
CHAPTER IV
EFFECT OF ORGANOCLAY DISPERSION ON MORPHOLOGY, 

CRYSTALLIZATION, THERMAL AND MECHANICAL PROPERTIES 
OF POLYPROPYLENE/LAYERED SILICATE NANOCOMPOSITES

4.1 Abstract

Polypropylene (PP)/layered silicate nanocomposites of varying three different 
organoclays modified by alkyl ammonium surfactants: CTAB; BTC; and DOEM, 
were prepared by melt intercalation technique in a co-rotating twin screw extruder. 
The polypropylene-graft-maleic anhydride (PP-g-MA) was used as a compatibilizer 
and the amount of each organoclay was varied from 1 to 7 wt%. The effect of alkyl 
ammonium surfactant structures and amount of organoclay were investigated. From 
the XRD result, the nanocomposites prepared from CTAB and BTC showed the 
intercalated morphology, while the nanocomposite prepared from DOEM showed the 
partially exfoliated morphology. All nanocomposites showed an improvement in 
both thermal and mechanical properties as compared to the pure pp and PP/PP-g-MA 
system and increased with increasing organoclay loading. Among three types of 
alkyl ammonium surfactants, the nanocomposite prepared from DOEM, having two 
tails and the longest alkyl chain length (2C18), gave the best morphological and 
physical property due to the better clay dispersion.

(Key-words: alkyl ammonium surfactant, organoclay; melt intercalation;
polypropylene; nanocomposite)
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4 .2  Introduction

Polymer/layered silicate nanocomposites have been recognized as one of the 
most promising materials because of their superior physical and mechanical 
properties compared to those of their conventional filled composites or micro­
composites (Okada, 1990; Manias, 2001; Lee, 2002). Some properties that are 
dramatically improved include physical and mechanical properties, thermal and 
flame-retardant characteristic (Modesti, 2006; Gilman, 1999; Bertini, 2006; 
Krishnamoori, 1996), and barrier performance properties (Manias, 2001; Lee, 2005; 
Krump, 2006). All improvements generally obtain at very low filler loadings of less 
than 5 wt%.

Polypropylene (PP) is one of the most widely used thermoplastic polymers 
for preparing polymer/layered silicate nanocomposites due mainly to its low price 
and balanced properties. The great advantages of producing clay filled-PP 
composites is, however, often cited for its great processability and low cost to replace 
existing engineering and functional materials. It is attractive as automotive and 
packaging materials. The present efforts to investigate PP based nanocomposites are 
focused on uniformity dispersing modified clay particles in nonpolar matrices to 
maximize their physical and mechanical properties. However, exfoliating nanoclay in 
PP has been challenging, as a result of difference in surface polarity between the clay 
and the pure polymer. Polypropylene, due to its hydrophobic nature, is not able to 
establish interface interactions as effective as to disperse the nanoparticles by 
intercalation and to stabilize the morphology; suitable surfactants as an inorganic 
surface modifiers and a functionalized polyolefins as matrix or as compaibilizer are 
generally used: combined hydrophobic and hydrophilic interactions grant both the 
effects, even if concentration/amount of polar groups is very low (generally les than 
1% by mol) (Passaglia, 2005; and Ciardelli, 2008). In this way, the preparation of PP 
nanocomposites with well-established dispersion level reflecting in good 
performances, particularly for gas barrier properties, is possible and generally the 
thermal analysis of samples highlighted that the cooperative relaxation of polyolefin 
chains in the composite becomes weak due to the restricted mobility of the chains in 
the present of clay platelets (Hambir e t al. 1937).
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Among the existing clays layered silicates, i.e. montmorillonite (MMT), are 
considered as the most effective nanofillers for the preparation of polymer 
nanocomposites. Silicate clays dominate as low cost, ready availability and 
nonisometric structure derived from high aspect ratio and, thus possessing high 
surface area for polymer-filler interactions. Since the layered silicate surface is 
hydrophilic and incompatible with most polymers, especially polyolefins. In order to 
render the hydrophilic clay more organophilic, ion-exchange modification with 
cationic surfactant bearing long alkyl chains is generally performed. These 
voluminous organic ions increase the interlayer distance, lower the surface energy by 
improving the wetting characteristic of the layers and make possible intercalation 
with polar polymers (Giannelis, 1996).

It is worthy that the chemical structure of the organic surfactants used to 
modify the layered silicate surface plays very important role to the morphology of 
the nanocomposites. Several works have shown that alkylammonium salts allowed to 
increasing the interlayer spacing and improved the interactions between the clay and 
the polymer matrix. Lee and Kim (2002) and Hackett e t a l. (1998) investigated the 
effect of alkyl chain length the cationic surfactants to the interlayer spacing of the 
organoclays. Yang e t al. (1999) reported an importance of the surfactant on the 
properties of polyimide/organoclay systems obtained by in situ polymerization. 
Fornes e t a l. (2002) reported the study of nylon 6/organoclay with different types of 
surfactants. Various aspects such as the level of saturation, the alky chain length, the 
number of alkyl chains and the size of cationic group has been investigated. The 
selection of a suitable organoclay is equally critical for producing polymer 
nanocopomposites with excellent exfoliation. Structural aspects of the surfactant like 
the number and length of alkyl tails, degree of saturation, etc. along with the amount 
of surfactant loading on the clay may significantly affect the exfoliation degree 
(Fornes, 2002; Yoon, 2003; Stretz, 2004). Fornes e t a l. (2002 and 2004) found that 
organic modifier one long alkyl tail led to higher level of organoclay exfoliation in 
nylon 6 than those having two alkyl tails. This is believed to be the result of higher 
affinity that nylon 6 has for the pristine surface of the organoclay than for the largely 
aliphatic organic modifiers. On the other hand, nanocomposites made from a non­
polar polymer like LLDPE showed completely opposite trends (Hotta and Paul,
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2004), i.e. the two-tailed organoclay formed nanocomposites with better exfoliation 
state and mechanical properties than the one-tailed organoclay.

More recent theoretical approach, reasonably explaining some important 
features and results (particularly about the mechanical and rheological behavior of 
pp/clay nanocomposites), evidenced that at increased amount of organoclay (up to 2 
wt%) a three-dimensional filler network is formed and it plays an essential role on 
the dynamics behaviour of macromolecular pp chains: the physical jamming and 
connecting of nanoscale dispersed fillers (randomly oriented clay tactoids with 
locally located layers) generates a structure larger than that of intercalated and 
exfoliated structures that can be regarded that as mesoscopic structure where motion 
of PP chains is restricted (Wang et al. 2006). This completely interconnected 
structure (the percolated clay network), where also the silicate sheets are incapable of 
freely rotating, is generally different and depends on starting amount of inorganic 
fillers (for organoclay content above the threshold) and, more important, is reported 
to severely affect the macroscopic properties of pp/clay nanocomposites: before the 
formation of percolated clay network, the effect of inorganic platelets on the 
restricted motion of pp chains can be neglected.

Based on above considerations, the main objective of this present 
contribution is to study the effect of alkyl chain length and other aspects of the 
surfactant structures on the morphology and physical properties, pp/organoclay 
nanocompsites were prepared by melt intercalation. The structure-property 
relationship, thermal stability, and mechanical of intercalated nanocomposites have 
been discussed as a function of both the organoclay loading and types of alkyl 
ammonium surfactant. Specific comparison among commercial surfactants was made 
by addressing structural variations. Wide angle X-ray spectroscopy (WAXS) and 
Transmission electron microscopy (TEM) were used to study the nanocomposite 
morphology. Thermal stability, Crystallization behavior and mechanical properties 
were also studied.
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43  Results and Discussion

4.3.1 Purification of Na-bentonite
Figure 4.1 shows the XRD patterns of Na-bentonite, purified bentonite, 

and Na-montmorillonite. The X-ray diffractogram of the Na-bentonite shows the 
peak of montmorillonite as a major component with (001) reflection peak at 
2 9  = 5.7° that corresponds to the interlayer spacing (๙001) = 1.55 nm. Beside the 
montmorillonite, quartz (Q) and feldspar (F) were present as accessory impurities 
(Ramos e t a l. 2005). The amount of quartz that compared to the main peak ๙001 is 
approximately 35%. After purification, the feldspar was clearly removed; however 
the quartz was not, remaining in a small amount (3 % as compared to the d 001 peak) 
presented at the peak position 2 9 =  21.92°. The X-ray diffractogram of the purified 
bentonite gave the interlayer spacing (๙001) = 1.52 nm ( 2 9 =  5.82°).

Figure 4.1 XRD patterns of Na-bentonite, Purified bentonite and Na- 
montmorillonite.
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The swelling power, cation exchange capacity (CEC), and the EDX 
results of the Na-bentonite (local clay) and purified bentonite were compared with 
Na-montmorillonite, as shown in Table 4.1. The swelling power was measured by 
the following method: 2 g of clays were poured into 100 ml of distilled water (or ท- 
dodecane) in a mass cylinder. After 24 h, the apparent volumes of the swelling clays 
were measured (Lee e t al. 2004), and the CEC value was measured by the methylene 
blue index (Rytwo e t al. 1991). The swelling and CEC value are important factors to 
determine the grade of the clay minerals. The local bentonite has swelling and CEC 
equal to 22 ml/2g and 50 meq/100g, respectively. After purification, the swelling and 
CEC were increased to 35-40 ml/2g and 90 meq/100g respectively. These results 
were similar to the commercial Na-montmorillonite. The improvement in swelling 
and CEC of the purified bentonite was caused by the lower interaction between 
cations, especially Ca2+, in the galleries and the silica tetrahedral. If in the galleries 
have high percentage of Ca2+ cation, the swelling and CEC should be lower than that 
of the Na+ cation due to the strong interaction between Ca2+ and silica tetrahedral 
(Lee e t al. 2004) This phenomenon corresponded to the elemental analysis by EDS; 
the quantitative analysis of the local bentonite gave %Ca = 1.26% and %Na = 3.04%. 
For the purified bentonite, the Ca element was not observed. Conversely, the 
percentage of Na was increased (3.75%) resulting to the higher swelling and CEC 
value. These results suggest that besides the removal of quartz and feldspar as 
impurities, the dense Ca (in the form of CaCCL) was also eliminated by the 
purification method.
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T a b l e  4 .1  S w e l l i n g  p o w e r ,  C a t io n  E x c h a n g e  C a p a c i t y  a n d  e le m e n t a l  a n a ly s i s  o f  N a -  

B e n t o n it e ,  P u r i f ie d  B e n t o n it e  a n d  N a - M o n t m o r i l lo n i t e

C la y s S w e l l i n g  p o w e r  

( m l / 2 g )
C E C

( m e q / 1 0 0 g )
E le m e n t a l  a n a l y s i s  ( E D X )

N a - B e n t o n i t e 2 2 5 0 0 ,  N a  ( 4 .0 3 % ) a, M g ,  A l ,  S i

P u r i f ie d  B e n t o n it e 3 5 - 4 0 9 0 O , N a  ( 3 .0 4 % ) a, M g ,  A l ,  S i ,  K , C a  

( 1 .2 6  % )a
N a - M o n t m o r i l lo n i t e 4 5 1 1 5 0 ,  N a  ( 3 . 7 5 % ) \  M g ,  A l ,  S i

aQ u a n t i ta t iv e  a n a ly s i s  b y  E n e r g y  D i s p e r s i v e  X - r a y  s p e c t r o m e t e r  ( E D S ) ,  O X F O R D  

( l in k  I S I S  s e r ie s  3 0 0 ) :

4 .3 .2  C h a r a c te r iz a t io n  o f  th e  O r g a n o c la v
It i s  w e l l  k n o w n  th a t th e  s tr u c tu r a l a s p e c t s  o f  th e  s u r f a c ta n t s  l ik e  th e  

n u m b e r  a n d  le n g t h ,  o f  a lk y l  ta i l ,  d e g r e e  o f  s a tu r a t io n , a lo n g  w i t h  th e  a m o u n t  o f  

s u r fa c ta n t  l o a d in g  o n  th e  c la y  m a y  s ig n i f ic a n t ly  a f f e c t  th e  d e g r e e  o f  c la y  d i s p e r s io n .  
In  g e n e r a l ,  th e  lo n g e r  s u r fa c ta n t  c h a in  le n g t h ,  th e  fu r th e r  a p a rt th e  c l a y  la y e r s  w i l l  b e  

fo r c e d . T h is  c o n t r ib u t e s  t o  th e  in c r e a s in g  th e  v o lu m e  o c c u p ie d  b y  th e  in tr a g a l le r y  

s u r fa c ta n ts  ( L e B a r o n  et al. 1 9 9 9 ) .  F ig u r e  4 .2  s h o w s  th e  X R D  p a tte r n s  o f  th e  

o r g a n o c la y s  m o d i f i e d  b y  v a r io u s  q u a te r n a r y  a m m o n iu m  io n s ;  C T A B - c l a y  ( o n e  a lk y l  
t a i l ) ,  B T C - c l a v  ( o n e  a lk y l  ta il  a n d  o n e  b e n z y l  g r o u p ) ,  a n d  D O E M - c l a y  ( t w o  a lk y l  

t a i l s )  a s  s h o w n  in  T a b le  4 .2 ) .  It is  c le a r  th a t  a ll  o r g a n o c la y s  s h o w  a s h i f t  o f  r e f l e c t io n  

p e a k  to  lo w e r  a n g le s  a s  c o m p a r e d  to  th e  p r is t in e  c l a y ,  c o r r e s p o n d in g  to  a n  in c r e a s in g  

o f  (7 -s p a c in g  o f  2 .1 ,  2 .3 ,  a n d  6 .5  n m  fo r  C T A B - c l a y ,  B T C - c l a y ,  a n d  D O E M - c l a y ,  
r e s p e c t iv e ly .  T h is  e v i d e n c e  c o n f ir m s  th a t  th e  m o l e c u l e s  o f  a m m o n iu m  i o n s  w e r e  

in c o r p o r a te d  b e t w e e n  th e  s i l i c a t e  la y e r s .  A s  e x p e c t e d ,  th e  (7 -s p a c in g  o f  th e  

o r g a n o c la y  in  c r e a s e  w i t h  in c r e a s in g  th e  s u r fa c ta n t  c h a in  le n g t h .  T h e  in c r e a s e  in  

in te r la y e r  d i s t a n c e  n o t  o n l y  d e p e n d s  o n  th e  s tr u c tu r e  o f  s u r f a c ta n ts  b u t  a ls o  t h e  w a y  

th a t th e  s u r fa c ta n t  m o le c u l e s  o r g a n iz e  t h e m s e lv e s  b e t w e e n  th e  s i l i c a t e  la y e r s .  F o r  th e  

c a s e  o f  C T A B - c l a y  a n d  B T C - c la y ,  th e  s u r fa c ta n t  m o le c u l e s  m a y  o r g a n iz e  in  p s e u d o -  

t r im o le c u la r  s tr u c tu r e  ( B o n c z e c k ,  2 0 0 2  a n d  X i ,  2 0 0 4 ) .  A  la r g e r  in te r la y e r  s e p a r a t io n
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o f  B T C - c l a y  c o m p a r e d  t o  th a t  o f  C T A B - c l a y  m ig h t  b e  d u e  to  t h e  b e n z y l  b u lk y  g r o u p .  
H o w e v e r ,  t h e  in c r e a s in g  in  ๙ - รp a c in g  o f  D O E M - c l a y  t o  6 .5  ท๓ ,  s u g g e s t  t h e  p a r a f f in -  

t y p e  b i la y e r  a r r a n g e m e n t  o f  th is  s u r f a c ta n t  ( B o n c z e c k ,  2 0 0 2 ;  X i ,  2 0 0 4 ;  R a y ,  2 0 0 3 ) .

2 9 (deg.)

Figure 4 .2  X R D  p a t te r n s  o f  th e  o r g a n o c l a y s  m o d i f i e d  w i t h  d i f f e r e n t  a lk y l  

a m m o n iu m  s u r f a c ta n ts .

4 .3 .3  S tr u c tu r e  o f  P P /O r g a n o c la y  N a n o c o m p o s i t e s
F ig u r e  4 .3  s h o w s  t h e  X R D  p a t t e r n s  o f  a l l  P P /o r g a n o c la y  

n a n o c o m p o s i t e s  w i t h  v a r io u s  o r g a n o c l a y s  l o a d in g .  T h e  X R D  p a t t e r n s  f o r  t h e  

n a n o c o m p o s i t e  b a s e d  o n  o n e  a lk y l  ta i l  in  t h e  s tr u c tu r e  ( C T A B - c l a y )  s h o w n  in  F ig u r e
4 .3  (a ) ,  t w o  g r o u p s  o f  s tr u c tu r e  a re  e v id e n t :  ( a )  t h e  n a n o c o m p o s i t e  c o n t a i n in g  1 ,2 ,  

a n d  3  w t%  o r g a n o c la y  lo a d in g  s h o w s  o n e  r e f l e c t io n  p e a k  a t  2 6  = 2.6° r e la te d  to  

(7 - s p a c in g  o f  3 .4  r a n , w h i c h  i n d ic a t e s  th e  in te r c a la te d  s tr u c tu r e ;  ( b )  t h e  

n a n o c o m p o s i t e s  c o n t a in in g  5  a n d  7  w t%  o r g a n o c l a y  l o a d in g ,  t w o  d i s t in c t  r e f l e c t io n  

p e a k s  a r e  a p p e a r e d ;  t h e  f ir s t  p e a k  a t 2 0 =  2 . 8 °  c o n s i s t e n t  w i t h  ๙ - รp a c in g  o f  3 .2  ra n  

a n d  th e  s e c o n d  b r o a d  p e a k  a t  th e  s a m e  a n g le  o f  th e  C T A B - c l a y ,  s u g g e s t s  t h e  

p r e s e n c e  o f  c l a y  t a c t o id s .  T h e  X R D  p a t t e r n s  fo r  t h e  n a n o c o m p o s i t e s  b a s e d  o n  o n e
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a lk y l  ta i l  a n d  o n e  b e n z y l  g r o u p  in  th e  s t r u c tu r e  ( B T C - c l a y )  a s  s h o w n  in  F ig u r e  4 .3
( b ) ,  a l l  s a m p le s  s h o w  s im i la r  s h i f t  o f  r e f l e c t io n  p e a k  t o w a r d  lo w e r  a n g e l s .  T h e  

n a n o c o m p o s i t e  c o n t a in in g  lw t %  o r g a n o c la y  s h o w s  p e a k  a t  2 0  = 2 . 5 °  r e la te d  to  

( / - s p a c in g  o f  3 .2  n m . F o r  th e  o t h e r s  ( c o n t a in in g  2 ,  3 ,  5  a n d  7 w t%  o r g a n o c la y  lo a d in g ) ,  

r e v e a l  th e  s a m e  p e a k  a t 2 0 -  2 . 8 °  c o r r e s p o n d e d  w i t h  ( / - s p a c in g  o f  3 .1  n m . T h is  

i m p l i e s  t h e  f o r m a t io n  o f  th e  in te r c a la te d  s tr u c tu r e . I n t e r e s t in g ly ,  th e  X R D  p a tte r n  fo r  

th e  n a n o c o m p o s i t e  b a s e d  o n  t h e  t w o  a lk y l  t a i l s  in  th e  s tr u c tu r e  ( D O E M - c l a y )  a s  

s h o w n  in  F ig u r e  4 . 3 ( c )  i s  s u g g e s t i v e  o f  t h e  e x f o l ia t e d  o r  p a r t ia l ly  e x f o l ia t e d  

m o r p h o lo g y ,  s in c e  t h e  r e f l e c t io n  p e a k  a t  l o w e r  a n g l e s  d is a p p e a r s .  M o r e o v e r ,  it  

s h o u ld  b e  n o t e d  th a t  th e  e x f o l i a t i o n  d e g r e e  in  p p / o r g a n o c la y  s y s t e m  i s  in d e p e n d e n t  

o n  th e  o r g a n o c la y  c o n t e n t  ( W a n g  et al. 2 0 0 5 ) ,  w h i c h  r e s u l t s  in  t h e  d o m in a n t  

in te r c a la te d  s tr u c tu r e  e v e n  i f  t h e  c l a y  c o n t e n t  i s  l o w  (1  w t% ) , p a r t ic u la r ly  f o r  C T A B  

a n d  B T C - c l a y  b a s e d  n a n o c o m p o s i t e s .  I n c r e a s in g  o r g a n o c l a y  c o n t e n t  s e e m s  to  

e n h a n c e  th e  d e n s i t y  o f  c la y  t a c t o id s  a n d  la y e r s  in  th e  p p  m a tr ix ,  r e s u l t in g  in  a  

d e c r e a s e  o f  t h e  r a t io  o f  th e  a v e r a g e d  s p a c in g  b e t w e e n  n e ig h b o r in g  p a r t ic l e s  to  th e  

a v e r a g e  le n g t h  o f  t a c t o id s  a n d  la y e r s .  T h is  w i l l  l e a d  to  g r a d u a l  f o r m a t io n  o f  s p a t ia l ly  

l in k e d  s tr u c tu r e  o f  d is p e r e d  c l a y  t a c t o id s  a n d  in d iv id u a l  la y e r s  in  p p  m a t r ix ,  a n d  

u l t im a t e ly  t o  a  “ p e r c o la t in g  f i l l e r  n e t w o r k  s tr u c tu r e ”  a s  t h e  c l a y  c o n t e n t  r e a c h e s  a  

c e r ta in  t h r e s h o ld  ( W a n g ,  2 0 0 6  a n d  M u k s in g ,  2 0 0 7 ) .

2 (9 (deg.)
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2 6 » (d e g .)

2 0  (d e g .)

Figure 4.3 X R D  p a t t e r n s  o f  p p  n a n o c o m p o s i t e  b a s e d :  (a )  C T A B - c l a y ,  ( b )  B T C - c l a y ,  
a n d  ( c )  D O E M - c l a y ,  fo r  v a r io u s  o r g a n o c la y  c o n t e n t s .
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T a b l e  4 .2  Chemical structure o f modifying agents and their interlayer spacing after organic modification

Organoclay
CTAB-clay 
(one alkyl tail, C l6)

Chemical and Structure
Hexadecyltrimethylammonium bromide salt, 
C i6H33N+(CH3)3 '

d-spacing (dOOl)/ 
arrangement in the interlayer 
2.1 nm
pseudotrimolecular

BTC-clay
(one alkyl tail (C l4 - 0 6 )  and one 
benzyl group)

DOEM-clay
(two alkyl tail, 2C18)

N-alkyl dimethyl ammonium chloride 2.3 nm
pseudotrimolecular

c h 2

R = 50%Ci4, 40%Ci2,10%Ci6

Methyl di-[(partially hydrogenated) tallow 6.5 nm
carboxyethyl]-2 dihydroxyethyl ammonium methyl paraffin arrangement
sulfateo
c 18H37-C-OCH 2CH2̂  CH3

" ~0S03CH3
c 18H37-C-OCH 2 CH ̂  CH2CH2OH

O

aThe basal spacing corresponds to the reflection peak (001) obtained from WAXS scan o f the organoclays.
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T h e  s e l e c t e d  T E M  m ic r o g r a p h s  a t l o w  a n d  h ig h  m a g n i f i c a t io n s  o f  

5 w t%  o r g a n o c la y  lo a d in g  fo r  e a c h  c o m p o s i t e  a s  s h o w n  in  F ig u r e  4 .4  p r o v id e  v i s i b l e  

e v i d e n c e  o f  th e  c o n c lu s io n  fr o m  th e  X R D  d a ta . T h e  n a n o c o m p o s i t e  b a s e d  C T A B -  

c l a y  ( o n e  a lk y l  t a i ls )  c o n t a in s  p r e d o m in a n t ly  o f  a n  in te r c a la te d  a n d  s m a l l  a g g r e g a r te d  

s i l i c a t e  la y e r s  w i t h  t a c t o id s  (o r d e r e d  s t a c k s )  t h ic k n e s s  o f  3 0  t o  6 0  n m , le n g t h  o f  l e s s  

th a n  2 0 0  n m  d is t r ib u te d  th r o u g h o u t  th e  p o ly p r o p y le n e  m a tr ix  a s  s h o w n  in  F ig u r e  

4 .4 ( a ) .  M o r e o v e r ,  in d iv id u a l  s i l i c a t e  la y e r s  a re  a l s o  e v id e n t  w i t h  th e  t h ic k n e s s  o f  

s e v e r a l  n a n o m e t e r s  a n d  le n g t h  o f  a b o u t  1 0 0  n m . T h e r e f o r e  a  b r o a d e n  d i s p e r s io n  o f  

a s p e c t  r a t io  o f  la y e r e d  s i l i c a t e  p a r t ic le s  is  a r o u n d  4 0  t o  1 0 0 . S im i la r ly ,  th e  

n a n o c o m p o s i t e  b a s e d  B T C - c l a y  ( o n e  a lk y l  ta i l  a n d  o n e  b e n z y l  g r o u p ) ,  i s  c o m p r is e d  

o f  a  la r g e  f r a c t io n  o f  in te r c a la te d  c l a y  p a r t ic le s  in  a d d it io n  t o  i n d iv id u a l ly  d i s p e r s e d  

la y e r s  ( s e e  F ig u r e  4 .4 ( b ) ) .  F o r  th e  n a n o c o m p o s i t e  b a s e d  D O E M - c l a y  ( t w o  a lk y l  t a i l s )  

s h o w n  in  F ig u r e  4 .4 ( c ) ,  r e v e a l  a r e a s  c o n t a in in g  ra th e r  w e l l  e x f o l ia t e d  s i l i c a t e  

la y e r s a n d  s o m e  c l a y  t a c t o id s  w i t h  t h ic k n e s s  o f  s e v e r a l  n a n o m e t e r s  a n d  l e n g t h  o f  l e s s  

th a n  1 0 0  n m . S o ,  t h e  a s p e c t  r a t io  o f  D O E M - c la y  p a r t ic le s  i s  a b o u t  4 0  n m  w h ic h  is  

l e s s  th a n  th e  o th e r  b a s e d  n a n o c m p o s i t e  s a m p le s .
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Figure 4.4 R e p r e s e n t a t iv e  T E M  m ic r o g r a p h s  o f  p p  n a n o c o m p o s i t e  b a s e d :  (a )  

C T A B - c l a y ,  (b )  B T C - c l a y ,  a n d  ( c )  D O E M - c l a y ,  f o r  5 w t%  o r g a n o c la y  lo a d in g .
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4 .3 .4  T h e r m a l  s t a b i l i t y  o f  P P /O r g a n o c la y  n a n o c o m p o s i t e s
T h e r m a l  s t a b i l i t y  o f  P P /o r g a n o c la y  n a n o c o m p o s i t e s  w a s  a n a ly z e d  b y  

T G A  a s  s h o w n  in  F ig u r e  4 .5 ( a ) - ( c ) .  T h e  t e m p e r a tu r e  c o r r e s p o n d in g  to  1 0 %  a n d  5 0 %  

o f  w e i g h t  l o s s  ( 7 ) 0% a n d  7 ร0%) a re  s u m m a r iz e d  in  T a b le  4 .3 .  It i s  c le a r  th a t a ll  
n a n o c o m p o s i t e s  e v i d e n c e  a  r e m a r k a b le  i m p r o v e m e n t  a t b o t h  lo w e r  a n d  h ig h e r  

te m p e r a tu r e  a s  c o m p a r e d  w i t h  th e  p u r e  m a tr ix .  I n d e e d ,  th e  te m p e r a tu r e  

c o r r e s p o n d in g  to  1 0 %  o f  w e i g h t  l o s s  (7)o% ) fo r  m o s t  n a n o c o m p o s i t e s  i s  s h i f t e d  to  

h ig h e r  te m p e r a tu r e s  w i t h  in c r e a s in g  o r g a n o c la y  c o n t e n t s .  T h is  i s  s im i la r  t o  th e  r e s u lt s  

o b t a in e d  b y  B e r t in i  et al. ( 2 0 0 6 )  a n d  T a n g  et al. ( 2 0 0 3 ) ,  w h i c h  i s  d u e  t o  th e  in t im a te  

c o n t a c t  b e t w e e n  t h e  p o ly m e r  m o le c u l e s  a n d  th e  a t o m  o f  in o r g a n ic  c r y s t a l l in e  la y e r s  

i s  m o r e  e x t e n s iv e  th a n  th a t in  a  m i c r o c o m p o s i t e ,  a n d  a t th e  s a m e  t im e  th e r e  is  a 

c a t a ly t ic  r o le  b y  th e  la y e r e d  s i l i c a t e s  d e r iv in g  f r o m  th e  H o f f m a n  r e a c t io n  o f  lo n g  

c h a in  s u r fa c ta n t  w h i c h  m a y  a c c e le r a t e  th e  c h a r r in g  p r o c e s s  a t th e  b e g in n in g  o f  

p o ly m e r  d e c o m p o s i t i o n  ( Z a n e t t i ,  2 0 0 2  a n d  T a n g , 2 0 0 3 ) .  T h e  - d e g r a d a t io n  

te m p e r a tu r e  a t 5 0 %  o f  w e i g h t  l o s s  (750% ) fo r  m o s t  n a n o c o m p o s i t e s  i s  s ig n i f ic a n t ly  

s h i f t e d  to  h ig h e r  te m p e r a tu r e .  T h is  is  m a y  b e  a t tr ib u te d  to  th e  d i f f u s io n  e f f e c t ,  w h ic h  

l im i t s  th e  e m i s s i o n  o f  g a s e o u s  d e g r a d a t io n  p r o d u c t s  (K r u m p , 2 0 0 6  a n d  D u q u e n s e ,  
2 0 0 3 )  a n d  th e  a b la t iv e  r e a s s e m b l in g  o f  th e  s i l i c a t e  la y e r s  w h i c h  b u i ld  u p  o n  th e  

s u r f a c e  th a t  in s u la t e s  th e  u n d e r ly in g  m a te r ia l  a n d  s h o w s  th e  e s c a p e  o f  v o la t i l e  

p r o d u c t  g e n e r a te d  d u r in g  d e c o m p o s i t i o n  ( T a n g  et al. 2 0 0 3 ) .
A m o n g  th r e e  t y p e s  o f  o r g a n o c la y  b a s e s  n a n o c o m p o s i t e s ,  C T A B - c l a y  

n a n o c o m p o s i t e  r e v e a l s  th e  h ig h e s t  th e r m a l s t a b i l i t y .  In  t h is  c a s e  th e r e  s e e m s  to  b e  a  

c o m b in a t io n  o f  th e  a m o u n t  o f  a d d e d  c la y  a n d  th e  m o r p h o lo g y  o f  th e  n a n o c o m p o s i t e s .  
A t  a  r e la t iv e ly  l o w  a m o u n t  o f  o r g a n o c la y ,  th e  th e r m a l s t a b i l i t y  in c r e a s e d  w it h  

in c r e a s in g  o r g a n o c la y  c o n t e n t .  In  fa c t , th e  n a n o c o m p o s i t e  w i t h  3 w t%  C T A B - c l a y  

s h o w e d  th e  b e s t  th e r m a l  s t a b i l i t y ,  s im i la r  to  th a t  o f  th e  c o m p o s i t e  c o n t a in in g  7  w t%  

o r g a n o c la y .  H o w e v e r ,  fu r th e r  in c r e a s e  o r g a n o c la y  i .e .  5  w t%  C T A B - c l a y ,  th e  

th e r m a l s ta b i l i ty  d e c r e a s e d .  T h is  m a y  b e  d u e  to  th e  p r e s e n t  o f  n o n - in t e r c a la t e d  

o r g a n o c la y  t a c t o id s ,  w h ic h  w e r e  l e s s  e f f e c t i v e  in  b l o c k in g  th e  h e a t  tr a n s fe r  th a n  th e  

w e l l  d is p e r s e d  s in g le  la y e r s  o r  in te r c a la te d  t a c t o id s  in  g o o d  a g r e e m e n t  w i t h  X R D  a n d  

T E M  r e s u lt s .  F o r  P P /D O E M - c la y  b a s e d  n a n o c o m p o s i t e s ,  o n  th e  o th e r  h a n d , 5 w t%  

o r g a n o c la y  e x h ib i t s  th e  h ig h e s t  v a lu e  o f  7 ร0% a s  c o n f ir m e d  b y  T E M  im a g e  s h o w in g
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o r g a n o c la y  e x h i b i t s  t h e  h ig h e s t  v a lu e  o f  750% a s  c o n f ir m e d  b y  T E M  im a g e  s h o w i n g  

th e  g o o d  d i s p e r s io n  o f  th e  c la y  la y e r s  in  p o ly m e r  m a tr ix .  U n f o r t u n a t e ly ,  f o r  p p  

/B T C - c la y  b a s e d  n a n o c o m p o s i t e s ,  s h o w e d  t h e  l o w e s t  th e r m a l  s t a b i l i t y  a n d  th e r e  

s e e m e d  n o  s ig n i f ic a n t  e f f e c t  o n  7 ร0% w it h  r e s p e c t  to  t h e  o r g a n o c la y  c o n t e n t .  T h is  

m ig h t  d u e  t o  th e  p r e s e n c e  o f  b u lk y  b e n z y l  g r o u p  m a y  in h ib i t  t h e  d i s p e r s io n  o f  th e  

la y e r e d  s i l i c a t e  in  p o ly m e r  m a tr ix  a s  r e p o r te d  b y  X R D  r e s u lt .  It i s  n o t e d  th a t  a b o u t  3 

w t%  o r g a n o c la y  lo a d in g  in  th e  n a n o c o m p o s i t e  m a y  b e  a  t h r e s h o ld  b e f o r e  th e  

f o r m u la t io n  o f  a  p e r c o la t in g  f i l l e r  n e t w o r k  s tr u c tu r e  ( W a n g  et al. 2 0 0 6 ) .
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Figure 4.5 T G A  t h e r m o g r a m s  o f  p p /o r g a n o c la y  n a n o c o m p o s i t e s  f o r  d i f f e r e n t  t y p e s  

o f  o r g a n o c la y  ( a )  C T A B - c l a y ,  (b )  B T C - c l a y ,  a n d  ( c )  D O E M - c la y .
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4 .3 .5  C r y s t a l l i z a t io n  B e h a v io r  o f  P P /O r g a n o c la v  N a n o c o m p o s i t e s
C r y s t a l l in e  p h a s e  o f  p p / o r g a n o c la y  n a n o c o m p o s i t e s  w e r e  in v e s t ig a t e d .  

T h e  W A X D  d e c o n v o lu t i o n  r e s u lt s ,  c a r r ie d  o u t  b y  a  c u r v e - f i t t in g  p r o g r a m  g i v e n  a n  

e x a m p l e  fo r  p p ,  a re  in  s h o w n  F ig u r e  4 .6 .  T h e  s a m e  m a n n e r  w a s  a p p l ie d  fo r  t h e  r e s t .  
T h e  W A X D  p a t te r n s  a n d  % c r y s t a l l in i t y  o f  a l l  n a n o c o m p o s i t e s  a r e  s h o w n  in  F ig u r e  

4 . 7 ( a ) - ( c ) )  a n d  T a b le  4 .2 ,  r e s p e c t i v e ly .  In  g e n e r a l ,  i s o t a c t ic  p o l y p r o p y le n e  ( iP P )  c a n  

o c c u r  in  th r e e  c r y s t a l l in e  fo r m s :  a ,  (3 a n d  Y  p h a s e .  T h e  m o n o c l i n i c  a - f o r m  i s  t h e  m o s t  

s t a b le  a n d  is  w e l l  d o c u m e n t e d  (P a d d e n ,  1 9 5 9 ;  N a t t a ,  1 9 6 0 ;  T u m e r - J o n e s ,  1 9 6 4 ) .  T h e  

P - fo r m  is  f o r m e d  o n l y  a t  s p e c i f i c  c o n d i t io n s ,  b e in g  t h e r m o d y n a m ic a l ly  l e s s  s t a b le  

th a n  th e  a - f o r m ,  b u t  h a v i n g  a  h ig h e r  g r o w t h  r a te  ( P a d d e n  et al. 1 9 5 9 ) .  W h i le  th e  y -  

p h a s e s  is  p r e f e r e n t ia l ly  f o r m e d  u n d e r  p r e s s u r e  ( M e i l l e  et al. 1 9 9 0 ) .  It i s  c le a r  f r o m  

W A X D  p a tte r n s  th a t  th e  c r y s ta l  p h a s e  o f  P P , P P /P P M A H  a n d  a ll  n a n o c o m p o s iy t e s  i s  

a - f o r m ,  s h o w i n g  th e  r e f l e c t io n s  a t 1 4 ° ,  1 7 ° ,  1 8 .5 ° ,  2 1 ° ,  2 2 ° ,  2 5 . 5 ° ,  a n d  2 8 .5 ° ,  w h i c h  

a s s ig n e d  t o  p la n e s  o f  th e  m o n o c l i n i c  c r y s t a l s  ( 1 1 0 ) ,  ( 0 4 0 ) ,  ( 1 3 0 ) ,  ( 1 1 1 ) ,  ( 1 3 1 ) + ( 0 4 1 ) ,  
( 0 6 0 ) ,  a n d  ( 2 2 0 ) ,  r e s p e c t i v e ly .  T h is  r e s u lt  in d ic a t e s  th a t  t h e  a d d it io n  o f  th e  

o r g a n o c la y  d id  n o t  a f f e c t  th e  c r y s t a l lo g r a p h ic  o f  p p  c o n f ir m e d  b y  n o  c h a n g e  in  

m e l t i n g  t e m p e r a tu r e  (7 m ), a s  a lr e a d y  r e p o r te d  b y  X u  et al. ( 2 0 0 3 ) .
T h e  D S C  a n a ly s i s  w a s  c a r r ie d  o u t  in  o r d e r  t o  i l lu s tr a t e  m o r e  c le a r ly  

t h e  e f f e c t  o f  o r g a n o c la y  lo a d in g  t o  th e  c r y s t a l l i z a t io n  b e h a v io r  o f  p p .  T h e  m e l t i n g  

a n d  c r y s t a l l i z a t io n  t e m p e r a tu r e s  ( Tm a n d  7 C: r e s p e c t i v e ly ) ,  a s  w e l l  a s  th e  m e l t i n g  

e n t h a lp y  (A H m) a n d  d e g r e e  o f  c r y s t a l l in i t y  0 yc) ,  c a l c u la t e d  f r o m  t h e  s e c o n d  h e a t in g  

r u n , a re  s u m m a r iz e d  in  T a b le  4 .2 .  A s  c o m m o n  e x p e c t a t io n ,  t h e  n a n o d i s p e r s e d  o f  

la y e r e d  s i l i c a t e  p a r t ic le  c a n  a c t  a s  a n  e f f i c i e n t  h e t e r o g e n e o u s  n u c le a t in g  a g e n t  a n d  

f a c i l i t a t e  t h e  c r y s t a l l i z a t io n  o f  th e  n a n o c o m p o s i t e s ,  r e s u l t in g  in  a  h ig h e r  

c r y s t a l l i z a t io n  t e m p e r a tu r e  ( H e ,  2 0 0 3  a n d  W a n g ,  2 0 0 4 ) .  H o w e v e r ,  t h e  c r y s t a l l i z a t io n  

b e h a v io r  o f  n a n o c o m p o s i t e  w i l l  n o t  b e  m o n o t o n i c a l ly  im p r o v e d  t h r o u g h  th e  a d d it io n  

o f  a  la r g e  a m o u n t  o f  o r g a n o c la y  i f  t h e  f i l l e r  n e t w o r k  p la y s  a  r o le  t o  r e s tr ic t  th e  

m o v e m e n t  o f  m o le c u la r  c h a in s  ( W a n g  et al. 2 0 0 6 ) .  E v id e n t ly ,  f r o m  T a b le  4 .2 ,  th e  

c r y s t a l l i z a t io n  t e m p e r a tu r e  fo r  m o s t  n a n o c o m p o s i t e s  f ir s t  in c r e a s e s  w i t h  th e  a d d it io n  

o f  th e  o r g a n o c la y s ,  b u t  t h e n  d e c r e a s e s  o r  r e m a in s  c o n s t a n t  a s  th e  o r g a n o c la y  c o n t e n t  

e x c e e d s  lw t % ,  a l t h o u g h  in  t h is  c a s e  th e  c r y s t a l l i z a t io n  t e m p e r a tu r e s  o f
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n a n o c o m p o s i t e s  w e r e  h ig h e r  th a n  th a t  o f  n e a t  p p .  S im i la r ly ,  th e  c r y s t a l l in i t y  (2c) 

o b t a in e d  f r o m  W A X D  d e c o n v o lu t i o n ,  e x h ib i t e d  a n  i n c r e a s e  a t l o w  a m o u n t  o f  

o r g a n o c la y ,  f o l l o w e d  b y  a  d e c r e a s e  a t h ig h e r  a m o u n t  o f  t h e  o r g a n o c la y .  C o m p a r in g  

th r e e  t y p e s  o f  n a n o c o m p o s i t e s ,  D O E M - c l a y  b a s e d  n a n o c o m p o s i t e s  p l a y e d  r o le  fo r  

t h e  im p r o v e m e n t  in  c r y s t a l l i z a t io n  p r o c e s s  o f  p p  p a r t ic u la r ly  a t  l o w  v o lu m e  f r a c t io n  

o f  th e  o r g a n o c la y .

F i g u r e  4 .6  T y p ic a l  p e a k  d e c o n v o lu t i o n  o f  a m o r p h o u s  a n d  c r y s t a l l in e  c o m p o n e n t s  o f  

t h e  P P  W A X D  p r o f i l e .
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F i g u r e  4 .7  W A X D  p a t t e r n s  f o r  d i f f e r e n t  t y p e s  o f  p p / o r g n o c l a y  n a n o c o m p o s i t e s :  ( a )  

C T A B - c l a y ,  ( b )  B T C - c l a y ,  a n d  ( c )  D O E M - c l a y .
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T a b l e  4 .3  T h e  d e g r a d a t io n  te m p e r a tu r e  at 1 0  a n d  5 0 %  w e i g h t  l o s s  ( 7 ) 0% a n d  750%), 

m e l t in g  (Tm) a n d  c r y s t a l l i z a t io n  te m p e r a tu r e  ( Tc)  a n d  c r y s t a l l in i t y  (%c) o f  v a r io u s  

p p /o r g a n o c la y  n a n o c o m p o s i t e s

P P /P P M A H /O r g a n o c la y 7 พ 0
<X)

7ร0%
(° C ) < °C ) ( ° c )

A 7 /m
( J /g ) <% ) (% )

P u r e  p p  ( 1 0 0 ) 3 5 8 .9 3 9 8 .1 1 2 0 .6 1 6 0 .4 7 1 .1 3 4 .3 4 6 .1
P P /P P M A H  ( 8 5 / 1 5 / 0 ) 3 8 4 .0 4 3 4 .6 1 2 3 .9 1 6 1 .1 8 0 .5 3 8 .9 4 7 .0
P P /1 C T A B  ( 8 4 / 1 5 / 1 ) 4 2 4 .8 4 5 6 .8 1 2 3 .4 1 6 1 .0 7 9 .7 3 8 .9 4 8 .2
P P /2 C T A B  ( 8 3 / 1 5 / 2 ) 4 4 8 .1 4 6 8 .1 1 2 1 .5 1 6 0 .4 7 6 .9 3 7 .9 4 6 .9
P P /3 C T A B  ( 8 2 / 1 5 / 3 ) 4 5 4 .4 4 7 3 .8 1 2 1 .5 1 6 0 .3 7 6 .1 3 7 .9 4 4 .4
P P /5 C T A B  ( 8 0 / 1 5 / 5 ) 4 3 1 .9 4 5 2 .0 1 2 1 .4 1 6 0 .6 7 7 .7 3 9 .5 4 7 .4
P P /7 C T A B  ( 7 8 / 1 5 / 7 ) 4 5 2 .1 4 6 8 .4 1 2 1 .4 1 6 0 .6 7 7 .3 4 0 .1 4 4 .7
P P /1 B T C  ( 8 4 / 1 5 / 1 ) 4 1 2 .4 4 2 7 .5 1 2 2 .1 1 6 0 .2 7 5 .7 3 6 .9 44-, 7
P P /2 B T C  ( 8 3 / 1 5 / 2 ) 4 0 3 .2 4 2 2 .9 1 2 1 .0 1 6 0 .6 8 3 .9 4 1 .3 4 4 .6
P P /3 B T C  ( 8 2 / 1 5 / 3 ) 4 0 9 .4 4 2 8 .3 1 2 1 .3 1 6 0 .3 7 6 .7 3 8 .2 4 7 :5
P P /5 B T C  ( 8 0 / 1 5 / 5 ) 4 0 7 .4 4 2 5 .7 1 2 0 .9 1 6 0 .3 7 4 .5 3 7 .9 4 6 .5
P P /7 B T C  ( 7 8 / 1 5 / 7 ) 4 1 0 .1 4 2 7 .5 1 2 0 .8 1 6 0 .2 7 1 .8 3 7 .3 4 0 .4
P P /1 D O E M  ( 8 4 / 1 5 / 1 ) 4 1 0 .4 4 3 5 .1 1 2 3 .9 1 6 0 .9 7 1 .3 3 4 .8 5 .0 0
P P / 2 D O E M ( 8 3 / l  5 /2 ) 4 1 4 .8 4 3 2 .5 1 2 3 .4 1 6 0 .8 6 8 .4 3 3 .7 5 1 .3
P P / 3 D O E M ( 8 2 / l  5 /3 ) 3 9 9 .5 4 2 7 .5 1 2 3 .8 1 6 1 .1 7 8 .1 3 8 .9 4 6 .3
P P / 5 D O E M ( 8 0 / 1 5 /5 ) 4 4 3 .0 4 6 6 .1 1 2 3 .9 1 6 1 .4 7 9 .4 4 0 .4 4 7 .2
P P / 7 D O E M ( 7 8 / l  5 /7 ) 3 7 4 .2 4 5 3 .2 1 2 3 .6 1 6 1 .7 7 9 .5 4 1 .3 4 3 .8

aC a lc u la t e d  a s  f o l lo w s :  %c=[AHm/(J*AHm°)]*\00, w h e r e  A H m i s  th e  e x p e r im e n t a l  

m e l t in g  e n t h a lp y ,  /  i s  th e  p o ly p r o p y le n e  f r a c t io n  b y  w e i g h t  in  th e  c o m p o s i t e  a n d  

A H m° is  th e  m e l t in g  e n t h a lp y  o f  in f in i t e  p o ly p r o p y le n e  c r y s ta l  ( 2 0 7 .1  J /g ) .  
bE s t i in a t e d  fr o m  W A X D  p r o f i l e  a f te r  a  l in e a r  b a c k g r o u n d  s u b tr a c t io n  a n d  

d e c o n v o lu t i o n  o f  th e  p r o f i l e  in to  c r y s t a l l in e  a n d  a m o r p h o u s  f r a c t io n s ,  u s in g  G a u s s ia n  
l in e s h a p e  fo r  th e  p e a k s .
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4 . 3 .6  M e c h a n ic a l  P r o p e r t ie s  o f  P P /O r g a n o c la y  N a n o c o m p o s i t e s
T h e  s tr u c tu r e  o f  th e  o r g a n ic  m o d i f i e r  u s e d  to  fo r m  th e  o r g a n o c la y  is  

e x p e c t e d  t o  h a v e  s o m e  e f f e c t  o n  th e  m o r p h o lo g y  a s  w e l l  a s  m e c h a n ic a l  p r o p e r t ie s  o f  

th e  n a n o c o m p o s i t e s .  W e l l - d is p e r s e d  n a n o f i l l e r s ,  o f  c o u r s e ,  c a n  im p r o v e  th e  m o d u lu s  

a n d  s tr e n g th  a n d  m a in ta in  o r  e v e n  im p r o v e  d u c t i l i t y  b e c a u s e  th e ir  s m a ll  s i z e  d o e s  

c r e a te  la r g e  s t r e s s  c o n c e n t r a t io n s .  In  a d d it io n ,  th e  la r g e  in t e r f a c ia l  a r e a  o f  

n a n o c o m p o s i t e s  p r o v id e s  a n  o p p o r tu n it y  fo r  a lt e r in g  th e  m a tr ix  p r o p e r t ie s  in  u n iq u e  

w a y s .  F ig u r e  4 .8 ( a ) - ( c )  s h o w  t e n s i l e  m o d u lu s ,  t e n s i l e  s tr e n g th  a n d  e l o n g a t i o n  a t  

b r e a k , r e s p e c t i v e ly  o f  n a n o c o m p o s i t e s  a s  a  f u n c t io n  o f  o r g a n o c la y  t y p e  a n d  lo a d in g .  
F o r  th e  C T A B - c l a y  a n d  B T C - c la y  p p  n a n o c o m p o s i t e s ,  th e r e  w a s  a  s h a r p  in c r e a s e  in  

t e n s i l e  s tr e n g th  a n d  m o d u lu s  w h e n  s m a l l  a m o u n t  o f  o r g a n o c la y  w a s  a d d e d  ( i . e .  1 a n d  

2  w t% ). W it h  a n  in c r e a s e  o r g a n o c la y  l o a d in g  u p  to  7  w t% , t e n s i l e  s t r e n g th  s l i g h t ly  

d e c r e a s e s  a s  c o m p a r e d  to  th e  p u re  p p  a n d  P P /P P M A F 1 . F o r  D O E M - c l a y  b a s e d  

n a n a c o m p o s i t e s ,  at 1 -5  w t%  o r g a n o c la y ,  th e r e  s e e m s  n o  s ig n i f ic a n t  e f f e c t  o n  b o t h  

t e n s i l e  a n d  m o d u lu s .  W h e n  o r g a n o c la y  l o a d in g  e x c e e d  5 w t% , in  c o n t r a s t ,  t e n s i l e  

s tr e n g th  d e c r e a s e s  m a r k e d ly .  A  s im i la r  tr e n d  w a s  o b s e r v e d  f o r  t e n s i l e  m o d u lu s  

(F ig u r e  4 .8 ( b ) ) .  T h e  in c r e a s e  in  t e n s i l e  s tr e n g th  a t lo w e r  a m o u n t  o f  o r g a n o c la y  

lo a d in g  m ig h t  b e  a t tr ib u te d  to  th e  g o o d  in t e r a c t io n s  b e t w e e n  th e  p o l y m e r  a n d  t h e  

o r g a n o c la y  f i l l e r ,  a n d  th u s  th e  s tr e s s  is  m u c h  m o r e  e f f i c i e n t l y  tr a n s fe r r e d  fr o m  

p o ly m e r  m a tr ix  to  th e  in o r g a n ic  f i l le r ,  r e s u lt in g  in  a  g r e a te r  im p r o v e m e n t  in  t e n s i l e  

p r o p e r t ie s  ( M a n ia s  2 0 0 1  a n d  S v o b o d a  2 0 0 2 ) .  H o w e v e r ,  at h ig h e r  o r g a n o c la y  lo a d in g ,  
t e n s i l e  s tr e n g th  a n d  m o d u lu s  d e c r e a s e  d u e  to  th e  a g g r e g a t io n  o f  th e  s i l i c a t e  la y e r s ,  
t a c t io d s  o r  e v e n  th e  p e r c o la t e d  n e t w o r k  s tr u c tu r e s  w h ic h  a c t  a s  th e  s t r e s s  

c o n c e n t r a t o r s  th a t a l l o w i n g  c r a c k  in i t ia t io n  a n d  p r o p a g a t io n ,  c o n s e q u e n t l y  d e c r e a s in g  

th e  m e c h a n ic a l  p e r fo r m a n c e  o f  th e  n a n o c o m p o s i t e s  ( W a n g  et al. 2 0 0 6 )
In  c o n tr a s t  t o  th e  t e n s i l e  s tr e n g th  a n d  m o d u lu s ,  th e  e l o n g a t i o n  a t b r e a k  

o f  n a n o c o m p o s i t e s  r e d u c e s  d r a s t ic a l ly  w i t h  in c r e a s in g  th e  o r g a n o c l a y  c o n t e n t  a s  

s h o w n  in  F ig u r e  4 .8 ( c ) .  T h e  r e d u c t io n  o f  e l o n g a t i o n  m ig h t  b e  d u e  to  th e  g r e a te r  

in te r a c t io n  b e t w e e n  th e  f i l l e r  a n d  th e  p o ly m e r  m a t r ix ,  w h ic h  p r o b a b ly  a f f e c t s  t o  th e  

lo w e r  c h a in  m o b i l i t y  a n d  th e n  m a k in g  th e  m a te r ia l  m o r e  r ig id  ( M o d e s t i  et al. 2 0 0 5 ) .  
I n t e r e s t in g ly ,  fo r  P P /D O E M - c la y  n a n o c o m p o s i t e s  s h o w  a h ig h  v a lu e  o f  e l o n g a t i o n  a t  

b r e a k , p a r t ic u la r ly  a t h ig h e r  a m o u n t  o f  o r g a n o c la y  a s  c o m p a r e d  t o  th e  o th e r s .
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T h e  im p r o v e m e n t  in  e l a s t i c i t y  m a y  b e  d u e  a t tr ib u te d  in  p a r t to  th e  p l a s t i c i z in g  e f f e c t  

o f  th e  g a l le r y  D O E M  s u r f a c ta n t s  h a v in g  t w o  lo n g  a lk y l  c h a in s  ( 2 C 1 8 )  a n d  to  th e ir  

c o n t r ib u t io n  t o  th e  f o r m a t io n  o f  d a n g l in g  c h a in s  b u t  a l s o  p r o b a b ly  t o  c o n f o r m a t io n a l  

e f f e c t s  a t th e  c l a y - m a t r i x  in te r fa c e  ( W a n g  a n d  P in n a v ia ,  1 9 9 8 ) .  A m o n g  th r e e  t y p e s  

o f  n a n o c o m p o s i t e s ,  B T C - c l a y  n a n o c o m p o s i t e  s h o w s  th e  l o w e s t  v a lu e .  In  o th e r  w o r d ,  
th e  n a n o c o m p o s i t e  b a s e d  o n  o n e  c h a in  o r  t w o  lo n g  c h a in s  m o d i f i e d  c l a y  p la y  r o le  in  

m e c h a n ic a l  p r o p e r t ie s  im p r o v e m e n t  ra th e r  th a n  v o lu m in o u s  o r g a n o c la y  b a s e d  

n a n o c o m p o s i t e s .

3 5  —  I — r -------------- 1----------------1--------------- 1--------------- 1--------------- r

p p  P P - g - M A  1 2  3  5  7
O r g a n o c la y s  l o a d i n g  ( w t % )
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O r g a n o c la y  l o a d i n g  ( w t % )

O r g a n o c l a y s  l o a d i n g  ( w t % )

F i g u r e  4 .8  M e c h a n ic a l  p r o p e r t ie s  o f  d i f f e r e n t  p p /o r g a n o c la y  n a n o c o m p o s i t e s :  (a )  

T e n s i le  s tr e n g th , (b )  T e n s i le  m o d u lu s ,  a n d  ( c )  % E lo n g a t io n  a t b r e a k .
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4 .4  C o n c l u s i o n s

P o ly p r o p y le n e  ( P P ) /o r g a n o c la y  n a n o c o m p o s i t e s  w i t h  th r e e  d i f f e r e n t  t y p e s  o f  

a lk y l  a m m o n iu m  s u r fa c ta n ts  w e r e  s u c c e s s f u l l y  p r e p a r e d  b y  m e l t  in te r c a la t io n  

t e c h n iq u e  in  a  c o - r o t a t in g  t w in  s c r e w  e x tr u d e r . T h e  p o l y p r o p y le n e - g r a f t - m a le i c  

a n h y d r id e  ( P P - g - M A )  w a s  u s e d  a s  a  c o m p a t i b i l i z e r  a n d  th e  a m o u n t  o f  e a c h  

o r g a n o c la y  w a s  v a r ie d  fr o m  1 to  7  w t% . T h e  e f f e c t  o f  a lk y l  a m m o n iu m  s u r fa c ta n t  

s tr u c tu r e s  a n d  a m o u n t  o f  o r g a n o c la y  w e r e  i n v e s t ig a t e d .  F r o m  th e  X R D  r e s u lt ,  th e  

n a n o c o m p o s i t e s  p r e p a r e d  fr o m  C T A B - c l a y  a n d  B T C - c l a y  s h o w e d  th e  in te r c a la te d  

m o r p h o lo g y ,  w h i l e  th e  n a n o c o m p o s i t e  p r e p a r e d  f r o m  D O E M - c l a y  s h o w e d  th e  

p a r t ia l ly  e x f o l ia t e d  s tr u c tu r e . A l l  n a n o c o m p o s i t e s  s h o w e d  im p r o v e m e n t  in  b o th  

th e r m a l a n d  m e c h a n ic a l  p r o p e r t ie s  a s  c o m p a r e d  to  th e  p u r e  p p  a n d  P P /P P - g - M A  

s y s t e m .  A m o n g  th r e e  t y p e s  o f  a lk y l  a m m o n iu m  s u r f a c t a n t s ,  th e  n a n o c o m p o s i t e  

p r e p a r e d  fr o m  D O E M , h a v in g  t w o  t a i l s  a n d  th e  l o n g e s t  a lk y l  c h a in  le n g t h  ( C l 8 ) ,  
g a v e  th e  b e s t  p r o p e r t ie s  in  te r m  o f  m o r p h o lo g y  a n d  p h y s ic a l  p r o p e r ty  d u e  to  th e  

b e t te r  c la y  d i s p e r s io n .  W h ile  th e  n a n o c o m p o s i t e s  p r e p a r e d  fr o m  C T A B - c l a y  r e v e a le d  

th e  h ig h e s t  th e r m a l  s ta b i l ity .
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