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Abstract  

Yttria-based ceramics have no t  been devel- 
oped f u l l y  f o r  MHD appl ica t ions .  A s  p a r t  of  an 
expanded program, t h i s  paper p r e s e n t s  some 
exploratory d a t a  r e l a t e d  t o  YFeOg-type m a t e r i a l s .  
Preparat ion and microchemical/microstructural 
d e t a i l s  toge ther  with r e l e v a n t  e l e c t r i c a l  con-
d u c t i v i t y  and thermal expansion d a t a  a r e  given. 
Emphasis i s  on YFe03-CaFe02.5-CaZr03 s o l i d  
so lu t ions  and composites. 

I. Introduct ion 

Perovski tes  based on mixed r a r e  e a r t h  and 
f i r s t  row t r a n s i t i o n  metal oxides a r e  remarkable 
i n  having d i v e r s i f i e d  magnetic, e l e c t r i c a l ,  and 
c a t a l y t i c  p roper t i es .  LaCr03, "doped" with 
a l k a l i n e  e a r t h s ,  has  been proposed f o r  "clean- 
f i r e d "  MHD generators  s ince  t h e  e a r l y  work of 
~ e a d o w c r o f t l .  Subsequently, Sovie t  and French 
labora tor ies  pursued t h e  development of t h i s  
mater ial .  More r e c e n t l y ,  researchers  a t  
Westinghouse Corp., i n  cooperat ion wi th  severa l  
o ther  p r i v a t e  companies, have made s i g n i f i c a n t  
advances with LaCr03-based ceramics prepared by 
hot-pressing, thermal s i n t e r i n g ,  and plasma 
spraying2. Researchers a t  M I T ~a r e  developing 
LaFeOg-based mate r ia l s  f o r  s lagging MHD 
generators .  

Except f o r  i s o l a t e d  r e p o r t s  from t h e  Soviet  
~ n i o n 4 ,  y t t r i a -based  perovski tes  have been 
neglected a s  p o t e n t i a l l y  u s e f u l ,  a l t e r n a t i v e  
mate r ia l s ,  perhaps, because some a r e  s l i g h t l y  
l e s s  re f rac tory .  However, t h e s e  ceramics a r e  
no t  suscep t ib le  t o  t h e  d e s t r u c t i v e  mechanical 
damage due t o  hydration of excess  r a r e  e a r t h  
oxide sometimes assoc ia ted  with lanthana-based 
perovski tes .  This excess may be t raced  t o  
f a b r i c a t i o n  methods (e.g. plasma spraying) o r  t o  
MHD operat ion (e.g. s e l e c t i v e  vapor iza t ion  and/or 
leaching by seed of the  t r a n s i t i o n  metal  ox ide) .  

We have i n i t i a t e d  an explora tory  program t o  
eva lua te  YCr03- and YFeOg-based MHD ceramics. 
Our ob jec t ives  a r e  t o ,  

a )  	 develope e f f i c i e n t  p repara t ion  and 
f a b r i c a t i o n  methods which y i e l d  high 
dens i ty  bodies with well-character- 
ized microstructural/microchemical 
f e a t u r e s , and 

b) 	 measure p e r t i n e n t  design p r o p e r t i e s  
(e.g. e lec t r ica l / thermal  conduc t iv i ty ,  
thermal expansion) . 

This paper focuses on YFe03-based m a t e r i a l s  
having an t ic ipa ted  t h a t  assoc ia ted  prepara t ive  
methods would be l e s s  complex than f o r  t h e  more 
re f rac tory  YCr03 which w i l l  be repor ted  l a t e r .  

11. Experimental Procedures 

Yttrium o r t h o f e r r i t e  (YFe03)-based com- 
pos i t ions  were prepared by d i r e c t  i n t e r a c t i o n  
of in t imate ly  mixed oxides of i r o n ,  y t t r ium,  and 
zirconium oxides with calcium carbonate. F e r r i c  
(99.5%), y t t r ium (99.99%), and zirconium (99.8%) 
oxides were analyzed f o r  v o l a t i l e s  by f i r i n g  i n  
an alumina c r u c i b l e  a t  1300°C f o r  3 hours. The 
calcium carbonate was analyzed f o r  calcium oxide 
and t h e  assay was appl ied t o  formulations. 

A l l  mate r ia l s  were weighed t o  an accuracy o f  
f 0.5 g (>ZOO0 g batches] and mixed thoroughly 
i n t o  a s l u r r y  of  50 percen t  s o l i d s .  Deionized 
water was used f o r  a l l  processing.  The s l u r r y  
was d r i e d ,  granulated,  and reac ted  i n  a i r  a t  
1250°C f o r  6 hours. The r e s u l t i n g  samples of t h e  
j e t  mi l led ,  ca lc ined  m a t e r i a l  were pressed i so-
s t a t i c a l l y  a t  10,000 p s i  i n t o  bars  approximately 
3 cm x 1.5 cm x 15 cm. These were f i r e d  a t  
1425OC f o r  6-8 hours i n  a i r .  In  a l l  c a s e s ,  
pressed specimens were heated and cooled a t  t h e  
r a t e  o<lOO°C p e r  hour. A f t e r  t h i s  t rea tment ,  
t h e  dens i ty  of t h e  b a r s ,  a s  measured by mercury 
displacement, ranged from 5.19 t o  5.48 g/cc 
which a r e  est imated t o  be 94-97% of t h e o r e t i c a l .  
Extent  of r e a c t i o n  and i d e n t i t y  of  phases were 
es tab l i shed  by x-ray d i f f r a c t i o n  and scanning 
e lec t ron  microscopic (SEM) analyses of ca lc ined  
and s i n t e r e d  mate r ia l s .  No at tempt was made t o  
optimize t h e  i n i t i a l  reac ted  powders and s i n t e r i n g  
condit ions f o r  these  exploratory specimens. 

E l e c t r i c a l  conduct ivi ty  a s  a func t ion  of  
temperature a t  var ious p a r t i a l  p ressures  of  O2 
was measured by t h e  four-probe method. Thermal 
expansion of s e l e c t e d  specimens was measured 
d i l a t o m e t r i c a l l y  i n  a i r  a t  temperatures up t o  
1100°C. 

111. Resu l t s  and Discussion 

Calcia  was added t o  YFe03 such t h a t  t h e  
s toichiometry Y + C a F e  = 1 .00  was maintained. 
Calcia  (a common component, p a r t i c u l a r l y  i n  
western coa l  ashes)  was chosen a s  a "dopant" 
because t h e  i o n i c  r a d i u s  o f  ca2+ more c l o s e l y  
approximates t h a t  of y3+ and, hence, some sub- 
s t i t u t i o n  f o r  Y i s  expected. Unfortunately,  t h e  
p e r t i n e n t  thermochemistry f o r  t h e  system Y2O3- 
CaO-FeOx is i l l -def ined .  I d e a l l y ,  under 
r e l a t i v e l y  oxidizing condit ions,  we a r e  dea l ing  
with t h e  subsystem YFe03-CaFeOg-x. YFe03 melts  
between 1 7 0 0 - 1 7 5 0 ~ ~ 5  while t h e  CaFeOg-x end-
member is t y p i c a l l y  Ca2Fe205 ( c ~ F ~ ~ + o ~ -5 )  
having t h e  brownrnillerite-type s t r u c t u r e  and a 
melt ing p o i n t  approaching 1 4 5 0 ~ ~ 6 .  Obviously, 
t h e  CaFeOg-x component w i l l  compromise t h e  
r e f r a c t o r i n e s s  of YeFeOg, e s p e c i a l l y  i f  not  
incorporated i n t o  s o l i d  s o l u t i o n  over a s i g n i f -
i c a n t  compositional range. Furthermore, t h e  
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low temperature of melting/decomposition 

(Q1lOO°C) for ca2Fe2057 at low partial pressures 
of oxygen complicates the thermochemistry. 
Nevertheless, we prepared several ceramic 
specimens. 

To enhance the refractory nature of YFe03 

(Ca-doped) materials, we explored two com- 
positions containing the refractory perovskite, 
CaZrOg . Thermochemical features for the sub- 
system YFe03-Ca~e0~~5-cazro~ also are not avail- 

able but must be complicated by the considera- 

tions noted above, as well as the phase transi- 

tions associated with CaZr03. 


Yl-xCaxFe03-y Ceramics, (X = 0.05, 0.10, 0.15) 

The formulation Yl-xCage03-y represents a 

bulk composition without regard to possible 

partitioning of elements within a multi-phase 

ceramic. The undefined pa'rameter y is under 
investigation but is related to the ca2+ content 
only when all the Fe is in the 3+ state and the 
material is an insulator (i.e. y = x/2; charge 
compensation via oxygen vacancies). Figures 1A 
(900x1, 1B (900X) , and 1C (900X) illustrate micro- 
structural/rnicrochemical features for composi- 
tions with x = 0.05, 0.10, and 0.15, respectively. 
The dense (p = 5 . 4 8 )  Y0.95Ca0,05Fe03-~ ceramic 
is featureless (not etched) and lacks detectable 
microchemical variation even at higher rnagnifi- 
cations. The material clearly is a single-phase 
solid solution. Ceramics with x = 0.10 (p = 5.43) 
and x = 0.15 (p  = 5.32) are characterized by a 
continuous matrix containing irregularly-shaped 
"islands" of a darker second-phase. Identical 
phases occur in both compositions as determined 
by semi-quantitative energy dispersive (EDX) 
analyses at high magnifications. This suggests 
that the ceramics were equilibrated (under the 
imposed sintering conditions) within a two-phase 
region of the YFe03-CaFe02.5 system. The matrix 
phase, dominating the microchemistry, has a 
composition similar to Y O . ~ ~ C ~ O , O ~ F ~ O ~ - ~  while 

the second phase appears to be a perovskite solid 

solution containing the YFe03 component but 

richer in the Ca-component. X-ray diffraction 

powder data confirm these analyses but also 

reveal significant "broadening" of x-ray lines. 

Initially, this broadening was attributed to 
internal prestressing resulting from the two-phase 
assemblage. However, this hypothesis was pre- 
cluded when annealed powders yielded similar 
x-ray patterns. Possible reasons for the line 
broadening will not be discussed in this paper. 
Finally, we note that the exact stoichiometry of 
the Ca-rich, second phase is not yet accurately 
defined. However, it must be a member within a 
series which can be formulated as, 
Cal-xYxFe02- 5+x/2. Charge compensation, when 
all iron is 3 + ,  is accomplished by oxygen 
vacancies decreasing as the Y-content increases 
to a maximum, estimated as not exceeding 0.50. 

Figures 2A, B, and C illustrate electrical 

conductivity data for the x = 0.05, 0.10, and 

0.15 compositions, respectively. The conductiv- 

ity of the single-phase material, Y0.95Ca0.5Fe03-~, 


Figure 1A. SEM micrograph (900X) for 

Y0.95Ca0.05Fe03-y (see text). 


Figure 1B. SEM micrograph (900X) for 
Yo. 90Ca0 .10Fe03-y (see text) . 

Figure 1C. SEM micrograph (900X) for 

Y ~ . ~ ~ C ~ ~ . 
15Fe03-y (see text) . 
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T(t4 

Figure 2A. Electrical conductivity of 

'0. 95Ca0.05Fe03-y' 

Figure 2B. Electrical conductivity of 

Y0.90Ca0.10Fe03-y~ 

Figure 2C. Electrical conductivity of 

Y0.85Ca0.15Fe03-y' 

shows little dependence on PO2 and rivals that of 
LaCrOg-based ceramics (see Figure 3). Bulk con-
ductivities for the two-phase ceramics, x = 0.10 
and 0.15, are similar to this material suggesting 
that a dominant phase is the primary conductor. 
This correlates with the microchemistry which 
consists of a continuous matrix similar in com-
position to the single-phase material (see above). 

Figure 3. Electrical conductivity of two LaCr03-
based materials. A/B = 1 refers to 
La(Mg0.02Cr0.98)03 while A/B = 0.9 represents 
La0.92Mg0.02Cr03, Samples were prepared by 
H. U. Anderson, A. T. Research Co. 

Figure 2A reveals that the electrical 
conductivity of the single-phase material prob-
ably is determined by several competitive 
mechanisms. Thermoelectric voltages measured at 
room temperature are consistent with p-type 
behavior which can be correlated with formu-
lations involving trace quantities of Fe4+. For 
example, consider the formulation, 
Yo.95Ca0 Charge compensation is 
achieved by the formation of oxygen vacancies 
according to, YO.95C.0: osFe3+op.91i. Simul-
taneously, trace quantities of Fe also are 
reasonable (see, for example, references 8,9) 
to yield, Yo,95Ca 05Fe?fZ~e;+0~.975+~/2. The 
z - parameter (Fee*-content) is fixed at a 
maximum of 0.05 for this composition as the bulk 
oxygen content cannot exceed 3.00. The slight 
dependence of conductivity on Po at the high 
temperatures may be associated 2with reduction 
of Fe4+. This reduction could account for the 
slight decrease in conductivity observed above 
*1200°C. Within the lower temperature regime 
conductivity appears to be effected by quenching 
and scattering phenomena. 

Figure 4 suggests that the thermal expan-
sion, in air, of Yl-xCaxFeOg- ceramics up to 
x = 0.15 is not sensitive to gulk composition 
(see Table 1). This remains consistent with 
x-ray data which show only slight variation in 
unit cell parameters for phases observed. 
Additionally, the two-phase ceramics are not 
prone to fissuring from fabrication procedures. 
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Table 1. Summary of Thermal Expansion Data f o r  YFeO -Based Ceramics. 
3  

Coeff icients  

Mater ial* 20 - 3OO0C 300-600' 600-110O0 

A 10.7 x ~ o - ~ / o c  11.4 11.8 

B 10.8 11.7 12.0 
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Figure 4. Thermal expansion, i n  a i r ,  f o r  two 
YFeO -based mate r ia l s .

3 

(Y0.85Ca0. l-xCaxl (Fel-xZrx) 03-y Ceramics, Figure 5. SEM micrograph (900x1 of the 

[Y0.85Ca0.15)0.80Ca0.20] Fe0.80Zr0.2003-y

(x = 0.10, 0.20) mater lal  (see t e x t ) .  


A prel iminary base composition 
(Y0.85Ca~.15)Fe03-y was chosen f o r  f u r t h e r  re-  E l e c t r i c a l  conductivity data  f o r  com- 
a c t i o n  with add i t ions  of CaZr03. These a r e  pos i t ions  a t  x = 0.10 and 0.20 a re  shown i n  
formulated a s  t i t l e d  above. The parameter y  Figures 6A and 6B. The anomalous behavior a t  
again i s  undefined b u t  presumably r e l a t e d  t o  temperatures above %1200°C remains unclear. 
t h e  ca2+ conten t  (see above). Bulk conductivity, while high, decreases a s  the  

insu la t ing  component CaZr03 i s  incorporated and 
Figure 5 (900X) i l l u s t r a t e s  microstructural /  pa r t i t ioned  between coexisting phases. 

microchemical f e a t u r e s  t y p i c a l  f o r  x = 0.10 
(p = 5.29) and x = 0.20 (p = 5.19) mate r ia l s .  Thermal expansion was measured f o r  the  
Both a r e  two-phase mixtures s i m i l a r  t o  x = 0.20 mate r ia l  i n  a i r .  Data p rac t ica l ly  
Y1-&axFeOg-y! x = 0.10, 0.15 ( s e e  above). The coincide with the expansion f o r  Yl-xCaxFe03- , 
b r i g h t e r  matr lx i s  r i c h  i n  t h e  YFe03 component Figure 4 ,  indicat ing l i t t l e  dependence on bulk 
while  t h e  darker  secondary phase i s  r i c h  i n  t h e  composition (see Table 1). 
"CaFe02.s" component. Although t h e  CaZrOg 
component e n t e r s  i n t o  s o l i d  s o l u t i o n  i n  both I V  . Conclusions 
phases, a g r e a t e r  concentrat ion is  found within 
t h e  b r i g h t e r  matr ix.  These observat ions ind ica te  Based on our preliminary s tudies ,  YFe03- 
t h a t  t h e  two-phase f i e l d  i n  t h e  YFeO3-CaFeO2.5 based ceramics investigated thus f a r  display 
system extends i n t o  t h e  YFe03-CaFe02.5-CazrO3 desirable  f e a t u r e s  which include, 
system t o ,  a t  l e a s t ,  20 mol % Cazr03 (under 
s i n t e r i n g  condit ions imposed). Single-phase a )  fabr ica t ion  of dense bodies v i a  thermal 
ceramics,  i f  des i red ,  would be pred ic ted  when s in te r ing  a t  re la t ive ly  low temperatures 
l i m i t e d  concentrat ions of CaZr03 a r e  reacted without special  control  of Po 

2 
is  

with a  base composition such a s  Y O . ~ ~ C ~ O . O ~ F ~ O ~ - ~ .  r e l a t i v e l y  simple and t h i s  suggests 
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Figure 6A. Electrical conductivity for 
[(Y0~85Ca0.~~)1-xCaxlFel-xZrx03-y, x = 0.10. 

L o air 
-?--- - I. n. in N. 

Figure 6B. Electrical conductivity for 
[ (Y0,85Ca0.15) l-xCaxl Fel-xZrx03-y, x = 0.20. 

that preparation of powders for 

fabrication via hot-pressing and, 

probably, plasma-spraying also should 

be relatively easy, 


b) 	electrical conductivities are com- 

parable to LaCr03-based materials, 


C) 	ceramics are not subjected to 

mechanical damage related to hydra- 

tion phenomena or to fissuring due 

to the presence of a secondary 

phase, and 


d) 	thermal expansion matches magnesia 

insulation and many leadout-metals. 


Disadvantages include, 


a) 	refractoriness, of course, cannot 

compare with LaCr03-based materials, 

especially under highly reducing 


conditions, and 


b) 	 the two-phase nature observed for 

most materials may compromise 

corrosion resistance if one of 

the phases is attacked preferentially. 


These disadvantages, however, could be diminished 

by utilizing these materials as leadouts and/or 

as "cool" electrodes in a slagging MHD generator. 
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