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Abstract Yx[(Sr, Mg or ~ a ) ~ C r , l $ l ~ - ~ O ~  

Yt t r iua chromites are being Studied as 
Potential high temperature electrodes for WD. 
Like lanthanum chm i t es ,  the doped yttrim where x = 0.95 t o  1 

~ h m n i t e s  have s imi lar  high e lect r ica l  conduc- y 0.02 t o  0.2 
t i v i t ~ ,  predominantly electronic over a wide z = 0.8 t o  I 
temperature range; however, they do not fom w = 1 t o  0.8. 

h ~ d m c o ~ i c  deco~~posi t i on  products + which -cause - 

gross StWctUral degradation. I n  addition, they 
The YCr03 compositions were fabricated by 

exhib i t  substant ial ly improved resistance t o  mixing n i t ra tes o f  the respective components 

e l  ectrochemical at$ack by s lag/seed. The e lec t r i -  
(Y, Mg, Cr, and Al) i n  an ethelene g lyco l -c i t r i c  

cal  conductivity, 'thermal d i f f u ~ i v i ~ / c o n d u c t i ~ i  ty, 
acid-water solution. The mixture was dr'ied a t  

m l t i n g  Points, thermal expansion, vaporization 
383K then calcined between 1073K and 1273K t o  

and e l  ectrochemi ca 1 corrosion f o r  several. y t t r i  
form the oxide. The calcined materials were 

ch rmi te  canpositions are reported and costpared mixed i n  a shaker m i l l  using p last ic  containers 

with analogous lanthanun chrmites. and p las t i c  balls. The powders were dry pressed 
-- using 1/8 wt% polyvinyl alcohol as the binder. 

Hafnium oxide containing rare earth additions The pressed bars were sintered to  closed porosity 

are also being studied as potential high tempera- a t  temperatures between 1773 and 2023K i n  H2/C02 

ture MHD electrodes. The electrod-e c -wns i  t ions _- 
atmospheres wi th  a PO2 o f  40-6~a.  The bars were 

show a high resistance t o  electrochemical corrosion 
then oxidized by f i r i n g  i n  a i r  a t  1773K. The a i r  

i n  slag/seed. Hafnia-rare earth-M203 oxides can oxidation changes the co l o r  o f  the bars from dark 

be fabricated wi th  suff i cient  room temperature green to  a brown-black. 

e lect r ica l  conductivity t o  make them candidates 
fo r  ceramic-to-metal current leadouts. Electro- The y t t r ium chromi tes were generally mu1 ti- 

phase. The analysis o f  these phases determined 
chemical tests of cer?!!!% ~ ~ ~ t f e a d o _ ~ _ t : . c e r ~ m ! _ ~ -  - - using the quantitative. x-ray energy dispersion alectrode couples have been conducted a t  high 
temperatures and wi th  high- current densities f o r  

microprobe analysis capabi l i t ies o f  the scanning 

long periods o f  time with l i t t l e  interact ion electron microscope (SEM-EDX) are given i n  Table 

between the electrodes and leadouts. 
1. Most o f  the magnesium was found as a second 
phase with the larger amounts o f  magnesium 

I. Introduction 
additions resul t ing i n  larger amounts o f  the 
magnesium r i c h  phase. Most o f  the alumina added 

Chromites have long been considered as candi- t o  'the c h r a i t e  remained substituted f o r  chromium 

date electrode mat r als for medium hot wal l  MHD although an aluminum r i ch  second phase was formed. 
Adding 50% A1 t o  the chromite resul t ing i n  a generator channel s f - I  and have successfully 

operated i n  clean-fuel open-cycle MHD tes t  chan- granular second phase containing mostly y t t r i a .  

nels. The most studied i s  Mg or  S r  doped lan- 
thanum chromite. These doped chromites have The general chemical fonnula used above t o  

excel l en t  electronic e lec t r i ca l  conducivity w i t h  
iden t i f y  the compositions was wr i t ten based on the 

a small temperature dependence. However, lan- t o t a l  number o f  moles of each cation present i n  

thanum chromites are subject to  loss of chromium the or iginal  formulations. This simpl i f ied 

a t  high temperatures, and t o  corrosion by coal nomenclature does not imply that  the formulation 

slag and'mlten a lka l f  salts. The loss o f  chro- exists as a single phase since the present 

mium leads t o  the formation of La 03 which i s  knowledge o f  the YCrO3 phase systems does not 

hygroscopic, resu l t ing i n  vol u* cianges which 
allow the assignment o f  the correct chemical 

cause catastrophic mechanical degradation o f  the - 
formulas phases and so lub i l i t ies .  It i s  assumed 

electrode material. Doped y t t r ium chromites are that  since both YCrO and LaCrOj.are perovskite 

e lec t r i ca l l y  s imi lar  t o  lanthanum chromites, 
structures, the yttrfum chromi t e  have s imi lar  

havf ng predominantly electronic conductivity wi th  crystallographic structures as lanthanum ~ h r o m r t e . ~  

a low temperature dependence. However, these Therefore, 0, C r  and Y excesses are unl ikely with- 

y t t r ium chromites do not form analogous hygro- 
out the development of second phases. Also 

scopic compounds even when. tested f o r  long periods 
acceptor ions. (~g2+, Sr2+, etc.) i n  an oxidiz ing 

o f  time a t  high temperature. 
atm sphere w i l l  increase the oxidation state o f  
Cr+g t o  maintain e lect r ica l  neut ra l i ty  wi th  the 

11. Preparation consequent increase i n  e lect r ica l  conductivity. 
The e lec t r i ca l  conductivity , thermal expansion, 

A series o f  y t t r ium chromite compositions thermal diffusivity/conductf v i t y ,  n e l t i  ng points, 

have been prepare& wi th  addit ives o f  Sr, Mg, Ca vaporization rates and electrochemical corrosion 

and A l .  The range o f  compositions investigated 
rates have been measured f o r  the y t t r ium chromites 

are shown i n  the fol lowing formula: 
and compared with the lanthanum chromites. 
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M e l t i n g  Po in t  , Vapor izat ion Loss 

Table 1. SM-EDX Compositional Analys is  of S i x  Y t t r ium on 

The me1 t i n g  p o i n t s  were measured i n  an argon 
atmosphere us ing a "V" t ype  e l e c t r i c a l l y  heated . 
tungsten f i l a ~ n e n t . ~  The system was c a l i b r a t e d  
us ing metals and ceramics w i t h  known m e l t i n g  
po in ts ,  i .e. ,  Mo, Al2O3, Pt, Ni,  Au and Cu. A 
mic ro -op t i ca l  pyrometer was used t o  view the  sample 
and t o  measure the  m e l t i n g  temperaturp. Three o r  
more measurements were made f o r  each composit ion 
w i t h  a r e p r o d u c i b i l i t y  o f  +10K. The average values 
a r e  l i s t e d  i n  Table 2. The m e l t i n g  p o i n t s  of the 
y t t r i u m  chromites are genera l l y  lower  by about 150K 
of the analogous lanthanum chromites. 

one Lanthanum 

Compos i t i o n  

MgO. 0 5 ~ ~ 0 . 9 5 ~ 3  

Overa l l  
M a t r i x  
Second Phase-granular ( 2 % ' o f  Area) 
Gra in Boundary Phase a t  Some T r i p l e  Po in ts  

'0 .95Mg0.05C*3 

Overa 1 1 
M a t r i x  
Second Phase-granular (2-4% o f  Area) 

Mg0.1Cr0.903 

Overa l l  
M a t r i x  
Impur i t y  

MgO. zCrO .8O3 

Overa l l  
M a t r i x  
Second Phase-granular (20% o f  Area) 

(MgO .O!jCrO. 95'0. 7sA1 0.25'3 

Overa 1 1 
M a t r i x  
Second Phase-granular (10% o f  Area) 

Y(Mg3.95Cr0.95)0.5A10.503 

' Overa l l  
M a t r i x  
Second Phase Large Is lands (30% o f  Area) 
T h i r d  Phase g ranu la r  small  (5% o f  Area) 

La(MgO . 0 5 ~ ~ 0 .  951°3 

Overa l l  
Ma tri x 
Second Phase (2-4% of Area along g r a i n  

boundaries) 
- ..,. -. ..., .- 

Samples o f  several compositions were exposed 
t o  a f l o w i n g  atmosphere o f  N2 con ta in ing  101Pa-O2 
and 10.13kPa-Hz0 a t  atmospheric pressure. The 
measurements made a t  2013K f o r  up t o  63 hours a re  
l i s t e d  i n  Table 2. Inc luded i n  the t a b l e  are 
corresponding data f o r  a composition of LaCr03. 
The vapor i za t ion  losses o f  the YCr03 i s  s l i g h t l y  
h igher  than those o f  the 'lanthanum chromi te .  

Thermal Expansion 

Chromite Based M a t e r i a l s  

The thermal expansion was measured i n  a i r  
us ing a A1 O3 pushrod d i la tomete r  w i t h  l i n e a r  
heat ing an$ coo l ing  r a t e s  o f  4 degrees per  minute. 
The average thermal expansion c o e f f i c i e n t s  f o r  the  

Mg 
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temperature ranges are shown in Table 2. The 
thermal expansion increases slightly with tempera-. 
ture and the curvature is essentially smooth with 
minor inflections around 520 and 850K. These 
inflections are much less than that found in the 
corresponding lanthanum chromite and .are found on-.- 
both heating and cooling. 

Table 2. T h e m 1  Expansion Melting Point Corrosion Rates and Vaporization Rates of 
Several' Yttrium Chromi te Based Compositions 

The thermal diffusivity was measured using a 
laser pulse technique in an argon atmosphere 
heated in a tungsten mesh furnace.6 The thermal 
conductivity was calculated as the product of 
diffusivity, measured density corrected for tem- 
perature using measured thennal expansion data 
and heat capacity. The heat capacity was calcu- 
lated using Kopp-Neuman theory of mixtures from 
known specific heat data for the individual oxide 
components. Both the thermal diffusivity and 
thermal conductivity are shown in Figure 1. 

- 

The thermal diffusivity and thermal conduc- 
tivity values of the YCr03 are ap roximately the 
same as that reported for LaCr03.i The thermal 
diffusivities/conductivities vary significantly 
depending upon the microstructure making it 
difficult to resolve changes due to the composition 
variation. 

Electrical Conductivity 

Electrical conductivity was measured using 
a four probe technique. Direct electric current 
(current densities not exceeding 0.05 amplcm2) was 
passed through the rectangular or cylindrical 
shaped samples held at each end by two knife-edge 
supports. The electric potential drop across the 
sample was measured using two electrically floating 
voltage probes. Measurements were made in air on 
samples that were air oxldlzed to 1773K, Figure 2. 

Compos i ti on 

Y Cr03 

Mg0.05Cr0.9503 

Y0.95Mg0 .05'~'3 

Y(Mg0.05Cr0.95)0.85A'0.0~~5~3 

Y(Mg0.~5Cr0.95)0.75A1~.2503 

Y(Mg0.05Cr0.95)0.5A10. 5'3 

Y A103 

The electrical conductivities of the chromites 
containing Mg are greater than the undoped chromite, 
even though the magnesium was concentrated in a 
second phase. .The electrical conductivities are 
similar to the analogous doped lanthanum chromite. 
No polarization was observed during the measure- 
ments indicating that most of the conduction was 
electronic. Reduced (green) yttrium chromite 
had an electrical conductivity about two orders 
of magnitude less than the oxidized chromite 
(black). The same redu,ction in electrical con- 
ductivity was found in lanthanum chromite. 

Melting Point 
K 

. - ... 2475 . 

2476 

- --.-- 2463 

2373 

2386 

2223 

Chemical and Electrochemical Corrosion 

Vaporization 
Weight 'Loss 

ug/cm2 hr 

6 

48 

96 

- 
- 
61 

- 

Average Thermal 
Expansion Coefficient 

(,lo-6/~)373- 1 6 7 5 ~  

. 8.73 

8.81 

8.75 

8.35 

8.60 

8.83 

Both chemical and electrochemical corrosion 
tests were conducted on the yttria chrornites to . 

compare their relative resistance to corrosion. 
As an initial resr, each culnposition was submersed 

I 

K2S04 Chemical 
Corrosion Rate 
ug/cm2 hr 

400 

90 

0.2 

1000 

500 

80 



Figure 1. Thermal d i f f u s i v i t y  and c o n d u c t i v i t y  
o f  several y t t r i u m  chromi te compositions. 

F igure 2. E l e c t r i c a l  c o n d u c t i v i t y  o f  several 
y t t r i u m  chromi te compositions. 

i n  K2SOq a t  1373K fo r  48 h rs  and the  cor ros ion  
r a t e s  determined from the weight changes, Table 2. 
Par t  o f  the wide f l u c t u a t i o n  i n  co r ros ion  r a t e s  
a re  a t t r i b u t e d  t o  the m i c r o s t r u c t u r a l  d i f f e r e n c e s  
which make comparisons d i f f i c u l t .  The most 
promising compositions were chosen f o r  f u r t h e r  
t e s t i n g ,  i .e., YMg0.05Cro.9503, Yo. 95Mg0.05Cr03 
and Y(Mgo.o5Cr0.95)0 .85A10.1~ 9 and Y(M90.05 
Cro.g5)0. 75A10.2 03. Comparison o f  the y t t r i u m  
chromi tes  w i t h  tpe analogous lanthanum caromi t e  ,a . 
compositions and mic ros t ruc tu res  (Table 2) i n d i c a t e  
t h a t  the y t t r i u m  chromite i s  more r e s i s t i v e  t o  
K2S04 corros ion.  

The advanced e lect rochemical  t e s t s  of these 
se lected compositions invo lved  passing a d i r e c t  
e l e c t r i c  c u r r e n t  between two e lect rodes which 
were p a r t i a l  1  y  immersed i n  an e l e c t r o l y t e  (syn- 
t h e t i c  molten coa l  s lags o r  potassium s a l t s ) .  
The basic  t e s t  con f igu ra t ion  inc luded alumina 
sleeves around t h e  chromi te samples t o  channel 
c u r r e n t  t r a n s p o r t  through the e lec t rode  end and 
a vo l tage probe e q u i d i s t a n t  from the  anode and t h e  
cathode. t o  measure t h e  e l e c t r i c  p o t e n t i a l  a t  the 
anode and cathode. 

Tests were made i n  s y n t h e t i c  coal  s lag  com- 
p o s i t i o n s  con ta in ing  10 mole% K20 t o  b e t t e r  
s imulate s lag  i n s i d e  the MHD channel. The s lag  
composit ion s imu la t ing  Montana Rosebud (MR-1) i s  
42.4 wt% Si02, 18.8 wt% Al203, 12.9 wt% CaO, 6.9 
wtZ Fe2O3, 4.1 wtE MgO, 0.7 wt% Ti02, 13.4 wt% K20, 
0.4 wt% Na20, and 0.2 wt% P205. The s lag  com- 
p o s i t i o n  s imu la t ing  I l l i n o i s  No. 6  ( I11  16-1) i s  
39.5 wtZ Si02, 18.4 wt% Al203, 5.1 wt% CaO, 24.3 
wt% Fe2O3, 1.6 wt% MgO, 0.8 wt% Ti02, 11.7 wt% 
K20, 0.5 wt% Na20 and 1 wt% P205. 

A summary o f  the e lect rochemical  t e s t s  on bo th  
y t t r i u m  and lanthanum chromites are shown i n  
Table 3. The cor ros ion  ra tes  were determined by 
measuring the geometr ical sample changes a f t e r  
mounting and p o l i s h i n g  f o r  ceramographic examina-' 
t i o n .  This co r ros ion  r a t e  inc ludes a l l  m a t e r i a l  
l oss  i n c l u d i n g  t h a t  by g r a i n  boundary a t t a c k  and 
r e s u l t i n g  g r a i n  removal and by e ros ion  and cor -  
r o s i o n  w i t h  the  slag. The e lect rochemical  
co r ros ion  r a t e  f o r  the  t e s t s  where cu r ren t '  has 
passed i s  expressed i n  pg/coul.  I n  the simple 
co r ros ion  t e s t s  where no cur ren t  i s  passed, i .e . ,  
a  c o n t r o l  t e s t ,  the co r ros ion  r a t e  i s  expressed 
as pg/103 sec. I n  those t e s t s  where a c o n t r o l  
was used, the  co r ros ion  r a t e  o f  the c o n t r o l  i s  
mucn less  ( u s u a l l y  b y - a t  l e a s t  an order  o f  magni- 
tude) than e i t h e r  the  anode o r  cathode. 

The lanthanum chromites genera l l y  degraded 
a f t e r  t e s t i n g  i n  molten s a l t s  unless s to red  i n  a 
vacuum dessicator .  The degradation i s  a t t r i b u t e d  
t o  both potassium s a l t  and lanthanum oxide hydra- 
t i o n .  The degradation a l s o  occurred i n  the  vacuum 
dess ica to r  a f t e r  several weeks of storage. The 
y t t r i u m  chromites d i d  n o t  e x h i b i t  post  t e s t  
degradation, even a f t e r  exposure t o  ambient a i r  
f o r  up t o  f i v e  weeks. 

The y t t r i u m  chromite i s  more r e s i s t a n t  t o  
e lect rochemical  a t t a c k  i n  both potassium seed and 
slag/seed than s i m i l a r  lanthanum chromites. The 
y t t r i u m  chromite t e s t s  were conducted f o r  longer  
t imes than the  lanthanum chromites w i t h  the  
lanthanum chromi t e  t e s t s  o f t e n  te rm ina t ing  due t o  
sample f a i l u r e .  [The low cor ros ion  r a t e  f o r  the 
LaCr03 ( t e s t  137) i s  a t t r i b u t e d  t o  very s h o r t  
t e s t i n g  t ime and r e s u l t i n g  small amount o f  m a t e r i a l  



Table 3. Sumnary of Electrochemical Tests on Both Y t t r ium and Lanthanum Chromites 

removed. ] Grain boundary pene t ra t ion  by potassium 
was s i g n i f i c a n t l y  less  i n  t h e  y t t r i u m , c h r o m i t e s  
than i n  the. lanthanum chromites. 

Several types o f  co r ros ion  mechanisms occurred 
d u r i n g  the  e lect rochemical  co r ros ion  o f  both 
y t t r i u m  and lanthanum chromites. A t  the anode, 
gases a re  generated. These gases a re  02 and 
probably  C02 and 502. The generat ion (poss ib le  
c a v i t a t i o n )  and movement o f  bubbles up t h e  e lec-  
t rode  sur face r e s u l t e d  i n  a d d i t i o n a l  e ros ion  o f  
the annr f~ .  Bubbles on thc  anode ~ i i i ' r h c e  creared 
e 1 , e c t r i c a l l y  i n s u l a t i n g  zones, causing h igher  
c u r r e n t  d e n s i t i e s  i n  ad jacent  areas, and p o s s i b l y  
h igher  co r ros ion  i n  those areas f r e e  o f  bubbles. 

Test  
No. Composition 

y t t r i u m  Chromi t e s  

I n  add i t i on ,  the gas bubbles may have cont inu-  
a l l y  swept away cor ros ion  products i n  the  s l a g  o r  
on the  anode surface, thus c r e a t i n g  f r e s h  surfaces . 
and s l a g  composit ions f o r  corros ion.  I n  the  MR-1 
s laq  t e s t s ,  even w i t h  s lag  m ig ra t ion ,  the  r l e c , t r i c  
p o t e n t i a l  between the  p lat inum probe and the anode 
c o n t i n u a l l y  increased dur ing  the t e s t  i n d i c a t i n g  a 
decreasing c o n d u c t i v i t y  o f  the  slag. The low con- 
d u c t i v i t y  appears p a r t i a l l y  due t o  c a t i o n  (Ca2+, 
K+, Na+) m i g r a t i o n  away from the anode. This  low 
c o n d u c t i v i t y  may have fo rced  the  c u r r e n t  t o  channel, 
i nc reas ing  the p o s s i b i l i t y  o f  arc ing.  

E l e c t r o l y t e  

K2S04 

I l l # 6 - 1  

MR-1 

MR-1.- 

MR- 1 
MR- 1 

MR-1 

K2S04 

K2S04 

K2S04 

K2S04 

I l l # 6 - 1  

MR- 1 

1 

The p la t inum probe a l s o  measured c y c l i c  vo l tage  
f l u c t u a t i o n s  o f  up t o  '50% i n d i c a t i n g  bubble 
formation, c ~ r r r e n t  channel l ing,  and poss ib ly  a rc lng .  

MgO . 0 5 ~ ~ 0  -95'3 

Mg0.05Cr0.9503 , ' 

62 MgO . 0 5 ~ ~ 0 . 9 5 ~ 3  

la Y Mg0.2Cr0.803 

167 ("~o.osC,ro.9 i )o.~sA10.~~03 

(Mg0.05Cr0.95)0.85A10.1503 

98 Y0.95Mg0.05Cr03 

Lanthanum Chromi tes 

La0.95Mg0.05Cr03 (S) 

32 LaMg0.05Cr0.9503 (HP) 

29 LaMgO .g5Cr0. 9503 (HP) 

The r e s u l t i n g  co r ros ion /e ros ion  .produced a un i fo rm ly  
shaped r e a c t i o n  zone. The I11  #6-1 s lag  t e s t s  
e x h i b i t e d  lower vo l tage f l u c t u a t i o n s  and sma l le r  
e l e c t r i c  p o t e n t i a l  increases a t  the anode. The 
anode e lect rochemical  co r ros ion  r a t e s  were l e s s  
than i n  MR-1 s lag.  The anode i n  the I11  #6-1 
s lag  a lso  had a uni formly shaped r e a c t i o n  zone. 

Temp, 
K 

1373 

1723 

1723 

1.739 

1723 

1723 

1723 

1373 

1373 

1373 

1373 

1723 

1723 

i 

I 36 La0. 95Mg0.0SCr03 (HP) 

37 La0. 95Mg0.05Cr03 (HP) 
I 

. . 

The e l e c t r i c  p o t e n t i a l  f l u c t u a t i o n s  i n  both 
MR-1 and I 1  1 $6-1 were much smal ler  ( 4 5 % )  
between the probe and-thr? cathode than bctween 
the  anode and probe s ince  few bubbles were formed 
a t  the. cathode. The c o n d u c t i v i t y  o f  the  s lags 
near the cathode increased as ca t ions  (Ca2+, K+) 
are a t t r a c t e d  t o  the cathode, consequently concen- 
t r a t i n g  o f  c u r r e n t  was n o t  l i k e l y .  I n  general,  
the  cathode does n o t  corrode un i fo rm ly  l i k e  the  
anode and the 'e lec t rochemica l  co r ros ion  mechanisms 
are eas ie r  t o  i d e n t i f y  s ince the r e a c t i o n  products 
remain c lose t o  the  e lect rode.  

I n  general,  w i t h  e l e c t r o n i c a l l y  conduct ing 
e lect rodes,  the  degree o f  bubble format ion a t  the 
anode w i l l  increase as the i o n i c  transference o f  
the s l a g  increases. For example, the h igh  i r o n  
con ta in ing  111 s6 s lag  has a h igher  c o n d u c t i v i t y  
and i s  more e l e c t r o n i c a l l y  conduct ing than the 
h igh  calcium con ta in ing  Montana "Rosebud" s lag.  
Consequently, t h e  bubble format ion occur r ing  i n  
I 1 1  16 s lag  ( t e s t  158-Table 3) was s i g n i f i c a n t l y  
less  than t h a t  observed i n  the "Rosebud" s lag  
( t e s t  198). I n  a d d i t i o n ,  the  vo l tage f l u c t u a t i o n  
o f  t e s t  158 d i d  n o t  exceed +5%, suggesting l i t t l e  
c u r r e n t  bunching. 

Current  
Time. I Densit$, 

Anode 

10 

7 

11 1 

191 

3 1 
45 

42 

1014 

- 
289 

1094 

67 

25-30 .  

S(103) 

11.4 

17.1 

66.7 

66 3 

19.8 

39.6 

34.5 

5 

3.6 

1.1 

1.0 

11 

1.1 

Amp/cm 

1.0 

0.8 

0.7 

1 .o 

1.0 

1.0 

0.9 

1.6 

1.6 

1 .O 

3.0 

1 .O 

1.0 

Corrosion, 
Rate, ug/coul 

Cathode 

5-10 

.14 

80-95 

271 

15 

45 

75 

31 5 

652 

- 
- 
30 

164 

Control  
ug/103s 

11.6 

11.6 



@ Tests 158 and 198 are repreientative o f  the 
interactions wi th  I11 #6-1 and MR-1 slags, respec- 
t ive ly .  The electrode-reaction zone interface f o r  
both the anodes and cathodes o f  tes t  158 and 198 
are shown i n  Figures 3 and 4, respectively. To 
better understand the electrochemical corrosion 
mechanisms, several anodes and cathodes were 
examined using the quant i tat ive SEM-EDX. The 
detai ls o f  the examinations are given e l ~ e w h e r e . ~ * ~  
The chemical composition expressed as the atom% o f  
the cations f o r  the features ident i f ied as Figures 
3 and 4 are given i n  Table 4. 

The anodes remained re la t i ve ly  unchanaed 
except a t  the imnediate reaction jnterface. 
although the matrix did contain some Si contami- 
nation. L i  t t l e  grain boundary penetration o f  
e i ther  slag o r  potassium occurred. At the reaction 
interface between the anode and slag the YCr03 
dissolved wi th  the formation o f  reaction products. 
This reaction zone consisted o f  discrete grains 
o f  reaction product surrounded by slag. I n  the 
high i ron  slag (I11 #6-1 test  158) the reaction 
products consisted o f  1) an anode o f  Fe-Al-Cr (2: 

';,!' ''. : 2:3) 2) metal l ic Fe and 3) single phase coal slag. ,*I i 

Figure 3. ~ i c ros t r uc tu re  o f  reaction zone Test 158 

M 

N - REACT I ON 

t -,: WEPlEf i ON &+- ZONE 
C .. r 

CATHODE 

Figure 4. Microstructure o f  reactlon zone f a r  Test 198 
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Table 4. Compositions Detennined by  SEM-EDX of the  M i c r o s t r u c t u r a l  Features o f  Figures 1 and 2. 

M a t r i x  

B Reaction Product a t  
Reaction I n t e r f a c e  , 

. . 
C React ion Product i n  . . 

React ion Zone 

D M e t a l l i c  Phase i n  
Reaction Zone 

Test 158 Cathode (F igure 3) 

E M a t r i x  
F Reactor Product a t  

Reaction In te r face  

G Reaction Product i n  .' 
React ion Zone 

H Grain Boundary i n  3 
Reaction Zone 

. .  
Test  198 Anode (F igure 4). - 

. . 
I M a t r i x  

J Reaction Produce i n  
Reaction Zone 

K Second Phase i n  2 
Reaction Zone 

L G r a i n B o u n d a r y i n  ... 9 
Reaction Zone 

- Dense Grains a t  React ion 
Zone, bu lk  s l a g  i n  i n t e r -  
face ( n o t  shown i n  
Figure ) 

Test '198 Cathode (F igure 4) . 

M M a t r i x  

N I Second Phase Surround- 
i ng  M a t r i x  

0 Reaction product i n  
React1 on Zone 

P Grain Boundary i n  
React ion Zone 

The r e a c t i o n  product  i n  t h e  l o r  i r o n  con ta jn ing  
s l a g  (MR-1, t e s t  198) consis ted o f  1) an oxtde of 
Cr-A1 (4:1), 2) Cr203, 3) Y2Si207. and 4) s l a g  
depleted i n  K b u t  con ta in ing  Y and Cr. 

The cathode r e a c t i o n  zone was d i f f e r e n t  
than the anode. I n  the h igh  i r o n  slag, t h e  m a t r i x  
nex t  t o  t h e  r e a c t i o n  zone was r e l a t i v e l y  unchanged 
w i t h  potassium pene t ra t ion  along t h e  g r a i n  
boundaries even t o  the  p la t inum leadout  area. 
The r e a c t i o n  zone consis ted o f  1) g ranu la r  oxide 
r e a c t i o n  product  o f  Al-Fe-Cr (2:3:4) and 2)' s l a g  

depleted i n  Fe and K. I n  the low i r o n  slag, 
the  m a t r i x  g r a i n  had reacted w i t h  S i  t o  form two 
compounds. 1)  Y2O3 r i c h  YCr03 and 2) Y2O3 r i c h  
Y2Si207. The r e a c t i o n  zone consis ted o f  a granu- 
l a r  r e a c t i o n  product  o f  Mg-A1-Cr (2:2:3) and 
3) potassium depleted slag. The format ion o f  the 
Y2Si207 i s  probably enhanced by the  degradatlon 
o f  bo th  the  anode and cathode and may be the 
reason f o r  the  h igher  co r ros ion  ra tes  i n  the MR-1 
coal  slag. The s i l i c a t e  format ion may be due t o  
the  h igher  voltages, vo l tage  f l u c t u a t i o n s ,  o r  tem- 
perature excursions due t o  c u r r e n t  concentrat ions.  



-. I_ '' In summary, yttrium chromites are potentially 
. better MHD electrode materials than the analogous 

L 

" lanthanum chromites. The yttrium chromites have 
similar electrical and thermal properties as lan- 
thanum chromites but yttrium chromites do not form 
deleterious hygroscopic compounds. The yttrium 
chromites are more electrochemically resistant to 
coal slag interactions than lanthanum chraite. 
Yttrium chromite is more resistant to electro- 
chemical interactions in I11 #6 coal slag than in 
Montana "Rosebud" coal slag. 

Rare ~ a r t h  Hafnia Compositions 

Several rare earth-hafnia compositions poten- 
tial as high temperature MHD electrodes have been 
fabricated and electrochemically tested in both 
Montata "Rosebud" and 111 #6 slags.9 Several of 
these rare earth hafnia compositions are electro- 
chemical resistant to slag corrosion. These 
compounds include: & . .  

All of these materials have stabilized fluorite 
as the predominate crystal lographic phase with 
small amounts of monoclinic and pyrochlore phases. 
(The pyrochlore phase is found in the samples 
containing large rare earth ions like Pr.) Elec- 
trical conductivity measurements suggest that these 
materials are all partially electronic and partially 
ionic. In general, the fluorite phase has a higher 
electrical conductivity than either the pyrochlore 
or monoclinic phase. 

A series of rare earth stabilized hafnia . 
compositions containing MxOy have been 'developed 
that are electronic condu tors with ele trical 6 t conductivities between 10 and 102 ohm' un-1 at 
room temperature and 1550K, respectively. These 
compositions are compatible with the rare earth- 
hafnia electrode materials and can be.used as low 
tempera'ture current leadouts. Several hafnia 
el ectrode-ceramic current leadout couples have 
been electrochemically tested to determine inter- 
actions between the materials. The couples 
consisted of rectangular paralletpipeds with the 
following configuration: 

Pt Anode 1 1 Ceramic Current Leadout 1 1 Ceramic Elec- 
trode 1 1 Ceramic Current Leadout 1 1 Pt Cathode. 
Direct electric current was passed between the two 
Pt wires through the ceramic couples with one 
current leadout-electrode interface as an anode 
and the other as a cathode. The tests at tempera- 
tures between 1373K and 1473K have operated for 
as long as 577 hrs passing 224,000 coulombs with 
little interaction between the leadouts and the 
electrodes. Further testing is continuing with a 
gnal nf prnd~rcfng an integrated ceramic electrode- 
current leadout. , 
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