
THE THERMAL CONDUCTIVITY OF 
METAL OXIDE-FILLED EPOXY COMPOSITE

CHAPTER IV

4.1 Abstract

In th is  s tu d y , th e  e f fe c t s  o f  ty p e s  and  p a rtic le  s iz e  o f  m eta l o x id e s  on  the  
th erm a l c o n d u c tiv ity  o f  th e  m eta l o x id e - e p o x y  c o m p o s ite  w e r e  rep orted . S ca n n in g  
e le c tr o n  m ic r o s c o p y  (S E M ) w a s  a p p lied  to  a n a ly z e  th e  fractu red  su r fa c e  o f  m eta l 
o x id e - f i l le d  e p o x y  c o m p o s ite . T h e  r esu lts  in d ica ted  that d isp e r s io n  o f  n a n o -s iz e  
p a r tic le s  w a s  b etter  th an  m ic r o -s iz e  p a r tic le s . T h e  th erm al c o n d u c tiv ity  o f  c o m p o s ite  
f i l le d  w ith  n a n o -s iz e  p a r tic le s  w a s  grea ter  d u e  to  th e  im p r o v e m e n t in  th e  p artic le  
d isp e r s io n  le a d in g  to  m o re  e f f e c t iv e  c o n d u c tiv e  n e tw o rk  fo rm a tio n .

Keywords: M eta l o x id e - f i l le d  e p o x y  c o m p o s ite ;  Z in c  O x id e ;  C o p p e r  O x id e ;  
T h erm a l c o n d u c tiv ity ;  N a n o p a r t ic le ;  M ic r o p a r tic le

4.2 Introduction

T y p ic a l th erm a l c o n d u c tiv ity  v a lu e s  in  พ / m K  for  s o m e  c o m m o n  m a ter ia ls  
are 0 .2 -0 .3  for p o ly m e r s , 2 3 4  fo r  a lu m in u m , 4 0 0  for  c o p p e r , and  6 0 0  fo r  grap h ite . 
P o ly m e r ic  m a te r ia ls  are ty p ic a lly  lim ite d  in  a p p lic a t io n s  d u e  to  th e ir  in h eren t lo w  
th erm a l c o n d u c tiv ity , lo w  th erm a l s ta b ility , h ig h  e le c tr ic a l r e s is t iv ity , an d  d u c tile  
m e c h a n ic a l p ro p er tie s . H o w e v e r , p o ly m e r s  m a y  b e  a ttractive  b e c a u se  th e y  h a v e  h ig h  
stren g th  to  w e ig h t  ra tio , are in e x p e n s iv e , an d  are e a sy  to  p r o c e s s . O n e  ap p ro a ch  to  
im p r o v in g  th e  th erm a l c o n d u c tiv ity  o f  a p o ly m e r  is  th ro u g h  th e  a d d it io n  o f  a 
c o n d u c tiv e  f ille r  m a ter ia l, su ch  a s  ca rb o n , m eta l, and  c e r a m ic s . In a p o ly m e r  
c o n ta in in g  c o n d u c t iv e  f ille r s , h ea t is  tran sferred  b y  tw o  m e c h a n is m s , la ttice  
v ib r a t io n s  an d  e le c tr o n  m o v e m e n t. T h e  a d d it io n  o f  an  a d d it iv e  in to  p o ly m e r s  m a y  
d r a s t ic a lly  e n h a n c e  th e ir  p ro p er tie s  and c o n s e q u e n tly  th e ir  m u lt ifu n c t io n a lity . T h is  
c o m p o s ite  h a s p a v ed  th e  w a y  fo r  a d v a n c e d  t e c h n o lo g ie s ,  su c h  a s  e le c tr o c h e m ic a l  
d is p la y s , s e n so r s , c a ta ly s is , r e d o x  c a p a c ito r s  (M a lia n u sk a s , 2 0 0 1 ) .
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N e sh p o r  et al., 1 9 6 8  in v e s t ig a te d  th e  e f fe c t  o f  th e  a to m ic  n u m b er  o f  m eta l 
on  th e th erm a l c o n d u c tiv ity  o f  th o se  c o m p o u n d s . T h e ir  r e su lts  s h o w  that th e  la ttice  
th erm al c o n d u c tiv ity  fo r  m a n y  c o m p o u n d s  in c r e a se s  w ith  in c r e a se  in th eir  a to m ic  
n u m b er.

S im  et al., 2 0 0 5  fo u n d  that th e  th erm al c o n d u c tiv ity  o f  Z n O -f il le d  c o m p o s ite  
w a s  greater  than that o f  A f C b - f i l le d  c o m p o s ite . T h e y  s u g g e s te d  that th e  f in er  Z n O  
p a rtic le s  w e r e  m o re  e a s i ly  d if fu s e d  in th e  p o ly m e r  n e tw o r k  co m p a r e d  to  A I2 O 3 

f ille r s .
In 2 0 0 9 , L ee  and  D a i s tu d ie d  th e  im p r o v e m e n t in th erm al c o n d u c tiv ity  o f  

e th y l v in y l a lc o h o l (E V A )  c o m p o s ite s  f ille d  w ith  u n trea ted  and treated  Z n O . T h e y  
fou n d  that th e  th erm al c o n d u c tiv ity  o f  E V A  c o m p o s ite s  f ille d  w ith  u n trea ted  Z n O  
w a s  greater  th an  that o f  u n fil le d  c o m p o s ite  b e c a u se  th e  f il le r  p a r t ic le s  d isp e r se d  w e ll  
in  the m atr ix . H o w e v e r , th e  th erm al c o n d u c tiv ity  o f  Z n O -f il le d  E V A  c o m p o s ite  
c o u ld  b e  e n h a n c e d  furth er b y  su r fa c e  trea tm en t d u e  to  th e  im p r o v e m e n t in  the  
in ter fa c ia l a d h e s io n  b e tw e e n  E V A  m a tr ix  and Z n O  p a rtic le .

T h e  o b je c t iv e  o f  th is  s tu d y  is  to  in v e s t ig a te  p a r tic le  d isp e r s io n  an d  the  
th erm al c o n d u c tiv ity  o f  m eta l o x id e - f i l le d  e p o x y  c o m p o s ite  u s in g  tw o  d iffe r e n t m eta l 
o x id e s , Z n O  and  C u O , w ith .d if fe r e n t  p a r tic le  s iz e s .

4.3 Experimental

4 .3 .1  M a ter ia ls
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 ) , and 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 . Z n O  (n a n o -s iz e  and  <1 m ic r o n )  an d  C u O  (n a n o -s iz e  and  < 5  m ic r o n )  
w e r e  su p p lie d  b y  F luka.

4 .3 .2  P rep ara tion  o f  C o m p o s ite
T h e  m eta l o x id e  w a s  first d ried  in  an o v e n  at 100 °c for  2 h p rior  to  

p r o c e s s in g . T h e  d e s ired  am o u n t o f  f ille r  w a s  g r a d u a lly  ad d ed  to  6 0  m L  o f  e p o x y  
res in  c o n ta in e d  in  a 250 m L  p la st ic  b eak er . T h e  lo a d in g  o f  m eta l o x id e  p o w d e r  w a s  
v a r ied  fro m  0.5%, 1 .0% to  2.0 v o l% . T h e  m ix tu r e  w a s  th e n  stirred  b y  a m e c h a n ic a l
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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  80 rpm  for  15 m in . 
N e x t , 3 6  m L  o f  c u r in g  ag 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  until 
h o m o g e n e o u s . T h e  m ix tu re  w a s  th en  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 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 ced  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  for c u r in g  at 80 °c for  1 h.

4 .3 .3  T h erm al C o n d u c tiv ity  M e a su rem en t
T h erm al c o n d u c tiv ity  o f  the c o m p o s ite s  w a s  m ea su red  u s in g  a H ot  

D isk  therm al 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  three  
in d iv id u a l m e a su r e m e n ts  w e r e  p erfo rm ed  for  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 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 th e  sa m p le  and  th e  a sso 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 .

4 .3 .4  T h e  P artic le  D is p e r s io n  C h a ra cter iza tio n
T o  d e term in e  th e  p artic le  d isp e r s io n  o f  m e ta l o x id e  in  e p o x y  m atr ix , 

th e  m eta l o x id e - f i l le d  e p o x y  s p e c im e n  w a s  p la c e d  in  liq u id  n itr o g e n  for  o n e  m in u te . 
It w a s  th en  b rok en  in to  sm a ll p ie c e s  and  o n e  o f  th e  p ie c e s  w a s  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 s c o p y  (S E M ) m o d e l J S M -5 2 0 0  
(Jap an ).

4.4 Results and Discussion

4 .4 .1  C o rre la tio n  b e tw e e n  T h erm al C o n d u c t iv ity  an d  F ille r  C o n te n t
F ig u re  4 .1  and  4 .2  s h o w  that th erm al c o n d u c t iv ity  o f  m e ta l o x id e -  

f i l le d  e p o x y  c o m p o s ite  in c r e a se d  w ith  in c r e a se  in f ille r  c o n te n t  for b o th  m ic r o -s iz e  
and  n a n o -s iz e  p a r tic le s . T h e  th erm al c o n d u c tiv ity  o f  th e  e p o x y  re s in  w a s  fo u n d  at 
0 .2 1 6  พ /ท 'lK ., w h ile  th e  a d d it io n  o f  e ith er  Z n O  or C u O  in  th e  ran ge u p  to  2  v o l%  led  
to  an in crea se  o f  ab o u t 2 0 %  to  ab o u t 0 .2 5  W /m K . T h is  is  d u e  to  th e  h ig h
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c o n d u c tiv ity  o f  th e  m eta l o x id e . T h e  in c r e a se  in th e  c o n d u c tiv ity  w ith  in c r e a se  in  
f ille r  c o n te n t w a s  d u e  to th e  in crea se  in  th e  e a se  in  the fo r m in g  o f  c o n d u c tiv e  
n etw o rk  at h ig h  f ille r  c o n ten t. L ee  et al. ( 2 0 0 6 )  s tu d ie d  the th erm a l c o n d u c tiv ity  o f  
c o m p o s ite s  c o n ta in in g  a  h ig h  fille r  c o n te n t o f  A IN . T h e y  fo u n d  that th e  p a c k in g  
fra ctio n  o f  f ille r  in c r e a se d  resu ltin g  in  an in c r e a se  in  th erm al c o n d u c tiv ity  o f  th e  
c o m p o s ite s . F u rth erm ore, th e  resu lts  in F ig u re  4.1 and  4 .2  a ls o  s h o w  that 
im p r o v e m e n t in th e  th erm a l c o n d u c tiv ity  o f  n a n o -s iz e  p a r t ic le -f ille d  c o m p o s ite  w a s  
grea ter  than  that o f  m ic r o -s iz e  p artic le . T h is  m a y  b e  d u e  to th e  g rea ter  su r fa ce  area o f  
th e  n a n o -s iz e  p a r tic le s  le a d in g  greater c o n ta c t  area w ith  th e p o ly m e r  m atr ix , h e n c e  
grea ter  h eat tran sfer  e f f ic ie n c y . Y u  and  C h o i, 2 0 0 3  a lso  su g g e s te d  m ic r o -s iz e  
p a rtic le s  c o u ld  se tt le  rap id ly  d u rin g  p r o c e s s in g  le a d in g  to  p o o r  f ille r  d isp e r s io n . 
G o w d a  et a . / . ( 2 0 1 0 )  s tu d ied  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  o f  a lu m in a  in 
D I w a ter  and- co p p e r  o x id e  in  D I w ater . T h e y  fo u n d  that th e  th erm a l c o n d u c tiv ity  
in cr e a se d  w ith  th e  in c r e a se  in  the v o lu m e tr ic  fra c tio n  o f  n a n o flu id s . H o w e v e r , b y  
u s in g  s o n ic a t io n  te c h n iq u e , th ey  fo u n d  that so n ic a tio n  g a v e  th e  h ig h e s t  e f f e c t iv e  
th erm al c o n d u c tiv ity  e n h a n c e m e n t b e c a u se  th e  e f f e c t iv e  th erm al c o n d u c tiv ity  w a s  
in f lu e n c e d  b y  th e  p a r tic le  d isp ers io n  and  th e a v e r a g e  s iz e  o f  th e  p a r tic le s  in  th e  
n a n o flu id s . In a d d it io n , in  c o m p a r in g  b e tw e e n  th erm a l c o n d u c tiv ity  o f  n a n o -s iz e  
Z n O -f il le d  an d  C u O -fil le d  e p o x y  c o m p o s ite s , th e  resu lts  s h o w  that th e  th erm al 
c o n d u c tiv ity  o f  Z n O -f il le d  c o m p o s ite  w a s  grea ter  th an  that o f  C u O -fil le d  c o m p o s ite ,  
a s  sh o w n  in  F ig u re  4 .3 . T h is  resu lt r e v e a ls  that th e  th erm a l c o n d u c tiv ity  o f  c o m p o s ite  
in cr e a se d  w ith  in c r e a se  in  th e  a to m ic  n u m b er  o f  m eta l a to m  o f  th e  f iller . G h o n e im  et 
al. ( 1 9 8 3 )  in v e s t ig a te d  th e  d e p e n d e n c e  o f  th e  th erm al c o n d u c tiv ity  o f  g la s s  o n  th e  
ty p e  and c o n c e n tr a t io n  o f  tran sition  m eta l o x id e s . T h e y  fo u n d  that th e  th erm a l 
c o n d u c tiv ity  in cr e a se d  w ith  th e a to m ic  w e ig h t  o f  th e  tra n sitio n  e le m e n t.

4 .4 .2  P a rtic le  D isp e r s io n
T h e  fractured  su r fa ce  o f  m eta l o x id e - f i l le d  e p o x y  c o m p o s ite  w a s  

in v e s t ig a te d . F ig u re  4 .4  and  4 .5  s h o w  th e  S E M  m icro g ra p h s o f  Z n O -f il le d  and  C u O -  
f i l le d  e p o x y  c o m p o s ite , r e sp e c tiv e ly . T h e  resu lts  fro m  S E M  m icro g ra p h s  s h o w  that  
th e  a g g lo m e r a tio n  o f  m ic r o -s iz e  p a rtic le  w a s  m o re  th a n  th e  n a n o -s iz e  p a r tic le  and  
b oth  Z n O  and  C u O  f ille r s  sh o w e d  th e  sa m e  trend . F u rth erm ore , th e se  F ig u r e s  a lso
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s h o w  that th e  d isp e r s io n  n a n o -s iz e  p a rtic le s  w a s  m o re  h o m o g e n e o u s  than  th e m ic r o ­
s iz e  p a r tic le s . T h e r e fo r e , th e  fo r m in g  o f  c o n d u c tiv e  n e tw o r k  and p a rtic le  d isp e r s io n  
in  n a n o -s iz e  p a r tic le s  w a s  m o r e  e f fe c t iv e  th an  in  th e  c a se  o f  m ic r o -s iz e  p artic le  
r e su lt in g  in  an  in c r e a se  in  th erm al c o n d u c tiv ity  o f  c o m p o s ite s . Y u  et al. ( 2 0 0 2 )  fou n d  
that th e  th erm al c o n d u c tiv ity  o f  p o ly s ty r e n e -a lu m in u m  n itr id e  c o m p o s ite  in crea sed  
u n d er  a s p e c ia l d isp e r s io n  sta te  o f  f ille r  in  th e  c o m p o s ite s  b y  h o m o g e n e o u s ly  
su rrou n d in g  p o ly s ty r e n e  m atr ix  p a r tic le s  w ith  a lu m in u m  n itr id e  p a r tic le s . M o r e o v e r , 
fro m  F ig u re  4 .6 ,  th e  S E M  m icro g ra p h s  s h o w  that the d isp e r s io n  o f  Z n O  p a r tic le s  in  
e p o x y  m atrix  w a s  b etter  than  th e  C u O  p a r tic le s  r e su lt in g  in  greater im p r o v e m e n t in  
th e  th erm al c o n d u c tiv ity  o f  Z n O -f il le d  e p o x y .

4.5 Conclusions

In th is  s tu d y , w e  fo u n d  that th e  th erm al c o n d u c tiv ity  o f  e p o x y  m ater ia l 
c o u ld  b e  e n h a n c e d  b y  u s in g  m eta l o x id e  as a f ille r  w ith  Z n O  b e in g  m o r e  e f fe c t iv e  
th an  C u O . In a d d it io n , th e  n a n o -s iz e  p a r tic le s  w e r e  fo u n d  to  b e  m o re  e f f e c t iv e  in  
e n h a n c in g  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  fo r  b o th  Z n O  and  C u O . T h is  
w a s  d u e  to  th e  grea ter  su r fa ce  area  and  th e  m o r e  h o m o g e n e o u s  d isp e r s io n  sta te  o f  th e  
n a n o -s iz e  p a r t ic le s  w h e n  co m p a red  to  th e  m ic r o -s iz e  p a r tic le s .
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Figure 4.1 T h erm a l c o n d u c tiv ity  o f  Z n O -f il le d  e p o x y  c o m p o s ite .
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Figure 4.2 T h erm al c o n d u c tiv ity  o f  C u O -fil le d  e p o x y  c o m p o s ite .
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Figure 4.3 C o m p a r iso n  o f  th e  th erm al c o n d u c tiv ity  o f  Z n O -f il le d  an d  C u O -fil le d  
e p o x y  c o m p o s ite .



Figure 4.4 S E M  m ic r o g r a p h s  o f  th e  fracture su r fa c e  o f  (a )  Z n O  (<  1 m ic r o n )  and  (b )  
Z n O  (n a n o p a r t ic le )  f i l le d  e p o x y  c o m p o s ite .
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Figure 4.5 S E M  m icro g ra p h s o f  th e  fracture su r fa ce  o f  (a ) C u O  (<  5 m ic r o n )  and  (b )  
C u O  (n a n o p a rtic le )  f ille d  e p o x y  c o m p o s ite .
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Figure 4.6 C o m p a r iso n  o f  p a rtic le  d isp e r s io n  b e tw e e n  (a ) Z n O -f il le d  e p o x y  
c o m p o s ite  and (b ) C u O -fil le d  e p o x y  c o m p o s ite .
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