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R6sum6 - Des composites mullite-zircone contenant de 0 B 10 L en masse 
d'oxyde d'yttrium ont 6t6 synth6tis6s par frittage r6actif. L'augmentation de 
la tenacit6 de ces materiaux vis-h-vis des mullites classiques est discut6e 
sur base de la microstructure et des proprietes m6caniques. 

Abstract - Mullite-zirconia composites containing 0 to 10 W/o yttria have -- 
been prepared by reaction sintering process. The toughness enhancement of 
these materials in comparison with classical mullite is discussed taking into 
account their microstructure and'their mechanical properties. 

I . -  Introduction 

It is well known that fine zirconia particles dispersion enhances the mechanical 
properties of ceramic materials. Several mechanisms have been identified according 
to the presence or not of tetragonal Zr02 : transformation toughening, microcracking, 
crack branching or deviation, grain boundary strengthening, ... 
In mullite-zirconia composites, reaction sintering from alumina-zircon mixtures 
allows us to carry out both densification of the material and dispersion of zirco- 
nia particles. However, the tetragonal zirconia content in these composites is 
generally low (35 percent of the whole zirconia, about 8 volume percent of the 
material). Despite several fundamental studies (1, 2, 31, the mechanisms of rein- 
forcement are not clearly established for this kind of zirconia ceramics. 
The tetragonal zirconia content can be increased, for instance by adding a stabili- 
zer (yttria) in order to favour one particular mechanism : transformation toughe- 
ning. 
In this paper the mechanical and microstructural properties of mullite-zirconia 
materials containing increasing amount of yttria (MZY composites) are described and 
discussed in relation to toughening mechanisms. 
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I1 - Experimental 
* 

Alumina and zircon powders were mixed in water in the 3 alumina-2 zircon molar 
ratio. 0 to 10 Wt percent of yttria * as tetragonal zirconia stabilizer, 1.8 Wt 
percent of magnesia * as sintering aid and polyethylene glycol (4 Wt/o) as binder 
were added to the mixture. The slurry was spraydried and the agglomerates were 
diepressed to obtain 150 X 25 X 10 mn'green samples. After debonding, the materials 
were fired in air at 1500° C during 15 to 240 min. The materials were analysed by 
XRD in order to determine the nature and the content of the different phases 
(method of internal standard : NaF). The microstructural characterisation was carried 
out by microprobe analysis for identification of the different grains and by dirnen- 
sions measurement on pictures obtained by SEM according to methods described else- 
where(3). For this purpose the samples were polished and chemically etched. Elastic 
modulus (E) was measured by Grindosonic method (natural vibration). The microhard- 
ness (Hv) and critical stress intensity factor (KIC) were obtained from Vickers in- 
dentation according to Evans equation (4). 

111 - Results and discussion 
It has been stated(8) that the presence of yttria favours the dissociationof zircon 
and consequently the formation of zirconia. However, as it can be seen in figure 1 
(which presents the mullite and alumina contents as a function of yttria), the 
amount of mullite decreases when'the yttria content is higher than 3 W/o. It is 
probable that in this system the boundary between the secondary crystallisation 
field of mullite and this of alumina is located close to 3 W/o Y203. 

Fig1. : Mullite and alumina contents versus Y 0 for various firing times 2 3 

The total tetragonal zirconia content (Qr tot) was measured on fired samples 
(without any mechanical treatment), The chemically stabilized tetragonal zirconia 
content (Qr stab) was measured on ground materials. The two values (Qr tot and 
Qr stab) were calculated from the Porter and Heuer's relation (5). The tetragonal 
zirconia ratio able to transform was obtained, by the difference Qr tot - Qr stab = 
Qrtr and generally presents a maximal value for 5 W/o of yttria (120 min as 
example in table 1). The addition of yttria leads to tetragonal zirconia stabilisa- 
tion by formation of a solid solution Zr02-Y203 and a complete stabilisation is 
obtained for 10 W/o of yttria. 



P i c t u r e  1 : 0 W/o Y203 P i c t u r e  2 : 1 W/o Y203 

ZS means non d issoc iated z i r c o n  

P ic tu re  3  : 2 W/o Y2O3 

P i c t u r e  4 : 10 W/o Y203 P i c t u r e  5 : 10 W/o Y203 
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Fiq. 2 : 

l n t e r g r a n u l a r  g r a l n s  

boundsry g r a l n s  

mean diameter of each Zr02 class versus Y 0 content 2 3 
1 1 1 1 1 1  1 1 1 1 1 1  

K!; I M ~ ~ ' " I  cr tr  i ~ ? )  

Fig. 3 : Mean KIC and Qr tr values versus Y 0 W/o 2 3 

Table I : Tetragonal zirconia mechanical properties and open porosity of MZY 
composites fired during 120 min. at 1500° C. 



P i c t u r e s  1, 2 and 3 p r e s e n t  m i c r o s t r u c t u r a l  a s p e c t  o f  mu l l i t e - z i r con ia  composi tes  
f o r  r e s p e c t i v e l y  0 , l  and 2 W/o Y 0 
P i c t u r e s  r e v e a l  a composite micrgs?ructure  c h a r a c t e r i s e d  by a c i c u l a r  c r o s s l i n k e d  
m u l l i t e  g r a i n s  (M). White z i r c o n i a  g r a i n s  a r e  d i s p e r s e d  i n s i d e  m u l l i t e  g r a i n s  (A) 
and i n  t h e  boundar ies  (B). A t h i r d  c l a s s  o f  z i r c o n i a  g r a i n s  (C) p a r t l y  l o c a t e d  
i n s i d e  t h e  m u l l i t e  and i n  t h e  boundary g r a i n s  can be no t i ced .  The sma l l  whi te  
y t t r i a  g r a i n s  ( -  0.2 ~lm-see p i c t u r e  3 )  a r e  agglomerated a s  c h a i n s  around i n t e r g r a -  
n u l a r  z i r c o n i a  g r a i n s .  These i n t e r g r a n u l a r  Zr02-Y203 zones become l a r g e r  a s  t h e  
y t t r i a  c o n t e n t  i n c r e a s e s  and l e a d  f o r  10  W/o Y203 t o  a complete ly  heterogeneous  
and porous  m i c r o s t r u c t u r e  ( p i c t u r e s  4 and 5 ) .  
For each c l a s s  o f  z i r c o n i a  g r a i n s ,  a mean diameter  was c a l c u l a t e d  from t h e  d i s t r i -  
b u t i o n s  i n  number. The d a t a  a r e  p re sen ted  v e r s u s  y t t r i a  c o n t e n t  i n  f i g u r e  2. Th i s  
f i g u r e  shows t h a t  t h e  s i z e  o f  i n t r a g r a n u l a r  z i r c o n i a  is s m a l l e r  t h a n  t h i s  o f  o t h e r  
g r a i n  c l a s s e s  and is t h e  same f o r  each y t t r i a  content,whereas boundary and i n t e r -  
g r a n u l a r  g r a i n  s i z e s  d e c r e a s e  f o r  i n c r e a s i n g  amount o f  Y203. Th i s  can be  e x p l a i -  
ned on one hand by t h e  slow d i f f u s i o n  r a t e  o f  s p e c i e s  through c r y s t a l l i n e  m u l l i t e  
(A type  z i r c o n i a  g r a i n s )  e x p l a i n i n g  t h e i r  i n s e n s i b l e  behaviour ,  and on t h e  o t h e r  
hand by t h e  f a c t  t h a t  y t t r i a  p a r t i c l e s  agglomerate  around B and C type  z i r c o n i a  
p a r t i c l e s  ( p i c t u r e  3) l e a d i n g  t o  t h e  format ion o f  a d i f f u s i o n  b a r r i e r  making 
s lower  t h e  z i r c o n i a  c r y s t a l  growth du r ing  t h e  f i r i n g .  

Mechanical p r o p e r t i e s  (E,  Hv, K ) and open p o r o s i t y  (PO) o f  MZY composi tes  a r e  I C a l s o  r epo r t ed  i n  t a b l e  I (120 mln o f  f i r i n g ) .  
A s  shown by t h e  t a b l e ,  E and Hv p r e s e n t  a minimum va lue  f o r  3 w/o Y 0 which co r r e s -  2 3 ponds t o  a maximum open p o r o s i t y  and a maximum m u l l i t e  c o n t e n t  ( f i g u r e  1 ) .  Th i s  
behaviour  is  probably  r e l a t e d  t o  h e t e r o g e n e i t i e s  i n  t h e  powder mix tu re s  appea r ing  
when Y 0 i s  added and l e a d i n g  t o  pore  format ion when r e a c t i o n  o c c u r s  (7 ) .  
K I C  an4 dr t r  mean v a l u e s  ( c a l c u l a t e d  from d a t a  ob ta ined  f o r  a l l  t h e  f i r i n g  t imes )  
a r e  p re sen ted  a s  a f u n c t i o n  o f  Y203 c o n t e n t  a t  f i g u r e  3. 

K I C  va lues  ob ta ined  f o r  MZY composi tes  a r e  s m a l l e r  ( -4.0 MPa fi) t han  t h o s e  ob- 
t a m e d  wi thou t  Y 0 (- 4.5 MPa f i )  .They a r e  i n  t h e  same range from 0.5 t o  5.0 W/o 
Y 0 and dec reasg  d r a s t i c a l l y  f o r  1 0  W/o Y 0 ( 2  2 ~ ~ a f i ) .  I n  comparison wi th  
c?a&iical m u l l i t e  toughness  (1.8 ~ ~ a f i )  ( i ) 3 i t  is obvious  t h a t  r e in fo rcemen t  o c c u r s  
i n  MZY composi tes  ( t o  5 W/o Y 0 ), however t r ans fo rma t ion  toughening cannot  be con- 
s i d e r e d  a s  t h e  main m e ~ h a n i s m ~ : ~ i n d e e d  mean Qr t r  v a r i e s  from - 1 0  % t o  a maximum 
va lue  o f  -30 L f o r  5 W/o wi thou t  any i n c r e a s e  o f  K I C  ( f i g .  3) .  
Two hypo thes i s  can be  proposed : t h e  f i r s t  one is r e l a t e d  t o  o t h e r  z i r c o n i a  toughening 
mechanisms, t h e  i n f l u e n c e  of which being balanced a s  a f u n c t i o n  o f  Y203 a d d i t i o n  ; 
t h e  second one is an improvement o f  f r a c t u r e  energy i n  r e a c t i o n  s i n t e r e d  m u l l i t e -  
z i r c o n i a  composi tes  due t o  t h e i r  p a r t i c u l a r  m i c r o s t r u c t u r e  ( a c i c u l a r  c r o s s l i n k e d  
m u l l i t e  g r a i n s )  : indeed t h i s  m i c r o s t r u c t u r e  becomes heterogeneous  when 10 W/o 
Y203 is added ( s e e  p i c t u r e s  4 and 5) .  

IV - Conclusion 

Y 0 a d d i t i o n  i n  m u l l i t e - z i r c o n i a  composi tes  a l l o w s  u s  t o  i n c r e a s e  t h e  amount mecha- 2 3 n l c a l l y  t r ans fo rmab le  t e t r a g o n a l  z i r c o n i a .  However K C v a l u e s  remain a lmost  c o n s t a n t  
t o  5 W/o Y203 and then  d e c r e a s e  exc lud ing  a main i n f l u e n c e  o f  t r ans fo rma t ion  tou- 
ghening mechanism. Inc idence  o f  o t h e r  mechanisms o r  o f  p a r t i c u l a r  m i c r o s t r u c t u r e  
e f f e c t s  cannot  be  d i f f e r e n c i a t e d  due t o  m i c r o s t r u c t u r a l  mod i f i ca t ion  and absence  of 
mechanica l ly  t r ans fo rmab le  t-Zr02 occu r ing  s imu l t aneous ly  i n  1 0  W/o y t t r i a  MZY 
composites.  
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