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Federal regula t ions  requ i re  t h a t  no more than 14% of the  . 

krypton-85 produced i n  nuclear fuel a f t e r  1983 be released to  t he  
atmosphere (1 ) .  I f  these  regulat ions  are'  applied t o  ex i s t ing  
defense nuclear fuel  reprocessing plants  o r  i f  commercial fuel 
should be reprocessed, techniques f o r  the'removal and s torage of 
krypton-85 must be developed. 

1 ' 

\ 
\ . . 

Krypton-85 may be s tored a s  a pressurized gas or  as  a so l i d  
a f t e r  immobilization in  zeo l i t e .  Containment fo r  e i t h e r  the  
gaseous o r  t he  s o l i d  forms must be provided fo r  50-100 years.  
The process equipment used fo r  recovery and immobilization would 
be exposed t o  krypton-85 cont inual ly  fo r  a 30-40 year period. 

The krypton-85 decay product, rubidium, and other  gas i m -  
p u r i t i e s  such as  oxygen, NOx and water,  a r e  potential  sources of 
corrosive degradation t o  mater ia ls  used i n  krypton-85 s torage 
contai ners , val ves , and process equipment. Impuri t i  es may r eac t  
w i t h  1 iquid rubidi  um generated by beta decay of krypton-85 t o  
produce oxide o r  hydroxi de compounds. 

A t e s t  program i s  i n  progress t o  evaluate the  compat ibi l i ty  
of candidate construction mater ia ls  w i t h  l iqu id  rubidium and 
rubi d i  um compounds. Several prel imi nary screeni ng t e s t s  have 
been completed. Objectives of these  screening, t e s t s  were: 

1 ) Iden t i f i ca t ion  of. corrosion problems fo r  material s 
exposed t o  l i qu id  rubidium i n  the  temperature range 
proposed f o r  krypton-85 gas .cylinder s torage (400-672 K ) .  
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2) I d e n t i f i c a t i o n  o f  .l i q u i d  metal  e m b r i t t l  ement e f f e c t s  
f o r  m a t e r i a l s  exposed t o  l i q u i d  rub id ium i n  t h e  tem- 
p e r a t u r e  range proposed f o r  krypton-85 gas c y l i n d e r  
s to rage.  

3)  Determina t ion  o f  t h e  c o r r o s i o n  k i n e t i c s  f o r  304 s t a i n -  
l e s s  s t e e l  exposed t o  l i q u i d  rub id ium i n  t h e  temperature 
range proposed f o r  krypton-85 encapsu la t ion  i n .  z e o l i t e  
(793-893 K) .  

.TEST PROCEDURES 

St ressed " C "  r i n g s  ( 2 )  were se lec ted  f o r  i n i t i a l  screening 
exposures i n  l i q u i d  rubid ium, s i n c e  t h i s  t e s t  prov ides a  simple, 
low-cost  method o f  de termin fng  c o r r o s i o n  and embr i t t l emen t  
problems ( o b j e c t i v e s  1  and 2) f o r ,  t h e  cand ida te  m a t e r i a l s .  The 
materia1.s t e s t e d  i nc luded :  

41 30 s  tee1 Ni'troni'c 50 
304 s t a i n l e s s  s t e e l  A286 
316 s t a i n l e s s  s t e e l  Monel 400 
347 s t a i n l e s s  s t e e l  Incone l  600 

"C" Ring Tests . . 

Specimens o f  each m a t e r i a l  were t o t a l l y  immersed i n  l i q u i d  
rub id ium (99.9% p u r i t y )  which p a r t i a l l y  f i l l e d  a  sealed 1-1 i t r e  
c y l i n d e r .  The atmosphere over  t h e  l i q u i d  rub id ium was argon w i t h  
a  dew p o i n t  o f  210 K and 1-2 ppm t o t a l  oxygen. Four such c y l  i nde rs  
were f a b r i c a t e d  and heated a t  400, 491, 573, and 672 K f o r  t imes 
between 4,000 and 5,000 hours. Fo l l ow ing  c o r r o s i o n  exposure, 
samples were eva lua ted  us ing  t h e  f o l l o w i n g  methods: 

1  ) V isua l  examinat ion 

2)  Weight change 

3 )  S tereoscop ic  and scanning e l e c t r o n  (SEM) microscopy 

. , 4) O p t i c a l  meta l  1  ography 

5) KEVEX a.nd Auger e l e c t r o n  . . spectrochemi c a l  a n a l y s i s  . 

High Temperature Coupon Tests 

C.oupons o f  304 s t a i n l e s s  s t e e l  were immersed i n  l i q u i d  
rub id ium kfhlcti p a r t i a l l y  . f i l l e d  sealed 25 ,cm3 c y l i n d e r s .  The 



atmosphere ove r  t h e  l i q u i d  Rb was argon w i t h  0.3% t o t a l  oxygen. 
T h i s  oxygen c o n t e n t  i s  t y p i c a l  o f  t h e  k r y p t o n  s e p a r a t i o n  p roduc t .  
Tes ts  were r u n  a t  793, 843, and 893 K f o r  t imes  between 25 and 
1,400 hours.  A f t e r  exposure, t h e  e x t e n t  o f  c o r r o s i o n  damage-was 
m e t a l l o g r a p h i c a l l y  measured. The t ime - tempera tu re -pene t ra t i on  
da ta  were used t o  e s t i m a t e  t h e  c o r r o s i o n  k i n e t i c s .  Cor ros ion  
p roduc t s  were a l s o  c h e m i c a l l y  analyzed as desc r i bed  i n  t h e  
s e c t i o n  on " C "  r i n g  t e s t s .  

RESULTS 

" C "  R ing  Resu l t s  

S i g n i f i c a n t  genera l  r e s u l t s  o f  " C "  r i n g  t e s t s  a t  400-672 K 
i n c l  ude : 

1  ) No 1  i q u i d  me ta l  embri t t l e m e n t  f o r  any cand ida te  m a t e r i a l .  

2 )  No c o r r o s i o n  damage f o r :  

316 s t a i n l e s s  s t e e l  A286 
347 s t a i  n l  ess , s t e e l  Monel 400 
N i  t r o n i c  50 I ncone l  600 

3)  P i t t i n g  a t t a c k  was observed a t  a l l  temperatures f o r  
41 30 s t e e l  and 304 s t a i n 1  ess s t e e l  . 

The s e v e r i t y  o f  p i t t i n g  was m e t a l l o g r a p h i c a l l y  analyzed as 
recommended i n  ASTM Standard. G-47. P o t e n t i a l l y  i n j u r i o u s  p i t t i n g  
may occur  f o r  304 s t a i n l e s s  s t e e l  a t  672 K. 

M e t a l l o g r a p h i c  and chemical  analyses showed t h a t  p i t  i n i -  , 

t i a t i o n  i n  -41 30 s t e e l  was assoc ia ted  w i t h  s u l f i d e  i n c l u s i o n s .  
S u l f i d e  i n c l u s i o n s  a r e  a l s o  known t o  be p i t  i n i t i a t i o n  s i t e s  i n  
4130 s t e e l  exposed t o  l i q u i d  l i t h i u m  ( 3 ) .  I n  t h e  case .o f  l i q u i d  
rub id ium,  i n i t i a t i o n  may r e s u l t  f rom t h e  r e a c t i o n :  

MnS + 2Rb = Mn + Rb2S 

Coupon Tes t  Resu l t s  

A l l  specimens developed a t h i c k  e x t e r n a l  c o r r o s i o n  s c a l e  
when exposed t o  r u b i d i u m  a t  temperatures between 793 and 893 K. 
-Examinat ion o f  p o l i s h e d  m e t a l l o g r a p h i c  s e c t i o n s  o f  t.he coupons 
showed t h e  e x t e r i o r  c o r r o s i o n  p roduc t  c o n s i s t e d  o f  t h r e e  l a y e r s .  

'An exampl e  o f  t h i s  1  a y e r i  ng i s  shown i n  F i g u r e  1. Resu l t s  o f  
KEVEX chemlcal  analyses per formed on the  e x t e r n a l  c o r r o s i o n  



Figure 1. SEM Photograph o f  Polished Type 304 Stainless Steel 
Exposed t o  Rubidium a t  843 K, Showing Three Layers o f  
Outer Scale (1, 2, 3,) and In te rg ranu la r  Attack ( 4 ) .  
Spot Analysis o f  Base Metal was Made a t  Po in t  ( 5 ) .  
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Figure 2. Chemical Analysis o f  Corrosion on Type 304 Stainless 
Steel  Exposed t o  Rubidium a t  843 K. Zone Numbers 
Correspond t o  Regions Shown on Figure 1. 



product a r e  summarized i n  Figure 2, which p lo t s  i n t e n s i t y  r a t i o s  
f o r  i ron ,  n icke l ,  and chromium i n  each layer  of the  corrosion 
product r e l a t i v e  t o  t he  base a l loy .  The oute r  l ayer ,  zone 1 ,  
cons i s t s  mainly of i ron  and rubidium, w i t h  some chromium but no 
nickel .  The central  l aye r ,  zone 2 ,  is  r ich  i n  iron and nickel 
b u t  i s  depleted with respect  t o  chromium. The inner  layer ,  zone 
3,  contains approximately the bulk l eve l s  of nickel and chromium 
b u t  is depleted i n  i ron.  From these chemical r e s u l t s  i t  appears 
t h a t  t he  processes a c t i v e  during general corrosive a t tack  of 304 
s t a i n l e s s  s t e e l  involve ( a )  leaching of  i ron  from the a l loy ,  and 
(b )  t ranspor t  o f  i ron  away from the  leading edge of a t tack.  

A simple approach was used t o  es t imate  t he  external cor- 
rosion r a t e .  The maximum corrosion penetratlon was metallo- 
graphical 1 y measured on polished samples which incorporated the 
thickness of  a l l  t h r e e  external corrosion layers .  The r a t e  of 
external corrosion was determined by two techniques: the  i n -  
f i n i t e  system "e r f "  so lu t ion  and t h e  t h i n  f i lm "exp" so lu t ion  
( 4 ) .  Both ana ly t ica l  techniques gave s imi la r  r e s u l t s .  The r a t e  
constant  f o r  external general corrosion i n  t he  temperature range 
793 t o  893 K was found t o  vary between 10-l4 and 10-13 cm2/s. 
The ac t iva t ion  energy was 50 r 3 kcal/mole. From this preliminary 
analysis  i t  appears t h a t  t he  general corrosion r a t e  is control led 
by a s o l i d  s t a t e  volume diffusion process. 

S ign i f ican t  in te rgranular  a t tack  occurred on a l l  specimens 
exposed t o  rubidium a t  793, 843, and 893 K. An example of this 
in te rgranular  a t t ack  is  shown i n  Figure 3. Penetration increased 

Figure 3. Metallographic Sections of  Two Type 304 S ta in l e s s  
Steel  Samples Exposed t o  843 K Rubidium Showing 
Intergranul a r  Corrosion. 



w i t h  temperature. KEVEX a n a l y s i s  was a l s o  performed i n  . reg ions 
o f  i n t e r g r a n u l a r  co r ros ion ,  such as spot  4  shown i n  F igu re  1. 
The corroded g r a i n  boundary areas showed h i g h  r e l a t i v e  concentra- 
t i o n s  o f  chromium. Typ i ca l  i n t e n s i t y  r a t i o s  i n  t h e  g r a i n  boundary 
r e g i o n  compared t o  t h e  unexposed b u l k  a l l o y  were 1.7 f o r  chromium, 
0.75 f o r  i r o n ,  and 0.80 f o r  n i c k e l .  The obse rva t i on  o f  h i g h  
chromium con ten t  a long corroded grain-boundary paths i s  c o n s i s t e n t  
w i t h  g r a i n  boundary s e n s i t i z a t i o n  o f  t h e  304 s t a i n l e s s  s t e e l .  

The r a t e  of i n t e r g r a n u l a r  p e n e t r a t i o n  was s i g n i f i c a n t l y  
g r e a t e r  than  t h e  genera l  c o r r o s i o n  r a t e .  The r a t e  cons tan t  f o r  
i n t e r g r a n u l a r  c o r r o s i o n  was determined us ing  t h e  F i she r  s o l u t i o n ,  
f o r  g r a i n  boundary d i  f f u s i o n  (5 ) .  P r e l  i m i  na ry  c a l c u l a t i o n s  
i n d i c a t e  t h a t  t h e  r a t e  cons tan t  v a r i e s  between 10'9 and 
cm2/s i n  t h e  temperature range 793 t o  893 K. This  r a p i d  g r a i n  
boundary p e n e t r a t i o n  appears t o  be r e l a t e d  t o  s e n s i t i z a t i o n  of 
304 s t a i n l  ess s t e e l  d u r i n g  c o r r o s i o n  t e s t i n g  a t  temperatures of 
793 t o  893 K. 

S i m i l a r  g r a i n  boundary c o r r o s i o n  e f f e c t s  have been r e p o r t e d  
f o r  304 s t a i n l e s s  s t e e l  exposed t o  l i q u i d  l i t h i u m  ( 6 ) .  Gra in  
boundary c o r r o s i o n  i n  l i q u i d  l i t h i u m  increases  i n  t h e  temperature 
range o f  s e n s i t i z a t i o n .  A1 so, t h e  low-carbon and s t a b i l i z e d  300 
s e r i e s  a l l o y s  e x h i b i t  s u p e r i o r  r e s i s t a n c e  t o  g r a i n  boundary 
a t t a c k  i n  l i t h i u m .  For example, t h e  r a t e  cons tan t  f o r  g r a i n  
boundary p e n e t r a t i o n  o f  304L s t a i n l e s s  s t e e l  i n  l i t h i u m  a t  893 K 

a has been determined t o  be 8  x  10-10 cm2/s (7 ) .  The s lower r a t e  
o f  p e n e t r a t i o n  i n  304L s t a i n l e s s  s t e e l  i s  a t t r i b u t e d  t o  a  reduc- 
t i o n  i n  t h e  l e v e l  o f  s e n s i t i z a t i o n  compared t o  304 s t a i n l e s s  
s t e e l  . 

The mechanism o f  i n t e r g r a n u l a r  a t t a c k  by rub id ium i n  304 
s t a i n l  ess s t e e l  i s  complex. - KEV:EX chemical . r e s u l  t s  i n d i c a t e  t h a t  
acce le ra ted  c o r r o s i o n  a long g r a i n  boundaries appears t o  r e s u l t  
f rom leach ing  o f  i r o n  by rub id ium i n  t h e  chromium-depleted z.ones 
a t  s e n s i t i z e d  g r a i n  boundari'es.. However, t h e  f a c t o r s  t h a t  . l .ead, 
t o  t h e  i n i t i a t i o n  o f  i n . t e r g r a n u l a r  c o r r o s i o n  have n o t  been , 

complete ly '  i s o l a t e d .  The two major  t e s t  vai- iabl  es a re  tempera ture .  
and rub id ium p u r i t y .  I t  has n o t  been determined i f  temperature, 
and t h e  r e s u l t i n g  s e n s i t i z a t i o n ,  cause t h e  change i n  c o r r o s i o n  
mode from p i t t i n g . t o  genera l  c o r r o s i o n  and i n t e r g r a n u l a r  p e n e t r a t i o n .  
The s p e c i f i c  r o l e  o f  oxygen f n  rubfdfum c o r r o s i o n  i s  unknown, b u t  
i t  i s  expected t h a t  oxygen e f fec ts  a r e  s i g n i f i c a n t  as t hey  a r e  i n  
1  i q u i d  sodium (8 ) .  

, SUMMARY 

Screening t e s t s  f o r  e i g h t  m a t e r i a l s  i n  h i g h  p u r i t y  rub id ium 
showed no 1  i q u i d  meta l  embri ttl ement f o r  s t a t i c a l  1.y s t ressed,  
smooth " C " - r i  ngs a t  temperatures .between 400 and 672 K. P o t e n t i a l  1  y  



i n j u r i o u s  l o c a l i z e d  c o r r o s i o n  i n  t h e  form o f  p i t t i n g  was observed 
f o r  304 s t a i n l e s s  s t e e l  a t  672 K. A l l  o t h e r  m a t e r i a l s  showed 
good performance i n  t h e  temperature range proposed f o r  krypton-85 . 

gas c y l i n d e r  s torage.  ' 

Type 304 s t a i n l e s s  s t e e l  showed s i g n i f i c a n t  general  c o r r o s i o n  
and i n t e r g r a n u l a r  a t t a c k  i n  1  i q u i d  rub id ium o f  lower  p u r i t y  
between 793 and 893,K. Type 304 s t a i n l e s s  s t e e l  i s  n o t  recommended 
f o r  hardware which may encounter s i m i l a r  s e r v i c e  c o n d i t i o n s .  
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