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

1.1  B a c k g r o u n d

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

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

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

l e a d  t o  a  d e c r e a s e  in  s o l i d - w a s t e  p o l l u t i o n .  A l s o ,  i n c r e a s e d  u s e  o f  s t a r c h  w o u l d  

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

p o l y m e r s  a r e  d e r i v e d .

1 .1 .1  S t a r c h

S t a r c h  is  t h e  m a j o r  f o r m  o f  c a r b o h y d r a t e  s t o r a g e  in  g r e e n  p l a n t s .  

S t a r c h  is  a  p o l y m e r  t h a t  c o n s i s t s  o f  s i x - m e m b e r - r i n g  g l u c o s e  u n i t s  

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

A m y l o p e c t i n  h a s  a n  a - 1 -4  l i n k e d  b a c k b o n e  a n d  a b o u t  5 %  o f  a - 1 -6  l i n k e d  

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

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

l i n e a r  m o l e c u l e  t h a t  h a s  lo w  b r a n c h e s .  T h e  m o l e c u l a r  w e i g h t  o f  a m y l o s e  i s  o f  

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

m i l l i o n .  I n  n o r m a l  s t a r c h e s  t h e  m a j o r  f r a c t i o n  i s  a m y l o p e c t i n ,  h o w e v e r ,  

s p e c i a l l y  h y b r i d  s t a r c h e s  m a y  c o n t a i n  u p  t o  7 0 %  a m y l o s e .
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N a t i v e  s t a r c h e s  a r e  p r e s e n t  in  s e m i c r y s t a l l i n e  g r a n u l a r  f o r m s  w i t h  

d e n s i t i e s  o f  1 .5  g / c m 3 .  A l t h o u g h  s t a r c h  is  n o t  t h e r m o p l a s t i c  in  t h e  d r y  s t a t e ,  

s i n c e  t h e  g l a s s  t r a n s i t i o n  t e m p e r a t u r e  ( T g  ) a n d  t h e  m e l t i n g  t e m p e r a t u r e  ( T m  ) 

o c c u r  a b o v e  t h e  d e c o m p o s i t i o n  t e m p e r a t u r e  ( a b o v e  1 7 5 ° C ) ,  i t  d o e s  f o r m  a  m e l t  

in  t h e  p r e s e n c e  o f  a  “  p l a s t i c i z e r  ”  s u c h  a s  w a t e r .  T h e  s t e p w i s e  e l i m i n a t i o n  o f  

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

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

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

w a t e r  c o n t e n t .

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

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

a n d  p i g w e e d ,  h a v e  s u b m i c r o n  s i z e s ,  w h e r e a s  o th e r s ,  s u c h  a s  c a n n a  a n d  p o t a t o ,  

c a n  h a v e  d i a m e t e r s  l a r g e r  t h a n  1 0 0  p m .  M a n y  s t a r c h e s ,  s u c h  a s  p o t a t o  a n d  

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

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

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

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

S t a r c h  b y  i t s e l f  is  u n s u i t a b l e  f o r  m o s t  u s e s  a s  a  p l a s t i c .  I t  is  

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

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

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

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

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

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

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

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

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

w h i c h  c o m p a t i b i l i t y  b e t w e e n  t w o  i m m i s c i b l e  p o l y m e r s  c a n  b e  i m p r o v e d  i s  b y
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1 .1 .2  R h e o l o g y

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

w h e t h e r  in  l i q u i d ,  m e l t ,  o r  s o l i d  f o r m ,  in  t e r m s  o f  t h e  m a t e r i a l ’s  e l a s t i c i t y  a n d  

v i s c o s i t y .

•  E l a s t i c i t y

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

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

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

•  V i s c o s i t y

V i s c o s i t y  is  a  m e a s u r e  o f  a  m a t e r i a l ’s  r e s i s t a n c e  t o  f l o w  a n d  

r e f l e c t s  t h e  m a t e r i a l ’s  r a t e  o f  d i s s i p a t i o n  o f  d e f o r m a t i o n a l  e n e r g y  t h r o u g h  f lo w .

•  V i s c o e l a s t i c i t y

M a t e r i a l s  r e s p o n d  t o  a n  a p p l i e d  e x t e r n a l  f o r c e  o r  d i s p l a c e m e n t  

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

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

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

m a t e r i a l s  e x h i b i t  v i s c o e l a s t i c  b e h a v i o r .

1.1.2.1 Viscous Behavior. W h e n  m o s t  m a t e r i a l s  a r e  s u b j e c t e d  

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

v a l u e  o f  s h e a r  s t r e s s  is  s o o n  e s t a b l i s h e d .  T h e  s t e a d y - s t a t e  r e l a t i o n  b e t w e e n  

s h e a r  s t r e s s  a n d  s h e a r  r a t e  a t  c o n s t a n t  t e m p e r a t u r e  is  k n o w n  a s  a  f l o w  c u r v e .  

S h e a r  v i s c o s i t y  is  d e f i n e d  a s  t h e  r a t i o  o f  s h e a r  s t r e s s  t o  s h e a r  r a t e .

introducing a reactive functional group on each polymer. The functional group
is expected to react during blending.
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w h e r e ๆ = sh ear  v is c o s ity
X = sh ear stress

Ÿ = sh ear  rate

F o r  N e w t o n i a n  f l u id s ,  t h e  s h e a r  s t r e s s  is  d i r e c t l y  p r o p o r t i o n a l  t o  

t h e  s h e a r  r a t e ,  s o  t h e  v i s c o s i t y  is  c o n s t a n t .  T h e  f l o w  b e h a v i o r  w i l l  f o l l o w  

N e w t o n ’s  l a w ,

X = ๆŸ
o r  l o g x  =  l o g  ๆ  +  l o g ÿ  ( 1 .2 )

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

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

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

c h a n g e  w i t h  t h e  i n t e n s i t y  o f  s h e a r in g .

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

p a s s i n g  t h r o u g h  t h e  o r i g i n  w i t h  a  s l o p e  e q u a l  t o  ๆ .  A  l o g a r i t h m i c  f l o w  c u r v e  

w i l l  b e  a  l i n e  o f  s l o p e  u n i t y  f o r  a  N e w t o n i a n  f l u i d  ( F ig .  1 .1 ) .

F o r  n o n - N e w t o n i a n  f l u id s ,  s i n c e  t h e  s h e a r  s t r e s s  i s  n o t  d i r e c t l y  

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

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

m a t e r i a l ’s  v i s c o u s  s h e a r i n g  b e h a v i o r .  T h e  d e p e n d e n c e  o f  s h e a r  s t r e s s  o n  s h e a r  

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

T -  k ÿ n

o r  l o g x  =  l o g k  +  n l o g ÿ  ( 1 .3 )
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w h e r e  k  =  c o n s i s t e n c y

ท =  p o w e r  l a w  i n d e x

F i g u r e  1 .1  T y p e s  o f  f l o w  c u r v e s  ะ ( a )  a r i t h m e t i c ,  ( b )  l o g a r i t h m i c .

N  =  N e w t o n i a n ,  P  =  P s e u d o p l a s t i c ,  D  =  D i l a t a n t .

B o t h  d i l a t a n t  (  s h e a r - t h i c k e n i n g  ) a n d  p s e u d o p l a s t i c  (  s h e a r ­

t h i n n i n g  ) f l u i d s  a r e  n o n - N e w t o n i a n  f l u id s .  O n  l o g - l o g  c o o r d i n a t e s ,  a  p o w e r -  

l a w  f l u i d  is  r e p r e s e n t e d  b y  a  s t r a i g h t  l i n e  w i t h  s l o p e  ท. T h u s ,  f o r  ท =  1 , i t  

r e d u c e s  t o  N e w t o n ’s  l a w ,  f o r  ท <  1 t h e  f l u id  is  p s e u d o p l a s t i c ,  a n d  f o r  ท >  1 t h e  

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

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

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

w i t h  t h e  i n t e n s i t y  o f  s h e a r i n g .

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

c h a r a c t e r i z e  a  p o l y m e r .  L i k e  o t h e r  r h e o l o g i c a l  p r o p e r t i e s  t h e  v i s c o s i t y  d e p e n d s  

o n  t w o  m a i n  f a c t o r s .  F i r s t  is  t h e  f l o w  c o n d i t i o n s  w h i c h  c o n s i s t  o f  t h e  s h e a r  r a t e ,  

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

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

c o n c e n t r a t i o n  o f  a d d i t i v e s  a n d / o r  f i l l e r s .

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

i m p o r t a n t  in  b l e n d  s y s t e m s .  T h e r e  a r e  a t  l e a s t  t w o  r e a s o n s  f o r  t h i s  i m p o r t a n c e  : 

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

l i q u i d s ,  i .e .  m o l t e n  p o l y m e r s ;  a n d  ( 2 )  m o s t  o f  t h e  t h e o r i e s  o f  t h e  m o d u l i  o f  

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

T h e  t h e o r y  o f  b l e n d  s y s t e m s  s t a r t  w i t h  E i n s t e i n ’s e q u a t i o n  f o r  t h e  

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

ๆ  =  ๆ !  ( 1 +  M > 2 ) (1 .4 )

w h e r e ๆ v i s c o s i t y  o f  t h e  s u s p e n s i o n

ๆ ! v i s c o s i t y  o f  t h e  s u s p e n d i n g  l i q u i d

((>2 v o l u m e  f r a c t i o n  o f  t h e  r i g i d  p a r t i c l e s

k E E i n s t e i n  c o e f f i c i e n t

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

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

h i g h e r - o r d e r  t e r m s  i n  <j>. I n  b l e n d e d  p o l y m e r s ,  s u b s c r i p t s  1 a n d  2  r e f e r  t o  t h e  

m a t r i x  o r  c o n t i n u o u s  p h a s e  a n d  t h e  d i s p e r s e d  p h a s e ,  r e s p e c t i v e l y .  E i n s t e i n ’s 

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

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

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

1.1.2.2 Elastic Behavior. W h e n e v e r  a  f o r c e  is  a p p l i e d  t o  a  s o l i d  

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

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

p u s h i n g  f o r c e ,  o n  t h e  e n d  o f  a  c o l u m n a r  s a m p l e  (  c a l l e d  c o m p r e s s i v e  f o r c e  ) ,
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I f  o n l y  s m a l l  d e f o r m a t i o n s  a r e  c o n s i d e r e d  a n d  t h e  s o l i d  m a t e r i a l  

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

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

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

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

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

H o o k e ’s l a w  is  u s e d  t o  d e s c r i b e  th e  e l a s t i c  b e h a v i o r  o f  a n  id e a l  

s o l i d ,  r e l a t i n g  t h e  a p p l i e d  s t r e s s  t o  t h e  r e s u l t a n t  s t r a in  t h r o u g h  a  p r o p o r t i o n a l i t y  

f a c t o r  c a l l e d  t h e  m o d u l u s ,

a pressing or pushing force on the side of a long sample ( called a bending or
flexural force ), a rotational force ( called a torsion force), or a combination
pushing force with a sliding force ( called shear force ).

G =  E e  ( t e n s i o n ,  b e n d i n g )

o r X =  G y  ( s h e a r )

w h e r e a  , X =  s t r e s s

e > Y =  s t r a i n

E , G =  m o d u l u s

T h e  m o d u l u s  is  a  m e a s u r e  o f  t h e  m a t e r i a l ’s  s t i f f n e s s  o r  r i g i d i t y

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

d o e s  n o t  c h a n g e  w h e n  t h e  s t r e s s  is  c h a n g e d  i s  c a l l e d  t h e  H o o k e a n  r e g i o n  o f  t h e  

m a t e r i a l  a s  s h o w n  in  f i g u r e  1 .2 .
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F i g u r e  1 .2  S t r e s s - s t r a i n  r e l a t i o n s h i p s  f o r  e l a s t i c  s o l i d s .

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

s a i d  t o  b e  n o n - H o o k e a n .  T h e  n o n - H o o k e a n  m o d u l u s  is  n o t  c o n s t a n t  a n d  is  

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

t h e  s t r e s s  t o  t h e  s t r a in .  I n  b o t h  t h e  l i n e a r  a n d  n o n l i n e a r  c a s e s  t h e  m a t e r i a l  

r e t u r n s  t o  i ts  o r i g i n a l  s h a p e  a n d  p o s i t i o n  w h e n  t h e  f o r c e  is  r e l i e v e d ,  s o  t h e  

m a t e r i a l  i s  e l a s t i c .

1.1.2.3 Viscoelastic Behavior. M o s t  p o l y m e r i c  m a t e r i a l s  h a v e  

s o m e  c h a r a c t e r i s t i c s  t h a t  a r e  s i m i l a r  t o  v i s c o u s  l i q u id s  a n d  s o m e  t h a t  a r e  s i m i l a r  

t o  e l a s t i c  s o l i d s .  T h e s e  m a t e r i a l s  a r e  t h e r e f o r e  k n o w n  a s  “  v i s c o e l a s t i c  ” . 

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

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

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

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

w h e n  c o m p a r e d  t o  H o o k e a n  a n d  N e w t o n i a n  m a t e r i a l s  ( F ig .  1 .3 ) .
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Time
(a) Force application

(b) Hookean solid (c) Newtonian fluid

Recovery
response

(d) Viscoelastic material
Figure 1.3 Deformational and recovery behavior of a Hookean solid, a

Newtonian fluid, and a viscoelastic material.

A Hookean solid under a constant stress deforms immediately to 
a constant strain, then recovers instantly and completely when the stress is 
removed. A Newtonian fluid deforms continuously while a contant stress is 
applied but does not recover when the stress is relieved. A viscoelastic material 
combines both of these behaviors, showing a time-dependent but incomplete 
recovery.

In a dynamic mechanical test, an oscillatory strain is applied to a 
sample and the resulting stress developed in the sample is measured.

For a Hookean solid, the resulting stress and strain signals are in 
phase. If the sample is a Newtonian fluid, then the stress is proportional to the 
strain rate ( Newton’s law ). In this case, the stress signal is out of phase with 
the strain signal, leading the strain signal by 90°. The stress signal generated by 
the viscoelastic material can be separated into two components ะ an elastic 
stress that is “ in phase ” with the strain, and a viscous stress that is in phase
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with the strain rate or 90° “ out of phase ” with the strain. Fig. 1.4 shows the
behavior of elastic, viscous, and viscoelastic material.

A p p l ie d  s t r a in  
E la s t ic  s o l id  s tre s s

Figure 1.4 The schematic stress response of an elastic, a viscous, and a 
viscoelastic material to a sinusoidally applied strain.

The elastic and viscous stresses are related to material properties 
through the ratio of stress to strain, which is the modulus,

(1.6)

where X = elastic stress
It = viscous stress

y = applied strain
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g ' = storage modulus
II loss modulus

The storage modulus is a measure of energy stored and recovered 
per cycle while the loss modulus is a measure of energy dissipated of lost per 
cycle. The ratio of the loss modulus to the storage modulus is the tangent of the 
phase angle shift (Ô) between the stress and the strain,

tan Ô “ 7 (1.7)

This measures the damping ability or internal friction of the 
material. It has important implications in terms of the performance of a 
material.

1.1.3 Microstructure
Microstructure of materials must be understood in order to 

develop relationships between the structure and properties of materials. The 
morphology of polymers is determined by a wide range of optical and electron 
microscope techniques. In polymer blend systems, the micrographs can 
illustrate the dispersion of dispersed phase and the adhesion between dispersed 
phase and continuous phase.

1.2 Literature Survey

Griffin et al. (1973) reported that starch can be incorporated into low 
density polyethylene (LDPE) film to impart biodegradable properties. The
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Otey et al. (1976) reviewed the current and potential applications of 
starch products in plastics. They evaluated starch as an inert filler in poly (vinyl 
chloride) (PVC) plastics, as a reactive filler in rigid urethane foams, and as a 
component in poly (vinyl alcohol) (PVA) films. Tensile strength remained good 
even with as much as 50% starch in the plastic compounds. Clarity of the 
plastics was also good except for those made by dry blending, but elongation 
decreased rapidly as the starch level increased.

Faulker et «/.(1977) studied the rheological and mechanical behavior of 
glass bead filled polypropylene using a rotation rheometer to obtain low shear 
rate data and a capillary rheometer for high shear rate data. They concluded that 
under steady state viscosity conditions the relative shear viscosity was a 
nonlinear function of the volume fraction of beads at constant shear rate. The 
relative viscosity decreased with increasing shear rate.

Kataoka et al. (1978) used a cone-and-plate viscometer to measure the 
viscosity of filled polymer melts at fairly low shear rates. Particles used were 
glass beads and glass balloons. The polymers used were polyethylene and 
polystyrene. It was found that the relative viscosity was obtained 
asymptotically even for highly filled material. The relationship between relative 
viscosity and volume fraction of filler was presented by equations derived by 
Maron and Pierce, and by Mooney. Only the distribution of particle sizes 
showed a strong effect on the relative viscosity at a defined concentration.

Otey et al. (1987) prepared blend films incorporating starch in a PE 
matrix and found that the content of starch in starch-based films can be 
increased without affecting the physical properties of the films by adding urea 
and a polyol to the starch-poly (ethylene-co-acrylic acid) (EEA) system.

degradation rate of starch-based HDPE blend films containing 6-10% of starch
was accelerated by adding an autooxidant such as an unsaturated acid to the
system.



13

Vergnes et al. (1987) studied the rheological behavior of molten corn 
starch with a pre-shearing rheometer. The results showed that the dependence 
of viscosity on the shear rate can be described by a power law equation in 
which the power-law parameters depended on temperature, moisture content, 
and thermomechanical treatment. Their results indicated that the viscosity 
decreased when the temperature and water content increased for a fixed 
thermomechanical treatment. Viscosity decreased with increasing intensity of 
treatment, and the effect was more pronounced at higher temperatures.

Maiti et al. (1991) studied the melt rheology of a blend of styrene- 
acrylonitrile (SAN) and polypropylene (PP). SAN copolymer formed a two- 
phase blend with PP with good dispersion of the SAN droplets in the PP matrix. 
The droplets showed a remarkable tendency to elongation, and the droplet size 
increased with increasing SAN content of the blend. The melt of PP-SAN blend 
was found to be pseudoplastic at temperatures below 250°c, with little 
variation of pseudoplasticity with SAN content. The SAN droplets caused an 
ease of flow due to their tendency to elongate and alignment in the flow 
direction. The reduction in melt viscosity was accompanied by a lowering of 
the activation energy for viscous flow. Melt elasticity of the blend also 
decreased with increasing SAN content, and its variation with shear rate 
showed two distinct slopes of plots between recoverable shear strain and shear 
rate, suggesting a critical shear rate above which the SAN droplets acquired 
shapes suitable for good elastic recoverability.

Line-Hwa Chu et al. (1993) investigated the correlation of viscosity- 
morphology-compatibility of polymer blends. Polystyrene (PS), polybutadiene 
(BR), and styrene/butadiene triblock copolymer (SBS) were studied. The 
viscosity of a polymer blend is influenced by the composition, viscosity 
ratio between components, interfacial interaction, and morphology. For the 
PS/BR, the interaction between the PS and BR phases was weak ; the viscosity-
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composition curve exhibited negative deviation. For the SEM micrographs, 
both dispersed and continuous phases were observed. The domain size of 
dispersion for the PS/BR blend was quite large as compared with that for the 
PS/SBS and BR/SBS blends. For these two blends, the interaction between the 
PS and BR phases was mainly due to the chemical bondings existing in the SBS 
and the viscosity-composition curves were S-shaped. The two phases in the 
PS/SBS blend appeared to be interlocked. In the BR/SBS blend, the domain 
size of dispersed phase that was the styrene phase was uniform and small. 
Although the blending methods had some effect on the morphology of the 
blends due to the difference in the extent of mixing, the effect on the viscosity 
curve was insignificant.

Silverstein et al. (1994) examined the effects of various calcium 
carbonate filler types on the ductility of filled amorphous copolyester. One of 
the calcium carbonate fillers had received a surface treatment. For all filler 
types, the Young’s modulus increased with increasing filler content and was 
satisfactorily described by Kemer’s equation. The only filler to affect the yield 
stress was the surface-treated calcium carbonate; in this case, the decrease in 
yield stress was attributed to cracking and splitting of aggregated particles. A 
sharp drop in fracture strain was observed with increasing filler content.

Gahleitner et al. (1994) presented a comparative study of rheological 
and mechanical properties of polypropylene compounds with talc as a mineral 
filler. It was concluded that the maximum strength and the terminal relaxation 
time increased with increasing talc content. The effect of the talc led to an 
increase in brittleness with increasing talc content. As the talc loading was 
constant, an increase in interaction between pp and talc improved both flexural 
and impact properties of the compounds. The variation of the particle size and 
degree of dispersion of talc resulted in differences in relaxation time spectra 
and mechanical properties.
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Willett et al. (1994) studied the mechanical properties of composites of 
granular starch and low density polyethylene (LDPE) as functions of starch 
volume fraction, granule size, and presence of compatibilizer. Results were 
interpreted in terms of theories developed to describe the elongation, tensile 
strength, and modulus of fdled composites. The elongation and tensile strength 
decreased with increasing starch volume fraction in agreement with theoretical 
predictions, although the proportionality constants were lower than prediction. 
The composite modulus increased with increasing starch volume fraction. The 
addition of ethylene-co-acrylic acid copolymer (EAA) compatibilizer had no 
effect on elongation and tensile strength, but significantly increased the 
composite modulus. Composites with potato starch, which have larger particle 
sizes than cornstarch, had lower tensile strength and moduli than corresponding 
comstarch/LDPE composites ; particle size had no effect on elongation.

Marcelo et al. (1995) studied the rheological properties of thermoplastic 
starch and starch/poly (ethylene-co-vinyl alcohol) blends. As in starch-based 
food materials, the viscosity had an Arrhenius dependence on temperature, an 
exponential dependence on moisture content and a power-law dependence on 
shear rate. The power law exponents from the starch blends were less than 
unity, indicating that the melts exhibited shear thinning. Results on the 
starch/poly (ethylene-co-vinyl alcohol) blends indicated that the viscosity 
decreased with decreasing amylose content or increasing poly (ethylene-co- 
vinyl alcohol) content. The shear-rate dependence increased with an increase in 
the amylose content of blends.

Vaidya et. al. (1995) studied the dynamic mechanical properties and 
morphology of starch and anhydride functional polymer blends. 
Starch/ethylene-propylene-g-maleic anhydride (EPMA) blends showed two 
distinct glass transitions in storage modulus and loss modulus plots, one 
corresponding to the starch and the other corresponding to EPMA.
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Starch/styrene maleic anhydride (SMA) blends exhibited one broad transition, 
since the glass transition temperatures of starch and SMA were in close 
proximity to one another. The starch in the blend was sensitive to the 
processing conditions used. Increasing the mixing time from 10 to 20 min and 
increasing the mixing speed from 50 to 100 rev ทฑํท-l resulted in increased 
melting of the starch granules. Increasing the mixing speed and mixing time 
also resulted in increased degradation of starch, as evident from gel permeation 
chromatography.

Bhattacharya e t al. (1995) blended corn starch (with different 
amylopectin to amylose ratios) with styrene maleic anhydride copolymer 
(SMA) and ethylene-propylene-g-maleic anhydride copolymer. Tensile strength 
and water absorption correlated well with the torque generated during blending 
: the higher the torque, the lower the tensile strength and the higher the water 
absorption. The tensile strength of the blends containing SMA decreased when 
the humidity increased. Fractured surfaces of starch/SMA blends exhibited 
brittle failure ; for the ductile Starch/EPMA blends, shear tearing appeared to be 
the major failure mechanism. For blends containing EPMA, the percentage 
elongation increased with increased humidity. Dynamic mechanical analysis of 
the blends showed two sharp peaks for the tan Ô versus temperature plot for 
Starch/EPMA, but showed a single peak for starch/SMA blends.
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1.3 Objectives of Research

• To study the effect of starch contents on the rheological properties 
and morphology of starch-based HDPE blends.

• To compare the rheological properties and morphology of tapioca 
starch-based and rice starch-based HDPE blends.

• To study the effect of temperature on the viscous behavior of starch- 
based HDPE blends.
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