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CHAPTER V

5.1 Abstract

M o n tm o r illo n ite  ( N a +'M M T ) a e r o g e l/p r e v u lc a n iz e d  natural ru b ber (P N R )  
la te x  c o m p o s ite s  w e r e  p ro d u ced  u s in g  th e  e n v ir o n m e n ta lly  fr ie n d ly /b e n ig n  p r o c e s s  
k n o w n  as fr e e z in g -d r y in g . T h e  c o m p o s ite s  e x h ib ite d  d e n s it ie s  in th e  ran g e  o f  0 . 3 6 -  
0 .51  g e m '3, w h ic h  is  in  g o o d  a g r e e m e n t w ith  th e  co n ten t o f  p o ly m e r  in  th e  a q u e o u s  
so lu t io n s . T h e  le v e l o f  d isp e r s io n  o f  th e  N a +-M M T  and th e  m icro stru c tu re  o f  the  
c o m p o s ite s  w e r e  c h a ra c ter ized  b y  m e a n s  o f  X -r a y  d iffr a c tio n  a n a ly s is  and  sc a n n in g  
e le c tr o n  m ic r o c o p y , r e s p e c t iv e ly . T h e  in f lu e n c e  o f  N a +-M M T  p a r tic le s  o n  the  
m e c h a n ic a l, r h e o lo g ic a l and  s w e l l in g  p ro p er tie s  o f  the r e su lt in g  c o m p o s ite s  w er e  
in v e s t ig a te d  a s  w e l l .  T h e  resu lts  rev ea l that a c o m p o s ite  m a d e  from  7 parts p er  
h u n d red  o f  rubber (p h r) lo a d in g  o f  N a +-M M T  sh o w e d  the g rea test im p r o v e m e n t in 
m ater ia l p ro p erties , a s  can  b e  o b se r v e d  from  th e m e c h a n ic a l and m e lt  r h e o lo g ic a l  
te s ts  data. It is  a n tic ip a te d  that su ch  N a +-M M T  a e r o g e l/p o ly m e r  c o m p o s ite s  w il l  b e  
e x c e lle n t  ca n d id a te s  for u t i l iz in g  in a ran g e  o f  structural and in su la tio n  a p p lic a t io n s .

Keywords: A e r o g e ls ;  N a n o c o m p o s ite s ;  M e c h a n ic a l p rop erties; A n a ly t ic a l m o d e lin g ;  
R h e o lo g y
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5.2 Introduction

A  great d ea l o f  a tte n tio n  h as b e e n  d e v o te d  o v e r  the p ast d e c a d e  to  th e  
d e v e lo p m e n t o f  lig h tw e ig h t  and  h ig h  p er fo r m a n c e  m a te r ia ls  w h ic h  m e e t  the n e e d s  o f  
tran sp orta tion , a e r o sp a c e , and  c o n su m e r  a p p lic a t io n s . T h is  red u ctio n  in  m a ter ia ls  
w e ig h t  h a s b e e n  a c c o m p lish e d  b y u t i l iz in g  th e c o m p o s ite  m a ter ia ls , in w h ic h  th e  
o r g a n ic  and in o rg a n ic  c o m p o n e n ts  act sy n e r g is t ic a l ly  to  y ie ld  the req u ired  p rop erties  
w ith o u t  sa c r if ic in g  th e p h y s ic a l p ro p er tie s  o f  th e  o r g a n ic  m atrix  [L e e  et ah , 2 0 0 9 ] ,  
N a n o c o m p o s ite s  co m p r ise d  o f  h ig h ly  a n iso tr o p ic  la y e r e d  s il ic a te s  (a sp e c t  ratio  o f  
1 0 0 0  or grea ter ) o fte n  p r o v id e  the e x c e p t io n a l p e r fo r m a n c e  in term s o f  m e c h a n ic a l  
stren g th , h eat r e s is ta n c e , barrier r e s is ta n c e  a g a in st  g a s e s  (e .g . o x y g e n , n itro g en  and  
carb o n  d io x id e ) ,  w ater  an d  h y d ro ca rb o n s, and u v  s ta b ility , a s  co m p a red  to  
in d iv id u a l o r g a n ic  p o ly m e r s  or  c o n v e n tio n a l f ille d  c o m p o s ite s  [T eh  et a l., 2 0 0 4  and  
R ak a et ah , 2 0 0 9 ] .  T h e se  im p r o v e m e n ts  are u su a lly  a c h ie v e d  w ith  sm a ll q u a n titie s  o f  
the c la y  p a r t ic le s  ( le s s  th a n  1 0  w t% ) in  ord er to  e n su r e  a g o o d  d isp e r s io n  o f  th e  
s il ic a te  la y ers in th e  p o ly m e r  m atrix  and  an o p t im iz e d  in tera ctio n  at th e  in ter fa ce  
b e tw e e n  tw o  p h a se s  [R ak a et a h , 2 0 0 9 ] .

F rom  th e d e v e lo p m e n t  o f  n a n o s c ie n c e  and n a n o te c h n o lo g y  v ie w p o in t , th e  
m o st  e x te n s iv e ly  u sed  la y ered  s il ic a te  is  n atural so d iu m  m o n tm o r illo n ite  (N a +-M M T )  
w h ic h  is  a w e l l-k n o w n  so u r c e  o f  re in fo r c e m e n t for p o ly m e r s . O w in g  to  its  a b ility  to  
form  g e l in  w a te r , th e se  sm e c t i te  can  b e  c o n v e r te d  in to  ‘h o u se  o f  c a r d s ’- l ik e  a e r o g e ls  
w ith  bu lk  d e n s it ie s  ty p ic a lly  in  the ran g e  o f  0 .0 1 - 0 . 1  g e m ' 3 (v o id  v o lu m e  fraction  ~  
9 5  % ) th rou gh  a rob u st and  e n v ir o n m e n ta lly -b e n ig n  fr e e z e -d r y in g  p r o c e s s  [B a n d i et 
ah , 2 0 0 5 ;  B a n d i et ah , 2 0 0 6 ;  S o n d a i et a h , 2 0 0 6 ;  A rn d t et ah , 2 0 0 7 ;  F in la y  et ah , 
2 0 0 8 ;  G a w ry la  et ah , 2 0 0 8 ;  G a w r y la  et a h , 2 0 0 9 a ;  J o h n so n  111 et a h , 2 0 0 9 ] ,  D u r in g  
the fr e e z in g  o f  a q u e o u s  c la y  d isp e r s io n s , th e  g r o w in g  ic e  fron ts c a u se  
a lig n m e n t/sh e a r in g  o f  th e  N a +-M M T  p la te le ts  a lo n g  th e  ic e  crysta l fa c e s  to  p ro d u ce  
la m e lla r  stru ctu res, w h ic h , a fter  h ig h  v a c u u m  su b lim a tio n , resu lt in  u ltra lo w  d e n s ity  
la yered  su p erstru ctu res. A s  th e  n eat a e r o g e ls  are r e la t iv e ly  fra g ile  and  p o s s e s s  p o o r  
m ec h a n ic a l s tre n g th s , th e  in co rp o ra tio n  o f  e ith er  a p o ly m e r ic  c o m p o n e n t  a n d /o r  
natural or sy n th e tic  fib ers  in to  the fra m ew o rk  o f  N a +-M M T  a e ro g e l is  requ ired  for  
im p r o v in g  its m ec h a n ic a l r ig id ity  and fo r  p ro d u c in g  th e  fo a m -lik e  stru ctu res that
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re fle c t  th e  th e r m a l/m e c h a n ic a l p ro p er tie s  o f  th e  m atrix  p o ly m e r s  th e m s e lv e s .  A  w id e  
ran ge o f  o r g a n ic  p o ly m e r s  su c h  a s  p o ly  (jV -isoprop yl a c r y la m id e )  [B a n d i et ah ,
2 0 0 5 ] ,  p o ly fv in y l a lc o h o l)  [B a n d i et a h , 2 0 0 6  and  F in la y  et ah , 2 0 0 8 ] ,  e p o x y  
p recu rsors [A rndt et ah , 2 0 0 7 ] ,  c a se in  [G a w r y la  e t a h , 2 0 0 8 ] ,  p o ly  ( e th y le n e  im in e )  
[J o h n so n  111 e t a h , 2 0 0 9 ]  h a v e  b e e n  in co rp o ra ted  in to  th e  a q u e o u s  a e r o g e l p recu rsor  
d isp e r s io n  prior to  fr e e z e -d r y in g , and  the resu lts  s h o w e d  a s u c c e s s fu l im p r o v e m e n t in  
th e  m ech a n ica l p ro p er tie s  o f  th e  a e r o g e ls  w h ile  re ta in in g  th e  p o ly m e r /a e r o g e l  
c o m p o s ite s  m a d e  w ith  d e n s ity  in  th e  ran g e  o f  0 .0 5  to  0 .1 5  g e m '3. S im ila r  
re in fo r c e m e n t w a s  fou n d  a fter  in co rp o ra tin g  the natural or sy n th e tic  f ib e r s  in to  th e  
a q u e o u s  a e r o g e l p recu rsors a s  w e l l  [F in la y  e t a h , 2 0 0 8  and  G a w ry la  e t a h , 2 0 0 9 a ] ,  
T h e  r e su lt in g  p o ly m e r /a e r o g e l c o m p o s ite s  are th e  p r o m is in g  m a te r ia ls  for  m a n y  
a p p lic a t io n s , in c lu d in g  th erm al and  a c o u s t ic  in su la tio n , lo w -p r e ssu r e -d r o p  c a ta ly s is , 
and structural m a te r ia ls  in  tran sp orta tion  [G a w ry la  e t a h , 2 0 0 9 a ] ,

A lth o u g h  th e  la tex  c o m p o u n d in g  m eth o d  w a s  u t i liz e d  b e fo r e  in  p r o d u c in g  
th e  natural rubber (N R )-b a se d  n a n o c o m p o s ite s  [V a r g h e se  et a h , 2 0 0 3  an d  S te p h e n  et 
ah , 2 0 0 6 ] ,  there are n o  rep orts o f  p o ly m e r /N a +-M M T  a e r o g e l c o m p o s ite s ,  u t i l iz in g  
p r e v u lc a n iz e d  natural rubber (P N R ) la te x  a s  th e  o rg a n ic  p o ly m e r , p rep ared  b y  th e  
a b o v e -m e n tio n e d  fr e e z e -d r y in g  to  d ate . In th e  p resen t s tu d y , a s in g le  fr e e z in g -d r y in g  
step  w a s  a p p lied  fo r  p r o d u c in g  th e  N a +-M M T  a e r o g e l/P N R  la te x  c o m p o s ite s  from  
th e  a q u e o u s  P N R  la te x /N a +-M M T  g e ls .  T h e  stru ctu re o f  th e  c o m p o s ite s  w a s  
in v e s t ig a te d  b y  X -r a y  d if fr a c tio n  and  sc a n n in g  e le c tr o n  m ic r o sc o p y . T h e  
c o m p r e s s iv e , d y n a m ic  th e r m o -m e c h a n ic a l, and tran sp ort p ro p er tie s  w e r e  e x a m in e d  
a s a fu n c t io n  o f  N a +-M M T  lo a d in g . T a s tly , th e  r h e o lo g ic a l b e h a v io r  w a s  s tu d ied  in  
ord er to  u n d erstan d  th e  s tru c tu re -p ro p er ty  r e la tio n sh ip  o f  the re su lt in g  m a ter ia ls .

53 Experimental Parts

5 .3 .1  R a w  M a ter ia ls
P r istin e  N a +-M M T  (K u n im in e  In d u str ies  C o ., T td .. K u n ip ia  gra d e), 

w ith  a ca tio n  e x c h a n g e  c a p a c ity  (C E C ) o f  115 m e q /1 0 0 g , and  c e n tr ifu g e d  N R  la te x  
w ith  60 %  dry rubber c o n te n t  w e r e  u sed  w ith o u t  further m o d if ic a t io n . T h e  
c o m p o u n d in g  in g r e d ie n ts  i .e . p o ta ss iu m  h y d r o x id e , z in c  o x id e , c a lc iu m  ca rb o n a te ,
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z in c  d ie th y l d ith io ca rb a m a te  (Z D E C ), w in g s ta y -L , and su lfu r  w e r e  p u rch a sed  from  
the R u b b er R ese a r c h  C en ter , K asetsart U n iv e r s ity  (T h a ila n d ) and u se d  a s  r e c e iv e d .

5 .3 .2  P rep ara tio n  o f  th e  C o m p o s ite s
A s  r e c e iv e d  6 0 w t%  N R  la te x  w a s  first d ilu te d  to  3 0 w t%  la te x  w ith  

d is t il le d  w ater , and w a s  further u sed  a s  a raw  m ater ia l fo r  p rep arin g  the  
p r e v u lc a n iz e d  la te x  a c c o r d in g  to  the fo r m u la t io n s  g iv e n  in  T a b le  5 .1 . T h e  
p r e v u lc a n iz a tio n  o f  th e  c o m p o u n d e d  la tex  w a s  c o n d u c te d  at 7 0 ° c  for  3 0  m in  under  
th e  h ig h  sp eed  stirr in g  ( 7 0 0 0  rp m ). In a s e c o n d  2 liter co n ta in e r , 2 0  g  o f  N a +-M M T  
w a s  b len d ed  w ith  1 0 0 0  g  d is t ille d  w a ter  u n d er  v ig o r o u s  stirr in g  fo r  2  h in  ord er to  
w e t ou t th e  N a +-M M T . and th en  th e  m ix tu re  w a s  m ix e d  at h ig h  sp e e d  fo r  3 0  m in  
u s in g  a h o m o g e n iz e r  to  crea te  a 2 w 1 %  N a ^ -M M T  d isp e r s io n . A fte r w a r d s , th e  
d e s ig n a te d  a m o u n t o f  N a +-M M T  d isp e r s io n  w a s  s lo w ly  ad d ed  in to  th e  p r e v u lc a n iz e d  
la te x  u n der v ig o r o u s  stirr in g  for  2  h , fo l lo w e d  b y  h o m o g e n iz in g  stirr in g  for  an o th er  
3 0  m in  at room  tem p era tu re .

A q u e o u s  s o lu t io n s  o b ta in ed  in th is  m an n er  w e r e  p o u red  in to  2 .5  cm  
d ia m e te r  cy lin d r ic a l g la s s  v ia ls  for m a k in g  cy lin d r ic a l te st  s p e c im e n s  and  w ere  
su b se q u e n tly  fr o z e n  in a 80°c freezer . T h e  fr o z e n  sa m p le s  w er e  th en  tran sferred  to  
a S c a n v a c  fr e eze -d ry e r  w ith  a c o n d e n se r  tem p era tu re  o f  - I 0 8 ° c  and su b je c te d  to  v ery  
h ig h  va cu u m  (<  0 . 1 m b ar) in ord er to su b lim e  th e ic e . A fte r  3 d a y s  in  th e  fr e e z e -  
d ryer, the sa m p le s  w e r e  r e m o v e d  and th en  cu red  in an o v e n  at I 5 0 ° c  for  3 0  m in . 
C o n tro l sa m p le s  w e r e  m a d e  a c c o r d in g  to th e  a b o v e -m e n t io n e d  p ro ced u re  w ith o u t th e  
in co rp o ra tio n  o f  N a +-M M T . In th e  sa m p le  c o d in g , P N R  sta n d s  for  th e  p r e v u lc a n iz e d  
ru b b er la tex , M  rep resen ts  th e  N a +-M M T , and  th e  n u m b ers l ,  3 , 5 and  7  in d ica te  the  
m a s s  c o n ten t o f  N a +-M M T  u se d .

5 .3 .3  C h a ra c te r iz a tio n s
X -ra y  d if fr a c tio n  p attern s w e r e  reco rd ed  in  th e  ran g e  o f  2 6 -  1 - 4 0 °  

( in te r v a l o f  0 .0 2 ° )  on  a B ru k er  A X S  M o d e l D 8  D is c o v e r  X -r a y  d if fr a c to m e te r , w ith  
N i-f ilte r e d  C u  K a (2  =  0 .1 5 4  n m ) rad iation  o p era ted  at 4 0  k V  and 4 0  m A . T h e  b asa l 
s p a c in g  ((/« ((/-sp acin g) w a s  ca lc u la te d  a c c o r d in g  to  th e  B r a g g  e q u a tio n  
( A = ItlsmO).
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T h e  m o r p h o lo g ic a l fea tu res  o f  the c o m p o s ite s  w e r e  in v e s t ig a te d  u s in g  
a JE O F , M o d e l J S M 5 2 0 0  sc a n n in g  e le c tr o n  m ic r o sc o p e . T h e  sa m p le s  w e r e  fractured  
in a liq u id  n itro g en  bath , p la ced  on  a s a m p le  h o ld e r  u s in g  c a rb o n  a d h e s iv e  ta p e , and  
th en  sp u tter -co a ted  w ith  g o ld  u n der v a c u u m  to  p rev en t th e  e le c tr o s ta t ic  c h a r g in g  
d u rin g  o b se r v a tio n .

T h e  cu re  c h a r a c te r is tic s  o f  the c o m p o s ite s  w e r e  d e te r m in e d  at fou r  
d ifferen t tem p era tu res ra n g in g  from  1 5 0  to  1 80°c u s in g  a torq u e r h e o m e te r  (O D R ) .  
T h e k in e tic  p a ra m eters  v iz . s p e c if ic  rate co n sta n t (K) and ap p arent a c t iv a t io n  e n e r g y  
(.Ea) w e r e  c a lc u la te d  from  the to r q u e -t im e  c u r v e s  a c c o r d in g  to  litera tu re e q u a tio n s  
[K ad er and N a h . 2 0 0 4  and C'handran and N a ra y a n a n k u tty , 2 0 0 8 ] ,

A  gra v im etr ic  p ro ced u re  w a s  a d o p ted  to  m o n ito r  th e  s w e l l in g  
b eh a v io r  o f  th e  c o m p o s ite s . T h e  th ic k n e s s  and in itia l w e ig h t  o f  th e  s a m p le s  w e r e  
taken  prior to th e  s w e l l in g  e x p e r im e n t . S a m p le s  w e r e  th en  im m e r se d  in 8 0  m l 
to lu e n e  at 2 5 ° c  and  filtered  o u t at reg u la r  in terv a ls  o f  t im e  u s in g  a m e sh  s ie v e . T h e  
s w o lle n  sa m p le s  w e r e  then  d rained  on  th e  s ie v e  to  r e m o v e  th e  a d h er in g  s o lv e n t , and  
w e ig h e d  im m e d ia te ly  on  th e e le c tr o n ic  b a la n c e . S u c h  p ro ced u re  w a s  c o n tin u e d  u n til 
the eq u ilib r iu m  s w e l l in g  w a s  a tta in ed  fo r  ea ch  sa m p le . T h e  s o lv e n t  a d so rp tio n  (Qi) 
and the s w e l l in g  k in e t ic s  w e r e  d e term in ed  o n  the b a s is  o f  th e  m a ss  c h a n g e s  [S te p h e n  
et ah , 2 0 0 6  and  S id d ara m aia h  et a h , 2 0 0 8 ] .  T h e  c r o s s l in k  d e n s ity  (F e) and  
th erm o d y n a m ic  p ara m eters  w e r e  a lso  c o m p u te d  u s in g  th e F lo r y -R e h n e r  and F lo r y -  
H u g g in s  e q u a tio n s , r e s p e c t iv e ly  [F ô p e z -M a n c h a d o  et ah , 2 0 0 3  and P o jan av ara p h a n  
and M agarap h an , 2 0 0 8 ] .

C o m p r e ss io n  te st in g  w a s  carried  ou t u s in g  a U n iv e r sa l T e s t in g  
M a ch in e  ( F F O Y D  F R  1 0 0 K ) at a c o n sta n t stra in  rate o f  10  m m /m in  a c c o r d in g  to  
A S T M  D 5 7 5 -9 1 . F iv e  sa m p le s  o f  ea ch  c o m p o s it io n  w e r e  te s te d , and th e  c o m p r e s s iv e  
m o d u li w er e  c a lc u la te d  from  th e  s lo p e s  o f  the lin ear  p o r tio n s  o f  th e  s tr e ss -s tr a in  
c u rv es .

D y n a m ic  m e c h a n ic a l a n a ly s e s  w e r e  c o n d u c te d  o n  a T A  In stru m en ts  
Q800 D M A  m a c h in e  fitted  w ith  a t e n s i le  te st in g  h ead  in  th e  tem p era tu re  ra n g in g  
from  -80°c to +130°c at a rate o f  3 ° c /m in .  A  sta tic  fo r c e  o f  10 m N  w a s  a p p lie d  to  
en su re  that the s a m p le s  w e r e  taut b e tw e e n  the te n s i le  g r ip s , and  th e  rec ta n g u la r
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sa m p le s  w er e  sc a n n e d  u s in g  th e  f ix e d  fr e q u e n c y  o f  10 H z  and  th e a m p litu d e  o f  2 5  
p m .

R h e o lo g ic a l m e a su r e m e n ts  w e r e  carried  o u t o n  a R u b b er  P r o c e ss  
A n a ly z e r  (R P A  2000, A lp h a  T e c h n o lo g ie s )  u n d er  th e o s c i l la to r y  sh ear . A l l  s tu d ie s  
w e r e  c o n d u c te d  at th e  tem p era tu re  o f  150°c. D y n a m ic  stra in  s w e e p  te s ts  w e r e  
in it ia lly  p erfo rm ed  fo r  stra in s b e tw e e n  0.28 and  140% at a co n sta n t fr e q u e n c y  o f  0.63 
rad /s in order to  a s s e s s  th e  l im its  o f  th e  lin ear  v is c o e la s t ic  r e g im e . D y n a m ic  
fr e q u e n c y  s w e e p s  w e r e  p er fo rm ed  o v e r  th e  fre q u e n c y  ran g e  o f  0 . 1 - 1 0 0  rad /s at the  
co n sta n t strain a m p litu d e  o f  5% .

5.4 Results and Discussion

5.4 .1  X -R a y  D iffr a c tio n  and S c a n n in g  E lec tro n  M ic r o s c o p y  A n a ly s e s
T h e  ex ten t o f  in terca la tio n  o f  p o ly m e r  c h a in s  in to  th e  in ter la y er  sp a c e  

can  b e  d e term in ed  from  th e X R D  p attern s in  th e  ran g e  o f  26 = 1 -1 0 ° . T h e  X R D  
p attern s o f  th e  n eat N a +-M M T  and  th e c o r r e sp o n d in g  c o m p o s ite s  are g iv e n  in  F ig u re  
5 .1 . N a +~M M T  p o w d e r  d isp la y e d  th e w e l l-d e f in e d  c/ooi r e f e c t io n  at 26 =  7 ° , w h ic h  
co r r e sp o n d s  to  a m e a n  b asa l s p a c in g  o f  1 .2 5  ททา. In th e  c a s e  o f  P N R  c o m p o s ite s ,  th e  
in te n s ity  o f  th e  ch a ra cter is tic  p eak  o f  N a +-M M T  w a s  red u c e d  o w in g  to  th e  d ilu tio n  
e f fe c t ,  and th ere  w a s  a sh ift in  th e  a n g le  o f  r e f e c t io n  to w a r d s  th e  lo w e r  p o s it io n , 
w h ic h  co r r e sp o n d s  to  th e  b asa l sp a c in g  o f  4 .3 0 ,  4 .1 9 ,  4 .7 6 ,  and  4 .8 8  n m  for  P N R /M 1 , 
P N R /M 3 , P N R /M 5 , and P N R /M 7 , r e s p e c t iv e ly . T h is  in c r e a se  in  b asa l s p a c in g  w a s  a 
stro n g  in d ic a tio n  that th e  stru ctu re o f  th e  c o m p o s ite s  m a d e  w a s  h ig h ly  in terca la te d , 
and  su ch  d isp e r s io n  tec h n iq u e  ca n  b e  c o n s id e r e d  as an e f f ic ie n t  m e th o d  fo r  p r o v id in g  
a g o o d  d isp e r s io n  o f  th e  s il ic a te  la y ers h a v in g  a s tr o n g  p o la r ity  in to  th e  rubber  
m atr ix . M e a n w h ile , th e  p ea k s  at 26 =  3 1 .6 °  and  3 6 .1 ๐ w e r e  a s s ig n e d  a s  th e  ( 1 0 0 )  and  
( 1 0 1 )  r e f e c t io n s ,  r e s p e c t iv e ly , o f Z n O  p a r t ic le s  [G u o  et a l., 2 0 0 9 ]  p resen t w ith in  th e  
c o m p o s ite s . A s  n o te d , d e sp ite  a great c h a n g e  in  the b u lk  d e n s ity  fro m  2 .8 3  to  0 .0 5  
g e m '3, the b asa l sp a c in g  o f  th e  N a +-M M T  a e r o g e l (n o t sh o w n  h ere) r e m a in e d  a lm o st  
the sa m e  as that o f  th e  starting N a +-M M T  [G a w r y la  et a l .. 2 0 0 9 a ] .

S T M  m icro g ra p h s o f  N a +-M M T  a e r o g e l and  th e  c o r r e sp o n d in g  
c o m p o s ite s  are d e p ic te d  in F ig u r e  5 .2 . T h e  N a '-M M T  a e r o g e l (F ig u r e  5 .2 a )  e x h ib ite d
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a ch a ra cter is tic  la m ella r  stru ctu re (a se r ie s  o f  p ara lle l N a f-M M T  s h e e ts )  w h ic h  w a s  a 
rep lica  o f  the ic e  crysta l m o r p h o lo g y  [G a w r y la  et a l., 2 0 0 9 a ] , In c a s e  o f  c o m p o s ite  
w ith  1 phr N a +-M M T  (F ig u r e  5 .2 c ) , it ap p eared  that th e  c o n c e n tr a t io n  o f  N a +-M M T  
in  th e  startin g  a q u e o u s  g e l w a s  n ot e n o u g h  ( le s s  than 0 .7  w t% ) for p r o d u c in g  a h ig h ly  
la m e lla r  m o r p h o lo g y  [S o m la i et ah , 2 0 0 6 ] ,  w h e r e a s  in  th e  c a s e  o f  c o m p o s ite s  w ith  5 
and 7 phr N a +-M M T , a regu lar  la y ered  su p erstru ctu re  w a s  p ro d u c e d  and  c o m p le te ly  
c o v e r e d /c o n n e c te d  b y  th e la y er  o f  N R  m a tr ix , as s h o w n  in F ig u re  5 .2 d  and  e , 
r e sp e c tiv e ly . T hat th e  co n ce n tr a tio n  o f  N a +-M M T  in  the a q u e o u s  p recu rsor  
d isp e r s io n  p la y s  a k e y  ro le  for  p ro d u c in g  su ch  th ree  d im e n s io n a l ( 3 D )  N a +-M M T  
n etw o r k s  w a s  c o n s is te n t  w ith  ear lier  d is c u s s io n s  w h ic h  c o n c lu d e d  that h y d r o g e la tio n  
o f  th e  N a +-M M T  at or a b o v e  its  2 w t%  g e l p o in t w a s  n e c e ssa r y  in  o rd er  to  a c h ie v e  a 
p ersis ten t a e ro g e l structure u p o n  fr e e z e -d r y in g  [S o m la i et a l., 2 0 0 6 ] .  B a se d  o n  th e  
S E M  m icro gra p h s, th e  sc h e m a tic  m o d e l d e sc r ib in g  th e  stru ctu re o f  c o m p o s ite s  m a d e  
w a s  p ro p o sed  and is  d e p ic te d  in F ig u re  5 .3 .

5 .4 .2  C ure C h a ra c ter is tic s  and K in e t ic s
T h ere are m a n y  p a ra m eters  w h ic h  h a v e  an in f lu e n c e  o n  the  

v u lc a n iz a tio n  p rop erties  o f  th e  e la s to m e r ic -b a se d  m a ter ia ls ;  th is  s tu d y  fo c u s e d  o n  the  
e f fe c t  o f  tem p era tu re and N a +-M M T  lo a d in g . T h e  r h eo g ra p h ic  p r o f ile  o f  P N R  and  its  
c o m p o s ite s  ob ta in ed  at 15 0 ° c  is  sh o w n  in  F ig u re  5 .4 , and th eir  cu re  c h a r a c te r is tic s  
are lis ted  in  T a b le  5 .2 . Ir resp ec tiv e  o f  th e  cu re  tem p era tu re , th e  a d d it io n  o f  th e  N a +- 
M M T  in crea sed  the m a x im u m  torq u e ( D n1ax) n o t ic e a b ly  e s p e c ia l ly  at 5 an d  7 phr  
lo a d in g , w h ile  p r o v id in g  a tr iv ia l d if fe r e n c e  in  th e  o p tim u m  cu re  t im e  ( /9o) co m p a red  
to that o f  th e  n eat P N R . T h is  w a s  p rob a b ly  d u e  to  th e  fa ster  cu re  in  th e  e a r ly  s ta g e  o f  
r ea c tio n  than th e la tter s ta g e  [K a d er  et ak , 2 0 0 6 ] .  T h e  h ig h e r  v a lu e  o f  Z)max for  th e  
c o m p o s ite s  in d ica ted  the r e in fo r c in g  n atu re o f  th e  N a +-M M T  p a r tic le s  and the  
fo rm a tio n  o f  c o n fin e d  e la s to m e r ic  n etw o rk  w ith in  th e  in ter lay er  s p a c e  [K a d er  and  
N a h , 2 0 0 4 ] ,  H o w e v e r , a s lig h t  d e c r e a se  in /Tmax u p o n  a d d itio n  o f  1 phr N a +-M M T  
p o in te d  to  the cu re retard ation  e f fe c t  o f  N a +-M M T  b y  a d so r b in g  part o f  c u r a tiv e  on  
top  o f  its su rfa ce , w h ic h  w o u ld  red u ce  th e am o u n t o f  c u r a t iv e s  a v a ila b le  fo r  th e  cu re  
rea c tio n  [K ad er and N a h , 2 0 0 4 ] ,  S im ila r  c o n c lu s io n s  can  b e rea ch ed  w ith  th e  k in e tic  
p aram eters and the s w e l l in g  s tu d ie s , w h ic h  w ill  b e  d isc u sse d  sh o rtly .
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T h e k in e t ic  p aram eters e .g . s p e c if ic  rate co n sta n t (K) and a c tiv a tio n  
en e r g y  (Ea) w e r e  d e te r m in e d  from  th e  rh eo m etr ic  data  b y  u t i l iz in g  the e q u a tio n s  
g iv e n  b e lo w :

เท(Dm -  D,)=-kl  + \n( D ^ - D m, ) ( 5 .1 )

K(T)=K„  e x p ( - £ „ / « r ) (5 .2 )

w h ere  A  and Allin are th e  torq u e v a lu e s  at a g iv e n  tim e  and tim e  z e r o , r e s p e c t iv e ly , k 
or K(T) is  the first-ord er  rate co n sta n t at a tem p era tu re T, and R is  th e  u n iv ersa l g a s  
c o n sta n t. I f  a p lo t  o f l n  (A n a x -A ) a g a in st  tim e  ( /)  y ie ld s  a stra ight lin e , th en  th e  cu re  
rea c tio n  f o l lo w s  the fir st-ord er  k in e t ic s , and th e  first-ord er  rate co n sta n t c a n  be  
c a lcu la ted  from  the s lo p e  o f  th e  co rr e sp o n d in g  stra ight lin e . T h e  a c t iv a t io n  e n e r g y  o f  
the c u r in g  p r o c e s s  w a s  d e term in ed  u s in g  the A rrh en iu s eq u a tio n  (E q . ( 5 .2 ) ) ,  and  the  
v a lu e s  are lis ted  in T a b le  5 .2  a lo n g  w ith  the s p e c if ic  rate con stan t.

A s  e x p e c te d , the p lo t  o f  In (A n a x -A ) a g a in st  t im e  for  P N R  and  its  
c o m p o s ite s  at 1 5 0 ° c  w a s  fou n d  to  b e  lin ear  (F ig u re  5 .5 a ) , w h ic h  su p p o rts  th e  
su ita b ility  o f  th e  first ord er  k in e tic  m o d e l fo r  a n a ly z in g  the cu re  b e h a v io r  in  the  
p resen t sy s te m . A s  the k in e t ic  rate co n sta n t w a s  d er iv ed  from  th e to rq u e , th e  a d d itio n  
o f  N a +-M M T  resu lted  in  an in crea se  in  the k v a lu e s . S im ila r  to  th e  e f fe c t  o f  N a +- 
M M T , th e tem p era tu re h ad  an in f lu e n c e  on  th e v u lc a n iz a tio n  p r o c e s s . In crea sin g  the  
cure tem p era tu re  in cre a se d  the k v a lu e s  and d e c r e a se d  th e  / 90 o f  th e  c o m p o s ite s  
[K ad er and N a h  2 0 0 4 ] ,  T h is  w a s  d u e  to  the a v a ila b ility  o f  m ore th erm a l e n e r g y  for  
the cu re  rea c tio n  (a c c e le r a tio n  e f fe c t ) . T o  u n d erstan d  m o r e  ab ou t th e  v u lc a n iz a tio n  
k in e t ic s , th e  v a lu e  o f  £ a  o f  cu r in g  r ea c tio n  w a s  c o m p u te d  from  th e  A rr h en iu s  p lo t  o f  
In K v e r su s  1 /r ,  a s  d e p ic te d  in  F ig u re  5 .5 b . T h e  e x is te n c e  o f  N a +-M M T  in c r e a se d  th e  
Ea v a lu e  from  4 6 .9 1  (w ith o u t  N a +-M M T ) to 7 6 .8 3  (w ith  7 phr N a +-M M T ) k J m o f 1; in  
oth er w o r d s , a h ig h er  a m o u n t o f  e n e r g y  w a s  req u ired  for the c u r in g  o f  c o m p o s ite s .  
T h is v e r if ie d  th e  cure retard ation  e f fe c t  o f  N a +-M M T  b y  a d so rb in g  part o f  th e  c u r in g  
a g e n ts  o n  its  su r fa ce  and b lo c k in g  th e  m o v e m e n t o f  rubber ch a in s.

5 .4 .3  S w e l l in g  B e h a v io r  and  T ransport M e c h a n ism
A  d e c r e a se  in  c r o s s - lin k in g  e f f ic ie n c y  w a s  v e r ifie d  b y  th e e x a m in a tio n  

o f  the s w e l l in g  b e h a v io r , th e  e q u ilib r iu m  s w e l l in g  ra tio  (Or), and  the n u m b er  o f
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n etw o r k  ch a in  s e g m e n ts  per u n it v o lu m e  ( F e). A  p lo t b e tw e e n  th e fraction  o f  to lu e n e  
u p ta k e  (Qi) and t im e  (tU2) o f  P N R  and its  c o m p o s ite s  is  d isp la y e d  in  F ig u r e  5 .6 a . 
T w o  d ifferen t r e g io n s  can  b e s e e n  from  th e se  ad so rp tio n  c u r v e s . T h e  first reg io n  
d e n o te s  th e  h ig h  s w e l l in g  rate b e c a u se  o f  th e  large c o n c e n tr a tio n  g ra d ien t, and th e  
sa m p le s  are u n der s e v e r e  so lv e n t  s tress , w h e r e a s  the se c o n d  z o n e  in d ic a te s  a red u ced  
s w e l l in g  rate d u e  to  a d e c r e a se  in  c o n c e n tr a tio n  grad ien t, an d  the s w e l l in g  p r o c e ss  
a lm o s t  rea ch es th e  e q u ilib r iu m  [S tep h en  et a l., 2 0 0 6 ] . T h e  in itia l s w e l l in g  rate o f  
c o m p o s ite s  in crea sed  rap id ly  and  reach ed  th e  eq u ilib r iu m  w ith in  sm a ll t im e s , r e la tiv e  
to  th e  standard n eat P N R . A s  a resu lt, th e  eq u ilib r iu m  so lv e n t  u p ta k e  o f  th e  
c o m p o s ite s  in crea sed  a s  a fu n c tio n  o f  N a +-M M T  lo a d in g , an d  s im u lta n e o u s ly  th e  
c r o ss lin k  d e n s ity  d e c r e a se d , a s  lis te d  in  T a b le  5 .3 . T h e se  s w e l l in g  r e su lts  w e r e  in  
a c c o r d a n c e  w ith  th e resu lts  o b ta in e d  from  th e  rh eo m eter  that th e  c u r in g  p r o c e s s  w a s  
restr ic ted  u p on  th e  a d d itio n  o f  N a +-M M T , e v e n  th o u gh  it w a s  rep orted  that th e  
a d so rp tio n  o f  s o lv e n t  ca n  b e red u c e d  in th e  n a n o -f il le d  s y s te m s  d u e  to th e  en h a n c e d  
p o ly m e r /f il le r  in te r a c tio n , the h ig h ly  to r tu o u s  path  and th e  red u ced  tran sp ort area  
[S te p h e n  et a l.. 2 0 0 6 ] ,  A  s im ila r  trend w a s  fo u n d  in th e  c a se  o f  P N 1 P A M /N a +-M M T  
a e r o g e l c o m p o s ite s  u tiliz in g  p o ly h e d r a l o l ig o m e r ic  s i ls e s q u io x a n e  (P O S S )  a s  a c r o ss -  
lin k in g  agen t [B a n d i et a l., 2 0 0 5 ] .

A n o th e r  p la u s ib le  reaso n  for  th e  rapid s w e l l in g  rate o f  th e  c o m p o s ite s  
w a s  ex p la in e d  b y  th e  e x is te n c e  o f  v o id s , crea ted  after su b je c t in g  to a h ig h  v a cu u m  
fr e e z e -d r y in g . T h is  w o u ld  in c r e a se  n o t o n ly  th e  a v a ila b ility  o f  sp a c e s  fo r  
a c c o m m o d a tin g  th e  so lv e n t  m o le c u le s  but a lso  th e  c o n ta c t  area b e tw e e n  th e  
p o ly m e r ic  layer , c o a t in g  the m a jo r ity  o f  s i l ic a te  su r fa c e s , and th e  s o lv e n t , c a u s in g  th e  
p o ly m e r  ch a in s  to  s w e l l .  In o th er  w o r d s , th e  se g m e n ta l m o t io n  rate w a s  n o w  m u ch  
g rea ter  than th e  rate o f  d if fu s io n  o f  p erm ea n t m o le c u le s , a lth o u g h  s o m e  p o ly m e r  
c h a in s  w er e  in terca la ted  in th e  in ter la y er  s p a c e  o f  N a +-M M T , a s  e v id e n c e d  from  th e  
p r e v io u s  X R D  p attern s. T h is  c o n c e p t  fitted  w e l l  w ith  th e rap id  w a ter  u p ta k e  for th e  
la m e lla r  m ater ia ls , a s  d is c u s s e d  b y  G a w r y la  and  S ch ira ld i [G a w r y la  an d  S ch ira ld i. 
2 0 0 9 b ] .

B y  m a k in g  the a ssu m p tio n  that there w a s  n o  c h a n g e  in  th e  internal 
e n e r g y  o f  the s tu d ie d  m a te r ia ls  u p on  s w e l l in g ,  the th e r m o d y n a m ic  a s p e c ts  (T a b le
5 .3 )  can  b e a n a ly z e d  th rou gh  th e  F lo r y -H u g g in s  eq u ation :
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AG = «r[ln(l-A )+«Sr + /(# ,2j (53)
AG = - TAS (5.4)

where AG and Aร  are the elastic Gibbs free energy and the conformational entropy, 
respectively,^ is the Flory-Huggins polymer-solvent interaction (0.391), and (pr is 
the volume fraction of rubber. Since the studied materials exhibited the negative 
value of AG, this verified a good compatibility between the Na+-MMT and rubber 
matrix. Besides, the decrease of conformational entropy indicated the formation of 
3D Na+-MMT networks, particularly at 7 phr loading.

As a plot of 0 \ against t u2 gave a straight line at short time (shown as 
inlay in Figure 5.6a), the diffusion coefficient of toluene (D) can be computed from 
the initial slope using the following equation:

Ql / Q „ = { 4 / h i D / x ) ll2{t)'12 . . ( 5 . 5 )

where h is the initial thickness of sample, and G(//l/2 is the slope of an initial portion 
of the sorption curve. The toluene diffusivity of the composites increased as a 
function of Na+-MMT concentration (see Table 5.4), and this was mainly a result of 
a decrease in the crosslink density value upon Na+-MMT addition. To understand 
more about the diffusion process, the transport properties of the studied materials 
were described using the empirical equation:

\og(Q, /Q ,0)=  \o g k  + ท \o g l (5.6)
where ท (slope) and k (y-intercept) values indicate the transport mechanism and the 
nature of interaction between polymer and solvent, respectively. Three basic modes 
of transport can be distinguished [Stephen et ak, 2006 and Siddaramaiah et ah,
2008], which is Fickian for ท = 1/2, non-Fickian for ท = 1, and non-Fickian 
anomalous transport behavior for 1/2 < ท < 1. The plot of log {QJOrc) versus log t is 
presented in Figure 5.6b, and the transport parameters are summarized in Table 5.4. 
The PNR itself exhibited the Fickian behavior with the k value equal to 2.9x1 O'2. In 
the case of composites, the transport mechanism was no longer the Fickian behavior, 
and the k values were apparently higher relative to the standard neat PNR, mainly at 
5 and 7 phr loadings. This was an indicative of the reduction in the amount of 
crosslink and the higher interaction between rubber matrix and solvent (the higher 
the k value, the stronger the interaction between rubber and solvent), giving rise to a
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large segmental motion and separation between the rubber chains. In other words, the 
swelling process was no longer diffusion controlled and reached the equilibrium 
within short time. Such observation trend was corroborated by the equilibrium 
solvent uptake and the solvent diffusivity data mentioned above.

5.4.4 Compression Test
The compression curves of the studied materials are shown in Figure 

5.7. Polymeric foams often undergo the linear-elastic response at an initial loading, 
followed by the horizontal plateau upon increasing the compression load, and finally 
reach the densification region where the voids are entirely collapsed [Wouterson et 
ah, 2005; Gawryla et ah, 2008; Johnson 111 et ah, 2009]. The initial modulus is 
always utilized, as it is an indication of the genuine material response before 
experiencing the permanent damage. As would be expected, the addition of Na+- 
MMT led to a monotonie increase in the compressive modulus of the resulting 
materials (see Table 5.5). This was explained by the good interfacial adhesion 
between the matrix and clay mineral layer, being capable of dissipating the input 
energy. To elucidate the dependence of the mechanical behaviors of composites on 
the Na+-MMT content, the reinforcing efficiency [Kim et ah, 2009] was computed 
from the initial modulus and is presented in Table 5.5. The PNR/M7 composite 
possessed the greatest reinforcing efficiency of Na+-MMT (~ 81%) compared to the 
others, and this signified that the 3D layered structure played a dominant role in 
creating the more effective energy-dissipation mechanism under the applied stress.

According to the literature [Arndt et ah, 2007; Finlay et ah, 2008; 
Gawryla et ah, 2008; Johnson III et ah, 2009; Gawryla et ah, 2009a], the neat Na+- 
MMT aerogel produced from 5 wt% solution in water had the initial modulus of 10 
kPa, but once combining with the polymeric binders, more rigid and foam-like 
structures were produced with the compressive modulus ranging from several 
hundred to thousand kPa, depending on the molar mass and concentration of the 
organic polymers used. In the present study, while the addition of Na+-MMT 
reinforced the composites, their compressive moduli were much lower than those of 
previous reports. Incomplete vulcanization of the materials would explain the 
relatively low mechanical properties of the NR composite materials (see Table 5.5).
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The aerogel materials would exhibit superior thermal insulation characteristics 
compared to those of dense polymers [Arndt et ah, 2007 and Gawryla et ah, 2008].

5.4.5 Dynamic Mechanical Test
DMA is often utilized for studying the viscoelastic characteristics and 

relaxation processes in polymers and polymer composites [Kader et ah, 2006], 
Results of the DMA measurements are collected in Figure 5.8a and b, where the 
dynamic storage modulus (£') and loss tan <5 factor of the neat PNR and its 
composites are plotted against the temperature, respectively. The storage modulus of 
the composite with 1 and 3 phr Na+-MMT loadings did not change drastically 
compared to that of the neat PNR, whereas at the 5 and 7 phr Na+-MMT loadings, a 
complicated scenario was observed, depending on whether the temperature was 
below or above the glass transition temperature (Tg). In the glassy state (below Tg), 
the storage moduli of the composites decreased with increasing the Na+-MMT 
content, particularly at 5 phr loading. This decrease was opposite to the well-known 
reinforcing nature of the Na+-MMT for the dense composites either in the glassy 
state or rubbery region. Such finding was an indicative of the void effect, which 
caused the initiation of catastrophic failure upon subjecting to the dynamic cyclic 
loading [Gatos et ah, 2004 and Wouterson et ah, 2005], followed by a deterioration 
in their elastic properties. In the rubbery regime (above Tg), on the other hand, the 3D 
Na+-MMT networks as well as interfacial bonding between the rubber matrix and 
Na+-MMT played the leading role in controlling the mechanical response of the 
aerogel materials. As a result, despite the presence of voids, there was a significant 
increase in material’s stiffness, mainly at 7 phr loading, where the 3D networks were 
formed. This verified the great contribution of the lamellar structure in reinforcing 
the aerogel composites above Tg. Our results happened in the similar manner as those 
of Yoo and Paul [Yoo and Paul, 2008] in that the reinforcing effect of Na+-MMT 
became greater, as the modulus of amorphous polyamide decreased in going from the 
glassy state to rubbery state.

The loss tangent curves (see Figure 5.8b) are widely used for 
determining the molecular mobility and the glass transition temperature of the 
materials. The tan <)' peak value of the composites decreased monotonically with
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increasing the Na+-MMT content, confirming the decrease in macromolecule's 
mobility near the interface, particular at 7 phr loading [Gatos et ah, 2004; Kader et 
ah. 2006: Pojanavaraphan and Magaraphan. 2009; Samakande et ah, 2009]. No 
significant change in the To value of the composites was observed in comparison 
with that of pure PNR matrix, which was about -50°c. Similar trend was found in 
our previous work [Pojanavaraphan and Magaraphan, 2009].

A comparative study of the experimental data with the values 
predicted from the composite theories was made in order to characterize the 
reinforcing efficiency of the N a -MMT. Herein, Guth [Guth, 1945] and Halpin-Tsai 
[Halpin, 1969 and Halpin and Kardos, 1976] equations were chosen, and the 
modeling was done on the dynamic modulus values at room temperature (25°C). As 
the contribution of platelet-like silicate layers to the modulus of composites is 
expected to be less than fiber-like filler at the same volume fraction, the modulus 
reduction factor (MRF) is introduced into the Guth's equation [พน et al., 2004 and 
Gatos et al., 2007]. This is given as follows:

E = Em [l + 0.67{\lRF)a<j) + 1.62(MRE)2 (a<f>y ] (5.7)
where E and Em are the modulus of composite and rubber matrix, respectively, a is 
the shape factor (i.e. width/thickness), the value of MRF is -0.66, and (p is the 
volume fraction of Na+-MMT. Similarly, to improve the predictive ability of the 
Halpin-Tsai equation, the MRF is introduced, and the Halpin-Tsai equation is then 
transformed into the following equation [พน et al., 2004]:

E / E ,  =  [1 +  ( A « F X f ๗ ) ] / [ เ -  ๗ ] (5.8)
 ๆ =  ( £ / £ „ - ! ) / ( £ , / £ .  +  <f) (5.9)

where Ç is a shape parameter, E( is the Young's modulus of Na+-MMT platelets 
('170 GPa). and // is a parameter whose magnitude depends on the type of filler. For 
perfectly oriented lamellar shape filler reinforcements such as rectangular Na+-MMT 
platelet. Ç is equal to 2a, and the value of )] is close to 1 owing to the much greater 
contribution of Na+-MMT platelet tension modulus compared to the neat matrix [พน 
et al.. 2004 and Praveen et al., 2009], Note that the aspect ratio of the silicate layers 
was assumed to be '100, and the densities of 2.83 [Fornes and Paul. 2003] and 0.49
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gem’3 were taken for the Na+-MMT particles and the neat rubber matrix, 
respectively.

As depicted in Figure 5.9, the experimental storage modulus of the 
composites increased with the Na+-MMT volume fraction, as expected, and showed a 
positive deviation from the theoretically predicted values. In fact, the positive 
deviation became more significant in case of a sample containing 7 phr of Na+- 
MMT, and this suggested that the models were quite suitable for the dense 
composites bearing either highly exfoliated or highly aggregated structures [พน et 
al., 2004; Gatos et al., 2007; Praveen et al., 2009]; but not did for the aerogel 
materials possessing the lamellar morphology. Since the layered superstructure had 
the ability to absorb and transfer the applied load on the basis of a layered system 
[Johnson 111 et al., 2009], it was not surprising why the 3D structure was more 
effective in reinforcing the mechanical strength of the aerogel composites, 
particularly above their glass transition, which is known as the working temperature 
of the rubber materials. This feature was identical to the reinforcing mechanism in 
these lamellar materials upon exposure to the compressive loading, as described 
above.

5.4.6 Rheological Behavior
Characteristic rheological properties of polymer nanocomposites were 

measured in order to achieve a fundamental understanding of the processability and 
structure-property relationship of these materials. According to Manitiu et al. 
[Manitiu et al.. 2009], the viscoelastic response depends primarily on the following 
parameters: the volume fraction of Na+-MMT, its dispersion state, and the extent of 
interactions between polymer and Na+-MMT including between Na+-MMT itself. As 
the studied materials possessed the same dispersion state of Na+-MMT and similar 
level of polymer-filler interactions, we suggested that the volume fraction of Na+- 
MMT and the interaction between Na+-MMT itself played a dominant role for the 
rheological differences between these samples.

The strain dependence of storage modulus (O") at 150°c obtained by 
strain sweep tests for the PNR matrix and the composites, having 1 and 7 phr Na+- 
MMT loadings, is shown in Figure 5.10. Herein, the contribution of void fraction to
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material properties was negligible, as the samples were loaded and compressed 
within a torsional dynamic rheometer. The results for the neat PNR and PNR/M1 
composite were very similar; that is, there was no significant variation in G' value 
with increasing the double strain amplitude up to 20%. This plateau, which is often 
seen either with the gum rubber or low filled materials [Leblanc, 2002], 
corresponded to the linear viscoelastic region of the studied materials. Therefore. 5% 
strain was utilized for conducting the dynamic frequency sweep analyses, which will 
be discussed shortly. In the case of PNR/M7 composite, the storage modulus was 
much greater than that of the PNR and PNR/M1 samples, and a strong dependence of 
G' on the double strain amplitude was evidenced. This phenomenon was known as 
the ‘Payne effect", in which the 3D percolating networks formed by the edge-to-face 
interactions of the Na+-MMT platelets were destroyed at higher shear amplitude, 
causing a decrease in the value of G' [Wagener and Reisinger, 2003; Das et al., 2008; 
Manitiu et al., 2009], It was well documented that the theoretical value of inorganic 
matter required for percolation to occur was in the range of 4-7 wt%, depending on 
the type and density of clay used [Manitiu et al., 2009]. Compared to our study, since 
the weight fraction of Na+-MMT particles in PNR/M7 composite was ~ 6 wt%, it 
was concluded that the Na+-MMT platelets had rearranged themselves into the 
percolated networks (so-called ‘house of cards’ structure), which contributed to the 
significant enhancement in G' of the composite, particularly at low shear amplitude.

The frequency dependence of complex viscosity (ๆ*) at 150°c for the 
neat PNR and its composites is depicted in Figure 5.11a. The studied materials 
displayed the same pattern of complex viscosity curves; that is, ๆ* decreased linearly 
with an increase in the angular frequency, and their shear thinning exponent (ท) 
values were very close to -1. This was an indicative of the typical non-Newtonian 
behavior (solid-like response), as reported in literature [Samakande et al., 2009]. 
Furthermore, the PNR/M7 composite showed an approximately 500% improvement 
in ๆ* at low frequencies relative to the neat PNR, and this emphasized an impact of 
the inorganic matter on the segmental relaxation dynamics of polymer chains. The 
variation of storage modulus (G') and loss modulus (G") with angular frequency for 
the neat PNR and its composites is presented in Figure 5.1 lb. The composites as well 
as the neat PNR itself exhibited frequency independent dynamic moduli w ith G' > G"



93

over the whole frequency range measured. A non-terminal solid-like behavior, in 
accordance with the complex viscosity results, was therefore indicated here. Note 
that in the case of monodisperse unfilled polymers, the G' and G" moduli exhibit the 
classical CO2 and (Û 1 dependence on angular frequency in the terminal flow regime; 
therefore, any deviations from these values point to the influence of polydispersity 
index and the existence of Naf-MMT particles [Wagener and Reisinger. 2003; 
Manitiu et al., 2009: Samakande et al., 2009], In addition, the composite containing 7 
phr Na+-MMT had the greatest improvement both in the G' and G" moduli relative to 
the neat matrix, and this was a result of the reinforcing effect of Na+-MMT as well as 
the formation of strongly interacting Na+-MMT networks [Wagener and Reisinger. 
2003; Manitiu et al.. 2009; Samakande et al., 2009],

5 .5  C o n c lu s io n s

In this study, an environmentally benign process was applied for preparing 
the clay aerogel/PNR latex composites. The addition of Na-MMT reduced the 
availability of curatives (cure retardation effect) and increased the activation energy 
for the curing reaction, as computed from the first-order kinetics model. The 
viscoelastic response of the composites was influenced by not only the volume 
fraction of Na+-MMT but also the extent of interaction between Na+-MMT itself. A 
detailed study of the transport properties revealed a deviation from the Fickian 
behavior upon the incorporation of Na+-MMT; that is, the diffusion process was no 
longer dependent on the chemical potential since the lamellar materials adsorbed the 
solvent almost instantaneously through the capillary action. Unlike the dense 
composites in which the mechanical robustness primarily depended on the filler 
volume fraction and the extent of interfacial bonding, herein, careful attention must 
be paid to the void volume fraction as well as the crosslink density, being the 
additional key factors that control the mechanical behavior of the aerogel materials. 
Although, the great reinforcing efficiency of the 3D Na+-MMT networks to the 
materials' properties was evidenced above the glass transition, based on DMA and 
compression tests, a longer cure time was necessitated to optimize the mechanical 
integrity of the aerogels, when compared with the others reported up to date. In short.
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despite the existence of voids, the layered superstructure was better at reinforcing the 
composites above 7g and ultimately offered the rapid solvent adsorption capability, 
which would enable the possibility of using these as structural, insulation, and/or 
highly adsorbent materials in many applications, wherein low density is of great 
importance.
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Table 5.1 Formulation of compounding ingredients

Ingredients Dry (parts by weight)
30 % Centrifuged rubber latex 100.0
10 % Potassium hydroxide solution 0.5
50 % Zinc oxide dispersion 1.0
50 % Calcium carbonate dispersion 10.0
50 % Sulfur dispersion (curative used) 1.0
50 % ZDEC dispersion (accelerator used) 0.75
50 % Wingstay-L dispersion (antioxidant used) 1.0
2 % Na+-MMT dispersion 0, 1,3, 5,7

ZDEC, Zinc diethyl dithiocarbamate.



99

Table 5.2 Vulcanization characteristics, kinetic parameters, and activation energies 
of PNR and the corresponding composites obtained from ODR data

Samples Tc(°C) No (min) Dmax (dNm) K Ea (kJmof1)
PNR 150 1.14 2.48 2.13 46.91

160 0.77 2.98 2.95
170 0.53 2.87 3.10
180 0.50 2.97 5.61 .

PNR/M1 150 1.42 2.26 1.93 55.25
160 1.15 2.22 3.63
170 0.73 2.31 4.96
180 0.75 2.32 5.47

PNR/M3 150 1.14 4.61 2.35 . . 58.45
160 0.82 4.48 3.14
170 0.73 4.67 5.63
180 0.51 3.60 6.57

PNR/M5 150 1.05 6.60 1.96 63.34
160 0.76 4.85 4.55
170 0.51 5.12 5.67
180 0.50 5.30 6.80

PNR/M7 150 1.08 6.16 2.50 76.83
160 0.76 6.21 5.50
170 0.51 6.53 8.20
180 0.51 5.79 10.81

Tc—cure temperature; 190—cure time; £>max—maximum rheometric torque; K—  
specific rate constant at temperature T; Ea—activation energy.
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Table 5.3 Crosslink density (Ee), equilibrium toluene uptake, and thermodynamic 
parameters of PNR and the corresponding composites

Samples ve a (molcm3) Equilibrium 
swelling ratio

AG  (Jmol1) AS(Jmor'lC')

PNR 5.18 X 10'5 11.96 -6.02 2.02 X 10‘2
PNR/M1 3.88 X 10'5 13.58 -4.36 1.46 X 10'2
PNR/M3 3.35 X 10'5 14.44 -3.70 1.24 X 10'2
PNR/M5 2.77 X 10‘5 15.14 -2.99 1.00 X 10'2
PNR/M7 2.64 X 10'5 16.04 -2.83 0.95 X 10’2

Crosslink density [Pojanavaraphan and Magaraphan, 2008]: 
Ve = —[ln(l -(f)r )+ (j)r + x ÿ )  J4^1 ( '̂- 3 ~ Qr / 2)j, where ve is the network chain 
density,./ is the Flory-Huggins polymer-solvent interaction (0.391), V] is the molar 
volume of toluene (106.3 cm^mol'1), and <p, is the volume fraction of rubber in the 
swollen sample.

Table 5.4 Diffusion coefficient and transport properties of PNR and the 
corresponding composites

Samples D x  104 (cm V ) ท k X 102 (gg1ร 0)
PNR 6.25 0.56 2.90
PNR/M1 21.15 0.56 7.85
PNR/M3 83.90 0.25 40.49
PNR/M5 209.30 0.03 75.23
PNR/M7 264.71 0.01 84.41
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T a b le  5.5 Compression, density, and void volume fraction measurements of the 
studied materials

Samples Initial modulus 
(kPa)

Reinforcing 
efficiency b (%)

Measured 
density (gem'3)

Void c (%)

PNRa 17.3 ±6.3 - 0.49 ± 0.03 48.6 ±2.9
PNR/M1 19.3 ± 7.1 14.6 0.47 ±0.01 50.7 ±0.9
PNR/M3 23.0 ±4.5 ' 29.1 0.47 ± 0.02 51.4 ± 1.5
PNR/M5 22.5 ±4.0 . 22.7 0.36 ±0.03 63.1 ±2.6
PNR/M7 35.4 ±11.8 80.7 0.55 ± 0.05 43.5 ±4.8

a The sample was produced from an aqueous dispersion containing 45 wt% solid NR. 
b Reinforcing efficiency: % =  [ («■ « - M m ) / M m ] x  100, where M m  and M c represent 
the modulus of the neat PNR and composites, respectively.

Void volume fraction [พouterson et al., 2005]:
K  =100 x k « ๗  -  Pmeasure1/)'' Pthcor,1น๗] » where is the void content, /th e o re tic a l is 
the theoretical density, calculated according to the rule of mixtures, and /M e asu red  is 
the measured density.
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Figure 5.1 XRD patterns of the Na+-MMT and the corresponding composites.
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Figure 5.2 SEM micrographs of (a) Na+-MMT aerogel, (b) PNR. (c) PNR/M1 
composite, (cl) PNR/M5 composite, and (e) PNR/M7 composite.
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Clay aerogel/PNR composites

Figure 5.3 Schematic representation of the structure of Na+-MMT aerogel/PNR 
composites.
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Figure 5.4 Rheographic curves of the neat PNR and the corresponding composites 
at 150°c.
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(a)

(b)

F ig u r e  5 .6  Plots of (a) Ox against ไ'12 and (b) log (Qx/Qr) against log I for the neat 
PNR and the corresponding composites in toluene at room temperature.
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F ig u r e  5.7 Stress-strain curves of the neat PNR and the corresponding composites.
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Figure 5.8 T e m p e ra tu re  d e p e n d e n c e  o f  (a) s to ra g e  m o d u lu s , E \  an d  (b) lo ss  tan g en t, 
tan  <•). fo r th e  neat P N R  and  the  c o rre sp o n d in g  c o m p o s ite s .
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Figure 5.9 C o m p a riso n  a m o n g st e x p e rim e n ta lly  m easu red  d y n a m ic  m o d u lu s  at 
ro o m  te m p e ra tu re  and  th e o re tic a l p re d ic tio n s  by  in tro d u c in g  M R F .
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d y n am ic  s to ra g e  m o d u lu s . G \  and  lo ss  m o d u lu s . G". o f  th e  neat P N R  and th e  
c o rre sp o n d in g  c o m p o s ite s  at 150°c.
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