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ABSTRACT

s p h e r i c a r  Y - d o p e d  z i r c o n i a  p o w d e r s  h a v e  b e e n  p r e p a r e d  f r o mw a t e r  i n  o i L - e m u l s i o n s  o f  a c i d  s t a b i l i z e d  i g u d o u =  s o 1 s .
T h e  p r e c i p i t a t i o n  o f  h y d r o x i d e s  i n s l d e  t h e  d r o p l e t s  w a sach ieved by  an  ion  exc l ,ange process  be tween the  aqueous
p h a s e  a n d  a n  a n i o n  e x c h a n g ä  r e s i n ,  u s i n g  ;  p h a s e  t r a n s f e r
ca ta lys t  as  a  car r ie r  fo r  the  .n ion= t t i rougn the  organ ic
s o l v e n t .  A . z e o t r o p i c  d i s t i l l a t i o n  o f  t h e  w a t e r  c a u s e d  ad e n s i f i c a t i o n  t o  s p h e r i c a r  a m o r p h o u s  p a r t i c r e s .  F i l t r a _
t ion ,  d ry - ing  and cä lc ina t ion  reä  to  i r r .  fo rmat ion  o f  at e t r a g o n a l  z i r c o n i a  p o w d e r .  r s o s t a t i c a t l y  p r e s s e d  p o w d e r
c o m p a c t s  s i n t e r e d  a t  1 6 5 0  . c  t o  t h e o r e t l c ä r  a e n s l t y . ^
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c e r a m i c  p o w d e r s  w i t h  d e f i n i t e  p a r t i c l e  s i z e  d i s t r i b u t i o n s
and shapes are  o f  inc reas ing  i i te res t  fo r  the  prepara t ion
of  h igh  per fo rnance ceramics- .
Many procedures  fo r  the  prepara t ion  o f  f ine  spher icar  pow-
d e r s  w i t h  a  n a r r o $ /  s i z e - a i s t r i b u t i o n  h " ; 1 " ä r ,  d e s c r i t e d ,
e .  q .  b y  .  t h e  s y n t h e s i s  f  r o m  s o l u t i o n  (  l _ 3  )  o r  f  r o r n  g a sp h a s e s  (  4  )  ;  b u t  i t  i s  v e r y  d i f f i c u l t  t o  a c h i e v e  d e f e c t
f ree  mic ros t ruc tures  f rom ionos ized poräLr=  (  5  )  .  ser ious
d i s a d v a n t a g e s  o f  s o m e  o f  t h e s e  p r o c e s s e s  a r e  t h e i r  l o wy i e l d s  b e c a u s e  o f  e x t r e m e l y  l o w  c o n c e n t r a t i o n s  o f  t h e  p r e -
cursor  in  the  gas  o .  .  I  iqu ld  phase ,  the  expens ive  ,u " '  ,u -t e r i a l s  { e .  g .  a r k o x i d e s -  i n  ä r g u n i "  " o r v " n t s 1  a n d  d i f f i -
c u r t i e s  i n  t h e  p r e p a r a t i o n  o f  r ü l t i " o r p " " " " t  F y s t e m sT h e  u s e  o f  a n  e m u r s i o n  t e c . h n i g u e  w i t h  a n  a q e o u s  p h a s e  a l _l o w s  t h e  i n t r o d u c t i o n  o f  i n o r l a n i c  s a l t s  o r  s o l s ,  a r m o s t
i n d e p e n d e n t  o n  c o m p o s i t i o n
s o l i d  p a r t i c l e s  c a n  b e  f o r r n e d  f r o m  e m u l s i o n s  b y  t h e  r a p i de v a p o r a t i o n  o f  t h e  w a t e r  f r o m  s a l t  s o r u t i o n s  ( 6 - 7 )  o r  t h ep r e c i p i t a t i o n  o f  h y d r o x i d e s r  € .  g .  b y  b u b b l i n g  g . = L o r =  a m -m o n i a  t h r o u g h  t h e  r e a c t i o n  r n e d i u r n  ( B )  .  n u t  i n  t h i s  c a s e sthe  thermal .  decompos i t ion  o f  the  meLa l -  o - r  ammoniumsar tsi n  t l "  p a r t i c l e s  c - u s " =  a  l a r g e  w e i g h t  f o = - =  a n a  a  d i s i n t e -g r a t i o n  o f . t h e  s p h e r e s  o r  l a r i e  i n t i a g r ; ; ; l u ,  p o r e s .
A n  e x t r a c t i o n  o f  a c i d s  o r  . n - i o n =  o f  a c i d  s a l t s  f  r o m  t h ea q u e o u s  p h a s e  c a n  b e  p e r f o r m e d  b y  t h e  a d d i t l o n  o f  o i l - s o -L u b l e  a m i n e s  t o  t h e  e m u l . s i o n  ( g ) ;  l u t  i n  a  b a t c h  p r o c e s s  aI a r g e  e x c e s s  o f  a m i n e s  i s  n " " L r = u r y  t o  a c h l e v e  a ^  c o m p l e t e
ex t rac t ion .  Fur thermore  the  emptoyed weak bases  cannot
t r a n s f o r m  n e u t r a l  s a r t s  t o  t h e  c o r r e s p o n d i 4 g  h y d r o x i d e s .
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A  poss ib le  rou te  to  avo id  these d isad.vantages  seems to  be
t h e  u s e  o f  o i l  s o l u b l e  s t r o n g  b a s e s ,  € .  g .  q u a t e r n a r y  a l -
kylarnmoniumhydroxided' .  Alkylanunonium-cat ions are used as
p h a s e  t r a n s f e r  c a t a l y s t s  i n  o r g a n i c  c h e m i s t r y ;  t h e y  a r e
ab le  to  car ry  an iones  th rough an  organ ic  so lvent  and to
e x c h a n g e  t h e m  a t  a  o i l - w a t e r  p h a s e  b o u n d a r y .  T h e r e f o r e  i t
s h o u l d  b e  p o s s i b l e  t o  u s e  a  p h a s e  t r a n s f e r  c a t a l y s t  a s  a
c a r r i e r ' f o r  a n i o n s  b e t w e e n  a n  a n i o n  e x c h a n g e  r e i i n  a s  a
b a s e  r e s e r v o i r  a n d  t h e  e m u l s i f i e d  a q u e o u s  p h a s e .  C o n s e -
q u e n t l y  c a t a l y t i c  c o n c e n t r a t i o n s  o f  t h i s  c o m p o u n d  s h o u l d
b e  s u f f i c i e n t  t o  a c h i e v e  a  c o r n p l e t e  e x c h a n g e  o f  t h e  a n i o n s
a n d  t h e  p r e c i p i t a t i o n  o f  t h e  h y d r o x i d e s .
The a i rn  o f  Lh is  inves t iga t ions  $ /as  to  work  ou t  an  exper i -
menta l  p rocedure  fo r  the  prepara t ion  o f  cerarn ic  powders
a n d  t o  t e s t  t h e  p r o c e s s  w i t h  y - d o p e d  z i r c o n i a  a s  a  m o d e r .

EXPERIME}{TAL

A g u e o u s  z i r c o n i a  s o r s  w e r e  p r e p a r e d  b y  t h e  a c i d  h y d r o l y s i s
o f  z i r c o n i u r n p r o p o x i d e  f o r  t h e s e  f i r s t  i n v e s t i g a t i o n s ,  b u t
t h e i r  p r e p a r a t i o n  f r o m  a q e o u s  s o l u t i o n s  o f  z i r c o n i u n s a l t s
i s  p o s s i b l e ,  t o o .
L o g . 2  g  o f  a  s o l u t i o n  o f  z i r c o n i u m - n - p r o p o x i d e  i n  2 - p r o -
p a n o l  ( 7 5  w t t )  w e r e  d i s s o l v e d  i n  e t h a n o l  a n d  a  n i x t u r e  o f
2 2  m l  n i t r i c  a c i d  ( 6 5  w t t )  a n d  2 5  r n l  r v a t e r  w a s  a d d e d .  T h e
m o r a r  r a t i o  o f  z i r c o n i u m  t o  n i t r a t e  w a s  a b o u t  1 .  D o u b l e
e v a p o r a t i o n  o f  t h e  s o l v e n t s  a t  6 0  ' c  a n d  r e d i s s o l v i n g  o f
t h e  r e s i d u e  i n  w a t e r  r e s u l t e d  i n  a  c l e a r  a q u e o u s  z i r c - o n i a
s o r  w h i c h  i s  s t a b l e  f o r  s e v e r a r  d a y s .  T h e  u s e  o f  n i t r i c
a c i d  a s  a  p e p t i z i n g  a g e n t  e n a b l e s  t h e  p r e p a r a t i o n  o f  s o r s
wi th  a  concent ra t ion  o f  up  to  50  wt t  rv i th  respec t  to  z i r - -
c o n i a .  5 . 7 6  q  y t t r i u m n i t r a t e - h e x a h y d r a t e  w e r e  d i s s o l v e d  i n
w a t e r  a n d  a d d e d  t o  t h e  z i r c o n i a  s o l  t o  a c h i e v e  t e t r a g o n a l
z i r c o n i a ,  s t a b i l i z e d  w i t h  3  m o l - *  y t t r i a  a s  t h e  f i n a l  p r o -
d u c t .  T h e  t o t a t  v o r u m e  o f  t h e  p r e c u r s o r  w a s  a d j u s t e d  t o
1 0 0  m I  b y  t h e  a d d i t i o n  o f  w a t e r .
T h e  a q u e o u s  s o r  w a s  e m u l - s i f i e d  i n  p e t r o r e u m e t h e r  ( b o i l i n g
r a n g e  5 0  7 a  ' c ) ,  u s i n g  E m u l s o g e n  o c  ( F a .  H o e c h s t )  a s  a n
e m u l s i f i e r .  T h e  r e s u l t i n g  d r o p l e t  s i z e  d i s t r i b u t i o n  w a s  i n
t h e  r a n g e  o f  a b o u t  0 . 5  5  p m .
1 . 5  q  d i d o d e c y l d i m e t h y l a r n m o n i u m b r o m i d e  w e r e  d i s s o l v e d  i n
1 0  m l  l - o c t a n o r  a n d  a d d e d  t o  t h e  e m u l s i o n .  A f t e r  s t i r r i n g
f o !  a  f e w  m i n u t e s ,  t h e  e m u l s i o n  l r a s  p u t  i n  a n  i o n  e x c h a n g ä
c o l u m n ,  f  i l l - e d  w i t h  5 o o  g  D o w e x  1 x 8  ( F a .  D o w  c h e r n i c a l ) ,  a
s t r o n g r y  b a s i c  i o n  e x c h a n g e  r e s i n  i n  t h e  b a s i c  f o r m .  T h e
c o m p l e t i o n  o f  t h e  e x c h a n g e  p r o c e s s  v / a s  c o n t r o l l e d  w i t h  p H -
a n d  n i t r a t e - i n d i c a t o r s t i c k s .  A c c o r d i n g  t o  t h e  f l o w  r a t e  o f
5 0  2 0 0  r n J - / m i n  a  s i n g r e  o r  d o u b r e  p a s s a g e  o f  t h e  e m u l s i o n
through the  co lumn v /as  su f f i c ien t  to  ach ieve  an  approx ima-
t e l y  c o m p l e t e  e x c h a n g e  ( p H  7  B ,
The remova l  o f  the  va ter  f  rom the  resur t t rng  hydrox ide
d r o p l e t s  w a s  p e r f o r m e d  b y  a z e o t r o p i c  d i s t i l l a t l o n  a n d  i t s
s e p a r a t i o n  w i t h  a  D e a n  S t a r k  m o i Ä t u r e  t r a p .  T h e  a d d i t i o n
o f  L 0  n l  l - b u t a n o l  i n c r e a s e d  t h e  c o n c e n t r a t i o n  o f  w a t e r  i n
t h e  g a s e o u s  p h a s e  f r o m  a b o u t  5  2 0  w t t .
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T h e  w a t e r - f : e e  h y d r o x i d e  p a r t i c l e s  w e r e  f i l t e r e d  o f f ,  r e _d ispersed in  pe t io reurnethär ,  f i r te red  aga in ,  d r ied .  a t
1 0 o  ' c  a n d  c a l c i n e d  a t  d i f f e r e n t  t e m p e r a t u r e s  f o r  z  h .
The resur t ing  powders  were  exan ined. j  us ing  in i ra red  spec-t r o s c o p y ,  t h e r n a l  a n a r y s i : , - . X ; r a |  d i f f r a c t i o n  ä n a  = " . n n i n g
erec t ron  mic roscopy .  rn  add i t ion  the  spec i f i c  sur face  are_as  and the  dens i t ies  o f  g reen and s in tä reä- " " rp" " t=  werei n v e s t i g a t e d  i n  r e l a t i o n  t o  d i f f e r e n t  c a l c i n a t i o n  t e m p e r a -t u r e s .

RESULTS A}{D DTSCUSSION

The data  cescr ibed in  !h "  exper inentar  par t  show the  pos_s ib i l i t y  tc  p repare  z i rco ,n iä .  f " "a" r r  w i_ tn  the  proposed
t e c h n i q u e -  s t a n d ä r d  c h a r a c t e r i z ä t i o n s  v / e r e  c a r r i e d  o u t  t od e m o n s t r a t e  t h e  p r o c e s s i n g  p r o p e r t i e s  o f  t h e  p o w d e r s .

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

T h e  p r o c e s s i n g  o f  t h e  i n o r g a n i c  z i r c o n i a  s o r  w a s  e x p e c t e dt o  l e d  t o  a  p o w d e r  a l m o s t  f r e e  o f  o r g a n i c s  a n d  s a r - t s  a n dt h e r e f o r e  a  s r n a r l  w e i g h t  l o s s  d u r i i g  " . t . i ' a t i o n .  T h et h e r r n a r  a n a r y s i s _  ( F i g .  1 )  s h o w s  a  t o l a l  w e i g h t  l o s s  o fabout  22  wt t  and in r ra reä  spec t ra  ina i .a t "J_ in"  p resenceo f  o r g a n l c  c o m p o u n d s  ( p e a k s  ä t  2 9 0 0  3 o o o  c m - r  l q d  1 2 o o1 7 0 0  c m  ^ )  
a n d  s o m e  n i t r a t e s  ( p e a k  a t  1 3 8 0  c m  - )  

u p  t o2 5 0  ' C .

T h e  e m u r s i f i e r  . l d  t h - "  p h a s e  t r a n s f e r  c a t a l y s t  a r e  s u r f a c ea c t i v e  a g e n t s  a n d  p r o l a l l y  = t r " n g r y  a d s o r b e d  a t  t h e  z i r c o _
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F i g '  1 :  T h e r m a r  a n a r y s i s  o f  t h e  z i r c o n i a  p o w d e r .
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n ia  par t i c les ,  so  tha t  s . i .np le  wash ingr  p rocesses  are  no t
su f f i c ien t  fo r  the i r  cornp le te  e l im ina t ion .
The spontaneous exothermal react ion and weight loss at
about  24O 'c  can be  re la ted  to  the  decompos i t ion  o f  the
adsorbed alkylarnmoniumsalt  and the broad exothermal peak
in  the  range 3oO 450 'C  to  the  degradat ion  o f  the  emul -
s i f ie r .  The smal l  exo therna l  peak  w i thout  any  we igh t  loss
a t  4  5 o  ' c  i n d i c a t e s  t h e  c r y s t a l l i z a t i o n  o f  z i r c o n i a ,  a s
shown la te r  f rom X- ray  da ta .  A t  500 'C  the  powder  was a l -
most  f ree  o f  o rgan ics ,  n i t ra tes  and hydrox ides  and no  re -
m a r k a b l e  w e i g h t  l o s s  o c c u r e d  u p  t o  1 2 0 0  ' C .

X - r a y  d i f f r a c t i o n

X- ray  d i f f rac t ion  pa t te rn  (F , ig .  2 l  show an amorphous mal
t e r i a L  a f t e r  d r y i n g  a t  I 0 O  ' c  a n d  t e t r a g o n a l  z i r c o n i a  a t
5 0 0  ' C .  T h e  b r o a d  p e a k s  i n d i c a t e  v e r y  s m a l l  o r  d i s t o r t e d
crys ta ls ;  fu r ther  heat ing  resu l ted  in  a  sharpen ing  and in -
c r e a s i n g  i n t e n s i t i e s  o f  t h e  p e a k s ,  b u t  n o  m o n o c l i n i c  z i - r -
c o n i a  o c c u r e d .
In  genera l  pure  amorphous z i rcon ia  f rom ge ls  o r  hydrox ides
crys ta l l i zes  f i rs t  metas tab le  in  the  te t ragona l  h igh  tem-
pera ture  fo rm,  bu t  t rans forms in to  the  s tab le  monoc l in ic
f o r m  b e l o w  1 0 0 0  ' C .  T h e  l a c k  o f  p h a s e  t r a n s f o r r n a t i o n  i n
th is  case demonst ra tes  a  homogeneous d is t r ibu t ion  o f  the
y t t r i a  i n  t h e  z i r c o n i a ,  c a u s i n g  t h e  s t a b i l i z a t i o n  o f  t h e
tetragonal  form at room temperature.

40
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r i g .  2 z  X - r a y  d i f f r a c t i o n  p a t t e r n  o f  d r i e d  a n d  c a r c i n e d
z i rcon ia  powders
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Scann ing  e lec t ron  n ic roscopy

Scann ing  e lec t ron  mic rographs  o f  the  dr ied  powder  show
almost  per fec t  spheres  w i th  a  s ize  d is t r ibu t ion  o f  about
0 . 3  3  t r ü .  ( F i g .  3  4 ) .  T h e  c a l c i n a t i o n  u p  t o  8 5 0  ' c  l e d
t o  a  l i n e a r  s h r i n k a g e  o f  a b o u t  5 0  *  ( f i g .  5  6 ) .  E v e n  i n
this sample no hard agglornerates could be detected. This
is  a t t r ibu ted  to  the  adsorp t ion  o f  the  emuls i f ie rs  and the
phase t rans fer  ca ta lys t  a t  the  par t i c le  sur faces ,  as  de-
tec ted  by  in f ra red  spec t roscopy .  Espec ia t l y  a t  tempera-
tu res ,  where  OH-groups  on  sur faces  d isappear  (<  400 'C)  

,
so l -ge l  powders  tend to  fo rm s t rong agg lomera tes  by  con-
densat ion  processes .  The adsorp t ion  o f  o rgan ic  mo lecu les
is  cons idered as  the  reason fo r  the  lack  o f  agg lomera t ion
in  th is  case.  Sorne f  ragments  ind ica te  the  fo rmat ion  o f
ho l low spheres  on ly  f ro rn  very  la rge  drop le ts  and demon-
s t ra tes  the  needs fo r  emuls ions  w i th  a  smal le r  max imum
drop le t  s ize .  A t  h igher  tempera tures  a  c rys ta l  g rowth  oc-
cured  and caused a  subs t ruc ture  o f  the  par t i c le  sur faces
and the  fo rmat ion  o f  some agg lomera tes .

F i g .  3  4 :  S E l 4 - m i c r o g r a p h s  o f  t h e  d r i e d  z i r c o n i a  p o w d e r .

F i g .  5  6 :  S E M - m i c r o g r a p h s  a f t e r  c a l c i n a t i o n  a t  8 5 0  ' C .



BET-sur face  area ,  dens i f i ca t ion  and s in te r ing

High-  g reen dens i t ies ro f  powder  compacts  requ i re  the  pro-
cess ing  o f  powders  f fee  or  in te rna i  pores  ana hard  ag l ro -
mera tes .  There fore  the  spec i f i c  sur fa te  a reas  a f te r  cä ic i -
n a t i o n  i n  t h e  r a n g e  6 5 0  L 0 5 o  . c  w e r e  d e t e r m i n e d .  r n e
BET-surfaces -of  the pogders decreaged betr+een 650 .c and
8 5 0  ' c  f r o r n  a b o u t  4 . 6  m ' / g  t o  1 . 9  m " / g  a n d  r e m a i n e d  a r r n " = i
cons tan t  a t  h igher  temperä tures  (F ig .  7 )  .
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rsostat ic pressing of  the powders at  5oo Hpa without any
addi t ives and process opt in izat ion resurted in cpnpact i
w i th  g reen dens i t ies  in  the  range 

'3 .2  
3 .5  g /ca . '  ( f ig .

7) .  The higüest densi ty (s7 t  th.  d.  )  was a"f , i " t ' "a 
'wi€rr

the powder 
-calc ined 

at  
'eSO 'C.

The s in te red  dens i t ies  o f  the  powders  ca lc ined a t  d i f fe -
rent tenperatures is shown in r ig.  ' l  

,  too .  onry the 8 50 '  c
ca lc ined powder  resu l ted  in  a  s in te red  body  

-  
w i th  Loo *

theoret ical  densi ty.  Powders calc ined at  low-er ternperatu-
res led to lower green densi t ies by the standard,  dry pres-
sing process and as a conseq[uence to remaining pöräs in
the  s in te red  body .  ca lc ina t ion  above B50 'c  caused,  the
forznat ion  o f  aggregates ,  wh ich ,  s ince  no  nr i r r ing  vas  per -
formed, were t ransferred into the gEeen body, leading to
lower  dens i t ies  in  the  s in te red  body ,  too .

High temperature di latonetry

The s in te r ing  behav io r  o f  the  porvder  ca lc ined a t  g5o .  c
was inves t iga ted  by  d i la to rue t ry  (F ig .  g ) .  A  powder  compact
w i th  55  *  theore t iäa l  dens i ty  i ' u i  annea led  tä  15so .c  w i th
a  heat ing  ra te  o f  l "  'C / rn in .  S in te r ing  s ta r ted .  be tween LOOO
a n d  1 0 5 0  ' c  a n d ,  u p  t o  t - s 8 o  ' c  ( t h e  e n d  p o i n t  o f  t h e  d i l a -
t o m e t e r ) ,  t h e  c o m p a c t  d e n s i f i e d  t o  9 7  t  t h e o r e t i c a l  d e n s i -
ty.  This conf j . r rns the observed f  ornat ion of  agglonerates
a f t e r  c a l c i n a t i o n  a t  l o 5 o  ' c ,  b e c a u s e  i t  i s  j u s t  t h e  t e m -
pera ture ,  where  the  s in te r ing  s ta r ted .  The very  b road s in -
te r ing  in te rva l  demonst ra tes  on  the  one s ide  t l re  h igh  s in -
te r ing  ac t iv i t y  o f  the  powder ,  bu t  on  the  o ther  s iäe  a lso
t h e  n e e d s  f o r  s m a r r e r  m a x i m u m  p a r t i c l e  s i z e s ,  t o  a c h i e v e
theore t icar  dens i t ies  o f  compacts  a t  lower  tempera tures .
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Fig -  I  :  High- temperature d i la tometry of  a  powder compact
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CONCLUS rONS

The descr ibed comrr ined emurs ion-  and ion-exchange_processfor  the  syn thes is  o f  äpher icar  cerarn ic  powders  o f fe rs  someadvantages  in  re ra t ion  to  o ther -p . .p " r .L io '  iec r ,n igues :r t  i s  p o s s i b r e  t o  u s e  a q u e o u s  s o r s  a n d / o r  i n o r g a n i cs a l t s  a s  p r e c u r s o r s  f o r  a  s o r - g e r - r i k e ' p r " " ä = =  w i t h i nd r o p l e t s .
Mu l t i comoonent  sys tems can be  rea l i zed  by  the  use  o fm i x t u r e =  

? f  s o f u ü f " - p . . . u . s o r s .
D r o p l e t  s i z e s  a n d  a i s t r i u u t i o n s  c a n  b e  d e f i n e d  b y  m e c h a _n i c a l  a n d  c h e m i c a l  p a r a m e t e r s ;  e .  g . . s h e a r  r a t e  a n d  t h ep r o p e r t i e s  o f  t h e  s o r v e n t  a n d  t h e  e m u r s i f i e r .The powders  show a  re ra t i v "  r r iö i - r -s in te r ing  ac t iv i t yw i t h o u t  i n t e n s e  m i l l i . g .
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