE67 because the spinodal is higher at loo. SCPE 

weight fractions. This could reflect a quench depth dependence or a 

composition variation due to the low molecular weight tail of the 

SCPE. 7

As the temperature is raised the correlation length grows more rapidly, 

presumably as a result of the effect of temperature on the viscosity
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and on diffusion. Over no time period does the correlation length 

exhibit any power law behaviour, as might be expected from Ostwaid 

ripening, coalescence or viscous flow mechanisms. The 80% SCPE22 blend 
shows a significantly shorter correlation length at a given time and 

temperature (Fig. 65) than any of the PMMA/SCPE6  ̂ blends. The growth 

of the correlation length is also slower at a given temperature, thus 

the shorter correlation length could arise from viewing the phase sepa­

ration at an earlier stage. The slower growth of the correlation 

length probably results from the higher glass transition of the SCPE^2 

compared with the SCPE6'7.

Area Detector Data

Unfortunately most of the data obtained using the area detector and 

automatic time slicing was invalid because of the high count rate satu­

rating the detector. However, two runs using an identical sample and 

temperature did give a low enough count rate to get valid data. The 

sample used was a FMMA/SCPE72 mixture containing 80% SCPE22 at 126°C. 

I(Q) plots at different times are shown for both runs and are scaled to 

the intensity of the maximum intensity of the first run (Fig. 6 6). 

There is very good reproducibility between the two runs. However, 

despite the fact that the temperature is very close to the apparent 

spinodal for this composition, the peak position is never time invar­

iant and the intensity does not grow exponentially. It is possible 

that the phase boundary is much lower than originally thought and that
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the measured phase boundary corresponds to the onset of appreciable 

mobility above the glass transition. Thus there could be a very large 

thermodynamic driving force for phase separation resulting in a very 

short time period for the early stages where the scattered intensity 

grows exponentially.

SMALL ANGLE NEUTRON SCATTERING STUDIES

Quenched Sample Experiments

Quenched sample experiments were carried out with a PMMA/SCPE72 blend 

containing 80% SCPE72. Statistics were poor during the early stages 

due to poor contrast. The samples were not of identical thickness, so 

corrections to the data had to be carried out, and these were very 

inaccurate because of uneven film thickness. It was also suspected 

that some rehomogenisation of the phase separated blends occurred 

during quenching to room temperature. Fig. 67 shows a series of I(Q) 

plots for films of PMMA/SCPE72 heated at 127°C for different times. 

Fig. 68 shows a plot of Lnl(Q) against time. Clearly the quenched 

sample technique is not very satisfactory.

Real Time Experiments

In order to do real time experiments fully deuterated polymethylmeth­

acrylate) (PMMA(D)) was used. Only one composition was studied due to
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limited amounts of PMMA(D) being available. This composition was 55Z 

SCPE67 by weight.

Fig. 69 shows the correlation length as a function of log time for this 

sample at different temperatures. There is clearly a quench depth 

dependence of the initial correlation length, which remains approxima­

tely constant for a short time period at the lowest temperature 

studied. This demonstrates that the short correlation length is not 

originating from any structure in the solvent cast blends. Unfortuna­

tely the statistics at high Q vectors are not sufficient to be able to 

observe the wavevector cut-off Qc directly at these temperatures. It 

is suspected that at high temperatures the quench depth dependence is 

present, but cannot be observed because the time period over which the

correlation length remains constant is shorter than the time slicing
)

period of 1 0s.

Data for the growth of the correlation length as a function of log time

for the equivalent undeuterated PMMA composition studied by SAXS is

shown in Fig. 61. Compare Figs. 61 and 69. The growth process is

faster at a given temperature in the PMMA(D)/SCPE6 7 than in the PMMA/

SCPE67 despite the slightly higher molecular weight of the PMMA(D).

This difference probably arises from the slightly deeper quenches into

the spinodal for the deuterated system compared with the hydrogenous

system at a given temperature and suggests that during the growth stage
d2Gobserved phase separation is still being driven by the 'q^2" term. The
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classical view assumes that distinct coarsening processes are taking 

place when the correlation length starts to increase and there is no 

further phase separation. The data here suggests that this is not the 

case since the total integrated scattered intensity is still increasing 

during the observed coarsening providing strong evidence for the conti­

nued creation of new phase. Not surprisingly at no stage does the 

correlation length grow in a manner predicted by coalescence or Ostwald 

ripening theories.

Typical I(Q) plots are shown in Figs. 70 to 72 for the deuterated 

sample. The dominant features are the shift of the maximum in Q to 

lower values of Q with increasing time and the sharpening of the scat­

tering peak. The movement of the peak to lower Q and its sharpening 

apparently result initially from high Q vectors, small wavelength fluc-i
tuations ceasing to grow exponentially in intensity. This arises 

because the short wavelength fluctuations approach equilibrium faster 

than longer wavelengths and the nonlinear terms neglected by Cahn 

become important sooner.

Guinier plots of Lnl against Q2 were plotted and were not linear during 

the early stages. An example is shown in Fig. 73a. The nonlinearity 

could reflect the absence of distinct particles and therefore provide 

evidence against a nucleation and growth mechanism, or reflect a poly- 

disperse distribution of particles or aggregation of particles, or a 

spinodally decomposed structure.
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During the late stages however Guinier plots were linear (Fig. 73b). 

This could be a result of the smaller particles in a nucleated system 

disappearing at the expense of larger particles and therefore the par­

ticle size distribution becoming more monodisperse. Alternatively, the 

sinusoidal concentration gradients in a spinodally decomposed system 

could cause this effect by becoming more square wave-like with time as 

predicted by Hillert166.

Only at the lowest temperature studied (113°C) where the correlation 

length was initially time invariant did the scattered intensity grow 

exponentially. Typical Lnl(Q) against time plots are shown in Fig. 74. 

Plots of Lnl(Q) against time at 117°C are shown in Fig. 75. The ini­

tial slope of this plot was taken to obtain a lower estimate for k and

D. Values for Qm, R(Qm) and D are listed in Table 19. The values for
)

the Cahn-Hilliard diffusion coefficient in Table 19 are very low compa­

red with published values8 9 , 9 0, 1 02 for the PS/PVME blends that are in 
-10 -13 2 -1the range 10 -10 cm s . However, the values seem respectable con­

sidering the high molecular weight of both components and the close 

proximity of both temperatures to the glass transition.

The diffusion coefficient of poly(methylmethacrylate) has recently been 

estimated by Jud167 from fracture toughness studies of crack healing in 

compact tension specimens. Jud gives a value for PMMA (Mw = 1.23x10^,
___  ___  _  1 C  O  __ 1

Mw/Mn = 1.86) of 2.35 x 10 cm s at ll7°C. This value is comparable



152

to the Cahn-ILilliard diffusion coefficient obtained here for blends of 

PMMA and SCPE at 113°C and 117°C.

A plot of R(Q) against Q for the deuterated sample at 113°C is shown in 

Fig. 76. The cut-off wavevector cannot be precisely defined, but is 

greater than /2 Qm.

A plot of R(Q)/q 2 against Q2 should be linear and extrapolate to Dapp
Clearly this plot (Fig. 77) exhibits marked curvature and is in disag­

reement with the Cahn-Hilliard theory. This could arise from a wave 

vector dependent diffusion coefficient as proposed by de Gennes62 and 

Pincus6 ,̂ or be due to polydispersity. However, such curvature was 

also found for EVA/SCPE blends and PS/PVME blends where the correlation 

length is vastly in excess of the distance between entanglements.

Small molecule systems, e.g. glasses, also show such curvature and it 

therefore appears that this discrepancy arises from a deficiency in the 

original Cahn-Hilliard theory, possibly as a result of assuming regular 

solution behaviour.

One of the faults of all the studies of spinodal decomposition is the 

analysis of the data assumes a sinusoidal concentration fluctuation, 

thus effectively assuming that spinodal decomposition is taking place. 

Analysis of the data in terms of a particle model (thus assuming a 

nucleation and growth model) ideally should be carried out as well.
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Programs160,16y are readily available for the deconvolution of I(Q) 

into S(Q) and P(Q) . These programs were originally developed for char­

ged micelles170, 1 7 1 and have been used in a SANS study of the nuclea- 

tion and growth of ceramics172. Deconvolution of the scattering curve 

I(Q) was attempted for PMMA/SCPE kinetic data obtained by SANS. This 

approach was not very successful because a large range of particle 

diameters could be fitted to the experimental data for the following 

reasons:

1. Poor statistical accuracy of I(Q) scattering pattern particular­

ly during the early stages.

2. Broad diffuse peaks not being covered by the comparatively small 

Q range of Dll.

3. The loss of the low Q data particularly for the late stages when 

the statistics are good and the peak in I(Q) is sharper.

These problems cannot be overcome using the Dll camera without resort­

ing to quenched samples and measuring I(Q) over two adjacent Q ranges.

Deconvolution of the SALS data was not undertaken because of the limi­

ted number of experimental points and the lack of high Q data. The 

SAXS data covers a wide Q range, but is not in a suitable format for
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carrying out deconvolution readily and the subtraction of the large 

amount of parasitic scattering will distort I(Q) at very low Q. This 

approach of analysing the data in terms of a particle model is still 

felt to be worthwhile for good quality SAXS data or SANS data collected 

over a wider Q range.
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CHAPTER 11

DISCUSSION

Unlike small molecule mixtures, notably the extensively studied alumi- 

nium/zinc alloy system, the polymer mixtures studied here exhibit a 

well defined spinodal. The sharp spinodal boundary has been predicted 

theoretically by de Gennes and Binder. Binder also predicts that homo­

genous nucleation and growth will be suppressed in high molecular 

weight mixtures and this is indeed found to be the case in these expe­

riments. In the absence of any heterogenous nucleii, measured phase 

boundaries for the two high molecular weight blends studied (EVA/SCPE 

and FMMA/SCPE) correspond to the spinodal, whilst the measured phase 

boundary corresponds to the binodal in oligomeric mixtures of PS/PB .

EARLY STAGES

The early stages of the spinodal decomposition process cannot be fol­

lowed in polymer mixtures as readily as might be first expected. How­

ever, with the systems studied here the mobility of the blends could be 

reduced by moving the phase boundary to lie close to the glass transi­

tion temperature of the mixture (PS/PB and PMMA/SCPE) or by using a 

blend where diffusion by reptation is suppressed by chain branching 

(EVA/SCPE). In this way the early stages could be followed.
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During the early time period the following features predicted by the 

C/H theory were observed for the three systems studied.

1. Development of a scattering maximum.

2. Exponential growth of the most rapidly growing wavevector.

3. An approximately time invariant correlation length.

4. Observation of an interconnected structure with a diffuse inter­

face.

However, the C/H theory does not satisfactorily predict the wavevector 

dependence of the growth rate, nor the observed ratio of Qc/Qm which is 

always greater than the predicted value of /2.

These deficiencies of the theory could arise from neglect of the non-
i

linear terms, neglect of thermal fluctuations, or the invalid assump­

tion of the free energy/composition diagram being adequately described 

by regular solution theory.

TEMPERATURE DEPENDENCE OF THE INITIAL CORRELATION LENGTH

Cahn4*4, assuming a regular solution theory description for the free 

energy composition diagram and a purely entropic driving force for 

phase demixing, predicted that the wavevector maximum Qm would be given

by:
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Qm a [ Ts —T Ts J
L
2

This relationship was not found to be valid for the PS/PB system and 

most of the EVA/SCPE mixtures studied.

The possibility that the observed results could be explained by an 

increase in the dimensions of the polymer coils with increasing quench 

depth can be discounted because only slight coil expansion or contrac­

tion has been observed*58,* in polymer mixtures with respect to the 

corresponding polymer melt.

The assumption of a regular solution theory description for the free 

energy of mixing is questionable for polymers. Other descriptions for 

the free energy such as Flory-Huggins and Equation-of-State theories 

again assume an entropy driven phase separation and give rise to iden­

tical behaviour to that proposed by Cahn. Most high molecular weight 

polymer mixtures have thermodynamic behaviour dominated by specific 

chemical interactions and it is the dissociation of these interactions 

that is likely to drive the phase separation process.

Even with the PS/PB oligomer system that many workers regard as being 

modelled well by Flory-Huggins theory, evidence is emerging from neut­

ron scattering studies that the d^G/ 5<})2 term has a temperature depen­

dence much less than the 1/T expected on entropic grounds. This is in 

agreement with the data presented in this thesis on PS/PB oligomers.
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PREDICTION OF THE SIZE SCALE OF PHASE SEPARATION

None of the current theories for predicting the initial time invariant 

correlation length are satisfactory. The van Aartsen expression (equa­

tion 19) fails to predict the initial correlation length found for 

PS/PB oligomers where no chain entanglements can exist.

One of the two high molecular weight systems studied, PMMA/SCPE phase 

separates on a very small scale, which is in agreement with the theore­

tical predictions by de Gennes, Pincus and Binder that take into 

account the entangled nature of polymers. Whether the short correla­

tion length arises, in this system, from the presence of entanglements 

cannot be ascertained with certainty due to the limited data and the

polydispersity in molecular weight of the SCPE. A second prediction of
)

the theoreticians is that the Cahn-Hilliard diffusion coefficient 

should be the same order of magnitude as the reptation diffusion coef­

ficient of the mixture. The value for the Cahn-Hilliard diffusion 

coefficient of this system is indeed close to that for the reptation 

diffusion coefficient of poly(methylmethacrylate) calculated by Jud^67, 

thus providing some additional support for the entanglement theories.

The other high molecular weight polymer system studied EVA/SCPE phase 

separates on a scale comparable to that predicted by van Aartsen. In 

many respects this system is similar to the PS/PVME mixtures studied by
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Snyder et al88>90^107# Both systems exhibit quenched depth dependence 

of the initial correlation length at some compositions, but not at 

others. In each of these systems one component is close to the entang­

lement molecular weight and in the case of EVA/SCPE, the EVA is bran­

ched, therefore translational motion by reptation would not be favoured 

and the entanglement theories need not apply. However, the PS/PVrlE 

mixture studied by Hashimoto et al-'-^ has both component polymers above 

their entanglement values, yet the initial correlation length is still 

the same magnitude as the system studied by Snyder et al. It is possi­

ble that Hashimoto et al are observing the late stages of phase separa­

tion and the early stages where the correlation length is the same 

order of magnitude as that found in the PMMA/SCPE mixture only last a 

few tenths of a second.

i
It is also likely that the failure of the current theories to predict 

the size scale of phase separation arises again from the assumption of 

inadequate thermodynamic models for the phase behaviour. For example 

the small scale of phase separation observed in PMMj^CPE mixtures could 

result from the sudden dissociation of the specific interaction resul­

ting in a very negative d2G/dcj>2 term, whilst it is assumed in modelling 

the phase behaviour of this system that the enthalpy of mixing associa­

ted with the specific interaction is independent of temperature. Con­

versely, the larger than predicted correlation length in PS/PB oligomer 

mixtures could arise from x the thermodynamic interaction parameter
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having a temperature dependence much less than the 1/T expected from 

Flory-Huggins theory.

LATE STAGES

As phase separation proceeds the Cahn-Hilliard theory starts to break­

down very rapidly for two reasons:

1. Failure of the theory to take into account the nonlinear terms.

2. The d2G/5<j)2 term is unlikely to be constant during the phase 

separation process and if it has any meaning once phase separa­

tion has occured, it would be expected to become less negative 

as equilibrium is approached.

This results in the scattered intensity failing to continue to grow 

exponentially and the wavevector maximum moving to smaller angles. An 

interconnected morphology was still observed during the late stages for 

EVA/SCPE and PMMA/SCPE mixtures in contradiction to the theory proposed 

by Siggia^® and emphasised by Snyder et al^. These authors have 

emphasised that separate mechanisms occur during the late stages, that 

start with the breakup of the inferconnected structure into dispersed 

and matrix phases. The results of Snyder et al88,90,i07 may well be 

influenced by the thin films used. Studies on mixtures of small mole­

cules and of polymers^6 indicate that the. interconnected structure 

breaks down when the correlation length approaches the film thickness.
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Siggia emphasises the idea that the interconnected morphology breaks 

down, because mathematically the Cahn-Hilliard theory cannot be readily 

extended to late times. Mcmaster’s model for the late stages is quali­

tatively correct in that it assumes an interconnected structure. How­

ever, the data for the three systems studied does not agree with the 

predicted exponential growth. Hillert^^ extended the C/H theory by 

including more of the nonlinear terms and predicts that the correlation 

length will grow and the concentration fluctuations will become less 

sinusoidal and more square wave in nature. This prediction is in bet­

ter agreement with the results found for the three systems studied 

here.

POSSIBLE THEORETICAL DEVELOPMENTS

The linearized Cahn-Hilliard theory is a good first approximation in 

analyzing spinodal decomposition of polymer melts. The main deficiency 

in predictions of early stage behaviour of this theory and those theor­

ies based on it is the assumption of an entropy driven phase separa­

tion. It is hard to suggest simple ways of improving the C/H theory in 

a way that would be applicable to all systems. It might be useful to 

try and model a system in thermodynamic terms without resorting to 

using an entropy driving force to produce demixing. The current equa­

tion of state theories for modelling polymer-polymer miscibility uti­

lize a non-combinatorial entropy term in t>rder to achieve phase separa-
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tlon, whilst neglecting the fact that the heat of mixing term in most 

cases is not constant, but temperature dependent.

The C/H theory could be improved by replacing the regular solution 

description of the free energy of mixing with a more accurate descrip­

tion, in which the phase separation was brought about by a reduction in 

the heat of mixing. Comparing kinetic data with predictions of the 

modified theory could then be carried out to see if any improvement had 

been made.
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Table la Neutron Scattering Lengths for Carbon, Hydrogen, 

Oxygen and Chlorine

Element b x 10

lH -0.374

2H 0.667

12C 0.665

160 0.580

Cl 0.960

Table lb Summed Scattering Lengths (B) 

B = £t> i

Polymer BxlO

Deuterated PMMA (D) 9.82

Hydrogenous PMMA 1.49

SCPE72 3.02

SCPE67 2.38

SCPE61 1.73

SCPE57 1.53

SCPE50 1.08

Deuterium,

cm
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Table 2 Relative cross-sections (contrast) and time to obtain a

scattering pattern for hydrogenous and fully deuterated Poly 

(methylmethacrylate)s with a range of solution chlorinated 

polyethylenes

SCPE Contrast Time Contrast Time

with PMMA with PMMA(D)

SCPE72 2.33 60s 46.25 3.1s

SCPE67 0.79 180s 55.36 2.6s

SCPE61 0.06 2400s 65.46 2.2s

SCPE57 0.0013 30Hrs 68.74 2.1s

SCPE50 0.17 840s 76.40 1.9s



Table 3 Characteristics of Chlorinated Polyethylenes

Description Code Source Mw Mn Weight % 
Cl

Tg RFI

Commercial Chlorinated 
Polyethylene

H48 Dupont - - 48.0 - 1.49

Solution Chlorinated 
Polyethylene

SCPE50 Laboratory
Prepared

9.0xl05 1.4xl05 50.0 30°C 1.51

Fractionated Solution 
Chlorinated Polyethylene 
Fifth Fraction

SCPE50/5 Laboratory
Prepared

1.3xl04 l.lxlO4 50.0 30°C 1.51

Solution Chlorinated 
Polyethylene

SCPE67 Laboratory
Prepared

8.0xl05 1.2xl05 67.5 121 °C 1.51

Solution Chlorinated 
Polyethylene

SCPE72 Laboratory 8.8xl05 1.3xl05 72.0 144°C 1.51
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Table 4 Characteristics of Ethylene Vinyl-acetate Copolymers

Description Code Source Mw Mn Weight % 
vinylacetate

Tg RFI
#

Ethylene vinyl 
acetate copolymer

EVA45 ICI 1.2xI06 8.0xl04 45 CJ0OCN1 1.42

Fractionated 
Ethylene vinyl 
acetate copolymer

EVA45/3 ICI 4.0xl05 1.5xl05 45 -20°C 1.42

Ethylene vinyl 
acetate copolymer

EVA40 ICI - - 40 -20°C 1.40

# refractive indices calculated assuming mixture of Polyethylene and Polyvinylacetate
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Table 5 Characteristics of Polymethylmethacrylates)

Description Code Source Mw Mn la RFI

Atactic
Poly(methylmethacrylate)

PMMA Polysciences 8.4xl04 3.5xl04 107 °C 1.47

Atactic Deuterated 
Poly(methylmethacrylate) 
(> 98%)

PMMA(D) Laboratory
Prepared

9.6xl04 7.4xl04 107 °C -

178



Table 6 Characteristics of Polystyrene Oligomers

Description Code Source Hw Mn Tg RFI

Oligomeric PS1460 Polymer 1460 1340 80°C 1.59
Polystyrene Lab.

Oligomer
Polystyrene

PS4500 Polymer
Lab.

4500 4090 80°C 1.59 179



Table 7a Characteristics of Polybutadiene Oligomers

Description Code Source Mw Mn Zi RFI

Oligomeric
Polybutadiene

PB960 Polymer 
Lab •

960 1340 -60°C 1.50

Oligomer
Polybutadiene

PB2600 Polymer 
Lei) ♦

2660 2354 -60°C 1.50

Deuterated
Polybutadiene

98%

PB(D ) L.Fetters
Laboratory
Prepared

3260 2810 -60°C 1.50
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Table 7b Microstructure Polybutadienes

Code %CIS % TRANS % VINYL

PB2660 41+2 49+2 1012

PB960 39+2 5012 11+2

PBD 36+4 54+4 10+2

I

18L
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Table 8 Diode Characteristics

Parameter Typical Value

Sensitivity 60 mV //*.W/ cm^

Rise time 50yus
Fall time 50mS
Dark level

Temperature coefficient
159*.^C

0/P Noise Voltage lmV rms

Table 9 Stability of Laser Light Sources

He/Ne He/Cd

5s readings 100s readings 5s readings 100s readings

Mean S.D. Mean S.D. Mean S.D. Mean S.D.
n=10 n=10 n=10 n=10

1007 13 994 21 1002 33 1001 45



1

2
3

4

5

6
7

8
9

10
11
12
13

14

15

16
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Table 10 Errors in Diode Normalisation

He/Ne Laser He/Cd Laser
Mean S.D Mean S.D

530 21 773 38

537 12 775 29

508 9 744 31

593 39 837 22

594 23 844 41

598 21 850 19

601 33 857 35

614 12 662 21

489 19 705 43

553 23 765 27

555 17 794 41

573 41 807 23

598 23 842 41

537 17 752 39

571 18 800 53

537 26 757 17
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Table 11 R(Qm), U, Dm (Initial) and Qm as a function
of temperature for a mixture of PS 1460/
PB 2660 containing 70% PS

Temperature 5°C R(Qm)

(xl0_3s_1

D

(xlO ^cm^s

Dm(initial)

) (/tm)

Qm

(xlO"4^"1)

46.2* - - - -

43.4 0.85 -3.1 0.85 7.38

42.25 3.0 -10.8 0.65 9.66

42.0 3.75 -9.7 0.71 8.85

38.8 1.05 -2.2 0.65 9.66

35.2 1.10 -2.1 0.61 10.30

i
*The mixture does not phase separate at this temperature
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Table 12 Elemental Analysis of SCPE50 Fractions

Code Mh % Cl 
(Estimated i

SCPE50 1.4xl05 50.4

SCPE50/1 9.OxlO4 49.6

SCPE50/2 5.3xl04 49.1

SCPE50/5 1.OxlO4 51.8

Table 13 Elemental Analysis of EVA45 Fractions

Code ( Mn % Oxygen
Estimated errorPO

EVA45 8.OxlO4 18.9

EVA45/2 4.OxlO5 18.4

EVA45/3 1.5x105 18.3

EVA45/5 2.8xl04 19.4
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Table 14 Values for R(Qm), Qm and U for a mixture of

Temperature

°C

EVA45/3/SCPE50/5 containing 13% EVA

R(Qm)

(xl0-3s-1)

Qm

(xio^r1)

D

(xlO ^cm^s

54.4 2.38 9.13 -0.57

64.9 9.75 9.13 -2.33

70.1 21.0 9.13 -5.04

83.9 51.6 9.13 -12.24

Table 15 Values for R(Qm), Qm and 1) for a mixture of

eva45/3/scpe50/5 containing 24% EVA

Temperature R(Qm) Qm TT

°C (xl0~5s"-1) ( x i c r V 1 (cm^ s ^)

55.3 5.5 10.18 - 1.06xl0"14

63.8 32 10.63 - 5.66xl0-11

73.8 86 8.81 -2.22xl0"10

86.0 71 9.73 -1.50xl0“9

99.3 3900 9.73 -8.24xl0-9

99.9 5800 10.18 -l.llxlO-8
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Table 16 Values for R(Qm) , Qm and TJ for a mixture of

Temperature

°C

EVA45/3/SCPE50/5 containing 55% EVA

R(Qm)

(xl0~3s~*)

Qm

(xicr^r1)

IT

( x cm2s  ̂)

95.6 1.94 2.48 -6.30xl0'12

100.4 5.5-6.0 3.63-4.58 -5.72-8.34x10“12//

105.2 2.92-40.8 3,89-5.30 ~5.39-20.7xl0“12

106.0 10.9 2.66-3.14 -3 .08-2.21xl0-11

107.7 67.5 5.54 -4.39-x0~U

112.1 43.1 3.63-4.11 - 5.10-6.54xl0-11

116.0 130 6.01 - 7.19xl0-11

118.1 250 6.49 - 11.87xlO~U

// Experimental range of values
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Table 17 Values for R(Qm), Qm and D for a mixture of 

EVA45/3/SCPE50/5 containing 59% EVA

Temperature R(Qm) Qm IT

°C (xlO~3s_1) (x10"4A_1) (xlO"12cm2s"1)

117.6

126.2

128.0

129.7 

130.9

5.9 1.77 -3.75

14.6 1.70 -10.1

55 2.48 -17.9

30-44 3.63 -4.5-6.7

46.9 4.58 - 4.41
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Table 18 Values for R(Qm), Qm and IT for a mixture of 

EVA45/3/SCPE50/5 containing 62% EVA

Temperature R(Qm) Qm IT

°C (xl0-3s-1) (xlO-4^"1) (xl0“12cm2s_1)

138.1 4.25 1.21 -5.81

#143.3 > 7.0 1.70 >-4.84

# Ln(I) time plot not very linear early stages very short at this
temperature

Table 19 Values for R(Qm), Qm and D for a PMMA(D) 

SCPE^2 mixture containing 55% SCPE

Temperature R(Qm) Qm IT

°C (xl0-3s-1) (10“2A_1) (xl0_15cm2s"1

113 16.8 1.76 -1.1

117 32.3 2.20 -13.3



Fig.l Plot of the free energy of mixing as a function of
composition.
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Fig.2 Illustration of the Lattice Model showing the arrangement 
of small molecules on the Lattice C0) and the arrangement 
of polymer molecules ( •
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Fig.3 Schmatic illustration of the Reptation entanglement model of
Polymer diffusion showing a polymer chain trapped within its 
tub e.
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Fig.4 Polymer mixtures between spinodal points are unstable and can
decompose into two phases and ^2 without overcoming an 
activation energy barrier. Polymer mixtures between the 
binodal and spinodal decompose by nucleation.

Distance

Xi

Fig.5 Schematic composition profiles at increasing times in a 
polymer mixture (a) quenched into the spinodal region (Xo in 
Fig.4), (b) quenched into the metastable region (Xo Fig.4).
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Fig . 6 Computer simulation of an interconnected structure taken from
Ca hn.

Fig.7 Scattering diagram
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Fig . 8

Fig.9
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C = 0
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Illustration of a hydrogen bond specific interaction 
in an EVA/SCPE mixture.
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Fig.10 Heat of mixing of sec octylacetate and chlorinated octadecane
at three temperatures.

Fig.11 Shift of the carbonyl group stretching frequency in EVA. A 
is an 80/20EVA/SCPE blend and B is pure EVA. The stretching 
frequency shifts back to that of pure EVA on phase separation.
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Fig.12 Plot of glass transition temperature against percentage 
chlorination polyethylenes.

30 40 50 60 70 80
% C l

Fig .13 Schematic Illustration of the small angle light scattering 
instrument.



197

Fig.14 Optical arrangement of small angle light scattering 
Instrument - Sample Block.

i

C

Fig.15 Cross-section through sample block showing A = insulating 
Jacket, B = Sample Holder C = Entry Window, D -Exit 
window, E = Heaters, G = Thermocouple H = Probe for 
temperature control, I = Sample.
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Fig.16 Diode Array showing staggered arrangement of diodes.
A = diode B = centre mark. C = active area of diode.

Fig.17 Typical cloud point transition obtained using the 
Turbidimeter.
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F i g . 18 Sample H older f o r  R eal t im e  SANS e x p e r im e n ts .

Fig.19 Typical Temperature quench profile for PS/PB 
SANS experiments.
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Fig.20 Scattered intensity as a function of angle for compositions P 
and Q shown in Fig. 22 during cooling at 0.5°c Min-1.
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0 PS
Fig.21 Goud point curves-spinodals — and glass transition 

temperatures ---- for PS/PB oligomers.
■)

34 -

__l________.1__________ I_______ lS_i__________ l 
4 0 00 60 70 80

Weight % PS

Fig.22 Goud point curve and spinodal locus for the PS 1460/
PB 2660 system. The spinodal has been redrawn from Atkin 
e t a 1.
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Fig.23 A typical series of I(Q) plots at different times
within the spinodal for a PS 4500/PB.960 mixture, 64% PS 
composition at 9 9 .

Fig.24 Typical scattering pattern sometimes referred to as 
a "spinodal ring".
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Fig.25 The correlation length (Dra) as a function of log (time) for 
the PS 4500/PB 960 system.

TIME (S)

Ln I as a function of time for the fastest growing wavevector 
(Qm) at 43.5UC.

Fig.26
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Fig.27 Intensity against Q at various times after jumping into the
unstable region.
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Fig.28 Effect of temperature on D. Normally at temperatures 

away from the spinodal D is primarily dependent on the 
value of 6̂ G/6<{) , i.e. it should drop to zero at the 
spinodal temperature (marked by the vertical bar on the 
figure). However, as the temperature approaches the 
blend Tg ( 33°C) D falls again because of decreasing 
chain mobility.



Fig.29 A plot of Qm2 against temperature for the critical 
composition in the PS.1460 PB 2660 system.

L O G  T I M E ( S )

Fig.30 Time dependence of the correlation length, Dm for a 
PS 1460/PB2660 mixture containing 70% PS.



20 6 -

Fig.31 Typical 1(Q) plot obtained by SANS for a PS 1460/PB 2660 
mixture, SO/* composition quenched to 0°C.

Fig.32 Typical scattering patterns for EVA/SCPK. Note the 
maximum present in I(Q) at z e r o time.
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0  EVA

Cloud point curves for EVA*4 VsCPE"^ upper curve and EVA110/ 
SCPE^ 0 lower curve obtained using the Turbidimeter.

Fig .33
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0 EVA

Fig.34 Phase boundary and glass transition for EVA^ ̂ / ̂ /S CPE^ 0 / 
blends determined using the SALS instrument.
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Lnl

Fig.35 Plot of Ln (Intensity) against time for an EVA/SCPE 
blend containing 53% EVA at 106*C
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90 100 110 120 130 140 150 -160 170
Temperature fC )

Fig.36 The initial correlation length as a function of
temperature for EVA1* 5 / 3/SCPE 5 0/5. o = 55% EVA El =
59% EVA = 62% EVA. The dashed lines are the predicted 
initial correlation 1 eng ths van Aartsens equation
Dm - 2 ttL [ (3T-Ts) ]~^ 0

TS 1 - 80ClA 55% EVA 1 = 1000A
59% EVA and 1 = 1400A 62% EVA.
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60 70 80 90 100 110 120 130
Temperature CC)

Fig.37 The initial correlation length as a functon of 
temperature for EVA^^^^^SCPE^u^^ o = 50% EVA 
a = 46% EVA o = 24% EVA.
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Temperature (X)

Fig.38 Plot of the value of the interaction length 1 needed
to fit the initial correlation length data for a mixture 
containing 24% EVA to the van Aartsen equation.
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Fig.39 The Cahn-Hilliard diffusion coefficient plotted against 
temperature for an E V A ^ m i x t u r e  containing 
53% EVA.
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Fi g .40 The Cahn~Hi11iard diffusion coefficient plotted against 
temperature for an EVA h ̂  1 3/S CPE 53 0 / ̂ mixture containing 
24% EVA.
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Fig.41 Plot of the growth rate (R) against wavevector (Q)
for an EVA ^ /3/SCPE5075 mixture containing 55% EVA at 96
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Fig.42 Plot of R/Q2 against Q 2 for an E VA 4 J 7 3/S CPE 0 7 b 
mixture containing 55% EVA at IOC-} °c.
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Fig.43 Plot of R/Q2 against Q 2 for an EVA45/3/ SCPE50/i 
mixture containing 55% EVA at 107.7°C.

Fig.44 I (Q) plots at different times from an EVA** ̂ / 3/S CPE5 U ̂ J 
blend containing 55% EVA at 153.5
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Fig. A5 I (Q) plots at different times from an EVAl*')/3/ SCPE')0/b 
blend containing 1 3°< EVA at 8 3*3UC.

Fig. A 6 Plot of the ̂ corr el at ion length (Ora) against log time 
for an EVA J / VsCPE ̂ U 1 ̂ blend containing, A6‘A EVA at 
two t e mp e r a t u r e s X = 9 6.3 ’ c ' = 13 7'A (JC •



Log time (s)
Fig.47 Plot of the correlation length (Dra) against log time

for an EVA14 5'3/SCPE 5 07 5 blend containing 13% EVA at three 
temperatures 53.3°c, a = 64.9°c and o = 83.3°c.

Log time(s)
Fig.48 Plot of the correlation length ( m) against log time

for an EVA14 51 3/SCPERb 07 b blend containiong 55% EVA at two 
temperatures. Note the quench depth dependence x = 139*9°c. 
o = 115.9'c
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FI. CURE CAPTIONS FOR PHOTOMICROGRAPHS

Fig. 49

Fig. 50

Fig. 51

Fig. 52

Fig. 53

Fig. 56 

Fig. 57

Optical micrograph of an EVA/SCPE blend containing 
24% EVA heated for 300s at 90°C. Note the inter­
connected morphology.

Optical micrograph of an EVA/SCPE blend containing 
55% EVA heated for 300s at 100°C. Note the inter­
connected structure intermingled with a dispersed 
phase denoted by arrows.

Optical micrograph of an EVA/SCPE blend containing 
55% EVA heated for 900s at 100°C. Note the inter­
connected structure now has a larger wavelength.

Optical micrograph of an EVA/SCPE blend containing 
62% EVA heated for 300s at 137°C. Note the inter­
connected structure in contrast to Fig. 53 which was 
taken from the same sample but close to a heterogentooa 
particle.

Optical micrograph of an EVA/SCPE blend containing 
62% EVA heated for 300s at 137°C. Note the distinct 
particles surrounding the dust particles, (arrow).

6 7Electron micrograph of a thin section of a PMMA/SCPE 
blend containing 55% SCPE heat treated for 8s at 175 C.

Electron micrograph of a thin section made by 
copreciptation of a PMMA/SCPE^ blend containing 
55% SCPE then heat treated at 110°C for two hours.
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Fig. 49
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Fig. 53



•■>') 0

Fig.54 Phase boundaries determined using light scattering
o and small angle X-ray scatteringo(for the PMMA/SCPE6 7).
The dashed line represents the glass transition temperatures 
of the blend calculated using the Flory-Fox equation.

'PMrtA

Fig.55 Phase boundary determined using small angle Xray scattering 
for the PMMA/SCPE72 system. The dashed line represents the 
glass transition of the blend calculated using the Flory-Fox 
equation.
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Fig* 36

Fig . 37
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Fig.58 I (Q) plot obtained by SANS of
(A) the sample shown in Fig.56 prior to sectioning 
and (B) a sample prior to any heat treatment.

Fig.59 I (Q) plots determined by SAXS for a PMMA/SCPE67 
mixture containing ^ Z  SCPE at 140UC.
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Fig.60 I (Q) plots determined by SAXS for a PMMA/SCPE^
mixture containing 55% SCPE at 147°C.

Fig.61 The development of the correlation lengt, Dm
as a function of time for a hyd rogenous sample containing
55Z sa>K67. m-V’ c Cd), i«-o°c ( O ') ,  i3o“c c a ) .
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Fig.62 The development of the correlation length, Dm as a
function of time for a hydrogenous sample containing 
10% SCPE^at two temperatures ■= 130®C and • 140^0.

15-

(x I03A)

05-

15 20 25 30
LOG TIME (s)

Fig.63 The development of the
function of time for 

67

co r re la t ion'1 e ngt h, Dm as a
a hydrogenous sample containing0,27% SCPE0 at two temperatures * = 130UC •= 48UC
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Fig.64 The development: of the correlation length, Dm as a
function of time for a hydrogenous sample containing 
13% SCPE67 at 140°C.
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(x103A)

15 2 0 25 30
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Fig.65 The development of the correlation length Dm as a
function of time for a hydrogenous sample containing $0% 
SCPE72 at three temperatures. * = /30®c, * - inX>°C,
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Fig.66 SAXS I (Q) plots for the two samples of PMMA/SCPE72 
containing 80% SCPE72 at 126°C.

Fig.67 I(Q) plots determined by SANS from PMMA/SCPE72 blends
containing 80% SCPE72 quenched after different times at 127 Ĉ.
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Fig.68 Plot of Ln( Intens 11 y) against time for quenched samples of
PMMA/SCPE^ containing 80% SCPE at 127°C.

Fig.69 The development of the correlation length Dm as a
function of time for samples containing deuterated PMMA 
and 55% SCPE (SANS data) o = 150°c, •= 131°C ando =
113°c.
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Fig.70 SANS data showing I(Q) as a function of time for a
sample containing deuterated PMMA and 55% SCPE at 117^c 
•= 30s, o = 80s, 0 = 110s,^ = 150s x= 200s and a = 290s 
of the data points have been oramitted for clarity.

05 K) 15 20 25
Q x10lA'

Mos t

Fig.71 SANS data showing I (Q) as a function of time for 
a sample containing deuterated PMMA and 55% SCPE at L31°c*
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Fi§*72 SANS data showing I(Q) as a function of time
for a sample containing deuterated PMMA and 55% SCPE at 113c'c .
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Fig.73 Plot of Ln(lntensity) against Q 2 (CuinLer Plot) for a 
deuterated PMMA SCPFb  ̂ blend containing 55Z SCPfc]62 
a after 710 s at 113 b after 1580 s at 113
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Fig.74 SANS datn showing Ln(Intensity) as a function of time for
a sample containing deuterated PMMA and 55% SCPE67 at 113° . 
Q = 1.98 x 10“ 2 A'J(o)and Q = 2.70 X 10~2 A“ 1 (<>)

50 100
Time (s)

Fig.75 SANS data showing Ln (Intensity) as a function of time 
for a sample containing deuterated PMMA and 55%
S CPE6 7 at 11 7 °C Q = 2.20 X 10“ 2 A -1
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Fig.76 The Cahn-Hilluard growth rate R(Q) as a function of

wavevector for a sample containing 55% SCPE and deuterated 
PMMA at 113°c.

Fig.77 Plot of R(Q) against Q 2 for a PMMA (D)/SCPEb7 blend 
containing 55% SCPE67. The Cahn-Hilliard theory 
predicts th*s plot to be Linear.
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Q * 102/A

Fig. 78 Plots of intensity against Q for a hydrogenous sample
which was quenched after being at 150 C for 30 seconds as 
observed by SAXS (0) and SANS (X).


