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Chapter I I  

T h e o re t ic a l P a r t.

2-1 In t ro d u c t io n

B a l l m i l l in g  c o n s is ts  o f p la c in g  the  p a r t ic le s  to  be 
ground [th e  "ch a rg e "] in  a c lo se  c y l in d r ic a l  c o n ta in e r w ith  b a l l  
g r in d in g  media, and r o ta t in g  the c y lin d e r  h o r iz o n ta l ly  on i t s  
a x is  so th a t the media cascade. The ceram ic p a r t ic le s  move 
between the much la rg e r  media, and between the  media and the  
w a ll o f  the  m i l l  arid are e f f e c t iv e ly  broken in to  su cce ss ive ly  
sm a lle r p a r t ic le s .  Compressive shear fo rc e s  produced by c rushe rs  
occur many tim es pe r second in  an o p e ra tin g  b a l l  m i l l ,  
caus ing the  m a te r ia ls  f ra c tu re d . The l in e r s  must have 
remarkable re s is ta n c e  to  bo th  s l id in g  and impact ab ra s ion ,  
the  two most im po rta n t p ro p e r t ie s  are hardness and toughness. 
These are o fte n  in te rdependen t in  th a t  one in c re se s  as the  
o th e r decreses, and i t  is  a com bination o f the  two p ro p e r t ie s  
th a t  de te rm ines the  s u i t a b i l i t y  o f an ab ra s ive  f o r  ธ. p a r t ic u la r  
a p p l ic a t io n .

Hardness has been de fin e d  as the  re s is ta n c e  o f the  
su rfa ce  la y e r o f  the  body to  p e n e tra t io n  under the  e f f e c t  o f  
e x te rn a l mechanica l fo rc e s  concen tra ted  in  a r e s t r ic t e d  area o f  
the  body. The d i f f e r e n t  s u r fa c e - in d e n ta t io n  te s ts  [V ic k e rs ,  
Knoop, R ockw e ll] a re based on the r e la t io n  between hardness and 
load re q u ire d  to  produce a d e f in i t e  in d e n ta tio n .T h e  methods 
d i f f e r  in  the  shape o f the diamond in d e n te r u s u a lly  o f a 
py ram ida l diamond shape, on a po lis h ed  s e c t io n  o f the  m a te r ia l,  
and in  the lo ad in g .



8

T o u g h n e s s  ,  o r  t h e  a b i l i t y  t o  r e s i s t  f r a c t u r e ,  i s  a  
d i f f i c u l t  p r o p e r t y  t o  m e a s u r e ;  i t  m a y  b e  d o n e  b y  b a l l  m i l l i n g  o r  

b y  s h o o t i n g  t h e  a b r a s i v e  g r a i n s  a g a i n s t  a  b a r r i e r  b u t  n o  s i n g l e  

m e th o d  h a s  p r o v e d  e n t i r e l y  s a t i s f a c t o r y  a n d  a n  a s s e s s m e n t  i s  

o f t e n  m a d e  o n  t h e  b a s i s  o f  p r a c t i c a l  o p e r a t i n g  e x p e r i e n c e .  

A d d i t i o n a l l y ,  t h e  w a y  i n  w h i c h  a  m a t e r i a l  f r a c t u r e s  i s  a n  

i m p o r t a n t  c o n s i d e r a t i o n .  F r a c t u r e  m a y  g e n e r a t e  a  s h a r p  e d g e  t h a t  
i s  u s e f u l  w h e r e  a  d e e p  c u t t i n g  a c t i o n  i s  r e q u i r e d ,  o r  i t  m a y  

g e n e r a t e  a  s m o o th  s u r f a c e  u s e f u l  i n  p o l i s h i n g  o r  b u f f i n g  o p e r a t i o n s .

B a l l  m i l l  l i n e r s  a r e  c l a s s i f i e d  a s  w e a r  r e s i s t a n t  ' 
c o m p o n e n t  w h i c h  c o m p o s e d  o f  m o r e  t h a n  8 5  % A I 2O 3 c o n t e n t ,

d e p e n d s  o n  f o r m i n g  m e th o d .  F r o m  w h i c h  t h e  m a j o r  p a r t  o f  t h e  

l i n e r s '  c o m p o s i t i o n  i s  a l u m in a ,  i t  i s  n e c c e s s a r y  t o  s t u d y  t h e  
d e t a i l s  o f  t h i s  m a t e r i a l .

2 .2  Genera l Background on Raw M a te r ia ls .

2.2.1 Calci ned ..Alumina

T h e  n a t i v e  a l u m in o u s  m i n e r a l s ,  c o r u n d u m ,  e m e r y  
a n d  t h e  c l a y s ,  h a v e  b e e n  a s s o c i a t e d  w i t h  c e r a m i c  o p e r a t i o n s

f r o m  a n t i q u i t y .  E x c l u s i v e  o f  t h e s e  r a w  m a t e r i a l s ,  b a u x i t e  i s

t h e  p r i n c i p l e  s o u r c e  o f  a l u m in a  f o r  c e r a m i c  p u r p o s e s .

I n  b a u x i t e ,  g i b b s i t e  i s  t h e  m o s t  s t a b l e  f o r m  a t  

n o r m a l  t e m p e r a t u r e s  a n d  p r e s s u r e s  f o u n d  i n  t h e  t r o p i c s .  A s  i t  i s  

l i k e l y  t h a t  t e m p e r a t u r e s  a b o v e  1 0 0 ° c .  w e r e  i n v o l v e d  i n  t h e  
g e n e s i s  o f  b a u x i t e ,  t h e  f o r m a t i o n  o f  d i a s p o r e  a n d  b o e h m i t e  
p r o b a b l y  r e s u l t e d  f r o m  h i g h  p r e s s u r e .

B a u x i t e  i s  u s e d  d i r e c t l y  i n  a d s o r b e n t s ,  a b r a s i v e s

a n d  r e f r a c t o r i e s ,  a s i d e  f r o m  i t s  u s e  i n  p r e p a r i n g  m e t a l .  F o r  
t h e s e  a p p l i c a t i o n s ,  s p e c i f i c  g r a d e s  m u s t  b e  s i z e d ,  d r i e d ,  a n d  
c a l c i n e d .
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B a u x i t e  i s  t h e  im p u r e  h y d r o x i d e s ,  t h a t  a r e  t h e

s o u r c e  o f  i n d u s t r i a l  g r a d e  a lu m in a s  d e r i v e d  b y  t h e  B a y e r  P r o c e s s .

The Di f f erent Forms of Al umina.

I n  1 9 3 0 ,  T h e  A lu m in u m  C o m p a n y  o f  A m e r i c a  i n t r o d u c e d  

t h e  u s e  o f  G r e e k  l e t t e r s  i n  t h e  n a m in g  o f  d i f f e r e n t  
f o r m s  o f  a l u m in a  w i t h  t h e  a l p h a  d e s i g n a t i o n  a lw a y s  b e i n g  g i v e n  

t o  t h e  f o r m  o c c u r i n g  m o s t  a b u n d a n t l y  i n  n a t u r e .

T h u s ;  1 .  Alpha-alumina____ t r i h y d r a t e  ; m o re  c o r r e c t l y

c a l l e d  a l p h a - a l u m i n a  t r i h y d r o x i d e  o r  g i b b s i t e  , t h e  p r i n c i p l e

c o n s t i t u e n t  o f  t r o p i c a l  b a u x i t e s ;  i t  i s  a  d i r e c t  p r o d u c t  

o f  t h e  r e f i n i n g  o f  b a u x i t e  b y  t h e  B a y e r  P r o c e s s  a n d  c o n s i s t s

o f  a lm o s t  s p h e r i c a l  g r a i n s  m e a s u r in g  5 0  t o  1 0 0  m i c r o n s

t h r o u g h  i n d i v i d u a l  t a b u l a r  a n d  p r i s m a t i c  c r y s t a l s ,  e i t h e r  

m o n o c l i n i c  o r  t r i c l i n i c ,  m a y  b e  m u c h  s m a l l e r .  I t  i s  a  n o n ­

a b r a s i v e  p o w d e r  w i t h  M oh  h a r d n e s s  o f  2 . 5  t o  3 . 5  a n d  a  s p e c i f i c  

g r a v i t y  o f  2 . 4 2  w h i c h  i s  m a n u f a c t u r e d  i n  a  w id e  r a n g e  o f  g r a d e s  
a n d  p a r t i c l e  s i z e s .

2 .  B e t a - a l u m i n a  t r i h v d r a t e  ; o r  b e t a - a l u m i n a

t r i h y d r o x i d e ,  o c c u r s  i n  n a t u r e  i n  s m a l l  q u a n t i t i e s  a s  t h e

m i n e r a l  b a y e r i t e ,  i t  i s  a l r e a d y  s y n t h e s i s e d  a n d  c o n s i s t s  o f  

m o n o c l i n i c  c r y s t a l  o f  a b o u t  1 m ic r o n  i n  a g g r e g a t e s  o f  
d i a m e t e r  u p  t o  1 0 0  m i c r o n s .

3 .  f e w _b.eta-alumina__txihydrate ; o r

n o r d s t r a n d i t e ,  a  t r i c l i n i c  c r y s t a l l i n e  f o r m ,  d o e s  n o t  o c c u r  i n  
n a t u r e .

4 .  A l p h a - a l u m i n a  m o n o h y d r a t e  ; o r  b o e h m i t e ,  
i s  a  m a j o r  c o n s t i t u e n t  o f  M e d i t e r a n e a n  t y p e  b a u x i t e s ;  t h e  
c r y s t a l  s t r u c t u r e  i s  o r t h o r h o m b i c .
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5 .  B .e ta ~ a lu iiidQ .a ..Æ Q Q Q bYdra .t£ .,.. o r  d i a s p o r e ,

i s  a  c o n s t i t u e n t  o f  s o m e  h i g h  a l u m in a  c l a y s  a n d  o f  b a u x i t e ;  t h e  
c r y s t a l  s t r u c t u r e  i s  o r t h o r h o m b i c .

6 .  A lu m in a  g e l s  a r e  a m o r p h o u s  f o r m s  o f  

a l u m in a  h y d r o x i d e s  o r  h y d r o x y o x i d e s .

7 .  A n h y d r o u s  a l u m in a  i s  p r e p a r e d  f r o m  t h e  
h y d r o x i d e s  o r  h y d r o x y o x i d e s  b y  h e a t i n g .  T h i s  r e s u l t s  i n  w a t e r  

m o le c u l e s  b e i n g  e l i m i n a t e d  a n d ,  d e p e n d in g  o n  t h e  s t a r t i n g  
m a t e r i a l  a n d  c o n d i t i o n s ,  d i f f e r e n c e  t y p e s  o f  a l u m in a  a r e  f o r m e d ;  
t h i s  i n c l u d e ,

7.1 Activated al umina i n  t h e  f o r m  o f  
p o r o u s  w h i t e  p o w d e r s  w i t h  a  p o r e  d i a m e t e r  o f  2 0 ° A  t o  1 0 0 ° A ,  a  

p o r e  v o lu m e  o f  0 . 2  c c . / g f f i . t o  0 . 9  e c . / g m .  a n d  s p e c i f i c  s u r f a c e  
a r e a  b e tw e e n  5 0  m2 / g m .  a n d  4 0 0  m2 / g m .

7 . 2  Calcined alumina o r  a l p h a - a l u m i n a

i s  t h e  d e n s e s t  a n d  m o s t  s t a b l e ,  b e l o n g  t o  t h e  t r i g o n a l  s y s t e m ,  

r e f r a c t i v e  i n d e x  1 . 7 6 5 .  I t  i s  i n s o l u b l e  i n  w a t e r  a n d  o n l y  s l o w l y  

s o l u b l e  i n  a l k a l i e s  a n d  s t r o n g  m i n e r a l  a c i d s ,  b u t  i s  a t t a c k e d  b y  
h y d r o f l u o r i c  a c i d  a n d  p o t a s s i u m  b i s u l f a t e .  T h e  a l p h a  f o r m  o f  

a l u m in a  m e l t s  a t  2 0 4 0  c . ,  w i t h  c r e e p i n g  a n d  s i n t e r i n g  o f  t h e  
p u r e  m i n e r a l  b e g i n n i n g  a t  a b o u t  1 7 5 0 °  c .  I n  s i n t e r i n g ,  t h i s  

p e r m i t s  t h e  d i s c r e t e  crystallites t o  r e a c t  w i t h  e a c h  o t h e r  t o  

f o r m  t h e  l a r g e  c r y s t a l s  m a k in g  u p  t h e  s i n t e r e d  m a s s .  

T h e  a p p l i c a t i o n s  o f  a b r a s i v e n e s s  a n d  w e a r  r e s i s t a n c e  o f  a l u m in a  
i n v o l v e  a l u m in a  b o t h  i n  p a r t i c u l a t e  f o r m  a n d  i n  m a s s iv e  s h a p e s .  

M i n e r a l l i z e r s  a n d  f l u x e s  p e r m i t  s i n t e r i n g  a t  l o w e r  t e m p e r a t u r e s . 
T h e  s i n t e r e d  b o d i e s  t a k e  o n  t h e  p r o p e r t i e s  o f  t h e  b a s i c  

m a t e r i a l s .  I n  1 0 0  % A I 2O 3 b o d i e s ,  m e c h a n i c a l  f a i l u r e  w i l l  o c c u r  

t h r o u g h  t h e  a l u m in a  g r a i n s  a s  r e a d i l y  a s  g r a i n  b o u n d a r i e s .
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C a l c i n e d  a l u m in a s  a r e  a v i a l a b l e  i n  
v a r i o u s  g r a d e s  b a s e d  o n  t h e  d e g r e e  o f  h e a t  t r e a t m e n t  r e c i e v e d ,  

c r y s t a l  s i z e  [ 1  m i c r o n  t o  2 0  m i c r o n s  m e d ia n ]  a n d  N a 20 c o n t e n t  

[ 0 . 0 1  t o  n o m i n a l l y  0 . 5  % ] .  V a r y i n g  a m o u n t s  o f  t r a n s i t i o n a l

a l u m in a  p h a s e s  w h i c h  e n h a n c e  m e a s u r e d  s u r f a c e  a r e a  c a n  r e m a in  i n  

t h e  a l u m in a  b e c a u s e  o f  i n c o m p l e t e  t h e r m a l  c o n v e r s i o n  t o  t h e  

a l p h a  p h a s e .  T h e  c a l c i n e d  a lu m in a s  a r e  n o m i n a l l y  1 0 0 - 3 2 5  m e s h  

g r a i n  s i z e ,  b u t  f i n e r  g r a d e s  a l s o  a r e  p r o d u c e d  b y  b a l l  m i l l i n g .  

T a b u l a r  g r a d e s  h a v e  h i g h e r  a l p h a  c o n t e n t  t h a n  t h e  r e g u l a r  
c a l c i n e d  a l u m in a .

W a t e r  -  b a s e d  g r o u n d  c a l c i n e d  a l u m in a  

s l i p s  c a n  b e  d e f l o c c u l a t e d  w i t h  h y d r o c h l o r i c  a c i d  o r  n i t r i c  a c i d  

o r  w i t h  a lu m in u m  c h l o r i d e  i n  t h e  r e g i o n  o f  pH  3 . 5 - 4 . 5  . T h e  

s u r f a c e  c h a r g e  u n d e r  t h e s e  c o n d i t i o n s  i s  p o s i t i v e  w i t h  t h e  

a n i o n s  a c t i n g  a s  c o u n t e r i o n s .  A c i d  h a v i n g  p o l y v a l e n t  a n i o n s  

[ e . g .  s u l f u r i c  a c i d ]  a r e  n o t  s a t i s f a c t o r y  d e f l o c c u l a n t s  f o r  

a l u m in a  o w in g  t o  t h e  c l o s e  a p p r o a c h  o f  t h e  m u l t i p l e - c h a r g e d  
a n i o n s  t o  t h e  p o s i t i v e l y  c h a r g e d  s u r f a c e .  A s  t h e  pH  o f  a l u m in a  
s l i p s  i s  i n c r e s e d ,  t h e  s u r f a c e  c h a r g e  d im i n i s h e s  u n t i l ,  a t  

pH  8 - 9 ,  t h e r e  i s  n o  c h a r g e  a n d  t h e  s l i p  i s  s t r o n g l y

f l o c c u l a t e d .  H o w e v e r ,  i f  t h e  pH  i s  r a i s e d  t o  1 1 - 1 2  w i t h  a d d i t i v e s  

o f  a l k a l i - h y d r o x i d e  o r  h y d r o l y z a b l e  a l k a l i - s a l t  t h e  p a r t i c l e  

b e c o m e s  n e g a t i v e l y  c h a r g e d  w i t h  a l k a l i  c a t i o n s  a r e  

c o u n t e r i o n s ,  a n d  t h e  s l i p  i s  a g a i n  d e f l o c c u l a t e d .

A t  pH  7 - 9  a l k a l i  p o l y e l e c t r o l y t e s  c a n  
b e  u s e d  t o  d e f l o c c u l a t e  a l u m in a  s l i p s .  I n c r e a s i n g  t h e  
c o n c e n t r a t i o n  o f  p o l y a n i o n s  c a u s e s  f o r m a t i o n  o f  h e m im i c e l l e s  o n  

a d s o r p t i o n  s i t e s  a n d  t h e  p a r t i c l e  s u r f a c e  c h a r g e  r e v e r s e s  f r o m  

p o s i t i v e  t o  s t r o n g l y  n e g a t i v e ,  w i t h  a l k a l i  c a t i o n s  a n d  c o u n t e r i o n s

A lu m in a  s l i p s  p r e p a r e d  f r o m  n a r r o w  
d i s t r i b u t i o n s  t e n d  t o  b e  d i l a t a n t .  H o w e v e r ,  w h e n  s e v e r a l  

d i f f e r e n t  n a r r o w  d i s t r i b u t i o n s  o f  a l u m in a  a r e  b l e n d e d  t o  f o r m
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e x t e n d e d  d i s t r i b u t i o n s ,  s l i p  p r o p e r t i e s  r e s e m b l i n g  t h o s e  o f  c l a y  

s l i p s  m a y  b e  o b t a i n e d .

7 . 3  T a b u l a r  a l u m in a  i s  n e a r l y  1 0 0  % 

a l p h a  p h a s e ,  t h e  c o n v e r s i o n  b e i n g  e f f e c t e d  b y  h e a t i n g  t h e  

m a t e r i a l  a b o v e  1 8 7 0  c .  T h e  t y p i c a l l y  a n a l y z e  a b o v e  9 9 . 5  % AI2O3 

a n d  t h e  N a 2 0  c o n t e n t  c a n  b e  m a d e  l e s s  t h a n  0 . 0 2  7 c .  T a b u l a r  

a lu m in a  a r e  r e c r y s t a l l i z e d ,  s i n t e r e d  a l p h a - a l u m i n a  p r o d u c t s  m ade  
b y  u s i n g  c a l c i n e d  a l u m in a  w h i c h  i s  p r o d u c e d  b y  t h e  B a y e r  

P r o c e s s .  T h e  l a r g e ,  h e x a g o n a l ,  e l o n g a t e d  t a b l e t - s h a p e d  cL -AI2O3 

c r y s t a l s  [ 4 0  t o  2 0 0  m i c r o n s  m e d ia n ]  c h a r a c t e r i z e d  a n d  g i v e  r i s e  

t o  t h e  n a m e  " t a b u l a r  a l u m i n a " .

7 . 4  F u s e d  a l u m in a  i s  p r o d u c e d  b y  

m e l t i n g  c a l c i n e d  a l u m in a  a b o v e  2 0 4 0  c .  i n  a n  e l e c t r i c  f u r n a c e .  

L o w e r  g r a d e s  o f  f u s e d  a l u m in a  u s e  b a u x i t e  a s  f e e d  t o  t h e  

e l e c t r i c  f u r n a c e .  Som e T iÜ 2 m a y  b e  a d d e d  t o  i n c r e a s e  g r a i n  
t o u g h n e s s .  T a b u l a r  a n d  f u s e d  a l u m in a s  a r e  a v i a l a b l e  i n  g r a i n  
s i z e  f r o m  0 . 5  i n .  t o  - 3 2 5  m e s h .

7 . 5  S y n t h e t i c ___b o e h m i t e  a l u m in a  i s

c o m m e r c i a l l y  p r o d u c e d  i n  l a r g e  v o lu m e  f o r  a p p l i c a t i o n s  i n  t h e  

c a t a l y s t  i n d u s t r y  a s  w e l l  a s  i n  s o l - g e l  c e r a m i c s .  I t s  p r o p e r t i e s  

d i f f e r  s i g n i f i c a n t l y  f r o m  t h o s e  o f  t h e  " t r i h y d r a t e " .  B o e h m i t e  o r  
p s u e d o b o e h m i t e  a l u m in a  c a n  b e  m a d e  b y  a t  l e a s t  tw o  r o u t e s .  

F i r s t ,  a n d  l e a d i n g  t o  t h e  m o s t  p u r e  a l u m i n a ,  i s  v i a  a lu m in u m  
a l k o x i d e  h y d r o l y s i s .  T h e  a l u m in a  p r o d u c e d  c a n  b e  d i s p e r s e d  t o  

t h e  s o l  s t a t e  b y  t h e  a d d i t i o n  o f  a n  a q u e o u s  a c i d  o r ,  i n  s om e  

c a s e s ,  w a t e r .  S e e d in g  w i t h  v a r i o u s  o t h e r  i n o r g a n i c s  i s  k n o w n  t o  
g i v e  " c e r a m i c "  a l u m in a s .  T h e  f o r m u l a r  i s  AI2O3 . X  H2O, w h e r e  x  
v a r i e s  d e p e n d in g  o n  a l u m in a  c r y s t a l l i t e  s i z e .  B o e h m i t e  a l u m in a  

a l s o  c a n  b e  s y n t h e t i c a l l y  p r e p a r e d  b y  t h e  h y d r o t h e r m a l  t r e a t m e n t  

s o d iu m  a l u m i n a t e  f r o m  t h e  B a y e r  P r o c e s s .  T h e  a l u m in a  i s  p r o d u c e d  

b y  c r y s t a l l i z a t i o n  i n  t h e  p r e s e n c e  o f  a n  a p p r o p r i a t e  s e e d  m a t e r i a l
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T h e  B a y e r  P r o c e s s ,  t h e  w e t  a l k a l i n e  p r o c e s s ,  i s  

t h e  m o s t  e c o n o m ic a l  o f  m o d e r n  m e t h o d s ,  a n d  i t  i s  m o s t  s u i t a b l e  
f o r  lo w  s i l i c a  b a u x i t e s  c o n t a i n i n g  g i b b s i t e  a n d  b o e h m i t e .  T h e  

d r i e d ,  g r o u n d  b a u x i t e  i s  d i g e s t e d  i n  a n  a u t o c l a v e  w i t h  a

s o l u t i o n  o f  s o d iu m  h y d r o x i d e  a n d  s o d iu m  c a r b o n a t e ,  c o n t a i n i n g  a  

f l o c c u l a n t  [ s t a r c h ]  a n d  l im e  a d d e d  t o  c a u s t i c i z e  t h e  s o d a  a n d  t o  
a c t  a s  a  f i l t e r  a i d .

A f t e r  d i g e s t i o n ,  t h e  s l u r r y  i s  c o o l e d  b y  f l a s h

h e a t  i n t e r c h a n g e  t o  n e a r  b o i l i n g  a t  a t m o s p h e r i c  p r e s s u r e  a n d  t h e  

w a s t e  s o l i d s  [ r e d  m u d ] a r e  s e p a r a t e d  b y  s e d im e n t a t i o n  a n d

f i l t r a t i o n .  T h e  r e d  m ud c o m p r i s e s  m a i n l y  i r o n  o x i d e s ,  t i t a n i a ,  

c a r b o n a t e d  l i m e ,  a n d  d e s i l i c a t i o n  p r o d u c t .  T h e  l im e  r e p r e s e n t s  

m a k e  u p  c a u s t i c i z a t i o n  o f  s o d a  l o s t  i n  p r e v i o u s  c y c l e s  a n d  i n  
som e  c a s e s ,  f i l t e r  a i d .  T h e  d e s i l i c a t i o n  p r o d u c t  r e p r e s e n t s  

m a i n l y  s o d a  a n d  a l u m in a  l o s t  b y  c o m b i n a t i o n  w i t h  r e a c t i v e  s i l i c a  

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

[ g r e e n  o r  p r e g n a n t ]  l i q u o r  i s  c o o l e d  b y  h e a t  e x c h a n g e  w i t h  s p e n t  

l i q u o r  t o  a b o u t  5 5  c . ,  a n d  a  p o r t i o n  o f  t h e  d i s s o l v e d  a l u m in a  i s  

p r e c i p i t a t e d  b y  i n t r o d u c i n g  f i n e  s e e d  a l u m in a  t r i h y d r a t e ,  t h e  
o t h e r  p h a s e s  a r e  p o s s i b l e  a t  d i f f e r e n t  t e m p e r a t u r e s  a n d  w i t h

d i f f e r e n t  s e e d i n g  p h a s e s  p r e s e n t ,  a s  l o n g  a s  t h e  s o l u t i o n  i s  

s u p e r s a t u r a t e d  w i t h  r e s p e c t  t o  t h e s e  p h a s e s .  T h e  p r e c i p i t a t e d  

t r i h y d r a t e  i s  s e p e r a t e d  f r o m  t h e  s p e n t  l i q u o r ,  w a s h e d  a n d  i s  
c a l c i n e d  f o r  c e r a m ic  a p p l i c a t i o n s .  T h e  s p e n t  l i q u o r  p l u s  

w a s h in g s  i s  e v a p o r a t e d  a n d  r e t u r n e d  t o  p r o c e s s .  C o m p le t e  

s e p e r a t i o n  o f  t h e  h y d r a t e  f r o m  t h e  g r e e n  l i q u o r  c a n  b e  r e a l i z e d  
b y  g a s s i n g  w i t h  c a r b o n  d i o x i d e .

T h e  c o n d i t i o n s  o f  s e e d i n g ,  t e m p e r a t u r e ,  a g i t a t i o n  
a n d  t im e  d u r i n g  p r e c i p i t a t i o n  a r e  c o n t r o l l e d  t o  o b t a i n  t h e  m o s t  

e c o n o m ic  s e p e r a t i o n  o f  t h e  B a y e r  t r i h y d r a t e ,  a n d  t h e  m o s t  
a d v a n t e g e o u s  p a r t i c l e  s i z e  d i s t r i b u t i o n  f o r  s u b s e q u e n t
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o p e r a t i o n s .  F a c t o r s  w h i c h  a f f e c t  t h e  p u r i t y  a n d  t e x t u r e  o f  t h e  

p r e c i p i t a t e d  t r i h y d r a t e  a l s o  i n f l u e n c e  t h e  q u a l i t y  o f  t h e  
c a l c i n e d  a l u m i n a ,  e v e n  t h o u g h  t h e  p r o d u c t  h a s  p a s s e d  t h r o u g h  

s e v e r a l  t r a n s i t i o n s .

F i g .  2  A lu m in a  P r o d u c t i o n  P r o c e s s .

Ï

fi~ =  . )
Aluminum
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2 .2 .2  Benton i t e.

A  n a t u r a l  c l a y - l i k e  s u b s t a n c e ,  a  h y d r o u s  s i l i c a t e  

o f  a l u m in a  d e r i v e d  f r o m  v o l c a n i c  a s h  w i t h  t h e  c l a y  m i n e r a l  
m o n tm o r i l I o n i t e  [ A l z Q a . S  S iÜ 2 . 7  H 2O ] a s  t h e  c h i e f  c o n s t i t u e n t .  

M o n t m o r i l I o n i t e  i s  a  t r i l a y e r e d  c l a y ,  o r  s m e c t i t e  m a t e r i a l .  F o r  

p r a c t i c a l  p u r p o s e s  i t  i s  n e c e s s a r y  t o  s u b d i v i d e  b e n t o n i t e  i n t o  

tw o  p a r t s  ;

1 .  t h o s e  t h a t  s w e l l  e n o r m o u s ly  w h e n  w e t t e d ,  a n d

2 .  t h o s e  t h a t  s w e l l  n o  m o re  t h a n  o t h e r  p l a s t i c  c l a y .

T y p e  1 .  b e n t o n i t e  i s  u s e d  a s  a  p l a s t i c i s e r .  A  

2 .5 %  b e n t o n i t e  a d d i t i o n  im p r o v e  p l a s t i c i t y  m o r e  t h a n  a

c o m p a r a b le  10% b a l l  c l a y  a d d i t i o n ,  a n d  a l s o  l o w e r  t h e  P E C . o f  

w h i t e w a r e  m i x t u r e s  a l t h o u g h  i t  i n c r e a s e s  d r y i n g  a n d  f i r i n g  
s h r i n k a g e  s o m e w h a t .

T y p e  2 .  b e n t o n i t e  i s  w i d e l y  u s e d  a s  a  c l a r i f y i n g  
c l a y ,  a  c a r r i e r  a n d  s t i c k i n g  a g e n t  f o r  i n s e c t i c i d e s ,  a n d  f o r  

w o r k a b i l i t y  i n  n o n - c o l o r  c r i t i c a l  w a r e  s u c h  a s  s e w e r  p i p e  a n d  
o t h e r  s t r u c t u r a l  c l a y  p r o d u c t s .

W h i t e  b e n t o n i t e  a r e  o f  i n t e r e s t  w h e r e  c o l o r  
e f f e c t  o n  e l e c t r i c a l  p r o p e r t i e s  m u s t  b e  c o n s i d e r e d .

T r e a t e d  o r  r e f i n e d  p r o d u c t s  h a v i n g  g r e a t e r  
p l a s t i c i z i n g  p r o p e r t i e s  a l s o  a r e  a v i a l a b l e  a t  h i g h  p r i c e s .  O ne  

t y p e  c o n s i s t s  c h i e f l y  o f  o r g a n o p h i l l i c  [ s o l v e n t  d i s p e r s i v e ]  
c l a y s .  D u r i n g  r e f i n e m e n t  t h e i r  i o n s  a r e  e x c h a n g e d  f o r  a m in e s ,  

w h i c h  m a k e s  th e m  i n e r t  i n  w a t e r - b a s e  s y s t e m .  A n o t h e r  r e f i n e d  
p r o d u c t ,  i s  a n  a i r  c l a s s i f i e d ,  h i g h - p u r i t y  m o n t m o r i l l o n i t e  w i t h  a  

2 0  m i c r o n s  a v e r a g e  d r y  p a r t i c l e  s i z e .  I t  i s  w i d e l y  u s e d  a s  a  
g l a z e  s u s p e n s io n  a g e n t  a n d  p l a s t i c i z e r .



B e n t o n i t e  i s  a v i a l a b l e  i n  i t s  o u tw a r d  a p p e r a n c e  
a n d  s u p e r f i c i a l  p r o p e r t i e s .  C r u d e  b e n t o n i t e  c a n  b e  p a l e  b u f f ,  

g r e e n  a n d  b l u e - g r e e n ,  b u t  g r a y  d u l l  b l u e  a n d  p i n k  a l s o  a r e  

f o u n d .  T h e  u s u a l  c o m m e r c ia l  p r o d u c t  i s  c r e a m  c o l o r ,  f i r i n g  t o  a  

b u f f  o r  l i g h t  r e d ,  a n d  m a y  d i s c o l o r  w h i t e w a r e  i f  m o r e  t h a n  
2 - 2 . 5 %  i s  u s e d .

A s  s t a t e d  a b o v e ,  t h e  d o m in a n t  c l a y  -  m i n e r a l  

c o m p o n e n t  o f  b e n t o n i t e  i s  s m e c t i t e ,  t h e  c o m p o s i t i o n  o f  t h e  

s m e c t i t e  i t s e l f  v a r i e s  g r e a t l y  i n  d i f f e r e n t  b e n t o n i t e s .  T h e  

v a r i a t i o n  m a y  b e  w i t h i n  t h e  s m e c t i t e  l a t t i c e  i t s e l f  o r  i n  t h e  

n a t u r e  o f  t h e  e x c h a n g e a b le  c a t i o n s .  W i t h  r e g a r d  t o  e x c h a n g e a b le  

c a t i o n s ,  m o s t  b e n t o n i t e s  c a r r y  Ca-” 2  a s  t h e  m o s t  a b u n d a n t  i o n .  
O n l y  a  f e w  a r e  k n o w n  w h i c h  c a r r y  N a -1- a s  a  d o m in a n t  i o n .  A l s o  

o n l y  a  f e w  b e n t o n i t e s  t h a t  c a r r y  H+  o r  K+  a s  a ‘d o m in a n t  i o n .  

M g * 2 i s  f r e q u e n t l y  p r e s e n t  a s  a n  e x c h a n g e a b le  i o n  i n  r e l a t i v e l y  

s m a l l  a m o u n t s ,  a n d  t h i s  i s  p a r t i c u l a r l y  t h e  c a s e  w h e n  C a + 2  i s  
t h e  d o m in a n t  i o n .

S m e c t i t e  c l a y s  c a r r y i n g  e i t h e r  N a+  o r  C a + 2  a r e  

s u i t a b l e  f o r  f o u n d r y  m o l d i n g - s a n d  u s e ,  b u t  t h e y  h a v e  q u i t e  
d i f f e r e n t  p r o p e r t i e s  i n  s u c h  s a n d s .  T h u s  a  s o d iu m  s m e c t i t e  

p r o v i d e s  r e l a t i v e l y  h i g h  d r y  s t r e n g t h  a n d  l o w e r  g r e e n  s t r e n g t h ,  

w h e r e a s  c a lc u m  s m e c t i t e  g i v e s  h i g h  g r e e n  s t r e n g t h  a n d  l o w e r  d r y  
s t r e n g t h .

T h e  d i f f e r e n t  t h e r m a l  a n a l y s i s  c u r v e  f o r  
b e n t o n i t e  i s  c h a r a c t e r i z e d  b y  i t s  l a r g e  e n d o t h e r m i c  p e a k  i n  t h e  

l o w  t e m p e r a t u r e  r e g i o n  a n d  tw o  s m a l l  e n d o t h e r m i c  p e a k s  a t  
a p r o x im a t e l y  6 8 0  d .  a n d  8 8 0  ช . T h e r e  i s  c o m p le t e  a b s e n c e  o f  a n y  
e x o t h e r m i c  p e a k  i n  t h e  1 0 0 0  ช . r e g i o n .



T h is  c la s s i f ic a t io n  o f c la y s  o r ig in a l ly  a p p lie d  
to  sed im enta ry l ig n i te - b e a r in g  aluminum s i l ic a t e s  th a t  are  
p la s t ic ,  f in e -g ra in e d , e a s i ly  s la ke  in  w ate r and would f i r e  to  a 
c lean , cream to  w h ite  c o lo r .  The term  ' 'b a l l "  was d e r iv e d  from  
the  o r ig in a l  method o f m in ing  the  p la s t ic  c la y  in  England, where 
i t  was c u t from  the  bank in  the form  o f b a l ls  w e igh ing  about 33 
lb s . each. L a te r , the  exp ress ion  b a l l  c la y  was adopted fo r  a 
wide range o f c la y s  th a t  cou ld  n o t ca te go r ized  as k a o lin  o r f i r e  
c la y s .

Because o f the  slow  movement o f  the  stream s, o n ly  
the  f in e s t  sediments cou ld  be c a r r ie d , which accounts f o r  the  
ve ry  f in e d  g ra ined  na tu re  o f some b a l l  c la y s . And upon reach ing  
the  lagoons, the  b la c k is h  wate r and a c id s  from  decay ing  
ve ge ta tio n  would have a pronounced f lo c c u la t in g  e f f e c t  on the  
f i r e - c la y  p a r t ic le s ,c a u s in g  them to  s e t t le  in  a dense p la s t ic  mass

The re fra c to r in e s s  [PCE.] o f  b a l l  c la y s  no rm a lly  
ranges from  cone 28-34. The c la y s  f i r e  more o r le s s  w h ite  to  
cream and approach v i t r i f i c a t i o n  in  the  range o f cone 10-12. 
These c la y s  s la ke  down re a d i ly  i l l  w a te r and, when com p le te ly  
d ispe rsed  w ith  a p p ro p r ia te  e le c t r o ly te s ,  w i l l  e x h ib i t  a p a r t ic le  
s iz e  from  80% le ss  than 0 .5  m icron down to  20%.

The p r in c ip le  c la y  m in e ra l in  b a l l  c la y  is  
k a o l in i t e ,  bu t th e re  can be m inor amounts o f montm ori l I o n i te ,  
h a l lo y s i te  o r i l l i t e .  M ica, q u a r tz , and / o r  o rg a n ic  m a te r ia l 
such as l ig n i t e  a lso  may be p re sen t. I t  is  the c o l lo id a l
f r a c t io n  o f the  c; la y  m in e ra ls and the o rgan ic  c o l lo id  th a t
promote p la s t i c i t y . P la s t ic i t y , one o f the  most im po rta n t
c o n tr ib u t io n s made by c e r ta in b a l l c la y , is  most d i f f i c u l t  to
p re d ic t  by la b o ra to ry  te s ts .  However, i t  can be recogn ized and 
determ ined q u a l i t a t iv e ly  in  commercial p la n ts  th rough  
com para tive p rod uc tio n  t r i a l .
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The p re sen t o f  s o f t  c o l lo id a l  l i g n i t e ,  as opposed 
to  hard massive l ig n i t e ,  appears to  promote a type o f p la s t i c i t y  
f re q u e n t ly  re fe re d  to  as waxy p la s t i c i t y .  The presence o f  
f in e - g r a in  c la y  c o l lo id s  [ - 0 .5  m icron f r a c t io n ]  w i l l  improve  
p la s t i c i t y ,  y ie ld in g  a s t ic k y  p la s t i c i t y .  The presence o f  
m o n tm o r il lo n ite  is  known to  inc rease  the  p la s t i c i t y  o f the  c la y ,  
and some a u th o r i t ie s  b e lie v e  th a t m inor amount o f  i l l i t e  and / o r  
mica make w orth  w h ile  c o n tr ib u t io n s .

Another c h a ra c te r is t ic  o f b a l l  c la y  is  i t s  
a b i l i t y  to  be f lo c c u la te d  th rough  the  ad so rp tio n  o f ions  from  
e le c t r o ly te s .  T h is  phenomenon p e rm its  a w ide range o f  
v is c o s i t ie s  in  b a l l  c la y  s lu r r ie s  o r s l ip s  and serve as the  
ba s is  f o r  c a s t in g  in  p la s te r  o f P a r is  molds. B a l l  c la y  is  an 
im po rta n t raw m a te r ia l in  ceram ic f o r  p la s t i c i t y ,  bonding  
s tre n g th  and re f r a c to r in e s s .  I t  a lso  is  u s e fu l as an a u x i l ia r y  f lu x .

The d i f f e r e n t i a l  the rm a l a n a ly s is  cu rve f o r  b a l l  
c la y  is  c h a ra c te r iz e d  by;

1. a sm a ll endotherm ic peak in  the  100 d . to  200 ช. 
re g io n , t h is  is  due to  the  heat re q u ire d  to  remove w a te r th a t  
has been adsorped on the  su rfa ce s  o f the  c la y  p a r t ic le s  ,

2. the  g radua l exo therm ic e f f e c t  in  the  300 ช. to  
500 ช. tem pera tu re  range, t h is  is  due to  the  o x id a t io n  o f  
o rgan ic  m a tte r p re sen t in  most b a l l  c la y .

The re a c t io n s  o ccu r in g  in  k a o l in i t e  when heated;

100 -  200 ช. Endotherm ic peak.
fre e  w a te r adsorped on the su rfa ce  o f  p a r t ic le s

were d r iv e n  o f f .
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45.0 - 6 Q.Q° G. Endot hermic. peak.
re h yd ra tio n  re a c t io n  o f k a o l in i t e ,  the  chem ica l 

water [h y d ro x y l]  i s  removed from  k a o l in i t e  acco rd ing  to  the  
fo l lo w in g  re a c t io n ,

6 [A I2O3 . 2  S i02 .2 H2O] -------- »- 3 [2  A lzOs. 4 S i02 ] + 12 HzO
k a o l in i t e  m e takao lin  wa te r

D u ring  t h is  p rocess , th e re  is  a w e igh t lo s s  o f 13.95 %. The 
hexagonal p la te s  o f  the  k a o l in i t e  remain in  the  same shape bu t 
show no evidence o f c r y s t a l l i n i t y .  W ith  t h is  change to  
m etakao lin , the  m a te r ia l a lso  loses i t s  p la s t ic  p ro p e r t ie s .

o
980 c‘ ■ Exo therm ic peak.

M e takao lin  la ye rs  condense to  form  a new type  o f  
c r y s ta l s t ru c tu re  c a lle d  a s p in e l which has the  approxim ate  
com pos ition  2 A I2O3 . 3 SiÜ2

3 [2  A I2O3 . 4  S i02 ] -------- -  3 [2  A l203 .3 S i02 ] + 3 S i02
metakaoln s p in e l phase amorphous s i l i c a

1Q5Q-- 11QQ d. Exothermic peak.
There is  t ra n s fo rm a tio n  re a c t io n  o f the  s p in e l 

phase to  m u l l i t e ,  more amorphous s i l i c a  is  e je c t  d u r in g  t h is  
r e a c t io n .

3 [2  A12Ü3.3 S i02 ] --------*  2 [3  A l203 .2 S iOz] + 5 S i0 2
s p in e l phase m u l l i t e  amorphous s i l i c a

Above 1200 ช.
There is  con tinued  development o f m u l l i t e  and

c r is t o b a l i t e .
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2.2.4 Wallastoni t e .[CaSiQal ,

A n a tu r a l ly  o ccu r in g  ca lc ium  s i l i c a t e ,
w a lla s to n ite  im pa rts  low m o is tu re  expansion, reduced d ry in g  
and f i r i n g  sh rin kage , h ig h e r f i r e d  s tre n g th , improved heat 
shock, fa s te r  f i r i n g ,  easy p re s s in g , b e t te r  bonding , and 
s u p e r io r e le c t r ic a l  p ro p e r t ie s  to  bod ies , g la ze s , p o rc e la in  
enemels and f r i t s .  W a lla s to n ite  a p p lic a t io n s  in  the  ceram ic  
in d u s try  can be c la s s i f ie d  in to  two gene ra l groups ;

1. rep lacement o f f l i n t  and lim es tone ,
2. a m a te r ia l f o r  p roduc ing  bod ies and g la zes  f o r  

s u p e r io r  p ro p e r t ie s .

Among the  many o th e r ceram ic a p p lic a t io n s  in  
which w a lla s to n ite  can be used are ; g la ze  porous ceram ics o f  
n e a r ly  every k in d , d inne rwa re , ovenware, a rtw a re , s t r u c tu r a l  
c la y  p roduc ts , t e r r a  c o t ta ,  sa n ita ryw a re , chem ica l stoneware, 
ceram ic bonded ab ra s ive s , r e f r a c to r ie s ,  h igh  a lum ina bod ies , 
spark p lu g s , e le c t r ic a l  p o rc e la in s , f r i t s  and investm en t c o a tin g s .

T h e o re t ic a l ly ,  w a lla s to n ite  is  composed o f  CaSiOa 
w ith  48.25 % o f CaO and 51.75 % o f  SiÜ2 , i t s  m e lt in g  p o in t  be ing  
a t 1540 d. The n a tu ra l as w e l l as s y n th e t ic  w a l la s to n ite  are  
never c o m p lé ta it pu re , as Ca+2 is  p a r t ly  s u b s t itu te d  by Mg"1"2 , 
Fe+2, o r Mn+2 .

There are th re e  d i f f e r e n t  m o d if ic a t io n s  o f  CaSi03 ; 
cL -  CaSiOa ะ p seudow a lla s to n ite  is  the

t r ic l in ic - p s e u d o  hexagonal m o d if ic a t io n , r e s is ta n t  above 1125±10 ช.
f  -  CaSiÜ3 -  the  a c tu a l w a lla s to n ite  which is

t r i c l i n i c
f  -  CaSiÜ3 = p a ra w a lla s to n ite  is  ano the r se ldom ly  

o ccu r in g  deep-tem pertu re  m o d if ic a t io n .
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W a lla s to n ite  can be produced s y n th e t ic a l ly  by 
a s o l id  phase re a c t io n , a s in te r in g  process o r by the rm a l 
dehyd ra tio n  o f x o n o t l i t e ,  CaeS i60 i7 [0H ]2 ,o f  t h is  th re e  processes, 
o n ly  the  f i r s t  one has proven to  be economic. But even t h is  one 
can o n ly  be c a r r ie d  ou t w ith p o u t problems when the  fo l lo w in g  
requ irem en ts are met ;

1. F in e s t,  i t  p o s s ib le  i r o n - f r e e  and th e re fo re
c o s t ly  g r in dn g  o f the  ba s ic  m a te r ia ls  q u a rtz  [S i0 2 ] and
lim es tone  powder [CaC03] o r q u ic k  lim e  o r whitewash lim e  [CaO] 
o r ca lc ium  hyd ra te  [C a(0H )2 ].

2. C a re fu l a d d it io n  o f a m in e ra liz in g  agent
[e .g . l i t h iu m  -  ca rbona te ]

3. S u f f ic ie n t  tim e o f re a c t io n  [app rox . 2 h r s . ]
4 . Thorough c o n t ro l o f  the  tem pera tu re  around

1450 c . when JL -  CaSi03 is  formed.
5. C o n tro lle d  c o o lin g  f o r  t ra n s fo rm a tio n  

in to  ÿ  -  CaSi03.

Comparing the  homogeneity, p u r i t y ,  low and 
re g u la r heat expansion , low gas e xpu ls ion  and even the  
whiteness o f  the  s y n th e t ic  w a l la s to n ite ,  i t  is  equa l to  the  
na tu re  one and even s u p e r io r in  some cases.

2 .2 .5  T a lc . โ3 MgQ. 4 SiQz. HzO l■

M e lt in g  p o in ts  above 1400 c . ,  a hydrous magnesium 
s i l i c a t e  conside red as hav ing  the  fo rm u la  3 Mg0.4 S i02 . H2O, 
a lthough  some ta lc s  ana lyze a lm ost 4 MgO. 5 SiÜ2 . H2O. I t  is  
ve ry  s o f t ,  and is  used as the  s tandard f o r  a Moh. hardness o f 1. 
M ine ra l masses o f the  com pos ition  are known as t a lc ,  the  impured  
v a r ie t ie s  as soapstone. R e la t iv e ly  pure massive v a r ie t ie s  are  
known as s te a t i t e .  The m in e ra l is  w h ite , g re e n is h -w h ite , o r  
l i g h t  green and has a s p e c i f ic  g r a v i t y  2 .6 -2 .8 .
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The advantages o f t a lc  in  ceram ic bod ies a re  ;
1. I t  is  a cheap source o f MgO which a c ts  as f lu x .
2. I t  im pa rts  h igh  the rm a l shock and h igh  

e le c t r ic a l  re s is ta n c e  a t  e le va ted  tem pera tu res , low d ie le c t r ic  
lo ss  and low power fa c to r .  The the rm a l shock re s is ta n c e  is  due 
to  the  development o f c o r d ie r i te  and m u l l i t e  which have low  
the rm a l expansion.

3. I t  has a h ig h  s p e c i f ic  heat and h igh  
re s is ta n c e  to  a c id  a t ta c k .

4. In  low tem pera ture bod ies i t  in c reases the rm a l
expans ion .

5 . In  bo th  h igh  tem pera ture and low tem pera tu re  
bod ies , i t  decreases expansion.

I t  shoud be noted th a t  a l l  ta lc s  are d i f f e r e n t  
and the  r e s u l t  ob ta ined  w ith  one cannot be d i r e c t ly  t ra n s la te d  
to  ano ther t a lc .  The lim e co n ten t o f v a r io u s  t a lc  is  sometime 
taken as a b a s is  o f  com para tive c la s s i f ic a t io n .

T a lc  undergoes decom position  fo llo w e d  by se ve ra l 
t r a n s i t io n s  on h e a tin g . The tem pera tu re  a t which the  changes 
occur v a ry  n o t o n ly  w ith  the  n a tu re  and amounts o f
im p u r it ie s  bu t a lso  on the  f in ene ss  o f g r in d in g  and hence 
cannot be g iven  e x a c t ly .

On he a tin g  a t a lc ,  which has a com pos ition  
v a ry in g  between the  l im i t s  ะ

3 MgO. 4 SiOs. HaO and 4 MgO. 5 SiOs. H2O
31.8 % 63 .5 % 4 .7  % 33 .5 % 62 .7  % 3.8%

assoc ia ted  w ith  im p u r it ie s  in t ro d u c in g  a lum ina , iro n  , lim e  , 
a lk a l ie s  and more w a te r, the  t o t a l  ig n i t io n  lo s s  o f 5 .5  % 
( s l i g h t l y  above average) w a te r is  lo s t  in  th re e  s tages,



23

some 0 .4  % which is  he ld  as H2O m olecu les comes o f f  in  
the  range from  120 to  200 c . and 350 to  500 c . and the  rem a in ing  
5 .1  % is  p re sen t as ch em ic a lly  bound h yd ro xy l groups and 
comes o f f  a t 600 to  1050 c . A t the  same tim e  fre e  s i l i c a  
s p l i t s  o f f  , le a v in g  magnesium m e ta s il ic a te

3 MgO. 4 S i0 2 . H2O 1000° 3<Mg0.Si02 )+S i02+H20
T a lc  E n s ta t i te

A t about 1200 c . ,  th e re  is  a fa s te r  r e c r y s ta l l iz a t io n  , the  
e n s ta t i te  g ra d u a lly  changing to  c l in o e n s ta t i te  ( c a l le d  p ro to  
e n s ta t i t e )  and the  amorphous s i l i c a  to  c r is t o b a l i t e  around  
1300 c . They found two endotherm ic heat e f fe c ts ,  a sm a ll one 
a t 530 to  572 c . and a la rg e r  one a t 860 to  953* c .

T a lc  does n o t s p l i t  in to  fre e  magnesium and 
s i l ic o n  d io x id e .

MgO. S i02 1200  c .^ MgO. S i0 2
E n s ta t i te  C l in o e n s ta t ite

Magnesium s i l i c a t e  r e a d i ly  re a c ts  e i th e r  by 
s o lu t io n  , fo rm a tio n  o f e u te c t ie s  e tc ; o r ch em ic a lly  , w ith  
alum ina , iro n  ox ides , lim e 5 e tc . The re s u l ts  ob ta ined  by 
in tro d u c in g  v a ry in g  amounts o f t a lc  w ith  d i f f e r e n t  im p u r it ie s  
in to  d i f f e r e n t  ceram ic bod ies are th e re fo re  v e ry  v a r ie d .  
A la rg e  range o f e f fe c ts  can be achieved by u s in g  t a lc ,  
bu t o f te n  o n ly  w ith in  c a r e fu l ly  d e fin e d  l im i t s  o f com pos ition  
and f i r i n g  tem pera tu re .



24
2 .2 .6  D ispex

D ispex d is p e rs a n ts  are low m o lecu la r w e igh t, 
a n io n ic , wa te r s o lu b le  po lymers. The presence o f D ispex in  w ate r 
pe rm its  a h ig h  lo ad in g  o f  m ine ra l p a r t ic le  r e s u l t in g  in  ve ry  
f l u id  s lu r r y

P ro p e r t ie s :
D ispex N40 ะ sodium s a l t  o f  p o ly c a rb o x y lic  a c id , pH ะ 7 .5  
D ispex A40 ะ ammonium s a l t  o f p o ly c a rb o x y lic  a c id , pH ะ 8 .0

These polymers are non-foam ing d is p e rs a n t w ith  a 
narrow m o lecu la r w e igh t d is t r ib u t io n  re s u lts  in  c o n s is ta n t  
p roduc ts  w ith  maximum e ffe c t iv e n e s s . The D ispex a c t io n  produces  
a s t a b i l i z in g  and d is p e rs in g  e f f e c t  by the  process th a t  in vo lv e s  
the  io n iz a t io n  in  wate r to  produce e i th e r  a sodium o r ammonium 
c a tio n  to g e th e r w ith  a p o ly an io n . T h is  po lyan ion  absorbs  
i r r e v e r s ib ly  on to  the m in e ra l su rfa ce  caus ing  the  p a r t ic le  to  
become n e g a t iv e ly  charged. C a tions  then surround each m in e ra l 
p a r t ic le  and ad ja cen t p a r t ic le s  re p e l one ano the r to  m a in ta in  a 
s ta te  o f d is p e rs io n .

D ispex N40 is  s ta b le  over a w ide range o f pH and 
tem pera tu re , the  e f fe c t iv e  pH range is  5-14 and up to  the  
tem pera ture o f  100 ช w ith o u t any d e te r io r a t io n  in  d is p e rs in g  
e f f ic ie n c y .  D ispex A40 is  a lso  ve ry  s ta b le  to  v a ry in g  c o n d it io n s  
o f pH and tem pertu re  a lthough  be ing  an ammonium s a l t  th a t  w i l l  
be lo ss  o f the v o la t i l e  base a t h igh  tem pera tu re .

D ispex can be used to  f lu id is e  and s ta b i l is e  
ceram ic c a s t in g  s l i p  and a lso  he lps to  reduce "c a s t in g  s p o t " .
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Raw M a te r ia l S e le c tio n

C ons ide rin g  o f  the s ta r t in g  raw m a te r ia ls ,  these can be 
purchased from  a vendor and re c ieved  a t a m anu fac tu ring  s i t e  and 
can va ry  w id e ly  in  nom ina l chem ica l and m in e ra l com pos itions , 
p u r i t y ,  p h y s ic a l and chem ica l s t ru c tu re ,  p a r t ic le  s iz e  and 
p r ic e .  These in c lu d e  ;

1. re f in e d  in d u s t r ia l  m in e ra ls  th a t  have been
b e n e f ic ia te d  to  remove m in e ra l im p u r it ie s  to  s ig n i f i c a n t ly
inc rease  the  m in e ra l p u r i t y  and p h y s ic a l co n s is te n cy . These are  
b a l l  c la y , b e n to n ite , t a lc  and w a lla s to n ite  ;

2. h igh -tonnage in d u s t r ia l  in o rg a n ic  chem ica ls th a t  have 
undergone s ig n i f ic a n t  chem ica l p rocess ing  and re fin em en t to  
s ig n i f i c a n t ly  upgrade th e  chem ica l p u r i t y  and improve the  
p h y s ic a l c h a ra c te r is t ic s .  T h is  raw m a te r ia l is  c a lc in e d  a lum ina  
[Bayer P ro ce s s ].

The cho ice  o f  a raw m a te r ia l f o r  a p a r t ic u la r  p roduc t 
w i l l  depend on m a te r ia l c o s t, market fa c to r ,  vendor- 
se rv ic e s , te c h n ic a l p roce ss ing  c o n s id e ra t io n s , and the  u lt im a te  
performance requ irem en ts and market p r ic e  o f the  f in is h e d  p ro d u c t.

The s e le c t io n  f o r  ceram ic s t a r t in g  powders are dependent 
on the  p ro p e r t ie s  re q u ire d  in  the  f in is h e d  component. P u r i ty ,  
p a r t ic le  s iz e  d is t r ib u t io n ,  r e a c t iv i t y ,  and po lym o rph ic  form  can 
a l l  a f fe c t  the  f in a l  p ro p e r t ie s  and thus must be cons ide red from  
the  o u ts e t.

1. P u r i ty  s t ro n g ly  in f lu e n c e s  h igh -tem pe ra tu re
p ro p e r t ie s  such as s tre n g th . The e f f e c t  o f  the  im p u r ity  is  
dependent on the  ch em is try  o f bo th  the  m a tr ic  m a te r ia l and the  
im p u r ity .  Im p u r it ie s  p re sen t as in c lu s io n s  do no t a p p re c ia b ly  
a f fe c t  p ro p e r t ie s  such as creep o r o x id a t io n , b u t do a c t as 
f law s  th a t  can concen tra te  s tre s s  and decrease component te n s i le  
s tre n g th . The e f f e c t  on s tre n g th  is  dependent on the  s iz e  o f the



in c lu s io n  compared to  the  g ra in  s iz e  o f the  ceram ic and on the  
r e la t iv e  the rm a l expansion and e la s t ic  p ro p e r t ie s  o f the m a tr ic  
and in c lu s io n .

2. Par t ic le__sise  and., .reactivity P a r t ic le  s iz e
d is t r ib u t io n  is  im p o rta n t, depending on which c o n s o lid a t in g  o r  
shaping techn ique is  to  be used. The o b je c t iv e  o f the  
c o n s o lid a t io n  s tep  is  to  ach ieve maximum p a r t ic le  pack ing  and 
u n ifo rm ity ,  so th a t  maximum sh rinkage  and re ta in e d  p o ro s ity  w i l l  
r e s u l t  d e n s i f ic a t io n .  A s in g le  p a r t ic le  s iz e  does no t produce  
good pack ing . Optmum pack ing  f o r  p a r t ic le s  a l l  the  same s iz e  
r e s u l t  in  over 30% vo id  space. Adding p a r t ic le s  o f a s iz e  
e q u iv a le n t to  the  la rg e s t vo id s  reduces the  vo id  co n ten t to  20%. 
Adding a t h i r d ,  s t i l l  sm a lle r p a r t ic le  s iz e  can reduce the  pore  
volume to  23%. T he re fo re , to  ach ieve a maximum p a r t ic le  pack ing , 
a range o f p a r t ic le  s iz e s  is  re q u ire d .

A c o n tro l le d  optimum p a r t ic le  s iz e  d is t r ib u t io n  is  
re q u ire d  to  ach ieve maximum re p ro d u c ib le  s tre n g th . The s tre n g th  
is  c o n tro l le d  by flaw s  in  the  m a te r ia ls .  A s in g le  p a r t ic le  which  
i s  s ig n i f i c a n t ly  la rg e r  than the  o th e r p a r t ic le s  in  the  
d is t r ib u t io n  can become the  c r i t i c a l  f la w  th a t  l im i t s  the  
s tre n g th  o f the  f i n a l  com ponen t.S im ila r ly , a la rg e  vo id  r e s u l t in g  
from  a nonhomogeneous p a r t ic le  s iz e  d is t r ib u t io n  o r from  p a r t ic le  
too  c lo se  to  the  same s iz e  may n o t be e lim in a te d  d u r in g  s in te r in g  
and may become the s t r e n g th - l im i t in g  f la w . Small p a r t ic le  s iz e  
is  im po rta n t i f  h ig h  s tre n g th  is  the  p r im a ry  o b je c t iv e .

Another im po rta n t aspect o f  s t a r t in g  powder is  
r e a c t iv i t y .  The p r im a ry  d r iv in g  fo rc e  f o r  d e n s i f ic a t io n  o f ร. 
compacted powder a t  h igh  tem pera tu re  is  the  change in  su rfa ce  
f re e  energy. Very sm a ll p a r t ic le s  have h igh  su rfa ce  fre e  energy  
and thus have a s tro n g  thermodynamic d r iv e  to  bond to g e th e r . Very  
sm a ll p a r t ic le s  can be compacted in to  a porous shape and 
s in te re d  a t h ig h  tem pera tu re  to  near th e o re t ic a l d e n s ity .
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P a r t ic le  s iz e  d is t r ib u t io n  and r e a c t i v i t y  are a lso  

im po rta n t in  d e te rm in in g  the  tem pertu re  and the  tim e a t the  
tem pera ture necessary to  ach ieve s in te r in g .  T y p ic a l ly ,  the  f in e r  
the  powder and the  g re a te r i t s  su rfa ce  area , the  lower are the  
tem pera ture and tim e a t tem pera tu re  f o r  d e n s i f ic a t io n .  T h is  can 
have an im po rta n t e f f e c t  on s tre n g th . Long tim es a t tem pera tu re , 
r e s u l t  in  in c rease  g ra in  g row th and lower s tre n g th . To o p tim ize  
s tre n g th , a powder th a t  can be d e n s if ie d  q u ic k ly  w ith  m in im a l 
g ra in  g row th is  d e s ire d .

3. Po lym orph ic Form Many ceram ics occur in  d i f f e r e n t  
po lym orph ic fo rm s. For most a p p lic a t io n s  one polymorph is  
p re fe re d . Be fo re  s e le c t in g  a m a te r ia l f o r  an a p p l ic a t io n ,  i t  is  
necessary to  v e r i f y  th a t  the  m a te r ia l does n o t have an 
unacceptab le tra n s fo rm a tio n . A good f i r s t  s tep  is  to  check the  
phase e q u il ib r iu m  diagram  fo r  the  com pos ition . Even i f  more than  
one polymorph is  p re sen t w ith in  the  in tended tem pera tu re  range 
o f the  a p p l ic a t io n ,  the  m a te r ia l may be accep tab le . The 
im po rta n t c r i t e r io n  is  th a t  no ab rup t volume changes occu r. T h is  
can be determ ined by lo o k in g  a t the the rm a l expansion cu rve fo r  
the  m a te r ia l.
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2.3 Er.Qdü.ctiQn_Er.Qsas.a....of .. Ball Mill Liners ;

Ceramic p roduc ts  are used in  a p p lic a t io n s  where the  
performance and r e l i a b i l i t y  o f  the  p roduc t must be p re d ic ta b le  
and assured th a t  the  p roduc t must be fa b r ic a te d  s u c c e s s fu lly  in  a 
p ro d u c tiv e  manner. The m anufacture o f b a l l  m i l l  l in e r s  from  
a complex ba tch  c o n ta in in g  ceram ic m a te r ia ls  and p rocess ing  
a d d it iv e s  in to  a f in is h e d  p roduc t in v o lv e s  many o p e ra tio n s . 
A l l  o f  the  m a te r ia ls  and op e ra tio n s  must be c a r e fu l ly
c o n t ro l le d .  P r in c ip le s  o f  sc ience shou ld be used in  a d d it io n  
to  e m p ir ic a l te s ts  f o r  unde rs tand ing , im p rov ing , and c o n t r o l l in g  
these l in e r s '  p rocess ing .

A lum ina l in e r s  are made from  alum ina powders and in  
gene ra l the  h ig h e r the  p u r i t y  o f  the  powders, the  f in e r  the  
p a r t ic le  s iz e  and the  sm a lle r the  p a r t ic le  s iz e  d is t r ib u t io n ,  
then th e  b e t te r  the  end p ro d u c t. There are however problems  
in c rease  as p a r t ic le  s iz e  decreases. Agg lom era tion in to  c lu s te rs  
must be avo ided , as t h is  is  l i k e l y  to  r e s u l t  in  pores in  
the  f i n a l  s t ru c tu re  th a t  can t o t a l l y  d e s tro y  i t s  s tre n g th .  
T h is  is  achieved w ith  p la s t ic iz e r s  and d e flo c c u la n ts  th a t  
e f f e c t iv e ly  make the  powder in to  a v iscous  f l u id ,  o th e r
a d d it iv e s  may in c lu d e  b in d e rs  to  improve green s tre n g th  and 
s in te r in g  a id s  to  he lp  d e n s i f ic a t io n .

Because the  shapes f i n a l l y  produced are hard and thus  
d i f f i c u l t  and expensive to  m a c h in e , it is  im po rta n t th a t  the  
green ceram ic is  shaped so th a t  the  f i n a l  p a r t  , a f t e r
s in te r in g  , re q u ire s  l i t t l e  o r no machine. The main techn ique  
f o r  c o n s o lid a t in g  a lum ina powders and fo rm ing  shape is  e x tru s io n .

S in te r in g  is  the  ne x t stage o f the  fa b r ic a t io n  process  
and i t s  c o n t ro l i s  c r i t i c a l  in  th a t  d e n s i f ic a t io n  , 
r e c r y s ta l l iz a t io n  , and g ra in  g row th a l l  occur in  t h is .  G ra in  
grow th  in h ib i t o r s  are used to  produced a f u l l y  densed s in te re d
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body w ith  f in e  g ra in  ra ic ro s t ru c tu re . As s in te r in g  prog resses  
the  d e n s ity  o f the body inc reases l in e a r ly  u n t i l  i t  reaches  
s a tu ra t io n  (z e ro  water a b s o rp t io n ) .D e n s if ic a t io n  d u r in g  s in te r in g  
r e s u l ts  in  l in e a r  sh rinkage  o f  about 20 %. W hile t h is  can 
u s u a lly  be taken in to  account in  de s ig n in g  th e  green shape 
f i n a l  mach in ing by way o f  g r in d in g  o r p o lis h in g  is  o f te n  
necessa ry .

2 .3 .1  B a l l  M i l l in g  -  Powder S iz in g .

A cco rd ing  to  the  fa c t  th a t  the  p a r t ic le  s iz e  
d is t r ib u t io n  is  im po rta n t in  a ch ie v in g  the  optimum p ro p e r t ie s  in  
the  f i n a l  component. Raw m a te r ia ls  are n o t u s u a lly  a v ia la b le  w ith  
the  optimum p a r t ic le  s iz e  d is t r ib u t io n .  The fu r th e r  fa b r ic a t io n  
process fo r  raw m a te r ia ls  must be p ro v ided .

H igh mechanica l s tre n g th  in  s in te re d  alum ina
re q u ire s  f in e  g ra in  s iz e  o f the heat-m atured body. S ince some 
g ra in  g row th occurs d u r in g  s in te r in g ,  the  raw a lum ina must be 
s t i l l  f in e r .  F ine  g ra in  s iz e , achieved by g r in d in g  massive 
p a r t ic le s  to  s iz e , re q u ire s  the  expend itu re  o f much energy.

The use o f  d i f f e r e n t  types o f  g r in d in g  equipment 
a l te r s  the  p ro p e r t ie s  o f the  ground a lum ina.

Severa l d i f f e r e n t  types o f g r in d in g  equipment have 
become a v a ila b le  d u r in g  the  la s t  two decades f o r  p re p a r in g  
ceram ic m a te r ia ls  in  the  f in e r  s ize s  f o r  fo rm ing  o p e ra tio n s  
These in c lu d e , among o th e rs , v a r io u s  types o f f l u i d  energy m i l ls ,  
v ib r a t in g  b a l l  m i l l s  (Sweco), and the  A t t r i t o r .  Improvements in  
co nve n tio na l b a l l  m i l l in g  have a lso  been re a liz e d  w ith  the  
development o f h igh -a lum ina  m i l l  l in e r s  and g r in d in g  b a l ls ,  
rubber l in e r s ,  a ir—swept m i l l s ,  hydrocyc lone c la s s i f ie r s ,  and 
o th e r c la s s i fy in g  means fo r  removing the  ground p roduc t from  the  
sphere o f a c tio n  e f f i c ie n t l y .  The s ta g  m i l l  i s  a b a l l  m i l l
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p rov ided  w ith  p e r ip h e ra l s lo t s  to  a llo w  removal o f  the  
com p le te ly  ground m a te r ia l from  the  m i l l .  I t  shou ld be 
advantageous in  g r in d in g  massive a lum ina.

Each o f these g r in d in g  dev ices has i t s  advantages 
and d isadvan tages. The a i r  c la s s i f ic a t io n  systems are l im ite d  in  
t h e i r  a b i l i t y  to  separa te  f in e r  p a r t ic le  s iz e s . The f l u id  energy  
m il ls  g e n e ra lly  produce narrow , le ss  p a r t ic le  s iz e  d is t r ib u t io n s ,  
devo id  o f extreme f in e s ,  and have poor e f f ic ie n c y  in  b rea k in g  up 
massive a lum ina such as the  fused and ta b u la r  grades. The ground 
p roduc ts  have m arked ly d i f f e r e n t  su rfa ce  p ro p e r t ie s  than the  
usua l b a l l -m i l le d  p roduc ts , as in d ic a te d  by standard  o i l  
t i t r a t i o n s .  The A t t r i t o r  may accom plish in  a few m inutes the same 
e x te n t o f g r in d in g  th a t  re q u ire s  hours o f  b a l l  m i l l in g ,  b u t wear 
and con tam ina tio n  from  the equipment, and power consumption may 
be h ig h . I t  is  a lso  necessary to  ope ra te  in  a l iq u id  suspension .

The d e s ire d  p a r t ic le  s iz e  d is t r ib u t io n  u s u a lly  
cannot be achieved s im p ly  by sc reen ing , c la s s i f y in g  o r  
e lu t r ia t in g  the  raw m a te r ia l.  More t y p ic a l ly ,  a p a r t ic le  s iz e  
re d u c tio n  [com m inution ] s tep  is  re q u ire d . B a l l  m i l l in g  is  one o f  
the  most w id e ly  used, to  change the  p a r t ic le  s iz e  d is t r ib u t io n  
and d isp e rse  agglomerates in  m a te r ia ls ,  f o r  h ig h -c a p a c ity  
g r in d in g  and when a wide s iz e  d is t r ib u t io n  o r m ix in g  and 
d is p e rs io n  o f  agglomerates w ith  a minimum o f damage to  p a r t ic le  
is  p re fe re d .

Ceram ic-grade a lum ina is  u s u a lly  wet-g round in  
co nve n tio na l b a l l  m i l l s  in  p re sen t commercial o p e ra tio n s .

Surface a c t iv e  agents such as Darvan may be added 
d u r in g  b a l l  m i l l in g  to  reduce changes in  the  v is c o s i t y  o f  the  
s lu r r y ,  and to  a llo w  use o f the  minimum amount o f w a te r. P ickup o f  
con tam ina tio n  from  m i l l  and b a l l  wear in  bench -sca le  te s ts  were 
found to  be about ten  tim es h ig h e r in  wet b a l l - m i l l i n g  than in  the
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e q u iv a le n t d ry  b a l l - m i l l i n g  in  g r in d in g  re a c t iv e  a lum ina. S l ig h t ly  
h ighe r r e a c t iv i t y ,  found f o r  the  w e t-m ille d  p ro d u c t, is  a t t r ib u te d  
to  the p ickup  o f  f in e ly  d iv id e d  im p u r i t ie s .

Bayered-process a lum ina c o n s is ts  o f  s o l id  
agglomerates ra th e r  than in d iv id u a l p r im a ry  p a r t ic le s .  B reak ing  
down the  agglomerates by g r in d in g  r e s u l ts  in  many advantages, 
in c lu d in g  denser compacts, lower f i r i n g  sh rin kage , lower f i r i n g  
tem pera tu res , lower tendency fo r  lam in a tio n  and warpage, and, 
most im po rta n t o f  a l l ,  b e t te r  f i r e d  m ic ro s tru c tu re s . G rin d in g  
does n o t breakdown the  in d iv id u a l p r im a ry  p a r t ic le s  b u t in s tea d  
f ra c tu re s  the  agglomerates to  form  a com b ina tion o f in d iv id u a l o r  
se ve ra l in d iv id u a l p r im a ry  p a r t ic le s .

H i l l i n g  can be conducted e i th e r  d ry  o r wet. Dry  
m il l in g  has the  advantage th a t the  r e s u l t in g  powder does n o t have 
to  be seperated from  a l iq u id .  The m ajor concern in  d ry  m i l l in g  
is  th a t  the  powder does n o t pack in  the  co rne rs  o f the  m i l l  and 
avo id  m i l l in g .  The powder must be kep t f re e  f lo w in g . One method 
o f accom p lish ing  t h is  is  to  use a d ry  lu b r ic a n t  such as s te ra te .  
In  some cases, h u m id ity  o r m o is tu re  in  the  powder causes pack ing . 
T h is  have been re so lved  th rough the  use o f a heated m i l l .

Wet m i l l in g  is  u s u a lly  ve ry  e f f i c ie n t  i f  the  
c o r re c t r a t io  o f  f l u i d  to  powder to  m i l l in g  media is  used. The 
r a t io  v a r ie s  f o r  d i f f e r e n t  m a te r ia ls  and u s u a lly  has to  be 
op tim ized  e x p e r im e n ta lly .

M i l l in g  produces a broad p a r t ic le  s iz e  
d is t r ib u t io n  ra th e r  than a narrow  p a r t ic le  s iz e  range as 
achieved by sc reen ing . M i l l in g  can re a d i ly  reduce the  average 
p a r t ic le  s iz e  to  5 yi/m. o r le s s . Besides p roduc ing  the re q u ire d  
p a r t ic le  s iz e  d is t r ib u t io n ,  b a l l  m i l l in g  can a lso  produce a ve ry  
a c t iv e  powder th a t  is  e a s ie r to  d e n s ity  in  la t e r  process s tep s . 
In  some cases, th a t  is  achieved by an a c t iv e  su rfa ce  c o n d it io n .  
In  o th e r cases i t  appears to  be achieved by increased s t r a in  
energy in  the  p a r t ic le .
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F i l t r a t i o n  is  used in  ceram ic p ro ce ss ing  to  
concen tra te  p a r t ic le s  from  a suspension o r s lu r r y .  The p la te  and 
flam e f i l t e r  p ress is  common f i l t e r i n g  dev ice  and a common 
p ra c t ic e  is  f i l t r a t i o n  a t a cons tan t ra te  fo llow ed  by co ns tan t  
p ressu re  f i l t r a t i o n  to  m in im ize th e  i n i t i a l  lo s s  o f f in e  
p a r t ic le s  and m a in ta in  a co ns tan t l iq u id  co n te n t.

A f te r  f i l t e r  p re s s in g , the  p a r t ic le  f i l t e r  cakes 
are taken to  the  e x tru s io n  system where padd les o r augers m ix the  
feed m a te r ia ls  and fo rc e  i t  th rough  a shredder in to  a vacuum 
chamber shredded m a te r ia ls  th a t is  sm a ll in  c ross s e c t io n  a more 
u n ifo rm ly  d e -a ire d  w ith o u t su rfa ce  d ry in g . D e -a ired  m a te r ia l is  
co n so lid a te d , mixed and ex truded c o n tin u o u s ly  u s in g  an auger and 
an e x tru s io n  d ie .

The e x tru s io n  o f a lum ina , c o ld  e x tru s io n ,
processes ta x  the  a b i l i t y  o f  the "n o n p la s t ic "  s in g le  ox ides to  
acqu ire  p la s t ic  p ro p e r t ie s  s u f f i c ie n t  to  f lo w  and assume a 
con tinuous formed shape. The a d d it io n  o f sm a ll amounts o f  v a r io u s  
o rgarnie p la s t ic iz e r s  o r o f  the  p la s t ic  c la y  m a te r ia ls  to  
ground Bayer a lum ina in  the  p rope r con s is te n cy  w ith  w ate r is  
s u f f i c ie n t  to  a llo w  auger e x tru s io n .

D ry in g  is  an im po rta n t process in  p roduc ing  ceram ic  
raw m a te r ia ls  and shaped p roduc ts  ready f o r  f i r i n g .  D u ring  d ry in g ,  
heat is  tra n sp o rte d  to  the  l iq u id  in  the  body, and evaporated  
l iq u id  is  tra n sp o rte d  in to  the  su rround ing  atmosphere. The d ry in g  
ra te  depends on the  tem pera tu re  o f the  l iq u id  in  the  body and the  
tem pera tu re , h um id ity , and f lo w  ra te  o f  the  d ry in g  a i r .



33
A f te r  i n i t i a l  h e a tin g , the  p roduc t d r ie s  a t a 

cons tan t ra te  d u r in g  which sh rinkage  commonly occu rs . T ra n s it io n  
to  a decreas ing  d ry in g  ra te  occurs when the  e x te rn a l su rfa ce  o f  
the  p roduc t is  in com p le te ly  covered w ith  l iq u id .  When the d ry in g  
ra te  is  ve ry  fa s t ,  o r nonun ifo rm , th e  co ns tan t ra te  p e rio d  is  
r e la t iv e  s h o r t ,  and the  d i f f e r e n t i a l  sh rinkage  can cause c ra cks . 
Warping is  produced by nonun ifo rm  d ry in g  when the  body is  
s h r in k in g  and can deform  p la s t i c a l l y .  D ried  p roduc ts  are commonly 
hygroscop ic and may readsorb m o is tu re  in  p ro p o r t io n  to  the  
r e la t iv e  h u m id ity  o f  the  atmosphere. P roducts th a t have been 
d r ie d ,  c a lle d  "green p ro d u c ts " .

2 .3 .5  Fi r in g  Process

The green p roduc ts  are h e a t- tre a te d  in  a k i ln  o r  
fu rnace  to  deve lop the d e s ire d  m ic ro s tru c tu re  and p ro p e r t ie s .  
T h is  process c a lle d  " f i r i n g " ,  may be conside red to  proceed in  
th re e  stages ;

1. re a c t io n  p re lim in a ry  to  s in te r in g ,  which  
in c lu d e  the  e l im in a t io n  o f  gaseous p roduc ts  o f  decom position  and 
o x id a t io n ,

2. s in  t e r  ing  and,
3. c o o lin g .

S in te r in g  may be de fin e d  as the  c o n s o lid a t io n ,  
d e n s if ic a t io n ,  r e c r y s ta l l iz a t io n  and bonding ob ta ined  by he a tin g  
agglomerated powders d u r in g  o r fo l lo w in g  compaction a t  
tem pera tu res below the m e lt in g  p o in t  o f  the p r in c ip le  component.

A lum ina has been prepared in  massive fo rm  by the  
process o f s in te r in g .  I t  may appear as a s in g le -o x id e  component 
o r in  com b ina tion w ith  v a r io u s  ceram ic ox ides o r o th e r r e f r a c to r y  
m a te r ia ls ,  in c lu d in g  m e ta ls . The com pos ition  may be s u b s ta n ta i l ly  
c r y s ta l l in e  o r may co n ta in  v it re o u s  phases.
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Severa l th e o re t ic a l models have been proposed fo r  

the  s in te r in g  process o f  a lum ina , re p re se n tin g  c o n d it io n  in  which  
no v it re o u s  phase is  p resen t as w e ll as c o n d it io n  in v o lv e  
v it re o u s  phase. Surface te n s io n  has g e n e ra lly  been cons ide red a 
d r iv in g  fo rc e  o f s in te r in g  whether the s in te r  c o n s is ts  o f pure  
c r y s ta l l in e  phases o r in c lu d e  a l iq u id  phase.

Three stages o f s in te r in g  are u s u a lly  conside red ;
1. an i n i t i a l  p e r io d  o f neck g row th  between 

ad jacen t p a r t ic le s ,
2. a s tage o f m a te r ia l t ra n s p o r t o f  d e n s i f ic a t io n ,
3. a f i n a l  stage o f g ra in  g row th  w ith  e l im in a t io n  

o f is o la te d  vo id s .
These are o ve rla p p in g  phenomina.

S in te r i ng , in  th e P r esence__o f a Small Amount o f  a L iq u id  phase.

L iq u id  phase s in te r in g  i n i t i a l l y  re q u ire s  th a t  a t  
le a s t two s o lid  powders are homogeneously mixed by d ry  o r wet 
m ix in g  techn iques . The mixed powder is  u s u a lly  formed in to  a 
green compact o f  50-65% r e la t iv e  d e n s ity  by v a r io u s  fo rm ing  
methods, f o r  example, u n ia x ia l d ry  p re s s in g , co ld  is o s ta t ic  
p re ss in g  [C IP ], s l i p  c a s t in g , in je c t io n  m ould ing . These green  
compact s t ru tu re s  are bes t described  as a random loose o r dense 
pack ing . A l iq u id  phase, t y p ic a l ly  4 to  20% , is  formed upon 
hea tin g  the  mixed powder compact. W hile the  m ix tu re  o f  s o lid  
p a r t ic le s  and l iq u id  s in te r s  to g e th e r , p o ro s ity  o f a powder 
compact g ra d u a lly  d im in ishe s  to  form  a dense ceram ic p a r t .

A d r a s t ic  e f f e c t  in  s in te r in g  is  the  inc rease  
o f g ra in -bounda ry  d i f fu s io n  and g ra in -bounda ry  s l id in g  by a 
l iq u id  phase f i lm  coated each g ra in s  in  the  g ra in -b o u n d a rie s .  
The sm a ll q u a n t i t ie s  o f  l iq u id  phase can promote s in te r in g ,  
meaning h igh  d e n s it ie s ,s e e  F ig . 3 , in  a s h o r t tim e a t r e la t iv e  
low tem pera tu res w ith  le ss  o f  a tendency fo r  exaggerated g ra in  
grow th .
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F ig .3 Comparative d e n s i f ic a t io n  behav io r o f  a lum ina powder w ith  

and w ith o u t 5 wt.% o f an a lk a lin e  e a rth  a lu m in o s il ic a te
g la s s  phase.

F i r m g  I e m p e r a t i i f  e c ° (; )

A l iq u id  phase, e s p e c a il ly  when i t  wets the  
g ra in -b o u nda rie s , has a lso  a la rg e  e f f e c t  ๐ท the p h y s ic a l 
p ro p e r t ie s  o f the  m a te r ia l.  T h is  h igh  a lum ina l in e r ,  co n ta in s  a 
ca lc ium -m agnes ium -a lum ino s ilica te  g la s s  phase. In  s in te r in g ,  the  
l iq u id  draws the  p a r t ic le s  to g e th e r , and angu la r p a r t ic le s  may 
r o ta te ,  e n ab lin g  s l id in g  and rearrangement in to  a denser 
c o n f ig u ra t io n . Pores surrounded by s o lid  p a r t ic le s  in  c o n ta c t.  
L iq u id -p h a se -a s s is te d  s in te r in g  con tin ues  where th e re  is  some 
s o lu b i l i t y  o f the  s o l id ,  and a h ighe r d i f f u s i v i t y  in  th e  l iq u id  
may inc rease  the  ra te  o f  mass t ra n s p o r t and sh rin kage . Sharp 
edges and small p a r t ic le s  w i l l  p r e fe r e n t ia l ly  d is s o lv e , and 
d i f f u s io n  th rough  the  l iq u id  and c r y s t a l l iz a t io n  in  ano ther 
reg ion  produce g ra in  g row th . A l iq u id  phase th a t  wets and 
d is s o lv e s  the  s o l id  has been shown to  ra p id ly  p e ne tra te  between 
g ra in s  and d isp e rse  powder aggrega tes. T h is  can reduce the  
tendency f o r  exaggerated g ra in  g row th .
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A lso  v icous  f lo w  a t boundaries may a id  

d e n s if ic a t io n  by p ro g re s s ive  changing from
a) rearrangement, to
b ) s o lu t io n  p r e c ip i t a t io n ,  to
c ) f in a l  pore removal stage , as shown in  F ig .4 

F ig .4 Role o f d e n s i f ic a t io n  as a fu n c t io n  o f rearrangement,
s o lu t io n -p r e c ip i ta ta t io n  and f i n a l  pore removal.

1๐ 0*0  p a c k e d  C lo s e  p a c k e d

Open pore; Cioseo ooreî
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S in te ring  tim e , m in
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D uring  l iq u id  phase s in te r in g ,  a r e la t iv e  s ta b le  
pack ing  arrangement o f  the  s o l id  p a r t ic le s  is  e s ta b lis h e d  in  the  
e a r ly  stages o f s in te r in g  by rearrangement o f  the  p a r t ic le s .  
F u rth e r low e rin g  o f the  f re e  energy o f  the  a rra y  may then occur 
by r e d is t r ib u t io n  o f  th e  l iq u id  which is  depends on the  
u n ifo rm ity  and d e n s ity  o f  pack ing  o f the  p a r t ic le s .

D e n s if ic a t io n  d u r in g  l iq u id  phase s in te r in g  is  
d r iv e n  by the  thermodynamic d r iv in g  fo rc e  to  m in im ize  
i n t e r f a c ia l  f re e  energy o f the  system . In  g ene ra l, the  change in
f re e  energy A G go ing  from  one c o n f ig u ra t io n  to  ano ther
(see F ig . 4a ) in  a s o l id - l iq u id - v a p o r  system is  g ive n  by ;

A G = Asrv ^3V + Asa ^a a  + A s l ^ a l  + A lv  V lv

where Asv J Ass , A s l,a nd  A lv  a re  changes in  
the  v a r io u s  in t e r f a c ia l  areas and {  3V ,l^aa , if a l  l v  are t h e i r  
co rrespond ing  in te r fa c e  ene rg ies  ( s u b s c r ip ts  ร, 1, and V  

re p re sen t s o l id ,  l iq u id ,  and vapor re s p e c t iv e ly  ) . I f  good
w e tt in g  o f the  s o l id  by a liq u d  as assumed, the  va lues Asv and 
Aaa are  un im po rtan t. A lso when th e re  is  no g ra in  g row th , Aa l 

is  n e g l ig ib le .  T he re fo re  , A lv  is  the  p r im a ry  and the  most
im po rta n t v a r ia b le  in  d e te rm in in g  the  d r iv in g  fo rc e  f o r  l iq u id  
phase s in te r in g .

In  the  i n t i a l  l iq u id  phase s in te r in g  s tage , a 
number o f  consecu tive  and s im u ltaneous processes may occur 
in c lu d in g  m e lt in g , w e tt in g  sp read ing  and l iq u id  r e d is t r ib u t io n .  
Both s o l id  and l iq u id  are sub jec ted  to  rearrangement because o f  
unbalanced c a p i l la r y  fo rc e s  around s o l id  p a r t ic le s  as d ic ta te d  
by p a r t ic le  co n ta c t and l iq u id  maniscus geom etries th a t  re s u lts  
in  shea ring  and r o ta t io n a l movements o f p a r t ic le s .  L iq u id  f i lm s  
between p a r t ic le s  a c t as a lu b r ic a n t-T h e  rearrangement o f
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p a r t ic le s  proceeds in  the  d ir e c t io n  o f re duc ing  p o ro s ity .  As 
d e n s ity  in c reases , p a r t ic le s  in c re a s in g  re s is ta n c e  to  fu r th e r  
rearrangement due to  crowding by ne ig hbou rin g  p a r t ic le s  to  form  
a c losed pack ing  s t ru c tu re .

The d r iv in g  fo rc e  o f rearrangement a r is e s  because 
o f an imbalance in  c a p i l la r y  p ressu re  as a r e s u l t  o f :

-  p a r t ic le  s iz e  d is t r ib u t io n
-  i r r e g u la r  p a r t ic le  shape
-  lo c a l d e n s ity  f lu c tu a t io n  in  the  powder compact
-  a n is o tro p ic  m a te r ia l p ro p e r t ie s
I f  the  geometry o f the  p a r t ic le  c o n ta c t i s  ๒-lown, 

the  d r iv in g  fo rc e  f o r  rearrangement can be c a lc u la te d  f o r  
va r io u s  p a r t ic le  shape and co n ta c t geom etries . T h is  model is  
based on the  th e o ry  th a t  the  v ico u s  f lo w  o f a l iq u id  sandw itched  
between s o l id  p a r t ic le s  l im i t s  the  rearrangement p rocess.

Assuming the  Newtonian l iq u id ,  the  de fo rm a tion  
ra te  is  p ro p o r t io n a l to  shea ring  s tre s s , so the  d e n s i f ic a t io n

>y
d v f l î o  ) = A (g ) X  H t 3

d t  . r 3

= r e la t iv e  d e n s ity  
= tim e
= geom etric  cons tan t 
ะ su rfa ce  tens io n  
= v is c o s i t y  o f  l iq u id  
ะ ra d iu s  o f  s o l id  p a r t ic le .
The va lue  o f A (g ) decresses w ith  in c re s s in g

volume f r a c t io n  o f s o l id  and r e la t iv e  d e n s ity .
The volume f r a c t io n  o f l iq u id  is  an im po rta n t 

fa c to r  in  d e te rm in in g  the e x te n t o f rea rrangem ent.A t app rox im a te ly  
30-35 vo l.%  l iq u id ,  f u l l  d e n s if ic a t io n  can be achieved by 
rearrangement a lone . S in te r in g  behav io r o f powder compact w ith

ra te  is  g iven

where, j °  
t
A (g )

f
1
r s
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excess ive amount o f  l iq u id  is  q u ite  d i f f e r e n t  from  l iq u id  phase 
s in te r in g .  In  c o n tra s t ,  rearrangement in  s o l id  s in te r in g  s ta te ,  
can be l im ite d  by the  absence o f l iq u id  c a p i l la r y  and lu b r ic a t in g  
f i lm s  between p a r t ic le s .

SoIution-PreGip ita tion

When rearrangement becomes in s ig n i f ic a n t ,  
a d d it io n a l d e n s if ic a t io n  can be achieved by d is s o lu t io n  o f the  
s o l id  a t g ra in  c o n ta c t, t h is  r e s u l t in g  in  the  ce n te r to  ce n te r  
approch o f p a r t ic le .  The s o lu b i l i t y  is  p ro p o r t io n a l to  the  normal 
t r a c t io n  a t g ra in  c o n ta c t a r is in g  from  the  c a p i l la r y  fo rc e s  
(L ap la c ia n  fo rc e s )  th a t draw the  s o l id  p a r t ic le  to g e th e r .

The mass t r a n s fe r  re s u lts  in  c o n ta c t -p o in t  
f l a t t e r in g  and co rrespond ing  sh rinkage  in  the  powder compact.
The d is s o lu t io n  ra te  o f  the  s o l id  decreases as the  co n ta c t area
in c reases . A cco rd in g ly , the d e n s if ic a t io n  (s h r in ka g e ) ra te  
decreases as the  d e n s ity  o f  the  powder compact in c reases . A t the  
la t e r  s tage o f  s o lu t io n  p r e c ip i t a t io n ,  the  in te rconnec ted  pore  
s tru c tu re s  p in ch  o f f  to  form  is o la te d  (c lo s e d ) po res.

The ra te  l im i t in g  process f o r  s o lu t io n
p r e c ip i t a t io n  is  c o n t ro l le d  by d i f f u s io n  ra te  and re a c t io n  
c o n tro l le d  o f  m a te r ia l t ra n s p o r t which are s t ro n g ly  depended on r s .

EQ££._£afliQya I

D uring  in te rm ed ia te  stage s in te r in g , in te rc o n e c te d  
pore channels p in ch  o f f  to  form  c losed po res , the  f i n a l  stage o f  
l iq u id  phase s in te r in g  s ta r t s  a f t e r  pore c lo s u re . The c losed  
pores u s u a lly  co n ta in  gaseous spec ies from  s in te r in g
atmosphere, vapo rized  l iq u id ,  and decomposed s o l id .
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Severa l processes can occur s im u lta neous ly  d u r in g  

t h is  f i n a l  s tage , ( in c lu d in g  grow th and coalescence o f  g ra in s  
and po res , d is s o lu t io n  o f l iq u id  in to  s o l id ,  phase 
t ra n s fo rm a tio n , and fo rm a tio n  o f re a c t io n  p roduc ts  between 
l iq u id  and s o l id . )

A d d it iv e s  o th e r than temporary b in d e rs  have been 
used in  ceram ic a lum ina com positions f o r  se ve ra l purposes. Among 
these purposes m igh t be c ite d  ; c r y s ta l g row th  re p re ss io n , 
c r y s ta l g row th a c c e le ra t io n , a c c e le ra t io n  o f s in te r in g  o r  
sh rinkage  ra te ,  re d u c tio n  in  m a tu ring  tem pera tu re , a l t e r a t io n  in  
p o ro s ity ,  changes in  p h y s ic a l and chem ica l p ro p e r t ie s ,  and 
removal o f  im p u r it ie s .

C ry s ta l g row th in  s in te re d  a lum ina was e a r ly  
recogn ized as an un fa vo rab le  fa c to r  a f fe c t in g  s tre n g th  and 
the rm a l shock re s is ta n c e . I t  was found th a t  mere f in e s s  o f the  
s ta r t in g  a lum ina is  n o t s u f f i c ie n t  to  av iod  excess ive  c r y s ta l  
g row th . C ry s ta l g row th was repressed by SiÜ2 , and p a r t ic u la r ly  
MgO, i f  the  s in te r in g  tem pera ture was he ld  below the  p o in t  a t  
which e u te c t ic s  form  w ith  a lum ina. Magnesia, was cons ide rd  the  
id e a l a d d it iv e  f o r  s in te r in g  aluminum ox ide  because i t s  e u te c t ic  
p o in t  i s  a t  1925 c . , w e ll above the  p r a c t ic a l s in te r in g  p o in t  o f  
pure a lum ina. MgO added to  a lum ina causes s p in e l fo rm a tio n  a t  
700 c . ,  The s p in e l is  no t s o lu b le  in  a lum ina , b u t d is s o lv e s  up 
to  50 % [m o le ] A I2O3 in  s o l id  s o lu t io n  a t 1700 c . S i l i c a  and 
s i l ic a t e s  , p a r t ic u la r ly  the  n a t iv e  c la y s , have been common 
a d d it iv e s  to  s in te re d  a lum ina. Reactions between SiÜ2 and 
k a o l in i t e  and A I2O3 a t about 1600 c . may in v o lv e  a g la s s y  phase 
formed by d i f fu s io n  o f a lum ina in to  a q u a r tz  zone su rround ing  
c r is t o b a l i t e  p a r t ic le s ,  and a d d i t io n a l ly ,  m u l l i t e  c r y s ta ls  may 
form  in  the  a lum ina. The a d d it io n  o f magnesia in h ib i t s  g ra in  
grow th d u r in g  the  s in te r in g  o f a lum ina by m a in ta in in g  a h igh
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d i f fu s io n  f lu x  o f  vacanc ies from  the  pores to  the  g ra in  
boundaries , caus ing  a decrease in  g ra in  boundary m o b i l i t y .  The 
main purpose o f a g row th  re p re sso r is  to  a llo w  s u b s ta n t ia l ly  
complete s in te r in g ,  approach ing th e o re t ic a l d e n s ity  b e fo re  
secondary o r d is co n tin u o u s  c r y s t a l l iz a t io n  has reached excess ive  
l im i t s .  I f  secondary r e c r y s ta l l iz a t io n  has occured and pores  
become trapped , the  th e o re t ic a l d e n s ity  cannot be ob ta ined  
w ith in  a reasonable s in te r in g  tim e and tem pera tu re .
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