
CHAPTER IV
RESULTS AND DISCUSSION

4.1 Characterization of Organophilic-CIay

4.1.1 FTIR
The chemical characteristics of both the organic and inorganic 

materials can be studied by 1R spectra analysis. Figure 4.1 (a) shows the FTIR 
spectra of dodecylamine-montmorillonite compared with (b) dodecylamine 
and (c) sodium-montmorillonite. The FTIR spectrum of dodecylamine- 
montmorillonite shows the specific absorption characteristics of both inorganic 
and organic components with respect to the alumino-silicate layers and the 
alkylammonium molecules. The inorganic clay component shows a band at 
1050 cnr 1 which can be associated with Si-0 stretching, and those between 
600 and 400 cnr 1 with Al-0 stretching and Si-0 bending. The dodecylamine 
component shows bands at 2920, 2850, 1460, and 1370 cnr 1 which can be 
assigned to -CFI2 -, -CH3 stretching and bending, respectively. The FTIR 
spectrum of dodecylamine-montmorillonite also exhibits a new absorption 
band at 3012 cnr 1 which can be assigned to symmetric and asymmetric 
stretching of R-NH3 + group. The band indicates that the organophilic cations 
react with the alumino-silicate layers of montmorillonite.
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Figure 4.1 The FTIR spectra o f (a) dodecylam ine-m ontm orillonite
(b) dodecylamine and (c) sodium-montmorillonite.
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A s se e n  th e  1R s p e c t r a  o f  F ig u r e  4 .1 ,  a ll a s s ig n m e n ts  o f  

d o d e c y la m in e - m o n tm o r i l lo n i te ,  d o d e c y la m in e  a n d  s o d iu m - m o n tm o r i l lo n i te  

a re  s u m m a r iz e d  in  T a b le  4 .1 ,  4 .2  a n d  4 .3 .  r e s p e c t iv e ly .

Table 4.1 The FTIR absorption bands assignment o f dodecylam ine- 
montmorillonite

Frequencies (cm1) Assignments
3 6 3 0 -O H  s t r e tc h in g

3 4 4 0 -O H  s t r e tc h in g  ( d im e r s )

3 3 5 0  a n d  3 2 9 0 N -H  s t r e tc h in g  o f  p r im a r y  
a m in e

3 0 1 2 s y m m e tr ic  a n d  a s y m m e tr ic  

s t r e tc h in g  o f  R - N H 3 +  g ro u p

2 9 2 0 - C H 2 - a l ip h a t ic  c h a in s
2 8 5 0 - C H 3 s t r e tc h in g

1 6 0 0 s y m m e tr ic  N -H  b e n d in g

1 4 6 0 - C H 2 - b e n d in g

1 3 7 0 - C H 3 b e n d in g

1050 S i - 0  s t r e tc h in g

1010 C -N  s tre tc h  in  a l ip h a t ic  a m in e
7 2 0 N -H  o u t o f  p la n e  b e n d in g
5 2 0 A l - 0  s t r e tc h in g

4 6 0 S i - 0  b e n d in g
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Tabic 4.2 The FT1R absorption bands assignment o f dodecylamine

Frequencies (cm1) Assignments
3 3 6 0  a n d  3 2 9 0 N -H  s t r e tc h in g  o f  p r im a r y  

a m in e

2 9 2 0 - C H 2 " a l ip h a t ic  c h a in s

2 8 5 0 - C H 3 s t r e tc h in g

1 5 9 7 s y m m e tr ic  N - H  s t r e tc h in g

1 4 7 0 - C H 2 - b e n d in g

1 3 8 0 - C H 3 b e n d in g

1 0 1 0 C -N  s t r e tc h in g  in  a l ip h a t ic  
a m in e

7 2 0 N -H  o u t  o f  p la n e  ( O O P )  

b e n d in g

Table 4.3 The FTIR absorption bands assignment o f sodium- 
montmorillonite

Frequencies (cm1) Assignments
3 6 2 0 -O H  s t r e tc h in g

3 4 4 0 -O H  s t r e tc h in g  ( d im e r s )

1 040 S i - 0  s t r e tc h in g

5 2 0 A l - 0  s t r e tc h in g

4 6 6 S i - 0  b e n d in g
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4 .1 .2  W A X S
T h e  W id e  A n g le  X - ra y  S c a t te r in g  ( W A X S )  p a t te r n s  o f  s o d iu m -  

m o n tm o r i l io n i te  a n d  d o d e c y la m in e - m o n tm o r i l lo n i te  in  th e  r e g io n  b e tw e e n  

2 0  =  3 °  a n d  2 0  =  10° a re  s h o w n  in  F ig u re  4 .2  (a )  a n d  (b ) . E a c h  c u rv e  s h o w s  

o n ly  o n e  p e a k . i.e . a t 2 0  =  1.2° a n d  2 0  =  5 .0 ° , r e s p e c t iv e ly .  T h e  p e a k s  c a n  b e  

a s s ig n e d  to  th e  001 la t t ic e  s p a c in g  o f  s i l ic a te  la y e r  in  m o n tm o r i l lo n i te  as  
s u g g e s te d  b y  U s u k i  e t a l. (1 9 9 3 ) .  T h e  in te r la y e r  s p a c in g  c o r r e s p o n d in g  to

th e s e  p e a k s  in c r e a s e s  f ro m  1 2 .2 6 a  to  1 7 .9 0  a  as  d e s c r ib e d  in  F ig u r e  4 .3 . T h e  

W A X S  r e s u l t s  a r e  in  a g r e e m e n t  w ith  th e  b a s a l  s p a c in g  o f  a lu m in o - s i l i c a te  

la y e r  u s in g  a n  c o -a m in o  a c id  a s  a n  o rg a n ic  c a t io n  ( O k a d a  a n d  U s u k i ,  1 9 9 5 ).

2 T h e ta  (°)

Figure 4.2 The W AXS pattern of (a) sodium -m ontm orillonite and
(b) dodecylamine-montmorillonite.
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Figure 4.3 A schematic diagram describing the basal spacing between 
alumino-silicate layers of montmorillonite.

4 .1 .3  T G A

T h e  th e r m a l  s ta b i l i ty  o f  th e  o r g a n o p h i l ic - c la y  a n d  th e  s o d iu m -  

m o n tm o r i l lo n i te  w e re  d e te r m in e d  b y  th e r m o g r a v im e t r ic  a n a ly s is .  F ig u re  4 .4  

s h o w s  th e  th e r m o g r a m s  o f  s o d iu m - m o n tm o r i l lo n i te ,  d o d e c y la m in e ,  a n d  
d o d e c y la m in e - m o n tm o r i l lo n i te .  F o r  th e  s o d iu m - c la y  , th e  s a m p le  s h o w s  a 
s l ig h t  d e c r e a s e  a t 80  °c. T h is  m a y  b e  a t t r ib u te d  to  th e  e v a p o r a t io n  o f  a b s o rb e d  

w a te r  in  th e  s a m p le .  A b o v e  5 9 3  °c, a s l ig h t  w e ig h t  lo s s  o c c u r s  d u e  to  a 

d e c o m p o s i t io n  o f  s o m e  in o rg a n ic  m a te r ia ls ,  a s  s h o w n  in  F ig u r e  4 .4  (a ) . F o r  

d o d e c y la m in e .  th e  s a m p le  s h o w s  a  d r a m a t ic  d e c o m p o s i t io n  a t te m p e r a tu r e  o f  
185 ๐c ,  a s  s h o w n  in F ig u re  4 .4  (b ) . F o r  th e  d o d e c y la m in e - c la y ,  a  s l ig h t  w e ig h t  
lo s s  c a n  b e  o b s e r v e d  a t th e  te m p e r a tu r e  o f  2 0 0  ๐c .  f i l e  s a m p le  d e c o m p o s e s  

s ig n i f ic a n t ly  a t t e m p e r a tu r e  o f  3 4 0  ๐c .  a s  s e e n  in  F ig u r e  4 .4  (c ) .  T h u s ,  it is 

in d ic a te d  th a t  d o d e c y la m m o n iu m  io n s  r e a c t  w ith  c la y .  T h e  th e r m o g r a m  o f  th e  

d o d e c y la m in e - c la y  a ls o  s h o w s  th e  a b s e n c e  o f  e v a p o r a t io n  o f  a b s o r b e d  w a te r  at
80 °c.
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Figure 4.4 The decomposition behaviors of (a) sodium -m ontm orillonite  
(b) dodecylamine and (c) dodecylam ine-m ontm orillonite.

4 .1 .4  A A S
T h e  p u r i ty  o f  th e  o r g a n o p h i l ic - m o n tm o r i l lo n i te  w a s  d e te r m in e d  

b y  m e a s u r in g  a  r e c o v e r y  p e r c e n ta g e  o f  s o d iu m  io n s  in  a n  a c id ic  s o lu t io n .  

T a b le  4 .4  s h o w s  th e  m e a n  v a lu e  o f  s o d iu m  io n s  r e c o v e r y  f ro m  s o d iu m -  

m o n tm o r i l lo n i te  a n d  d o d e c y la m in e - m o n tm o r i l lo n i te  a s  m e a s u r e d  b y  th e  a ir -  
a c e ty le n e  f la m e  A A S  (s e e  d e te r m in a t io n  m e th o d  in  a p p e n d ix  II) . T h e  r e c o v e ry  
p e r c e n ta g e  o f  s o d iu m  io n s  in  th is  e x p e r im e n t  s h o w s  a  s ig n i f ic a n t  r e d u c t io n  
f ro m  2 .8 7  %  w e ig h t  in  s o d iu m - c la y  to  0 .2 1  %  w e ig h t  in  o r g a n o p h i l ic - c la y .  

T h e  p e r c e n ta g e  c o n v e r s io n  o f  o r g a n o p h i l ic - c la y  f ro m  s o d iu m - c la y  c a n  b e  
c a lc u la te d  by  th e  e x p r e s s io n
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T h e  d o d e e y la m in e - m o n tm o r i l lo n i te  a s  p r o d u c e d  b y  1 : 1 in  m o le  ra t io  o f  

m o n tm o r i l lo n i te  a n d  o rg a n ic  c a t io n  y ie ld s  th e  a v e r a g e  v a lu e  o f  9 3  %  in 

c o n v e r s io n .

Table 4.4 The mean value o f recovery percentage o f sodium ions as 
measured by Atomic Absorption Spectrometry (AAS)

% Conversion = (  Na+ in sodium-mont. - Na+ in DDM-mont. ) X 100
( Na+ in sodium-montmorillonite ) (4.1)

Species Sodium-clay Dodecylamine-clay
N a + ( % w t ) 2 .8 7 * +  0 .0 2 0 .2 1 + 0 .0 1

* T h e  e x a c t  v a lu e  f ro m  K u n im in e  ’ร te c h n ic a l  d a ta  s h e e t  is 3 .1 5  %  w e ig h t .

4.2 Characterization of Polyimide-Clay Nanocomposite Thin Films

4 .2 .1  F T IR

T h e  F T I R  s p e c t r o s c o p y  c a n  b e  u s e d  to  c h a r a c te r iz e  th e  c h e m ic a l  
c h a r a c te r i s t i c s  o f  th e  n a n o c o m p o s i te  th in  f i lm s . F ig u re  4 .5  a n d  F ig u re  4 .6  

s h o w  th e  s p e c u la r  r e f le c ta n c e  F T IR  s p e c t r a  o f  B P D A /P D A  ( P I 2 6 1 0 )  a n d  

B T D A /O D A - M D A  (P I 2 5 7 9 )  p o ly im id e  f i lm s  w ith  v a r io u s  o f  c la y  c o n te n ts  in  
th e  n a n o c o m p o s i t e  f i l m s  a n d  t h e  s p e c t r u m  o f  t h e  o r g a n o p h i l i c -  
m o n tm o r i l lo n i te .
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Figure 4.5 The specular reflectance FTIR spectra o f (a) BPDA/PDA  
polyimide (b) polyimide-clay 1 % wt (c) 3 % wt (d) 6 % \vt 
(e) 9 % wt (f) 11 % wt and (g) dodecylam ine-m ontm orillonite.
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Figure 4.6 The specular reflectance FTIR spectra o f (a) BTDA/ODA- 
MDA polyimide (b) polyimide-clay 1 % vvt (c) 3 % wt 
(d) 6 % wt (e) 9 % wt (f) 11 % wt and (g) dodecylamine- 
montmorillonite.
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T h e  F T I R  s p e c t r a  o f  th e  p o ly im id e - c la y  n a n o c o m p o s i te s  a s  s h o w n  

in  F ig u r e s  4 .5  a n d  4 .6  ( b ) - ( f )  in d ic a te  th e  a b s o r p t io n  c h a r a c te r i s t i c s  o f  b o th  

o r g a n ic  a n d  th e  s p e c i f ic  F iller c o m p o n e n t .  T h e  b a n d s  a t 1 0 5 0  a n d  4 6 0  c m ' l  
c a n  b e  a s s ig n e d  to  S i - 0  s t r e tc h in g  a n d  b e n d in g  f ro m  th e  a lu m in o - s i l i c a te  

la y e rs . T h e  b a n d  a t  1773  c m ' l e a n  b e  a s s o c ia te d  w ith  th e  s y m m e tr ic  s t r e tc h in g  

o f  c a r b o n y l  a b s o r p t io n  ( C = 0 )  in  im id e  g ro u p s .  A ll  o f  th e s e  in c re a s e  w ith  

in c r e a s in g  c la y  c o n te n t .  T h e  p o ly im id e - c la y  n a n o c o m p o s i te  f i lm s  a ls o  d is p la y  
th e  f r e q u e n c y  o f  R - N H 3 4" a t  3 0 1 2  c r n ' l .  T h is  m a y  r e s u l t  f ro m  th e  te rm in a l  

g ro u p  o f  o r g a n ic  c a t io n s  in  th e  o r g a n o p h i l ic - c la y  o r  p o ly im id e  m o le c u le s  re a c t  
w i th  th e  a lu m in o - s i l i c a te  la y e rs  o f  th e  p a r t ic u la r  f i l le r .  T h e  a b s o r p t io n  b a n d s  

a s  s h o w n  in  th e  r a n g e  o f  3 7 0 0 - 3 2 0 0  c m f l  a re  a s s o c ia te d  w ith  f re e  o r  

h y d r o g e n - b o n d e d  -O H  s tr e tc h in g .  T h is  m a y  r e s u l t  f ro m  e i th e r  th e  a b s o r b e d  

w a te r  in  th e  f ilm  o r  th e  h y d r o x y l  g r o u p s  in  s i l ic a te  la y e rs  o f  a  m o n tm o r i l lo n i te .  
A ll  o f  th e  n a n o c o m p o s i te  f i lm s  s h o w  a n  im p o r ta n t  w id e  b a n d  in  th is  r e g io n  b u t 
th is  b a n d  is in s ig n i f ic a n t  fo r  a n  o r d in a r y  p o ly im id e  f ilm .

4 .2 .2  W A X S

F ig u re  4 .7  s h o w s  th e  W A X S  p a t te rn  o f  B P D A /P D A  p o ly im id e  
a n d  its  c la y  n a n o c o m p o s i te  f i lm s . A ll  o f  th e  f i lm s  d is p la y  a  b r o a d  b a n d  in  th e  

re g io n  b e tw e e n  2 0  ระ 15° a n d  2 0  «  3 0 ° . T h e  b a n d  s u g g e s ts  th a t  th e  f i lm s  

c o n ta in  a m o r p h o u s  r e g io n s  o r  p a r t ia l ly  o r d e re d  s t r u c tu r e s .  T h e  W A X S  

p a t te r n s  o f  th e  n a n o c o m p o s i te  a ls o  s h o w  a  s h a rp  p e a k  a t 2 0  =  6 .4 °  a n d  n o  

s h a r p  r e f le c t io n s  b e lo w  2 0  =  3 ° . A  s h a rp  p e a k  c a n  b e  r e la te d  to  a n  in te r la y e r  

s p a c in g  o f  th e  n a tu ra l  s o d iu m - m o n tm o r i l lo n i te ,  i.e . 1 3 .7 7  A .  T h e s e  tw o  
c h a r a c te r i s t i c s  o f  th e  n a n o c o m p o s i te  f ilm  re v e a l  th a t  s o m e  o f  th e  a lu m in o 

s i l ic a te  la y e r s  p ro d u c e  f in e  d is p e r s io n  a s  a  s in g le  la y e r  a n d  s o m e  o f  th e m  a re  

c lo s e  to g e th e r  a s  a  s ta c k e d - la y e r .  In  a d d i t io n ,  th e  B P D A /P D A  p o ly im id e - c la y  

n a n o c o m p o s i te  c a n  b e  c la s s i f ie d  a s  a  p a r t ia l - e x fo l ia te d  n a n o c o m p o s i te  w h ic h

T I t f u o / j i l
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is a  p a r t i c u la r  ty p e  o f  th e  c la y  c o m p o s i te s  a s  d e s c r ib e d  b y  P in n a v a ia  e t  al. 

( 1 9 9 6 ). T h e  m o d e l  o f  th is  s y s te m  is i l lu s t r a te d  in  F ig u re  4 .8 .

Figure 4.7 The W AXS pattern of (a) BPDA/PDA polyimide Film 
(b) polyimide-clay 0.5 % wt (c) 6 % wt and (d) 9 % wt.
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O rg a n o p h ilic -C la y  
--------------------------►

S t e p w i s e d  t h e r m a l  t r e a t m e n t

S t a c k e d  l a y e r

S i n g l e  l a y e r

P o ly (a m ic  ac id ) P o ly im id e -c lay  n a n o c o m p o s ite
( P a r t i a l - e x f o l i a t e d  n a n o c o m p o s i t e )

Figure 4.8 The possible model for BPDA/PDA polyimide-clay 
nanocomposite thin Film.

4 .2 .3  T G A

T h e  t h e r m o g r a v i m e t r i c  a n a l y s i s  r e s u l t s  o f  B P D A /P D A  
p o ly im id e - c la y  n a n o c o m p o s i te  f i lm s  s h o w  th a t  th e  th e r m a l  s ta b i l i ty  t e n d s  to  

im p r o v e  w ith  in c r e a s in g  o r g a n o p h i l ic - c la y  c o n te n t  a s  s h o w n  in  F ig u r e  4 .9  ( s e e  

a ls o  a p p e n d ix  III) . T h e  d e g r a d a t io n  te m p e r a tu r e  o f  B P D A /P D A  p o ly im id e -  

c la y  n a n o c o m p o s i te s  e x h ib i t  a  s ig n i f ic a n t  in c r e m e n t  b y  a s  m u c h  a s  3 0  ๐c  
r e la t iv e  to  a n  u n t r e a te d  p o ly m e r .  T h is  m a y  r e s u l t  f ro m  th e  h y d r o p h o b ic  
in te r a c t io n  b e tw e e n  th e  p o ly im id e  c h a in  a n d  a lu m in o - s i l i c a te  la y e r  o f  th e  f ille r . 

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

d e s t ro y  th is  s p e c if ic  in te r a c t io n ,  so  th e  in o rg a n ic  f i l le r  c a n  d e la y  th e  th e rm a l  
d e g r a d a t io n  o f  th e  p o ly m e r ic  m a te r ia l .

T h e  f in a l  r e s id u e  a t 9 5 0  ๐c  is a  fu r th e r  in f o r m a t io n  th a t  c a n  b e  
o b ta in e d  f ro m  th e  T G A . A ll o f  th e m  c o n ta in  a  m ix tu re  o f  w h i te  s i l ic a  a n d  
b la c k  c h a r  p o w d e r .  T h e  c o n te n ts  o f  s i l ic a  a n d  b la c k  c h a r  r e s id u e s  v a r y  w ith  

th e  a m o u n t  o f  o r g a n ic  p o ly m e r  a n d  th e  p a r t ic u la r  f i l le r ,  i.e . th e  w h i te  s i l ic a  

r e s id u e  w o u ld  b e  in c re a s e d  w ith  th e  in c r e a s e  o f  th e  o r g a n o p h i l ic - c la y  c o n te n t .
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D od ecy lam in e-C lay  con ten t  
(% w t)

Figure 4.9 Effect o f organophilic-clay on decomposition temperature 
of BPDA/PDA polyimide fdm.

4 .2 .4  T E M  a n d  S A E D

T h e  s t r u c t u r a l  c h a r a c t e r i z a t i o n  o f  t h e  p o l y i m i d e - c l a y  

n a n o c o m p o s i te  f i lm s  w a s  o b ta in e d  b y  T r a n s m is s io n  E le c t r o n  M ic ro s c o p y  
( T E M )  a n d  S e le c te d  A r e a  E le c tro n  D if f r a c to m e tr y  ( S A E D ) .  F ig u r e  4 .1 0  
s h o w s  t r a n s m is s io n  e le c t r o n  m ic r o g r a p h s  o f  v a r io u s  c la y  c o n te n ts  in 
B P D A /P D A  p o ly im id e - c la y  n a n o c o m p o s i te s .  T h e  in d iv id u a l  a lu m in o - s i l ic a te

la y e r  s h o w s  a d a rk  lin e  w ith  a  2 0 0 0  A in  a v e ra g e  le n g th . T h e s e  la y e rs  p ro d u c e
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f in e  d i s p e r s io n  a n d  b e c o m e  m o re  c lo s e r  a s  th e  a m o u n t  o f  o r g a n o p h i l ic - c la y  

in c re a s e s .  A d d i t io n a l ly ,  th e  la rg e  a m o u n t  o f  o r g a n o p h i l ic - c la y  in  th e  

n a n o c o m p o s i te s  e x h ib i t s  m a n y  a g g r e g a te d - l a y e r s  a n d  p o o r e r  d i s p e r s io n  o f  

o r g a n o p h i l ic - c la y  a s  s h o w n  in F ig u r e  4 .1 0  (b )  a n d  (c ) . T h is  m a y  r e s u l t  f ro m  
m a n y  o f  u n r e a c te d  a lu m in o - s i l i c a te  la y e rs  w h ic h  a re  s ta c k e d  c lo s e  to g e th e r .  
H o w e v e r ,  th e  in fo rm a t io n  o b ta in e d  f ro m  T E M  im a g e s  s u p p o r t  th e  W A X S  

re s u l ts  a n d  c o n f i r m  a  p o s s ib le  m o d e l  a s  a l r e a d y  i l lu s t r a te d  in  F ig u r e  4 .8 .

F ig u r e  4 .1 1  s h o w s  th e  S A E D  im a g e s  o f  v a r io u s  c la y  c o n te n ts  in  
B P D A /P D A  p o ly im id e - c la y  n a n o c o m p o s i te s .  A ll im a g e s  e x h ib i t  u n c le a r  
c o n t in u o u s  r in g s .  T h e s e  re v e a l  th a t  th e  n a n o c o m p o s i te s  a re ,  a s  a  w h o le ,  in 
fo rm  o f  a m o r p h o u s  w ith  th e  f in e  d is p e r s io n  o f  a lu m in o - s i l i c a te  la y e r s  in  th e  

p o ly m e r  m a tr ix .  In  a d d i t io n ,  a ll o f  th e s e  in fo rm a t io n  c a n  s u p p o r t  th e  W A X S  
p a t te r n s  r e s u l t in g  in  a  p a r t ia l - n a n o c o m p o s i te .
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Figure 4.10 Transmission electron micrographs of (a) BPDA/PDA  
polyimide-clay 1 % wt (b) 6 % w t and (c) 9 % wt.
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Figure 4.11 Selected area electron diffraction images o f (a) BPDA/PDA  
polyimide-clay 1 % w t (b) 6 % wt and (c) 9 % wt.
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4.3 Properties M easurements

4 .3 .1  In - P la n e  C T E  (g .v v l
า h e  th e r m a l  e x p a n s io n  c o e f f ic ie n t  ( C T E )  is a n  im p o r ta n t  

p a r a m e te r  fo r  p r o te c t iv e  c o a t in g  a p p l ic a t io n s  in  m ic r o e le c t r o n ic s  d e v ic e s ,  s in c e  

m a n y  t im e s  o f  th e r m a l  o p e r a t io n  in  th e  m a te r ia l  c a n  in d u c e  s tre s s -  

d e v e lo p m e n ts  a s  d e s c r ib e d  b y  P o t t ig e r  e t a l. (1 9 9 4 ) .  T y p ic a l ly ,  th e  C T E  o f  

p o ly m e r ic  m a te r ia l s  a l lo w s  v a r ia t io n s  w ith  th e  te m p e r a tu r e ,  s u c h  a s  th e  C T E  o f  
a  h a n d - c o a te d  r ig id - r o d  p o ly im id e  f i lm  (P I 2 6 1 0 )  a s  s h o w n  in  F ig u r e  4 .1 2 .  A  
s l ig h t  in c r e m e n t  o f  th e  C T E  w ith  te m p e r a tu r e s  c a n  b e  o b s e r v e d  f ro m  th e  

b e g in n in g  u n t i l  3 2 0  °c, w h e r e  th e  s p e c im e n  s ta r ts  to  e x p a n d  d r a s t ic a l ly .  T h e  

o n s e t  p o in t  in  th e  c u rv e  c o r r e s p o n d s  to  a n  e x p a n s io n  t e m p e r a tu r e  ( T e ). 

B e c a u s e  th e  C T E  o f  m a te r ia l  v a r ie s  w ith  te m p e r a tu r e ,  a n  a v e r a g e  v a lu e  o v e r  a 
s p e c i f ie d  te m p e r a tu r e  r a n g e ,  e .g . 5 0 -2 5 0  °c is q u o te d  in s te a d .

Figure 4.12 The temperature dependence of an in-plane CTE of
BPDA/PDA polyimide film.
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T a b le  4 .5  s h o w s  th e  in - p la n e  C T E  re s u lts  o f  B P D A /P D A  a n d  

B T D A /O D A - M D A  p o ly im id e  f i lm s  w ith  th e i r  e x p a n s io n  te m p e r a tu r e  ( T e ) a n d  

y ie ld in g  te m p e r a tu r e  (T y )  ( s e e  a p p e n d ix  IV ). T h e  in -p la n e  C T E  o f  th e  f i lm s  

w a s  d e te r m in e d  o v e r  th e  te m p e r a tu r e  r a n g e  b e tw e e n  5 0  to  2 5 0  ๐c  w ith  ro u g h ly  

25  p m  in  a v e r a g e  th ic k n e s s .

Table 4.5 The in-plane CTE results with expansion and yielding 
temperature o f BPDA/PDA (PI2610) and BTDA/ODA- 
MDA (PI2579) polyimide films

M aterials a 50-250 Te(°C) Ty(°C)
■ 1M|| ฯ (ppm/°C)

P I 2 6 1 0 , r ig id - r o d 3 9 .4 8 3 2 6 3 6 5

P 1 2 5 7 9 , f le x ib le 7 0 .0 2 3 0 2 3 1 2

T h e  r e s u l t s  in  T a b le  4 .5  s h o w  th a t  m o re  r ig id  r o d - l ik e  in  th e  

c h a in  s t r u c tu r e ,  th e  lo w e r  th e  in -p la n e  C T E  v a lu e  b e c o m e s .  T h e  p o s s ib le  

e x p la n a t io n  o f  th e  d i f f e r e n c e  in  C T E  w a s  d e s c r ib e d  b y  N u m a ta  e t a l. (1 9 8 6 ) .  

T h e  r ig id - r o d  p o ly im id e  c h a in s  u s u a l ly  a r r a n g e  th e m s e lv e  in  th e  p la n a r  a x is  
s in c e  th e i r  s k e le to n  c o n ta in  m a n y  b e n z e n e  r in g s  w ith  n o  h e te r o a to m  in  g ro u p  

V I , i.e . o x y g e n  o r  s u lp h u r ,  l in k a g e s .  T h is  c o n f o r m a t io n  w il l  b e  e x p a n d e d  v e ry  

l i t t le  w h e n  te m p e r a tu r e  is ra is e d .  In  c o n t r a s t ,  th e  f le x ib le  p o ly im id e  w il l  lo se  

its  c o n f o r m a t io n  b e c a u s e  it c o n ta in s  m a n y  e th e r  ( - 0 -)  l in k a g e s  a n d  r e s u l t in g  in  

a  z ig z a g  c o n f o r m a t io n .  T h e  z ig z a g  c o n f o r m a t io n  c a n  b e  e a s i ly  e x p a n d e d  w h e n  
t e m p e r a tu r e  is in c re a s e d . T h e  c o n f o r m a t io n  o f  r ig id - r o d  a n d  f le x ib le  
p o ly im id e  c h a in s  a re  s h o w e d  in  F ig u re  4 .1 3 .  T h e  r e s u l t  a s  s h o w n  in T a b le  4 .3  

a ls o  s h o w s  th a t  th e  m o re  r ig id  ro d - l ik e  th e  c h a in s ,  th e  lo w e r  th e  e x p a n s io n  a n d  

y ie ld in g  te m p e r a tu r e s  b e c o m e  b e c a u s e  th e  p o ly m e r  c h a in s  a r e  d i f f ic u l t  to
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m o v e . T h is  m a y  r e s u l t  f ro m  th e  m o re  c lo s e r  a r r a n g e m e n t  o f  th e  r ig id - r o d  

p o ly m e r  c h a in s  th a n  th e  f le x ib le  o n e .

Figure 4.13 The conformation of (a) rigid-rod and (b) flexible 
polyimide chains.

M a n y  r e s e a r c h e r s  h a v e  s tu d ie d  th e  r e la t io n s h ip  b e tw e e n  th e  C T E  

a n d  th e  O llier c o n t r o l l in g  fa c to rs  o f  th e  p o ly im id e  f i lm s . J o u  e t  a l. ( 1 9 9 2 )  

fo u n d  th a t  th e  C T E  in c re a s e s  w ith  f ilm  th ic k n e s s .  J o u  e t a l. ( 1 9 9 1 )  a n d  
A s a w a k a n  ja n a  (1 9 9 7 )  in v e s t ig a te d  th e  e f f e c t  o f  c u r in g  c o n d i t io n s  o n  th e  C T E  
o f  th e  f ilm . T h e  r e s u l t  r e v e a le d  th a t  h ig h e r  c u r in g  te m p e r a tu r e  c a n  r e d u c e  th e  
C T E .

F ig u re  4 .1 4  s h o w s  e f f e c t  o f  th e  o r g a n o p h i l ic - c la y  c o n te n t  o n  th e  

in -p la n e  C T E  o f  b o th  r ig id - r o d  ( B P D A /P D A )  a n d  f le x ib le  ( B T D A /O D A -  
M D A )  p o ly im id e  f i lm s . T h e  r e s u l ts  a r e  in  a g r e e m e n t  w ith  th e  p r e v io u s  w o rk  
o f  Y a n o  e t a l. ( 1 9 9 3 )  w h o  d e te r m in e d  e f f e c t  o f  th e  s a m e  c la y  o n  th e  in -p la n e  

C T E  o f  P M D A /O D A  p o ly im id e  f ilm . T h e  C T E  im p r o v e m e n ts  m a y  re s u lt  

f ro m  a  f in e  d is p e r s io n  o f  a lu m in o - s i l i c a te  la y e rs  in th e  p o ly m e r  m a tr ic e s  a n d
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th e  r ig id i ty  o f  th is  in o r g a n ic  f i l le r  c a n  s u p p r e s s  th e  e x p a n s io n  o f  p o ly m e r  

c h a in s  w h e n  te m p e r a tu r e  is r a is e d .  H o w e v e r ,  it is n o te d  th a t  a ll  o f  t r e a te d  

p o ly im id e s  s t il l  h a v e  h ig h e r  C T E  a s  c o m p a r e d  to  th a t  o f  th e  s i l ic o n  s u b s tr a te  

w h ic h  h a s  th e  a v e r a g e  C T E  in  th e  r a n g e  o f  2 -4  p p m / ° c .

D od ecy lam in e-C lay  con ten t 
(% w t)

Figure 4.14 Effect of the organophilic-clay content on the in-plane 
CTE of (a) BPDA/PDA-clay nanocomposites and 
(b) BTDA/ODA-M DA-clay nanocomposites.

F ig u r e  4 .1 5  s h o w s  e f f e c t  o f  th e  o r g a n o p h i l ic - c la y  c o n te n t  on  

e x p a n s io n  te m p e r a tu r e  ( T e ) o f  b o th  r ig id - r o d  a n d  f le x ib le  p o ly im id e  f ilm s .
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T h e  T e o f  p o ly im id e - c la y  n a n o c o m p o s i te  f i lm s  s h o w s  a  s l ig h t  r e d u c t io n  fo r  all 

c o n te n ts  o f  c la y  c o m p a r e d  to  a n  o r d in a r y  p o ly m e r .  T h is  in d ic a te s  th a t  a d d in g  

m o re  o r g a n o p h i l ic - c la y  a re  h a r d ly  e f f e c t iv e  to  h in d e r  th e  m o t io n  o f  p o ly m e r  

c h a in s .  T h e s e  m a y  r e s u l t  f ro m  th e  a g g r e g a t io n  o f  a lu m in o - s i l i c a te  la y e rs . 

H e n c e ,  th e  p o ly m e r  c h a in  b e c o m e s  e a s ie r  to  e x p a n d .

D od ecy lam in e-C lay  con ten t  
(% w t)

Figure 4.15 Effect o f the organophilic-clay content on expansion 
temperature o f (a) BPDA/PDA-clay nanocomposites 
and (b) BTDA/ODA-M DA-elay nanocomposites.
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T a b le  4 .6  s h o w s  e f f e c t  o f  th e  o r g a n o p h i l ic - c la y  c o n te n t  o n  

y ie ld in g  t e m p e r a tu r e  (T y )  o f  b o th  r ig id - r o d  a n d  f le x ib le  p o ly im id e  f l in ts .  T h e  

P i - C la y  a s  m e n t io n e d  in  th e  ta b le  m e a n s  p o ly in t id e - c la y  n a n o c o m p o s i te  w ith  

v a r io u s  c la y  c o n te n ts .  A d d in g  o f  o r g a n o p h i l ic - c la y  in to  th e  r ig id  ro d  
p o ly im id e  c a n  r e d u c e  T y  b u t  it c a n n o t  b e  o b ta in e d  w ith  m o re  c la y  a d d e d . T h is  
in d ic a te s  th a t  th e  o r g a n o p h i l ic - c la y  r e d u c in g  in te r m o le c u la r  in te r a c t io n s  

b e tw e e n  p o ly m e r  c h a in s .  S o , th e  m a te r ia l  b e c o m e s  m o re  b r i t t l e  c o m p a r e d  to  

a n  u n t r e a te d  p o ly im id e .  H o w e v e r ,  it is  n o te d  th a t  th e  o r g a n o p h i l ic - c la y  d o e s  

n o t  a f f e c t  y i e ld in g  o f  f le x ib le  p o ly im id e  a s  s e e n  b y  th e  T y  s h o w in g  a  n e a r ly  
c o n s ta n t  v a lu e  r e la t iv e  to  a n  u n t r e a te d  p o ly im id e .

Table 4.6 Effect o f the organophilic-clay on yielding tem perature of 
BPDA/PDA (PI2610) and BTDA/ODA-M DA (PI2579) 
polyimide films

M aterials Ty (°  C) M aterials Ty(°C)
P I 2 6 1 0 3 6 5 P I2 5 7 9 3 1 2

P I 2 6 1 0 - C la y  0 . 5 % 3 2 4 PI 2 5 7 9 -C la y  1 .0 % 3 1 2

P I 2 6 1 0 - C la y  1 .0 % 3 2 8 P I2 5 7 9 - C la y  3 . 0 % 3 1 2

P I 2 6 1 0 - C la y  3 . 0 % 3 4 2 P 1 2 5 7 9 -C la y  6 . 0 % 3 2 5
P I 2 6 1 0 - C la y  6 . 0 % - P I 2 5 7 9 -C la y  9 . 0 % 3 2 5
P I 2 6 1 0 - C la y  9 . 0 % - PI 2 5 7 9 -C la y  1 1 .0 % 3 1 9

4 .3 .2  E f fe c t  o f  T h e r m a l  C y c l in g  o n  In -P la n e  C T E

T h e  th e rm a l  c y c l in g  e x p e r im e n t  is th e  o th e r  im p o r ta n t  p a r a m e te r  
th a t  c a n  b e  u s e d  a s  a n  a p p r o p r ia te  p r o te c t iv e  m a te r ia l  fo r  m ic r o e le c t ro n ic s  
d e v ic e s .  T h is  e x p e r im e n t  c a n  in d ic a te  th e  d im e n s io n a l  s ta b i l i ty  d u r in g  m a n y  

c y c le s  o f  te m p e r a tu r e  c h a n g e s  a n d  c a n  p re d ic t  th e  s e r v ic e  l i f e t im e  o f  th e
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te s t in g  m a te r ia l .  T e n  c y c le s  o f  th e rm a l  o p e r a t io n  o f  a  r ig id - r o d  p o ly im id e  f ilm  

a n d  its  c la y  n a n o c o m p o s i te s  w e r e  p e r f o r m e d ,  th e  a Xy  ( in - p la n e  C T E )  o f  e a c h  

c y c le  w a s  m e a s u r e d  a n d  th e  r e s u l t s  a re  s h o w n  in  F ig u r e  4 .1 6  ( s e e  a ls o  

a p p e n d ix  V ). T h e  a Xy o f  b o th  r ig id - r o d  p o ly im id e  f ilm  a n d  its  c la y  
n a n o c o m p o s i te s  a l lo w  h a r d ly  a n y  c h a n g e s  a f te r  te n  c y c le s  o f  h e a t in g  u p  a n d  

c o o l in g  d o w n . A ll  o f  th e m  g iv e  e x c e l le n t  th e rm a l  c y c l in g  c h a r a c te r i s t i c s  fo r  

th e  c o a t in g  a p p l ic a t io n s .  H o w e v e r ,  th e  m a te r ia l  s til l  h a s  to  b e  e x a m in e d  fo r 

th e  o th e r  r e q u i r e m e n ts  to  p r o d u c e  a n  a p p r o p r ia te  p ro te c t iv e  m a te r ia l .

C ycle No.

Figure 4.16 Effect of thermal cycling at heating rate o f a 5 °c/m in  
on the ill-plane CTE of (a) BPDA/PDA polyimide 
(b) polyimide-clay 1 % wt and (c) 9 % wt.
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Figure 4.17 shows the plot of temperature-strain behaviors of a 
rigid-rod polyimide film and its clay nanocomposites. For ordinary polyimide, 
the material allows a slow expansion in the first cycle (N =l) resulting in an 
unsaturated loop. The magnitude of further loops (N>1) become smaller than 
the former as seen in Figure 4.17 (a). T his may result from the reduction of 
expanded polymer chains because most of them had already expanded along 
the load direction in the former cycle. The temperature-strain behaviors for 
small amount o f clay in nanocomposite film, which is represented by a 1 % 
weight of dodecylamine-montmorillonite, also exhibits the same result as well 
as an ordinary polymer film. This indicates that the greater clay content 
cannot affect the thermal characteristics of the film. A film of polyimide-clay 
with 9 % weight shows a small unsaturated loop for the first cycle, but it 
becomes almost completely closed for further loops. The result reveals that 
the content of clay is high enough to allow a thermal barrier characteristics and 
resulting in a thermally reversible material when further thermal energy is 
applied.
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Figure 4.17 The tem perature-strain  curves of (a) BPDA/PDA polyimide 
(b) polyimide-clay 1 % wt and (e) 9 % wt.
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4 .3 .3  D u c t i le - B r i t t le  C h a r a c te r i s t ic s
T y p ic a l ly ,  th e  d u c t i l e - b r i t t l e  c h a r a c te r i s t ic s  o f  p o ly m e r ic  m a te r ia l  

a t a m b ie n t  t e m p e r a tu r e  c a n  b e  d e te r m in e d  b y  u s in g  a  u n iv e r s a l  t e s t in g  m a c h in e  

w ith  a n  e x te n s io n  m o d e . T h e  s t r e s s - s t r a in  c u r v e s  o f  B P D A /P D A  p o ly im id e  

f i lm  a n d  its  c la y  n a n o c o m p o s i te s  a t  23  ° c  a re  p re s e n te d  in  F ig u r e  4 .1 8  ( s e e  

a ls o  a p p e n d ix  V I) . T h e  te n s i le  p r o p e r t ie s  o f  e a c h  s p e c im e n  a re  s u m m a r iz e d  in 

T a b le  4 .7 .

Figure 4.18 Stress-strain curves of (a) BPDA/PDA polyimide film  
(b) polyimide-clay 0.5 % wt (c) 3 % wt and (d) 8 % wt.

T h e  o r d in a r y  r ig id - r o d  p o ly im id e  s h o w s  a  3 %  e lo n g a t io n  a t 
b re a k . It d e c r e a s e s  w ith  in c r e a s in g  o r g a n o p h i l ic - c la y  c o n te n t .  W e  fo u n d
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a lm o s t  1 %  e lo n g a t io n  a t b r e a k  fo r  8 %  w e ig h t  o f  c la y  a d d e d .  T h is  in d ic a te s  
th a t  a d d in g  th e  in o r g a n ic  f i l le r  in to  a  p o ly m e r ic  m a te r ia l  c a n  in c r e a s e  b r i t t le  

c h a r a c te r i s t ic s .  T h e  r e s u l ts  a r e  c o n s is te n t  w i th  th e  p r e v io u s  s tu d ie s  o f  H y d r o x y  

p o ly b e n z o x a z o le  ( H P B O )  a n d  S u l lo p o ly b e n z o b is th a z o le  ( S P B T ) - s i l i c a  h y b r id s  

a s  r e p o r te d  b y  P r e m a c h a n d r a  e t  a l. (1 9 9 6 ) .  B o th  s y s te m s  a l lo w e d  in c r e a s e  o f  

b r i t t le  c h a r a c te r i s t i c s  a s  th e  a m o u n t  o f  s i l ic a  in c re a s e d . T h is  m a y  r e s u l t  f ro m  
th e  r ig id i ty  o f  th e  in o r g a n ic  f i l le r .  W a n g  e t  a l. ( 1 9 9 4 )  d e m o n s t r a te d  th e  e f f e c t  
o f  s i l i c a - c o n ta in in g  f i l le r  o n  te n s i le  p r o p e r t ie s  o f  P M D A /O D A  p o ly im id e .  T h e  

r e s u l t  a ls o  f o l lo w e d  th e  s a m e  tre n d .

Table 4.7 Tensile properties o f BPDA/PDA (PI2610) polyimide film 
and its clay nanocomposites

Materials Modulus8
Ultimate
Strength1*

(GPa)

Ultimate
Elongationc

m
P 1 2 6 1 0 6 .8 2 4 .9 9 3 .0 2
P I 2 6 1 0 - C la y  0 . 5 % 7 .0 2 4 .9 9 2 .3 5

P I 2 6 1 0 - C la y  3 . 0 % 7 .7 3 6 .4 4 1 .57

P I 2 6 1 0 - C la y  8 . 0 % 7 .9 2 6 .8 9 0 .9 4
i n i t i a l  s lo p e  o f  th e  s t r e s s - s t r a in  c u rv e .  
'’S tr e n g th  a t b re a k . 
cE lo n g a t io n  a t b re a k .

T h e  te n s i le  m o d u lu s  a n d  s t r e n g th  a t b r e a k  o f  p o ly im id e - c la y  

n a n o c o m p o s i te  f i lm s  sh o w  la rg e r  in c re m e n ts  r e la t iv e  to  p u r e  p o ly im id e .  T h e  
r e s u l t  r e v e a ls  th a t  th e  o r g a n o p h i l ic - c la y  c a n  a c t a s  a  r e in f o r c in g  m a te r ia l  fo r  a
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p o ly im id e  f ilm . H o w e v e r ,  it is n o te d  th a t  m o d u lu s  a n d  u l t im a te  s t r e n g th  o f  

P i - C la y  3 .0  %  a n d  8 .0  % w t a re  n o t  m u c h  d if f e r e n t .

4 .3 .4  W a te r  A b s o r p t io n

T h e  a m o u n t  o f  w a te r  a b s o r b e d  in  p o ly m e r  f i lm  c a n  b e  m e a s u r e d  

b y  u s in g  th e r m o g r a v im e t r ic  a n a ly s is .  T h e  w a te r  a b s o r p t io n  o f  a  r ig id - r o d  
p o ly im id e  f i lm  a n d  its  c la y  n a n o c o m p o s i te s  is  s h o w n  in  F ig u r e  4 .1 9  ( s e e  a ls o  
a p p e n d ix  V II) .

D od ecy lam in e-C lay  con ten t
(% w t)

Figure 4.19 Effect of organophilic-clay on w ater absorption of 
BPDA/PDA polyimide film.
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In  g e n e r a l ,  th e  w a te r  a b s o r p t io n  o f  p o ly a m id e  a n d  p o ly im id e  a re  
v e ry  h ig h  b e c a u s e  tb e  w a te r  m o le c u le s  c a n  e a s i ly  d i f f u s e  to  fo rm  H - b o n d in g  
a lo n g  th a t  p o ly m e r  c h a in s .  B u t  th e  d i f f u s io n  o f  s m a l l  m o le c u le  b e c o m e s  

d i f f ic u l t  fo r  th e  c o m p o s i te  w h ic h  c o n ta in s  a  p la te y  o r  la m in a te d  f i l le r  a s  

e x p la in e d  b y  S u b r a m a n ia n  e t a l. ( 1 9 8 7 )  a n d  K a m a l e t  a l. (1 9 9 5 ) .  T h e  s im i la r  

s i tu a t io n  w a s  a ls o  fo u n d  in  p o ly ( 8 - c a p r o la c to n e ) - c la y  n a n o c o m p o s i te  as  

r e p o r te d  b y  M e s s e r s m i th  a n d  G ia n n e l i s  (1 9 9 5 ) .  T h e  r e d u c t io n  o f  d i f f u s in g  
m o le c u le s  in to  th e  c o m p o s i te  m a y  r e s u l t  f ro m  th e  lo n g e r  to r tu o u s  p a th w a y  o f  
w a te r  m o le c u le s  a s  a f f e c te d  b y  m a n y  s ta c k in g  u n i ts  o f  th e  f i l le r ,  i.e . th e  

s ta c k in g  la y e r  c a n  a c t  a s  a  b a r r ie r  to  w a te r  d i f fu s io n  in to  p o ly m e r  f ilm . A  

p o s s ib le  m o d e l  d e s c r ib in g  th e  d i f f u s io n  o f  w a te r  m o le c u le  th r o u g h  p o ly im id e  
f i lm  is  s h o w n  in F ig u r e  4 .2 0 .

W a te r  m o le c u le
/

๐
\

0

P o ly im id e  f ilm

: r

“ ๚
Il :
— —1 S ta c k in g

L _ _____ J
la y e r

(a )  u n t r e a te d  a re a  (b )  c la y - t r e a te d  a re a

Figure 4.20 A model describing the diffusion of water molecule 
through polyimide film.

4 .3 .4  D ie le c t r ic  S tr e n g th

The dielectric strength is an important parameter that can be used
to chose an appropriate electrical insulation material. เท particular, the
dielectric strength is strongly dependent on temperature, specimen thickness,
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a n d  h u m id i ty .  S o , m o s t  o f  r e s u l t s  a re  u s u a l ly  re p o r te d  in  a  s p e c i f ie d  te s t in g  

c o n d i t io n .  T h e  d ie le c t r ic  s t r e n g th  o f  a  r ig id - r o d  p o ly im id e  f i lm  a n d  its  c la y  

n a n o c o m p o s i te s  is  s h o w n  in  F ig u re  4 .2 1  ( s e e  a ls o  a p p e n d ix  V I I I ) .

Dodecylamine-CIay content
(%wt)

Figure 4.21 Effect of organophilic-clay on dielectric strength of 
BPDA/PDA polyimide film.

T h e  d ie le c tr ic  s t r e n g th  v a lu e  o f  a n  o r d in a r y  r ig id - r o d  p o ly im id e  
f i lm  is  c o n s i s te n t  w i th  th e  p r e v io u s  w o rk  o f  A s a w a k a n ja n a  ( 1 9 9 7 ) .  T h e  c la y  

n a n o c o m p o s i te  f i lm  w ith  s m a ll  a m o u n t  o f  c la y ,  i.e . le s s  th a n  3 % w t,  s h o w s  a 

s l ig h t  im p r o v e m e n t  o n  d ie le c t r ic  s t r e n g th  v a lu e .  T h e  s im i la r  s i tu a t io n  w a s  
fo u n d  in a  s y s te m  o f  p o ly ( v in y l  c h lo r id e ) - k a o l in  c o m p o s i te  a s  d e m o n s t r a te d  by



56

K u  a n d  L e ip in s  (1 9 8 7 ) .  T h e  o th e r  e x a m p le  w a s  d e m o n s t r a te d  b y  W a d e  e t al. 

( 1 9 9 3 )  w h o  r e p o r te d  th e  im p r o v e m e n t  o f  d ie le c t r ic  s t r e n g th  o f  p o ly p r o p y le n e  
f i lm  b y  a d d in g  o n ly  1 %  c e r e s in e  w a x . T h is  c o m p o s i te  f i lm  s h o w e d  4 0  %  
in c r e a s in g  in  d ie le c t r ic  s t r e n g th  v a lu e .  W a d e  s u g g e s te d  th a t  th is  im p r o v e m e n t  

m a y  r e s u l t  f ro m  th e  f i l le r  a c ts  a s  a  n u c le a t in g  c e n te r  to  t r a p  th e  h ig h - e n e r g y  

e le c t r o n s  w h ic h  a re  g e n e r a te d  b y  th e  e le c t r o d e s  a n d  d is s ip a te  a s  h e a t .  A s  a  

ro le  o f  f i l le r  a n d  c lo s e  s ta c k in g  o f  a lu m in o - s i l ic a te  la y e r  a t  h ig h  c o n te n t  o f  c la y  

in  r ig id - r o d  p o ly im id e ,  it m a y  a c t  a s  im p u r i ty  in  th e  m a te r ia l  th a t  c a u s e  s o m e  
d e fe c ts  to  a l lo w  e le c tr ic a l  t r e e in g  g ro w th ,  th e  m o v e m e n t  o f  e le c t r ic a l  c h a rg e s  

th r o u g h  th e  w e a k e s t  p a r t  o f  th e  te s t in g  m a te r ia l ,  a n d  le a d  to  th e  r e d u c t io n  o f  

d ie le c t r ic  s t r e n g th  w ith  la rg e  f lu c tu a t io n s .  H o w e v e r ,  th e  o p t im u m  c o n te n t  o f  

c la y  is  s h o w n  a t 3 % w t  fo r  th is  m e a s u re m e n t .
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