
Chapter 2 
Literature review

2.1 Alumina
A lu m in a  (A l2 0 3) h a s  m o le c u la r  w e ig h t  o f  1 0 1 .9 4 , s p e c i f ic  g r a v i t y  o f  3 .4 -4 .0 .  A  

m a te r ia l a p p e a r s  in s e v e ra l c r y s ta l l in e  fo rm s  s u c h  a s  a lp h a ,  b e ta , . . .  1 o f  w h ic h  a lp h a -  

a lu m in a  is  th e  d e n s e s t  a n d  th e  m o s t  s ta b le 131. M in e ra ls  c o n ta in in g  a lu m in a  re p re s e n t  

1 5 %  o f  th e  e a r th 's  c ru s t .  I t is  th e re fo re  a n  a b u n d a n t  m a te r ia l a n d  v i r t u a l ly  in e x h a u s t ib le ,  

u n lik e  ra w  m a te r ia ls  f o r  m a n y  a l lo y s  w h ic h  a re  d e v e lo p e d  fo r  s p e c ia l  a p p l ic a t io n s .

T h e  s t r u c tu r e  o f  a lu m in a  o x id e  c o n s is ts  o f  c lo s e  p a c k e d  p la n e s  o f  th e  la rg e  

o x y g e n  io n s  s ta c k e d  in th e  s e q u e n c e  A -B -A -B , th u s  fo rm in g  a h e x a g o n a l c lo s e  p a c k e d  

a r ra y  o f  a n io n s 121. T h e  c a t io n s  a re  p la c e d  on  th e  o c ta h e d ra l s ite s  o f  th is  b a s ic  a r ra y  a n d  

fo rm  a n o th e r  t y p e  o f  c lo s e  p a c k e d  p la n e ,  w h ic h  a re  in s e r te d  b e tw e e n  th e  o x y g e n  la y e rs .  

T o  m a in ta in  c h a r g e  n e u t ra l i ty ,  h o w e v e r ,  o n ly  tw o  th ir d s  o f  th e  o c ta h e c r a l s ite s  a v a i la b le  

a re  f i l le d  w ith  c a t io n s .
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F ig .2 .1  P a c k in g  o f  A l a n d  0  io n s  in th e  b a s a l p la n e . T h e  u p p e r  la y e r  o f  0  io n s  is  n o t

s h o w n .
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F ig  2 .1  i l lu s t ra te s  th e  p a c k in g  o f  A l a n d  0  in  th e  b a s a l p la n e . S in c e  th e  v a c a n t  

o c ta h e d ra l s ite s  a ls o  fo rm  a r e g u la r  h a x a g o n a l a r ra y ,  th re e  d i f f e r e n t  t y p e s  o f  c a t io n  

la y e rs  c a n  b e  d e f in e d ,  d e p e n d in g  o n  th e  p o s it io n  o f  th e  v a c a n t  c a t io n  s ite  w ith in  th e  

la y e r , w h ic h  m a y  b e  n a m e d  a , b , a n d  c , a n d  w h ic h  a re  s ta c k e d  in  th e  s e q u e n c e  a - b - c - a -  

b -c .  T h is  g iv e s  th e  c o m p le te  s ta c k in g  s e q u e n c e  o f  a n io n  a n d  c a t io n  la y e rs  o f  th e  fo rm  A -  

a -B -b -A - c -B - a -A - b -B - c - A .  It is  o n ly  r e p r o d u c e d  a f te r  th e  s ix th  o x y g e n  la y e r , o r  a f te r  th e  

s e q u e n c e  a - b - c  is  r e p e a te d  tw ic e .  T h e  u n it  c e l l  d e f in e d  in th is  w a y  is  c a l le d  th e  

c r y s ta l lo g r a p h ic ,  o f  s t r u c tu r a l u n it  c e ll.

M a n y  in v e s t ig a to r s  h a v e  d e te rm in e d  th e  s e v e ra l p r o p e r t ie s  o f  a lu m in a ,  b o th  o n  

s in g le  c r y s ta l a n d  p o ly c r y s ta l l in e  c e ra m ic s .  T h e  s e v e ra l p r o p e r t ie s  o f  a lu m in a  is  s h o w n  

in  T a b le  2 .1 (5).

T a b le  2 .1  T y p ic a l p r o p e r t ie s  o f  a lu m in a .

Properties Value
Single crystal Polycrystalline

M o le c u la r  w e ig h t (A I2O j) 101 .94

C ry s ta l s tru c tu re Rhombohedr on 3 —
__________________________________22___________

M e lt in g  p o in t (°C ) 2 0 5 1 .0 + 9 .7

B o ilin g  p o in t (°C ) 3 5 30

E le c tr ic a l re s is t iv ity  (o h m -c m ) 1 .0 x 1 0 *

D ie le c tr ic  c o n s ta n t 12.3

D ie le c tr ic  s tre n g th  (v o lt /m m ) 27 ,5 0 0

The rm a l e x p a n s io n , L in e a r (x  1 0 *  /°C ) 5.51 6 .03

T he rm a l c o n d u c t iv ity  (W /m  K) 42 -

- d e n s e - 36.1

- 2 3 .4  %  p o ro s ity - 23.1

- 4 8 . /  %  p o ro s ity - 16.7

B e n d in g  s tre n g th  : M o ld u lu s  o f  R u p tu re  (p s i) 1 02 ,0 00 3 5 ,0 0 0 -6 7 ,0 0 0

C o m p re s s iv e  s tre n g th  (p s i) 4 4 3 .0 0 0 560 ,0 0 0

T en s ile  s tre n g lh  (p s i) 7 1 ,0 0 0 37 ,6 0 0

H a rd n e ss  : K n o o p  (k g /m rrO 3 ,0 0 0

P o is so n 's  R a to  (JU.) - 0 .257
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A lu m in a  is  o n e  o f  th e  m o s t  w id e ly  u s e d  in o r g a n ic  c h e m ic a l f o r  c e r a m ic s  a n d  is  

p r o d u c e d  w o r ld w id e  fo r  th e  a lu m in u m  a n d  c e r a m ic  in d u s t r ie s  u s in g  B a y e r  p r o c e s s .  T h e  

B a y e r  p r o c e s s ,  in  p a r t ic u la r  th e  w e t  a lk a lin e  p r o c e s s ,  is  th e  p r in c ip a l p r o d u c t io n  m e th o d  

in  u s e  t o d a y  w h ic h  is  th e  m o s t  s u i ta b le  fo r  lo w  s i l ic a  b a u x ite .  T h e  d r ie d ,  g r o u n d  b a u x ite  

is  d ig e s te d  in a n  a u to c la v e  w ith  a  s o lu t io n  o f  s o d iu m  h y d ro x id e  a n d  s o d iu m  c a rb o n a te ,  

c o n ta in s  s ta r c h  a s  a f lo c c u la n t  a n d  l im e  a d d e d  to  c a u s t ic iz e  th e  s o d a  a n d  to  a c t  a s  a 

f i l t e r  a id .  T h e  s o lu t io n  is  r e q u ir e d  a s ta b le  s u p e r s a tu r a te d  a g a in s t  a u to  p r e c ip i t a t io n  a t  

te m p e ra tu r e  1 0 5 ° c .  A f te r  d ig e s t io n ,  th e  s u s p e n s io n  is  c o o le d  a n d  th e  w a s te  s o l id s  (re d  

m u d )  a re  s e p a ra te d  b y  s e d im e n ta t io n  a n d  f i l t r a t io n .  T h e  c la r i f ie d  s o lu t io n  is  c o o le d  to  

a b o u t  5 5  ° c  a n d  a p o r t io n  o f  d is s o lv e d  a lu m in a  is  p r e c ip i t a te d  b y  in t r o d u c in g  f in e  s e e d  

a lu m in a  t r ih y d ra te .  T h e  p r e c ip i t a t e d  t r ih y d ra te  is  s e p a ra te d  f ro m  th e  s o lu t io n ,  w a s h e d  

a n d  c a lc in e d  to  f ro m  th e  a lu m in a  p o w d e r .  T h e  re a c t io n s  a re

2 A I (O H ) 3  +  N a O H  Au,oclave »  N a / d 2 (ว 4  +  H 20  (2 .1 )

2 A I (O H ) 3  — Q* * 1*  ►  A l 2 0 3  +  3 H 20  (2 .2 )

T h e  c o m b in a t io n  o f  h ig h  th e rm a l c o n d u c t iv i t y ,  a n d  h ig h  c o m p re s s iv e  s t r e n g th  

le a d s  to  g o o d  th e rm a l s h o c k  re s is ta n c e ,  s o  a lu m in a  is  s u i te d  fo r  f u r n a c e  u s e  a s  

c r u c ib le s ,  tu b e s  a n d  t h e rm o c o u p le  s h e a th s .  H ig h  p u r i t y  a lu m in a  h a s  h ig h  re f r a c to r in e s s  

a n d  c a n  b e  u s e d  u p  to  1 7 0 0 ° c .  A lu m in a  a ls o  s h o w s  g o o d  e le c t r ic a l in s u la t io n  p r o p e r ty  

a t  h ig h  te m p e ra tu r e s ,  g o o d  w e a r  r e s is ta n c e  a n d  h a rd n e s s ,  m a k in g  it  s u i ta b le  fo r  

c o m p o n e n ts  s u c h  a s  b a l l v a lv e s ,  p is to n  p u m p s  a n d  d e e p  d r a w in g  to o ls .  T h e re  a re  

s e v e ra l a p p l ic a t io n s  o f  a lu m in a  s h o w n  in A p p e n d ix  1<4).
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T h e  fu n d a m e n ta l c h a r a c te r is t ic s  o f  s in te r in g  p h e n o m e n a  o f  m a te r ia ls  w e re  

c la s s i f ie d  in to  3  s ta g e s  th a t  a re  in it ia l,  in te rm e d ia te  a n d  f in a l s ta g e  re s p e c t iv e ly .

T h e  c la s s i f ic a t io n  o f  s in te r in g  in to  th re e  s ta g e s  is  g e n e ra l ly  a c c e p te d  to d a y .  

S in te r in g  p h e n o m e n a  in  m a te r ia l c o n s is ts  o f  th e  d o m in a n t  m e c h a n is m  b y  w h ic h  m a t te r  

t r a n s p o r t  o c c u r s <6). T h e  s in te r in g  p h e n o m e n a  o f  A L 2 0 3  is  s o l id  s ta te  s in te r in g .  T h e  d r iv in g  

f o r c e  o f  s in te r in g  in th e  s o l id  s ta te  h a s  e a r ly  b e e n  re c o g n iz e d  to  b e  th e  s u r fa c e  te n s io n .  

T h e  k in e t ic s  o f  th e  p r o c e s s ,  h o w e v e r ;  m a y  b e  c o n t r o l le d  d u r in g  th e  in it ia l s ta g e  o f  

s in te r in g  b y  d i f fu s io n  p r o c e s s e s ,  w h ic h  d e f in e s  d i f fe r e n t  p a th s  fo r  m a t te r  t r a n s p o r t .

2.2 Sintering of alumina

F ig .2 .2  S c h e m a t ic  o f  th e  g e o m e t r y  o f  s in te r in g  o f  tw o  s p h e re s ,  s h o w in g  s ix  a l te rn a te  

p a th s  fo r  m a t te r  t r a n s p o r t '71.

F ig  2 .2  s h o w s  th e  t y p ic a l s in te r in g  g e o m e t r y  b e tw e e n  tw o  p o w d e r  p a r t ic le s  

a c c o r d in g  to  K in g e r y  a n d  B e r g 17’ . A c c o r d in g  to  A s h b y '81, th e re  a re  s ix  p a th s  fo r  m a t te r  

t r a n s p o r t  a s  fo l lo w in g

( 1 ) s u r fa c e  d i f fu s io n ,

( 2 ) la t t ic e  d i f fu s io n  f ro m  th e  s u r fa c e  re g io n ,

(3 ) v a p o r  t r a n s p o r t ,

(4 ) b o u n d a r y  d i f fu s io n ,

(5 ) la t t ic e  d i f fu s io n  f ro m  b o u n d a r y  re g io n ,  a n d

(6 ) la t t ic e  d i f f u s io n  f ro m  d is lo c a t io n s  o r  o th e r  in te rn a l s o u r c e s  to  th e  n e c k

s u r fa c e .
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T h e  g r o w th  o f  th e  n e c k  o n  th e  in it ia l s in te r in g  o f  a lu m in a  is  fo rm e d  b e tw e e n  a  

s p h e re  a n d  a p la te  a s  a  fu n c t io n  o f  t im e  a n d  s p h e re  ra d iu s .  T h e  s h r in k a g e  o f  p o w d e r  

c o m p a c ts  is  a fu n c t io n  o f  t im e  a t v a r io u s  te m p e ra tu r e s '9'. T h e  in it ia l s ta g e  is  

c h a ra c te r iz e d  b y  th e  n e c k  g r o w th  b e tw e e n  th e  o r ig in a l p o w d e r  p a r t ic le s  a n d  a s l ig h t  

in c re a s e  in d e n s i t y  o f  a b o u t  1 0 % . T h e  k in e t ic s  a n d  s iz e  d e p e n d e n c e  o f  th e  s in te r in g  o f  

a lu m in a  fo l lo w  th e  s in te r in g  m o d e l '7’ . T h is  m o d e l is  b a s e d  on  th e  a s s u m p t io n s  th a t  th e  

d r iv in g  fo r c e  f o r  s o l id  s ta te  s in te r in g  is  th e  s u r fa c e  te n s io n ,  th e  d o m in a n t  t r a n s p o r t  

m e c h a n is m  is  la t t ic e  d i f fu s io n ,  a n d  th e  g r a in  b o u n d a r ie s  o p e r a te  a s  v a c a n c y  s in k s .T h e  

la te r  s ta g e s  o f  s in te r in g  a re  d e c is iv e  fo r  th e  f in a l d e n s i t y  o f  th e  p r o d u c t .  T h e  b e g in n in g  o f  

th e  im m e d ia te  s ta g e  c o in c id e s  w ith  th e  b e g in n in g  o f  g r a in  g r o w th .  D u r in g  th is  s ta g e ,  

p a r t ic le s  g r o w  to  a g r a in - l ik e  s tr u c tu re ,  th e  p o re  p h a s e  f o rm in g  a n  a r ra y  fo r  

in te r c o n n e c te d  c y l in d r ic a l c h a n n e ls  ly in g  o n  th r e e -g r a in  e d g e s .  T h e  f in a l s ta g e  s ta r ts  a t  

a b o u t  9 5 %  p o ro s ity ,  w h e n  c y l in d r ic a l p o re s  a re  t r a n s fo rm e d  in to  s p h e r ic a l v o id s  b y  a  

p in c h - o f f  p r o c e s s .  T h e  p o re  p h a s e  is  n o w  p r e s e n t  a s  d is c o n t in u o u s  p o re s  ly in g  a t  fo u r -  

g r a in  c o r n e r '10’ .

D u r in g  s in te r in g  o f  in te rm e d ia te  a n d  f in a l- s ta g e  s in te r in g  k in e t ic s  in  

a lu m in a ,  th e  p o r o s i t y  d e c r e a s e d  l in e a r ly  w ith  th e  lo g a r i th m  o f  t im e . T h e  n e c e s s a r y  

c o n d i t io n  to  a c h ie v e  th e o r e t ic a l d e n s it y  in  s o l id  s ta g e  s in te r in g  c o n s is ts  o f  e l im in a t in g  o r  

s u p p r e s s in g  th e  o c c u r r e n c e  o f  d is c o n t in u o u s  g r a in  g r o w th '6’ . G ra in  b o u n d a r ie s  w il l  

re m a in  a t ta c h e d  to  th e  p o re s  a n d  th e  n o rm a l g r a in  g r o w th  w il l b e  s u f f ic ie n t ly  s lo w  th a t  

th e  p o re s  c a n  m o v e  o f f  th e  g r a in  b o u n d a r ie s  a n d  d o  n o t b e c o m e  t r a p p e d  in s id e  th e  

g ra in s .  S in c e  th e  p o re  p h a s e  re m a in s  in te r s e c te d  b y  th e  b o u n d a r ie s ,  th e  d i f fu s io n  p a th  

is  s h o r t  a n d  f a c i l i t a te s  th e  c o m p le te  re m o v a l o f  p o ro s ity .
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A lu m in a  c a n  b e  s in te r e d  to  th e o re t ic a l d e n s i t y '1" ,  it h a s  b e e n  k n o w n  th a t  

a d d i t iv e s  m a y  h a v e  a b e n e f ic ia l in f lu e n c e  o n  th e  s in te r in g  k in e t ic  o f  a lu m in a .

2 .3 .1  E f fe c t  o f  M g O

M a g n e s iu m  o x id e  is  th e  m o s t  w id e ly  u s e d  a d d it iv e  in  th e  s in te r in g  o f  

a lu m in a .  A d d in g  s m a ll a m o u n t  o f  M g O  w ill p r e v e n t  d is c o n t in u o u s  g r a in  g r o w th  a n d  a l lo w  

th e  m a te r ia l to  b e  s in te r e d  to  th e o re t ic a l o r  n e a r ly  th e o re t ic a l d e n s i t y '1" .  D is c o n t in u o u s  

g r a in  g ro w th  m e a n s  th a t  g r a in  b o u n d a r ie s  b r e a k  a w a y  fro m  th e  p o re s ,  th e r e b y  in c lu d in g  

th e  p o re s  in s id e  th e  n e w  la r g e  g r a in s '1" 121.

S e v e ra l e x p e r im e n ta l s tu d ie s  d e m o n s t r a te  th a t  a lu m in a  m a y  b e  s in te r e d  

to  th e o r e t ic a l d e n s i t y  u s in g  M g O  a d d i t io n s  e v e n  b e lo w  th e  s o lu b i l i t y  l im it.

2.3 Influence of additives

F ig .2 .3  E f fe c t  o f  M g O  c o n te n t  o n  th e  d e n s i t y  o f  s in te r e d  a lu m in a .

F ig  2 .3  s h o w  th e  d e n s i t y  re s u lts  f ro m  th e  w o rk  o f  P e e le n (13>, w h o  s in te r e d  

s p e c im e n s  c o n ta in in g  b e tw e e n  0 a n d  3000 p p m  M g O . A  m a x im u m  d e n s i t y  w a s  fo u n d  a t  

3 0 0  p p m  M g O , w h ic h  is  ju s t  th e  s o lu b i l i t y  l im it  r e p o r t e d ' 141 a t th e  s in te r in g  te m p e ra tu r e  o f  

1630 °c. T h is  r e s u lt  is  e v id e n c e  th a t  th e  d e n s i f ic a t io n  ra te  in  th e  a b s e n c e  o f  

d is c o n t in u o u s  g r a in  g r o w th  is  c o n t r o l le d  b y  th e  s o lu te  c o n c e n t ra t io n .
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T h e  b e n e f ic ia l  e f fe c t  o f  th e  M g O  a d d i t iv e  is  d u e  to  th e  in c re a s e  o f  th e  

d e n s i f ic a t io n  ra te  ( p o re  re m o v a l ra te )  w ith  r e s p e c t  to  th e  g r a in  g r o w th  ra te . เท th e  o th e r  

w o rd s ,  th e  ra t io  o f  th e  p o re  m o b i l i t y  to  th e  g r a in  b o u n d a r y  m o b il i ty ,  M p/M b, m u s t e x c e e d  

a  c e r ta in  v a lu e .  A n  in c re a s e  in th e  p o re  m o b i l i t y  w il l fa v o r  th e  in c re a s e  o f  th e  m o b i l i t y
.. (15,16)ra t io

เท th e  c a s e  o f  p o re  m o v e m e n t  d u e  to  s u r fa c e  d i f fu s io n ,  th e  p o re  m o b i l i t y  

is  g iv e n  b y  th e  e x p r e s s io n '17’ .

Mp = KDs/r4 (2.3)

W h e re  อ 5 is  th e  s u r fa c e  d i f fu s io n  c o e f f ic ie n t ,  

r is  th e  p o re  ra d iu s ,  a n d  

K  is  a c o n s ta n t .

T h e  s in te r e d  p r o d u c t  o f  M g O -d o p e d  a lu m in a  s a m p le  w il l h a v e  a s m a l le r  

p o re  s iz e  c o m p a r e d  to  a s a m p le  m a d e  o f  p u re  a lu m in a  b e c a u s e  th e  p r e s e n c e  o f  th e  

d o p a n t  in c re a s e s  th e  ra te  o f  p o re  re m o v a l.  T h e re fo re ,  th e  d o p e d  m a te r ia l w il l a ls o  b e  

c h a r a c te r iz e d  b y  a  g r e a te r  p o re  m o b i l i t y  w h ic h  is  s im p ly  d u e  to  th e  s iz e  e f fe c t  g iv e n  b y  

e q u a t io n  (2 .3 ) ,  a n d  h e n c e  w il l s h o w  a d e c r e a s e  o r  re ta rd  t e n d e n c y  fo r  d is c o n t in u o u s  

g ra in  g r o w th '16’ .



11

G ra in  g r o w th  in h ib it io n  is  d e s ir a b le  fo r  p r e v e n t in g  a b n o rm a l g r a in  g r o w th  

d u r in g  s in te r in g ,  w h ic h  a l lo w s  p o re s  to  b e  s w a l lo w e d  to  l im it  e n d - p o in t  d e n s it ie s ,  a n d  fo r  

l im it in g  g r a in  s iz e  to  a c h ie v e  h ig h e r  s t r e n g th s .  S e c o n d - p h a s e  in c lu s io n s  c a n  in h ib i t  g r a in  

g r o w th .  T h e o ry  th a t  t r e a ts  th e  in h ib it io n  o f  g r a in  g r o w th  b y  in c lu s io n  h a s  g e n e ra l ly  b e e n  

o n  re f in e m e n ts  o f  Z e n e r 's  o r ig in a l c o n c e p t134’ , in w h ic h  th e  in c lu s io n  r e s id in g  a t  th e  g r a in  

b o u n d a r y  p r o d u c e s  a d r a g g in g  fo r c e  d u e  to  th e  lo w e r  f re e  e n e r g y  o f  th e  

ju n c t io n / in c lu s io n  s y s te m  w h e n  th e  in c lu s io n  re s id e s  a t  th e  ju n c t io n .  A s h b y  a n d  

C e n ta m o re 134’ s h o w e d  th a t  th e  in c lu s io n  c o u ld  m o v e  w ith  th e  ju n c t io n  if th e  in c lu s io n  

e x h ib i t s  s u f f ic ie n t  s e l f - d i f fu s io n .  T h e o ry  s u g g e s ts  th a t  th e  v e lo c i t y  o f  th e  m o v in g  in c lu s io n  

w il l d e p e n d  o n  its  r a d iu s  r  a s  e i t h e r  r 3  o r  r 4, f o r  in te r fa c ia l d i f fu s io n  o r  v o lu m e  d if fu s io n ,  

r e s p e c t iv e ly .

L a n g e  a n d  H ir l in g e r 134’ re p o r te d  th a t  th e  m a te r ia ls  c o n ta in in g  <  2 .5  v o l%  Z r 0 2  

w e re  s t r o n g ly  b im o d a l a t  t e m p e ra tu r e  >  1600 °c, w h e re a s  g r a in  g r o w th  c o n t r o l (n o rm a l 

g r a in  g r o w th )  w a s  a c h ie v e d  fo r  Z r 0 2  c o n te n ts  >  5  v o l% . M ic r o s t r u c tu r e  o f  c o m p o s ite s  

e x h ib i t e d  c o n t r o l le d  g r a in  g r o w th  ( >  5  v o l%  Z r 0 2). F ra c tu re  s u r fa c e  o b s e rv a t io n s  

s h o w e d  th a t  th e  Z r 0 2  g r a in s  w e re  p r im a r i ly  lo c a te d  a t  4 - g r a in  ju n c t io n s .

A b n o rm a l g r a in  g r o w th  o c c u r r e d  w h e n  th e  in c lu s io n  d is t r ib u t io n  w a s  n o t  

s u f f ic ie n t ly  u n ifo rm  to  h in d e r  th e  g r o w th  o f  a ll A l 2 0 3  g r a in s .  T h is  c o n d i t io n  w a s  o b s e rv e d  

f o r  c o m p o s i t io n s  c o n ta in in g  <  2 .5  v o l%  Z r 0 2, w h e re  th e  in c lu s io n s  d id  n o t  f i l l a ll 4 - g r a in  

ju n c t io n s .  F o r th is  c o n d i t io n ,  th e  g r a in  s iz e  w a s  in v e rs e ly  p r o p o r t io n a l to  th e  v o lu m e  

f r a c t io n  o f  th e  in c lu s io n s .  G ra in  g r o w th  c o n t r o l (n o  a b n o rm a l g r a in  g r o w th )  w a s  a c h ie v e d  

w h e n  a m a jo r i t y  ( o r  a i l)  4 - g r a in  ju n c t io n s  c o n ta in e d  a  Z r 0 2  in c lu s io n ,  v iz . ,  f o r  

c o m p o s i t io n s  c o n ta in in g  >  5  v c l%  Z r 0 2. F o r th is  c o n d i t io n ,  th e  g r a in  s iz e  w a s  in v e rs e ly  

p r o p o r t io n a l to  th e  v o lu m e  f r a c t io n  o f  th e  in c lu s io n s .

2.3.2 Effect of ZrO:
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2 .3 .3  E f fe c t  o f  S i0 2. S iO . - C a p  e tc .

C o m m e r c ia l A l 2 0 3  c e r a m ic s  s h o w n  in A p p e n d ix  2  u s u a l ly  c o n ta in  S i0 2  o r  

S i0 2-C a O  o r  S iO j-C a O -M g O  p lu s  s m a ll a m o u n t  o f  a lk a lin e  o x id e s  to  lo w e r  th e  s in te r in g  

te m p e ra tu r e .  เท th e  S i0 2  d o p e d  m a te r ia ls ,  a n  a lu m in o s i l ic a te  g la s s y  p h a s e  is  fo rm e d  a t  

t r ip le  ju n c t io n s  a n d  a t  a lm o s t  a ll o f  th e  g r a in  b o u n d a r ie s .

A s  a  re s u lt  o f  th e  g la s s y  p h a s e  in th e  g r a in  b o u n d a ry ,  th e rm a l 

c o n d u c t iv i t y  d e c r e a s e s  w ith  th e  in c re a s e  o f  a d d i t iv e s  a s  s h o w n  in F ig .2 .5 . T h e  S i0 2  

d o p e d  m a te r ia l a ls o  e x h ib i t s  a n  e q u ia x e d  m ic ro s t r u c tu r e  b u t  w ith  a s m a l le r  a v e ra g e  

g ra in  s iz e (28). T h e  s in te r e d  d e n s i t y  g e n e ra l ly  in c re a s e s  a s  th e  S i0 2  c o n te n t  in th e  

c h e m ic a l c o m p o s i t io n  d e c r e a s e s <29>. S i0 2  s t r o n g ly  in h ib i ts  la rg e  g r a in  g r o w th  a n d  re ta rd s  

s in te r in g  s l ig h t l y 30’ . เท (X -A l2 0 3  c o n ta in in g  S i 0 2 -C a O , th e  p r e s e n c e  o f  a n  a m o rp h o u s  

p h a s e  a t  g r a in  b o u n d a r ie s  h a s  b e e n  s h o w n  to  c a u s e  fa c e t in g .  W h e n  a d d in g  S i0 2 -C a O ,  

c a lc iu m  a lu m in o s i l ic a te  l iq u id  p h a s e  fa v o r  d is c o n t in u o u s  g r a in  g r o w th  in a lu m in a  w ith  

s o m e  fa c e te d  in te r fa c e .

เท th is  e x p e r im e n t ,  o u r  o b je c t iv e  is  to  g e t  a lu m in a  c e r a m ic s  w ith  b e t te r  

th e rm a l c o n d u c t iv i t y  u s in g  s in te r in g  a id . F ro m  a b o v e  m e n t io n e d  fa c ts ,  w e  d e c id e d  n o t to  

u s e  S i0 2, C a O  a n d  o th e r  a lk a lin e  o x id e s  a s  s in te r in g  a d d it iv e s .
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2 .4  T he rm a l c o n d u c t iv ity  o f c e ram ic  m a te r ia ls

2 .4 .1  T h e rm a l C o n d u c t io n  M e c h a n is m

T h e  c o n d u c t io n  o f  h e a t d e te rm in e s  th e  h e a t  f lo w  th r o u g h  s o l id s  fo r  a g iv e n  

t e m p e ra tu r e  g r a d ie n t ,  o r  d e te rm in e s  th e  te m p e ra tu r e  g r a d ie n t  o b ta in e d  w h e n  a f ix e d  

h e a t  f lo w  is  e m p lo y e d 091. T h e  re la t io n s h ip  b e tw e e n  th e  h e a t f lu x  a n d  te m p e ra tu r e  

ô T
g r a d i e n t ------- c a n  b e  e x p re s s e d  b y  E q u a t io n  (2 .7 ) .dX

V . * a *Ldt dx (2 .7 )

8 0
w h e re  — ะ- is  th e  h e a t  t r a n s fe r r e d  p e r  u n it  t im e  a c ro s s  a p la n e  o f  a re a  A  n o rm a l to  th e  d t
f lo w  o f  th e  th e rm a l e n e r g y ;  a n d  K  is  a m a te r ia l p r o p e r ty  ( e q u iv a le n t  to  d i f fu s iv i t y )  th a t  

d e s c r ib e s  th e  a b i l i t y  o f  a  m a te r ia l to  t r a n s p o r t  h e a t.

T h e  th e rm a l c o n d u c t io n  m e c h a n is m  is  in v o lv e d  w ith  p h y s ic a l p h e n o m e n a .  T h e  

th e rm a l e n e r g y  is  t r a n s p o r te d  b y  la t t ic e  v ib r a t io n  (p h o n o n s ) ,  f r e e  e le c t r o n s  a n d  b y  

r a d ia t io n  (p h o to n s ) .  U n lik e  m e ta l,  th e  th e rm a l c o n d u c t io n  m e c h a n is m  in  c e r a m ic  is  

d o m in a te d  b y  p h o n o n  m e c h a n is m  d u e  to  th e  lo w  c o n c e n t r a t io n  o f  f r e e  e le c t r o n s .  T h e  

h e a t  d o e s  n o t s im p ly  e n te r  o n e  e n d  o f  th e  s a m p le  a n d  p r o c e e d  d i r e c t ly  in  a s t r a ig h t  p a th  

to  th e  o th e r  e n d  b u t  d i f f u s e  th r o u g h  th e  s a m p le ,  s u f fe r in g  ra n d o m  c o l l is io n s  a n d  re s u lts  

in  d e f le c t io n  o r  s c a t te r in g .  T h is  e x p la in s  w h y  w e  u s e d  te m p e ra tu r e  g r a d ie n t  in s te a d  o f  

th e  te m p e ra tu r e  d i f f e r e n c e  b e tw e e n  tw o  e n d s  re g a rd le s s  o f  th e  le n g th  o f  s a m p le  in  

E q u a t io n  (2 .7 ) (211. W h e n  a  s m a ll re g io n  o f  m a te r ia l is  h e a te d ,  a to m s  in th a t  re g io n  w il l 

h a v e  la r g e  a m p l i tu d e s  o f  v ib ra t io n .  T h e  v ib r a t in g  e n e r g y  w il l p a s s  f ro m  o n e  a to m  to  

a n o th e r .  C o n s e q u e n t ly ,  th e  a to m s  in te ra c t io n  c a u s e d  b y  th e  a p p l ic a t io n  o f  h e a t  

p r o p a g a te s  o u tw a rd  in  a  w a v e l ik e  fo rm . T h e  s c a t te r in g  o r  d e f le c t io n  o f  th is  w a v e  in  a  

m a te r ia l is  a  re s u lt  o f  d e fe c ts ,  g r a in  b o u n d a r ie s ,  p o re s  o r  c o m p le x i t y  o f  c r y s ta l s t r u c tu re .
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T h e  th e rm a l c o n d u c t iv i t y  c a n  b e  e x p re s s e d  b y  e q u a t io n  (2 .8 ) ,  w h ic h  is  

a n a lo g o u s  to  th e  e le c t r ic a l  c o n d u c t iv i t y  e q u a t io n .

K  =  (C o n s ta n t )  {nXv) ( 2 .8 )

w h e re  X is  th e  a v e ra g e  d is ta n c e  th a t  th e  d is tu r b a n c e  t ra v e ls  b e fo r e  s c a t te r in g  o r  

re fe r r e d  a s  th e  m e a n  f re e  p a th  1 N  is  th e  n u m b e r  o f  th e rm a l e n e r g y  c a r r ie d ,  V  is  th e  

a v e ra g e  v e lo c i t y .

T h e  in t r in s ic  th e rm a l c o n d u c t iv i t y  K , ntnnsjc o f  n o n m e ta l l ic  s o l id s  in  th e  te m p e ra tu r e  

r a n g e  T >  0D c a n  b e  d e s c r ib e d  b y  E q u a t io n  2 .9 .

K „ „ . =  B M Ô e 0 W )  (2  9 )

w h e re  B is  a c o n s ta n t  * K  In t r in s ic  T h e rm a l C o n d u c t iv i t y ,  0D D e b y e  T e m p e ra tu re ,  M  

A v e r a g e  m a s s , 5 A v e r a g e  v o lu m e  o c c u p ie d  b y  o n e  a to m , y  G ru n e is e n ’s  C o n s ta n t ,  

a n d  T  is  th e  a b s o lu te  te m p e ra tu r e .  S o m e  o f  in t r in s ic  th e rm a l c o n d u c t iv i t y  o f  n o n m e ta l l ic  

m a te r ia ls  a re  s h o w n  in  T a b le  2 .2 .

T a b le  2 .2  V a lu e  o f  in t r in s ic  th e rm a l c o n d u c t iv i t y  o f  n o n m e ta l l ic  m a te r ia ls . '19’

C ry s ta l
t r
, v  Intrinsic

พ / (๓ .  K )

e0

(K)
M

(g) ( 1 0  1°m ) y
MÔ0o3

( g m K 3 x 1 0 4)

D ia m o n d 2 0 0 0 2 2 4 0 1 2 . 0 1 .7 8 1 .3 2 3 .8

B N 7 6 0 1 9 0 0 1 2 .4 1 .81 1 5 .4

S iC 5 4 0 1 0 8 0 2 0 . 1 2 .1 8 0 .7 6 5 .5

B e O 3 7 0 1 2 8 0 1 2 .5 1 .9 0 5 .0

B P 3 6 0 9 8 5 2 0 .9 2 .2 7 4 .5

A IN 3 2 0 9 5 0 2 0 .5 2 .1 8 0 .7 7 3 .8

S i3 N 4 3 2 0 1 1 0 0 2 0 . 0 2 .1 8 0 .7 2 5 .8
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A p p r o x im a te  v a lu e s  fo r  th e rm a l c o n d u c t iv i t ie s  K  fo r  a  n u m b e r  o f  c e r a m ic s  a re  

c o l le c te d  in T a b le  2 .3 .  T h e  m ic ro s t r u c tu r e ,  a to m ic  s tr u c tu re ,  s e c o n d  c o m p o n e n t  a n d  

p o ro s i t y  h a v e  s ig n if ic a n t  e f fe c t  o n  th e  th e rm a l c o n d u c t iv i t y .  เท o r d e r  to  h a v e  h ig h  th e rm a l 

c o n d u c t iv i t y ,  th e  p h o n o n  s c a t te r in g  s h o u ld  b e  m in im iz e d . เท th e  o p e n ,  h ig h ly  o r d e re d  

s t r u c tu re s  m a d e  o f  a to m s  w ith  s im ila r  s iz e  a n d  m a s s  h a s  le s s  p h o n o n  s c a t te r in g ,  

th e re fo re  le a d  to  a n  in c re a s e  เท th e  th e rm a l c o n d u c t iv i t y  K .  F o r  e x a m p le  d ia m o n d  h a s  

o n e  o f  th e  h ig h e s t  v a lu e s  o f  K .  B e s id e s  d ia m o n d ,  S iC , B e O  a n d  A IN  a ls o  h a v e  h ig h  

th e rm a l c o n d u c t iv i t y .

T a b le  2 .3  A p p r o x im a te  v a lu e s  fo r  th e rm a l c o n d u c t iv i t ie s  o f  s e le c te d  c e ra m ic .

M a te r ia l120’ .

M a te r ia l K  (W /m .K ) M a te r ia l K  (W /m .K )

A l 2 0 3 3 0 .0 - 3 5 .0 S i3 N 4 2 5 .0

A IN 2 0 0 .0 -2 8 0 .0 S p in e l (M g A I 2 0 4) 1 2 . 0

B e O 6 3 .0 - 2 1 6 .0 S o d a - L im e -S i l ic a te  G la s s 1 .7

M g O 3 7 .0 T iB 2 4 0 .0

P S Z 2 . 0 T i3 S iC 2 4 3 .0

S iC 8 4 .0 - 9 3 .0 C o rd ie r i te  (M g -a lu m in o s i l ic a te ) 4 .0

S iA IO N 2 1 . 0 G la s s e s 0 .6 - 1 .5

S i0 2 1 .4 F o rs te r ite 3 .0

A s  s e e n  in  T a b le  2 .2  a n d  2 .3 , A IN , B e O  a n d  S iC  h a v e  h ig h  v a lu e s  o f  th e rm a l  

c o n d u c t iv i t y .  A IN  is  c h e m ic a l ly  u n s ta b le ,  o x id e s  e v e n  a t  ro o m  te m p e ra tu r e .  B e O  a n d  B P  

a re  to x ic ,  S iC  is  n o t  e le c t r ic a l  in s u la to r .  T iB 2  a n d  T i3 S iC 2  a re  v e r y  e x p e n s iv e .  T h e re fo re ,  

S i3 N 4  a n d  A l 2 0 3  r a t io n a l ly  b e c o m e s  p o te n t ia l c a n d id a te  fo r  P e lt ie r  e le m e n t  d u e  to  th e ir  

m o d e ra te  th e rm a l c o n d u c t iv i t y ,  c h e m ic a l s ta b i l i t y ,  n o n - to x ic .  S i3 N 4  h a s  h ig h e r  c o s t  th a n  

A l 2 0 3. F in a l ly  A l 2 0 3  b e c o m e s  m o s t  p o te n t ia l c a n d id a te  fo r  P e lt ie r  e le m e n t  d u e  to  its  

p r o p e r t ie s  a n d  lo w  c o s t .



16

2 .4 .2  T h e rm a l C o n d u c t iv i t y  o f  A L Q 3

K in g e r y  (1 9 5 4 )  in v e s t ig a te d  in  th e  th e rm a l c o n d u c t iv i t y  o f  s in g le  c r y s ta l a n d  

p o ly c r y s ta l l in e  s a m p le s .  H e  fo u n d  th a t  th e  th e rm a l c o n d u c t iv i t y  w a s  id e n t ic a l a t  

te m p e ra tu r e s  b e lo w  1200°c. A t  h ig h e r  te m p e ra tu r e s ,  th e  th e rm a l c o n d u c t iv i t y  v a lu e  o f  

s in g le  c r y s ta l d e p a r t  f r o m  th e  p o ly c r y s ta l l in e  s a m p le  a s  s h o w n  in  F ig u re  2 .4 <19).

F ig . 2 .4  T h e rm a l c o n d u c t iv i t y  o f  s o m e  c e r a m ic s  a s  a fu n c t io n  o f  te m p e ra tu r e .

S e le c te d  d a ta  o f  th e rm a l c o n d u c t iv i t y  o f  th e  c o m m e rc ia l a lu m in a  c e ra m ic s  h a v e  

b e e n  c o l le c te d  in  A p p e n d ix  2 , a n d  F ig  2 .5 . A s  s h o w n  in  F ig .2 .5 ,  T h e rm a l c o n d u c t iv i t y  o f  

a lu m in a  c e r a m ic s  is  re la te d  to  th e  c o n te n t  o f  A l 2 0 3. T h e rm a l c o n d u c t iv i t y  o f  a lu m in a  is  

h ig h e r  a t  h ig h  p u r ity .  A IS IN  u s e s  9 6 %  p u r i t y  a lu m in a  a n d  th a t  h a s  th e rm a l c o n d u c t iv i t y  o f  

2 4  พ /ท า *K. W h ile  th e rm a l c o n d u c t iv i t y  o f  s in g le  c r y s ta l A l2 0 3  is  a b o u t  4 0  W /m -K . T h e re  is  

a p o s s ib i l i t y  to  im p r o v e  th e rm a l c o n d u c t iv i t y  o f  A l 2 0 3  s u b s t r a te  b y  v e r y  h ig h  p u r i t y  u s in g  

a lu m in a  p o w d e r .
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F ig . 2 .5  P u r ity  d e p e n d e n c e  o f  th e rm a l c o n d u c t iv i t y  o n  a lu m in a  c o n te n t .
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