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CORRCSION OF TYPE 316 STAINLESS STEEL I N  NaK SERVICE - - 
A LITERATURE SURVEY 

C.  A .  Zimmerman 

A l i t e r a t u r e  survey of work on corrosion of s ta in less  s tee l ,  

especially Type 316, by NaK and sodium has been made, based on information 

available through September, 1964. In general, the Type 316 and Type 304 

s ta in less  s t ee l s  should give good performance with NaK. The mechanisms 

which can lead t o  f a i lu re  a re  at tack by impurities a t  temperatures under 

550°C, and carbide precipitation, sigma formation, and mass t ransfer  a t  

higher temperatures. 
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CORROSION OF TYPE 316 STAINLESS STEEL I N  NaK SERVICE - - 
A LITERATLTRE SURVEY 

I. SUMMARY 

S ta in less  s t e e l  Type 316 i s  t he  mater ia l  of construction f o r  the  
NaK heat exchange system i n  the  Waste Calcining F a c i l i t y  a t  t he  Idaho 
Chemical Processing Plant .  Concurrent with the  use of t h i s  system, a 
survey of the  recent l i t e r a t u r e  has been completed regarding t he  
performance of t h i s  metal i n  NaK service, and regarding t h e  corrosion 
f a i l u r e s  which might be possible. Information on corrosion react ions  
and mechanisms i n  NaK systems i s  not extensive due t o  l imi ted use of 
t h i s  l iqu id  metal. Therefore, it has been necessary t o  re ly ,  t o  a l a rge  
extent ,  un l l , t e r a t u - e  describing react ions  of l iqu id  sodi~.lrn. A s imi l a r i t y  
e x i s t s  between t he  performance of s t a i n l e s s  s t e e l s  i n  NaK and sodium, 
since oxygen i s  d i r e c t l y  or i nd i r ec t l y  associated with most of t he  
mechanisms of .  corrosion and sodium monoxide has been demonstrated t o  be 
the  insoluble oxide a t  equilibrium i n  NaK- systems(25 ) containing up t o  
99.8 percent potassium. 

The carburization of a Type 347 s t a i n l e s s  s t e e l  has been reported 
i n  a sodi ystem where the  only source of carbon was t h a t  contained i n  '? 7 t h e  sodium 5 . The s o l u b i l i t y  of carbon i n  sodium i s  dependent upon 
oxygen content a s  wel l  a s  upon temperature(14), thus t he  concentration 
of oxygen i n  the  system exer t s  a d i r e c t  influence on carburization and 
decarburization react ions .  

Ni t r id ing of container materials  including s t a i n l e s s  s t e e l s  has 
been reported i n  sodium systems containing nitrogen i n  t he  cover gas(6r13). 
Nitrogen build-up has been reported i n  one case i n  a sodium system under . 
helium where no leaks  i n  t he  system were detected(9).  The s o l u b i l i t y  of 
nitrogen i s  increased by t he  presence of calcium i n  the  l i qu id  metal 
sy.sl;em. The synergis t ic  act ion of nitrogen and oxygen together i n  t he  
c i rcu la t ing  l iqu id  metal appears t o  be a po ten t ia l  source of accelerated . 

corrosion. 

Sensi t iza t ion,  sigma formation, and mass t r ans f e r  a r e  mechanisms 
which a r e  promoted by elevated temperatures -- generally above 5 5 0 " ~ .  
Serious corrosion by t h e m  mechanisms i s  generally controlled by proper 
se lec t ion  of materials ,  equipment design, and operating procedures. 



The Waste Calcining F a c i l i t y  (WCF) a t  the  Idaho Chemical Processing 
P lan t  i s  operated t o  convert radioact ive  solvent extract ion r a f f i na t e s  
containing aluminum n i t r a t e ,  ac ids ,  and other s a l t s ,  t o  chemically s t ab l e  
s a l t s  or  oxides. The calc inat ion i s  accomplished i n  a f lu idized bed 
which i s  heated by c i rcu la t ing  NaK i n  a tube bundle i n  the  bed. Although 
t h e  use of l i qu id  metals f o r  heat t r ans fe r  service  i s  qu i te  common, and 
corrosion f a i l u r e s  were not ant ic ipated,  it has been advisable t o  review 
and summarize t h e  per t inent  l i t e r a t u r e  data on the  performance of s t a in -  
l e s s  s t e e l  Type 316, .which i s  used extensively i n  the  heat t r ans f e r  loop. 

Information concerning NaK heat exchange systems is  not p l en t i fu l ;  
therefore,  it has been necessary t o  use data describing sodium systems 
i n  t h i s  survey. Oxygen, i n  the  form of sodium monoxide, appears t o  
contr ibute  ei"c1er d i r e c t l y  or i nd i r ec t l y  o most of the  mechanisms n f  P curroslon observed i n  NaK systems. Burdi "( reports that the oxide 
p r ec ip i t a t i ng  f om NaK a t  200°C i s  e n t i r e l y  sodium monoxide and 
Williams, e t  a1f25), note t h a t  the  insol.~.~hlt. oxide a t  equilibrium i n  
most NaK systems i s  sodium monoxide. Therefore, the  use of corrosion 
data  from sodium heat exchange systems t o  indicate  mechanisms of corl-osiun 
a t t a c k  of NaK heat  exchange systems i s  believed t o  be val-i.d,. 

The WCF heat exchange system i s  constructed of welded Type 316 
s t a i n l e s s  s t e e l  ( pa r t  of which i s  columbium s t ab i l i z ed )  and uses a 
eu t ec t i c  of NaK a s  the  c i rcu la t ing  f l u i d .  This eu tec t ic  i s  composed of 
22 percent sodium and 78 percent potassium (freezing point about - 1 3 " ~ ,  
bo i l i ng  point about 8 9 4 " ~ )  and has a densi ty  of - 0.85 g/cc a t  100°C. 
The system operates a t  a  maximum temperature of 7 6 0 " ~  and a minimum of 
110°C. Urlder normal operating conditions the  temperature var ies  between 
750°C alld 570°C in t he  main c i rcu la t ing  system. The system i s  helium 
blanketed and maintained under a pressi-re of 4 psig. A aidc streall1 
"cold - t rapu ,  which i s  operated a t  1 ? ~ O C ,  should reducc thc  oxygen cunlent  
t o  - 20 ppm i n  t h i s  s ide  s t ream(3~24)  according t o  the  data  shown i n  
Figure 1. I n  a c t u a l  pracl;ice, the  t o t a l  NaK system usual ly  operates 
i n  t he  30-50 ppm oxygen range. 

111. CORROSION ASSOCIATED WITH CIIEMICAL CONTAMINANT3 

The aus t en i t i c  s t a i n l e s s  s t e e l s  do not un e r  o d i r e c t  reac t ion  w i t h  t 7 pure molten sodium a t  temperatures below 6 5 0 " ~  10 . Corrosion i s  a 
funct ion of temperature, impurity, and impurity concent,rat,i on. The 
normally gaseous elements -- oxygen, hydrogen, and nitrogen -- along with 
carbon a r e  impuri t ies  demonstrating the  g rea tes t  influence on corrosion. 
~ r u ~ ~ e m a n ( 4 )  Ifis shown t h a t  metal l ic  impurit ies i n  commercial socii,~m a r e  
present i n  amounts so small t h a t  they o f f e r  no corrosion problem. 
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1. Oxygen 

Oxygen i s  the  most important impurity i n  t he  l iqu id  sodium 
corrosion system. Although the  exact r o l e  of oxygen i s  unknown, the  
presence of oxygen i n  appreciable amounts (above 100 ppm) increases the 
t o t a l  amount of corrosion, acce le ra tes  n ergranular penetrat ion,  and i s  tJ responsible f o r  excessive mass t r ans f e r  . 

Wide experience i n  several  l abora tor ies  has shown t h a t  
a u s t e n i t i c  Types 304 and. 347 s t a i n l e s s  s tee l s .  do not oxidize appreciably 
i n  sod5 containing l e s s  than 100 pprn oxygen a t  temperatures below 
6 5 0 0 ~ ( 1 3 .  

LaQue and Copson ( l 7 )  s t a t e  t h a t  i f  t he  oxygen content exceeds 
about 200 ppm, the  corrosion r a t e  of s t a in l e s s  s t e e l s  increases markedly. 
Above.about 1000 pprn oxygen, they repor t  t ha t  sodium oxide w i l l  a t t ack  
s t a i n l e s s  s t e e l s  in te rgranula r ly  and form a ' b r i t t l e  surface layer .  

The r e s u l t s  of loop t e s t s  reported by Perlow and Page- (''1 using 
NaK containing l e s s  than 20 pprn oxygen i n  d i f f e r en t  containment mater.ials, 
one of which was Type 316 s t a i n l e s s  s t e e l ,  led them t o  conclude t h a t :  
!'1t i s  impossible t o  e s t ab l i sh  a r e a l i s t i c  spec i f i ca t ion  on t he  maximum 
amount of oxygen t o l e r ab l e  i n  sodium or  NaK'utilized a s  a coolant f o r  a 
high temperature reac tor .  -- I n  general,  however, oxygen contamination. 
of t he  coolant t o  a reasonable l eve l -appears  t o  lose  significance above 
650°c. " 

Detailed r e s u l t s  of work reported by ~ e r l o w ( l 9 )  a r e   resented 
i n  Tables I and 11. The data demonstrate t h a t  there  i s  no s ign i f ican t  
change i'n corrosion a t t a ck  of s t a i n l e s s  s t e e l s  304, 316 and 347 exposed 
a t  6 5 0 " ~  or 7 6 0 " ~  i n  Na~-78 containing l e s s  than 20 pprn oxygen. 

bIaustel ler(l8) repor ts  the  r e s u l t s  presented i n  Table III, 
which point out  t h a t  the  p r e f e r en t i a l  leaching r a t e  of d i f f e r en t  a l l o y  
components from Type 347 s t a i n l e s s  s t e e l  va r i e s  with oxygen content i n  
a sodium system a t  495°C. 

Weeks (24 , i n  h i s  discussion of' l iqu id  metal corrosion mechan- 
i s m s ,  s t a t e s  t h a t  oxygen i n  t h e  a lka l f  metals may have e i t he r  or  b.oth of 
two e f f ec t s :  it may acce le ra te  corrosion by catalyzing d i sso lu t ion  of 
t h e  so l id  metal atoms, o r  oxygen i t s e l f  may be the  major, mfgrating 
const i tuent .  

A mechanism f o r  oxygen-catalyzed mass t r ans f e r  i s  presented 
schematically a s  : 

Na20 + Fe = 2Na + FeO A H  = 36,0001. c a l .  

FeO i s  presumed t o  be soluble a s  ( N ~ ~ o ) ~ * F ~ o  

. corrosion r a t e  can be wr i t t en  a s  

d t 



Table I - 

CORROSION DATA FOR ~ a ~ - 7 8  SYSTEMS AT 6 5 0 ' ~  

Type of 
S t a i n l e s s  S t e e l  Duration 

(hr ) 

Type and Depth of Attack 

No apparent a t t a c k  

1.4 m i l  i n t e rg ranu la r  corrosion 

Evidence of general  corrosion 

1 .5  m i l  p i t t i n g  

2.6 m i l  genera l  corrosion 

2.5 m i l  i n t e rg ranu la r  corrosion 

1 .0  m i l  general  corrosion 

0.7 m i l  i n t e rg ranu la r  corrosion (b 1 

2500 2.0 m i l  general  corrosion 

3 500 1.9 m i l  i n t e rg ranu la r  corrosion 

4500 2.0 m i l  p i t t i n g  

( a )  These high corrosion r a t e s  due t o  unknown, excess oxygen i n  loop; 
r e s u l t s  were not considered r e a l i s t i c  by t h e  author.  They a r e  
included here t o  i l l u s t r a t e  t h e  extent  and nature of t h e  a t t a c k  
under these  condit ions.  

( b )  Grain b o u ~ d a r y  drcarblu.ization t o  a depth a t  4.6 m i l s  and massive 
carbides were observed. 



Table I1 

CORROSION DATA FOR ~ a ~ - 7 8  SYSTEMS AT 76.0"~ 

Type of 
S t a i n l e s s  S t e e l  Duration Type and Depth of Attack 

1500 No apparent attack, s l i g h t  cvidcncc 
of decarburization 

2900 1.4 m i l .  p i t t i n g  

3500 .- 1.3 m i l  in tergranular  corrosion 

4500 2.3 m i l  de.carburizat.ion 

1000 S l igh t  evidence. of general cor- 
rosboli 

2000' 0.4 m i l  decarburization 

.3 000 0.8 m i l  decar'buxization 

1.500 O. 6 m i . 1  in tergranular  corrosion (4 
2500 0.4 m i l  ' p i t t i ng  

3500 General. corrosion t o  a depth of. 
n. 6 mi'], 

4500 2.5 m i l  decarburizat'ton, 

( a?)' W.Zth massive carbides and' no evidence 'of' g a in . .  growth. 



Table I11 

EFFECT OF OXYGEN CONTENT ON PREFERENTIAL 
LEACHING OF COMPONENTS FROM TYPE 347 STAINLESS STEEZ 

Element Leached 

2 Leaching Rate, mg/( cm ) (mo.) 
30 ppm Oxygen 100 ppm Oxygen 

Fe' ,2 5 40 

The react ion is  presumed t o  reverse i n  the  colder port ion of the  flowing 
system. The predicted f i r s t  order dependence has beeil experimentally 
demonstrated. Oxygen-catalyzed mass t r ans f e r  through sodium was observed 
a t  KAPL with nickel ,  chromium, coba t manganese, and tantalum from 
s t a i n l e s s  s t e e l s ;  however, J. DeVant2&) has found nickel  t o  be l e s s  
sensi'tiv.e than the  other metals t o  oxygen-catalyzed mass t r ans f e r ;  
perhaps as a result,  of the  higher ~ o l u b i l i t y  of nickel .  

When the  oxide of a sol id  metal i s  insoluble i n  the  l iqu id  
metal, oxygen exchange i s  observed; oxygen from the  a l k a l i  metal reac t s  
with the  sol id  metal surface, where it e i t h e r  forms surface oxides or  
&issolves inland embri t t les  the  sol id  metal. Al ternate ly ,  oxygen i n  the  
so l id  metal may be leached out by the  l i qu id  metal, r e su l t i ng  i n  severe 
in tergranular  a t tack.  

Results  of Perlow and Page i n  the  loop t e s t s  referred t o  
previously ( N ~ K  containing l e s s  than 20 ppm oxygen a t  periods of up t o  
seven months) indicate  t h a t  Type 316 s t a i n l e s s  s t e e l  had undetectable 
thickness change and a corrosion.affected zone l e s s  than three. m i l s  deep. 
Metallographic- examination revealed carbide p rec ip i ta t ion ,  but not 
in tergranular  attack,when the  exposure was continuous. When the  exposure 
period was interrupted f o r  observations, both carbide p rec ip i ta t ion  and 
intergranular a t t a ck  were observed. 

The oxygen content of a c i rcu la t ing  sodium o r  NaK heat t r ans f e r  
stream can,be controlled by e i t he r  of two methods: the  f i r s t  involves 
the.  low teuprra ture  removal (cold-trapping) of Na20 ( t h e  only oxide t ha t  
i s  of s ignif icance i n  sodium or  NaK a l loys ) (25)  frnm tohe system by pre- 
c ipi ta t ior l  or c ry s t a l l i z a t i on .  I f  the  temperature of t he  a l k a l i  metal 
stream i s  decreased t o  l e s s  than 1 "C, the  oxygen content of t h a t  stream 
should be reduced below 50 ppm(3~2 a s  shown i n  Figure 1. The second 
method o-r'removing oxygen from a flowing a l k a l i  metal system i s  by using, 
a ge t t e r  ( i e ,  mater ia ls  such a s  barium, calcium, magnesium, zirconium, 



and o thers  t h a t  w i l l  p r e f e r en t i a l l y  remove oxygen from the  flowing 
a l k a l i  metab system). Removal of oxygen by this 'method i s  dune a t  
elevated temperatures i n  order t o  influence react ion r a t e  and i s  referred 
t o  a s  "hot -trapp.i.ng 'I. 

2. Carbon 

Wide experience i n  severa l  l abora tor ies  has shown t h a t  
a u s t e n i t i c  Types 304 and 3k7 s t a i n l e s s  s t e e l s  i n  sodium systems con- 
t a in ing  l e s s  than 100 ppm oxygen and a t  temperatures below 6 5 0 " ~  w i l l  
r e a c t  wi th  carbon t o  form carburized layers ,  the  depths of which a r e  
dependent on time and em era tu re  of contact .  Be1 w. 5 5 0 " ~  t h i s  phenomenon 

menor importance(tl07. Carlander and Hof PmanP8) c i t e  previous 
is t work 11 leading t o  the  statement t h a t  t he  extent  t o  which carbon i s  
t r ans fe r red  between d i ss imi la r  metals i n  contact with molten sodium 
depends not only upon t he  o r ig ina l  carbon contents of t he  m t a  s, but  
upon the oxygen content of the sulluu. Binieor and Peoraon722j report, 
t h a t  t h e  e f f e c t  of oxygen content on t he  carbur'lzlng puleil'bial of molten 
sodium i s  unknown, but  the re  a r e  indicat ions  t h a t  the  e f f e c t  i s  not 
s i g n i f i c a n t . a t  oxygen l e v e l s  below about 50 ppm. 

~ h e p h a r d ( ~ l )  c i t e s  several  reported occurrences of carburizotion 
of Types 304 and 347 s t a i n l e s s  s t e e l s  i n  sodium service  a t  temperatures 
below 650°c, and cautions t h a t  : "s ta in less  s t e e l  components with a 
b r i t t l e  carburized surface a r e  t o  be avoided because surface cracks a r e  
l i k e l y  t o  form where the  metal y ie lds  t o  r e l i eve  high s t r e s se s .  Once 
formed, cracks propagate wlth re1at;ively small repeated s t r e s se s  and 
unexpected f a i l u r e s  may r e s u l t  ". 

The ca rbwlza t i on  of Type 316 s t a i n l e s s .  s t e e l  i n  sodium sa tu-  
ra ted  with carbon a t  6 5 0 " ~  has been reported(28); hardened case depths 
of 0.8, 1.4, and 2.7 m i l s  were experienced over exposure periods 2, 7, 
and 16 days. It i s  a l s o  noted t h a t  gra in  boundary carbide p rec ip i ta t ion  
i s  evident t o  a depth approximately twice .as  great  a s  i n .  t he  heavy 
carburized case. These r e s u l t s  obtained by 'exposure of s t a i n l e s s  s t e e l  
t abs  (!Types 304 and 316) t o  650" odium a r e  very s imi la r  t o  those 

725 reported by A:nderson and Sneesby on Type 304 s t a i n l e s s  s t e e l  i n  terms 
of case depth a s  a function of time. 

~ r a t t o n ( l ~ )  presents information showing t he  re la t ionsh ip  
between the  s o l u b i l i t y  of carbon and time fo r  d i s so lu t ion  i n  sodium 
containing 40 ppm oxygen a t  500°C. This information i s  reproduced i n  
Table IV. It i s  in t e r e s t i ng  t o  note t h a t  a carbon equilibrium under 
these  conditions i s  reached i n  t h e  r e l a t i v e l y  shor t  t i n e  of only e ight  
hours. The e f f e c t  of oxygen concentration upon the  s o l u b i l i t y  of carbon 
i n  sodium a t  various temperatures is  a l s o  reported by Gratton. This. 
information i s  summarized i n  Table V. These data  demonstrate t h a t  i n -  
creas ing temperature % oxygen content w i l l  increase t he  amount. of carbon 
soluble  i n  sodium. 



Table IV 

DISSOLUTION RATE OF CARBON IN SODIUM CONTAINING 
40 ppm OXYGEN AT 500 + 2°C - 

Time, Hrs 

1. - 
2 .  

1 

2 

4 

8 

24 

48 

72 

Carbon Concentration (ppm) 

Table V 

Oxygen Content of Sodium Carbon So lub i l i t y  

( P P ~  ( P P ~ )  

( a )  It is  assumed t h a t  equilibrium conditions exis ted .  

( b )  These r e s u l t s  a r e  t he  experimental ave;iges. of severa l  deterrninati0.n~.  



Brush(5) has reported t he  car'burization of Type 347 s t a i n l e s s  
s t e e l  t o  a depth of 3.7 mils  i n  t he  ALSALUS sodium heat t r ans f e r  sys.te111 
a t  455°C. There was no apparent source of carbon i n  t h i s  system other 
than t h a t  present i n  the  o r i g i n a l  sodium. 

Tests reported by Anderson and sneesby(2) show tlie carbon 
content of commercial grades of sodium t o  be approximately 60 ppm. 
They s t a t e  t h a t  commercial grades of sodium cause carburization of Type 
304 s t a i n l e s s  s t e e l ,  indicat ing t h a t  t he  carbon content of sodium i n  
equil ibrium with  as-received Type 304 s t a i n l e s s  s t e e l  is l e s s  than the  
carbon content of commercial sodium. This reference concludes t ha t  
sodium containing 15  t o  18 ppm carbon is i n  v i r t u a l  equilibrium with 
uncarburized Type 304 s t a i n l e s s  s t e e l  a t  650°c, when t h e  oxygen con- 
cen t ra t ion  i n  t he  sodium i s  l e s s  than 40 ppm. 

Shep'hard(21) repor t s  t ha t ,  Lhe carbon i n  s u e t e n i t i c  c t e e l s  
tends t o  form a chromium carbide prec-lpl.LaLe aL grain boundareicq 
when heated i n  t h e  temperature range 430-815'~. Such a STeel Is 
"sensi t ized"  and w i l l  be subject  t o  in tergranular  corrosion i n  aqueous 
corrosive  solut ions .  Sens i t i za t ion  does not appear t o  a f f e c t  t he  
corrosion res i s tance  of t h e  s t e e l  t o  l i qu id  sodium, and intergranular  
a t t a c k  of Type 304 s t a i n l e s s  s t e e l  has not been encountered i n  low- 
oxygen sodium a t  temperatures up t o  595 '~ .  

Fer gus on (12) repor t s  t h a t  s t a i n l e s s  s t e e l  a l l oys  such a s  
Types 304 and 316 have been found t o  r e s i s t  a t t a ck  i n  sodium regardless  
of t h e i r  s t r u c t u r a l  condition. As a r e s u l t  of 595O~ exposure i n  sodium, 
Types 304 and 316 s t a i n l e s s  s t e e l s  became "sensitized", t h a t  i s ,  o r i g ina l  
carbide p rec ip i ta ted  a s  very f i n e  p a r t i c l e s  a t  gra in  boundaries and along 
crysta l lographic  planes within grains t h a t  were i n  a s t ressed condition. 
Perguson s t a t e s  t h a t  sttnsi.tized s t a i n l e s s  s t e e l  i s  very suscept ible  t o  
a t t a c k  by any medium t h a t  i s  corrosive;  however, sensi t ized Types 316 and 
304 welds were not at tacked by sodium. So long a s  s t a i n l e s s  s t e e l  
contacts only sodium, carbon pick-up o r  p rec ip i ta t ion  due t o  " s e h ~ f t l z -  
a t i on"  has no e f f e c t  on i t s  corrosion res is tance.  However, i f  t he  
s t a i n l e s s  s t e e l  in t h i s  condition should come i n  contact with aqueous 
reagents,  the re  i s  a great  p o s s i b i l i t y  it would be subject  t o  i n t e r -  
granular a t t a c k  and perhaps f i n a l  f a i l u r e .  

I n  discuss ing t e echanism of the  ca rbukza t ion  of s t a in l e s s  
s t e e l  i n  sodium, Shephard t217 repor t s  t ha t  t he  carburization takes place 
mainly by gra in  boundary d i f fus ion  i n  the  400-540'~ temperature range, 
while a t  650 C and above volume d i f fus ion  predominates. 

Grain boundary d i f fus ion  produces carbur izat ion mainly a t  t he  
g ra in  boundaries, r e su l t i ng  i n  an undesirable s t ruc ture .  Mechanical 
t e s t s  have not been made on s t a i n l e s s  s t e e l  which has been subjected t o  
t h e  low-temperature, gra in  boundary di f fus ion type of carburization.  
Surface cracks t h a t  a r e  produced by bending indicate  t h a t  t he  surface 
of t h i s  mater ia l  i s  b r i t t l e  a t  room temperature. 

Volume d i f fus ion  produces carburization within t he  grains 
wi th  appreciable s i r f a c e  hardening. Mechanical property t e s t s  of Type 



304 s t a i n l e s s  s t e e l  which has been carburized i n  sodium within the  
volume d i f fus ion  temperature range (above 6 5 0 " ~ )  show increased s t rength 
and reduced d u c t i l i t y  . 

3. Nitrogen 

Weeks and K l a m ~ t ( ~ ~ ) ,  i n  t h e i r  discussion of l iqu id  metal 
corrosion mechanisms, note t h a t  G i l l  and ~ o k r o s  ( l 3  ) observed n i t r i d i n g  
of Type 304 s t a i n l e s s  s t e e l  due t o  migration of nitrogen i n  sodium a t  
540°C from a nitrogen cover gas. The n i t r i d i n g  observed was r e l a t i v e l y  
rapid jus t  below the  sodium-nitrogen in te r face  with t he  degree of 

nitriPB g decreasing with increasing dis tance from t h i s  in te r face .  
Brush has found t h a t  Type 347 s t a i n l e s s  s t e e l  i s  read i ly  n i t r ided  i n  
a 480-595°C sodium system having a nitrogen cover gas. 

Mausteller (18) repor t s  t he  following r e s u l t s  when n i t r i d i n g  
was investigated i n  a number of sodium. systems a t  temperatures up t o  7 0 5 ' ~  : 

( a )  With nitrogen cover gas, and no entrainment of nitrogen 
i n  the  sodium, t oo l  s t e e l  and s t a in l e s s  s t e e l €  were 
unaffected. 

( b )  The addi t ion of one percent calcium t o  the  sodium increased 
n i t r i d i n g  by ac t ing  a s  a nitrogen c a r r i e r .  

Recent work ( 2 6 )  r e f e r s  t o  oxidatiorr sbudies In  impure helium (29 
which have revealed increasing oxidation r a t e s  with increasing thickness 
of n i t r i d e  layers .  

r epor t s  on t he  e f f ec t  of nitrogen i n  t h e  a l k a l i  
metals; noting t h a t  nitrogen l i k e  oxygen may have e i t h e r  of two e f f ec t s .  
Nitrogen i n  solut ion i n  l i th ium is  a much more ac t i ve  ca t a ly s t  f o r  
corrosion than oyygen. Nitrogen may migrate through sodium from 
impurit ies i n  the  cover gas t o  n i t r i d e  s t ee l ,  niobium, or zirconium 
surfaces.  Calcium i n  sodium increases the  nitrogen s o l u b i l i t y  and of ten 
introduces nitrogen and nitrogen t r ans f e r  problems. This e f f e c t  may 
override any benefi t  from the  lowering of oxygen a c t i v i t y  by calcium. 
This author notes that the  l a rge  loop a t  Cadarache, France, has recen t ly  
been shut down due t o  nitrogen enbrit t lement catalyzed by calcium i n  
sodium. 

Clark") has reported a continuous build-up of nitrogen i n  the  
LAMPRE-1 sodium coolant system. The source of t h i s  nitrogen build-up 
was not located -- apparently it was not due t o  l eaks  i n  the  system. 
Calculations indicated t h a t  t he  nitrogen luighl; be enter ing t he  system by 
d i f fus ion  through the  container walls .  

4. Hydrogen 

Sinizer  and  earso on(*^) note that there  a r e  no known e f f e c t s  
of hydrogen in -  sodium on s t a i n l e s s  s t e e l  core components. ~ e e k s ( 2 4 ) ,  . 
however, r epor t s  t h a t  hydrogen embrittlement of the  fue l  eleme'nts occurred 
a t  temperatures l e s s  than 300°C i n  Dounreay from water i n  cover gas. 



Kydrogen may r e a c t  i n  conjunction wi th  oxygen i n  acce le ra t ing  corrosion 
of i r o n  by sodium. National  Research Laboratory work on i ron s o l u b i l i t i e s  
i n  sodium showed approximately a  ten-fold increase i n  i ron  s o l u b i l i t y  
w i t h  t h e  add i t ion  of oxygen and hydrogen (added a s  sodium hydroxide). 

IV. CORROSION ASSOCIATED WITH ELEVATED TEMPERATURE 

1. In te rg ranu la r  At tack 

In te rg ranu la r  a t t a c k  o r  " sens i t i za t ion"  has been discussed urlder 
t h e  sec t ion  dea l ing  wi th  carbon a s  an impurity and i t s  mechanisms of 
a t t a c k .  

2. Sigma Phase 

Sigma phase j.s the formatlorl ur Lhe il~LermeLallic c~l~il jomd 
symbolized a s  FemCrn where m - and n  represent  t h e  proportions or iron and 
chromium i n  the  s t r u c t u r e .   heo ore tic all^ m and n .Lend tuwal-d equa l i ty ;  
however, sigma. phase may vary over a  wide range of compositions. It i s  
u s u a l l y  found a t  t h e  juncture of severa l  gra ins  r a t h e r  than being 
genera l ly  d i s t r i b u t e d  along t h e  g ra in  boundary a s  i n  t h e  case f o r  c'hromium 
carbide  ( c ~ ~ ~ c G )  i n  sens i t i zed  s t e e l .  Mechanically, 1Ls aPPro L oii the 
s t e e l  i s  t o  g r e a t l y  reduce d u c t i l i t y  and impact. r e s i s t a n c e  without giving 
r i s e  t o  any v i s i b l e  ex te rna l  or  surface a t t a c k .  The de tec t ion  of sigma 
phase i s  d i f f i c u l t  s ince  it forms over prolonged periods of exposure and 
apparent ly  forms i n  a  sporadic or inconsis tent  fashion.  

Sigma phase formation has ee  reported i n  Type 316 s t a i n l e s s  
s t e e l  i n  sodium by Herzler and YoungY15P. They observed one case which 
occurred i n  a  hot  r o l l e d  specimen exposed t o  7 0 5 " ~  sodium over approx- 
imately 4200 hours of exposure. 

Mass t r a n s f e r  has been mentioned previously under oxygen a t t a c k  
where oxygen-catalyzed mass t r a n s f e r  i s  discussed a s  one of the  mechanisms 
of oxygen a t t a c k ,  and under t h e  sec t ion  dea l ing  wi th  carbon a s  an impurity 

. where carbon t r a n s f e r  r e s u l t s  i n  decarburizat  ion and carbur iza t ion 
reac t ions .  

LaQue and copson(17) s t a t e  t h a t  the 18-8 s t a i n l e s s  s t e e l s  a r e  
not  suscep t ib le  t o  mass t r a n s f e r  up t o  5 4 0 " ~ ,  and the  r a t e  of t r a n s f e r  
remains wi th in  t o l e r a b l e  l e v e l  iil8' t o  8 i 0 ' ~ .  These authors  a l s o  note t h a t  
according t o  Hoffman and Manly , t h e  s t a f n l e s s  s,Leels and high-nickel  
a l l o y s  a r e  probably the  bes t  a v a i l a b l e  s t r u c t u r a l  materials .  i n  dynamic 
sodium t e s t  systems, provided t h e  hot-zone temperature of t h e  system does 
no t  exceed 6 5 0 ' ~  and t h e  temperature d i f f e r e n t i a l  does not exceed 150°C. 

S i n i z e r  and  earso on(^^) note t h a t  t h e  t r a n s f e r  of me ta l l i c  
cons t i tuen t s  such a s  Fe, C r ,  N i ,  and Mo have been s tudied;  according 
t o  prel iminary evidence, the e f f e c t s  of t h i s  t r a n s f e r  on the  mechanical 
p roper t i e s  of s t a i n l e s s  s t e e l s  is minor compared t o  t h e  p o t e n t i a l  
e f f e c t s  of carbon t r a n s f e r .  



4. Stress.  

S t r e s s  as. a promoter of carburization has been reported (4,271 
I n  t h i s  instance,  a s t ressed sample of Type 316 s t a i n l e s s  s t e e l ,  exposed 
t o  6 5 0 " ~  sodium containing 30 ppm oxygen, carburized t o  a depth of about 
s i x m i l s  whi lean  unstressed sample had d i f fus ion  layer  l e s s  than two 

f 1  m i l s  th ick.  Data a r e  shown i n  Table VI( which demonstrate t he  e f f ec t  
of s t r e s s  on the  depth of d i f fus ion  and on the  amount of carbon which 
diffused i n to  a sample of Type 316 s t a i n l e s s  s t e e l .  

Table V I  

CARBON PROFILES OF TYPE 316 STAINLESS STFEL 
EXPOSED TO SODIUM AT 650°c(a) 

Sample N o .  

Exposure time, h rs  

S t r e s s  l eve l ,  p s i  18,500 o 

Average carbon content, ppm 

0-2 mils 

2-4 m i l s  

4-6 m i l s .  

6-8 mils 

As-received carbon: content, ppm 458 458 

Oxygen contelrl. of the  sodium during t h i s  experiment was 30 ppm. 

CONCLUSIONS 

Information from the  l i t e r a t u r e  demonstrates t h a t  t h e  impurit ies i n  
t he  c i rcu la t ing  f l u i d  and the  temperature ur operation a r e  t he  major 
f ac to r s  control l ing corrosion i n  a c i r cu l a t i ng  sodium or NaK heat t r ans -  
f e r  system. The impurit ies which have been found t o  exer t  t he  g rea tes t  
influence a r e  carbon, oxygen, and nitrogen.  Oxygen, by i t s e l f ,  seems 
t o  be acceptable a s  long a s  the concentration remains below about 100 
ppm. Commercial grades of sodi 'u~~~, however, contain dissolved carbon 



(probably  50-60 ppm) and carbur iza t ion and decarburiza Lion reac t ions  
eppear t o  be increased by oxygen concentrat ions above 50 ppm. When 
n i t rogen  i s  t h e  cover gas, n i t r i d i n g  of s t e e l s  has been reported t o  
qcciir a t  the  l i q u i d  metal-cover gas i n t e r f a c e .  Corrosion of n i t r ided  
s t e e l  i s  apparent ly  promoted by t h e  presence of oxygen. Nitrogen 
b u i l d  -up i n  cover gas systems has been observed where no source of t h e  
n i t rogen  was r e a d i l y  determinable. 

Sens i t i za t ion ,  sigma phase formation, and mass t r a n s f e r  a r e  d i r e c t l y  
influenced by elevated temperature (above 5 5 0 ' ~ ) .  Changes i n  metal 
s t r u c t u r e  -- s e n s i t i z a t i o n  and sigma phase formation -- have not been 
shown t o  r e s u l t  i n  f a i l u r e  i n  sodium o r  NaK systems, although the  
sens i t i zed  s t r u c t u r e  is known t o  be very  suscept ib le  t o  in te rg ranu la r  
corros ion i n  t h e  presence of aqueous media. Mass t r a n s f e r  can be 
minimized by proper design of t h e  system, s e l e c t i o n  of construction 
mate r i a l s ,  and use oi' a 10w' tem~eratu .e  d i f f e r e n t i a l  j.n t h e  cystem, 
a s  w e l l  a s  c o n t r o l  of impur i t ies  i n  t h e  c i r c u l a t i n g  f l u i d .  
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