
CHAPTER VI
EFFECTIVE SURFACE TREATMENTS FOR ENHANCING 

THE THERMAL CONDUCTIVITY OF BN-FILLED EPOXY COMPOSITE

6.1 Abstract

In ord er to  im p r o v e  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 ,  
a d m ic e lla r  p o ly m e r iz a tio n  w a s  u se d .to  c o a t  p o ly s ty r e n e  and p o ly m e th y l m eth a cry la te  
o n  th e B N  su r fa ce  to  im p r o v e  th e in ter fa c ia l a d h e s io n  in  the c o m p o s ite . T h e  treated  
su r fa ce  w a s  c h a ra c ter ized  b y  F T IR  an d  co n ta c t  a n g le  m e a su r e m e n ts . T h e  resu lts  
s h o w  that th e  a d m ic e lla r  trea tm en t led  to  im p r o v e d  w e tta b ility  o f  e p o x y  res in  o n  the  
treated  su r fa c e . T h erm al 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  from  1.5  พ / m K  for  
u n trea ted  B N  to  2 .6 9  พ /m K  w h e n  th e  a d m ice lla r -trea ted  B N  w a s  u se d , in d ic a tin g  
im p r o v e m e n t in  th e  in ter fa c ia l a d h e s io n  b e tw e e n  B N  and e p o x y  resin  in  th e  
c o m p o s ite . T h e  m e c h a n ic a l 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  s ig n if ic a n tly .  
T h e  su r fa c ta n t:m o n o m er  m o la r  ratio  o f  1 :10  w a s  fo u n d  to  b e  th e  o p tim u m  c o n d it io n  
fo r  th e  a d m ic e lla r  p o ly m e r iz a t io n  p r o c e s s . T h e  so lu b ility  p aram eter  c o n c e p t  w a s  u se d  
to  e x p la in  th e  d if fe r e n c e  in  th e  e f fe c t iv e n e s s  o f  p o ly s ty r e n e  and  p o ly m e th y l  
m eth a cry la te . W h en  co m p a red  to  th e  m o re  c o n v e n tio n a l s ila n e  trea tm en t, a d m ic e lla r  
trea tm en t w a s  fo u n d  to  b e  m o r e  e f f e c t iv e  in im p r o v in g  th e  in te r fa c ia l a d h e s io n  
b e tw e e n  th e  B N  p a r t ic le s  an d  e p o x y  res in . S E M  m icro g ra p h s o f  th e  fractu red  
su r fa ce  o f  th e  c o m p o s ite  furth er c o n fir m  th e  im p r o v e m e n t in  th e  in ter fa c ia l a d h e s io n  
after  th e  a d m ic e lla r  treatm en t.

Keywords: T h erm al c o n d u c tiv e  c o m p o s ite ;  e p o x y  c o m p o s ite ;  b o ro n  n itr id e; su r fa ce  
m o d ific a tio n ;  a d m ic e lla r  p o ly m e r iz a tio n ;  s ila n e  treatm en t; in ter fa c ia l a d h e s io n

6.2 Introduction

Hexagonal boron nitride (h-BN) is known to be a non-metallic filler with a
high intrinsic thermal conductivity, high temperature resistance, and excellent
oxidation resistance. It is therefore an attractive choice for use as a filler to enhance
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th e  th erm al c o n d u c tiv ity  o f  a c o m p o s ite  and  th ere  h a v e  b e e n  n u m e r o u s  s tu d ie s  on  th e  
p ro p er tie s  o f  B N - f i l l e d  c o m p o s it e s .M T h e  fa v o r a b le  p rop erty  o f  B N  is  a ttr ib uted  to  
its  n o n -sp h e r ic a l (p la te le t)  sh a p e  and  h ig h  th erm a l c o n d u c tiv ity  in  th e  b asa l p la n e . 5 

H ill and S u p a n c ic  6 a ls o  s tu d ied  p la te le t-sh a p e d  p a r tic le s  o f  s im ila r  s iz e  and  sh ap e. 
T h e y  fou n d  that fla t p la te le ts  p r o v id e  h ig h e r  h ea t tran sfer  than  p red ic ted  v a lu e  
b e c a u s e  o f  th eir  h ig h  c o n ta c t in g  su r fa ce  area  w h e n  th e  B N  p la te s  sta ck  u p o n  o n e  
an o th er . T h e  m a in  c h a lle n g e  w ith  B N  is  th at th e  su r fa ce  is  v e r y  inert. T h is  lea d s  to  
p o o r  in ter fa c ia l a d h e s io n  b e tw e e n  B N  and  th e  m atr ix  in  a c o m p o s it e . 7

It is  k n o w n  that the tran sp ort o f  h ea t in  n o n m e ta ls  o c c u r s  th ro u gh  la ttice  
v ib r a t io n s  in th e  s o l id . 8 A n  in c r e a se  in  v ib ra tio n a l e n e r g y  in  o n e  part o f  th e  so l id , 
a sso c ia te d  w ith  an  in c r e a se  in  tem p era tu re , w i l l  b e  tra n sm itted  to  an a d jacen t area  
a lo n g  th e  p ath  o f  th e  tem p era tu re  gra d ien t. H e n c e , in  a c o m p o s ite , the e f f ic ie n c y  in  
h ea t tran sfer  d e p e n d s  g rea tly  o n  th e  co n ta c t  p o in t  b e tw e e n  th e  f ille r  and m a tr ix .9 A  
g o o d  co n ta c t  b e tw e e n  th e  tw o  p h a se s  is  c r it ica l to  th e  e f f ic ie n c y  o f  h eat f lo w . 10 It h as  
b e e n  s h o w n  that su r fa c e  trea tm en ts  o f  th e  f ille r  to  im p r o v e  th e  in ter fa c ia l a d h e s io n  
b e tw e e n  th e  f ille r  an d  th e  p o ly m e r  m a tr ix , e .g . b y  s ila n e  trea tm en t, s ig n if ic a n t ly  
im p r o v e  th e  h ea t  tra n sfer  c a p a b ility  o f  th e  c o m p o s ite . 1 1 , 1 2  O n e  o th er  m e th o d  that can  
b e  u se d  to im p r o v e  th e  a d h e s io n  b e tw e e n  th e  f ille r  and  th e  m a tr ix  is  to  c o a t  th e  f ille r  
su r fa c e  w ith  a  th in  la y e r  o f  p o ly m e r  that is  m o r e  c o m p a tib le  w ith  th e m atr ix . T h e  
c o a tin g  can  b e  d o n e  v ia  a p r o c e s s  c a lle d  a d m ic e lla r  p o ly m e r iz a t io n  in  w h ic h  th e  
p o ly m e r iz a t io n  ta k e s  p la c e  in  a su rfactan t b ila y e r  a d so rb ed  o n  th e  su b stra te  su rfa ce  
a s  sh o w n  in  S c h e m a tic  6 .1 . 13 T h e  r e su lt in g  p o ly m e r  la y er  fo r m e d  o n  th e  su b strate  
su r fa c e  h a s b e e n  fo u n d  to b e  u ltrath in , in  n a n o sc a le , and  v e r y  u n ifo r m . 14 ,15  T h e  
p r o c e s s  h a s b e e n  s u c c e s s fu lly  u se d  to  c o a t  a th in  p o ly m e r ic  la y er  o n  a w id e  ran g e  o f  
in o r g a n ic  su b stra tes  in c lu d in g  g la s s  f ib e r s , 16  s i l ic a , 17  and  a lu m in a . 18' 2 0  It h a s  a lso  
b e e n  u se d  to  im p r o v e  th e  a d h e s io n  b e tw e e n  th e  f ille r  and  m a tr ix  to  im p r o v e  th e  
m e c h a n ic a l stren g th  o f  th e  c o m p o s ite s .2 1 , 2 2  H o w e v e r , th e  a p p lic a t io n  o f  th e  p r o c e s s  
to  im p r o v e  th e  h ea t  tran sfer  o f  a p a r t ic u la te -f i lle d  c o m p o s ite  h a s  n ot b e e n  stu d ie d . In 
th e  p resen t w o rk  a d m ic e lla r  p o ly m e r iz a t io n  w a s  u se d  to  c o a t  tw o  d ifferen t p o ly m e r s , 
p o ly s ty r e n e  (P S )  an d  p o ly m e th y l m e th a c r y la te  (P M M A ), o n  th e  B N  p a r tic le s  to  
im p r o v e  its  in ter fa c ia l a d h e s io n  w ith  th e e p o x y  m atr ix . T h e  e f fe c t  o f  th e  treatm en t 
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  w a s  s tu d ied  an d  th e  resu lts  w e r e  a lso
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co m p a red  w ith  th e  m o re  c o n v e n tio n a l s ila n e  trea tm en ts . T h e  e f fe c t  o n  the  
m e c h a n ic a l p ro p er tie s  o f  th e  c o m p o s ite s  w a s  a lso  d e term in ed .

6 .3  E x p e r im e n t a l

6 .3 .1  M a ter ia ls
T h e  e p o x y  r e s in  b isp 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 )  and  

th e  cu r in g  a g e n t c y c lo a lip h a t ic  a m in e  (T H 7 3 0 )  w er 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 ith  an a v e r a g e  s iz e  
o f  3 0  m icro n  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  an d  P la s t ic s , In c ., U S A . T h é  
s ila n e  c o u p lin g  a g e n ts  y -g ly c id o x y p r o p y ltr im e th o x y  s ila n e  (G P S ) an d  3 -a m in o p r o p y l  
tr ie th o x y  s ila n e  (A P S )  w e r e  su p p lie d  b y  S ig m a -A ld r ic h  (U n ite d  S ta te s ) . H e x a d e c y i  
p y r id in iu m  c h lo r id e  (H D P y C l, 98 %  p u rity ), m e th y l m e th a c r y la te  (M M A , 99% - 
p u rity ), s ty ren e  (9 9 %  p u rity ), and  p o ta s s iu m  p e r su lfa te  (K 2 S 2 O 8 , 98 %  p u rity ) w e r e  
p u rch ased  fro m  F lu k a  (S w itz e r la n d ) . E th a n o l and  so d iu m  h y d r o x id e  w e r e  p u rch a sed  
from  M er ck  (G e r m a n y ). M e th y l m e th a cry la te  and sty r e n e  w e r e  w a s h e d  w ith  1% aq. 
N a O H  to  e lim in a te  in h ib ito r  prior to  u se .

6 .3 .2  P rep ara tion  o f  th e  A d m ic e lla r -T r e a te d  B N
A d m ic e lla r  p o ly m e r iz a t io n  o f  e a c h  m o n o m e r  (M M A  an d  s ty r e n e )  w a s  

carried  ou t in  tw o  step s. F irst, 5 g  o f  B N  p a r tic le s  w a s  ad d ed  to  1 0 0  m L  o f  an  
a q u e o u s  s o lu t io n  c o n ta in in g  1 .0  m M  H D P y C l su rfa cta n t, w h ic h  is  th e  c o n c e n tr a tio n  
ju s t  a b o v e  th e C M C  o f  th e  su rfa cta n t23 to  en su re  m a x im u m  su rfa cta n t a d so rp tio n  
w ith  m in im u m  e m u ls io n  p o ly m e r iz a tio n  in  th e  a q u e o u s  p h a se . M o n o m e r  w a s  th en  
ad d ed  to  g iv e  a su r fa c ta n t:m o n o m er  m o la r  ratio  o f  1 :2 .5 , 1 :5 , 1 :7 .5 , 1:10, 
1 :1 2 .5 ,1 :1 5 , and  th e  in itia to r  K 2 S 2 O 8 w a s  ad d ed  to  g iv e  a  in it ia to r .m o n o m e r  ra tio  o f  
1:10. T h e  m ix tu r e  w a s  sh a k e n  in  a  sh a k er  b ath  at 30°c fo r  2 4  h  to  a l lo w  fo r  th e  
a d so rp tio n  o f  su rfa cta n t o n to  th e  B N  su r fa c e  and  th e  a d s o lu b iliz a t io n  o f  th e  m o n o m e r  
in to  th e  su rfactan t b ila y er . In th e  s e c o n d  step , th e  tem p era tu re  w a s  ra ised  to  70°c to  
in itia te  th e  p o ly m e r iz a t io n  r e a c tio n  w h ic h  w a s  a l lo w e d  to  ta k e  p la c e  for  2 4  h. A t  th e  
en d  o f  th e  r e a c tio n  t im e , th e  treated  B N  w a s  w a sh e d  s e v e r a l t im e s  w ith  a m ix tu r e  o f
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7 0 /3 0  ( v /v )  w a te r /e th a n o l at ro o m  tem p era tu re  to  r e m o v e  r e m a in in g  m o n o m e r  and  
th e  u p p er -la y er  su rfa cta n t o f  th e  su rfactan t b ila y e r  to  e x p o s e  th e  c o a te d  p o ly m e r  on  
th e  B N  su rfa ce . T h e  sa m p le  w a s  f in a lly  d ried  in  th e  o v e n  at 50°c for  2 4  h.

6 .3 .3  P rep ara tion  o f  S ila n e -T r e a te d  B N
T h e  c a lc u la te d  am o u n t o f  s ila n e  c o u p lin g  a g e n t w a s  ad d ed  in to  an  

a q u e o u s  so lu t io n  at p H  4 .5  to  g iv e  a c o n c e n tr a tio n  o f  0 .0 2 5 ,  0.05, 0 .0 7 5 ,  0 .1 0 , and  
0 .1 5  w t% , r e s p e c t iv e ly . T h en , 2 0  g  o f  B N  p a r tic le s  w a s  treated  in  1 0 0  m L  o f  the  
p rep ared  s ila n e  s o lu t io n  for  2  h at roo m  tem p era tu re . T h e  B N  p a r t ic le s  w e r e  th en  
f iltered  and  dried  in  th e  o v e n  at 50°c for  2 4  h.

6 .3 .4  P rep ara tion  o f  th e  B N -E p o x y  C o m p o s ite
T h e  B N  p a r tic le s  w e r e  first d ried  in  a v a c u u m  o v e n  at 80°c fo r  2 4  h 

p rior to  p r o c e s s in g . T h e  c a lc u la te d  a m o u n t o f  B N  to g iv e  3 3  v o l %  w a s  ad d ed  
g r a d u a lly  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 ea k er  w ith  
c o n t in u o u s  stirr in g . T h e  m ix tu r e  w a s  th en  stirred  b y  a m e c h a n ic a l stirrer (A .L .C . 
In tern a tio n a l s .r .l .  C la s s  I, I ta ly ) at 3 0 0  rpm , 3 0  m in . N e x t ,  3 6  m L  o f  c u r in g  ag en t  
w a s  a d 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  th e n  p ou red  in to  a  s ta in le s s  s te e l m o ld  1 4 x 2 0 x 0 .3  c m 3 in  d im e n s io n . T h e  o p en  
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 50°c for  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  and  p la c e d  in  th e  
c o m p r e s s 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  for  c u r in g  at 80°c for  1 h.

6 .3 .0  C h a ra c ter iza tio n  o f  A d m ic e lla r -T r e a te d  B N  S u r fa ce
T h e  u n trea ted  B N  and a d m ice lla r -trea ted  B N  p a r tic le s  w e r e  prep ared  

in  th e  fo rm  o f  K B r p e lle ts  for  th e  F ou rier  tra n sfo rm  in frared  (F T IR ) m e a su r e m e n ts  
o n  a  N ic o le t  5 6 0  F T IR  sp e c tr o m e te r  (U n ite d  S ta te s ) . S u b tra c tiv e  F T IR  sp ec tra  o f  th e  
treated  sa m p le s  w e r e  o b ta in ed  u s in g  th e u n trea ted  B N  as th e  b a se  lin e .

T h e  F ie ld  E m iss io n  S c a n n in g  E lec tro n  M ic r o s c o p e  (F E -S E M ),  
H ita c h i ร - 4 8 0 0  (Ja p a n ), w a s  u se d  to  stu d y  su r fa c e  m o r p h o lo g y  o f  th e  u n trea ted  and  
a d m ic e lla r -tr e a te d  B N  p a r tic le s , a s  w e ll  a s  th e  fractu red  su r fa ce  o f  th e  c o m p o s ite s .
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6 .3 .6  C o n ta c t A n g le  and W e tta b ility  o f  S u r fa c e  M o d if ie d  B N  P a rtic le s  
T h e  D ro p  S h a p e  A n a ly z e r  (K R U S S , D S A  1 V  1 .8 0 , G erm a n y ) w a s

u se d  to m e a su r e  th e  c o n ta c t  a n g le s  o f  w a ter  and  e p o x y  resin  o n  e ith er  a d m ic e lla r -  or  
s ila n e -  treated  B N  su r fa c e . B N  p a r tic le s , w e ig h in g  1.5  g , w e r e  c o m p r e sse d  u s in g  a 
h y d ra u lic  p e lle t  p ress  at th e  p ressu re  o f  7 to n s  for 1 m in  to  o b ta in  a  B N  d isc  1 cm  in  
d ia m eter  and  3 m m  in  th ic k n e ss . E ith er  2 0  p L  o f  w a te r  or e p o x y  res in  d ro p le t w a s  

p la c e d  o n to  th e  su r fa c e  o f  th e  B N  d isc  u s in g  1 0 0  p L  m ic r o -s y r in g e  and th e  co n ta c t  
a n g le  o f  th e  d ro p le t w a s  m ea su red  e v e r y  5 s e c  for 6 0  s e c . T h e  te st  w a s  p erfo rm ed  at 
ro o m  tem p era tu re . T h ree  rea d in g s  w e r e  ta k en  from  e a c h  d isc  and  e a c h  resu lt  w a s  th e  
a v e r a g e  o f  th e  r ea d in g s  fro m  tw o  d isc s .

6 .3 .7  M e a su r e m e n t o f  th e  T h erm a l C o n d u c tiv ity  o f  th e  C o m p o s ite  
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 e a su r e d  u s in g  a H o t

D is k  T h erm a l A n a ly z e r  (H o t D isk  A B , U p p sa la . S w e d e n ) . A  m in im u m  o f  th ree  
in d iv id u a l m e a su r e m e n ts  w a s  p erfo rm ed  fo r  ea c h  s p e c im e n  (2 0  X 2 0  X 3 m m 3) w ith  
th e  se n so r  (3  m m  d ia m e te r )  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 so 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  the 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 .

6 .3 .8  D e te r m in a tio n  o f  M e c h a n ic a l P ro p erties
6.3.8.1 Flexural Property

F lex u ra l te s t in g  w a s  p er fo 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 sts . 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 te r 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 ll  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  se t  at 5 m m /m in . T h e  s p e c im e n s  u se d  for  
f le x u r a l te s t in g  w e r e  b ars o f  rec ta n g u la r  c r o s s  se c t io n  ( f la tw is e )  w ith  a le n g th  o f  6 0  
m m  and  w id th  o f  14 m m . T h ree  s p e c im e n s  w e r e  te s te d  for  e a c h  sa m p le  and  th e  
a v e r a g e  v a lu e  w a s  rep orted .

6.3.8.1 Impact Property
Im p a ct 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 ste 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 -
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2 5 6 . F or ea c h  sa m p le , f iv e  s p e c im e n s  m e a su r in g  6 3 .5  X 1 2 .7  X 3 m m 3 w e r e  te sted  
and th e  a v era g e  v a lu e  w a s  reported .

6 .4  R e s u lt s  a n d  D is c u s s io n

6 .4 .1  C h a ra cter iza tio n  o f  A d m ic e lla r -T r e a te d  B N  P a rtic le s
In th is  stu d y  m e th y l m e th a c r y la te  and s ty r e n e  m o n o m e r s  w e r e  u sed  to  

p rep are a d m ice lla r -trea ted  B N  su r fa c e . F ig u r e s  6.1 and 6 .2  s h o w  th e  FT 1R  sp ectra  o f  
P M M A - and P S -c o a te d  B N  p a r tic le s  at v a r y in g  su r fa c ta n t:m o n o m e r  m o la r  ratio , 
r e s p e c t iv e ly . F rom  F ig u re  6 .1 , th e  ch a ra c te r is tic  a b so rp tio n  b a n d s o f  P M M A  at 17 3 2  
c m ' 1 and  12 4 3  c m '1, a s s ig n e d  to c= 0  stre tc h in g  an d  C-0 s tr e tc h in g , 24 can  b e  s e e n  in  
M M A -tr e a te d  B N . In F ig u re  6 .2  th e  ch a ra c te r is tic  p ea k s  o f  P S  at 1601 cm "1, 1495  
c m '1, 1451 c m ' 1 a s s ig n e d  to  a ro m a tic  c=c s tr e tc h in g , and  at 701 c m "1 a s s ig n e d  to  
o u t-o f-p la n e  aro m a tic  C -H  b e n d in g  can  b e s e e n . 25  T h e  r e su lts  c o n fir m  that P M M A  
and P S  w e r e  s u c c e s s fu lly  c o a te d  o n  B N  p a r t ic le s  b y  a d m ic e lla r  p o ly m e r iz a t io n  and  
th e  in te n s ity  o f  th e  a b so rp tio n  p e a k s  w e r e  fo u n d  to in c r e a se  w ith  in c r e a se  in  th e  
a m o u n t o f  m o n o m e r  u sed .

S E M  m icro g ra p h s o f  u n trea ted  an d  a d m ic e lla r -tr e a te d  B N  su r fa c e s  are 
sh o w n  in  F ig u re  6 .3 . T h e  1 :10  P M M A - and  P S -c o a te d  su r fa c e s  sh o w n  in  F igu re  
6 .3 ( c )  and (d ) c a n  b e  s e e n  to  b e  q u ite  d iffe r e n t fro m  th e c le a n  su r fa ce  o f  u n m o d if ie d  
B N  in  F ig u re  6 .3 ( a )  an d  (b ). T h e  m ic r o g r a p h s  s h o w  c le a r  e v id e n c e  o f  d e p o s it io n  o f  
r e la t iv e ly  u n ifo rm  la y er  o f  p o ly m e r  o n  th e trea ted  su r fa ce . T h ro u g h  ou r  o b se r v a tio n  
at v a r io u s  m a g n if ic a t io n s , w e  fo u n d  that at m a g n if ic a t io n s  b e lo w  x 8 0 0 0 ,  th e  treated  
su r fa c e  w a s  h a rd ly  d is t in g u ish a b le  from  the u n m o d if ie d  su r fa c e , in d ic a tin g  that th e  
c o a te d  p o ly m e r  la y e r  m u st b e  q u ite  th in  and u n ifo r m . W h e n  th e  su r fa c ta n t:m o n o m er  
ratio  w a s  in c r e a se d  to  1 :1 5 , th ere  w a s  d e p o s it io n  o f  p o ly m e r  p a r tic le s  o n  th e  B N  
su r fa c e  a s  s h o w n  in  F ig u re  6 .3 ( e )  an d  ( f ) , in d ic a tin g  that p o ly m e r iz a t io n  h ad  tak en  
p la c e  in  th e  a q u e o u s  p h a se  w ith  th e  r e su lt in g  p o ly m e r  p a r t ic le s  d e p o s it in g  o n  th e B N  
su r fa ce . H e n c e , in  su r fa ce  c o a t in g  v ia  a d m ic e lla r  p o ly m e r iz a t io n , th ere  is  an  
o p tim u m  m o n o m e r  c o n c e n tr a tio n  w h ic h  w ill  e n su r e  m a x im u m  su r fa ce  c o a t in g  w ith  
n o  u n w a n ted  p o ly m e r iz a t io n  in  th e  a q u e o u s  p h a se . In th e  p resen t s tu d y  the
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su r fa c ta n t:m o n o m er  m o la r  ratio  o f  1 : 1 0  w a s  fou n d  to  b e  th e  o p tim u m  c o n d it io n  for  
b oth  P S  and P M M A .

6 .4 .2  E ffe c ts  o f  S u r fa ce  T rea tm en ts  on  th e  W e tta b ility  o f  B N  S u r fa ce
T h e  in tera c tio n s  o f  th e  treated  B N  su r fa ce  w ith  w a te r  and e p o x y  

d ro p le ts  w e r e  in v e s t ig a te d  u s in g  the co n ta c t  a n g le  m e a su r e m e n t to  a s s e s s  th e  c h a n g e s  
in  the h y d r o p h ilic ity  and w e tta b ility  o f  th e  B N  su r fa c e . A s  sh o w n  in  F ig u re  6 .4 , the  
w a ter  co n ta c t  a n g le s  o n  u n trea ted  B N  and  e p o x y  su r fa c e s  w e r e  8 6 . 8 ° and  9 6 .5 ° ,  
r e sp e c tiv e ly . T h e  resu lts  s h o w  that th e  u n trea ted  B N  su r fa ce  w a s  s l ig h t ly  h y d r o p h ilic  
w h ile  th e  e p o x y  su r fa ce  w a s  s lig h t ly  h y d r o p h o b ic . T h e  w a ter  c o n ta c t  a n g le  o f  B N  
su r fa ce  w a s  fo u n d  to in c r e a se  to  9 2 .8 °  an d  9 4 .0 °  a fter  a d m ic e lla r -tr e a te d  w ith  P S  and  
P M M A , r e s p e c t iv e ly , w h e r e a s  in  th e  c a s e s  o f  trea tm e n ts  w ith  0.1 w t%  A P S  and  0.1  
w t%  G P S , th e  co n ta c t  a n g le s  ch a n g ed  to  8 8 .3 °  an d  9 0 .0 ° , r e s p e c t iv e ly . T h e  resu lts  
s h o w  that th e  h y d r o p h ilic ity /h y d r o p h o b ic ity  n atu re o f  th e  a d m ic e lla r -tr e a te d  B N  
su r fa ce  w a s  c lo s e r  to  that o f  th e  e p o x y  su r fa ce  th an  th e  s ila n e -tr e a te d  B N  su r fa ce . 
M e a su r e m e n ts  o f  th e  co n ta c t  a n g le  w ith  v a r y in g  t im e  s h o w  that th e  c o n ta c t  a n g le  o n  
a ll su r fa c e s  d e c r e a se d  g ra d u a lly  w ith  t im e , and th e  c o n ta c t  a n g le  o n  h y d r o p h ilic  
su r fa c e s  ( su r fa c e s  w ith  a co n ta c t  a n g le  le s s  th an  9 0 ° )  d e c r e a se d  fa ster  than  
h y d r o p h o b ic  su rfa ces.

T h e  w e tta b ility  o f  e p o x y  res in  o n  treated  B N  su r fa c e s  is  sh o w n  in  
F ig u re  6 .5 . T h e  c o n ta c t a n g le  o f  e p o x y  d ro p le t o n  u n trea ted  B N  su r fa c e  w a s  fo u n d  at 
9 3 .1 °  in d ic a tin g  that th e  e p o x y  resin  c o u ld  n o t w e t  u n trea ted  B N  su r fa c e  v e r y  w e l l .  
H o w e v e r , th e  e p o x y  c o n ta c t  a n g le  w a s  fo u n d  to  d e c r e a se  to  7 6 .4 °  and  7 0 .5 °  for P S -  
an d  P M M A -c o a te d  su r fa c e s , r e sp e c t iv e ly . T h e  r e su lts  s h o w  that w e tta b ility  o f  th e  
e p o x y  re s in  o n  th e  B N  su r fa c e  w a s  g r ea tly  e n h a n c e d  a fter  a d m ic e lla r -c o a te d  w ith  P S  
and  P M M A . In th e c a s e s  o f  A P S -  and  G P S -  trea ted  su r fa c e s , th e  c o n ta c t  a n g le  w a s  
red u ced  to  a le s se r  e x te n t  to  8 4 .9 °  and  7 9 .9 ° , r e s p e c t iv e ly . T h e  c o n ta c t  a n g le  w a s  
a ls o  fou n d  to  d e c r e a se  w ith  t im e  in  a ll c a s e s  w ith  a g rea ter  and fa ster  d e c r e a se  for  
su r fa ce  w ith  lo w e r  co n ta c t  a n g le .

F rom  th e  r e su lts , it can  b e  c o n c lu d e d  that a d m ic e lla r  p o ly m e r iz a t io n  
c a n  b e u se d  to  e n h a n c e  w e tta b ility  o f  th e  resin  o n  th e  f ille r  b y  c o a t in g  th e  f ille r  
su r fa ce  w ith  a th in  la y er  o f  an  ap p rop riate  p o ly m e r . In th e  p resen t s y s te m  o f  e p o x y -
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B N  filler , b o th  P S  and  P M M A  w e r e  fou n d  to  e n h a n c e  th e  w e tta b ility  o f  th e  sy s te m , 
an d  th e y  w e r e  m o re  e f fe c t iv e  than  th e u s e  o f  A P S  and  G P S  c o u p lin g  a g en ts .  
H o w e v e r , w h e n  c o m p a r in g  b e tw e e n  P S  and P M M A , th e  la tter w a s  fo u n d  to  b e  m o re  
e f fe c t iv e .

T h e  s o lu b ility  p aram eter  c o n c e p t  h as lo n g  b e e n  u sed  to  p red ic t th e  
c o m p a tib ility  b e tw e e n  tw o  m a te r ia ls . 26 T h e  s o lu b ility  p ara m eter  v a lu e  o f  a m ater ia l is  
d e r iv e d  from  its c o h e s iv e  e n e r g y  d e n s ity . H e n c e , th e o r e t ic a lly , m a ter ia ls  w ith  
s im ila r  so lu b ility  p aram eter  v a lu e s  sh o u ld  h a v e  h ig h  m u tu a l in ter a c tio n s . H a n sen  
la ter  p ro p o sed  that th e  c o n c e p t  had to tak e in to  c o n s id e r a tio n  th e  in te r a c tio n s  d u e  to  
th e  three d ifferen t in tera ctin g  fo r c e s , d isp e r s io n , p o lar , and  h y d r o g e n -b o n d in g , g iv in g  
r ise  , to  so lu b ility  p ara m eter  v a lu e s  d u e  to  th e  d ifferen t fo r c e s  k n o w n  a s H a n se n  
s o lu b ility  p ara m eters  (H S P ). T o  en su re  g o o d  c o m p a tib ility , th ere  m u st b e  a 
m a tc h in g  o f  n ot o n ly  th e  o v e r a ll so lu b ility  p aram eter  v a lu e s , but a lso  th e  s o lu b ility  
p ara m eters d e r iv e d  fro m  th e d iffe r e n t in tera c tin g  fo r c e s . 2 7  T a b le  6.1 s h o w s  th e  H S P  
o f  e p o x y , 2 7  P S , 28 and  P M M A . 2 9  It can  b e  s e e n  that, a lth o u g h  P S  and P M M A  h a v e  
s im ila r  to ta l so lu b ility  p aram eters o f  2 2 , a s  co m p a red  to  th e  v a lu e  o f  2 6  fo r  e p o x y ,  
P M M A  is  a c tu a lly  c lo s e r  to e p o x y  w h e n  th e th ree  in tera c tin g  fo r c e s  w e r e  ta k en  in to  
c o n s id e r a tio n . T h e  v a lu e  o f  A 5 (d ,p ,h )  for  P M M A  is  4 .6 3  w h i le  that o f  P S  is  9 .5 4 .  
H e n c e , a c c o r d in g  to  th e  H S P  c o n c e p t , P M M A  sh o u ld  b e  m o re  c o m p a tib le  w ith  
e p o x y  than P S , and  th is  p r ed ic t io n  a g rees  w e l l  w ith  th e  resu lt  from  c o n ta c t  a n g le  
m e a su r e m e n ts . T h e  resu lts  s h o w  that H S P  ca n  b e  u sed  to  s e le c t  ap p ro p ria te  p o ly m e r  
to  c o a t  on  th e  f ille r  su rfa ce  b y  a d m ic e lla r  p o ly m e r iz a tio n  to en su re  m a x im u m  
c o m p a tib ility  w ith  th e  resin  in  u se . It is  im p ortan t, h o w e v e r , that a ll th e  th ree  
c o m p o n e n ts  o f  th e  H S P  are ta k en  in to  c o n s id e r a tio n .

6 .4 .3  E f fe c ts  o f  B N  S u r fa ce  T rea tm en ts  o n  T h erm a l C o n d u c t iv ity  o f  B N -  
F ille d  E p o x y  C o m p o s ite s

F ig u re  6 . 6  c o m p a r e s  th e  th erm a l c o n d u c tiv ity  o f  3 3  v o l%  B N -f i l le d  
e p o x y  c o m p o s ite s  u s in g  a d m ice lla r -trea ted  and  s ila n e -tr e a te d  B N  p a r t ic le s . T h e  
r e su lts  in  F ig u re  6 .6 (a )  s h o w  that th erm al c o n d u c tiv ity  o f  b o th  th e  P S -  an d  P M M A -  
c o a te d  B N -f i l le d  e p o x y  c o m p o s ite  in crea sed  w ith  in c r e a se  in  th e  su r fa c ta n t:m o n o m e r  
m o la r  ratio u p  to 1 :10 . It th en  started  to  d e c lin e  w h e n  th e  a m o u n t o f  m o n o m e r  w a s
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further in c r e a se d . T h is  is  d u e  to  th e  d e p o s it io n  o f  p o ly m e r  p a r tic le s  o n  B N  su r fa c e  as 
s h o w n  in  F ig u re  6 .3 (e )  an d  (f). T h e s e  p a r tic le s  d isru p ted  the sm o o th  a d h e s io n  o f  the  
e p o x y  res in  o n  th e a d m ice lla r -trea ted  su r fa ce  le a d in g  to  lo w e r  th erm al c o n d u c tiv ity . 
W h en  th e  e f fe c t s  o f  a d m ic e lla r  and  s ila n e  trea tm en ts  w e r e  co m p a r e d  (F ig u r e  6 .6 (a )  
and  (b )) , it w a s  fo u n d  that a d m ic e lla r  treatm en t g a v e  m u ch  h ig h er  therm al 
c o n d u c tiv ity  than s ila n e  treatm ent. In the c a se  o f  a d m ic e lla r  treatm en t, th e  th erm al 
c o n d u c tiv ity  o f  th e  c o m p o s ite  in crea sed  from  1.5 W /m K  for th e  u n trea ted  sa m p le  to  
2 .6 9  and 2 .5 8  W /m K  for th e  P M M A -a n d  P S -trea ted  sa m p le s  r e s p e c t iv e ly , an  
in c r e a se  o f  o v e r  70% , w h ile  the s ila n e -trea ted  sa m p le  g a v e  th e m a x im u m  v a lu e  o f  
1 .95  and 1 .8 9  W /m K  for. G P S - and  A P S -trea ted  r e sp e c t iv e ly , an in c r e a se  o f  o n ly  
30% . T h e  resu lts  ag ree  w e ll  w ith  th e  co n ta c t a n g le  m e a su r e m e n ts  w h ic h  s h o w  that 
e p o x y  res in  h a s b etter w e tta b ility  o n  ad m ice lla r -trea ted  B N  su rfa ce .

6 .4 .4  E ffe c ts  o f  B N  S u rfa ce  T rea tm en ts  o n  M e c h a n ic a l P ro p erties  o f  B N -  
F ille d  E p o x y  C o m p o s ite

It is  w e l l  r e c o g n iz e d  that th e  m e c h a n ic a l p ro p er tie s  o f  p a r ticu la te -  
f ille d  p o ly m e r  c o m p o s ite  d e p en d s o n  th e e f f ic ie n c y  o f  s tre ss  tran sfer  at th e  f ille r -  
m atrix  in te r fa c e  w h ic h  in  turns d e p e n d s  on  th e a d h e s io n  stren g th  b e tw e e n  th e  tw o  
p h a se s . Im p r o v e m e n t in  th e  in ter fa c ia l a d h e s io n  g e n e r a lly  lea d s  to  an  in c r e a se  in  th e  
m e c h a n ic a l p ro p erties  o f  th e  c o m p o s ite . In th e  p resen t w o rk  th e a d h e s io n  b e tw e e n  
B N  p a rtic le s  and  e p o x y  m atr ix  w a s  en h a n c e d  b y  c o a tin g  th e  B N  w ith  P S  an d  P M M A  
b y  a d m ic e lla r  p o ly m e r iz a tio n . F ig u re  6 .7 (a ) , (c ) , and  (e )  s h o w  that th e  f lex u ra l  
stren g th , f le x u r a l m o d u lu s , and im p a ct stren g th  o f  th e  a d m ice lla r -trea ted  B N -e p o x y  
c o m p o s ite  in cr e a se d  w ith  in crea se  in  th e  su r fa c ta n t:m o n o m er  ratio  up to  th e  ratio  o f  
1 : 1 0 , a fter  w h ic h  th ere  w a s  a d e c lin e  in  th e  p ro p er tie s  d u e to  th e  d e p o s it io n  o f  
p o ly m e r  p a r tic le s  o n  B N  su r fa ce  fro m  p o ly m e r iz a tio n  o f  th e  e x c e s s  m o n o m e r  in  th e  
a q u e o u s  p h a se . W h en  c o m p a r in g  th e  m e c h a n ic a l p ro p er tie s  o f  a d m ic e lla r -tr e a te d  
and  s ila n e -tr e a te d  c o m p o s ite s  in  F ig u re  6 .7 (b ) , (d ) , an d  (f) , it w a s  fo u n d  that, in  
g e n e r a l, a d m ic e lla r  trea tm en t g a v e  h ig h er  m e c h a n ic a l p ro p er tie s  th an  s ila n e  
trea tm en t in  a c c o r d a n c e  w ith  th e  grea ter  w e tta b ility  o f  e p o x y  res in  o n  a d m ic e lla r -  
treated  B N  su rfa ce .
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S in c e  b o th  th e  th erm al c o n d u c tiv ity  and m e c h a n ic a l p ro p er tie s  o f  a 
c o m p o s ite  d e p e n d s  o n  th e  a d h e s io n  stren g th  b e tw e e n  th e  f il le r  and p o ly m e r  m atr ix , 
w e  w o u ld  e x p e c t  to  s e e  a d irec t co rr e la tio n  b e tw e e n  th e tw o  p ro p erties . F ig u re  6 . 8  is  
th e  p lo t  b e tw e e n  th e  th erm al c o n d u c tiv ity  and  flex u ra l stren g th  o f  th e  c o m p o s ite  
m a d e  fro m  P S - an d  P M M A -tr e a te d  B N  p a r tic le s . T h e  resu lts  s h o w  that there w a s  
in d e e d  a d irect co r r e la tio n  b e tw e e n  th e  tw o  p ro p er tie s  w ith  th e P M M A -trea ted  
c o m p o s ite  g iv in g  h ig h e r  th erm a l c o n d u c tiv ity  and  b etter  f lex u ra l stren g th .

6 .4 .5  M o r p h o lo g y  o f  th e  F ractured  S u r fa c e  o f  B N -F il le d  E p o x y  C o m p o s ite  
T h e e f fe c t  o f  su r fa c e  trea tm en ts  o n  th e  in ter fa c ia l a d h e s io n  b e tw e e n  

B N  and  e p o x y  w a s  s tu d ied  b y  e x a m in in g  th e  fractured  su r fa c e s  fro m  th e  flex u ra l  
te sts  u s in g  S E M . F ig u re  6 .9 (a )  s h o w s  th e  fractu red  su r fa ce  o f  c o m p o s ite  m a d e  from  
u n trea ted  B N  w h ic h  w a s  fou n d  to  b e  q u ite  sm ooth .; T h e  p o o r  f ille r -m a tr ix  a d h e s io n  
r esu lted  in  p artic le  p u ll-o u t  at th e  in ter fa ce  a s  e v id e n c e d  fro m  the p r e se n c e  o f  b oth  
la rge  craters and  c le a n  su r fa ce  o f  th e  e x p o s e d  B N  p a r tic le s  at th e  fractu red  su rfa ce . 
F ig u re  6 .9 (b )  and ( c )  s h o w  th e  fractu red  su r fa c e s  o f  A P S -  and G P S -tr ea te d  B N -  
e p o x y  c o m p o s ite , r e s p e c t iv e ly . In th e se  c a s e s , th e  fractured  su r fa c e  rem a in e d  rather  
sm o o th  but th e  B N  p a r tic le s  w e r e  fo u n d  to  b e  c o v e r e d  w ith  th e  e p o x y  resin  
in d ic a tin g  b etter a d h e s io n  b e tw e e n  th e  p a r tic le s  an d  th e p o ly m e r  m atr ix . O n  th e  o th er  
h an d , th e  fractured  su r fa c e s  o f  c o m p o s ite  m a d e  fro m  P S - an d  P M M A -tr e a te d  B N  
sh o w n  in  F ig u re  6 .9 (d )  and  (e )  w e r e  fo u n d  to  b e  m u c h  rou g h er . T h ere  w e r e  n o  craters  
o n  th e  fractured  su r fa c e  and th e  p a r tic le  su r fa ce  w a s  w e l l  c o v e r e d  w ith  e p o x y  resin . 
A c c o r d in g  to  S p a n o u d a k is  and  Y o u n g , in  th e  c a s e  o f  g o o d  b o n d in g  b e tw e e n  f ille r s  
and  m a tr ix  in  the c o m p o s ite , m a x im u m  stre ss  w i l l  b e  in  th e  m atrix.™  f fe n c e , in  th is  
c a s e , cr a c k s  w il l  p ro p a g a te  th ro u gh  th e  m a tr ix  le a v in g  a la yer  o f  e p o x y  resin  
c o v e r in g  th e  p a r tic le s  and a r o u g h  fractured  su r fa c e  a s  sh o w n  sc h e m a tic a lly  in  F ig u re  
6 .1 0 (b ) .  W h erea s  in  th e  c a se  o f  p o o r  b o n d in g , fracture o c c u r s  from  a  c o m b in a tio n  o f  
d e b o n d in g  at th e  f ille r -m a tr ix  in ter fa ce  and  c r a c k in g  th ro u gh  th e m atr ix  re su lt in g  in  
craters an d  u n c o v e r e d  p a r tic le s , an d  a r e la t iv e ly  s m o o th  fractu red  su r fa c e  as sh o w n  
s c h e m a tic a lly  in  F ig u r e  6 .1 0 (a ) . H e n c e , th e  S E M  m ic r o g r a p h s  further c o n fir m  that 
c o a tin g  o f  B N  p a r t ic le s  b y  a d m ic e lla r  p o ly m e r iz a t io n  o f  P S  and  P M M A  o n  th e B N
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su r fa ce  g r e a tly  e n h a n c e d  th e in ter fa ctia l a d h e s io n  b e tw e e n  th e  treated  B N  p a r tic le s  
and th e e p o x y  m atrix .

6 .5  C o n c lu s io n s

P S  and  P M M A  w e r e  s u c c e s s fu l ly  c o a te d  o n  B N  p a r t ic le s  b y  a d m ic e lla r  
p o ly m e r iz a tio n . T h e  1 :10  su r fa c ta n t:m o n o m er  m o la r  ratio  w a s  th e  o p tim u m  
c o n d it io n  fo r  b o th  p o ly m e r s . T h e  a d m ic e lla r  trea tm en t w a s  fo u n d  to  in c r e a se  th e  
in ter fa c ia l a d h e s io n  b e tw e e n  the e p o x y  re s in  and th e  treated  B N  su r fa ce  a s  sh o w n  b y  
th e  w e tta b ility  te sts . T h 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 cr e a se d  fro m  1.5 พ /ท 'lK  for th e  u n trea ted  B N  to  2 .6 9  W /m K  fo r  ad m ice lfa r -trea ted  
B N  p a rtic le s . T h e  m e c h a n ic a l p ro p er tie s  o f  th e  a d m ic e lla r -tr e a te d  B N -f i l le d  e p o x y  
c o m p o s ite  a ls o  im p r o v e d  s ig n if ic a n tly  an d  th ere  w a s  a d irec t co r r e la tio n  b e tw e e n  th e  
im p r o v e m e n t in  th erm a l c o n d u c tiv ity  and  th e  m e c h a n ic a l p r o p e r tie s  o f  th e  
c o m p o s ite . T h e  B N  su r fa c e  treatm en t b y  a d m ic e lla r  p o ly m e r iz a t io n  w a s  fo u n d  to  b e  
m o re  e f f e c t iv e  in  im p r o v in g  th e a d h e s io n  in  B N -f i l le d  e p o x y  c o m p o s ite  than th e  
m o re  c o n v e n tio n a l s i la n e  treatm en t.
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Table 6.1 Solubility Parameters of Epoxy Resin, Polymethyl methacrylate, and 
Polystyrene.

Solubility parameter (MPa0,5)
ôd ôp ôh ô, Aô

Epoxy resin 20.4 12.0 11.5 26.31 -
Polymethyl methacrylate 18.6 10.5 7.5 22.63 4.63
Polystyrene 21.3 5.8 4.3 22.49 9.54

ôt: total solubility parameter, which is defined as: ôt2 = ôd2 + ôp2 + 8h2, ôd dispersive 
contribution, ôp polar contribution, 5h hydrogen bonding contribution.
Aô = (Aôd2+ Aôp2 + Aôh2)1/2



76

step  1 Step 2

M = monomer p = polymer

Schematic 6.1 The admicellar polymerization process.
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Figure 6.1 FTIR spectra of PMMA-coated BN-filled epoxy composite by 
admicellar polymerization with varying surfactant’.monomer molar ratio.
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Figure 6.2 FTIR spectra of PS-coated BN-filled epoxy composite by admicellar 
polymerization with varying surfactant:monomer molar ratio.
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Figure 6.3 SEM micrographs of (a) untreated BN particles (xl500), (b) untreated 
BN particles (x8000), (c) 1:10 PMMA-coated BN particles (x8000), (d) 1:10 PS- 
coated BN particles (x8000), (e) 1:15 PMMA-coated BN particles (xl500), and (f) 
1:15 PS-coated BN particles (xl500).
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Figure 6.4 Contact angle of water droplet on epoxy and BN surfaces as a function 
of time.
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Figure 6.5 Contact angle of epoxy droplet on BN surface as a function of time.
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Silane concentration (wt%)

Figure 6.6 Thermal conductivity of BN-filled epoxy composite treated with varying
(a) surfactantimonomer molar ratio, and (b) silane concentration.
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Figure 6.7 The mechanical properties of surface-treated BN-filled epoxy composite:
(a) and (b) flexural strength of admicellar-treated and silane-treated BN-filled epoxy 
composites, (c) and (d) flexural modulus of admicellar-treated and silane-treated BN- 
filled epoxy composites, (e) and (f) impact strength of admicellar-treated and silane- 
treated BN-filled epoxy composites, respectively.
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Figure 6.8 Correlation between thermal conductivity and flexural strength of 
admicellar- treated BN-filled composite.
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Figure 6.9 SEM micrographs of the fractured surface of BN-filled epoxy composite 
using (a) untreated BN, (b) 0.1 wt% APS-treated BN, (c) 0.1 wt% GPS-treated BN, 
(d) 1:10 PS-treated BN, and (e) 1:10 PMMA-treated BN. (Magnification X 100).
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(b)

Figure 6.10 The fracture line in (a) untreated BN-filled composite, and (b) surface-
treated BN-filled composite.
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