
THEORETICAL BACKGROUND AND LITERATURE REVIEW
CHAPTER II

2.1 Natural Rubber

N a tu r a l  r u b b e r  is  a  n a tu r a l  p o ly m e r  th a t  o b ta in s  f ro m  ju i c e  o f  t r e e s  n a m e  
Hevea brasiliensis. T h e  ju ic e  is  m i lk -w h i te  la te x  th a t  c o n ta in s  p o ly m e r ,  s te ro ls ,  
p r o te in s ,  f a ts  a n d  s a l t  in  c o l lo id  fo rm . R u b b e r  is  o b ta in e d  b y  c o a g u la t io n  w i th  a c id  o r  
e v a p o r a t io n .  T h e  p o ly m e r  in  n a tu r a l  r u b b e r  c o n s is ts  a lm o s t  o f  c i s - p o ly ( is o p r e n e )  w ith  
m o le c u la r  w e ig h t  a b o u t  300,000 - 500,000 (N ic h o ls o n ,  J.w. 1991). R u b b e r  is s o f t  
a n d  f le x ib le  p o ly m e r .  It h a s  h ig h  to u g h n e s s .  S o , i t  is  u s e d  a s  to u g h n e s s  m o d if ie r  fo r  
r ig id  p o ly m e r  s u c h  a s  p o ly s ty r e n e  a n d  p o ly la c t id e .  A .p .  M a th e w  a n d  ร . T h o m a s  
r e v e a le d  th a t  n a tu r a l  r u b b e r  m o d if ie d  to u g h n e s s  o f  p o ly s ty r e n e .  T h e  
p o ly s ty r e n e /n a tu r a l  r u b b e r  b le n d  s h o w e d  h ig h e r  im p a c t  s t r e n g th  th a n  n e a t  
p o ly s ty r e n e  ( M a th e w , A .p . a n d  T h o m a s ,  ร . 2010). V . T a n r a t ta n a k u l  a n d  c o w o r k e r s  
a ls o  s h o w e d  th a t  n y lo n  6 /n a tu ra l  r u b b e r  b le n d  s h o w e d  to u g h n e s s  m o d if i c a t io n  b y  
in c re a s in g  im p a c t  s tr e n g th . B u t ,  e p o x id e  n a tu r a l  r u b b e r  b le n d  s h o w e d  h ig h e r  
to u g h n e s s ,  b e c a u s e  e p o x id e  n a tu r a l  r u b b e r  w a s  c o m p a t ib le  w i th  n y lo n  6  b e t te r  th a n  
n a tu r a l  r u b b e r  ( T a n r a t ta n a k u l ,  V . e t  a l. 2008). T h a t m e a n ,  g o o d  c o m p a t ib i l i ty  
b e tw e e n  p h a s e  a f f e c t  to  to u g h n e s s  im p ro v e m e n t .

Table 2.1 C r o s s - l in k  d e n s i ty  a n d  iz o d  im p a c t  s t r e n g th  v a lu e s  o f  I P N s .( M a th e w , A .p . 
a n d  T h o m a s ,  ร . 2 0 1 0 )
Sample
c<xle

D VR
content
(wt.“ o)

N R /P S
ratio

Cross-link 
density (ท) X 104 
(g mol/ c m 1)

Impact
strength
(J/m)

Resilience

PS 0 0:100 56 4.68
D „N , 1, 0 .>0:70 7.43 167 17.65
DoN.o 0 40:60 6.91 105 9.68
D,1 N,„ ก 50:50 6.07 102 9.12
!>>'.

*) 30:70 9.81 183 17.05
D ,N , 0 2 40:61) 7.65 154 15.38
ftN<0 ว 50:50 6.74 76.7 7.62
l> x .„ 4 50:70 12.35 127 11.82
D .N * 4 40:60 10.91 201 17.95
D : N ,0 - 4 50:50 9.96 142 12.71
D jN * 6 30:70 1 ร.33 47 4.67
D ,N 40 6 40:60 16.81 209 20.28
D ,N „ , 6 50:50 15.09 1 14 10.22
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Table 2.2 C r o s s - l in k  E f fe c t  o f  r u b b e r  ty p e  o n  te n s i le  p r o p e r t ie s  a n d  im p a c t  s tr e n g th  
o f  th e  b le n d s  c o n ta in in g  3 0 %  u n c o m p o u n d e d  r u b b e r . ( T a n r a t t a n a k u l ,  V . e t  a l. 2 0 0 8 )

R u b b e r ffy (M P a ) M * ) (Tb (M P a ) fb(% ) Im p a c t
s t re n g th  ( k j/m 2)

- 81 .97  ± 4 .5 6 19 ±  1 74.37 ± 11 .5 9 4 5  ± 1 3 6 .38  ± 2 .4 3
EN R 2 3 .64  ± .0 .82 11 ± 1 2 8 .3 5  ± 4 .0 0 6 0  ± 10 34.51 ± 6 .9 7
NR 39 .47  ±  2 .09 12 ±  1 4 5 .2 6  ± 2 .4 3 51 ± 8 6 .8 0  ± 1 .5 5

2.2 Core-shell Particles

C o re - s h e l l  p a r t ic le s  a re  s y n th e s iz e d  p a r t i c le s  c o n s i s t  d i f f e r e n t  o f  p ro p e r t ie s  
b e tw e e n  in n e r  c o r e  a n d  o u te r  s h e l l .  T h e s e  p a r t i c le s  c a n  b e  b le n d e d  w i th  m a tr ix  fo r  
p r o p e r t ie s  im p r o v e m e n t ,  e s p e c ia l ly  m e c h a n ic a l  p r o p e r t ie s ( P a u l ,  D .R . a n d  B u c k n a l l ,  
C .B . 2 0 0 0 ) .  C o r e - s h e l l  c a n  b e  p r o d u c e d  b y  c o a t in g  s h e l l  p o ly m e r  o n  c o r e  s u b s ta n c e 's  
s u r f a c e ,  s u c h  a s  n a tu r a l  r u b b e r  a n d  s il ic a , v ia  g r a f t in g , e m u l s io n  a n d  a d m ic e l la r  
p o ly m e r iz a t io n .  P a ra m e te r s  f o r  p r o p e r t ie s  im p r o v e m e n t  o f  c o r e - s h e l l  p a r t i c le s  a re  
p a r t i c le  d ia m e te r ,  s h e l l  th ic k n e s s ,  p r o p e r t ie s  o f  c o re  a n d  s h e l l  a n d  in te r a c t io n  
b e tw e e n  s h e l l  a n d  m a tr ix  m a te r ia ls ( A r e n d s ,  C .B . 1 9 9 6 ). T h e s e  p a r t i c le s  c a n  b e  
c la s s i f ie d  to  2  ty p e ,  s t i f f  c o re  a n d  s o f t  c o r e  p a r t ic le s .

2 .2 .1  S t i f f  c o r e  p a r t ic le s
C o r e  o f  th e s e  p a r t i c le s  is  in o r g a n ic  p a r t i c le s  a n d  r ig id  p o ly m e r s ,  s u c h  

a s  s i l ic a ( W a n g , Q . e t  a l. 2 0 1 1 ) , t i ta n ia (M e n g , B . e t  a l. 2 0 1 0 )  a n d  p o ly s ty r e n e ( L u ,  M . 
e t  a l. 2 0 1 2 ) .  C o re  m a te r ia ls ,  c a l l e d  s e e d s , a r e  e n c a p s u la te d  w i th  th in  f i lm  s o f t  o r  
r u b b e r y  p o ly m e r .  P u rp o s e s  o f  th e s e  p a r t ic le s  a d d i t io n  a r e  im p r o v e m e n t  te n s i le  
s t r e n g th  a n d  m o d u lu s  to  b le n d s (A d e l i ,  M . 2 0 0 8 ) .

2 .2 .2  S o f t  c o r e  p a r t ic le s
T h e s e  p a r t ic le s  c o n s i s t  w i th  s o f t  a n d  r u b b e r y  p o ly m e r ic  c o r e ,  s u c h  a s  

n a tu ra l  r u b b e r ( P o ja n a v a r a p h a n ,  T . a n d  M a g a ra p h a n ,  R . 2 0 0 9 )  a n d  p o ly b u ta d ie n e ( C a i ,
G .D . e t  a l. 2 0 1 2 ) ,  th o s e  a re  s u r r o u n d e d  b y  r ig id  p o ly m e r ic  s h e l l ,  s u c h  a s  p o ly s ty r e n e  
a n d  p o ly p y r ro le .  A d d i t io n  th e s e  p a r t i c le s  c a u s e  to u g h n e s s  a n d  e lo n g a t io n  a t  b re a k  
im p ro v e m e n t  to  b le n d s (C o l ly e r ,  A .A . 1 9 9 4 ).
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Figure 2.1 M e c h a n ic a l  p r o p e r t ie s  o f  th e  P S - P I  n a n o p a r t ic le s  f i l le d  S B R  
c o m p o s i te s . (L u , M . e t  a l. 2 0 1 2 )

Table 2.3 T e n s i le  p r o p e r t ie s  o f  p u re  N R  a n d  its  n a n o c o m p o s i te s  ( S i 0 2 / N R  =  2 /1 0 0
พ /พ ) . (W a n g , Q . e t  a l. 2 0 1 1 )
Samples N R N R -P M  M A N R -P M M A /S iO . N  R- PM  M  A /S iO l -P M  M A

Tensile strength/MPa (>.99 7.23 8.95 10.65

Elongation at break/% 835 823 772 - 773

Tensile m odulus/MPa

300% elongation 0.93 0.82 1.22 1.95

500% elongation 1.00 0.94 1.46 2.32

700% elongation 1.58 2.06 2.96 3.37
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Figure 2.2 S t r e s s - t r a in  c u rv e s  o f  d i f f e r e n t  C - T i 0 2  c o n te n ts ;  c u r v e s  w e r e  s h if te d  
a lo n g  th e  s tr a in  a x is  ( in c r e m e n ts  o f  5 % )  fo r  c la r i ty .( M e n g , B . e t  a l. 2 0 1 0 )

T h e  r a t i o s  o f  P B / P S  in  P B - g - P S  c o p o l y m e r s

Figure 2.3 T h e  im p a c t  s t r e n g th  o f  P S /P B - g -P S  b le n d s  w i th  v a r io u s  c o m p o s i t io n s  o f  
P B -g -P S  c o p o ly m e r s . ( C a i ,  G .D . e t  a l. 2 0 1 2 )



7

0 100 200 300 400
Strain (%)

Figure 2.4 T y p ic a l  s t r e s s - s t r a in  c u rv e s  o f  (a )  p u re  N R  a n d  N P X c o m p o s i te s ,  a n d  (b )  
N P 2 0 0  a n d  N P 2 0 0 M y  s e r ie s .( P o ja n a v a r a p h a n ,  T . a n d  M a g a r a p h a n ,  R . 2 0 0 9 )
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Figure 2.5 D e p e n d e n c e  o f  th e  m e c h a n ic a l  p r o p e r t ie s  o f  th e  N P lO O M y , N P 2 0 0 M y , 
a n d  N P 8 0 0 M y  s e r ie s  o n  c la y  lo a d in g :  (a )  h a r d n e s s ,  (b )  t e n s i le  s t r e n g th ,  (c )  Y o u n g ’s 
m o d u lu s ,  a n d  (d )  e lo n g a t io n  a t  b r e a k . ( P o ja n a v a r a p h a n ,  T . a n d  M a g a r a p h a n ,  R . 2 0 0 9 )

2.3 Admicellar Polymerization

A d m ic e l l a r  p o ly m e r iz a t io n  is  a  s u r f a c e  m o d if ic a t io n  m e th o d  b y  c o a t in g  th in  
l a y e r  o f  p o ly m e r  o n  s u b s t r a te  s u r fa c e , s u c h  a s  r u b b e r  p a r t i c le  a n d  f ib e r .  S u r fa c ta n ts  
a r e  k e y  s u b s ta n c e  fo r  th is  m e th o d . S u r fa c ta n ts  fo rm  in to  b i la y e r  a n d  s u r ro u n d  
s u b s t r a te 's  s u r f a c e ,  th e n  th e y  a c t  a s  te m p la te  fo r  th in  la y e r  p o ly m e r  b y  l im i t  a re a  o f  
p o ly m e r iz a t io n .  A d m ic e l l a r  p o ly m e r iz a t io n  is c a r r ie d  o u t  w i th  4  s te p s (G e n e t t i ,  W .B . 
e t  a l. 1 9 9 8 ).
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2 .3 .1  A d m ic e l l e  F o r m a t io n
S u r f a c ta n t  m o le c u le s  fo rm  b i la y e r  a n d  a d s o r b  o n  s u b s t r a te  s u r fa c e  to  

b e  a d m ic e l le .  C o n c e n t r a t io n  o f  s u r f a c ta n t  is  b e lo w  th e  c r i t i c a l  m ic e l le  c o n c e n t r a t io n  
b u t  s u f f ic ie n t  fo r  a d m ic e l le  f o rm a t io n .

2 .3 .2  S o lu b i l iz a t io n
M o n o m e r s  a r e  a d d e d  a n d  d i s s o lv e  in to  a d m ic e l le  la y e r .  A d m ic e l le  

b i la y e r  c a g e  m o n o m e r s  a n d  f o rc e  th e m  to  s u r r o u n d  s u b s t r a te  p a r t ic le s .
2 .3 .3  P o ly m e r iz a t io n

M o n o m e r s  a r e  p o ly m e r iz e d  w h e n  in i t i a to r  a n d  c a ta ly s t  a p p e a r  in  
a d m ic e l le  s y s te m . T h in  f i lm s  a r e  fo rm e d  a n d  c o a te d  o n  s u b s t r a te  s u r fa c e .

2 .3 .4  W a s h in g
O u te r  la y e r  o f  a d m ic e l le  is w a s h e d  o u t  w i th  w a te r .

1. Admicelle formation
Nickel + water + SDS

2. Solubilization

+ pyrrole <M)

3. Polymerization

ใ

+ SPS

4. Washing

Nickel + water

. \  \  \  \  \
~ C N i c k e l ~ 2 >

F i g u r e  2 .6  S te p s  in  a d m ic e l la r  p o ly m e r iz a t io n .( G e n e t t i ,  W .B . e t  a l. 1 9 9 8 )
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2.4 Polylactide

P o ly la c t id e  o r  p o ly la c t i c  a c id  is  b io d e g r a d a b le  p o ly e s te r  th a t  is  p r o d u c e d  
f ro m  r e n e w a b le  r e s o u r c e .  B io m a s s  is  f e r t i l iz e d  a n d  b e c o m e s  la c t ic  a c id  o r  la c t id e  
m o n o m e r , a f te r  th o s e  m o n o m e rs  a r e  p o ly m e r iz e d  to  b e  p o ly la c t id e  b y  c o n d e n s a t io n  
o r  r in g - o p e n in g  p o ly m e r iz a t io n  ( L a s p r i l la ,  A .J .R . e t  a l. 2 0 1 1 ;  R a s a i ,  R .M . e t  al. 
2 0 0 9 ).

A d v a n ta g e  o f  p o ly la c t id e  
1 .E c o - f r ie n d ly
2 . B io c o m p a t ib i l i ty
3 .  P r o c e s s ib i l i ty
4 .  E n e rg y ' s a v in g

A l th o u g h  p o ly la c t id e  h a s  m a n y  a d v a n ta g e s ,  it  a ls o  h a s  s o m e  l im i ta t io n s .
1 .P o o r  to u g h n e s s  
2 .S lo w  d e g r a d a t io n  r a te
3 .  H y d r o p h o b ic i ty
4 .  L a c k  o f  r e a c t iv e  s id e - c h a in  g ro u p

T h e s e  d i s a d v a n ta g e s  r e s t r i c t  m a n y  a p p l ic a t io n s .  S o , to u g h n e s s  
m o d if ic a t io n s  a re  n e c e s s a r y  fo r  p o ly la c t id e  b e f o r e  u s a g e .

2.5 Toughness Modifications of Polylactide

P o ly la c t id e  h a s  lo w  to u g h n e s s  a n d  c a u s e  p r o b le m  f o r  m a n y  a p p l ic a t io n s .  
T h a t  m e a n  to u g h n e s s  m o d if ic a t io n  is  n e c e s s a ry  to  p o ly la c t i c  a c id . A p p r o a c h e s  fo r  
to u g h n e s s  im p r o v e m e n t  c a n  s e p a r a te  to  3 w a y s (R a s a l ,  R .M . e t  a l. 2 0 0 9 ) .

2 .5 .1  S te r e o c h e m ic a l
L a c t id e  h a s  th re e  s te r e o is o m e rs ;  L - la c t id e ,  D - la c t id e  a n d  m e s o - la c t id e .  

T h e s e  is o m e r s  c o m p o s i t io n  c a n  c a u s e  d i f f e re n t  p r o p e r t ie s  o f  m a te r ia l .  M ix tu r e  o f  
p u re  p o ly ( L - la c t id e )  a n d  p o ly ( D - la c t id e )  w i th  r a t io  1:1 s h o w  b e t te r  m e c h a n ic a l  
p r o p e r t ie s  th a n  p u re  p o ly m e r  b e c a u s e  o f  ”'S te r e o c o m p le x '( T s u j i ,  H . a n d  I k a d a ,  Y . 
1 9 9 9 ). P o ly la c t id e  c h a in  w i th  s o m e  m e s o - la c t id e  h a s  lo w e r  c r y s ta l l in e  r a te  th a n  p u re  
p o ly (L - la c t id e ) ,  th a t  c a u s e  m o re  a m o r p h o u s  p a r t  a n d  m o re  to u g h n e s s  in  m a te r ia l .
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2 .5 .2  C o p o ly m e r iz a t io n
P o ly la c t id e  c a n  c o p o ly m e r iz e  w ith  o th e r  p o ly m e r s  o r  m o n o m e rs  b y  

b o th  p o ly c o n d e n s a t io n  a n d  r in g - o p e n in g  c o p o ly m e r iz a t io n .  P o ly la c t id e  c a n  
c o p o ly m e r iz e  w i th  b o th  d io l  o r  d ia c id  m o n o m e rs  a n d  a c id -e n d  o r  h y d r o x y l- e n d  
p o ly m e rs  v i a  c o n d e n s a t io n  c o p o ly m e r iz a t io n ( Y o o n , J .-S . e t  a l. 1 9 9 9 ). T h is  
a p p ro a c h 's  a d v a n ta g e  is  c o n tro l  o f  c h a in 's  e n d  g r o u p s ,’ e i th e r  h y d r o x y l  o r  c a r b o x y l  
g ro u p s . B u t  d i s a d v a n ta g e  is  lo w  m o le c u la r  w e ig h t( H u h , K .M . a n d  B a e , Y .H . 1 9 9 9 ). 
T h is  d i s a d v a n ta g e  c a n  b e  s o lv e d  b y  u s in g  c h a in  e x te n d e r  s u c h  a s  d i is o c y a n a te .  
P o ly la c t id e  c a n  c o p o ly m e r iz e  w ith  r in g  m o n o m e r , s u c h  a s  8 - c a p r o la c to n e ,  v ia  r in g  
o p e n in g  p o ly m e r iz a t io n  w i th  c a ta ly s t .  T h is  a p p ro a c h  g iv e  h ig h  m o le c u la r  w e ig h t  a n d  
p r e c is e ly  c h e m is t r y  c o n tr o l  p o ly m e r  c h a in  (H u a n g , M .-H . e t  a l. 2 0 0 4 ;  Q ia n , H . e t  a l.
2 0 0 0 ) . C o p o ly m e r iz a t io n  d e c r e a s e  c r y s ta l l in e  o f  p o ly la c t id e  a n d  in c re a s e  to u g h n e s s  
o f  m a te r ia l ,  b u t  p h a s e  s e p a r a t io n  c a n  o c c u r s  a n d  d e c r e a s e  m e c h a n ic a l  p ro p e r t ie s .

2 .5 .3  B le n d in g
T h is  a p p ro a c h  is  th e  m o s t  e x te n s iv e  w a y  f o r  p o ly la c t ic  a c id  

to u g h e n in g . T h e r e  a r e  3 ty p e s  o f  s u b s ta n c e  f o r  b le n d in g .  P la s t i c iz e r s  a re  lo w  
m o le c u la r  w e ig h t  s u b s ta n c e  fo r  b le n d in g .  P la s t i c iz e r s  c a n  r e d u c e  s t i f f n e s s  o f  
p o ly la c t id e ,  in c re a s e  d u c t i l i ty  a n d  p ro d u c t iv i ty .  M . M u ra r iu  e t  a l. f o u n d e d  th a t  
p o ly la c t ic  a c id  w i th  e s te r - l ik e  p la s t ic iz e r s  h a d  m o r e  e lo n g a t io n  a t  b r e a k  th a n  n e a t  
p o ly la c t id e ( M u r a r iu ,  M . e t  a l. 2 0 0 8 ) .
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F ig u r e  2 .7  ( a )  T e n s i le  s t r e n g th ,  (b )  Y o u n g ’s m o d u lu s ,  a n d  (c )  e lo n g a t io n - a tb r e a k  o f  
1:1 b le n d  f i lm s  ( พ ) ,  n o n - b le n d e d  P L L A  f ilm s  (O ) , a n d  n o n b le n d e d  P D L A  f i lm s  (B )  
a s  a  f u n c t io n  o f  M w .( T s u j i ,  H . a n d  I k a d a ,  Y . 1 9 9 9 )
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D is a d v a n ta g e  o f  p l a s t ic iz e r s  w a s  s e v e r e  d e c r e a s in g  o f  te n s i l e  s tr e n g th  a n d  
Y o u n g 's  m o d u lu s  a n d  p la s t ic i z e r  m ig ra t io n  th a t  c a n  d e te r io r a te  p o ly la c t id e .  S e c o n d  
b le n d in g  s u b s ta n c e  is  n o n - b io d e g r a d a b le  f i l le r s ,  s u c h  a s  s o f t  n o n - b io d e g r a d a b le  
p o ly m e r s  a n d  in o r g a n ic  p a r t ic le s .  S o f t  n o n - b io d e g r a d a b le  p o ly m e r s  s h o w  im p a c t  
s t r e n g th  a n d  to u g h n e s s  im p r o v e m e n t  w h e n  th e y  a re  a d d e d  to  p o ly la c t id e .  Q . Z h o u  
a n d  c o w o r k e r s  s tu d y  to  m o d if ie d  to u g h n e s s  o f  p o ly la c t id e  w i th  u l t r a f in e  fu ll-  
v u lc a n iz e d  p o w d e r e d  r u b b e r  a n d  fo u n d  th a t  b o th  t e n s i l e  a n d  im p a c t  to u g h n e s s  
in c r e a s e d  w i th  r u b b e r  c o n te n t  (Z h a o , Q . e t  a l. 2 0 1 3 ) . A l th o u g h ,  a d d i t io n  in o rg a n ic  
p a r t i c le s ,  s u c h  a s  c a lc iu m  c a r b o n a te  a n d  n a n o c la y s ,  to  p o ly la c t id e  in c re a s e  te n s i le  
s t r e n g th  a n d  m o d u lu s  b e c a u s e  s t i f fn e s s  o f  p a r t i c le s ,  b u t B . L i e t  a l. a n d  L . J ia n g  e t  a l. 
s h o w e d  th a t  s m a l l  a m o u n t  o f  p a r t ic le s  in  p o ly la c t id e  m a tr ix  c a n  im p r o v e d  to u g h n e s s  
o f  p o ly la c t id e  ( J i a n g ,  L . e t  a l. 2 0 0 7 ;  L i, B . e t  a l. 2 0 0 9 ) .  D i s a d v a n ta g e s  fo r  th e s e  
b le n d in g  s u b s ta n c e s  a re  p o ly la c t id e 's  b io d e g r a d a b i l i ty  d i s r u p t io n  a n d  m e c h a n ic a l  
p r o p e r t ie s  r e d u c t io n  a t  h ig h  c o n te n t  o f  c la y . L a s t b l e n d in g  s u b s ta n c e  is  o th e r  
b io d e g r a d a b le  p o ly m e r s .  T h is  s u b s ta n c e  im p ro v e s  to u g h n e s s  o f  p o ly la c t id e  w i th o u t  
c o m p r o m is e  b io d e g r a d a b i l i ty ,  z. X io n g  e t  a l. b le n d e d  p o ly la c t id e  w i th  s ta r c h  a n d  
e p o x id iz e d  s o y b e a n  o i l ,  a n d  fo u n d  th a t  to u g h n e s s  o f  p o ly la c t id e  w a s  
im p r o v e d ( X io n g ,  Z . e t  a l. 2 0 1 2 ) .  B u t m is c ib i l i ty  b e tw e e n  p o ly la c t id e  a n d  a d d e d  
p o ly m e r s  m u s t  b e  c o n c e rn e d ,  I f  th e y  a re  im m is c ib le  b l e n d ,  m e c h a n ic a l  p ro p e r t ie s ,  
s u c h  a s  m o d u lu s  a n d  te n s i le  s tr e n g th , a r e  r e d u c e d  b e c a u s e  p h a s e  s e p a r a t io n .  T h is  
p r o b le m  c a n  b e  s o lv e d  b y  a d d i t io n  c o m p a t ib i l iz e r s ,  s u c h  a s  c o p o ly m e r  b e tw e e n  
p o ly la c t id e  a n d  a d d e d  p o ly m e r s ( I m re ,  B . a n d  P u k â n s z k y , B . 2 0 1 3 ) .

T a b l e  2 .4  T e n s i le  p r o p e r t ie s  o f  th e  P L L A - E V A 8 5  b le n d s .(Y o o n , J .- S .  e t  a l. 1 9 9 9 )
Sample Stress at break (kg mm 2) Tensile modulus (kg ทนน 2) Strain at break (%)

PLLA100 5.7 219 4.5
PLLA90 4.6 1S4 4.7
PLLA70 3.3 134 6.9
PLLA50 1.7 130 10.2
PLLA30 1.7 131 9.0
PLLA10 1.4 64 208.9
EVAS 5 1.4 62 244.9
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Table 2.5
P E G /P L L A
1 9 9 9 )

M o le c u la r
m u l t ib lo c k

w e ig h t ,  m o le c u la r  w e ig h t  d i s t r ib u t io n  a n d  
c o p o ly m e rs ,  n d : n o t  d e t e r m in e d . ( H u h ,  K .M .

b lo c k  ra t io  o f  
a n d  B a e , Y .H .

Block length (PEG/PLLA) Yield (%) Mn Afw* A/WD* Block ratiob (PEG/PLLA)

1000/1690 82 19 400 26 100 1.35 1.02
1500/1690 nd 14 000 23 100 1.65 1.05
2000/820' 77 8800 15 300 1.74 1.25
2000,1130e 80 14 800 21 900 1.48 0.95
2000/1130 nd 31 100 40 100 1.29 1.07
2000/1430' nd 9300 13 200 1.42 1.60
2000/14S0 nd 31 400 41 400 1.32 1.13
2000/1690 86 33 100 41 300 1.25 1.10
2000/1990 84 25 000 33 400 1.34 0.97
2000/2170 87 15 700 23 800 1.52 0.94
2000/3150 90 12 300 21 000 1.71 1.18

1 Determined by GPC. 
b Calculated from !H-NMR spectra. 
c Water-soluble block copolymers.

Table 2.6 T h e r m a l  p r o p e r t ie s ,  m e c h a n ic a l  p r o p e r t ie s ,  a n d  w a te r  a b s o r p t io n  o f  th e  
b lo c k  c o p o ly m e r s . ( Q ia n ,  H . e t  a l. 2 0 0 0 )

Sample 1A Cl. (mol mol) 7„,(CL)(:C) 711,(LA) ( C) A//,„(CL)(J g) 0 (MPa) f { % ) Water absorption (%)

c - l 90 10 44.9 1.55 63.2 Brittle 1.09
C-2 SO 20 51.1 155.1 3.86
C-l 70 .10 51.1 153.4 6.68 40.2 443 1.12
C-4 60 40 523 152.9 11.3
C-5 50 50 53.9 152.0 21.8 37.8 791 0.24
C-6 30 70 52.4 149.7 32.6 77 1 661 0.48

Table 2.7 B lo c k  c o p o ly m e r s  o f  d i f f e r e n t  c o m p o s i t io n s .( Q ia n ,  H. e t  a l. 2 0 0 0 )
ร:» ntplc Initiator/e-CL (mol, เทol) l-LA/c-CL" (mol/mol) Yield (%) l -LA /i>CLb (mol/mol) l')l (dl/8) Mwc (10 4)

P-1 1/100 0/100 94.1 0/100 0.45
P-2 0.5,100 0/100 95.2 0/100 0.75
C-l 0.5/100 90 10 97.0 89/11 2.84 15.6
C-2 0.5/100 80/20 93.0 79/21 1.61 9.68
C-3 0.5.100 70/30 -  94.8 " 70/30 1.44 867
C-4 0.5/100 60/40 92.8 60/40 1.16 8.67
C-5 0.5/100 50/50 94 5 50/50 0.97 6.93
C-6 0 5,100 30/70 95.0 28/72 0.83 6.37

a Feed ratio o f l - L A  and F.-CL.
๖ Com positions o f  copolymers obtained. 
v A/* from G P C  measurement.
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T a b l e  2 .8  T e n s i le  p r o p e r t ie s  o f  d i f f e r e n t  P L A  c o m p o s i t io n s  ( s t a n d a r d  d e v ia t io n s  a re  
g iv e n  in  b r a c k e t s ) . ( M u r a r iu ,  M . e t  a l. 2 0 0 8 )
Compositions 
(%, by weight)

Tensile strength 
at yield (MPa)

Tensile strength 
at break (MPa)

Young's modulus 
(MPa)

Nominal strain 
at break (%)"

PLA 66 (2) 65(3) 1000(100) 11(3)
PLA-40% All - 57(3) 1600(150) 6(1)
PLA-40% All-10% DOA 18(1) 15(1) 1150(300) 8(3)
PLA-40% AII-10% GTA 26(1) 14(1) 700 (50) 75 (34)
PLA-40% All-10%Glyp3 31 (2) 27(2) 960(60) 6(1)
PLA-40% AII-10%Glyp7 31(1) 27(3) 950(60) 7(1)

Gauge length of 25.4 mm.

F ig u r e  2 .8  T e n s i le  s t r e s s - s t r a in  c u r v e s  o f  th e  b le n d s  w i th  v a r io u s  P A E /P L A  w e ig h t  
c o m p o s i t io n s .(Z h a n g ,  พ .  e t  a l. 2 0 0 9 )

T a b l e  2 .9  M e c h a n ic a l  p r o p e r t ie s  o f  N e a t  P L A  a n d  P L A - U F P R x  a s  a  f o u n c ia t io n  o f  
U F P R  c o n te n ts .( Z h a o ,  Q . e t  a l. 2 0 1 3 )

S a m p l e s  E l o n g a t i o n  T e n s i l e  T e n s i l e  I m p a c t
a t  b r e a k  (% ) s t r e n g t h  m o d u l u s  s t r e n g t h

( M p a )  ( M p a )  ( K J / r n 2 )
PLA
P L A - U F P R 0 .5
P L A - U F P R R
P L A -U F P R 3

6 . 0 8  ±  0 . 3 6  6 8 . 0 5  ±  1 . 0 6  2 0 6 2  ±  1 2  1 .6 0  ± 0 . 2 1
1 0 6 . 6 0  ±  1 5 .0 8  6 7 . 5 3  ±  0 . 1 7  1 9 2 2  ±  6 6  2 . 0 0  ±  0 . 1 5
2 1 9 . 9 3  ±  2 . 6 4  6 6 . 2 6  ±  1 . 3 6  1 8 9 6  ±  2  2  2 0  ±  0 . 2 3
2 3 1 . 4 5  ±  2 0 . 5 5  6 5 . 6 7  ±  0 . 7 6  1 7 6 8  ±  5 4  2 . 6 0  ±  0 . 3 7

P L A - U F P R 5  2 1 5 . 6 3  ±  1 2 .2 1  6 5 . 3 9  ±  0 . 7 0  2 0 2 9  ±  1 2 9  3 . 2 0  ±  0 . 1 9
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F i g u r e  2 .9  S tr e s s - s t r a in  c u r v e s  o f  (a )  P L A /N P C C , (b )  P L A /M M T  n a n o c o m p o s i te s  
a n d  (c )  th e  c o m p a r i s o n  o f  th e i r  s t r a in -a t - b r e a k  v a lu e s . ( J ia n g ,  L . e t  a l. 2 0 0 7 )
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Table 2.10 M e c h a n ic a l  p r o p e r t ie s  o f  n e a t P L A  a n d  P L A O R  n a n o c o m p o s i te s .( L i ,  B . 
e t  a l. 2 0 0 9 )

Samples Clay
content
(wt.%)

Tensile
modulus
(CPa)

Tensile 
strength at 
yield (MPa)

Elongation 
at break (%)

Neat PLA 0 1.1 ±0.1 68.8 ± 0.6 7.9 ± 0.8
PLAORO.5 0.5 1.2 ±0.1 55.8 ± 1.9 - 58.7 ± 9 .0
PLAOR1 1 1 3  ± 0  1 58.7 ± 1.0 209.7 ±25 .7
PLAOR2 2 1.3 ±0.1 54.1 ± 2 .6 106.1 ±28.1
PLAOR3 3 1.3 ±0.2 46.1 + 1 .4 47.9 ± 3 .8
PLAOR5 5 1.5 ±0.1 36.8 ± 3 .6 25.2 ± 3 .8

Table 2.11 M e c h a n ic a l  p r o p e r t ie s  o f  n e a t  P L A  a n d  P L A  b le n d s  w i th  d i f f e r e n t  D S  in  
M G S T , v a r io u s  c o n te n t  o f  M G S T 3 , a n d  d i f f e r e n t  c o n te n t  o f  E S O .( X io n g ,  Z . e t  al. 
2 0 1 2 )

Composition Impact strength (kj/rrr ) Tensile strength (MPa) Elongation at bleak (%) Tensile modulus (MPa)

Neat PLA I8(±1.0) 69{±1} 5(±1) 3018( ะ: 50)
PLA/ESO (90/10) !9Cd±0.5) 62(±2; 6(±2) 2727(-15)
PLA/starch (90/10} 14(±1.0) 57(ะ±2) 6(±1) 2855(^20)
PLA/native srarch/ESO (80/10/10) 30, ±1.0) 38: ±2) 641±5) 24061 = 10)
PLA/MGST1 /ESO ( 80/10/10) 34{±0.5) 36(±1} 781=5) 22641=13)
PLA/MGST2/ES0 (80/10/1 0) 38; ±0.7) 41(±1 ) 112(±10) 2412(=30)
PLA/MGST3/ES0 (80/10/10) 42(±1.0) 43(±2) 140(rl0) 2510(r20)
PLA/MCST3/ES0 (70/20/10) 36(±1.2) 35(±1) 96(±6) 2318(-18)
PLA/MCST3/ESO (60/30/10) 31(dbl.O) 25(±2) 63(±5) 1769(±20)
PLA/MCST3/ESO (65/30/5) 28(±1.0) 32(±1) 56(±5) 2063(=15)
PLA/MGST3/ES0 (58/30/12) 36, ±0.8) 19{±1) 68(±3) 1366( ะ:10)
PLA/MGST3/ES0 (55/30/15) 23(±1.0) 161 ±2) 321-5) 10571=25)

4 Values reported here are averages of four tensile bar tests according to the test standard. IS, TS. F.B and TM represented the impact strength: tensile strength, elongation 
at break and tensile modulus, respectively.

2.6 Polymer-clay Nanocomposite

C o m p o s i te  m a te r ia ls  a re  m a te r ia ls  th a t  c o n te n t  2  p h a s e s ,  m a jo r  p h a s e  a n d  
m in o r  p h a s e ,  a n d  m in o r  p h a s e  r e in fo rc e  p r o p e r t ie s  f o r  m a jo r  p h a s e . I f  d is p e r s e d  
p h a s e  is  in  n a n o - s c a le ,  m a te r ia l  c a n  b e  c a l l e d  n a n o c o m p o s i te  m a te r ia l .  I t is  w e ll 
k n o w n  th a t  a d d i t io n  o f  d i s p e r s e d  p h a s e  in to  m a tr ix  c a n  im p ro v e  m e c h a n ic a l  
p r o p e r t ie s  o f  m a te r ia l ,  e s p e c ia l ly  n a n o - s c a le  p a r t i c le s  th a t  h a v e  h ig h  a s p e c t  ra tio . 
P o ly m e r - c la y  n a n o c o m p o s i te  is  in c o r p o ra t io n  b e tw e e n  p o ly m e r  a n d  c la y  w ith  
e x f o l ia te  o r  in te r c a la te  s ta te (K o o , J .H . 2 0 0 6 ) .  A d d e d  c la y  c a n  in c re a s e  m e c h a n ic a l  
p r o p e r t ie s ,  e s p e c ia l ly  m o d u lu s ,  fo r  p o ly m e r  m a tr ix .  H . Z h a o  a n d  c o w o r k e r s  s tu d ie d  
c h a r a c te r is t ic  o f  p o ly la c t id e /p o ly h y d r o x y b u ty r a te - c o - v a le r a te /c la y  n a n o c o m p o s i te .  
T h e y  f o u n d  th a t  s to ra g e  a n d  Y o u n g 's  m o d u lu s  o f  th e
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p o ly la c t id e /p o ly h y d r o x y b u ty r a te - c o - v a le r a te  b le n d s  in c r e a s e d  w h e n  th e  b le n d s  w e re  
in c o r p o ra te d  w i th  c la y ,  b u t  te n s i le  s tr e n g th  a n d  e lo n g a t io n  a t  b r e a k  d e c r e a s e d ( Z h a o ,
H . e t  a l. 2 0 1 3 ) .  ร .  L a i  a n d  c o w o r k e r s  s tu d ie d  m e c h a n ic a l  p r o p e r t ie s  o f  P L A /c la y  
n a n o c o m p o s i te .  T h e y  a ls o  fo u n d  th e  in c re a s in g  o f  m o d u lu s  a n d  d e c r e a s in g  o f  te n s i le  
s t r e n g th  a n d  e lo n g a t io n  a t  b re a k  w h e n  p o ly m e r  m a tr ix  w a s  m ix e d  w ith  c la y (L a i ,  ร .-  
M . e t  a l .  2 0 1 3 ) .

F i g u r e  2 .1 0  T e n s i le  s t r e s s - e lo n g a t i o n  c u rv e s  o f  th e  P L A  a n d  P L A - 3 0 B  (1 , 3 , a n d  5 
p h r)  n a n o c o m p o s i te s .  T h e  in s e t  is  th e  s a m p le  p h o to  o f  d u m b b e l l  s p e c im e n s  a f te r  
te n s i le  b re a k . (L a i ,  S .-M . e t a l. 2 0 1 3 )

T a b l e  2 .1 2  T e n s i le  m e c h a n ic a l  p r o p e r t ie s  in c lu d in g  in i t ia l  m o d u lu s  (E ) , y ie ld  s tre s s  
(o y ) ,  t e n s i le  s t r e n g th  (Ob) a n d  e lo n g a t io n  a t  b re a k  (£b) a lo n g  w ith  th e  p r e d ic te d  
m o d u li  b y  H a lp in - T s a i  a n d  M o r i - T a n a k a  e q u a t io n s  o f  th e  P L A - 3 0 B  
n a n o c o m p o s i te s .  ( L a i ,  S .-M . e t  a l. 2 0 1 3 )

Sample f  (CPa) (Ty (MPa) I7b (MPa) e+(%) £H.T(CPar Em.t (CPa)b
PLA 2.35 ± 0.03C 51.7 + 0.6 44.4 ± 0.9 5.61 ±0.91 2.35 2.35
PLA-30B-1 1.64 + 0.07 50.8 ± 0.8 29 2 ± 0.8 208 ±45 2.54 2.48
PLA-30B-3 2.47 + 0.05 46.4 ± 1.1 38.5 ±1.5 4.43 ± 1.09 2.75 2.59
PLA-30B-5 2.68 ±0.08 44.8 ± 1.2 37.9 ± 1.0 3.35 ± 0.75 3.04 2.77

a Eh-t'. Predicted modulus from the Halpin-Tsai equation. 
b Em-t: Predicted modulus from the Mori-Tanaka equation. 
c Mean and standard deviation from five determinations.
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F i g u r e  2 .1 1  M e c h a n ic a l  p ro p e r t ie s  o f  s o l id  a n d  m ic r o c e l lu l a r  P L A /P H B V  b le n d s  a n d  
P L A /P H B V /c la y  n a n o c o m p o s i te s :  (a )  te n s i le  s t r e n g th ,  (b )  t e n s i l e  m o d u lu s ,  a n d  (c )  
s t r a in - a tb r e a k .  ( Z h a o , H . e t  a l. 2 0 1 3 )
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