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ABSTRACT

A l u m i n a  h 3 =  b e e n  d e p o s i t e d  f r o m  a n  e t h a n o l i c  s u s p e n s i o n  o f
commerc ia l  a ruru ina  powder  s tab i r i zed  w i th  poryac- ry t i c
ac id -  The process  has  been s tud ied  by  sys täna l i "a i  var i -
a t i o n  o f  t h ?  d e p o s i t i o n  c o n d i t i o n s  a n a  L n "  p r o p e r t i e s  o f
the  suspens ions .  The mic ros t ruc ture  o f  the  depäs i ted  green
p l a t e s  i s  h o n o g e n e o u s  e x c e p t  a  t h i n  p o r o u s  r a y e r  ( 2 o o  p n )
a t  t h e  e l e c t r o d e  f a c i n g  s i d e .  A f t . e r  s i n t e r i n g - t h i s  p o . t , r .
l a y e r  i s  s t i l l  p r e s e n t  a n d  c a u s e s  a  r o w e r  f r a c t u r e
s t rength  o f  the  e lec t rode fac ing  s ide  in  compar ison to  the
s o l v e n t  f a c i n g  s i d e  o f  ! | "  c o r o p a c t .  M e t h o d s  t o r  o p t i n i z i n g
t h e  m i c r o s t r u c t u r e  a r e  d i s c u s s ä d .

INTRODUCTI O}{

The 
'p roduc t ion  

o f  ceramic  cornponents  w i th  good mechan ica l
p r o p e r t i e s  a n d  r e l i a b i l i t y  r e q u i r e s  a  f i n e  a n d  h o m o g e n o u s
m i c r o s t r u c t u r e  w i t h o u t  c r i t i c i l  d e f e c t s  i n  t h e  s i n t ä r e d
compact .  Th is  p roper ty  can be  i rnproved by  use  o f  f  ine  and
u l t ra f ine  powders  and fo r  th is  räason submicron  powders
a r e  o f  i n c r e a s i n g  i n t e r e s t .  s i n c e  t h e  p r o c e s s i n g  o f  f i n e
p o w d e r s  b y  c o n v e n t i o n a l  f o r m i n g  t e c h n i g u e s  i s  d i f f i c u J . t ,
i t  i s  necessary  to  adapt  the  fo rming  techn igue to  the  spe-
c i a l  p r o p e r t i e s  o f  t h e  p o w d e r s .  o n e - t e c h n i g u e  i s  t h e  e l ä c -
t r o p h o r e t i c  d e p o s i t i o n  o f  c e r a m i c  p o w d e r s  f r o m  s u s p e n s i o n s
which  is  known fo r  a  long t ine  / r -4 / .  Bu t  un t i r  .o r  no
a t t e m p t s  h a v e  b e e n  n a d e  t o  s t u d y  t h i s  m e t h o d  w i t h  r e g a r d
t o  t h e  i m p r o v e m e n t  o f  h o m o g e n e i t y  a n d  r e l i a b l i t y  o f  ä " . u -
m i c  c o m p a c t s .  r n  t h e  p r e s e n t  p a p e r  L / e  w i r l  r e p o r t  a b o u t
s o m e  f u n d a r n e n t a l  c o r r e l a t i o n s  o f  t h e  p a r a m e t e i s  w h i c h  d e -
t e r m i n e  t h e  e l e c t r o p h o r e t i c  d e p o s i t i o n  o f  a l u m i n a  f r o m
n o n - a q u e o u s  s u s p e n s i o n s  a n d  t h e  r e s u l t i n g  m i c r o s t r u c t u r e
o f  t h e  g r e e n  c o m p a c t  a s  w e l - r  a s  t h e  s t r e n g t h  o f  t h e  s i n -
t e r e d  b o d i e s .  N o n - a q - u e o u s  s u s p e n s i o n s  w e r ä  u s e d  t o  a v o i d
t h e  f o r m a t i o n  o f  g a s  b u b b r e s  b y  e r e c t r o r y s i s  o f  w a t e r .
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EXPERIMENTAL

T h e  s u s p e n s i o n s  w e r e ' p r e p a r e d  b y  u l t r a s o n i c  a g i t a t i o n  / 5 /
f rom comherc ia l  a lumina powder  (A) -coa A l6SG)  in  a  mix tu re
o f  e thano l  ,  water  and po lyacry l i c  ac id  (  PAA)  as  the  sus-
pend ing  agent .  The a lu ru ina  conten t  was  var ied  be tween 10
and 60  v rE, . - t  and the  concent ra t ion  o f  PAA ranged f rom L .2
t o  2 . O  ! r t . - *  r e f e r r i n g  t o  t h e  A l u m i n a  c o n t e n t .

Depos i t ion  exper i rnents  were  per fo r roed in  a  cy l indr ica l
c e l l  w i t h  5 0  m m  d i a m e t e r  a n d  v a r i a b l e  e l e c t r o d e  d i s t a n c e
up to  1OO nn.  The app l ied  vo l tage was changed be tween 1-0
a n d  3 o o  v  a n d  t h e  d e p o s i t i o n  t i n e  v / a s  v a r i e d  b e t v e e n  2  a n d
2 5  m i n u t e s .  T h e  d i r e c t i o n  o f  d e p o s i t i o n  w a s  p a r a l l - e I  t o
t h e  f i e t d  o f  g r a v i t y .  T h e  g r e e n  p l a t e s  ( 3  r u n  t h i c k n e s s )
v J e r e  d r i e d  a t  s O ^ " C  a n d  a  s t a n d a r d  p r o c e d u r e  w a s  u s e d  f o r
s i n t e r i n g  ( 1 6 4 0  o c ,  

1 0  n i n ) .  T h e  p . i t i c l e  s i z e  d i s t r i b u -
t i o n  i n  t h e  s u s p e n s i o n  w a s  d e t e r n i n e d  b y  s e d i m e n t a t i o n  a n d
a f t e r  a  s e d i m e n t a t i o n  t i r n e  o f  1 6  h o u r s  p a r t i c l e s  I a r g e r
t h a n  1  p m  w e r e  s e p a r a t e d .  A 1 I  s u s p e n s i o n s  s t u d i e C  i n  t h i s
p a p e r  w e r e  t r e a t e d  i n  t h i s  w a y  b e f o r e  u s i n g  t h e n  f o r
d e p o s i t i o n  e x p e r i m e n t s .  T h e  z e t a - p o t e n t i a l  \ r a s  d e t e r n i n e d
by  measur ing  the  movement  o f  the  boundary  sur face  in  a
U - t u b e  i n  a n  e l e c t r i c  f i e 1 d .

RESULTS A}ID DISCUSSION

E l e c t r o p h o r e s i s :

E l e c t r o p h o r e s i s  i s  b a s e d  o n  t h e  r n o v e m e n t  o f  c h a r g e d  p a r t i -
c l e s  i n  a  l i q u i d  c a u s e d  b y  a n  e l e c t r i c  f i e l d .  T h e  s u r f a c e
charge o f  the  a lu :n ina  par t i c les  in  the  suspens ion  is  ob-
ta ined by  po lyacry I  i c  ac id  wh ich  is  s tucked on  the  par t i -
c l e  s u r f a c e .  f n  a d d i t i o n  t o  t h i s ,  t h e  P A A  s e r v e s  a s  a
b i n d e r  f o r  t h e  d e p o s i t e d  p a r t i c l e s .  I n  a  f i r s t  a p p r o x i r n a -
t i o n  t h e  d e p o s i t e d  m a s s  c a n  b e  d e s c r i b e d  b y  e q u a i i o n  ( 1 )
w h i c h  i s  a  s i m p l i f i c a t i o n  o f  t h e  m o r e  c o m p l i c a t e C  d e s c r i p -
t i o n  g i v e n  b y  / 6 / .

! r ( t )  =  A  '  c  '  t  '  U  '  €  '  Z  /  (  n  d  ) ( 1 )

A :  e l e c t r o d e  a r e a  U :  a P P I i e d  v o l t a g e
.  c :  p o w d e r  c o n c e n t r a t i o n  Z :  z e t a - p o t e n t i a l

t :  t i r n e  o f  d e p o s i t i o n  n :  v i s c o s i t Y
€ :  p e r n i t t i v i t y  d :  e l e c t r o d e  d i s t a n c e

T h i s  e g u a t i o n  s h o w s  t h a t  t h e  d e p o s i t e d  E a s s  d e p e n d s  o n  t w o
d i f f e r e n t  s e t s  o f  p a r a n e t e r s .  T h e  f i r s t  i s  d i r e c t l y  c o r r e -
I a t e d  t o  t h e  s u s p e n s i o n  p r o p e r t i e s  a s  t h e  s o l i d  c o n t e n t ,
t h e  z e t a - p o t e n t i a l ,  t h e  p e n n i t t i v i t y  a n d  t h e  v i s c o s i t y .
T h e  s e c o n d  o n e  b e l o n g s  o n l y  t o  t h e  d e p o s i t i o n  c o n d i t i o n s
a s  e l e c t r o d e  a r e a  a n d  d i s t a n c e ,  t i r n e  o f  d e p o s i t i o n  a n d  t h e
a p p l i e d  v o l t a g e .  T h e  p a r a m e t e r s  w h i c h  d e s c r i b e  t h e  d e p o s i -
t i o n  ( s e e  e q .  1 )  w e r e  i n v e s t i g a t e d .
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Suspens ion  proper t ies  :

The e lec t rophore t ic  depos i t ion  o f  g reen compacts  requ i res
s t a b l e  s u s p e n s i o n  a s  w e l l  a s  h i g h  d e p o s i t i o n  r a t e s  f o r  a n
e c o n o m i c a l  p r o c e s s i n g .  F o r  t h e s e  r e a s o n s  t h e  s u s p e n s i o n
s t a b i l i t y  u a s  o p t i n i z e d  i n c l u d i n g  h i g h  d e s p o s i t i o n  r a t e s .
Accord ing  to  eq .  1  the  fo l low ing  pararne ters  were  op t i -
m i z e d :  s o l i d  c o n t e n t  ( a  h i g h  c o n t e n t  w a s  d e s i r e d ) ,  z e t a -
po ten t ia l ,  PAA concent ra t ion ,  pern i t t i v i t y  and v iscos i ty .
S ince  these pararoe ters  a re  no t  independent  o f  each o ther ,
the  in f luence o f  the  PAA concent ra t ion  and the  so l id  con-
ten t  was  inves t iga ted  a t  f i r s t .  I t  was  found tha t  the
zeta-po ten t ia l  i s  very  sens i t i ve  to  the  PAA-concent ra t ion
a n d  t h e  s o l i d  c o n t e n t .  T h e  h i g h e s t  v a l u e s  ( - 3 8  t o  - 4 4  r n v )
a r e  o b t a i n e d  a t  1 . 3  t o  1 . 5  w - t . - t  P A A  f o r  a l u m i n a  c o n t e n t
o f  4 O  L r t . - t .  T h e  v a r i a t i o n  o f  t h e  a l u m i n a  c o n c e n t r a t i o n
b e t w e e n  2 0  a n d  4 0  w - t . - t  a t  c o n s t a n t  P A A  c o n c e n t r a t i o n
( 1 . 4  v r t . - t )  c a u s e d  a  z e t a - p o t e n t i a i  c h a n g e  b e t w e e n  - 4 1  t o
-48  mV.  The pern i t t i v i t y  does  no t  depend on  the  PAA con-- t e n t  a n d  d e c r e a s e s  f  r o m  2 7  . 2  t o  2 2 . I  w i t h  t h e  a l u m i n a
c o n t e n t  i n c r e a s i n g  f r o m  1 0  t o  6 0  w t . - * .  T h e  v i s c o s i t y  d e -
pends on ly  on  the  a lu rn ina  conten t  and increases  f  rour  1 .  3
t o  4 . 4  m P a ' s  ( f 0  t o  6 0  w t . - *  a l u n i n a ) .

D e p o s i t i o n  r a t e s :

T h e  d e p o s i t i o n  r a t e  h a s  b e e n  s t u d i e d  a s  a  f u n c t i o n  o f  t h e
a p p l i e d  v o l t a g e  a n d  t h e  a l u r n i n a  c o n t e n t .  T h e  s u g g e s t e d
( e q .  1 )  l i n e a r  r e l a t i o n s h i p  b e t w e e n  d e p o s i t e d  m a s s  o n  t h e
o n e  a n d  v o l t a g e  a n d  t i r n e  o n  t h e  o t h e r  s i d e  c o u l d  b e
p r o v e d ,  ä s  s h o w n  i n  f i g .  1  a n d  2 .  W i t h  i n c r e a s i n g  a l - u m i n a
c o n t e n t  t h e  d e p o s i t e d  m a s s  f o r  c o n s t a n t  t i m e  o r  v o l t a q e
i n c r e a s e s .

60 vrt.7" 41203

q.
J 20

D e p o s i t i o n  t i m e  I m i n l

D e p o s i t e d  m a s s  a s  f u n c t i o n  o f  t h e  d e p o s i t i o n
t i n e  f o r  d i f f e r e n t  a L u r n i n a  c o n t e n t s
P A A - c o n c . :  1 . 4  v t . - t ,  a p p l i e d  v o l t a g e :  5 0  V
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r i q .  2

0 50  100
A p p l i e d  v o l t o g e  t V  1

D e p o s i t e d  m a s s  a s  a  f u n c t i o n  o f  t h e  a p p l i e d
v o l t a g e  f o r  d i f f e r e n t  a l u n i n a  c o n c e n t r a t i o n s
P A A - c o n c . :  1 . 4  ! J " t - t ,  d e p o s i t i o n  t i r n e :  1 0  n i n

C h a r a c t e r i z a t i o n  o f  t h e  g r e e n  p l a t e s :

The mic ros t ruc ture  o f  the  green p la tes  was inves t iga ted  by
s c a n n i n g  e l e c t r o n  m i c r o s c o p y  ( s E M ) .  T h e  s o r v e n t  r a ä i n g
s i d e  o f  t h e  g r e e n  p l a t e  ( f i g .  3  a )  e x h i b i t s  a  h o m o g e n o u s
m i c r o s t r u c t u r e  w i t h  d e n s e  p a c k e d  p a r t i c r e s .  r n  c o n t r a s t
t h e  m i c r o s t r u c t u r e  o f  t h e  e l e c t r o d e  f a c i n g  s i d e  ( f i g .  3  b )
i s  m o r e  h e t e r o g e n o u s  c a u s e d  b y  a g g l o m e r a t e s  a n c  i - . ! "
p o r e s .  T h i s  u n e x p e c t e d  b e h a v i o r  w a s  s t u d i e d  b y  f u r t h e r
exper iments  and i t  cou ld  be  shown tha t  th is  type  o f  sur -
f a c e  m i c r o s t r u c t u r e  i s  n o t  p r i n a r i r y  c a u s e d  l y -  t n e  r e m o v a ]
o f  t h e  g r e e n  p r a t e  f r o m  t h e  e L e c t r o d e .  F u r t h e r n o r e  t h e
s u r f a c e  i s  n o t  a f f e c t e d  b y  t h e  s u s p e n s i o n  p a r a n e t e r s  a n d
i s  n o t  c a u s e d - b y  a  p o s s i b r e  e r e c t r ä l y s i s  o i  w a t e r  l e a d i n g
t o  t h e  f o r r n a t i o n  o f  g a s  b u b b l e s .  F r o m  t h e  p r e s e n t  s t a t e  o f
o u r  k n o w l e d g e  t h e  p o r o u s  m i c r o s t r u c t u r e  o f  t h e  e r e c t r o d e
s i d e  i s  d i r ä c t 1 y  c ä n n e c t e d  t o  t h e  d e p o s i t i o n  n e c h a n i s m s ,
a s  i t  v i l l  b e  s h o w n  l a t e r .

9 1 0
a
(n
o
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Fig .  3  SKY-rn ic rogaphes o f  g reen p la te
a :  s o l v e n t  f a c i n g  s i d e ,  b :  e l _ e c t r o d e  f a c i n g  s i d . e

rn  o rder  to  de termine the  depth  pro f i re  o f  the  porous
r a y e r  o f  t h e  e l e c t r o d e  f a c i n g  s i d e  s e v e r a l  l a y e r s  w i t h
v a r y i n g  t h i c k n e s s e s  w e r e  d e p o s i t e d ,  s t a r t i n g  w i - t n  o . 2  u u n
a n d  i n c r e a s i n g  t h e  l a y e r  t h i c k n e s s  u p  t o  1 . 5  m m .  T h e
p o r o s i t y  o f  t h e  d i f f e r e n t  l a y e r s  w a s  m e a s u r e d  b y  t h e
H g - p e n e t r a t i o n  n e t h o d .  A f t e r  c a l c u l a t i n g  t h e  a v ä r a g e  p r a t e
d e n s i t y  a s  a  f u n c t i o n  o f  t h e  t h i c k n e s s ,  t h e  d i f f e r ä n t . i a l
d e n s i t y  c a n  b e  c a l c u l a t e d  a c c o r d i n g  t o  e q .  ( 2 ) :

P d ' d  :  U  p i ' d i  i = l  t o  n ( 2 )

b )a )

Pao
P ;
d :

].

d e n s i t y  o f  t h e  d e p o s i t e d  l a y e r
t h i c k n e s s  o f  t h e  d e p o s i t e d  l a y e r
d i f f e r e n t i a l  d e n s i t y
d i f f e r e n t i a t  t h i c k n e s s

T h e  a v e r a g e  v a L u e s  o f  t h e  d i f f e r e n t i a r  d e n s i t i e s  p .  a s
a  f u n c t i o n  o f  t h e  p r a t e  t h i c k n e s s  a r e  s h o w n  i n  f i ; ]  4 .

2 . 5

2,0

0  0 . s  1 . 0  1 . 5

T h i c k n e s s  I m m ]

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

m
a

E
o

a_

=
(n
C

o
e l e k t r o d e  s o l v e n t
s i d e  s i d e

F i g
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I t  i s  o b v i o u s  t h a t  t h e  f i r s t  l a y e r  ( 2 O O . l r n ) ' i s  s i g n i f i -

can t ly  less  d .ense than the  overa l l  dens i ty  o f  the  p la te .

Th;  
- ; ; r ;  

s ize  d is t r ibu t ion  (de tern ined by  Hg-poros ine t ry )

o f  t ie  f i r s t  1ayer  showed.  a  h igher  number  o f  pores  grea ter

than tO pm too ,  wh ich  is  in  ag ieenent  w i th  the  SEM-* ic ro -

g r a p h s .  T h e  d e n s i t y  o f  t h e  p o r o u s  l a y e r a i = _ ] . 9  g / c I J _ '  a n d

ä . n = i t y  o f  a  g r e e n  c o m p a c t  i s  2 . 2 5  g / c m ' .  T h e  f o r m a t i o n  o f

a  poroü= laye i  was  obsärved.  fo r  d i f fe ren t  suspens ions  and

ä " p o = i t i o n  p a r a m e t e r s .  T o  r e d u c e  t h e  p o r o u s  l a y e r  t h i c k -

" " r=  the  in? luence o f  the  d .epos i t ion  vo l tage was s tud ied

for  a  s tand.ard  suspens ion  (1 - .4  ! , r t - t  PAA,  33  wt - t  a lumina)

and a  cons tan t  e leä t rode d is tance (30  rnn)  -  The resu l ts  a re

s h o w n  i n  f i g .  5 .  T h e  d e n s i t y  o f  t h e  f i r s t  d e p o s i t e d  l a y e r

i n c r e a s e s  f i o r n  1 0  t o  l O O  V  a n d  d e c r e a ? e = .  s l o w l y  u p  t o

3 O O  V .  T h e  m a x i m u m  d e n s i t y  ( 2 . 0 5  g / c m '  )  i s  a c h i e v e d  a t

1 O O  V .  T h e  i n f l u e n c e  o f  t h e - a p p l i Ä d  v o l t a g e  o n  t h e  d e n s i t y

" r  t h e  t h i c k e r  l a y e r s  i s  n o t  s o  d i s t i n c t .  T h e  r e a s o n s  f o r

the  fo rmat ion  o f  porous  layers  w i th  a  d is t inc t  th ickness

may be  a t t r ibu ted .  to  the  nächan ism o f  the  depos i t ion  pro-

cess  and the  d , i scharge o f  the  par t i c les  '  However ,  th is

assumpt ion  has  to  be  proved by  fu r ther  exper iments  '

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

The f rac tu re  s t rength  was de ter rn ined by  a  doub le  r ing  tes t

i ;  ge t  in fo rua t ion  about  the  n ic ros t ruc tura l -  de fec ts  o f

t h e  s i n t e r e d ,  p l a t e s .  T h e r e f o r e  b o t h  s i d e s  o f  t h e  p l a t e s

w e r e  t e s t e d  u n d e r  t e n s i o n  s t r e s s .  T h e  r e s u l t s  a r e  r e p r e -

s e n t e d  i n  a  W e i b u l ) " - p l o t  i n  f i g '  6 '
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D e n s i t y  a s  a  f u n c t i o n  o f  t h e  a p p l i e d  v o l t a g e  f o r

d , i f f e r e n t  g r e e n  l a y e r  t h i c k n e s s e s
r i g .  s
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The average o f  the  f rac tu re  s t rength  o f  the  so lvent  s ide
is  442 MPa,  in  cornpar ison  w i th  344 HPa o f  the  e lec t rode
s ide .  The lower  s t rength  o f  the  e lec t rode s ide  is  due to
i ts  äur face  de fec ts  fo rmed in  the  green s ta te ,  wh ich  are
a l s o  r e s p o n s i b l e  f o r  t h e  l o w  W e i b u l l  m o d u l u s  o f  a b o u t  5 .
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F r o c t u r e  s t r e n g t h  a  I M P o l

W e i b u l l - p l o t  o f  f r a c t u r e  s t r e n g t h  o f  s i n t e r e d
p l a t e s  a :  e l e c t r o d e  s i d e ,  b :  s o l v e n t  s i d e
(  P A A - c o n c .  :  1  .  3  w t .  - t ,  a l u m i n a  c o n t .  :  ̂ 4  0  l r t .  - t  ,
v o l t a g e :  5 0  V ,  s i n t e r i n g  t e n p .  :  1 6 4 0  

" C ,  
1 0  m i n .  )

CONCLUS IOTIS

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