
CHAPTER V
THE EFFECTS OF BN AGGREGATE SIZE AND ASPECT RATIO ON THE 
VISCOSITY OF THE BN-EPOXY MIXTURE AND THE PROPERTIES OF

BN-EPOXY COMPOSITE

5.1 Abstract

T h erm al c o n d u c tiv ity  and m e c h a n ic a l p ro p erties  o f  B N -f i l le d  e p o x y  
c o m p o s ite  a s  a fu n c tio n  o f  f ille r  c o n te n t  and m ix in g  c o n d it io n s  w e r e  s tu d ied . B o th  
th erm al c o n d u c tiv ity  an d  m e c h a n ic a l p ro p erties  o f  th e  c o m p o s ite  w er e  fo u n d  to  
in c r e a se  w ith  in c r e a se s  , in  f ille r  c o n te n t, m ix in g  sp e e d , m ix in g  t im e , and m ix in g  
tem p era tu re . V is c o s ity :  o f  th e  B N -e p o x y  m ix tu re  w a s  a lso  s tu d ie d  u n d er v a r io u s  
m ix in g  c o n d it io n s . T h e  f ille r  p a r tic le s  s ta y ed  in  th e  p o ly m e r  m atrix  m o r e  as  
a g g r e g a te s  o f  v a r io u s  s iz e s .  T h e  m ix in g  a c tio n  led  to  a  red u ctio n  in  a g g r e g a te  s iz e  
w ith  in c r e a se  in  s iz e  d jsp ers ity  r e su lt in g  in  th e  im p r o v e m e n t in th e  p a c k in g  o f  th e  
p a r tic le s  an d  th e ir  d isp e r s io n  sta te . In crea ses  in  m ix in g  sp e e d  and  m ix in g  
tem p era tu re  a lso  led  to  . a b etter p en e tra tio n  o f  the p o ly m e r  m a tr ix  in to  th e  f ille r  
a g g r e g a te s . A  m a x im u m  th erm al c o n d u c tiv ity  o f  1 .6 8  พ / m K  w a s  o b ta in e d  at 3 7  
v o l%  f il le r  c o n te n t  and th e  m ix in g  c o n d it io n s  o f  300 rp m , 30 m in , 30 °c.

Keywords: B N -f i l le d  e p o x y  c o m p o s ite ;  T h erm al c o n d u c tiv ity ;  F lex u ra l p rop erty;  
Im p act p rop erty ; F iller  a g g r e g a te s ;  M ix in g  c o n d it io n s;  V is c o s ity

5.2 Introduction

H ig h  th erm a l c o n d u c tiv e  c o m p o s ite s  h a v e  b e c o m e  in c r e a s in g ly  im p o rtan t in  
recen t y ea rs  d u e  to  th e  c o n tin u e d  m in ia tu r iza tio n  and  in c r e a s in g  p o w e r  o f  
m ic r o e le c tr o n ic  parts. H e n c e , h eat d is s ip a tio n  c a p a b ility  o f  th e  e le c tr o n ic  p a c k a g in g  
b e c o m e s  c r it ica l n o t o n ly  to  th e  l i fe  sp a n  o f  d e v ic e , but a lso  to  its  p er fo r m a n c e  and  
r e lia b ility  [1 , 2 ] ,  E p o x y  r e s in  is  an id ea l m o ld in g  c o m p o u n d  for  e n c a p su la tin g  h ea t-  
d is s ip a tin g  e le c tr o n ic  c o m p o n e n ts  d u e  to  its  e x c e lle n t  e le c tr ic a l in su la tio n  p rop erty , 
e a se  o f  p r o c e s s in g , and  lo w  c o st . H ig h  th erm al c o n d u c tiv e  f ille r s  are ad d ed  to  the
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resin  to  in crea se  its  th erm a l c o n d u c tiv e  p rop erty . A  n u m b er o f  s tu d ie s  h a v e  b een  
carried  o u t w ith  v a r y in g  ty p e  o f  f ille r s  su ch  as m eta l p a r tic le s  (c o p p e r , iron , z in c )  and  
c e r a m ic  p a r tic le s  (b o ro n  n itr id e , a lu m in u m  n itr id e) [3 , 4 ] , M e ta llic  f ille r s  h av e  
se v e r a l d isa d v a n ta g e s  r e la tiv e  to  c e r a m ic  f ille r s  in c lu d in g  h ig h  d e n s ity  and  
s u s c e p tib ility  to  o x id a t io n . B o r o n  n itr id e  and  a lu m in u m  n itr id e  are a m o n g  th e m o st  
e f f e c t iv e  cera m ic  f i l le r s  for th e se  c o m p o s ite s  d u e  to th eir  h ig h  therm al c o n d u c tiv ity . 
H o w e v e r , a lu m in u m  n itr id e  is  s e n s it iv e  to  m o is tu r e  w h ile  b o ro n  n itr id e  d o e s  n ot h av e  
th is  p r o b le m  [5],

M a n y  s tu d ie s  h a v e  b e e n  carried  ou t to  f in d  w a y s  to  m a x im iz e  th e  th erm al 
c o n d u c tiv ity  o f  p a r t ic u la te -f i lle d  c o m p o s ite  [6 -9 ] . It is  w e ll  r e c o g n iz e d  that im p ortan t  
fa c to rs  that d e te r m in e  th e th erm a l c o n d u c tiv ity  o f  a p a r t ic u la te -fi lle d  c o m p o s ite  
c o n s is t  o f  th e  fo llo w in g :

( i)  T h e  in tr in s ic  th erm al c o n d u c tiv ity  o f  th e  c o m p o n e n ts
A  n u m b er  o f  c e r a m ic  p o w d e r s  su ch  a s  a lu m in u m  n itr id e , s i l ic o n  ca rb id e , 

and  b o ro n  n itr id e , are g o o d  c a n d id a te s  b e c a u s e  o f  th e ir  h ig h  in tr in s ic  therm al 
c o n d u c tiv ity .

( i i)  T h e  f i l le r  c o n ten t
T h e  f ille r  c o n te n t is  u s u a lly  d e te r m in e d  b y  th e e a s e  o f  m ix in g , th e  o p tim u m  

p ro p e r tie s  o f  th e  c o m p o s ite , an d  th e m a x im u m  p a c k in g  fa c to r  o f  th e  filler .
( i i i )  T h e  p a c k in g  o f  th e  f ille r
T h e  p a c k in g  o f  th e  f ille r  d e te r m in e s  th e  e a se  o f  c o n d u c tiv e  p a th w a y  

fo r m a tio n  in  th e  c o m p o s ite . It d e p e n d s  o n  p a r tic le  s iz e  and  sh a p e , p a r tic le  s iz e  
d is tr ib u tio n , and th e  m ix in g  or p r o c e s s in g  m eth o d .

( iv )  T h e  p en e tra tio n  o f  th e  p o ly m e r  m a tr ix  in to  th e  p articu la te  
a g g lo m e r a te s  or a g g r e g a te s .

T h is  d e p e n d s  o n  th e  a m o u n t o f  en tra p p ed  air an d  th e v i s c o s it y  o f  the  
p o ly m e r  m atr ix  d u r in g  m ix in g .

(v )  T h e  in ter fa c ia l a d h e s io n  b e tw e e n  th e  p o ly m e r  m a tr ix  and  th e  filler .
T h is  fa c to r  d e p e n d s  o n  th e  c o m p a tib ility  b e tw e e n  th e  p o ly m e r  m atrix  and

th e  f ille r , and  o n  a n y  su r fa ce  trea tm en t a p p lied  to  th e  filler .
S ev era l re sea rch ers  h a v e  s tu d ied  th e  e f fe c t s  o f  p a r tic le  s iz e  an d  sh a p e , and  

th e  d isp e r s io n  sta te  o f  th e  f ille r  o n  th e th erm al c o n d u c tiv ity  o f  th e  c o m p o s ite . Y u n g
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et al [ 1 0 ] fo u n d  that th e  u se  o f  m u lt i-m o d a l p a r tic le  s iz e  f il le r  resu lted  in  m o re  
e f f ic ie n t  p a c k in g  o f  th e  f ille r  as th e  sm a lle r  p a r tic le s  ca n  f ill in  th e  sp a c e s  b e tw e e n  
la rge  p a r tic le s , le a d in g  to  th e  fo rm a tio n  o f  grea ter  n u m b er o f  e f fe c t iv e  c o n d u c tiv e  
p a th w a y s  an d  h e n c e , h ig h e r  c o n d u c tiv ity . B ig g  [1 1 ]  fo u n d  that, at a g iv e n  v o lu m e  
lo a d in g , th e  greater  th e  a sp e c t  ratio  o f  th e  f ille r  p a r t ic le s , th e  g rea ter  th e  in c r e a se  in  
th erm al c o n d u c tiv ity . D iffe r in g  p r o c e s s in g  m e th o d s  o f te n  lead  to  d ifferen t d isp e r s io n  
s ta te s  o f  th e  f ille r , and h e n c e  d if fe r e n c e s  in  th e  n u m b er  o f  c o n d u c t iv e  p a th w a y s  or  
n etw o r k s  fo rm ed  [9 ], B u jard  [1 2 ]  co m p a r e d  th erm al c o n d u c tiv ity  o f  B N -f i l le d  e p o x y  
c o m p o s ite  prep ared  b y  u s in g  th e c o n v e n tio n a l m ix e r  and  a 3 -r o ll m ill. H e  fo u n d  that 
th e  form er m e th o d  w h ic h  p ro v id ed  m o r e  v ig o r o u s  m ix in g  g a v e  c o m p o s ite  w ith  
h ig h er  th erm al c o n d u c tiv ity .

F ille r s  in p o w d e r  form  n o r m a lly  e x is t  in  th ree  ty p e s  o f  p artic les: p rim ary  
p a rtic le s , a g g r e g a te s , and  a g g lo m e r a te s  [1 3 ] . H e n c e , w h e n  th e se  f ille r s  are  
in co rp o ra ted  in  a c o m p o s ite , it is  m o re  l ik e ly  that th e y  w i l l  e x is t  in  a c o m b in a tio n  o f  
th e se  th ree  fo r m s rather than  in ju s t  th e  fo rm  o f  p r im ary  p a r tic le s . T h e  in co rp o ra tio n  
o f  f ille r s  in to  a p o ly m e r  m atrix  g e n e r a lly  req u ires  a  large  a m o u n t o f  m e c h a n ic a l  
e n e r g y  w h ic h  w il l  c a u se  b rea k in g -u p  o f  th e  a g g lo m e r a te s  and a g g r e g a te s . It ca n  b e  
e n v isa g e d  that c h a n g e s  in  th e  a v e r a g e  s iz e  o f  th e  a g g lo m e r a te s  an d  a g g r e g a te s  from  
th e  m ix in g  p r o c e s s  c a n  in f lu e n c e  th e  d isp e r s io n  s ta te  o f  th e  f il le r  and  h e n c e , th e  
p ro p er tie s  o f  th e  c o m p o s ite . U p  t ill n o w , a lth o u g h  th ere  h a v e  b e e n  s tu d ie s  o n  th e  
e f fe c t s  o f  p a r tic le s  sh a p e , p a rtic le  s iz e  an d  p a rtic le  s iz e  d is tr ib u tio n  o n  th e p ro p erties  
o f  th e  c o m p o s ite , th e  s tu d ie s  u su a lly  c o m p a r e  the c o m p o s ite  p ro p er tie s  b a sed  o n  th e  
s iz e  and sh a p e  o f  th e  p r im ary  p a r tic le s , w h e r e a s  in r e a lity , the p a r t ic le s  ten d  to  sta y  in  
th e  form  o f  a g g lo m e r a te s  or a g g r e g a te s . In th e  p resen t w o rk  w e  stu d y  c h a n g e s  in  th e  
s iz e  and  sh a p e  o f  f ille r  a g g r e g a te s  u n d er  d iffe r e n t m ix in g  c o n d it io n s  and th eir  e f fe c t s  
o n  the th erm a l c o n d u c tiv ity  and  m e c h a n ic a l p ro p e r tie s  o f  a B N -f i l le d  e p o x y  
c o m p o s ite .

5.3 Experimental

5 .3 .1  M a ter ia ls
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T h e  e p o x y  res in , b is p h e n o l-A -(e p ic h lo r o h y d r in )  (E P O T E C  Y D  1 2 8 ),  
an d  th e  c u r in g  a g en t, c y c lo a lip h a t ic a m in e  (T H 7 3 0 1 ) ,  w e r e  o b ta in e d  fro m  A d ity a  
B ir la  C h e m ic a ls  (T h a ila n d ) L td. T h e  h e x a g o n a l B N  (P C T L 3 0 M H F ) w a s  su p p lie d  b y  
S a in t-G o b a in  C e r a m ic s  and  P la s t ic s , In c ., U S A .

5 .3 .2  P rep ara tion  o f  th e  C o m p o s ite
T h e  B N  w a s  first e v a c u a te d  in  a v a c u u m  o v e n  at 5 0  °c for  2  h prior to  

p r o c e s s in g . T h e  d es ired  a m o u n t o f  d ried  B N  w a s  ad d ed  in to  6 0  m L  o f  e p o x y  resin  
c o n ta in e d  in a  2 5 0  m L  p la st ic  b eak er . T h e  lo a d in g  o f  B N  p o w d e r  w a s  v a r ied  from  
9% , 16% , 2 3 % , 28 % , 3 3 % , to  37 %  b y  v o lu m e . T h e  m ix tu re  w a s  th en  stirred  b y  a 
m e c h a n ic a l stirrer (A .L .C . In tern ation a l s .r .l .  C la ss  I) at th e  m ix in g  sp e e d  o f  8 0 , 1 5 0 , 
2 5 0 ,  and 3 0 0  rpm  w ith  th e  m ix in g  t im e  o f  5 , 15 , 3 0 , an d  6 0  m in s . N e x t ,  3 6  m L  o f  
c u r in g  a g en t w a s  ad d ed  in to  th e  m ix tu re  w h ic h  w a s  th en  stirred  u n til h o m o g e n e o u s .  
T h e  m ix tu re  w a s  then  p ou red  in to  a s ta in le s s  s te e l m o ld  7 0  X  9 0  X  3 m m 3 in  
d im e n s io n s . T h e  o p e n  m o ld  w a s  th en  p la c e d  in  a v a c u u m  o v e n  at 5 0  °c fo r  10  m in  to  
e v a c u a te  th e  en trap p ed  air. T h e  m o ld  w a s  th en  c lo s e d  b y  a 2 6 x 2 6  c m 2 m eta l p la te  
an d  p la c e d  in  th e  c o m p r e ss io n  m o ld in g  m a c h in e  u n d er  15 to n s  o f  lo a d in g  fo r  cu r in g  
at 8 0  °c for 1 h.

5 .3 .3  T h erm al C o n d u c t iv ity  M e a su r e m e n t
T h erm al c o n d u c tiv ity  o f  th e  c o m p o s ite s  w a s  m ea su r e d  u s in g  a H ot  

D is k  th erm a l a n a ly z e r  (H o t D is k  A B , U p p sa la . S w e d e n ) . A  m in im u m  o f  three  
in d iv id u a l m e a su r e m e n ts  w e r e  p er fo rm ed  fo r  e a c h  s p e c im e n  (2 0  X  2 0  X  3 m m 3) w ith  
th e  s e n so r  (3 m m  d ia m eter ) b e in g  p la c e d  b e tw e e n  tw o  s im ila r  s la b s  o f  m a ter ia l. T h e  
se n s o r  su p p lie d  a h e a t-p u lse  o f  0 .0 3  พ  for  1 5 -2 0  ร to  th e  sa m p le  and th e  a s so c ia te d  
c h a n g e  in  tem p era tu re  w a s  reco rd ed . T h e  a v e r a g e  v a lu e  o f  th ree  s p e c im e n s  per  
sa m p le  w a s  rep orted .

5 .3 .4  D e te r m in a tio n  o f  P a r tic le  S iz e
T o  d e term in e  th e  p a r tic le  s iz e  in  th e  B N -e p o x y  m ix tu re , a fter  m ix in g  

at th e  d e s ired  c o n d it io n s , B N  p a r tic le s  in  e p o x y  m a tr ix  w e r e  w a sh e d  w ith  e th a n o l to  
ex tra c t B N  fro m  th e  e p o x y  m atrix  and  th e ex tra cted  p a r t ic le s  w e r e  th en  d ried  in  a
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v a c u u m  o v e n . T h e  d ried  p a r tic le s  w e r e  th en  p la c e d  o n  a stu b  and e x a m in e d  u s in g  
JE O L  sc a n n in g  e le c tr o n  m ic r o sc o p y  (S E M ) m o d e l J S M -5 2 0 0  (Jap an ). T h e  n arro w est  
and  lo n g e s t  d im e n s io n s  o f  B N  p a r tic le s  w er e  m ea su red  u s in g  th e  S e m a fo r e  p rog ram , 
and th e a v e r a g e  a sp e c t  ratio  w a s  c a lc u la te d  a c c o r d in g ly . A  to ta l o f  1 2 0  p a r tic le s  
w e r e  e x a m in e d  for  e a c h  m ix in g  c o n d it io n  and th e  a v era g e  v a lu e  w a s  rep orted .

5 .3 .5  T h e  V is c o s it y  M ea su r e m e n t
T h e  v i s c o s it y  o f  th e  B N -e p o x y  m ix tu r e  w a s  m ea su r e d  b y  a B r o o k fie ld  

v is c o m e te r  (R V D V I I )  w ith  sp in d le  N o . 27 at 25 ± 1 °c a c c o r d in g  to  A S T M  2393-86.

5 .3 .6  D e te r m in a tio n  o f  F lex u ra l and Im p act P rop erties
F lex u ra l te s t in g  w a s  p erfo rm ed  b a sed  o n  A S T M  D  7 9 0 -9 8  u s in g  the  

th r e e -p o in t  b e n d in g  te s ts . T h e  te s t in g  w a s  c o n d u c te d  b y  u s in g  Instron  se r ie s  IX  
A u to m a te d  M a ter ia ls  T e s t in g  S y s te m  m o d e l 3 3 6 6  w ith  lo a d  c e l l  o f  10  k N . T h e  
c r o ssh e a d  d isp la c e m e n t  rate w a s  s e t  at 5 m m /m in . T h ree sp e c im e n s  (6 0  X  14 X  3 
m m 3) w e r e  te sted  for e a c h  sa m p le  an d  th e a v e r a g e  v a lu e  w a s  rep orted . T h e  fractured  
su r fa c e  o f  th e  sp e c im e n s  from  fle x u r a l te s t in g  w a s  e x a m in e d  b y  a s c a n n in g  e le c tr o n  
m ic r o s c o p e  (J S M  5 2 0 0 , JE O L , Jap an ). Im p act stren g th  w a s  d e te r m in e d  u s in g  a 
P e n d u lu m  Im p act T e s te r  (Z w ic k , G e r m a n y ) and  th e  te s t in g  m e th o d  w a s  in  
a c c o r d a n c e  w ith  A S T M  D -2 5 6 . F or e a c h  s a m p le , f iv e  s p e c im e n s  (6 3 .5  X  1 2 .7  X  3 
m m 3) w e r e  te ste d  and  th e  a v e r a g e  v a lu e  w a s  rep o rted .

5.4 Results and Discussion

5 .4 .1  C o rre la tio n  b e tw e e n  th erm al c o n d u c tiv ity  and  th e  f ille r  c o n te n t  o f  
B N - f i l l e d  e p o x y  c o m p o s ite s

In th e  p resen t w o rk  th e  f ille r  c o n te n t  w a s  v a r ied  fro m  9 , 16 , 2 3 , 2 8 ,  
3 3 , u p  to  3 7  v o l% . T h erm al c o n d u c tiv ity  o f  th e  e p o x y  res in  w a s  fo u n d  to  b e  0 .2 2  
W /m K  w h ic h  is  in  g o o d  a g r e e m e n t w ith  the v a lu e  q u o ted  in  th e  literatu re [8 ], A t  th is  
le v e l  o f  th erm al c o n d u c tiv ity , th e  e p o x y  re s in  is  b a s ic a lly  a th erm a l in su la to r . 
H o w e v e r , b y  in co r p o r a tin g  B N  p a r tic le s  in to  th e  e p o x y  m a tr ix , the re su lt in g  
c o m p o s ite  e x h ib ite d  a m ark ed  im p r o v e m e n t in  th erm al c o n d u c tiv ity  as s h o w n  in
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F ig u re  5 .1 . T h e  th erm a l c o n d u c tiv ity  w a s  fo u n d  to  in c r e a se  p a r a b o lic a lly  w ith  
in c r e a se  in th e  f ille r  c o n te n t. T h e  m a x im u m  th erm a l c o n d u c tiv ity  v a lu e s  o f  1 .2 5  and  
1 .6 8  พ / m K  w e r e  o b ta in e d  at 3 7  v o l%  and  th e m ix in g  s p e e d s  o f  8 0  an d  3 0 0  rpm  (3 0  
m in , 3 0 °C ), r e sp e c t iv e ly . T h e s e  v a lu e s  are m u ch  le s s  th an  th e  v a lu e  o f  6 5  พ /m K  o f  
B N  p a r tic le  in d ic a tin g  that th e  e p o x y  m atr ix  p la y s  a m ajor  ro le  in  th e  h ea t tran sfer  
p r o c e ss  e v e n  at th e  f ille r  c o n te n t  o f  n e a r ly  4 0  vo l% .

M a n y  m o d e ls  h a v e  b e e n  p r o p o se d  in  th e  litera tu res to  p red ict th e  
th erm al c o n d u c tiv ity  o f  p a r t ic u la te -f i lle d  c o m p o s ite s  as a fu n c tio n  o f  f ille r  c o n te n t
[1 4 ]  and  a n u m b er  o f  re sea rch ers  h a v e  tr ied  to  f it  th e ir  e x p e r im e n ta l d ata  w ith  the  
v a r io u s  m o d e ls  w ith  v a r y in g  d e g r e e  o f  s u c c e s s  [5 , 8 , 1 5 -2 1 ] , U p  t ill n o w , it is  s t i ll n o t  
c le a r  w h ic h  m o d e l can  b e s t  d e sc r ib e  th e  e x p e r im e n ta l d ata  [2 2 ] , In th e  p resen t w o r k  
w e  fo u n d  that ou r  e x p e r im e n ta l p o in ts  sh o w n  in  F ig u re  5 .2  c o u ld  fit  v e r y  w e l l  (r2  =  
0 .9 9 )  w ith  su c h  m o d e ls  a s  th e  L e w is -N ie ls e n  m o d e l, w ith  A = 4  w h ic h  c o r r e sp o n d s  to  
a n o n sp h e r ic a l p a r tic le  sh a p e , [2 3 ]  and  K an ari m o d e l , w ith  x = 3  w h ic h  c o r r e sp o n d s  to  
an irregu lar  p a r tic le  sh a p e . [2 0 ]  T h e se  tw o  m o d e ls  ta k e  in to  a c c o u n t  the p a r tic le  
sh a p e  and  th e p a c k in g  fa c to r  o f  p a r t ic le s . W h erea s  su ch  m o d e ls  a s  th e  M a x w e ll  and  
B r u g g e m a n  m o d e ls  [1 4 ] , w h ic h  d o  n o t ta k e  th e se  fa c to rs  in to  c o n s id e r a tio n , d id  n o t  
f it  w e l l  w ith  ou r d ata  p o in ts . S ev e r a l re sea rch ers  a ls o  fo u n d  g o o d  f itt in g  w ith  th e  
L e w is -N ie ls e n  [ 8 , 14] and  K an ari [1 9 , 2 1 ]  m o d e ls . M o r e  r e c e n tly , P al [2 2 ]  fo u n d  that 
th e  L e w is -N ie ls e n  c o u ld  fit  r e a so n a b ly  w e l l  w ith  a v a s t  n u m b er  o f  d a ta  a v a ila b le  in  
th e  litera tu res. T h e  resu lts  th ere fo re  su p p o rt th e  p r o p o s it io n  th at th e  th erm a l 
c o n d u c tiv ity  o f  a  p a r t ic u la te -f i lle d  c o m p o s ite  d e p e n d s  n o t  o n ly  o n  th e  f ille r  c o n te n t  
b u t a lso  o n  su c h  fa c to rs  a s  th e  p a r tic le  sh a p e  an d  th e  p a c k in g  fa c to r  o f  th e  p a r tic le s .

5 .4 .2  E f fe c ts  o f  m ix in g  c o n d it io n s  o n  th erm a l c o n d u c tiv ity  o f  B N -f i l le d  
e p o x y  c o m p o s ite s

T h erm a l c o n d u c tiv ity  o f  th e  c o m p o s ite s  p rep ared  b y  u s in g  d iffe r e n t  
m ix in g  s p e e d s , m ix in g  t im e s , an d  m ix in g  tem p era tu res  w a s  in v e s t ig a te d . T h e  resu lts  
are s h o w n  in  F ig u r e  5 .3 . In g en e r a l th erm a l c o n d u c tiv ity  o f  th e  c o m p o s ite  in cr e a se d  
m o n o to n o u s ly  w ith  in c r e a se s  in  m ix in g  sp e e d , t im e , an d  tem p era tu re . T h e  m ix in g  
a c tio n  h ad  th e  e f fe c t  o f  b r e a k in g -u p  th e  f i l le r  a g g lo m e r a te s  v ia  tw o  d iffe r e n t  
m e c h a n is m s , th e  rup tu re, a  la r g e -sc a le  fr a g m e n ta tio n , an d  th e  e r o s io n , d e ta c h m e n t o f
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sm a ll fra g m en ts  [1 3 ] . T h e  r e su lts  o f  th e  b rea k in g -u p  p r o c e s s  ca n  b e  s e e n  from  the  
S E M  m icro g ra p h s o f  th e  B N  a g g r e g a te s  a fter  m ix in g  in  F ig u re  5 .4  w h ic h  s h o w  a 
h ig h e r  am o u n t o f  sm a lle r  p a r t ic le s  at th e  m ix in g  sp e e d  3 0 0  rpm  w h e n  co m p a r e d  to  
that at 8 0  rpm . F rom  th e r esu lts  in  T a b le  5 .1 , it c a n  b e  se e n  that th ere  w a s  a red u ctio n  
in  b o th  th e  a v e r a g e  lo n g e s t  an d  n a rro w est d im e n s io n s  o f  th e  a g g r e g a te s  w ith  a 
c o r r e sp o n d in g  in c r e a se  in th e  a v e r a g e  a sp e c t  ra tio  a s  the m ix in g  sp e e d , m ix in g  tim e , 
and m ix in g  tem p era tu re  in cr e a se d . In a d d it io n , th ere  w a s  an  in c r e a se  in  th e  sp read  o f  
th e  a g g r e g a te  s iz e  a s  ca n  b e  s e e n  from  th e  in c r e a se  in  th e  stan dard  d e v ia t io n  v a lu e s  
o f  th e  a v e r a g e  lo n g e s t  and n a rro w est  d im e n s io n s . T h e se  c h a n g e s  h e lp e d  to  in crea se  
th e  th erm a l c o n d u c tiv ity  as s m a ll p a r tic le s  g e n e r a lly  g iv e  h ig h e r  th erm al c o n d u c tiv ity  
than  la rg e  p a r tic le s  d u e  to th e  fo r m a tio n  o f  g rea ter  n u m b er  o f  c o n d u c t iv e  p a th w a y s
[2 4 ] . T h e  in crea se  in  th e  a m o u n t o f  sm a lle r  p a r t ic le s  w ith  g rea ter  d isp e r s ity  a lso  
h e lp e d  in  th e  e f f ic ie n t  p a c k in g  o f  th e  p a r tic le s  a s  th e  sm a lle r  p a r t ic le s  c a n  f i l l  in  th e  
sp a c e s  b e tw e e n  la rger  p a r tic le s  and  h e n c e , e n h a n c in g  th e  fo r m a tio n  o f  e f f ic ie n t  
th erm al p a th w a y s  th ro u g h o u t th e  c o m p o s ite . T h e  resu lts  c o n fir m  th e  p r e v io u s  stu d y  
[ 1 0 ] w h ic h  s h o w s  th at th e  u s e  o f  m u lt i-s iz e d  f ille r s  e n h a n c e s  th e  fo r m a tio n  o f  
th erm al c o n d u c tiv e  n e tw o rk  th ro u gh  m o re  e f f ic ie n t  p a c k in g  o f  th e  f ille r  le a d in g  to  
h ig h e r  th erm a l c o n d u c tiv ity , i t  is  in te r e s tin g  to  n o te  a lso  that th e  c o m p o s ite  p rep ared  
at 8 0  rpm  6 0  m in  3 0 °  c  had a th erm al c o n d u c tiv ity  v a lu e  o f  0 .9 7  W /m K , w h ic h  is  
m u ch  lo w e r  than th e  v a lu e  o f  1 .4 5  W /m K  o f  th e  c o m p o s ite  p rep ared  at 8 0  rpm  3 0  
m in  7 0 °  c , d e sp ite  th e  fact that th e  BN p a r tic le s  in  b o th  c a s e s  had  a lm o s t  th e  sa m e  
a v e r a g e  d im e n s io n s  an d  a sp e c t  ra tio . T h is  m u st  b e  d u e  to  th e  b etter  p en e tr a tio n  o f  th e  
e p o x y  r e s in  at h ig h e r  m ix in g  tem p era tu re  apart fro m  th e  g rea ter  d isp e r s ity  in  p a rtic le  
s iz e  an d  a sp ec t  ra tio  w h ic h  h e lp e d  in  th e  b etter p a c k in g  o f  th e  p a r t ic le s . T h e  resu lts  
further c o n fir m  that p ro p er tie s  o f  th e  c o m p o s ite  d ep e n d  n o t o n ly  o n  p a r tic le  s iz e ,  
p a rtic le  s iz e  d is tr ib u tio n , and th e  p a c k in g  e f f ic ie n c y ,  but a ls o  o n  th e  p en e tr a tio n  o f  
th e  re s in  in to  th e  f i l le r  a g g r e g a te s , and  th e m ix in g  c o n d it io n s  can  g r e a tly  in f lu e n c e  
th e se  fa c to rs .

T h e  in c r e a se  in  th e  a sp e c t  ra tio  furth er e n h a n c e d  th e  fo r m in g  o f  
c o n d u c tiv e  p a th w a y s  a s  f ille r  w ith  h ig h er  a sp e c t  ratio  ca n  fo rm  b r id g e s  b e tw e e n  
c o n d u c tiv e  u n its , h e n c e  th e  fo r m a tio n  o f  e f f e c t iv e  n e tw o r k  w a s  e n h a n c e d  le a d in g  to  
h ig h er  th erm a l c o n d u c tiv ity  [9 , 1 1 ], F ig u re  5 .5  c o m p a r e s  th e  a sp e c t  ra tio s  o f  p a r tic le s
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m ix e d  at th e  sp e e d s  o f  8 0  and  3 0 0  rpm . It w a s  fo u n d  that, at th e  sa m e  a sp e c t  ra tio , 
c o m p o s ite s  prep ared  at h ig h er  m ix in g  sp e e d  s h o w e d  m u c h  h ig h er  th erm al 
c o n d u c tiv ity  than c o m p o s ite s  prep ared  fro m  m ix in g  at lo w e r  sp e e d . T h is  s h o w s  that 
th erm al c o n d u c tiv ity  o f  th e  c o m p o s ite  d e p e n d s  n o t o n ly  o n  th e  s iz e ,  th e  d isp e r s ity , 
and  th e  a sp e c t  ratio  o f  th e  f ille r , but a lso  o n  its  d isp e r s io n  sta te . T h e  m o re  v ig o r o u s  
stirrin g  at h ig h er  m ix in g  sp e e d  can  resu lt in  an o v e r a ll m o re  h o m o g e n e o u s  d isp e r s io n  
o f  th e  p a rtic le s  o f  d iffe r e n t s iz e s . In a d d it io n , it can  b e  e n v is a g e d  th a t, at h ig h  m ix in g  
sp e e d , m o re  p o ly m e r  ca n  b e p u sh ed  in to  th e  sp a c e s  in s id e  th e  a g g r e g a te s , le a d in g  to  
m o re  e f f ic ie n t  h ea t tran sfer  b e tw e e n  th e f il le r  and th e  m atr ix . F rom  th e  r esu lts , it can  
b e  c o n c lu d e d  that m ix in g  c o n d it io n s  ca n  in f lu e n c e  th e  p a r tic le  s iz e ,  p a r tic le  s iz e  
d istr ib u tio n , th e  a sp e c t  ratio  o f  th e  p a r tic le , th e  d isp e r s io n  sta te  o f  th e  f ille r , and th e  
p en etra tio n  o f  th e  p o ly m e r  m atrix  in to  th e  p a r tic le  a g g r e g a te s . In g en era l in c r e a se s  
in  th e  m ix in g  sp e e d , m ix in g  t im e  and m ix in g  tem p era tu re  led  to  a  d e c r e a se  in  p a rtic le  
s iz e ,  in c r e a se s  in  p a rtic le  s iz e  d istr ib u tio n  and  th e a sp e c t  ratio  o f  th e  p a r tic le , and an  
in c r e a se  in  th e  h o m o g e n e ity  o f  th e  d isp e r s io n  sta te  o f  th e  f ille r  a s  w e l l  a s  b etter  
p en etra tion  o f  th e  p o ly m e r  m atrix  in to  th e  p a rtic le  a g g r e g a te s , an d  th e se  re su lt  in a  
c o m p o s ite  w ith  h ig h er  th erm a l c o n d u c tiv ity .

5 .4 .3  V is c o s it y  o f  th e  B N -e p o x y  m ix tu re
V is c o s it y  o f  a so lid  s u sp e n s io n  in  liq u id  d e p e n d s  n o t  o n ly  o n  th e  s o l id  

c o n c e n tr a tio n  but a lso  o n  th e  p artic le  s iz e ,  p a r tic le  s iz e  d is tr ib u tio n , and  th e  p a c k in g  
fa c to r  o f  th e  s o l id  in  th e  liq u id  H e n c e , th e  v is c o s it y  o f  th e  B N -e p o x y  m ix tu r e  w a s  
d eterm in ed  to  c o n firm  th e  e f fe c t s  o f  th e  m ix in g  c o n d it io n s  o n  th e  p ro p er tie s  o f  th e  
B N  p a rtic le s  in  th e  e p o x y  resin . F ig u re  5 .6  s h o w s  th e  c h a n g e  in  v is c o s it y  o f  th e  
m ix tu re  w ith  f ille r  c o n ten t. A s  e x p e c te d , th e  v is c o s it y  in c r e a se d  p a r a b o lic a lly  w ith  
in c r e a se  in  f i l le r  c o n te n t. It is  in terestin g  to  n o te  that th e  e x p e r im e n ta l p o in ts  fit  w e l l  
w ith  K r ie g e r -D o u g h e r ty  eq u a tio n  w h ic h  d e sc r ib e s  th e  r e la tio n sh ip  b e tw e e n  v i s c o s it y  
o f  a d isp e r se d  s u sp e n s io n  and th e  c o n c e n tr a tio n  b y  v o lu m e  o f  th e  s o l id  [2 5 ] , A b o v e  
th e  c o n c e n tr a tio n  o f  3 3  v o l% , there w a s  a sharp  r ise  in  b o th  th e  e x p e r im e n ta l and  
p red ic ted  v is c o s it y  as th e  f ille r  c o n ten t a p p ro a ch ed  its  m a x im u m  p a c k in g  v a lu e  w h e n  
th e  p a r tic le s  p a c k e d  so  t ig h t ly  that th e y  c o u ld  n o t f lo w  an d  th e  v i s c o s it y  te n d e d  to  
in f in ity . T o  c o n fir m  th e  e f fe c t s  o f  m ix in g  c o n d it io n s  o n  th e  p a r tic le  s iz e ,  p a r tic le  s iz e
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d is tr ib u tio n , an d  p artic le  d isp e r s io n , the v is c o s it y  o f  th e  m ix tu re  u n d er  v a r y in g  
m ix in g  c o n d it io n  w a s  e x a m in e d . It can  b e  se e n  from  F ig u re  5 .7  that v i s c o s it y  o f  the  
m ix tu r e  in c r e a se d  w ith  in c r e a se  in  m ix in g  sp e e d , m ix in g  t im e , an d  m ix in g  
tem p era tu re . T h e  resu lts  w er e  in  a g reem en t w ith  th e  re d u c tio n  in  p a r tic le  s iz e  an d  the  
in c r e a se  in  p a r tic le  s iz e  d istr ib u tio n  as sh o w n  in  T a b le  5 .1 . T h e  re d u c tio n  in  p artic le  
s iz e  led  to  g rea ter  f iller  su r fa ce  area, h e n c e  m o re  fr ic tio n  w ith  th e  p o ly m e r  flu id  
r e su lt in g  in  h ig h e r  v is c o s ity . T h e  in c r e a se  in  p a rtic le  s iz e  d istr ib u tio n  led  to  b etter  
p a c k in g  o f  th e  p a r tic le s , h e n c e  h ig h e r  v is c o s ity .  T h e  resu lts  th u s c o n fir m  that the  
e f fe c t s  o f  in c r e a s in g  m ix in g  sp e e d , m ix in g  t im e , and m ix in g  tem p era tu re  w e r e  to  
r e d u c e  th e p a r tic le  s iz e  and in c r e a se  p a rtic le  s iz e  d is tr ib u tio n  r e su lt in g  in  b etter  
d isp e r s io n  and p a c k in g  o f  th e  filler .

' '5 .4 .4  E f fe c ts  o f  th e  f ille r  c o n ten t and  m ix in g  c o n d it io n s  o n  th e m e c h a n ic a l  
p ro p e r tie s  o f  th e  c o m p o s ite

5.4.4.1 Flexural properties
W h en  in  u se , th e  e p o x y  c o m p o s ite  m a y  b e su b je c te d  to  

b e n d in g  fo r c e s , h e n c e , in  th e  p resen t w o rk , th e  f lex u ra l stren g th  and  m o d u lu s  o f  B N -  
f i l le d  e p o x y  c o m p o s ite  w e r e  s tu d ied . F ig u re  5 .8  s h o w s  that b o th  fle x u r a l s tren g th  and  
m o d u lu s  in cr e a se d  w ith  in crea se  in  f ille r  co n te n t. T h e  f lex u ra l s tren g th  in cr e a se d  
fro m  2 5 .7  M P a  to  4 7 .6  M P a  w h ile  th e  m o d u lu s  in cre a se d  fro m  2 .4 6  to  3.1 G P a  as the  
f il le r  c o n te n t in c r e a se d  from  0  to  3 7  v o l% . T h e  resu lts  s h o w  that a d d it io n  o f  B N  
f ille r  in to  th e  e p o x y  res in  n o t o n ly  h e lp e d  in in c r e a s in g  its  th erm al c o n d u c tiv ity  but 
a lso  its  f lex u ra l p rop erties . F ig u re  5 .9  s h o w s  that b o th  th e  flex u ra l s tren g th  and  
m o d u lu s  in c r e a se d  w ith  in c r e a se s  in  th e  m ix in g  sp e e d , m ix in g  t im e , an d  m ix in g  
tem p era tu re . T h e  resu lts  s h o w  that th e  r e d u ctio n  in  p a r tic le  s iz e ,  th e  in c r e a se  in  
p a r tic le  s iz e  d is tr ib u tio n , and  th e  b etter  d isp e r s io n  o f  th e  f ille r  h e lp e d  to  in c r e a se  th e  
f le x u r a l p ro p erties  o f  th e  c o m p o s ite . T h e  r e d u ctio n  in  th e  p a r tic le  s iz e  led  to  grea ter  
f il le r  su r fa ce  area  in  co n ta c t  w ith  th e  p o ly m e r  m a tr ix , r e su lt in g  in  a m o r e  e f f ic ie n t  
s tre ss  tran sfer  b e tw e e n  th e  f ille r  an d  th e  m atr ix  [2 6 , 2 7 ] .  T h e  b etter  d isp e r s io n  state  
h e lp e d  in  e f f e c t iv e  sh arin g  o f  th e  a c tin g  fo r c e s  le a d in g  to  h ig h e r  s tre n g th  and  
m o d u lu s .

5.4.4.2 Impact strength
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F rom  F ig u re  5 .1 0 , th e  im p a ct stren g th  o f  B N  fille d  
c o m p o s ite  w a s  fo u n d  to  in c r e a se  lin e a r ly  w ith  f ille r  c o n ten t from  1 1 .8  K J /m 2 in  pure  
e p o x y  to  a m a x im u m  v a lu e  o f  3 6 .4  K J /m 2 at 33 v o l%  f ille r  c o n ten t. It th en  d e c r e a se d  
to  30 .1  K J /m 2 at th e  f ille r  c o n ten t o f  3 7  v o l% . T h e  im p a ct stren g th  is  an in d ic a tio n  o f  
th e  a b ility  o f  th e  c o m p o s ite  to  w ith sta n d  a  su d d en  im p a ct. T h e  resu lts  s h o w  that the  
f ille r  p a r t ic le s  can  ab so rb  th e im p a ct fo r c e  m ore  e f f ic ie n t ly  than th e  p o ly m e r  m atr ix , 
h e n c e  th e  greater  th e  f ille r  c o n ten t, th e  h ig h er  th e  im p a ct stren g th  o f  th e  c o m p o s ite .  
H o w e v e r , at h ig h  f ille r  co n te n t, th e  p a r tic le s  ten d  to  form  m ore  a g g r e g a te s . T h e se  
a g g r e g a te s  m a y  act a s  s tre ss  co n ce n tr a tio n  p o in ts , th erefore , re d u c tio n  in im p a ct  
stren g th  at h ig h  f ille r  c o n te n t is  e x p e c te d  [2 8 ] , F ig u re  5 .11  s h o w s  that, at 2 8  v o l% , 
th e  im p a ct stren g th  o f  B N -f i l le d  c o m p o s ite  in crea sed  w ith  in c r e a se s  in m ix in g  sp e e d , 
m ix in g  t im e , and m ix in g  tem p era tu re . T h is  resu lted  from  an im p r o v e m e n t in  p a rtic le  
s iz e  d is tr ib u tio n  and  th e d isp e r s io n  sta te  o f  th e  B N  p a rtic le s  in  th e  e p o x y  m atr ix  
le a d in g  to  an e f fe c t iv e  s tre ss  sh arin g  a m o n g  th e  p a r tic le s , h e n c e  th e  h ig h e r  im p a ct  
stren g th . In a d d it io n , in c r e a se  in  th e  a sp e c t  ratio  o f  th e  f ille r  a lso  h e lp e d  to  in c r e a se  
th e  r e s is ta n c e  to  crack  p r o p a g a tio n  r e su lt in g  in  h ig h e r  im p a ct s tren g th  [2 6 ] .

5 .4 .5  S E M  m icro g ra p h s  o f  th e  fractured  su r fa ce
T o  further c o n fir m  th e  e f fe c t s  o f  th e  m ix in g  c o n d it io n s  o n  th e  

p ro p erties  o f  th e  c o m p o s ite , th e  fractu red  su r fa ce  from  flex u ra l te s ts  o f  th e  sa m p le s  
w ith  2 8  v o l%  f ille r  w a s  e x a m in e d . F ig u r e  5 .1 2  (a ) and  (b )  s h o w  th e  fractured  su r fa ce  
o f  c o m p o s ite  p rep ared  at 8 0  rpm , 30 m in , 30°c, at th e  m a g n if ic a t io n s  o f  xioo and  
x 8 0 0 ,  r e s p e c t iv e ly . It c a n  b e  se e n  that th e  fractu red  su r fa ce  w a s  r e la t iv e ly  sm o o th  
and  th e e x p o s e d  su r fa ce  o f  th e  B N  p a r tic le s  w a s  bare. T h e  b o rd er lin e  b e tw e e n  the  
f ille r  p a r tic le  and  th e  p o ly m e r  m atrix  w a s  a lso  w e l l  d e fin e d . H o w e v e r , a s  th e  m ix in g  
tem p era tu re  in cr e a se d  to  70°c (F ig u re  5 .1 2  (c )  and  (d ))  and th e  m ix in g  sp e e d  
in c r e a se d  to  300 rpm  (F ig u r e  5 .1 2  ( e ) - (h ) ) ,  th e  fractured  su r fa ce  b e c a m e  rou g h er , th e  
b o rd er lin e  b e tw e e n  th e f ille r  p artic le  an d  th e  p o ly m e r  m atr ix  b e c a m e  le s s  d e fin e d ,  
and  th e  p a r tic le  su r fa ce  at th e  fractu red  p o in t w a s  c o v e r e d  m o re  and  m o re  w ith  
p o ly m e r  m atr ix . T h e  ro u g h er  fractured  su r fa c e  in d ic a te d  the b etter d isp e r s io n  sta te  o f  
th e  f il le r  p a r tic le s , w h ile  th e  le s s  d e f in e d  b o rd er lin e  and  th e w e l l- c o v e r e d  p a rtic le  
su r fa ce  in d ic a te d  th e  b etter  p en e tra tio n  o f  th e  m atr ix  in to  th e  p a r tic le  a g g r e g a te s .
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T h e  S E M  m icro g ra p h s  th ere fo re  further c o n fir m  th e  e f fe c t s  o f  th e  m ix in g  c o n d it io n s  
o n  th e  d isp e r s io n  sta te  and th e  p en e tra tio n  o f  th e  p o ly m e r  m atr ix  in to  th e  p artic le  
a g g r e g a te s .

5.5 Conclusions

In th is  p ap er  w e  fo u n d  that th e  th erm al c o n d u c tiv ity  o f  B N -f i l le d  e p o x y  
c o m p o s ite  in cre a se d  p a r a b o lic a lly  w ith  f ille r  c o n te n t o v e r  th e  c o n c e n tr a tio n  ran ge 0 - 
37 vo l% . T h e  e x p e r im e n ta l p o in ts  w e r e  fo u n d  to  fit w e l l  w ith  th e  L e w is -N ie ls e n  and  
th e  K anari m o d e ls . In c r e a se s  in  th e  m ix in g  sp e e d , m ix in g  t im e , an d  m ix in g  
tem p era tu re  led  to  a d e c r e a se  in  p a rtic le  s iz e ,  an in c r e a se  in  th e  a sp e c t  ratio  o f  th e  
p a r tic le s , and  an in c r e a se  in  th e  p artic le  s iz e  d isp ers ity . T h e s e  c h a n g e s  led  to  an  
in c r e a se  in  th e  th erm a l c o n d u c tiv ity  o f  th e  c o m p o s ite  d u e  to th e  in c r e a se  in  th e  
su r fa c e  area o f  th e  f ille r , th e  im p r o v e m e n t in  th e  p a c k in g  e f f ic ie n c y  and th e  
h o m o g e n e ity  o f  th e  d isp e r s io n  sta te , an d  th e grea ter  p en etra tio n  o f  th e  p o ly m e r  
m a tr ix  in to  th e  f il le r  a g g r e g a te s . T h e  h ig h e s t  th erm al c o n d u c tiv ity  o f  1 . 6 8  W /m K  w a s  
o b ta in e d  from  sa m p le  m ix e d  at 300 rp m , 30 m in , 30 °c, w ith  a f ille r  c o n te n t  o f  37 
v o l% . T h e  v i s c o s it y  o f  th e  f il le r -p o ly m e r  m atr ix  m ix tu re  w a s  fo u n d  to  in c r e a se  w ith  
in c r e a se  in  f ille r  c o n te n t, and  in c r e a se s  in  m ix in g  sp e e d , m ix in g  t im e , an d  m ix in g  
tem p era tu re . T h e  f le x u r a l and  im p a ct p ro p er tie s  o f  th e  c o m p o s ite  a lso  im p r o v e d  w ith  
in c r e a se s  in  f ille r  c o n te n t  and m ix in g  c o n d it io n s .
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Table 5.1 T h e  a v e r a g e  d im e n s io n s  and a sp e c t  ratio  o f  B N  p a r tic le s  w ith  v a r y in g  
m ix in g  c o n d it io n s .

Mixing conditions
Avg. narrowest 

dimension 
(micron)

Avg. longest 
dimension 
(micron)

Avg. aspect 
ratio

Thermal 
conductivity 

(พ/ท! K)
A s - r e c e i v e d  B N 2 2 0  +  61 3 7 2  +  9 2 1 .7 2  ± 0 . 4 4 6 5

B N  m i x e d  a t  8 0  r o m
5 m i n 2 1 7  +  7 0 3 6 8  + 1 0 3 1 .7 4  +  0 . 6 4 0 . 7 7

15 m i n 2 1 6  +  7 2 3 6 5  +  1 0 6 1 .7 5  +  0 . 5 2 0 . 8 2
3 0  m i n 2 1 5  +  7 5 3 6 1  ± 1 1 0 1 .7 7  +  0 . 3 9 0 . 8 6
6 0  m i n 1 9 8  +  8 0 3 5 3  + 1 4 2 1 .8 5  ±  0 .5 1 0 . 9 7

B N  m i x e d  a t  3 0 0  r n m
5 m i n 2 1 5  +  7 2 3 6 6 ± 1 2 0 1 . 7 6  +  0 . 4 8 0 . 9 2

15 m i n 2 1 1 + 7 8 3 5 8  +  1 3 9 1 .7 8  +  0 . 3 5 1 .0 9
3 0  m in 1 9 3  +  8 8 3 4 6  +  1 5 2 1 .8 2  +  0 .3 1 1 .2 5
6 0  m in 1 9 0  +  9 0 3 3 8  +  1 5 8 1 . 8 6  ± 0 . 4 1 1 .3 0

B N  m i x e d  a t  8 0  m m
3 0  m i n

30 °c 2 1 5  +  7 5 3 6 1  ± 1 1 0 1 .7 7  +  0 . 3 9 0 . 8 6
50 °c 2 1 1  ± 8 0 3 5 7  + 1 2 0 1 .7 6  +  0 . 5 5 1 .1 6
70 °c 1 9 7  +  8 5 3 5 2 ± 1 4 8 1 .8 5  ± 0 . 7 4 1 .4 5

B N  m i x e d  at 3 0 0  r o m
3 0  m i n

30 °c 1 9 3  +  8 8 3 4 6 ± 1 5 2 1 .8 2  +  0 .3 1 1 .2 5
50 °c 191  + 9 0 3 4 3  +  1 5 9 1 . 8 4  +  0  6 4 1 .4 3
70 °c 1 8 8  +  9 8 3 3 5  +  1 6 3 1 .8 7  +  0 . 8 2 1 .5 7

t
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Figure 5.1 T h erm a l c o n d u c tiv ity  o f  B N -f i l le d  e p o x y  c o m p o s ite s  at d iffe r e n t f ille r  
c o n te n ts  (m ix in g  t im e  3 0  m in , m ix in g  tem p era tu re  3 0  °C ).
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M axw ell m odel
k = ls>[2kp + kf + 2Vf(kf-kp)]

2kp + kf - ())(kf- kp)]
B ruggem an m odel

1 - <t> = (kf -k x y k )ifl
kf -

Kanari m odel
1 -<t> = a - k ,Y k ;/kV/(,+*>

kp - kf
L ew is-N ie lsen  m odel

w here
k is Thermal conductivity o f  com posite.
kp is Therm al conductivity o f  polym er  
matrix.
k f is Thermal conductivity o f  filler.

is The vo lu m e fraction o f  filler.
X  is The constant determ ined by  
shpericity o f  the filler.
A  is Factor depending on  particle
g e o m c L iy .

vp is The m axim um  packing density  o f  
filler.

k/kp = ( 1 +  AB<t>) , B  = (kf /kp-1 )/(k/kp-tA ) 
(1 -B<(np)

Figure 5.2 T h e  fitt in g  o f  e x p e r im e n ta l d ata  w ith  L e w is -N ie ls e n ,  K an ari, 
B r u g g e m a n , and  M a x w e ll  m o d e ls  (m ix in g  sp e e d  8 0  rp m , m ix in g  t im e  3 0  m in , 
m ix in g  tem p era tu re  3 0  °C ).
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Figure 5.3 T h erm al c o n d u c tiv ity  o f  2 8  v o l%  B N -f i l le d  e p o x y  c o m p o s ite s  at v a r y in g  
(a ) m ix in g  sp eed  (3 0  m in , 3 0 °C ), (b )  m ix in g  t im e  (8 0  rpm , 3 0 °C ) , and (c )  m ix in g  
tem p era tu re  (8 0  rpm , 3 0  m in ).
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Figure 5.4 S E M  m icro g ra p h s (x 3 5 )  o f  B N  p a r tic le s  in  2 8  v o l%  B N -f i l le d  c o m p o s ite  
at th e  m ix in g  sp e e d  o f  (a ) 8 0  rpm  and  (b )  3 0 0  rpm  (3 0  m in , 3 0  °C ).
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Figure 5.5 C o rre la tio n  b e tw e e n  th e  th erm al c o n d u c tiv ity  and  th e  a v e r a g e  a sp e c t  
ratio  o f  ex tra c ted  B N  p a r tic le s .
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Figure 5 .6  V is c o s it y  o f  B N -e p o x y  m ix tu re  at d ifferen t f il le r  c o n te n ts  and  th e  f itt in g  
o f  th e  e x p e r im e n ta l data  w ith  K r ie g e r -D o u g h e r ty  m o d e l.
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F ig u r e  5 .7  V is c o s it y  o f  2 8  v o l%  B N -f i l le d  e p o x y  su s p e n s io n  w ith  v a r y in g  (a )  
m ix in g  sp e e d  (3 0  m in , 3 0 °C ), (b )  m ix in g  t im e  (8 0  rp m , 3 0 °C ), and .( c )  m ix in g  
tem p era tu re  (8 0  rpm , 3 0  m in ).
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Filler content (vol%)

F ig u r e  5 .8  F le x u r a l p ro p erties  o f  B N -f i l le d  e p o x y  c o m p o s ite  at d iffe r e n t f ille r  
c o n te n ts
(m ix in g  sp e e d  8 0  rp m , m ix in g  t im e  3 0  m in , m ix in g  tem p era tu re  3 0  °C ).

Flexural modulus (GPa)
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F ig u r e  5 .9  F lex u ra l p ro p er tie s  o f  2 8  v o l%  B N -f i l le d  e p o x y  w ith  v a r y in g  (a ) m ix in g  
sp e e d  (3 0  m in , 3 0 °C ), (b )  m ix in g  t im e  (8 0  rpm , 3 0 °C ), and  ( c )  m ix in g  tem p era tu re

Flexural modulus (GPa)
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F ig u r e  5 .1 0  Im p a ct stren g th  o f  2 8  v o l%  B N -f i l le d  e p o x y  c o m p o s ite  at d iffe r e n t f ille r  
c o n te n ts  (m ix in g  sp e e d  8 0  rp m , m ix in g  t im e  3 0  m in , m ix in g  tem p era tu re  3 0  °C ).
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F ig u r e  5 .1 1  Im p act stren g th  o f  2 8  v o l%  B N -f i l le d  e p o x y  w ith  v a r y in g  (a )  m ix in g  
sp e e d  (3 0  m in , 3 0 °C ), (b )  m ix in g  t im e  (8 0  rp m , 3 0 °C ), and ( c )  m ix in g  tem p era tu re  
(8 0  rpm , 3 0  m in ).
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F ig u r e  5 .1 2  S E M  m icro g ra p h s o f  th e  fractured  su r fa ce  o f  2 8  v o l%  B N -f i l le d  e p o x y  
c o m p o s ite  p rep ared  b y  m ix in g  at (a ) and (b ) 8 0  rp m , 30 m in , 30°c at X 1 0 0  and  x 8 0 0 ,  
(c )  an d  (d )  8 0  rp m , 30 m in , 70°c at xioo and  x 8 0 0 , ( e )  an d  (1) 300 rp m , 30 m in , 
30°c at X 10 0  an d  x 8 0 0 ,  (g )  and (h )  300 rpm , 30 m in , 70°c at X 10 0  and  x 8 0 0 .


	CHAPTER V THE EFFECTS OF BN AGGREGATE SIZE AND ASPECT RATIO ON THE VISCOSITY OF THE BN-EPOXY MIXTURE AND THE PROPERTIES OFBN-EPOXY COMPOSITE
	5.1 Abstract
	5.2 Introduction
	5.3 Experimental
	5.4 Results and Discussion
	5.5 Conclusions
	5.6 References


