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- Several ceramic mater ia ls  based on rare-earth hafnium oxides 

have been iden t i f i ed  a s  po ten t ia l  high-temperature e lectrodes  and 
low-temperature current leadouts f o r  open cycle coal-fired MHD . . 
generator channels. The electrode-current leadouts combination must 
operate a t  temperatures between 400 and 2000K with an e l e c t r i c a l  con- 
duc t iv i ty  grea te r  than 10'~ohrn-~cm-~. The electrodes  w f l l  be exposed 
to  flowing ( l inear  flow r a t e s  up t o  100 m/s) potassium seeded coal  
combustion gases (plasma core temperatures between 2400-3200K) and 
coal s lag.  During operation the e lectrodes  must conduct d i r e c t  
e l e c t r i c  current  a t  dens i t i e s  near 1.5 amp/cm2. Consequently, t he  
e lectrodes  must be r e s i s t a n t  t o  electrochemical decompositions and 
in te rac t ions  with both the coa l  s l ag  and potassium salts (e.g., 
K2SO4, K2C03). The current leadout mater ia ls  are placed between 
the  hot  e lectrodes  and the water-cooled copper s t r u c t u r a l  mem e r s  -1 -1 and must have e l e c t r i c a l  conduct ivi t ies  g rea te r  than 10-~ohm cm 
between 1400 and 400K. The current leadouts must be thermally and 
electrochemically compatible e r h  che elrcLrude, copper; and 
potassium s a l t s .  Ideal ly ,  the  e lectrodes  and current  leadouto 
should exhibi t  minimal ion ic  conductivity. 

Several mater ia ls  have been suggested as possible  candidates 
f o r  electrodes.  These include doped lanthanum chromites (1,2), 
i ron  doped magnesium alumina sp ine l  (1,2), s t ab i l i zed  zi rconia  (1 ,2) ,  
doped yttr ium chromites (3 ) ,  and rare-earth hafnium oxides (4,s) .  
This paper focuses on rare-earth hafnium oxides. 

Several rare-earth hafnium oxides have adequate e l e c t r i c a l  
conductivity a t  temperatures above 1100K; however, a t  lower tempera- 
t u re  t he  conductivity is  not  adequate f o r  d i r e c t  contact  with the  
copper. Consequently, current  leadout mater ia ls  a r e  needed. Several 
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r a r e -ea r th  hafnium ox ide  MxOy ceramics (M 0 r e p r e s e n t s  a  h i g h l y  
x  Y 

conduct ive oxide)  have been developed which have adequate  e l e c t r i c a l  
c o n d u c t i v i t y  and a r e  thermal ly  and e l ec t rochemica l ly  compatible  w i t h  
t h e  r a r e - e a r t h  hafnium oxide  e l e c t r o d e s  (3 ) .  

F a b r i c a t i o n  

S in t e rabxe  hafnium ox ide  r a r e - e a r t h  oxide  powders (BET s u r f a c e  
a r e a s  around 14 m2Ig) were c o p r e c i p i t a t e d  from n e u t r a l i z e d  d i l u t e  
a c i d i c  s o l u t i o n s  of t h e  c a t i o n s  us ing  a  process  s i m i l a r  t o  t h a t  of 
Dole, e t  a l .  ( 6 ) .  The a c i d i c  s o l u t i o n s  were made from d i s s o l v i n g  
t h e  r a r e - e a r t h  oxides  i n  concen t r a t ed  b o i l i n g  H C 1  o r  HN03 and t h e  
hafnium oxychlor ide  i n  water .  Neu t r a l i zed  t o  a  pH of 7.5 w i th  d i l u t e  
NH4OH, t h e  p r e c i p i t a t e  was washed w i t h  ace tone  and to luene ,  d r i e d  
and a i r  c a l c i n e d  f o r  2-4 h r s  between 1100-1300K. The powders were 
ground through -200 mesh o r  b a l l  m i l l e d  w i t h  s t e e l  b a l l s  f o r  6-8 h r s ,  
then  co ld  d i e  p re s sed  a t  82.7 MPa and i s o s t a t i c a l l y  p re s sed  a t  154 
MPa and s i n t e r e d  i n  vacuum between 2173 and 2273K f o r  as-ground 
powders o r  1900-2100K f o r  t h e  b a l l  m i l l e d  powders. The s i n t e r e d  
samples were p a r t i a l l y  reduced (dark  b l a c k i s h  c o l o r )  and were 
r eox id i zed  (buff  c o l o r )  by a i r  a t  1773K. 

The l i m i t e d  equ i l i b r ium phase d a t a  f o r  Re203-Hf02 appea r s  
s i m i l a r  t o  t h e  b e t t e r  known analogous Re703*Zr02 systems. When 
added t o  Hf02, t h e  l a r g e r  r a r e '  e a r t h  c a t l o &  tend  t o  form pyrochlore  
s t r u c t u r e s  (7 ,8)  and t h e  s m a l l e r  c a t i o n s  tend t o  form f l u o r i t e  s o l i d  
s o l u t i o n s  ( 7 , 9 ) .  T h e ' p r e d i c t e d  c r y s t a l l o g r a p h i c  s t r u c t u r e s  of t h e  
r a r e  e a r t h  c a t i o n s  were obta ined  a f t e r  h e a t  t r ea tmen t .  For most of 
t h e  composi t ions,  t h e  p r e d i c t e d  s t r u c t u r e s  developed a f t e r  t h e  low 
tempera ture  c a l c i n e .  

E l e c t r i c a l  Conduct iv i ty  

The DC e l e c t r i c a l  c o n d u c t i v i t y  u s ing  a 4  probe technique  w a s  
measured i n  a i r  t o  1620K f o r  s e v e r a l  of t h e  composi t ions.  The range  
of va lues  a r e  shown i n  F igu re  1 along wi th  d a t a  f o r  o t h e r  p o t e n t i a l  
e l e c t r o d e  m a t e r i a l s .  Included i n  t h e  F igu re  i s  d a t a  f o r  t h e  c u r r e n t  
l e a d  ou t  and undoped Hf02 (12) .  The e l e c t r i c a l  c o n d u c t i v i t y  of t h e  
c u r r e n t  l e a d  o u t  m a t e r i a l s  a r e  betwden 10-I and 10'~ohm-~cm" a t  
300K. Of t h e  e l e c t r o d e  composi t ions,  t h e  h i g h e s t  e l e c t r i c a l  con- 
d u c t i v i t y  a r e  t h o s e  w i t h  t h e  f l u o r i t e  phase con ta in ing  l e s s  than  
30 mol% Re203. The r e s u l t s  a r e  c o n s i s t a n t  w i th  d a t a  on Er203-Hf02 
(10) and Y203-Hf02 (11) .  



Figure  1. E l e c t r i c a l  c o n d u c t i v i t i e s  of r a r e - e a r t h  hafnium ox ides  
compared w i t h  o t h e r  h a f n a t e s ,  z i r c o n a t e s  and some 
p o t e n t i a l  MHD e l e c t r o d e s .  . 

Elec t rochemica l  Corrosion 

The e l ec t rochemica l  c o r r o s i o n  of s e v e r a l  r a r e - e a r t h  hafnium 
oxides  was measured i n  molten c o a l  s l a g l a l k a l i  seed  us ing  labora-  
t o r y  t e s t  methods ( 4 ) .  An anode and ca thode  were suspended i n  t h e  
mol t en , s l ag / seed  e l e c t r o l y t e  and a  d i r e c t  c u r r e n t  passed between 
t h e s e  e l e c t r o d e s .  Aluminum ox ide  s l e e v e s  were p laced  around t h e  
e l e c t r o d e s  t o  d i r e c t  t h e  c u r r e n t  through t h e  ends of t h e  e l e c t r o d e s .  
A plat inum v o l t a g e  probe e q u i d i s t a n t  from each e l e c t r o d e  measured 
t h e  e l e c t r i c  p o t e n t i a l  of t h e  anode and cathode.  T e s t s  were con- 
ducted i n  molten K2S04 ( a t  1373K) and s y n t h e t i c  Montana "Rosebud" 
(MR-1) c o a l  s l a g  ( a t  1720-1730K) con ta in ing  K20. The composi t ion 
of t h e  MR-1 was 42.4% (weight pe rcen t )  Si02,  18.8% Al203, 12.9% CaO, 
6.9% Fe2O3, 4.1% MgO, 0.7% Ti02, 13.4% K20, 0.4% Na20, and 0.2% P2O5. 

The c o r r o s i o n  r a t e s  were determined by geometry changes and 
m a t e r i a l  l o s s  measured a f t e r  me ta l log raph ic  p r e p a r a t i o n .  These 
enhanced r a t e s  provided a  r e l a t i v e  c o r r o s i o n  r e s i s t a n c e  f o r  compar- 
i n g  d i f f e r e n t  m a t e r i a l s  b u t  cannot  b e  r e l a t e d  d i r e c t l y  t o  c o r r o s i o n  
r a t e s  a n t i c i p a t e d  i n  an  MHD channel .  



The e l ec t rochemica l  c o r r o s i o n  r a t e s  of t h e  r a r e - e a r t h  hafnium 
oxides  a r e  l i s t e d  i n  Table 1. Comparative c o r r o s i o n  r a t e s  i n  molten 
MR-1 c o a l  f o r  lanthanum chromi tes ,  y t t r i u m  chromi tes ,  and i r o n  con- 
t a i n i n g  magnesium a luminate  s p i n e l  v a r i e d  between 30-280 ug lcou l ,  
13-160 uglcoul  and 140-470 ug/coul ,  r e s p e c t i v e l y .  I n  c o n t r a s t ,  t h e  . 

b e t t e r  hafnia-base composi t ions e x h i b i t e d  c o r r o s i o n  r a t e s  <10 ug/coul .  

The c o r r o s i o n  of t h e  r a r e - e a r t h  hafnium ox ides  i n  molten K2S04 
were much l e s s  t han  i n  t h e  molten c o a l  s l a g s ,  Table 1. L i t t l e  
potassium p e n e t r a t i o n  occurred  i n  e i t h e r  anode o r  cathode.  For com- 
pa r i son ,  t h e  e l ec t rochemica l  c o r r o s i o n  r a t e s  i n  K2S04 t e s t e d  under 
s i m i l a r  c o n d i t i o n s  f o r  t h e  lanthanum chromite ,  y t t r i u m  chromite  and 
i r o n  doped magnesium a luminate  s p i n e l s  were 45-500 pg/coul ,  5-30 pg/ 
cou l  and 60-140 ~ g / c o u l ,  r e s p e c t i v e l y .  

The c o r r o s i o n  p roces ses  f o r  t h e  r a r e - e a r t h  hafnium ox ides  were 
ve ry  s i m i l a r ,  w i th  t h e  r a t e s  va ry ing  w i t h  t h e  r a r e  e a r t h  a d d i t i o n s .  
I n  a  t y p i c a l  t e s t  (Tes t  163.: Yb0.64Hf0.3602 ill MR-1 s l a g ) ,  s l a g  
i n t e r a c t s  w i t h  t h e  g r a i n  boundar ies  of t h e  ca thode  caus ing  g r a i n  
s e p a r a t i o n .  Continued r e a c t i o n  r e s u l t s  i n  g r a i n  l o s s  i n t o  t h e  s l a g  
The r e a c t i o n  products  of t h e  s l ag l seed -ha fn i a  i n t e r a c t i o n  c o n s i s t s  

15Si0.32A10. 0 3 ~ 0 . 1 3 ~ 2 + x  c a ~ .  16si0. 17A10.16Yb0. 38O2+x- * 
The Yb w a s  s e l e c t i v e l y  removed from t h e  ma t r ix  g r a i n s ,  u l t i m a t e l y  
l e a v i n g  a  Yb0.41Hf0.5902 composi t ion,  probably a  f l u o r i t e  phase. 
No o t h e r  products  were observed,  except  f o r  some m e t a l l i c  i r o n  i n  
t h e  s l a g  nea r  che ca thode  s u r f a c e ,  probably r e s u l t i n g  from t h e  
charge  t r a n s f e r  r e a c t i o n  between t h e  ca thode  and t h e  s l a g .  

Table 1. Elec t rochemica l  Corrosion of S e v e r a l  
Rare-Earth Hafnia  Compositions 

Comoosition Zlectrolvte 

T b ~ .  31Hf0. 69'2 K2s04 

31Hf0.69'2 >a- 1 
Pr0.04~fi0.08~0.17~f0. 7102 K2S04 

Pr~.04n~.~8Tb~.17Hf~. 71O2 m-1 

Yb0.09Pr0.27Hf0.6402 ?fR- 1 

Pr0.04n0.08n0.17Hf0. 71'2 m-l 

31Hf0. 69'2 MR- 1 

Yb0.64Hf0.3602 HR-1 . 
Tb0.18Hfo.820~ .%- 1 

zHfO. a02 K2S0 4 
no.18Hfo.820~ m-1 

E ~ .  0 6 ~ ~ 0 .  llHfo. 83'2 m- 1 

Current 
Density, 
~ / c m Z  

1.6 

1.6 

0.5-1 

0.8 

1 

0.7-1.2 

Corrosion Rate. 
ug/cou1 

Anode Cathode -- 
1-5 1-5 

3 5 

1- 5 1-5 

5-10 3-6. 

11 43 

12 - 16 

50-82 25-53 

55 99 

3-6 -- 
12-24 12-24 

16-32 126 

5-14 200-400 

*The composi t ions determined by q u a n t i t a t i v e  scanning e l e c t r o n  
microscopy and microprobe (SEM-EDX). The oxygen a n a l y s i s  is  an  
e s t i m a t e  s i n c e  oxygen cannot b e  d e t e c t e d  d i r e c t l y .  



The e l ec t rochemica l  processes  appear  s t r o n g l y  dependent upon 
t h e  e l ec t rochemica l  and e l e c t r i c a l  c h a r a c t e r  of  t h e  s l a g l s e e d  e lec-  
t r o l y t e ,  e .g . ,  t h e  i o n i c  and e l e c t r o n i c a l  t r a n s p o r t .  Paggage of a  
dc c u r r e n t  through t h e  molten e l e c t r o l y t e s  r e s u l t s  i n  i o n i c  mig ra t ion  
toward t h e  anode and cathode.  I n  molten potassium s a l t s ,  K+ mig ra t e s  
toward t h e  cathode and CO3' o r  S04' mig ra t e s  t o  t h e  anode. I n  com- 
p l ex  c o a l  s l a g l s e e d ,  t h e  s p e c i f i c  mig ra t ing  i o n s ,  t h e  degree  of s l a g  
i o n i c i t y  and t h e  e l e c t r o n i c - i o n i c  t r a n s f e r  mechanism a c r o s s  t h e  s l ag -  
ox ide  i n t e r f a c e s  a r e  n o t  known. It is  assumed t h a t  c a t i o n s  (K+,c~*, 
~ a + )  i n  c o a l  s l a g  c a r r y  a  m a j o r i t y  p o r t i o n  of t h e  c u r r e n t  i n  t h e  
"Rosebud" s l a g .  The an ion  t r a n s f e r  between t h e  anode and s l a g  i s  
more complex and could invo lve  t h e  decomposition of s i l i c a t e  i o n  
(Si04') and t h e  format ion  of O2 gas .  

The oxygen o r  o t h e r  gases  formed a t  t h e  anode s u r f a c e  can acce l -  
e r a t e  m a t e r i a l  l o s s  by 1 )  channel ing  of e l e c t r i c  c u r r e n t  r e s u l t i n g  
i n  i nc reased  c u r r e n t  d e n s i t y ,  2) i n c r e a s i n g  t h e  oxygen chemical  
p o t e n t i a l ,  3) removal of r e a c t i o n  products  and movement of unreac ted  
s l a g  t o  s u r f a c e ,  and 4) mechanical e ros ion .  

Cat ion mig ra t ion  from anode r e s u l t s  i n  a  c a t i o n  d e p l e t i o n  zone 
i n  t h e  s l a g  a t  t h e  anode s u r f a c e  and dec reases  t h e  e l e c t r i c a l  con- 
d u c t i v i t y  a s  i n d i c a t e d  by t h c  3-fold i n c r e a s e  i n  e l e c t r i c  p o t e n t i a l  
i n  t h e  s l a g  a t  t h e  anode. Th i s  may have inc reased  t h e  p o t e n t i a l  f o r  
s l a g  o r  anode decomposition. 

Cat ion bu i ldup  i n  t h e  s l a g  n e a r  t h e  ca thode  s u r f a c e  i n c r e a s e s  
t h e  charge bui ldup .  Elec t rochemica l  r e a c t i o n s  probably invo lve  t h e  
r educ t ion  i n  oxygen a c t i v i t y  r e s u l t i n g  i n  t h e  r e d u c t i o n  of o t h e r  
s l a g  s p e c i e s ,  i . e . ,  i r o n .  Potassium and calcium r i c h  s i l i c a t e s  were 
found i n  t h e  cathode s l a g  b u t  n o t  a t  t h e  anode. These potassium 
r i c h  s l a g s  a l s o  i n t e r a c t  w i t h  t h e  ca thode  g r a i n  boundar ies  (which 
a r e  nominally h igh  i n  s i l i c a )  and u l t i m a t e  l o s s  i n  g r a i n  i n t e g r i t y .  

C e r t a i n  r a r e  e a r t h s  i n  h a f n i a  appear  t o  be more r e a c t i v e  i n  t h e ,  
e l ec t rochemica l  molten c o a l  s l a g  environmental  t han  o t h e r s .  I n  
MR-1 c o a l  s l a g ,  p re l imina ry  r e s u l t s  sugges t  t h 3 t  t h e  r e a c t i v i t y  of 
E U > S ~ > Y ~ ' > P ~ > Y > T ~ .  I n  a d d i t i o n ,  t h e  f l u o r i t e  s t r u c t u r e s  appear  t o  
b e  more r e s i s t a n t  t o  e l ec t rochemica l  c o r r o s i o n  than  t h e  pyrochlore  
s t r u c t u r e s .  The r a r e  e a r t h s  tend  t o  b e  more e l ec t rochemica l ly  
r e a c t i v e  than  t h e  hafnium i n  bo th  molten s l a g  and a l k a l i  s a l t s .  
The t e rb i a -ha fn i a  composition appears  t o  b e  t h e  most s t a b l e .  
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