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Abst rac t  

The e lec t rochemical  corros ion r e s i s t a n c e  and 
a r c  e r o s i o n  r e s i s t a n c e  of p o t e n t i a l  s t a i n l e s s  
s t e e l  and supe ra l loy  cold wal l  e l e c t r o d e  ma te r i a l s  
were eva lua t ed .  The r e s u l t s  of t hese  s t u d i e s  
i n d i c a t e  t h a t  cold  wa l l  anode degradat ion  i s  due 
t o  t h e  combined and s y n e r g i s t i c  e f f e c t s  of a r c  
e ros ion  and e lec t rochemical  corros ion.  High 
thermal conduc t iv i ty ,  t he  format ion of a protec-
t i v e  s c a l e  and t h e  non-depletion of s c a l e  forming 
c o n s t i t u e n t s  under a r c i n g  cond i t i ons  were a l l  
found t o  be  d e s i r a b l e  anode a l l o y  c h a r a c t e r i s t i c s .  

I. In t roduc t ion  

The presence  of s l ag l seed  l a y e r s  i n  c o a l  f i r e d  
PIHD channels  can both  be de t r imen ta l  t o  e1ectrod.e 
l i f e  and, a t  t h e  same time, d i s r u p t i v e  t o  cu r r en t  
t r a n s f e r  processes .  

Recent gene ra to r  and l a b o r a t o r y  experiments 
i n d i c a t e  t h a t  t h e  two major m a t e r i a l  degradat ion  
processes  i n  s l a g  coated channels a r e  e ros ion  by 
a r c i n g  and e lec t rochemical  corros ion.  Under cold  
wa l l  ope ra t ing  condi t ions  i t  i s  proposed t h a t  both 
r e a c t i o n s  can simultaneously con t r ibu te  t o  anode 
l o s s .  Th i s  i s  schemat ica l ly  i l l u s t r a t e d  i n  Figure  
1 which shows an  a r c  column impinging on a s l a g  
coated meta l  anode and its p r o t e c t i v e  oxide s c a l e .  
Near t h e  c e n t e r  of t h e  a r c  column, t he  s l a g ,  t h e  
a l l o y  s c a l e  and t o  a l e s s e r  e x t e n t ,  t he  a l l o y  it-
s e l f  i s  vaporized whi le  i n  t h e  cooler  regions  
r a d i a l l y  outward from the  column, designated by 

L , mel t ing  r e a c t i o n s  occur .  Because of vol-  
tage  g r a d i e n t s  between t h e  lasma and t h e  anode, 5 .anions such a s  o - ~and SO4- I n  bo th  t h e  vapor 

and l i q u i d  phases  a r e  e lec t rochemical ly  d r iven  

towards t h e  anode where they can be  discharged 

by r e a c t i o n s  such a s :  


( a )  o - ~+ 112 O2 + 2e 

and 

The presence  of t hese  oxidiz ing,  su l fu rous  atmos- 
pheres g ives  rise a t  e l eva t ed  temperatures t o  
a c c e l e r a t e d  ( e l e c t r o )  chemical degradat ion  of 
a l l o y s  o f t e n  r e f e r r e d  t o  a s  h o t  corros ion.  Anode 
a r c  e r o s i o n  l o s s e s  comprise t h e  vapor iza t ion/  
mel t ing  of oxide  s c a l e s  and/or a l l o y s  a s  w e l l  a s  
t h e  p h y s i c a l  s p a l l i n g  of t h e  p r o t e c t i v e  s c a l e s  
due t o  mechanical  and thermal s t r e s s e s  genera ted  
by t h e  impinging a rc .  On t h e  b a s i s  of t h i s  s tudy,  
i t  i s  c l e a r  t h a t  anode a l l o y  s e l e c t i o n  c r i t e r i a  
should be based on i t s  being r e f r a c t o r y  and on 
i t s  having a r e f r a c t o r y  p r o t e c t i v e  s c a l e .  I n  
a d d i t i o n ,  t h e  s c a l e  must have: h igh thermal and 
e l e c t r i c a l  conduc t iv i ty ,  h igh thermal  shock 
r e s i s t a n c e ,  and high r e s i s t a n c e  t o  being f luxed 
by molten s l a g j s e e d  mixtures.  I n  t h i s  paper,  we 
w i l l  r e p o r t  on ou r  r ecen t  progress  towards 
developing l a b o r a t o r y  s c a l e  t e s t s  t o  study both 

e lec t rochemical  corros ion and a r c  e ros ion  and t o  
understand the  r eac t ion  mechanisms a s  they e f f e c t  
a l i f e t i m e  and performance of p o t e n t i a l  cold  wali  
MHD anode ma te r i a l s .  

Tes t ing  

The meta ls  under study i n  t h i s  i n i t i a l  s tage  
of eva lua t ion  a r e  commercially a v a i l a b l e  s t a i n l e s s  
s t e e l s  and supera l loys  whose compositions a r e  
based upon t h e  Fe-Cr, N i - C r ,  Co-Fe-Cr and Fe-Ni-Cr 
systems. I n  add i t i on ,  t e s t s  have been conducted 
on s e v e r a l  pure metals.  The r e s u l t s  of these  
t e s t s  w i l l  form t h e  b a s i s  f o r  f u t u r e  development 
of a l l o y s  wi th  compositions and/or microstructures 
t a i l o r e d  t o  be more r e s i s t a n t  t o  t he  MHD environ-
ment. 

The corrodents used i n  both t h e  labora tory  
e lec t rochemical  corros ion and t h e  anode a r c  t e s t s  
a r e  potassium s u l f a t e s .  These compounds were 
s e l e c t e d  because generator t e s t  
s t rong ly  i n d i c a t e  t h a t  chemical r e a c t i o n s  with 
s u l f u r  conta in ing deposi t s  a r e  a major i f  not t he  
primary, con t r ibu to r  t o  anode ma te r i a l  l o s s .  
While i t  is t h e  i n t e n t  of t h i s  program to assess  
ma te r i a l  degradation over t he  e n t i r e  range of elec-
t rode  su r f ace  temperatures,  i . e . ,  from a few 
hundred degrees Celsius t o  wel l  over 1 0 0 0 ° ~ ;  
s t u d i e s ,  t o  da t e ,  have been conducted i n  t he  573- 
873K range using KHS04 (potassium b i s u l f a t e )  o r  
K2S2O7 (potassium pyrosul fa te)  a s  t h e  s u l f a t e  
co r roden t / e l ec t ro ly t e .  It should be noted tha t  
KHS04 decomposes a t  approximately 633K, l o s ing  
water to  form K2S207. 

The a r c  impingement screening t e s t  shown in  
Figure  2 has been designed t o  s imula te  t he  thermal, 
chemical and electrodynanic environment a t  cold 
(<1200K) anode surfaces .  In  t h i s  t e s t ,  a 2.5 cm. 
diameter s t a i n l e s s  s t e e l  t e s t  button,  c lad  with 
t h e  a l l o y  ma te r i a l  t o  be tes ted ,  i s  r o t a t e d  a t  1 
rpm. The a r c  is generated by a plasma needle a r c  
welding u n i t  and i s  maintained a t  a cons tant  5.5 
amps over t h e  1 hour t e s t  dura t ion .  Voltage drops 
a r e  approximately 30-35 v o l t s .  Constant surface  
temperatures i n  t he  range 250'-600°C a r e  r ead i ly  
maintained by a i r  cooling t h e  back f a c e  of t h e  
t e s t  but ton .  The corrodent which i s  normally a 
potassium-sulfur s a l t  i s  pe r iod ica l ly  dusted on 
t h e  sample surface .  Corrosion r e a c t i o n s  and 
l o s s e s  a r e  monitored by chemical ana lyses ,  macro-
and micro-examination and weight changes. 

The anode e lec t rochemical  corros ion t e s t  is 
shown schematically i n  Figure 3. The anode a l loy  
was cleaned, weighed and immersed i n  t h e  chosen 
e l e c t r o l y t e  along with a platinum cathode. A 
platinum re fe rence  e l ec t rode  i s  a l s o  i n s e r t e d  t o  
measure anode-cathode, anode-reference and cathode- 
r e f e rence  vol tages .  These vo l t ages  a r e  monitored 
us ing a d i g i t a l  multimeter and a s i x  channel  cha r t  
recorder .  Temperatures a r e  measured w i t h  a thermo-
couple i n s e r t e d  i n t o  t h e  e l e c t r o l y t e .  A con t ro l  
sample of t h e  anode a l loy  was a l s o  i n s e r t e d  i n t o  
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t he  e l e c t r o l y t e  t o  compare r e a c t i o n s  and weight 
changes with and without cu r r en t .  u r r en t  a t  a 
current  dens i ty  of 0.25-2.00 amp/c$ was passed 
f o r  a measured per iod,  usual ly  15-150 minutes. 
F ina l ly ,  t he  anode i s  weighed a f t e r  c leaning,  
followed by pos t - t e s t  microscopic and micro- 
chemical analys is .  The l o s s  of mater ia l  was 
repor ted  i n  terms of weight change per coulomb of 
current  passed. 

Experimental Resul ts  

Electrochemical Tests 

The r e s u l t s  of e lec t rochemical  and anode a r c  
impingement t e s t s  a r e  s u m a r i z e d  i n  Table 1. 
Mater ia l  l o s s  r a t e s 2  on platinum and four com-
merical  a l l oys  i n  AVCO'S Mark V I I  genera tor  under 
high s u l f u r ,  coal  f i r e d  condi t ions  a r e  a l s o  shown 
i n  Table 1. A comparison of e lec t rochemical  t e s t  
r e s u l t s  a t  573K and 773K revea l s  a d i f ference  i n  
r e l a t i v e  performance of a l l o y s  and a l loy  c l a s se s .  
A t  573K the  a l l oys  of high i r o n  content a r e  much 
more r e s i s t a n t  t o  corros ion by molten KHS04 than 
a l l o y s  containing n i c k e l ,  coba l t  o r  chromium. In 
f a c t ,  i t  can be seen from Table 1 t h a t  corros ion 
r a t e s  increase  with increas ing n i c k e l  contents i n  
Fe-Ni-Cr a l l oys .  On the  o the r  hand, a t  773K, t h e  
Fe-Ni-Cr a l l oys  (SS 304, SS 310, Incol loy  800 and 
SS 330) and a l l o y s  of high chromium content 
(SS 446, Haynes 150 and IN-671) a r e  most r e s i s t a n t  
to  corrosion by molten K2S2O7. 

These r e s u l t s  can be understood on the  b a s i s  
of the  react ion  products formed between t h e  molten 
s u l f a t e s  and the  a l l oys .  These react ion  products 
could include s u l f a t e s ,  s u l f i d e s  o r  oxides which 
could e i t h e r  d issolve  i n t o  t he  melt  o r  grow as  a 
s ca l e  on the  metal surface.  The s c a l e s  could form 
a s  a p ro t ec t ive  b a r r i e r  aga ins t  f u r t h e r  r eac t ion  
between metal and s u l f a t e .  The s c a l e  morphologies 
and chemis t r ies  could be both v a r i a b l e  and complex. 
The s c a l e s  formed dur ing t h e  e lec t rochemical  tests 
a r e  very th in  ( c l  um t h i ck )  and metallographic 
techniques have no t  been developed, t o  d a t e ,  t o  
i den t i fy  the  chemistry o r  morphology of any sca le .  
Bowever, by comparing t h e  r e s u l t s  on pure metals 
and s c a l e  formation repor ted  on s i m i l a r  a l l oys  i n  
the  l i t e r a t u r e  a cons i s t en t  ' p i c t u r e '  can be  made 
of these  r e s u l t s .  F i r s t ,  a t  573K i r o n  based 
s c a l e s ,  most probably i r o n  oxides,  form which 
pass ivates  t h e  a l l o y  from corros ive  melt-metal 
electrochemical r eac t ions .  These t h i n  l a y e r s  a r e  
e l e c t r o n i c a l l y  conducting s o  t h a t  t h e  e l ec t ro -  
chemical i n t e r f a c e  is now es t ab l i shed  a t  t h e  
pass ivated  l a y e r / s u l f a t e  i n t e r f ace .  Electro-
chemical r eac t ions  involving t h e  genera t ion  of 
gas bubbles w i l l  occur here. These pass ivated  
l aye r s  do not  appear t o  form on high n i cke l ,  cobal t  
o r  chromium conta in ing a l l o y s .  This may be  
because of unfavorable o r  slow k i n e t i c s  a t  t he se  
r e l a t i v e l y  low temperatures. I n  any case ,  t he se  
a l l oys  a r e  no t  a protec ted  s c a l e  and electrochem- 
i c a l  r eac t ions  occur a t  t h e  me ta l f su l f a t e  
i n t e r f ace .  Bubble formation w i l l  a l s o  occur he re  
and t h a t  could f u r t h e r  i nc rease  ma te r i a l  losses .  

At 773K, t h e  formation k i n e t i c s  of chromium-
based s c a l e s  i s  favorable .  The p r o t e c t i v e  na tu re  
of these  s c a l e s  is dramat ica l ly  i l l u s t r a t e d  by 
comparison of t h e  corros ion r a t e s  o f  chromium a t  
573K and 773K (see  Table 1). These same s c a l e s  
appear t o  form on t h e  h igh (>18 w/o) chromium 
conta in ing a l l o y s  w i th  two genera l  exceptions.  
F i r s t ,  those  a l l o y s  (IN-601 and IN-690) w i th  high 
Ni/Cr r a t i o  have corros ion r a t e s  s imi l a r  t o  t h a t  

of n i cke l  sugges t ing  t h a t  t hese  a l l o y s  form s c a l e s  
conta in ing r e l a t i v e l y  non-protective n i c k e l  com-
pounds a s  s c a l e s .  Secondly, t h e  somewhat h i g h e r  
corros ion r a t e s  of 20Cb-3 and EB 26-1 sugges t  t h a t  
a l l oy ing  elements such a s  copper, columbium o r  
molybdenum could compronise co r ros ion  r e s i s t a n c e  
of these  a l l oys .  

The r o l e  o f  s c a l e s  i n  determining co r ros ion  
behavior was a l s o  demonstrated i n  a s e r i e s  of 
experiments where temperature was h e l d  cons t an t  
and t h e  cu r r en t  dens i ty  was va r i ed .  Resu l t s  on 
three  a l l o y s  a t  685K a r e  shown i n  Figure  4.  
Corrosion r a t e s ,  i n  ug/coulomb, i n c r e a s e  l i n e a r l y  
with i nc reas ing  cu r r en t  dens i ty  u n t i l  a c r i t i c a l  
current  dens i ty  is reached where upon t h e  corro-
s ion  r a t e  becomes independent of c u r r e n t  d e n s i t y .  
The c r i t i c a l  cu r r en t  dens i ty  f o r  a number of 
a l l oys  over t h e  573 t o  J 33K tempera ture  range is  
from 0.3 t o  0.5 amps/cm . Pos t - t e s t  examination 
of t e s t  specimens showed t h a t  below t h e  c r i t i c a l  
cu r r en t  dens i ty  a s c a l e  had formed on t h e  a l l o y ,  
while above the  c r i t i c a l  cu r r en t  d e n s i t y  no 
s c a l e  had formed. A t  t h e  h ighe r  c u r r e n t  d e n s i t i e s  
these  a l l o y s  obeyed Faradaic  behavior ,  i . e . ,  
corros ion l o s s e s  a r e  p ropor t iona l  t o  t h e  q u a n t i t y  
of cu r r en t  passed.  However, t h e  co r ros ion  
e f f i c i e n c i e s ,  experimental  l o s s e s / t h e o r e t i c a l  
l o s se s  x loo%,  a r e  i n  t h e  10-30% range.  Th i s  
sugges ts  t h a t  k i n e t i c  f a c t o r s  c r e a t e d  by t h e s e  
high cu r r en t  d e n s i t i e s  may be  l i m i t i n g  c o r r o s i o n  
r a t e s .  Such f a c t o r s  could inc lude  s u r f a c e  
r eac t ion  s t e p s  o r  t h e  t r a n s p o r t  of r e a c t i o n  
products away from t h e  metal  i n t e r f a c e .  While 
s ca l e s  a r e  e f f e c t i v e  i n  reducing co r ros ion  l o s s e s  
a t  t he  lowest cu r r en t  d e n s i t i e s  they a r e  l e s s  and 
l e s s  e f f e c t i v e  a s  t he  cu r r en t  d e n s i t y  i s  measured. 
This may be  due t o  t h e  e ros ive  e f f e c t s  a s s o c i a t e d  
wi th  cu r r en t  t r anspor t  such a s ,  bubble format ion,  
which may cause tu rbu len t  e l e c t r o l y t e  f low,  and 
microarcs.  Both bubble formation and microarc ing 
inc rease  with i nc reas ing  c u r r e n t  dens i ty .  

Anode Arc Impingement Tes t s  

To eva lua t e  t h e  r e l a t i v e  and s y n e r g i s t i c  
e f f e c t s  on ma te r i a l  l o s s e s  i n  t h e  anode a r c  t e s t  
a s e r i e s  of experiments were f i r s t  conducted 
wi th  copper samples. These t e s t s  involved: 
a )  hea t ing  samples only wi th  a t o r c h  (thermal-
ox ida t ion  e f f e c t )  ; (b) hea t ing  samples wi th  t o r c h  
i n  presence of corrodents  ( thermal-chemical 
e f f e c t s ) ;  ( c )  hea t ing  samples w i th  t o r c h  and a r c  
(thermal-arc e f f e c t s ) ;  and (d)  hea t ing  samples 

with torch  and a r c  i n  presence  of corrodents*  

(thermal-chemical-arc e f f e c t s ) .  


The r e s u l t s  a r e  shown i n  F igu re  5. It i s  
c l e a r  from t h i s  d a t a  t h a t  g ros s  thermal  e f f e c t s  
a lone  (dashed curves) a r e  n o t  very impor tant  i n  
corros ion.  I n  t h e  worst  ca se ,  thermal  c o r r o s i o n  
wi th  K2S04 corrodent r e s u l t s  i n  only  0.07 gm 
l o s s  a t  500°C. However, f o r  t h e  same average  
su r f ace  temperature t h e  impos i t i on  o f  a n  a r c  
i nc reases  corros ion n e a r l y  40 f o l d  t o  2.65 gms. 
This a r c  acce l e ra t ed  co r ros ion  must be  due t o  
e i t h e r  t h e  thermal sp ike  g iv ing  r i s e  t o  enhanced 
r eac t ion  r a t e s  a t  t h e  a r c  s p o t  and/or  e l e c t r o -  
chemical r eac t ions  between t h e  K2SO4 and t h e  
copper due t o  cu r r en t  t r a n s f e r  through t h e  
e l e c t r o l y t i c  corrodent.  It is n o t  p o s s i b l e  t o  
d i s t i ngu i sh  between these  two mechanisms a t  
present  al though i t  is  suspected  t h a t  e l e c t r o -  
chemical e f f e c t s  a r e  dominant. 

*K2S04, K2C03, Western s l a g  powders 
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Other important e f f e c t s  shown i n  Figure  5 a r e  
t h a t  K2CO3 and s u l f u r  f r e e  s l a g  a r e  r e l a t i v e l y  
non-reactive wi th  copper even i n  t h e  presence  of 
an a r c  and t h e  add i t i on  of 20 w/o K2SO4 t o  s l a g  
inc reases  a r c  corros ion by an o rde r  o f  magnitude 
over s u l f a t e  f r e e  s l a g  i n d i c a t i n g  a s t r o n g  
dependence of corros ion on s u l f a t e  concen t r a t ion .  
This r e s u l t  shows t h a t  s u l f u r  masks o u t  co r ros ion  
e f f e c t s  due t o  s l a g  a lone  and sugges t s  t h a t  
fu tu re  t e s t s  t o  eva lua t e  a r c  c o r r o s i o n  r e s i s t a n c e  
be run wi th  potassium s u l f a t e s .  

The i n t e r p r e t a t i o n  of anode a r c  t e s t  d a t a  on 
cor~mercial  a l l o y s  ( s ee  Table 1 )  i s  more tenuous 
than the  e lec t rochemical  c o r r o s i o n  t e s t  r e s u l t s .  
There appears t o  be a s t rong  i n f l u e n c e  of e l ec t ro -
chemical co r ros ion  on the  a r c  t e s t  da t a .  Most of 
t he  a l l o y s  t h a t  have high l o s s e s  i n  t h e  a r c  t e s t  
a r e  a l s o  those  t h a t  have poor r e s i s t a n c e  t o  
K2S2O7 a t  773K, i . e . ,  IN-601, IN-690, t o o l  s t e e l  
and FeCrAlY. Also, t h e  r e l a t i v e l y  poor thermal 
conduct iv i ty  of Haynes 150 probably  i s  a major 
f a c t o r  i n  t h e  poor performance of t h i s  a l l o y  i n  
t he  a r c  t e s t .  However, it is d i f f i c u l t  t o  
expla in  t he  r e l a t i v e  ranking of t h e  remaining 
a l loys .  In a d d i t i o n ,  the  c o r r e l a t i o n  of t h e  
r e s u l t s  of t h i s  t e s t  with r e s u l t s  on  t h e  same 
a l loys  i n  t he  AVCO gene ra to r  i s  n o t  good. 

Eletallographic samples from f i v e  a r c  t e s t s  
examined us ing t h e  scanning e l e c t r o n  microscope 
(SEM) and energy d i s p e r s i v e  a n a l y s i s  (EDS) have 
provided some i n s i g h t  i n t o  a r c  t e s t  m a t e r i a l  
degradation.  Evidence of r e a c t i o n  and mel t ing  
were v i s i b l e  under t h e  SEM i n  t h e  deepes t  p i t s  
where t h e  condi t ions  have been t h e  most i n t ense .  
Figure 6 shows both a s c a l e  formed by r e a c t i o n  
wi th  t h e  s u l f a t e  and a f i n e  s o l i d i f i c a t i o n  zone. 
A comparison of a r c  t e s t  specimens w i t h  e l e c t r o d e s  
run i n  AVCO's Mark V I I  gene ra to r  i n d i c a t e  t h a t  
t h e  thermal cond i t i ons  i n  t h e  a r c  t e s t  a r e  
genera l ly  more severe .  There a r e  two reasons  f o r  
t h i s :  f i r s t ,  t h e  very h igh  h e a t  f l u x e s  i n  MHD 
e l ec t rode  w a l l s  a l low f o r  much more e f f e c t i v e  
d i s s i p a t i o n  of t he  hea t  from t h e  a r c  and secondly,  
t h e  a r c  i n  t h e  a r c  t e s t  t ends  t o  "hang-up" o r  
r e s i s t  f o r  pe r iods  up t o  1 5  seconds  a t  c e r t a i n  
spots .  This c h a r a c t e r i s t i c ,  which v a r i e s  i n  
degree from a l l o y  t o  a l l oy ,  produces c r a t e r s  o r  
p i t s  caused by mel t ing  and evapora t ion  of metal .  
I n  add i t i on ,  i t  in t roduces  a t e s t  v a r i a b l e  t h a t  
most probably a f f e c t s  t h e  r e l a t i v e  ranking of 
a l l oys .  More d e t a i l e d  moni tor ing  o f  t h e s e  t e s t s  
could f a c t o r  o u t  t h i s  e f f e c t .  

SEM/EDS a n a l y s i s  on a r c  samples of Haynes 150, 
Inconel 671 and 330 s t a i n l e s s  s t e e l  showed 
dep le t ion  of chromium i n  t h e s e  p i t s .  F igure  6 
shows a deep p i t  i n  Haynes 150. Near t h e  corro-
s ion  s u r f a c e  is  a r e l a t i v e l y  porous s c a l e  which 
i s  r i c h  i n  chromium compared t o  t h e  a l l o y .  Next 
t o  t h e  s c a l e  is a t h i n  l a y e r  o f  a l l o y  which i s  
seve re ly  deple ted  i n  chromium ( i t  con ta ins  l e s s  
than h a l f  a s  much chromium a s  t h e  a l l o y ) .  Be-
tween t h e  s eve re  dep le t ion  l a y e r  and t h e  base  
metal  t h e r e  i s  another  l a y e r  which i s  s l i g h t l y  
deple ted  i n  chromium. This  l a y e r  shows a f i n e  
s o l i d i f i c a i t o n  s t r u c t u r e .  Incone l  671 and 330 
s t a i n l e s s  s t e e l  behaved l i k e  t h e  Haynes 150. I n  
c o n t r a s t ,  E b r i t e  26-1 and 406 s t a i n l e s s  s t e e l  
showed no evidence of chromium dep le t ion .  I n  a 
s i m i l a r  examination of v a r i o u s  AVCO Mark VII e lec-  
t rodes  a r e a s  deple ted  of chromium a s s o c i a t e d  wi th  
chromium r i c h  s c a l e s  have been observed wi th  
Inconel 601 and no t  wi th  e i t h e r  E b r i t e  26-1 and 
20Cb-3. Fu r the r  examination o f  a r c  t e s t  samples 

and MHD e l ec t rodes  i s  i n  progress  but  t hese  
i n i t i a l  r e s u l t s  sugges t  a degradat ion  process  
a s soc i a t ed  wi th  a r c ing .  The a r c  a s s o c i a t e d  l o c a l  
high temperatures a t  t h e  a l l o y  s u r f a c e  cause 
p r e f e r e n t i a l  l o s s  of chromium by chromiun-rich 
s c a l e  formation and/or by vapor i za t ion  of chrom-
ium from t h e  a l l o y .  These chromium deple ted  
a reas  a r e  now suscep t ib l e  t o  e lec t rochemical  
corros ion.  Examination on both  a r c  t e s t  and 
e l e c t r o d e  samples of E b r i t e  26-1 f u r t h e r  sugges t  
t h i s  a l l o y  is no t  a s  prone t o  chromium dep le t ion  
and t h e r e f o r e  t o  ma te r i a l  degradation.  While 
t h i s  i n t e r p r e t a t i o n  i s  sonewhat t e n t a t i v e  t h e  
po in t  i s  t h a t  the  a r c  t e s t  does produce e f f e c t s  
s i m i l a r  to  t h a t  observed i n  t h e  MHD genera tor .  

I n  any comparison of the a r c  eros ion of var ious  
ma te r i a l s  t h e  thermal p rope r t i e s  must a l s o  be 
considered.  The temperature r i s e  (Tr) o f  t h e  
e l ec t rode  su r f ace  a t  time (t) a f t e r  a sudden heat  
f l u x  (q) i s  given3 by 

where k i s  t h e  thermal conduct iv i ty ,  c t he  
s p e c i f i c  hea t  and p t h e  dens i ty  of t he  e l e c t r o d e  
ma te r i a l .  The important quan t i t y  is  (kcp)- l /z ;  
on t h i s  b a s i s  one would expect eros ion lo s se s  to  
i n c r e a  wi th  The r e l a t i v e  va lues  of ( k ~ ~ ) - l / ~ .  

( k~g) - ' ' ~  normalized t o  Ebr i t e  26-1 f o r  t h e  

a l l o y s  t e s t e d  i n  t he  Mark V I I  a r e  E b r i t e  26-1 

1.00,  20Cb-3 1.05, SS 330 1.06 and IN-601 1.10. 

This sugges ts ,  t h a t  EB 26-1 has t h e  lowest 

e ros ion  l o s s e s  because i t  runs cooles t  and IN-601 

has  t h e  h ighes t  e ros ion lo s se s  because i t  runs  

t h e  h o t t e s t .  This  a l s o  suggests t h a t  a t t e n t i o n  

t o  e l ec t rode  design,  from the  s tandpoint  of 

minimizing l o c a l  temperature r i s e ,  and t o  a l l o y  

thermal p r o p e r t i e s  may be a powerful means t o  

reducing e r o s i o n  l o s s e s  and extending e l ec t rode  

l i f e .  


Conclusions 

Although d e t a i l e d  ana lys i s  of t h e  r eac t ion  

mechanisms of p o t e n t i a l  metal e l ec t rode  ma te r i a l s  

wi th  potassium s u l f u r  environments i s  s t i l l  i n  

t h e  e a r l y  s t a g e s  of i nves t iga t ion ,  our labora tory  

experiments show: 


1 )  	Low temperature (573K) e lec t rochemical  
corros ion r eac t ions  i n  E31SO4 mel ts  a r e  
r e l a t e d  t o  t h e  absence of p r o t e c t i v e  s c a l e  
formation. I n  general  i ron  r i c h  super- 
a l l o y s  a r e  t he  most corros ion r e s i s t a n t  
whi le  n i cke l  r i c h  supera l loys  a r e  t h e  l e a s t  
corros ion r e s i s t a n t .  

2) 	 At in termedia te  temperatures (773K) super- 
a l l o y s  e lec t rochemical ly  corroded i n  
KHSOk-K2S207 mel ts  tend t o  develop chromium 
r i c h  p ro t ec t ive  s ca l e s .  The corros ion r a t e  
gene ra l ly  decreases  a s  C r / N i  r a t i o  i nc reases  
i n  a n i c k e l  a l l o y .  

3) 	 Arc corros ion i s  very s e n s i t i v e  t o  t h e  sul-  
f u r  content  of t h e  corrodent .  Supera l loys  
conta in ing chromium which have low thermal 
d i f f u s i v i t i e s  tend t o  superheat  l o c a l l y .  
The h igh  l o c a l  temperatures then con t r ibu te  
t o  chromium dep le t ion  l eav ing  t h e  a r e a  
vu lne rab le  t o  r ap id  corros ion a t t a c k .  
Conversely,  a l l o y s  w i th  h igh thermal con- 
d u c t i v i t i e s  and meta l  e l e c t r o d e s  designed 
f o r  r a p i d  hea t  f l uxes  e x h i b i t  r e l a t i v e l y  
low corros ion r a t e s .  These a l l a y s  and 
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designs tend t o  d i s s i p a t e  thermal spikes 
minimizing chromium deplet ion.  

f t )  	 The corrosion of cold metal electrodes is 
a complex process. It is re la ted  t o  both 
electrochemical and a r c  a t t ack .  Continued 
laboratory invest igat ions combined with 
de ta i led  comparisons with the  channel data 
w i l l  i n  t h e  fu ture  permit a b e t t e r  under- 
standing of the corrosion mechanisms. 
This understanding w i l l  be used to optimize 
a l loy  se lec t ion  c r i t e r i a .  
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Test 
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TABLE I 


K*W+ ARC 
-ARC TESTS ERoSION/CORRDSION RATES OF COIiMERCIAL ALLOYS AM) 


PURE mu DI VARIOUS m TESTS 


EROSIONICORRDSION RATES 12g/C 


Uajar Components vlo ELECIROCHEMIULL ARC** AVCO' 

Platinum 100 Pt 


Tool Steel A-2 91.5 5.5 


SS 406 83 13 4 


FeCrAlY 80 15 5 


SS 446 725 25 


EB 26-1 72 26 


SS 304 70 9 19 


SS 310 52.5 21 25 


.3& NOCORRODENT. 4 IN 44 32.5 21 .4800 


20Cb3 43 35 20.5 


$5 330 43 35 19.5 


IN 601 14 60.5 23 1.35 

K2D03. ARC 

I1; 690 10 60 30 


IN 671 52 48 


napeles 150 21 28 50 co 

Nickel 100 


Cobalt 100 Co 


Iron 100 

SURFACE TEMPERATURE. OC 

Chromium 100 


Copper LOO Cu 


Figure 5. The Effect of Arc, Corrodents and 

Surface Temperature on Corrosion of Copper 


Figure 6. SEM of an Arc Pit in a H150 

Laboratory Arc Specimen: a) scale 

b) severe chromium depletion layer, 

c) mild chromium depletion and rapid 

solidification zone, d) base metal. 
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