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STUDY BY EXAFS OF ZIRCONIUM ENVIRONMENT IN A1,03 - ZrO, MATERIAL 
PREPARED FROM METAL - ALKOXIDES 

P. BERTHET, J. BERTHON and A. REVCOLEVSCHI 

Laboratoire de Chimie Appliquee, Bdtiment 414, Universite 
Paris-Sud, F-91405 Orsay Cedex, France 

Resum6 - La s t r u c t u r e  d ' e c h a n t i l l o n s  de composit ion 70 A1203-30 Zr02 prepares 
'a p a r t i r  d'alcoxydes meta l l iques depend des condi t ions d 'hydro lyse.  L 'e tude de 
l 'environnement du zirconium a  @ti? ef fectuee par  EXAFS sur  des materiaux e la -  
bor@s de facon d i f f e r e n t e  ; l e s  experiences on t  @ t 6  conduites d'une p a r t  sur 
des echan t i l l ons  b ru ts  d 'e labora t ion ,  d ' a u t r e  p a r t  sur  des Echan t i l l ons  cor-  
respondant a d i f f e r e n t e s  @tapes de c r i s t a l l i s a t i o n  de 1  'oxyde Zr02. 

Abstract  - The s t r u c t u r e  o f  70 A1203-30 Zr02 mater ia l  prepared from metal 
a lkox ides depends on hydro lys is  condi t ions.  EXAFS measurements were performed 
i n  order  t o  determine the z i rconium environment i n  the as prepared mate r ia l  
and i n  annealed samples corresponding t o  various stages o f  c r y s t a l l i z a t i o n  
o f  Zr02. 

I - INTRODUCTION 

The f r a c t u r e  toughness o f  A1203 can be increased by the  incorpora t ion  o f  f i n e  Zr02 
p a r t i c l e s  / I / .  The preparat ion o f  such mate r ia l s  by hydro lys is  o f  metal alkoxides 
a l lows the mix ing of the cons t i tuen ts  a t  the  atomic l e v e l .  Appropriate thermal t r e a t -  
ments make poss ib le  the con t ro l  o f  the  growth o f  z i r c o n i a  gra ins.  The f i r s t  steps o f  
the growth process can be s tudied by examining by EXAFS the evo lu t ion  o f  zirconium 
environment. 

I1 - EXPERIMENTAL 

The s t r u c t u r e  o f  the  aluminas prepared from aluminium alkox ide depends on hydro lys is  
condi t ions /2,3/. Cold water hydro lys is  (T < 80°C) r e s u l t s  i n  the format ion o f  amor- 
phous monohydrate AlO(0H) ; on the o ther  hand, by ho t  water hydro lys is  (T > 80°C) the 
monohydrate i s  obtained as c r y s t a l l i n e  boehmite. This compound can be pept ized by 
a d d i t i o n  o f  ac id  and the  r e s u l t i n g  so l  can be ge l led .  Py ro lys is  up t o  500°C o f  the 
d r i e d  products leads t o  a  pu lve ru len t  amorphous alumina i n  the case o f  the  mater ia l  
prepared v i a  the co ld  water hydro lys is  rou te  and t o  a  bulky m i c r o c r y s t a l l i n e  mater ia l  
i n  the case o f  the ge l .  
Both f a b r i c a t i o n  methods were appl ied t o  the  hydro lys is  o f  mixed aluminium and z i r c o -  
nium a1 koxides i n  view o f  the preparat ion o f  A1203-Zr02 mater ia l  conta in ing 30 % o f  
z i r c o n i a .  
Pyro l ized samples o r i g i n a t i n g  from both f a b r i c a t i o n  methods were submitted t o  subse- 
quent one hour anneal ing a t  temperatures ranging from 600 t o  1200°C, the r e s u l t i n g  
s t r u c t u r e  being checked by X-ray d i f f r a c t i o n .  The pa t te rns  of the p y r o l i z e d  samples 
(500°C) were s i m i l a r  t o  those o f  pure alumina prepared by the two above mentioned 
methods : i n  the  case o f  the  gel rou te  mater ia l  (samples A )  they exh ib i ted  broad re -  
f l ec t ions ,  the pos i t i ons  o f  which were c lose t o  those o f  6-alumina, whereas f o r  the 
samples prepared by c o l d  water hydro lys is  (samples B) no l i n e  was observed. 
The onset o f  z i r c o n i a  c r y s t a l l i z a t i o n  i s  detected by the  appearence i n  the d i f f r a c t i o n  
pat terns o f  broad l i n e s  corresponding t o  the  (101) and (112) l i n e s  o f  i t s  te t ragonal  
form. These Tines are observed upon anneal ing above 800°C f o r  samples A  and above 
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F ig .  1 - Radial d i s t r i b u t i o n  funct ions o f  samples prepared by ho t  water hydro lys is ,  
pyro lyzed up t o  50C°C (a), annealed f o r  one hour a t  700°C (b) ,  800°C ( c )  and 950°C 
( d l .  

900°C f o r  samples B .  These l i n e s  remain broad a t  l l O O ° C  where the ( 1 1 i )  and (111) 
l i n e s  o f  monocl inic z i r c o n i a  are a lso  observed. 
EXAFS spectra at the zirconium K edge were recorded us ing the synchrotron r a d i a t i o n  o f  
the DCI r i n g  a t  LURE (Orsay). Experimental amplitude and phase o f  the 3 - 0  p a i r  were 
ex t rac ted  from the  analys is  o f  the  spectrum o f  barium z i rconate BaZr03, and those o f  
the Zr-Zr p a i r  from the  spectrum o f  m e t a l l i c  zirconium. I n  BaZrO3 which has a regu la r  
cubic perovsk i te  s t ruc tu re ,  the zirconium atom i s  surrounded by s i x  oxygen atoms a t  
0.2095 nm whereas i n  m e t a l l i c  zirconium the f i r s t  s h e l l  o f  atoms i s  composed of two 
groups o f  s i x  z i rconium atoms a t  0.317 and 0.323 nm respec t i ve ly .  
Radial d i s t r i b u t i o n  funct ions (RDF) r e l a t i v e  t o  samples A are presented i n  f i g u r e  1. 
One can c l e a r l y  note on the RDF o f  the p y r o l i z e d  mater ia l  (500°C) the absence o f  
order  beyond the  oxygen s h e l l  (F ig .  1.a). 
Four ie r  f i l t e r i n g  of the  peaks appearing on the  RDF's makes poss ib le  the determinat ion 
o f  the  in te ra tomic  distances and o f  the nature o f  the backscat ter ing atoms by f i t t i n ?  
the experimental s igna l  t o  a ca lcu la ted  model (F ig .  2 ) .  The parameters determined by 
t h i s  method are repor ted i n  Table I. 

F ~ s .  2 - Four ie r  f i l t e r i n g  (dot tedcurve)  and t h e o r e t i c a l  f i t  ( s o l i d  curve) o f  the 
z i r ton ium s h e l l  o f  mate r ia l  A annealed a t  800°C. 



Table I - Number o f  neighbours o f  a  zirconium atom and in te ra tomic  distances determi- 
ned i n  70 A1203-30 ZrOp samples ( A = h o t  water hydro lys is  ; B = c o l d  water hydro lys is ) .  

I11 - INTERPRETATION AND DISCUSSION 

From Table I i t  can be seen t h a t  zirconium atoms are i n  octahedral s i t e s  i n  pyrolyzed 
(500°C) mater ia l ,  as evidenced by the good f i t  between the number o f  oxygen neighbours 
( s i x )  and the mean Zr-0 d is tance (0.211 nm) which have been measured. 
The oxygen s h e l l  r e l a t i v e  t o  the  d r i e d  gel (100°C) contains an add i t i ona l  atom : a t  
t h i s  stage of the preparat ion the mate r ia l  s t i l l  conta ins water ; the  mean Zr-0 d i s -  
tance (0.213 nm) i s  c lose t o  t h a t  found i n  monocl inic z i r c o n i a  (0.216 nm) i n  which 
zirconium has a lso  a sevenfold coord inat ion /4 / .  
The oxygen s h e l l  i s  proaress ive ly  modi f ied upon hea t ing  and the number o f  atoms as 
we l l  as the Zr-0 d is tance decrease : a t  the  h ighest  temperature these values are the 
same as those found f o r  the f i r s t  oxygen s h e l l  i n  te t ragonal  z i r c o n i a  /5/.  It i s  
i n t e r e s t i n g  t o  note t h a t  the evo lu t ion  o f  the number o f  atoms i n  the zirconium s h e l l  
i s  co r re la ted  w i t h  the mod i f i ca t ion  o f  the oxygen s h e l l  ; t h i s  number gives an i n d i -  
c a t i o n  o f  increasing amounts o f  c r y s t a l l i n e  z i r con ia  i n  the m a t e r i a l .  One sees a lso  
t h a t  the  mean Zr-Zr d is tance observed f o r  a l l  samples i s  close t o  t h a t  found i n  
te t ragonal  z i r c o n i a .  
A c lose examination o f  Table I also ind ica tes  t h a t  the evo lu t ion  o f  the zirconium 
environment upon heat ing takes place i n  a l a r g e r  temperature range f o r  mate r ia l  A 
than f o r  mate r ia l  5. Mate r ia l  A i s  m i c r o c r y s t a l l i n e  and the broad l i n e s  observed on 
X-ray d i f f r a c t i o n  pat terns are the same as those o f  pure alumina ; one can t h i n k  then 
t h a t  t h i s  mater ia l  e x h i b i t s  a  phase separat ion i n t o  m i c r o c r y s t a l l i n e  alumina and 
amorphous z i rcon ia .  On the o ther  hand,material B i s  completely amorphous and might  be 
considered as homogeneous. The above mentioned phase separat ion o f  mater ia l  A would 
then exp la in  the onset o f  the c r y s t a l l i z a t i o n  o f  Zr02 a t  a  lower temperature, s ince 
i n  t h i s  case the atomic displacements r e l a t e d  t o  c r y s t a l l i z a t i o n  a re  smal ler  than i n  
the case o f  an homogeneous mater ia l  i n  which d i f f u s i o n  o f  zirconium atoms must take 
place. 
The s t r u c t u r a l  parameters determined on the samples annealed a t  1000 and 1080°C agree 
on ly  p a r t i a l l y  w i t h  those r e l a t i v e  t o  te t ragonal  z i r c o n i a .  I n  t h i s  Zr02 mod i f i ca t ion  
the zirconium atom i s  surrounded by 8 oxygens ( 4  a t  0.207 nm and 4 a t  0.246 nm) and 
by 12 zirconium atoms ( 4  a t  0.364 nm and 8 a t  0.368 nm). I n  the samples under study, 
on ly  the f i r s t  4  oxygens were observed, the  number o f  zirconium atoms being 7. It i s  
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worth no t ing  t h a t  the re  i s  no second oxygen s h e l l  peak i n  the RDF o f  te t ragonal  z i r -  
conia presented by Dumas e t  a1 /6/ and Catlow e t  a1 /7/ : t h i s  absence might be due 
t o  an in te r fe rence  w i t h  the f i r s t  s h e l l .  The Zr-0 d is tance which we have measured 
(0.207 nm) i s  however smal ler  than t h a t  found by these authors (0.216 nm and 0.211 nm 
respec t i ve ly ) ,  who, besides, d i d  n o t  determine the number o f  zirconium neighbours. 
The r a t h e r  small value o f  the number o f  Zr  neighbours which we have observed might be 
due t o  the model compound t h a t  we have used i n  which the zirconium f i r s t  s h e l l  i s  
made o f  two c l o s e l y  placed groups o f  atoms. It i s  however a lso  poss ib le  t h a t  the z i r -  
conium s h e l l  i s  no t  t o t a l l y  f i l l e d ,  a phenomenon which mio_ht r e s u l t  f rom t h e  f a c t  
t h a t  z i r c o n i a  i s  n o t  t o t a l l y  c r y s t a l l i z e d  o r  e lse  t h a t  s o l i d  s o l u t i o n  o f  alumina i n  
z i r c o n i a  takes place. The good q u a l i t y  o f  the f i t  obta ined f o r  t h e  zirconium s h e l l  
would r a t h e r  lead  us t o  d iscard  t h i s  l a s t  hypothesis i n  s p i t e  o f  the f a c t  t h a t  the 
s u b s t i t u t i o n  of aluminium atoms t o  zirconium atoms might  have a s t a b i l i z i n g  e f f e c t  on 
the te t ragonal  mod i f i ca t ion .  The X-ray d i f f r a c t i o n  pa t te rns  o f  samples annealed a t  
temperatureshigher than 1000 and 1080°C i n d i c a t e  t h a t  z i r c o n i a  i s  p a r t i a l l y  i n  t h e  
monocl inic form ; t h i s  i s  why the EXAFS spectra o f  these samples cannot he lp us i n  
choosing among the  above mentioned hypotheses. 

I V  - CONCLUSION 

Our study shows t h a t  EXAFS spectroscopy i s  an i n t e r e s t i n g  t o o l  f o r  the  study o f  the  
evo lu t ion  o f  the s t r u c t u r e  o f  a mate r ia l  upon c r y s t a l l i z a t i o n .  One must nevertheless 
recognize t h a t  i n  the p a r t i c u l a r  case o f  the system under study the  analys is  i s  com- 
p l i c a t e d  by the phase t ransformat ion o f  z i r c o n i a  and a lso  by the p o s s i b i l i t y  o f  phase 
separat ion.  Low'angle X-ray s c a t t e r i n g  and TEM should improve the understanding o f  
the evo lu t ion  o f  the s t r u c t u r e  o f  our mate r ia l s .  

ACKNOWLEDGMENTS 

The authors are indebted t o  J. Pet iau and A. Ramos f o r  experimental assistance and t o  
the s t a f f  o f  LURE f o r  the p rov is ion  o f  synchrotron r a d i a t i o n .  A. Michalowicz i s  
thanked f o r  p rov id ing  the  programs f o r  data processing. 

REFERENCES 

/1/ Claussen N, J. Am. Ceram. Soc. 59 (1976) 49. 
/2/ Yoldas 6 .  E., J. Mat. Sc. 10 (1V75) 1856. 
/3/ Yoldas B. E., J. Am. C e r a f i o c .  65 (1982) 387. 
/4/ Smith D. K. and Newkirk H. W., A c G  Cryst .  18 (1965) 983. 
/5/ Teufer G., Acta Cryst .  15 (1962) 1187. 
/6/ Dumas T., Ramos A., G a n x i s  FI. and Pet iau J., J .  Hat. Sc. L e t t e r  4 (1985) 129. 
/7/ Catlow C. R. A., Chadwick A. V. ,  Greaves G.  N. and Moroney L. M.,-J. Am. Ceram. 
SOC. - 69 (1986) 272. 


