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FORWARD 

Since April of 1972 ,  Battelle-Northwest has been charged with Dro- 
viding to  Licensing - Fast Reactor Project Branch any assistance required 
in dealing with specific LMFBR materials problems. I n  partial  fulfi l lment 
of these responsibi l i t ies ,  BNW has undertaken the preparation o f  technical 
summaries of metal degradation processes which are known t o  occur  in sodium- 
cooled reactor service. As the LMFBR materials summaries are presently 
conceived, a two-phase study will be required. This document comprises the 
f i r s t  phase a n d  consti tutes a review of degradation processes t o  metals in 
sodium reactor service. The degradation processes which will be discussed 
include those affecting mechanical properties ( i  . e . ,  neutron i r radiat ion,  
thermal exposure and  sodium- a n d  fuel-clad interaction) as well as environ- 
mental effects  specific t o  sodium coolants (mass t ransfer  a n d  corrosion, 
f r e t t i ng  and wear, erosion, e t c . ) ;  synergism i s  not considered here. 

The second phase of the review of LMFBR materials deqradation i s  a 
component by component consideration of reactor systems. Comr>onents w i l l  
be discussed in the context of  the degradation processes t o  which they are  
susceptible under expected service conditions. In t h i s  way, the component 
desiqn will be compared with the requirements imposed by the anticipated 
service conditions--both in normal operation and un5er upset ccnclitions, 
power t ransients  and  loss of  cooling; synerqism i s  considered here. 

LMFBR materials technology i s  a rapidly changing science with many 
c r i t i ca l  questions awaiting resolution from planned experiments or experi- 
ments currently in progress. As a resu l t ,  some viewpoints now qenerally 
accepted on the basis of currently available d a t a  may qive way t o  different  
concepts as more information i s  obtained. Since the purpose of this s ta te -  
of-the-art summary i s  t o  supply Licensing with rel iable  materials information 
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usable i n  connect ion  w i t h  LMFBR l i c e n s e  a p p l i c a t i o n  reviews, i t  i s  essen- 

t i a l  t o  keep t h e  document c u r r e n t  w i t h  t h e  new exper imental  i n f o r m a t i o n  

and improved i n t e r p r e t a t i o n .  We have, there fore ,  prepared t h i s  LMFBR 

m a t e r i a l s  degradat ion  summary i n  a format compat ib le w i t h  p e r i o d i c  up- 

da t ing .  The bas ic  accommodations t o  updat ing  a r e  these: 

O The summary i s  prepared i n  l o o s e - l e a f  format t o  

simp1 i f y  replacement of sec t i ons  which have 

r e q u i r e d  r e v i s i o n .  

O Each t o p i c  i s  comprised of sec t i ons  t h a t  a r e  

complete e n t i t i e s  ( i . e . ,  t a b l e s ,  f i q u r e s ,  

re fe rences )  f o r  ease o f  replacement. 

O 
' A l i s t  o f  r e v i s i o n s  w i l l  be supp l i ed  and kept  

c u r r e n t  w i t h  t e x t u a l  m o d i f i c a t i o n s .  

O Each page i s  da ted  f o r  comparison w i t h  t h e  

r e v i s i o n  1 i s t .  

O F i n a l l y  a d i s t r i b u t i o n  l i s t  w i l l  be kept  

c u r r e n t  ( w i t h  L i cens ing  - Fast Reactor P r o j e c t  

Branch ass i s tance )  so t h a t  r e v i s i o n s  can be 
supp l i ed  d i r e c t l y  t o  a l l  document ho lders .  

Copies a r e  numbered t o  s m p l i f y  account- 
a b i l i t y .  

The h i g h l y  s t r u c t u r e d  o u t l i n e  f rom which t h e  t e x t  i s  prepared i s  

immediately no t i ceab le .  Th is  organized p r e s e n t a t i o n  has been adapted t o  

a s s i s t  t h e  reader  i n  f i n d i n g  t h e  m a t e r i a l  he wants and t o  minimize t h e  

t e x t u a l  changes when r e v i s i o n s  a r e  requ i red .  There has been a conscious 

endeavor t o  prov ide  a l l  t h e  i n fo rma t ion  t h e  reader  w i l l  r e q u i r e  i n  con- 

s i d e r i n g  a m a t e r i a l s  quest ion.  While t h e  sources a r e  alwa.ys i d e n t i f i e d ,  

i t  i s  in tended t h a t  re fe rence  t o  them w i l l  be necessary o n l y  i n  unusual 

cases. With s e l f  su f f i c i ency  of t h e  s t a t e - o f - t h e - a r t  document as a major  

o b j e c t i v e ,  da ta  comp i la t i ons  and f i gu res  a r e  f r e e l y  used. 

work o f  a l l  dates has been referenced, b u t  heavy emphasis has been placed 

on sources o f  t h e  l a s t  t h r e e  o r  four years.  

D e f i n i t i v e  

There a r e  very  good reasons 



iii 

A 

f o r  t h i s  p o l i c y - - p r i n c i p a l l y  t h a t  o n l y  i n  t h e  most recent  work have exper i -  

mental c o n d i t i o n s  been w e l l  enough def ined t o  p rec lude s i g n i f i c a n t  b u t  

unrecognized v a r i a t i o n s  from t h e  nominal. 

I 

I n  t h e  p repara t i on  of t h i s  document, a l l  a v a i l a b l e  sources o f  i n f o r -  

mat ion on m a t e r i a l s  degradat ion have been used. Through t h e  auspices o f  our  

sponsor we have had access t o  c e r t a i n  p r o p r i e t a r y  in fo rmat ion ,  bo th  domestic 

and f o r e i g n .  

bas i s  o f  a 1 i m i t e d  and c l e a r l y  des ignated c i r c u l a t i o n .  
document must be d i s t r i b u t e d  w i t h  these r e s t r i c t i o n s  i n  mind. 

Usua l l y  t h i s  p r o p r i e t a r y  in fo rmat ion  has been supp l i ed  on t h e  

Consequently, t h i s  

The document i s  pub l i shed i n  two volumes: 
- 

Volume I - Mechanical P roper t i es  

Volume I1 - Corros ion Behavior 

Component A p p l i c a t i o n  Guides have been inc luded i n  t h e  document. These 

guides, one f o r  each chapter ,  as w e l l  as  a Summary Guide f o r  t h e  complete 

document, a r e  in tended t o  a i d  the  reader  i n  more e a s i l y  f i n d i n g  m a t e r i a l s  

i n f o r m a t i o n  r e l e v a n t  t o  a p a r t i c u l a r  r e a c t o r  component o f  i n t e r e s t .  

The Summary Guides (one t o  each volume) a re  i n s e r t e d  a f t e r  t h e  Table 

o f  Contents f o r  each volume; each chapter  guide i s  i n s e r t e d  a f t e r  t h e  
L i s t  o f  F igures f o r  each chapter .  
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TECHNICAL SUMMARY 

1.0 SWELLING 

T h i s  chapter  discusses t h e  exper imental  Darameters which 

a f f e c t  m a t e r i a l  s w e l l i n g  i n  t h e  r a d i a t i o n  environment o f  a f a s t  

r e a c t o r .  
measurements, d iamet ra l  change measurements and t ransmiss ion  

e l e c t r o n  microscopy. 

and 316 s t a i n l e s s  s t e e l  which have been i r r a d i a t e d  i n  EBR-11. 

The p r i n c i p a l  l i m i t a t i o n s  are t h e  l i m i t e d  data on c o l d  worked 

316 s t a i n l e s s  s t e e l  and t h e  l a c k  o f  h i g h  f l u e n c e  data.  I n  

p a r t i c u l a r ,  e x i s t i n g  data on c o l d  worked 316 s t a i n l e s s  s t e e l  

extends t o  
demonstrat ion LMFBR a r e  g r e a t e r  than 2 x l o z 3  n/cm2. 

means t h a t  e x t r a p o l a t i o n  must be made from a g a t h e r i n g  o f  a l l  

e x i s t i n g  lower  f luence data.  B r i t i s h  data have n o t  been used 

i n  e x t r a p o l a t i o n  o r  p r e d i c t i o n s  because composi t ional  and heat  

t rea tment  d i f f e r e n c e s  may l e a d  t o  d i f f e r e n t  s w e l l i n g  behav io r .  

The da ta  a re  a p p l i c a b l e  t o  t h e  s w e l l i n g  o f  any component i f  t h e  

exper imenta l  c o n d i t i o n s  f o r  t h a t  component a re  known, i n  p a r t i c -  

u l a r  t h e  neutron spectrum, temperature and s t r e s s  s t a t e  o f  t h e  

component. A t  present ,  t h e r e  i s  a l a c k  o f  exper imental  da ta  on 

s p e c t r a l  e f f e c t s  and t h e  e f f e c t s  o f  s t r e s s  on s w e l l i n g  have y e t  

t o  be f u l l y  r e s o l v e d .  (3 /31 /73 )  

The data have been obta ined by immersion d e n s i t y  

The data presented cover p r i n c i p a l l y  304 

5 x 10” n/cm2, whereas goal exposures f o r  t h e  

This  

2.0 EFFECT OF I R R A D I A T I O N  ON TENSILE PROPERTIES 

The e f f e c t s  on t e n s i l e  p r o p e r t i e s  o f  i r r a d i a t i o n  f l u e n c e  and 

temperature,  t e s t  temperature,  r e a c t o r  v a r i a b l e s  and m a t e r i a l  

v a r i a b l e s  are discussed. T e n s i l e  data r e p o r t e d  i n  t h i s  chapter  

were f rom severa l  m a t e r i a l  sources, o n l y  one of  which -- t h e  304 

s t a i n l e s s  s t e e l  t e s t e d  a t  HEDL -- i s  p r o t o t y p i c  o f  m a t e r i a l  t o  be 
used i n  LMFBR, i . e . ,  produced t o  RDT s p e c i f i c a t i o n s .  The o t h e r  

m a t e r i a l s  --  t h e  304 s t a i n l e s s  s t e e l  and n icke l -base a l l o y s  

t e s t e d  a t  G E ,  t h e  T i - m o d i f i e d  316 s t a i n l e s s  s t e e l  t e s t e d  a t  ORNL, 

and t h e  annealed and 20% cold-worked 316 s t a i n l e s s  s t e e l  t e s t e d  

a t  HEDL -- produce p r o p e r t i e s  r e p r e s e n t a t i v e  o n l y  o f  nominal 
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values for  these materials. In particular,  the cold-work 316 
s ta inless  s teel  i s  n o t  in i t s  prototypic, tubular form for  LMFBR 
usage, and the Ti-modified 316 s ta inless  s teel  i s  a development 
a1 loy. 

cold-worked 316 s ta inless  s teel  ; fluence levels for  304 s ta inless  
s teel  are general ly appl icable t o  LMFBR requirements. 

Tensile data are applicable t o  the pressure vessel and t o  
core components other than fuel pins; design c r i t e r i a  for  these 
components call  for  10% residual tens i le  elongation a t  end of 
service l i f e .  For the pressure vessel and for  components other 
than portions of the inner and  outer shield,  these c r i t e r i a  are 
expected to  be met; for the l a t t e r  i t  appears the fluence levels 
are too high t o  ensure the 10% residual elongation. (3/31/73) 

The d a t a  are limited t o  very low fluence levels for  the 20% 

EFFECT OF IRRADIATION ON HIGH STRAIN-RATE PROPERTIES 
The effects  on h i g h  s t ra in- ra te  properties of irradiation 

fluence and temperature, t e s t  temperature, s t ra in- ra te ,  reactor 
variables and  material variables are discussed. High s t ra in- ra te  
d a t a  reported in th i s  chapter are from several sources; the 304 
s ta inless  s teel  and 20% cold-worked 316 s ta inless  s teel  represent 
prototypic FFTF heats and product forms purchased t o  RDT specif i -  
cations; the nickel alloys represent nominal ASTM heat 
specifications.  

for high s t ra in- ra te  tens i le  tes ts .  Since these d a t a  indicate no 
significant increase in uniform elongation with s t ra in- ra te ,  
ordinary tens i le  d a t a  may be used t o  approximate high s t ra in- ra te  
properties a t  higher fluences. Using th i s  approximation, the 10% 
residual duc t i l i ty  c r i t e r i a  for 304 s ta inless  steel  apDears t o  be 
met for  the pressure vessel and for components other t h a n  portions 
o f  the inner and outer shield in FFTF,  for which the fluence i s  
too high. 
s teel  tubing indicates t h a t  a fuel pin integri ty  l imit  o f  0.7%,  
which includes 0.5% s t r a in  due t o  upsets and t ransients ,  i s  

The d a t a  are limited by very low fluence levels ,  particularly 

Simulated transient t e s t s  on 20% cold-worked 316 s ta inless  

probably not conservative. (6/3/74 1 



4.0 IRRADIATION EFFECTS ON C R E E P - R U P T U R E  PROPERTIES 

The effects  on creep-rupture properties of irradiation 
fluence and temperature, t e s t  temperature, reactor variables 
and material variables are discussed. The creep-rupture d a t a  
reported in th i s  chapter are from several sources, only one 
of which -- the 20% cold-worked 316 s ta inless  steel  tested a t  
HEDL -- represents a prototypic FFTF heat and  product form 
produced t o  RDT specifications;  the d a t a  for  the annealed 316 
s ta inless  steel  tested a t  H E D L  and a t  ORNL and the annealed 304 
s ta inless  s teel  tested a t  ORNL represent nominal values for  
these materials procured t o  ASTM specifications.  

The d a t a  are limited by very low fluence levels for the 
cold-worked 316 s ta inless  s t e e l ,  the only alloy for  which creep 
c r i t e r i a  are  established for LMFBRs (for  fuel cladding). The 
current design c r i t e r i a  are ‘-0.2% steady s t a t e  s t ra in  and 
5 0.5% added creep and /o r  high s t ra in- ra te  tens i le  s t ra in  for  
transient events. Steady s t a t e  s t ra ins  as low as 0.18% aD/D 
are produced even a f t e r  low fluences a t  t e s t  temperatures near 

200°F higher t h a n  the irradiation temperature ( i  . e . ,  a simulation 
of a t ransient  event),  post-irradiation creep duc t i l i t i e s  are 
usually << 1.0%,  even a t  low fluences. Lower duc t i l i t i e s  would 
be expected a t  reference fluences. The possibil i ty ex is t s  t h a t  
a non-damaging irradiation-creep can occur t h a t  will allow 
greater fuel pin s t ra in  during steady s t a t e  operation; however, 
the mechanism would not  be available t o  increase s t ra in  during 
t ransients  . (6/3/74 

i r radiat ion temperatures. A t  t e s t  temperatures approximately 

5.0 IRRADIATION EFFECTS ON FATIGUE 
This chapter discusses the nature of fatigue d a t a  and the 

factors t h a t  affect  fatigue l i fe t ime,  where possible, with respect 
t o  anticipated LMFBR operating conditions. Practical l imitations 
of the application of  fatigue d a t a  for  structural  component 
evaluation are discussed. Methods of characterizing fatigue 
l ifetimes i n  specimens under low- and high-cycle fatigue a n d  
fatigue crack growth  are presented; application t o  components i s  



l i m i t e d  by d i f f i c u l t i e s  of app ly ing  specimen data  t o  t h e  more 

complex, 1 oaded components. 

I r r a d i a t i o n  e f fec ts  on f a t i g u e  p r o p e r t i e s  o f  a u s t e n i t i c  

s t a i n l e s s  s t e e l s  a r e  discussed. The da ta  a r e  l i m i t e d ,  and i n  

some cases sparse, w i t h  respec t  t o  a n t i c i p a t e d  LMFBR o p e r a t i o n a l  
c o n d i t i o n s  and thus  do n o t  as y e t  p rov ide  a s a t i s f a c t o r y  bas i s  

f o r  f a t i g u e  design l i m i t s .  Data on i r r a d i a t e d  specimens a re  confined 
ma in l y  t o  unnotched low-cyc le  f a t i g u e  and se lec ted  c reep- fa t i que  

t e s t  c o n d i t i o n s .  The p r i n c i p a l  l i m i t a t i o n s  i S  t h e  small  amount 

o f  da ta  on cold-worked m a t e r i a l  and exposure l e v e l s  t h a t  extend 

t o  about 2 x l o z 2  n/cm2, o n l y  f o r  a small  number o f  specimens, 

whereas goal exposures f o r  t h e  demonstrat ion LMFBR may be as 
h i g h  as 2 x n/cm o r  more. A s a t i s f a c t o r y  base had been 

developed f o r  u n i r r a d i a t e d  f a t i g u e  c rack  growth ( f c g )  i n c l u d i n g  

a range o f  s imu la ted  LMFBR environmental c o n d i t i o n s  and c o l d  

work. The e f f e c t  o f  i r r a d i a t i o n  on f c g  i s  l i m i t e d  t o  one 304 
s t a i n l e s s  s t e e l  specimen and one 316 s t a i n l e s s  s t e e l  specimen 

2 i r r a d i a t e d  i n  EBR-I1 t o  Q 1.2 x l o z 2  n/cm . 
d i f f e r e n t  f l uence  l e v e l s ,  i r r a d i a t i o n  and t e s t  temperatures and 

environments a r e  necessary t o  make r a t i o n a l  e x t r a p o l a t i o n s  t o  

a n t i c i p a t e d  LMFBR i r r a d i a t i o n  and o p e r a t i n g  c o n d i t i o n s .  

2 

!$lore da ta  f rom 

(10/25/74) 

6.0 EFFECT OF IRRADIATION ON WELD PERFORMANCE 
The e f f e c t s  o f  i r r a d i a t i o n  and m a t e r i a l  c o n d i t i o n  on t h e  

t e n s i l e  and h i g h  s t r a i n - r a t e  p r o p e r t i e s  o f  weldments a r e  d i s -  

cussed. 

The da ta  r e p o r t e d  i n  t h i s  chapter  were f o r  m a t e r i a l s  rep resen t ing  

p r o t o t y p i c  FFTF 304 s t a i n l e s s  s t e e l  p i p e  and vessel forms and 

bo th  standard and developmental weld metals and processes. 

The da ta  a r e  f o r  f l uence  l e v e l s  up t o  7 x l o z 1  n/cm , 
E > 0.1 MEV. I r r a d i a t i o n  lowers  t h e  d u c t i l i t y  o f  welds, and 

t h i s  decrease i s  most severe a t  t h e  h i g h e r  temperatures. 

P o s t - i r r a d i a t i o n  creep da ta  a r e  n o t  y e t  a v a i l a b l e .  

2 

Welds i n  r a d i a l  s h i e l d s  i n  FFTF can be exposed t o  f l uence  

l e v e l s  h i g h e r  than t h a t  a t  which 10% t o t a l  e longa t ion  can be 

expected. Moreover, f o r  TIG welds of 308 i n  304 s t a i n l e s s  s t e e l  

base metal  t h e  f l uence  l i m i t s  may a l l o w  t h e  10% e l o n g a t i o n  



c r i t e r i o n  b u t  would n o t  a l l o w  10% un i fo rm e longa t ion ,  which i s  

p robab ly  t h e  more r e l e v a n t  c r i t e r i o n  f o r  t r a n s i e n t  cons ide ra t i ons .  
(6/3/74) 

7.0 FUEL CLAD INTERACTION 

The steady s t a t e  requirement f o r  f u e l  performance i s  b a s i c a l l y  

an i n t e g r a l  p i n  th rough tou t  i t s  l i f e t i m e  w i t h  s t r a i n  n o t  t o  exceed 

0.3%. P l a s t i c  s t r a i n s  f o r  i r r a d i a t i o n  c o n d i t i o n s  and c ladd ings  

somewhat d i f f e r e n t  than c u r r e n t  LMFBR pro to types  have exceeded 
0.5%. Cur ren t  E B R - I 1  i r r a d i a t i o n s  f o r  FFTF have n o t  shown p l a s t i c  

s t r a i n s  i n  excess of % 0.2%. 

t o  0.7% f o r  t h e  p ro to type  c ladd ing  under LMFBR t r a n s i e n t  c o n d i t i o n s  

has n o t  been demonstrated. The c l a d  f luences now be ing  e x t r a p o l a t e d  

t o  LMFBR a p p l i c a t i o n s  range from 20 t o  30% o f  EOL f l uence .  
A d d i t i o n a l l y ,  a s i n g l e  304 s t a i n l e s s  s t e e l  datum i n d i c a t e s  zero 

creep s t r a i n  a t  about 75% o f  t h e  FFTF goal f l uence  o f  2 x 10 . 

c a p a b i l i t y  i n  excess o f  0.2% a t  burnups near LMFBR goals b u t  a t  

% 30% o f  t h e  f luence.  Except f o r  t h e  f l uence  l e v e l ,  these p i n s  

p robab ly  exper ienced t h e  f u l l  e x t e n t  o f  expected f u e l  c l a d  i n t e r -  

a c t i o n s  . 

The s t r a i n  c a p a b i l i t y  between 0.3 
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Considerable da ta  e x i s t  which demonstrate a p l a s t i c  de format ion  

Fuel c l a d  chemical i n t e r a c t i o n s  appear t o  be w i t h i n  p r o j e c t e d  

l i m i t s ,  % 2 m i l s  (EOL) a t  r a t e d  c o n s i t i o n s .  

pene t ra t i ons  have been considered i n a p p l i c a b l e  due t o  non-prototype 

c l a d  and pe l  l e t  chemical c o n d i t i o n s .  However, a d d i t i o n a l  da ta  

Data w i t h  excess 

a r e  n e e d e d  t o  p r o v i d e  f u l l  s u p p o r t  o f  the current l i m i t .  

Data a r e  c u r r e n t l y  be ing  ob ta ined as p a r t  o f  t h e  LMFBR f u e l s  
t e s t  program t o  demonstrate t r a n s i e n t  s t r a i n  l i m i t s  and f u e l  c l a d  

i n t e r a c t i o n  e f f e c t s  a t  f u l l  f l uence  and r a t e d  c o n d i t i o n s .  The 

p o s s i b l y  lowered t r a n s i e n t  f a i l u r e  d u c t i l i t y  o f  i r r a d i a t e d  m a t e r i a l  

may l e a d  t o  a g r e a t e r  number o f  f u e l  f a i l u r e s  d u r i n g  acc idents .  

The lowered f a i l u r e  t h r e s h o l d  may change acc iden t  peak' energy due 

t o  e a r l i e r  f u e l  expu ls ion  and thus  may a l s o  change t h e  consequences 

o f  power excurs ion  acc idents .  (6/3/74 ) 

0 

h 

8.0 EFFECT OF SODIUM COOLANT INTERACTIONS ON MECHANICAL PROPERTIES 

The e f f e c t  of f l o w i n g  sodium under c a r b u r i z i n g  and non- 

c a r b u r i z i n g  c o n d i t i o n s  on composi t ion,  m i c r o s t r u c t u r e ,  and 

mechanical p r o p e r t i e s  a r e  discussed. 



The data a re  l i m i t e d  t o  u n i r r a d i a t e d  c o n d i t i o n s  f o r  a few 

a1 loys ;  da ta  on 20% cold-worked 316 s t a i n l e s s  s t e e l  , t h e  FFTF 

and CRBRP c ladd ing  a l l o y  a re  unava i lab le .  

316 s t a i n l e s s  s t e e l  i n d i c a t e  s u b s t a n t i a l  degradat ion  occurs i n  

s t r e s s  r u p t u r e  l i f e  and d u c t i l i t y  a t  e i t h e r  h i g h  temperature 

i n  a non -ca rbu r i z ing  environment o r  a t  h i g h  and low temperatures 

i n  a c a r b u r i z i n g  environment. 

i n t e r a c t i o n  and neut ron  i r r a d i a t i o n  would be expected t o  be more 

severe than t h e  e f f e c t s  o f  e i t h e r  alone. 

Some e f f e c t s  on t h e  r e s i d u a l  d u c t i l i t y  o f  t h e  304 s t a i n l e s s  

The a v a i l a b l e  data on 304 s t a i n l e s s  s t e e l  and annealed 

The combined e f f e c t s  o f  sodium 

s t e e l  pressure vessel a t  t h e  upper temperatures may occur; f u r t h e r  

da ta  a r e  requ i red .  The p o t e n t i a l  f o r  d e l e t e r i o u s  e f f e c t s  t o  f u e l  

c ladd ing  and o t h e r  core  components should n o t  be overlooked; 

f u r t h e r  da ta  a r e  a l s o  r e q u i r e d  here. 6 / 3 / 7 4 )  

9.0 CORROSION AND MASS TRANSFER 
The c o r r o s i o n  and d e p o s i t i o n  o f  r e a c t o r  s t r u c t u r a l  m a t e r i a l s  

i s  impor tan t  because s t r u c t u r a l  e n t i t i e s  can be weakened, p ressure  

b a r r i e r s  can be penetrated, r a d i o a c t i v e  m a t e r i a l  f rom t h e  core  can 

be t r a n s f e r r e d  t o  r e l a t i v e l y  unshielded p o s i t i o n s  and t h e  impor tan t  

f u n c t i o n  o f  heat t r a n s f e r  can be impeded. 

i n g  m a t e r i a l s  i n  l i q u i d  sodium systems i s  examined by s u b d i v i s i o n  i n t o  

t h e  va r ious  parameters impor tan t  i n  understanding and p r e d i c t i n g  t h e  

magnitude and t ype  o f  t h e  cor ros ion .  

p r i m a r i l y  o r i e n t e d  toward convent ional  sodium system m a t e r i a l s .  The 

da ta  a re  l a r g e l y  ex - reac to r  loops o f  GE, Westinghouse, Argonne, A I ,  
French and B r i t i s h .  I n - r e a c t o r  da ta  a r e  j u s t  now becoming a v a i l a b l e  

i n  t h e  temperature range, f luence,  sodium p u r i t y ,  v e l o c i t y ,  e t c . ,  

t o  be t y p i c a l  o f  LMFBR design cond i t i ons .  

mass t r a n s f e r ,  i n t e r s t i t i a l  l eak ing ,  o r  r a d i o a c t i v e  b u i l d u p  f o r  a 

g i ven  r e a c t o r  system. The se lec ted  a p p l i c a t i o n  o f  t he  ex - reac to r  

l oop  da ta  t o  the  expected c o r r o s i o n  i n  t h e  r e a c t o r  w i l l  p robab ly  

y i e l d  r e s u l t s  as accu ra te l y  as t h e  c o n d i t i o n s  (temperature, oxygen, 

e t c . )  i n  t h e  system a re  a n t i c i p a t e d .  There has been no i n d i c a t i o n s  

t h a t  recen t  ref inements i n  t e s t i n g  and oxygen measurement have g i ven  

The c o r r o s i o n  o f  engineer-  

The t rea tment  o f  da ta  i s  

It i s  f r e q u e n t l y  des i red  t o  know t h e  maximum r a t e  o f  co r ros ion ,  



r i s e  t o  unexpected c o r r o s i o n  r a t e s .  

i n  c o n s i d e r i n g  t h e  low oxygen concent ra t ions  t h a t  t h e  exper imentor 

d i d  indeed know t h e  c o r r e c t  oxygen concent ra t ion .  

p i p i n g  has n o t  been s a t i s f a c t o r i l y  exp la ined and must be considered 

an i n d i s t i n c t  p o s s i b i l i t y  y e t  t o  be expla ined.  Inasmuch as t h e  

l a r g e  r e a c t o r  systems w i l l  p robably  operate a t  very  low s t a b l e  

oxygen concent ra t ions  accurate est imates o f  c o r r o s i o n  w i l l  have 

t o  be based on accurate knowledge o f  t h e  t r u e  oxygen concent ra t ion .  
( 3/31 / 7 3  

However, c a r e  must be used 

The r a r e  occurrence o f  sha l low i n t e r g r a n u l a r  a t t a c k  i n  l o o p  

10. EROSION 

Pre-serv ice,  q u a n t i t a t i v e ,  c h a r a c t e r i z a t i o n  o f  t h e  e r o s i o n  

problem f o r  even f a m i l i a r  work ing environments i s  n o t  p o s s i b l e  on 

t h e  bas is  o f  present  knowledge o f  t h i s  damage agency. Where t h e r e  

i s  t h e  p o s s i b i l i t y  f o r  c o r r o s i o n - a s s i s t e d  eros ion,  as i n  t h e  LMFBR 

systems , then t h e o r e t i c a l  ass is tance i s  even weaker. H i s t o r i c a l  

rev iew o f  p o s s i b l y  r e l e v a n t  exper ience i s  o f  very  l i m i t e d  va lue.  

i n s i g n i f i c a n t  damage f a c t o r  i n  LMFBR systems. Conceivably, some 

s o l i d  p a r t i c l e  i n t r u s i o n  o f  t h e  l i q u i d  metal  c i r c u i t s  c o u l d  r e s u l t  

f rom var ious  c o r r o s i o n  processes. A q u a n t i  t y  o f  s o l  i d  p a r t i  c l  es 

s u f f i c i e n t  t o  present  an e r o s i o n  hazard should, however, f o r c e  

t h e  e a r l i e s t  p o s s i b l e  a t t e n t i o n  t o  t h i s  problem and c o r r e c t i v e  

a c t i o n  a g a i n s t  t h e  i n i t i a t i n g  c o r r o s i o n  process. 

t h e  LMFBR heat  t r a n s f e r  system i s  n o t  expected t o  p e r s i s t  beyond 

presumably s h o r t  t r a n s i e n t s .  P e r s i s t e n t - p o t e n t i a l l y  damaging-two 

phase regimes i n  t h e  l i q u i d  metal  c i r c u i t s  would be a d e r i v a t i v e  

o f  improper design, o r  s e l e c t i o n ,  o f  c i r c u i t  components, o r  gross 

i n a t t e n t i o n  t o  system o p e r a t i n g  parameters. 

a r e  a l s o  p e r t i n e n t  t o  c a v i t a t i o n  eros ion.  

very  low, inc idence o f  c a v i t a t i o n  w i l l  be more d i f f i c u l t  t o  achieve 

than w i l l  t h e  corresponding goal f o r  l i q u i d  p a r t i c l e  impingement. 

With respec t  t o  c i r c u i t  design, t h e r e  i s  now a s u b s t a n t i a l  body of  

g u i d e l i n e s  f o r  m i n i m i z i n g  t h e  p o s s i b i l i t y  o f  c a v i t a t i o n  eros ion ,  

e. g. , e l  i m i n a t i o n  o f  abrup t  f l o w  s e c t i o n  changes , gross roughness , 
f l o w  obs tac les  which f o r c e  r a p i d  a c c e l e r a t i o n  o f  t h e  f l u i d .  However, 

Eros ion by s o l i d  p a r t i c l e  impingement i s  expected t o  be an 

L i q u i d  p a r t i c l e  impingement on t h e  containment envelope of 

Such f a c t o r s  

The goal o f  zero, o r  



pump design t o  accommodate a wide spectrum o f  o p e r a t i n g  cond i t i ons  

presents  more s u b t l e  problems. 

p o t e n t i a l  f o r  s i g n i f i c a n t  e ros ion  from c a v i t a t i o n  res ides  i n  such 

c i r c u i t  elements where h i g h  performance goals may f o r c e  a c lose  

approach t o  t h e  two phase regime under some opera t i ng  circumstances. 

It i s  expected t h a t  t h e  g r e a t e s t  

(1  0/25/74) 

11. WEAR AND SELF WELDING 
The cont inuous, i n t e r m i t t e n t  o r  occasional  movement o f  two 

o b j e c t s  h e l d  i n  p o s i t i o n  t o  each o t h e r  by a bea r ing  su r face  i s  a 

fundamental necess i t y  f o r  a complex machine l i k e  a r e a c t o r .  

of t h i s  complex i n t e r a c t i o n  have been reviewed as w e l l  as t h e  
var ious  opera t i ng  mechanisms where data a re  a v a i l a b l e .  

f rom r e a c t o r s  t h a t  have been o r  a r e  o p e r a t i o n a l ,  mechanism t e s t i n g ,  
and des ign s t u d i e s  by AI, HEDL, GE, and WARD p r o v i d e  a broad base 

f o r  t h e  l ower  temperature reac t i ons .  The increased co r ros ion ,  mass 
t r a n s p o r t ,  m a t e r i a l  s o f t e n i n g ,  e t c . ,  t h a t  takes p lace  w i t h  t h e  

h i g h e r  temperatures contemplated f o r  LMFBRs make t h e  a p p l i c a b i l i t y  

o f  some o f  these da ta  quest ionable.  The increased t e s t i n g  t a k i n g  

p lace  i n  p r o t o t y p i c  LMFBR c o n d i t i o n s  w i l l  soon g i v e  da ta  which w i l l  

be more a p p l i c a b l e  t o  t h e  severe c o n d i t i o n s  i n  and above t h e  core .  

An o p t i m i z a t i o n  o f  oxygen concen t ra t i on  may w e l l  be t h e  r e s u l t  o f  

t r y i n g  t o  improve c o r r o s i o n  and mass t r a n s p o r t  (Sec t ion  9 )  as wear 

and s e l f  welding. The op t im ized va lue  w i l l  p robab ly  be q u i t e  low 

and l e s s  than 5 ppm t o  reduce the  degree o f  system a c t i v a t i o n .  

The l a b o r a t o r y  s tud ies  a t tempt ing  t o  i d e n t i f y  t he  parameters 

The da ta  

(3/31/73) 

12. SODIUM-WATER REACTIONS 

Sodium-heated steam generators a r e  designed w i t h  t h e  r e a l -  

i z a t i o n  t h a t  occasional  con tac t  o f  sodium and water a r e  i n e v i t a b l e .  

The pr imary  design goals a r e  m in im iza t i on  o f  t he  p o s s i b i l i t y  o f  

l eaks  and r a p i d  d e t e c t i o n  o f  a l e a k  should one occur. 

The p o t e n t i a l  damage r e s u l t i n g  f rom a g iven leak  s i t u a t i o n  

depends i n  a complex way on system parameters, such as l e a k  s i z e ,  

tube m a t e r i a l ,  geometry, temperature, sodium f l o w  r a t e ,  and pressure 

d i f f e r e n t i a l s .  The b e s t  a p p r e c i a t i o n  o f  p o t e n t i a l  leak-caused 

damage i s  t h e r e f o r e  ob ta ined by experiment, i . e . ,  us ing  s imu la ted  

l eaks  under c o n d i t i o n s  c l o s e l y  d u p l i c a t i n g  expected steam genera tor  



13.0 

A 

service conditions. Some qual i ta t ive insight can 
understanding of relevant thermodynamic and s o l u b  
these are frequently inconsistent a n d ,  of course, 
applicable only to  equi 1 i brium s i tua t ions ,  and  so 
d i rec t ly  on the analysis of damage from pressure 
wastage. 

be gained by an 
l i t y  d a t a ,  t h o u g h  
s t r i c t l y  
cannot bear 
ulses or metal 

The early detection of small leaks remains one of  the major 
The ideal problems facing the designers o f  sodium-steam systems. 

detector would have an instant response time, regardless of i t s  
location re la t ive  to  the leak. 
o f f e r  a great deal of promise, and  development work is  proceeding 
in th i s  area. (6/ 3/74) 

Acoustic detectors appear t o  

EXTERNAL CORROS I ON PROCESS E S 
The subject o f  t h i s  chapter i s  the potential corrosion problems 

associated w i t h  sodium excursions beyond the planned containment 
envel ope. 

Degradation processes considered in the chapter are:  
Corrosion processes in which there i s  exchange of ambient 
species--N2, 02, H20 (vapor and 1 iquid)--with the sodium. 
Corrosion processes i n  which there i s  limited exchange i n  
the above respect because of thermal insulation and various 
protecti ve envelopes. 

events in which nitrogen i s  a principal ambient species. 
Discussion of corrosion behavior under unstressed and stressed 

The quality of much of the corrosion data employed i n  Chap- 

a. 

b. 

c. Corrosion and mass t ransfer  e f fec ts  associated with sodium 

conditions is also presented. 

ter  13 m i g h t  be challenged by various students o f  sodium corrosion. 
T h i s  is a natural consequence of a problem area which does not sub- 
m i t  eas i ly  to  theoretical  analysis,  and does not enjoy the advantage 
of clearcut experimental data in many important respects of s t ruc-  
tural  material degradation. A principal conclusion of the chapter 
is  tha t  caustic corrosion processes have not received the attention 
they merit, and this conclusion i s  directed primarily toward the 
low al loy,  f e r r i t i c ,  materials. 



Probable location and cause of  sodium leaks and s p i l l s  are not 
l ikely t o  be predictable u n t i l  de ta i l s  of  p l a n t  design and operation 
are known. 
have been discovered by operators inspecting the system visually 
rather t h a n  by the leak detection system. 

plus 1 %  oxygen atmosphere sodium leaks may be expected t o  produce 
corrosion rates o f  tens t o  hundreds o f  mils/year. 
when the system i s  maintained a t  lower temperatures and where s t resses  
equal or  exceed yield s t r e s s  for  the material, s t r e s s  corrosion 
cracking can occur much more quickly. 

The history of  sodium f a c i l i t y  opera t ion  shows t h a t  leaks 

A t  C R F B R  operating temperatures and in areas covered by nitrogen 

During shutdown, 

(3/31/75) 



9.0 MASS TRANSPORT A N D  CORROSION 

TABLE OF CONTENTS 

9.1 .OPERATIONAL DEFINITION OF MASS TRANSPORT 
ANDCORROSION. . . . . . . . . . . . . . . . . . . . . . 

9.2 REVIEW OF VARIABLES AFFECTING CORROSION 
AND METAL DISSOLUTION . . . . . . . . . . . . . . . . . . 
9.2.1 Mass Trans fe r  as  a Function of T and AT . . . . . 

9.2.1.1 S t a i n l e s s  S tee l  Corrosion - Effec t  
of T and A T .  . . . . . . . . . . . . . . 

9.2.1.2 Nickel Alloys Corrosion - Effec t  
of T and A T .  . . . . . . . . . . . . . . 

9.2.1.3 S tee l  Corrosion - Effec t  of T and AT . . 
9.2.1.4 Miscellaneous Alloy Corrosion - Effec t  

of T and AT . . .  . . . . . . . . . . . . . 
9.2.2 Mass Transfer  a s  a Function of Cornisition - 

Treatment of  Alloys . . . . . . . . . . . . . . . 
9.2.3 The Ef fec t  of Oxygen on the Corrosion Rate . . . . 

9.2.3.1 S t a i n l e s s  Steel Corrosion - Effec t  
of  Oxygen . . . . . . . . . . . . . . . . 

9.2.3.2 Nickel Alloy Corrosion - Effec t  
o f  Oxygen . . . . . . . . . . . . . . . . 

9.2.3.3 S tee l  Corrosion - Effect of Oxygen . . . 
9.2.3.4 Miscellaneous Alloy Corrosion - 

Effec t  of Oxygen . . . . . . . . . . . . 
9.2.4 T h e  E f fec t  o f  Veloci ty  on Corroion . . . . . . . . 

9.2.4.1 S t a i n l e s s  S tee l  Corrosion - Effect 
of Veloci ty  . . . . . . . . . . . . . . . 

9.2.4.2 Nickel Alloy Corrosion - Effect 
o f  Veloci ty  . . . . . . . . . . . . . . . . 

9.2.4.3 S tee l  Corrosion - Effect of Veloci ty  . . 
9.2.4.4 Miscellaneous Alloy Corrosion - 

Effect of Veloci ty  . . . . . . . . . . . 
9.2.5 Geometric E f fec t s  - Downstream Effects . '. . . . . 

9.2.5.1 Downstream Effects i n  S t a i n l e s s  
Steel Sys tems . . . . . . . . . . . . . . 

9.2.5.2 Downstream Effects - Other Mater ia l s  . . 
9.2.6 Corrosion Rates i n  Sodium Coolants . . . . . . . . 

9.2.6.1 Corrosion Rates f o r  S t a i n l e s s  Steels . . 

9.1-1 

9.2-1 
9.2.1 -1 

9.2.1 . l -1  

9.2.1.2-1 
9.2.1.3-1 

9.2.1.4-1 

9.2.2-1 
9.2.3-1 

9.2.3.1-1 

9.2.3.2-1 
9.2.3.3-1 

9.2.3.4-1 
9.2.4-1 

9.2.4.1-1 

9.2.4.2-1 
9.2.4.3-1 

9.2.4.4-1 
9.2.5-1 

9.2.5.1-1 
9.2.5.2-1 

9.2.6-1 
9.2.6.1 -1 

3/31 173 



T 

9.2.6.2 Corrosion Rates f o r  Nickel Base Alloys . 
9.2.6.3 Corrosion Rates f o r  Low Alloy S t e e l s  . . 
9.2.6.4 Corrosion Rates f o r  Miscellaneous 

A1 loys  . . . . . . . . . . . . . . . . .  
9.2.6.5 Corrosion Corre la t ions  - Iron Alloys . . 

9.2.7 Transfer  of Minor Alloying Elements and 
Impur i t ies  . . . . . . . . . . . . . . . . . . . .  
9.2.7.1 S t a i n l e s s  S tee l  - Minor Element 

Trans fe r  . . . . . . . . . . . . . . . .  
9.2.7.2 Nickel Alloys - Minor Element 

Transfer  . . . . . . . . . . . . . . . .  
9.2.7.3 S tee l  - Minor Element Transfer  . . . . .  
9.2.7.4 Miscellaneous Alloys . Minor 

Element Trans fe r  . . . . . . . . . . . .  
SODIUM CIRCUITS . . . . . . . . . . . . . . . . . . . . .  
9.3.1 Effect o f  Temperature and AT on Deposition . . . .  
9.3.2 Effect o f  Veloci ty  on Deposition . . . . . . . . .  
9.3.3 Effect of  System Geametry on Deposit ion . . . . .  
9.3.4 Effect of Time on Deposition . . . . . . . . . . .  

and Deposit ion . . . . . . . . . . . . . . . . . .  

9.3 DEPOSITION OF CORROSION PRODUCTS IN NON-ISOTHERMAL 

9.3.5 Material  Balance Between Disso lu t ion  

9.3.6 Charac te r  of  Surface Deposits and I n t e r a c t i o n s  
w i t h  the Subs t r a t e  . . . . . . . . . . . . . . . .  

9.4 DEPOSITION OF RADIOACTIVE MATERIALS . . . . . . . . . . .  
9.4.1 Mass Transport  of Radioactive Manganese . . . . .  

Mass Transport  of Radioactive Cobalt . . . . . . .  
9.5 DEPOSITION OF FISSION PRODUCT AND FUEL FRAGMENTS . . . .  

9.5.1 Deposition of F iss ion  Products . . . . . . . . . .  
9.5.2 T r i t i u m  Removal . . . . . . . . . . . . . . . . .  
9.5.3 Fuel Fragment Behavior . . . . . . . . . . . . . .  

9.6 CONSEQUENCES OF MASS TRANSPORT AND CORROSION . . . . . .  
9.6.1 Weakened S t r u c t u r e  by Mass Transfer  . . . . . . .  

9.4.2 

9.6.1.1 B u l k  Metal Loss by Mass Transfer  . . . .  
9.6.1.2 P re fe ren t i a l  Leaching o f  Alloy 

Cons t i tuents  . . . . . . . . . . . . . .  
9.6.1.3 Localized Metal Loss, In t e rg ranu la r  

Attack . . . . . . . . . . . . . . . . .  
9.6.2 Impaired Heat T rans fe r  and Coolant Flow . . . . .  
9.6.3 Embrittlement Effects Related t o  Deposition 

Processes . . . . . . . . . . . . . . . . . . . .  

9.2.6.2-1 
9.2.6.3-1 

9.2.6.4-1 
9.2.6.5-1 

9.2.7-1 

9.2.7.1 -1 

9.2.7.2-1 
9.2.7.3-1 

9.2.7.4-1 

9.3-1 
9.3.1-1 
9.3.2-1 
9.3.3-1 
9.3.4-1 

9.3.5-1 

9.3.6-1 
9.4-1 

9.4.1 -1 
9.4.2-1 
9.5.1-1 
9.5.1-1 
9.5.2-1 
9.5.3-1 

9.6-1 
9.6.1-1 

9.6.1 . 1.1 

9.6.1.2-1 

9.6.1.3-1 
9.6.2-1 

9.6.3-1 

3/31 173 



9.6.4 Rad ioac t i ve  Bui ldup,  Out-of-Core, Related t o  
Mass T r a n s f e r  . . . . . . . . . . . . . . . . . . 9.6.4-1 
9.6.4.1 Corros ion Product Rad ia t i on  Sources . . . 9.6.4-1 

9.6.5 Equipment Ma l func t i ons  Related t o  Corros ion 
and Mass T rans fe r  . . . . . . . . . . . . . . . . 9.6.5-1 



FIGURE 

9.2.1-1 
Q 

9.2.1-2 

9.2.1-3 

9.2.1-4 

9.2.1 . l - 1  

9.2.1.2-1 

9.2.1.2-2 

9.2.1.4-1 

9.2.1.4-2 

9.2.2-1 

9.2.2-2 

9.2.2-3 

9.2.2-4 

9.2.3-1 

9.2.3.1-1 

9.2.3.4-1 

9.2.4-1 

9.2.4.1-1 

9.2.4.1-2 

9.2.4.2-1 
8 

LIST OF FIGURES 

Page 
Recommended Sol u b i  1 i t y  Curves f o r  Fe , 
C r y  and N i  . . . . . . . . . . . . . . . . .  9.2.1-2 
S o l u b i l i t y  o f  Fe i n  Sodium . . . . . . . . .  9.2.1-3 

S o l u b i l i t y  o f  Chromium i n  Low Oxygen 
Sodium . . . . . . . . . . . . . . . . . .  9.2.1-4 
S o l u b i l i t y  o f  N i c k e l  i n  Sodium . . . . . . .  9.2.1-5 

Comparison o f  Cor ros ion  Rates o f  S t a i n l e s s  
Stee l  s vs Reciprocal  Temperature . . . . . .  9.2.1 .l -2 
Constants o f  Sodium Corros ion as a 
F u n c t i o n  o f  Reciprocal  Temperature . . . . .  9.2.1.2-2 
E f f e c t  o f  AT on Mass T r a n s f e r  i n  Sodium 
Incone l  Pumped Loops a t  816°F (1500°F) Tmax . 
E f f e c t  o f  Oxygen on t h e  Cor ros ion  o f  
Haynes 24 and 304 S t a i n l e s s  Stee l  . . . . . .  9.2.1.4-2 

Sur face  Composi t ion o f  Samples i n  
F i g u r e  9.2.1.4-1 by X-ray F1 uorescence . . .  9.2.1.4-2 

Composi t i on P r o f  i 1 e o f  Sol u t i  on-Anneal ed 
Type 316 S t a i n l e s s  Steel  a f t e r  15,726 Hours 
Exposure t o  1300°F F lowing Sodium . . . . . .  9.2.2-3 

Sur face Concentrat ion o f  A1 l o y i n g  Element 
as a Func t ion  o f  Exposure Time i n  1300°F 
and 1150°F F lowing Sodium . . . . . . . . . .  9.2.2-5 
Composi t ion P r o f i l e  o f  Sol u t ion-Anneal  ed 
Type 347 S t a i n l e s s  Stee l  a f t e r  15,726 Hours 
Exposure t o  1300°F F lowing Sodium 9.2.2-6 

E f f e c t s  o f  Exposure i n  F lowing Sodium on t h e  
N i t r o g e n  Contents o f  S t a i n l e s s  S t e e l s  . . . .  9.2.2-7 
S o l u b i l i t y  o f  Oxygen i n  Sodium. . . . . . . .  9.2.3-2 

E f f e c t  o f  Oxygen on Sodium Cor ros ion  . . . .  9.2.3.1-3 

Dynamic Exposure o f  Several  Vanadium A l l o y s  
t o  Sodium . . . . . . . . . . . . . . . . . .  9.2.3.4-2 
I n f l  uence o f  Laminar Boundary Layer  
Thickness on t h e  Cor ros ion  o f  S t a i n l e s s  S t e e l s  9.2.4-2 
Cor ros ion  Rate a t  1300°F as a Func t ion  o f  
Sodium V e l o c i t y  a t  an Oxygen Level  of  
Less than 10 ppm . . . . . . . . . . . . . .  9.2.4.1-2 
E f f e c t  o f  V e l o c i t y  on t h e  Rate o f  Metal  
Removal f rom Various S t a i n l e s s  S t e e l s  o r  
Var ious Oxygen Concent ra t ions  . . . . . . . .  9.2.4.1 -3 
E f f e c t  o f  V e l o c i t y  on t h e  Rate o f  Metal  
Loss From Nimonic 80A a t  650°C . . . . . . .  9.2.4.2-2 

9.2.1.2-4 

. . . . . .  

3/31 /73 



FIGURE 

9.2.4.4-1 

9.2.5.1-1 

9.2.6.1-1 

9.2.6.1-2 

9.2.6.1-3 

9.2.6.1-4 

9.2.6.5-1 

9.3.3-1 

E f f e c t  o f  D isk  V e l o c i t y  on t h e  L i n e a r  
Cor ros ion  Rate o f  Vanadium i n  Sodium . . .  
The E f f e c t  o f  Downstream (Sodium 
S a t u r a t i o n )  on Cor ros ion  Rate Over a 
Range o f  V e l o c i t i e s  i s  shown f o r  
Exposure a t  1300°F t o  Sodium w i t h  

A Comparison o f  t h e  Behavior  o f  Var ious 
Stee ls  i n  F lowing Sodium a t  650"C, 02 
Level  $25 ppm Cent ra l  Specimens Taken 
For Comparison Purposes . . . . . . . . . .  
Comparison of  Weight Change and 
Cor rec ted  c o r r o s i o n  Rates . . . . . . . . .  
E f f e c t  o f  Exposure Time i n  High V e l o c i t y  
Sodium a t  700°C on t h e  Cor ros ion  Rate o f  
S t a i n l e s s  S t e e l s  . . . . . . . . . . . . .  
Mean Cor ros ion  Rate o f  an A u s t e n i t i c  
S tee l  versus Time . . . . . . . . . . . . .  
304.31 6 S t a i n l e s s  Stee l  Cor ros ion  Rates 
as a Func t ion  o f  Temprature 

D e p o s i t i o n  RAte o f  Mass T r a n s f e r  Products 
i n  Pr imary and Secondary Sodium Loop 
Systems . . . . . . . . . . . . . . . . . .  

Less than 5 ppm Oxygen . . . . . . . . . .  

. . . . . . . .  

Page 

9.2.4.4-2 

9.2.5.1 -2 

9.2.6.1 -2 

9.2.6.1-4 

9.2.6.1-5 

9.2.6.1 -6 

9.2.6.5-4 

9.3.3-2 

3/31/73 



LIST OF TABLES 

TABLE Page 

9.2-1 

9.2.1.2-1 

9.2.2-1 Composit ions o f  Representa t ive  LMFBR A l l o y s  . 9.2.2-2 

9.2.3.4-1 I n t e r s t i t i a l  Concentrat ions i n  0,001 i n -  
Deep Sur face Layer  o f  a Vanstar-9 Sample 

M a t e r i a l s  Exposed D i  r e c t l y  t o  
Primary Sodium i n  EBR-I1 . . . . . . . . . .  9.2-2 
Cor ros ion  Data f o r  Assor ted Ni, 
C r ,  Fe A l l o y s  . . . . . . . . . . . . . . . .  9.2.1.2-3 

Exposed t o  F lowing  Sodium . . . . . . . . . .  9.2.3.4-1 

Comparative Cor ros ion  Equat ions . . . . . . .  9.2.6.1-3 9.2.6.1-1 

9.4-1 

9.4-2 

Cal c u l  a t e d  Cor ros ion  Product  

Source Term Factors  f o r  Corros ion 

Rad ioac t ive  I n v e n t o r y  f o r  an LMFBR . . . . .  9.4-2 

Product  Radionucl ides . . . . . . . . . . . .  9.4-3 

3/31 /73 





9.0 

9.1-1 

4SS TRANSPORT AND CORROSIO l  

9.1 OPERATIONAL DEFINITION OF MASS TRANSPORT AND CORROSION 

I n  t h e  LMFBR pr imary  coo lan t  s u b s t a n t i a l  d i f f e r e n c e s  i n  sodium 

temperature e x i s t  between t h e  energy genera t ing  core  and t h e  i n t e r -  

mediate hea t  exchanger. 

Where t h e  s o l u b i l i t y  o f  s t r u c t u r a l  metals i n  sodium v a r i e s  as a f u n c t i o n  

o f  temperature, a mechanism o f  t r a n s p o r t  i s  e s t a b l i s h e d  w i t h  d i s s o l u t i o n  

i n  t h e  h o t  l e g  and d e p o s i t i o n  i n  c o o l e r  p o r t i o n s  o f  t h e  sodium c i r c u i t .  

These d i f f e r e n c e s  may amount t o  400 o r  500°F. 

Where b i m e t a l l i c  sodium c i r c u i t s  a r e  proposed, as f o r  example 
a secondary sodium system w i t h  an a u s t e n i t i c  s t a i n l e s s  s t e e l  I H X  ( h o t  

l e g )  and a 2.25% C r  1% Mo s t e e l  heat  dump, compos i t iona l  d i f f e r e n c e s  
can s e t  up a chemical d r i v i n g  f o r c e  f o r  mass t r a n s p o r t  i n  a d d i t i o n  t o  

any e f f e c t s  f rom thermal d i f f e r e n c e s .  Since t h e  chemical a c t i v i t i e s  of 

a l l o y  c o n s t i t u e n t s  a r e  more o r  l e s s  p r o p o r t i o n a l  t o  concen t ra t i on  i n  t h e  

a l l o y ,  a r e d i s t r i b u t i o n  o f  t h e  elemental c o n s t i t u e n t s  o f  t h e  system i s  

favored. I n  t h e  absence o f  temperature d i f f e r e n c e s  i n  t h e  c i r c u i t  a 

constant chemical potential  and uniform dis t r ibu t ion  of a l l  elements 
th roughout  t h e  system would be e v e n t u a l l y  achieved. 

Cor ros ion  o r  metal wastage i s  t h e  genera l i zed  r e d u c t i o n  i n  use fu l  

metal sec t i on .  Th is  degradat ion  may occur  as t h e  r e s u l t  o f  mass t r a n s -  

f e r  o r  as t h e  r e s u l t  o f  o x i d e  formed and r e t a i n e d  on t h e  metal sur face ,  

or as i n t e r g r a n u l a r  a t t a c k .  
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9.2-1 

9 .2  REVIEW OF VARIABLES AFFECTING CORROSION AND METAL DISSOLUTION 

The following review of recent experimental data will be helpful 
in discussing the parameters of corrosion, mass t ransfer  and deposition. 
The variables will be treated individually, however, there i s  frequently 
a strong interdependence between them which will be indicated. 
exclusive use of chromium-nickel s ta inless  s teel  and occasionally 2.25% 
chromium 1 %  molydenum carbon s teel  as construction materials of sodium 
system will be reflected in the available da ta  as well as the treatment 
of i t .  
ings, e lec t r ica l  conductors, instruments, wear surfaces, e tc .  , as shown 
by a l i s t  o f  materials in EBR-II (Table 9.2-1). Information on these 
rnateri a1 s wi 11 be incl uded when avai 1 ab1 e.  

The nearly 

Other materials have been used for special purposes such as  bear- 
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9.2-2 

Table 9.2-1 

MATERIALS EXPOSED DIRECTLY 
TO PRIMARY SODIUM I N  E B R - I I ( ~ )  

Mater ia l  
Approximate  Se rv ice  

T e m p e r a t u r e ,  OF 

Aluminum Bronze--Ampco Grade  18-30 
Aluminum Bronze - -Ampco  Grade  18-23 
Bora ted  (1$’$0) S ta in less  S tee l  (Type 304) 
Carbon Steel--ASTM 325-55T 
C hromium-pla ted  S tainl  e s s S tee l  

Colmonoy 4 and 5 
Inconel 600 
Inconel X-750 
Sta in less  S tee l  Types  303, 304, 316, 

321, and 347 
Sta in less  S tee l  Types  410 and 420 
Stee l -  -SAE 4340 
Stel l i te  N o s .  3 and 6 B  
T an ta lum 
Tool S tee l  Types  18-4-1  o r  - 2  

Types  304, 410, and 420 

- 

and Rex AA 

700, 800-850,  900 

700 
700 

4 700  

700 and 900 
900 
700 
700 

300 to -1000 
700 and 900 

700 
7 0 0  and 900 

700 

700 and 900 
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9.2.1-1 

9.2.1 MASS TRANSFER AS A FUNCTION OF T AND AT 

I n  c l a s s i c a l  mass t r a n s f e r  mechanisms t h e  r a t e  o f  metal  removed 

depends on t h e  s o l u b i l i t y  d i f f e r e n c e  o f  t he  t r a n s f e r r e d  m a t e r i a l  a t  t h e  

h o t  and c o l d  l e g  temperatures.  

hard, t h a t  i s  when the  c y c l e  t ime  i s  s h o r t ,  t h e  d i s s o l u t i o n  processes 

Q 
O f  course, when the  system i s  d r i v e n  

n 

i n  t he  h o t  l e g  o r  t h e  d e p o s i t i o n  process 

complet ion.  I n  t h e  absence o f  t r u e  equi  

system t h e  mass t r a n s f e r  r a t e s  w i l l  f a i l  

The general cha rac te r  o f  i r o n  and 
iso thermal  sodium coo lan ts  has l ong  been 

process dependent on the  d i f f e r i n g  so lub  

en ts  a t  d i f f e r e n t  coo lan t  temperatures.  

i n  the  c o l d  l e g  may n o t  go t o  

i b r i u m  i n  a l l  p a r t s  o f  t h e  

t o  reach t h e o r e t i c a l  Val ues . 
n i c k e l  a l l o y  c o r r o s i o n  i n  non- 
recognized as a mass t r a n s f e r  

l i t i e s  o f  t h e  a l l o y  c o n s t i t u -  
I t  has become i n c r e a s i n g l y  

ev ident  t h e  dependence i s  a h i g h l y  complex one i n  which many p e r t u r b i n g  

f a c t o r s  must be considered. Nevertheless cons iderab le  e f f o r t  has gone 

i n t o  t h e  de te rm ina t ion  o f  metal  s o l u b i l i t i e s  as a f u n c t i o n  o f  temper- 

a tu re .  From these s tud ies  more o r  l e s s  accepted b i n a r y  s o l u b i l i t i e s  

have been determined f o r  Fe, C r  and N i  as a f u n c t i o n  o f  temperature 

and some a p p r e c i a t i o n  developed o f  t he  major p e r t u r b i n g  fac to rs ,  

e s p e c i a l l y  oxygen. I n  F igure  9.2.1-1 recommended s o l u b i l i t i e s  f o r  Fe, 

N i ,  C r  as a f u n c t i o n  o f  temperature a re  shown. F iqures 9.2.1-2 -3 and 

-4 
i n d i c a t e  t h e  d i v e r s e  r e s u l t s  t h a t  have been obta ined.  

a r e  compi la t ions  o f  data f o r  t h e  separate elements which w i l l  

'The b i n a r y  s o l u b i l i t i e s  shown i n  F igures 9.2.1-1 through 4 

are f u r t h e r  mod i f ied  i n  a r e a c t o r  system by i n t e r a c t i o n  w i t h  each o the r ,  

oxygen, n i t rogen ,  carbon, e t c .  The s o l u b i l i t i e s  o f  any compounds formed 
may be more o r  l e s s  than t h e  pure element i n  pure sodium. Most b nary  

s o l u b i l i t i e s  a re  o f  t h e  fo rm l o g  concen t ra t i on  = A - T ( ~ ~ )  where A and 

B a re  constants  depending on t h e  element and t h e  u n i t s  o f  concent ra t ion .  
Some i n v e s t i g a t i o n s  o f  a d d i t i o n  o f  t h i r d  elements have been made f o r  t h e  

oxygen - i r o n  system which have shown some marked e f f e c t s  a t  low and h i g h  
oxygen concent ra t ions .  Isaacs and Weeks ( l )  were unable t o  dec ide 

which values f o r  t h e  e f f e c t s  o f  oxygen on i r o n  s o l u b i l i t y  were c o r r e c t ,  

however, most i n v e s t i g a t o r s  found oxygen increased t h e  s o l  ub i1  i ty  o f  i r o n  

s u b s t a n t i a l l y ,  if present  a t  concent ra t ion :  >0.1 o f  s a t u r a t i o n  va lues.  
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9.2.1-2 

TEMPE R ATU RE,. "C 

F i g u r e  9.2.1-1 (9 
RECOMMENDED SOLUBILITY CURVES FOR Fe, Cr, and N i  

f rom F igures  9.2.1-2, -3, -4 

Log,, ppm Fe = 9.19 - 4310/T 
Logl, ppm Cr = 9.35 - 9010/T 
Log,, ppm N i  = 2.34 - 1830/T 
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F igure  9.2.1-4 ( 1 )  

SOLUBILITY OF NICKEL I N  SODIUM 
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9.2.1-6 

Even though d i f f e r e n t i a l  s o l u b i l i t y  between t h e  h o t  and c o l d  l e g  has been 

a corners tone i n  understanding sodium co r ros ion ,  c a l c u l a t i o n s  o f  c o r r o s i o n  

r a t e s  f rom s o l u b i l i t y  measurements have been orders  o f  magnitude t o o  h igh ,  

e s p e c i a l l y  f o r  i r o n  a l l o y s .  The reason f o r  t h i s  disagreement i s  t h a t  one 

o f  t h e  steps i n v o l v e d  i n  mass t r a n s f e r  i s  slow. 

vo l ve  t h e  p r e c i p i t a t i o n  k i n e t i c s  , t h e  d i f f u s i o n  through a l i q u i d  boundary 

l a y e r  o r  t h e  fo rma t ion  o f  a complex species a t  t h e  d i s s o l v i n g  sur face .  

A n a l y t i c a l  da ta  from s t a i n l e s s  s t e e l  loops '  2, i n d i c a t e s  t h a t  i r o n  
and chromium a r e  u s u a l l y  p resent  w e l l  i n  excess o f  t h e i r  s o l u b i l i t i e s  i n  

sodium a t  maximum temperature w h i l e  n i c k e l  tends t o  f a l l  between so lu -  

b i l i t y  a t  maximum and minimum l o o p  temperatures. Th is  d i f f e r e n c e  i s  

u s u a l l y  asc r ibed  t o  c i r c u l a t i n g  p a r t i c u l a t e  ma t te r .  

The slow s t e p  migh t  i n -  

The e f f e c t  of temperature alone on t h e  c o r r o s i o n  o f  m a t e r i a l  i s  
d i f f i c u l t  t o  q u a n t i t a t i v e l y  separa te  f rom o t h e r  parameters such as 

oxygen concen t ra t i on ,  f l ow ,  e t c .  
as t h e  s o l u b i l i t y  and increases e x p o n e n t i a l l y  w i t h  temperature.  

The r e l a t i o n s h i p  i s  o f  t he  same form 

The e f f e c t  o f  temperature d i f f e r e n c e  i n  a sodium c i r c u i t  on c o r r o -  

s i o n  a t  t h e  maximum temperature depends on t h e  r a t e  c o n t r o l l i n g  mechanism. 

Where s imp le  s o l u b i l i t y  i s  r a t e  c o n t r o l l i n g ,  c o r r o s i o n  inc reases  l i n e a r l y  

w i t h  A T .  Where p r e c i p i t a t i o n  i s  i n e f f i c i e n t ,  o r  complex s u r f a c e  e f f e c t s  

i n te rvene ,  c o r r o s i o n  can be s u b s t a n t i a l l y  inc reased by a very  smal l  AT 

b u t  i s  i n s e n s i t i v e  t o  f u r t h e r  increases i n  AT. 
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9.2.1 .l-1 

9.2.1.1 Stainless Steel Corrosion - Effect of T and AT 

The ef fec t  of temperature on the corrosion of s ta inless  s t ee l s  
i s  d i f f i c u l t  t o  determine accurately from engineering data. 
though corrosion of s ta in less  s t ee l s  in sodium has been intensively 
studied for  many years, only recently have the various important para- 
meters been suff ic ient ly  under control in t e s t  loops t o  generate re- 
producible d a t a .  
9.2.1.1-1 
a t i  ons of unstated experimental parameters. 

Even 

A plot of some weight loss vs time d a t a  in Figure 
shows some disagreements which are probably due t o  vari- 

The minimum AT around a c i r cu i t  necessary t o  produce maximum 
corrosion has n o t  been determined, however Thorley(') s t a t e s  no in- 
crease in corros on ra te  i s  seen a t  AT >5OoC in the range AT,O t o  
400°C. 
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9.2.1.2-1 

,---. 9.2.1.2 Nickel Alloys Corrosion - Effec t  of T and AT 

The e f f e c t  of  temperature on nickel a l loys  not  conta in ing  i ron 
i s  more pronounced than on t h e  i ron a l l o y s  (Figure 9 .2 .1 .2 -1 ) .  Nickel 
and chromium a r e  p r e f e r e n t i a l l y  leached in low oxygen sodium from those  
a l loys  conta in ing  i ron  u n t i l  t h e  su r face  l a y e r  i s  highly enriched in 
i ron  which modifies t h e  apparent  corrosion behavior.  
a l l oys  containing s u b s t a n t i a l  amounts of i ron  have a corrosion behavior 
in te rmedia te  between i ron  and n i cke l .  Table 9 .2 .1 .2-1  shows t h e  e f f e c t  
of nickel  conten t  on corrosion of a l loys  in a medium oxygen content  
system. 
low oxygen system. 

Intermediate  

The e f f e c t  of i ron content  would be even more pronounced i n  a 

The e f f e c t  of system AT on high nickel  a l l o y s  i s  l i n e a r  as shown 
in Figure 9.2.1.2-.2. This ind ica t e s  t h a t  nickel  corrosion i s  so lu -  
b i l i t y  r e l a t e d ,  however, t h e  l i n e a r  response t o  su r face  ve loc i ty  i n d i -  
c a t e s  t h e  ac tua l  r a t e  control  i s  d i f fus ion  across  the concentrat ion 
g rad ien t  e x i s t i n g  in sodium boundary l a y e r .  
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9.2.1.2-2 
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9.2.1.2-3 

Table 9.2.1 .2-1 

CORROSION DATA FOR ASSORTED N i ,  C r ,  Fe ALLOYS(2) 

Data Obtained From M a t e r i a l s  Exposed t o  

Dynamic Sodium (30-40 f t / s )  Conta in ing  25-30 ppm 

o f  Oxygen a t  650°C f o r  8 Weeks 

Ex t raDo la ted  Loss 
% N i  

Incone l  600 ( s o f t )  

Nimonic 80A 

N icke l  

PE 11 ( s o f t )  

% Fe - 

77 6 

75 

100 

38 35 

PE 16 ( s o f t )  43 34 

N i l o  50 ( s o f t )  50 50 

6.1 

4.9 

3.9 

2.9 

2.8 

2.5 

18/8/1 T i  2.4 

PE 16 (op t .p rops . )  43 34 2.3 

316 S.S. 11 68 1.8 

PE 11 (op t .p rops . )  38 35 1.8 

N i l 0  K ( s o f t )  29 53 (16 Co) 0.95 
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9.2.1 -3-1 

9.2.1.3 Steel Corrosion - Effect of T and AT 

The select ive leaching of nickel , chromium, manganese, s i l icon 
and possibly titanium from stainless  and nickel alloys leaves a surface 
layer which approaches an ~1 iron s t ructure ,  similar t o  low alloy s tee ls  
such as 2.25 chromium 1 molydenum s t e e l .  T h u s ,  corrosion o f  the low 
alloy s t ee l s  i s  very s imilar  t o  the steady s t a t e  corrosion o f  higher 
alloy, e.g., 300 ser ies  s ta in less  s t e e l .  The dependence of the 
corrosion ra te  of low alloy s t ee l s  on loop AT i s  s imilar  t o  tha t  for  
well leached 300 ser ies  s ta in less  s t e e l .  
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9.2.1.4-1 

9.2.1.4 Miscel laneous A l l o y  Cor ros ion  - E f f e c t  o f  T and AT 

The e f f e c t  o f  temperature on t h e  c o r r o s i o n  o f  z i r con ium and Q 
t i t a n i u m  i s  p r i m a r i l y  t o  acce le ra te  t h e  r e a c t i o n  w i t h  oxygen, carbon, 

etc. ,  and t o  inc rease d i s s o l u t i o n  r a t e s  o f  ox ide ,  carbon, e tc . ,  i n t o  

t h e  base metal l e a v i n g  a f r e s h  metal su r face  t o  r e a c t .  T i t an ium and 

z i r con ium a re  f r e q u e n t l y  used as "ho t  t rap ' '  g e t t e r s  t o  remove i m p u r i t i e s .  

Niobium, vanadium, tan ta lum a r e  a l s o  a f f e c t e d  by i m p u r i t i e s  i n  t h e  sodium 

whose d i f f u s i o n  and r e a c t i o n s  r a t e s  i nc rease  w i t h  temperature. Coba l t  
a l l o y  c o r r o s i o n  i n i t i a l l y  depends on temperature i n  a way s i m i l a r  t o  300 

s e r i e s  s t a i n l e s s  s t e e l  because chromium and n i c k e l  l each ing  c o n t r o l s  t h e  

process l e a v i n g  a c o b a l t ,  i r o n ,  tungsten r i c h  su r face  (see Figures 

9.2.1.4-1 and 9.2.1.4-2).. 
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9.2.2-1 

9.2.2 MASS TRANSFER AS A FUNCTION OF COFIPOSITION - 
TREATMENT OF ALLOYS 

Eng ineer ing  m a t e r i a l s  i n  LMFBR's w i l l  be a l l o y s  o f  which austen- 

i t i c  s t a i n l e s s  s t e e l s  a r e  impor tan t  examples. 

i n v o l v i n g  severa l  c o n t r o l l e d  percentage c o n s t i t u e n t s  as w e l l  as r e s i d u a l  

i m p u r i t i e s .  Table 9.2.2-1 g i ves  t h e  composi t ion o f  some t y p i c a l  

ma te r i  a1 s . 

These a r e  complex m a t e r i a l s  

The chemical a c t i v i t y  o f  i n d i v i d u a l  d i sso l ved  c o n s t i t u e n t s  i n  

a l l o y s  i s  a f f e c t e d  by d i l u t i o n  w i t h  t h e  o t h e r  elements i n  t h e  a l l o y .  

For o u r  purposes i t  i s  s u f f i c i e n t  t o  rep resen t  t h e  a c t i v i t y  as t h a t  o f  

t h e  pure  metal m u l t i p l i e d  by t h e  atomic percent  i n  t h e  a l l o y .  

l e a c h i n g  r a t e  f o r  N i  f rom a f r e s h  304 s t a i n l e s s  s t e e l  su r face  w i l l  be 

t h a t  o f  pure  n i c k e l  m u l t i p l i e d  by t h e  atomic f r a c t i o n  o f  n i c k e l  i n  t h e  

a l l o y .  An apparent except ion  t o  t h i s  t rea tment  occurs when very  s t a b l e  
compounds a r e  formed between t h e  elements i n  a s t r u c t u r a l  a l l o y  such as 

between tungs ten  and carbon. 

As p r e f e r e n t i a l  l e a c h i n g  o f  s p e c i f i c  c o n s t i t u e n t s  proceeds, t h e i r  

Thus t h e  

concent ra t ions  a t  sod ium-s t ruc tu ra l  a l l o y  su r face  decrease becoming 

dependent on t h e  d i f f u s i o n  r a t e s  f rom t h e  b u l k  metal  t o  t h e  sur face .  

Even tua l l y  a steady s t a t e  s i t u a t i o n  develops i n  which t h e  l e a c h i n g  r a t e s  
o f  a l l  a l l o y  c o n s t i t u e n t s  a r e  cons tan t  w i t h  t ime. I n  t h e  meanwhile, 

t h e  s u r f a c e  l a y e r  compos i t ion  w i l l  have changed r a d i c a l l y  from i t s  

o r i g i n a l  composi t ion.  The degree t o  which t h e  s u r f a c e  composi t ions 

a r e  changed depends on many v a r i a b l e s  such as temperature, f l ow ,  oxygen 

c o n c e n t r a t i o n  and AT. D i f f u s i o n  o f  m a t e r i a l  i n  t h e  s o l i d  metal i s  n o t  

t h e  o n l y  r a t e  de te rm in ing  s t e p  because f r e q u e n t l y  t h e  d i s s o l u t i o n  i n t o  

t h e  sodium l a y e r  and d i f f u s i o n  through t h e  l a y e r  s u b s t a n t i a l l y  e f f e c t  
t h e  r a t e  o f  removal o f  an a l l o y  c o n s t i t u e n t .  

these r e a c t i o n s  i s  t h e  d i f f e r e n t i a l  a c t i v i t i e s  o f  an element i n  var ious  

p a r t s  o f  t h e  loop. Thus, i n  an iso thermal  s e c t i o n ,  a l l  t h e  s t e e l s  t e n d  

toward a common su r face  1 ayer  composi t ion.  

The d r i v i n g  f o r c e  f o r  

I n  t h e  case o f  h o t  l e g  ( .~1200 - 1300OF) exposure o f  316 s t a i n l e s s  

s t e e l  rough ly  a 0.7 m i l  l a y e r  o f  i r o n - r i c h  f e r r i t e  w i l l  develop due t o  

t h e  s e l e c t i v e  l each ing  o f  C r ,  N i  and Mn (see F i g u r e  9.2.2-1). 
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9.2.2-2 

Table 9.2.2-1 

Fe 

Cr 

Ni 

Mn 

co 

Mo 

Si 

C 

I4 

c u  
Cb f Ta 

A1 

Ti 

COMPOSITIONS O F  REPRESENTATIVE LMFBR ALLOYS 

304 31 6 

bal ance 

18-20 

8-1 1 

2 max 

res idua l  

1 max 

0.08 max 

res idua l  

balance 

16-18 

10-14 

2 max 

res idua l  

2-3 

1 max 

0.10 max 

res i dual 

Incoloy 800 

balance 

19-23 

30-35 

1 .5  rnax 

- 

1 max 

0.10 max 

res i dual 

0.75 max 

Incoloy 625 

5 max 

20-23 

balance 

0 .5  max 

1 max 

8-10 

0 .5  max 

0.10 max 

res idua l  

- 

3.15 - 4.15 

0.4 max 

0.4 max 
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9.2.2-3 

1.50 

1.00 

0 

I-- AUSTENITE AND $1- 

12.00 

=: 10.00 

* 
Loo 

MANGANESE - X 

- /-x 

SILICON 

0--J7. , ‘ a ,  I I I I I I 

Figure 9.2.2-1 

COMPOSITION PROFILE OF SOLUTION-ANNEALED TYPE-316 
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9.2.2-4 

Ex- reac tor  s t u d i e s  by Wozadlo, e t  a l .  ( l ) '  a t  1300°F i n d i c a t e d  most o f  
t he  change i n  a l l o y  s u r f a c e  composi t ion occur red  i n  t h e  f i r s t  yea r  b u t  

smal l  changes were s t i l l  going on near the  end o f  t h e  second yea r  (see 

Figures 9.2.2-2 and -3 ) .  

M i c r o s t r u c t u r a l  changes r e s u l t i n g  f rom s e l e c t i v e  l e a c h i n g  o f  

ma jor  and minor  a l l o y i n g  elements i n  s t a i n l e s s  s t e e l s  a t  1300°F were 

t h e  fo rma t ion  o f  sigma phase i n  g r a i n  boundaries o f  Type 316, t h e  f o r -  

mat ion o f  m a r t e n s i t e  i n  a l a y e r  beneath t h e  f e r r i t e  l a y e r  o f  Type 304, 

t h e  fo rma t ion  o f  sigma phase i n  g r a i n  boundaries o f  Type 347, t h e  f o r -  

mat ion o f  subsurface voids i n  a 5 m i l  l a y e r  beneath t h e  s u r f a c e  o f  

Types 321 and 347 and i n t e r g r a n u l a r  d i s s o l u t i o n  f o r  severa l  m i l s  i n  

I n c o l o y  800. The f e r r i t e  l a y e r  fo rma t ion  appeared t o  s t a b i l i z e  a t  

0.6 m i l s  t h i c k  i n  Type 316 a t  1300°F i n  10,000 hours.  The s u b s t a n t i a l  

losses  o f  s t r e n g t h  f rom h i g h  temperature (1300°F) sodium exposure a r e  

a t t r i b u t e d  t o  t h e  l each ing  o f  carbon, boron and n i t r o g e n  and t h e  

format ion o f  sigma phase. 

S e l e c t i v e  l each ing  o f  carbon, s i l i c o n ,  boron, n i t r o g e n  and o t h e r  

minor  a l l o y i n g  elements o r  i m p u r i t i e s  can s u b s t a n t i a l l y  e f f e c t  t h e  prop- 

e r t i e s  and m i c r o s t r u c t u r e s  of var ious  a l l o y s .  Some elements such as 

s i l i c o n ,  boron and manganese can be removed from t h e  e q u i l i b r i u m  so lu -  

b i l i t y  s i t u a t i o n  by o x i d a t i o n ,  w h i l e  carbon and n i t r o g e n  can absorb i n t o  

downstream a l l o y s .  F igu re  9.2.2-4 shows t h e  k i n e t i c s  o f  n i t r o g e n  removal 

and p ickup f o r  var ious  a l l o y s  a t  1300°F i n  a G.E. l oop .  These r a t e s  can 
be s u b s t a n t i a l l y  a l t e r e d  w i t h  d i f f e r e n t  p i p i n g  l a y o u t  o r  o p e r a t i n g  

c o n d i t i o n s .  I n  general ,  t h e  s t a b i l i z e d  s t a i n l e s s  s t e e l s  (321 and 347) 

and o t h e r  a l l o y s  w i t h  e f f i c i e n t  c a r b i d e  fo rm ing  elements do n o t  l o s e  

carbon e a s i l y  and have a tendency t o  p i c k  i t  up f rom n o n s t a b i l i z e d  
m a t e r i a l .  

The l o c a l i z e d  c o r r o s i o n  can l e a d  t o  severe p e n e t r a t i o n  i n  tan ta lum 
arid niobium base a l l o y s  t h a t  have become contaminated w i t h  oxygen d u r i n g  

m e l t i n g  o r  welding. Local  p e n e t r a t i o n  o f  these two r e f r a c t o r y  metals 

descr ibed by Har r ison" )  and K l ~ c h ( ~ )  has a p a r a l l e l  i n  l o c a l  c o r r o s i o n  
o f  s t a i n l e s s  s t e e l s  by l o c a l  carbon contaminat ion,  see Ruther. ( 4 )  
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9.2.3-1 

9.2.3 The E f f e c t  o f  Oxygen on the  Corros ion Rate 

The e f f e c t  o f  oxygen concen t ra t i on  i n  t h e  sodium on the  co r ros ion  

r a t e  o f  m a t e r i a l s  i s  genera l l y  t o  inc rease t h e  r a t e .  I n  i t s  s imp les t  

reac t i ons  such as t h e  o x i d a t i o n  o f  zirconium,increased oxygen concen- 

t r a t i o n  i s  s imp ly  a g r e a t e r  supply  o f  reac tan t .  I n  more complex r e -  

ac t i ons  i t  serves t o  o x i d i z e  and p r e c i p i t a t e  c e r t a i n  so lu tes  such as 

chromium, s i l i c o n  and p o s s i b l y  manganese. The exac t  mechanism o f  r e -  

ac t i ons  w i t h  i r o n  base s t r u c t u r a l  m a t e r i a l s  i s  be ing  a c t i v e l y  inves  

gated b u t  no general theory  has been complete ly  subs tan t i a ted .  

The sources o f  oxygen i n  sodium loops are  many. Exposure t o  

o r  water  even i n  t r a c e  q u a n t i t i e s  w i l l  r e s u l t  i n  t h e  fo rmat ion  o f  d 

so l ved  Na20. Surface oxides on many metals a re  reduced by sodium w 
t h e  fo rma t ion  o f  d i sso l ved  Na20. The d i sso l ved  ox ide  i n  sodium i s  

i- 

a i r  

S -  

t h  

u s a l l y  removed by p r e c i p i t a t i o n  i n  c o l d  t raps  e i t h e r  o f  t h e  f l o w  through 

o r  d i f f u s i o n  types.  Where very low oxygen concent ra t ions  a re  r e q u i r e d  
t h e  sodium i s  t r e a t e d  w i t h  a " g e t t e r "  such as z i r con ium i n  a h o t  t r a p .  

The s o l u b i l i t y  o f  oxygen i n  sodium i s  shown i n  F igu re  9.2.3-1 

i n d i c a t e s  t h a t  t he  oxygen can be reduced t o  about 1 pprn a t  125°C. 

Cold t raps  as w e l l  as some p r e c i p i t a t e d  metal  ox ides such as NaCr02 a r e  

r e v e r s i b l e  s i n k s  f o r  oxygen and thus b u f f e r  t h e  c i r c u l a t i n g  system a t  a 

r e l a t i v e l y  cons tan t  oxygen concent ra t ion .  Ma l func t i on  o f  a c o l d  t r a p  

such as l o s s  o f  temperature c o n t r o l  o r  f lows t h a t  c a r r y  und isso lved 

p a r t i c l e s  o f  ox ide  back t o  t h e  system w i l l  r e s u l t  i n  h i g h  oxygen con- 

c e n t r a t i o n  i n  t h e  system. 

a tu res  l e s s  than t h e  c o l d  t r a p  w i l l  a c t  as d i f f u s i o n  c o l d  t r a p s  and 

accumulate ox ide  i n  t h e  c o l d  r e g i o n  which w i l l  g i v e  r i s e  t o  a l o c a l l y  

h i g h  d i sso l ved  oxygen concen t ra t i on  i f  t h a t  p o r t i o n  o f  t h e  system i s  

heated UD. 

which 

System dead legs  t h a t  have te rm ina l  temper- 

The importance o f  oxygen concen t ra t i on  i n  t h e  c o r r o s i o n  o f  

7 , i t c r i s l s  has been recognized f o r  decades, however, o n l y  r e c e n t l y  have 

analyses and c o n t r o l  mechanisms been a p p l i c a b l e  t o  low oxygen l e v e l s  

( < l o  ppm). S ta in less  s t e e l  c o r r o s i o n  data f o r  LMFBR a p p l i c a t i o n  a r e  
genera l l y  ob ta ined i n  sodium c o n t a i n i n g  l e s s  than 10 ppm. 

o f  c e r t a i n  oxygen s e n s i t i v e  m a t e r i a l s  i n  h i g h  temperature reg ions  such 

as z i rcon ium vanadium, tanta lum, e t c .  w i l l  r e q u i r e  even lower  oxygen 

1 eve1 s . 

The presence 
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9.2.3.1-1 

9.2.3.1 S ta in less  Steel  Corros ion - E f f e c t  o f  Oxygen 

The e f f e c t  o f  d i sso l ved  oxygen on the  co r ros ion  r a t e  o f  s t a i n l e s s  
s t e e l s  i n  sodium has been found t o  vary  between t h e  1.0 and 1.5 power of  

t h e  oxygen concen t ra t i on  b u t  does n o t  e x t r a p o l a t e  t o  zero a t  zero oxygen. 

S t a r t i n g  a t  about 25 ppm oxygen t h e r e  i s  a tendency t o  form a chromium 
ox ide  on the  su r face  o f  t h e  co r rod ing  s t e e l  which has been i d e n t i f i e d  as 

sodium chromi te  (NaCrO,). 

on t h e  c o n t r o l  o f  t h e  i r o n  d i s s o l u t i o n  r a t e .  The exac t  mechanism of 

oxygen induced i r o n  d i s s o l u t i o n  i s  n o t  w e l l  understood. The p o s s i b i l i t y  

of fo rming  sodium f e r r i t e s  has been exp lo red  b u t  they  a re  apparent ly  un- 

s t a b l e  a t  low t o  medium oxygen concent ra t ion .  Singer,  e t  a1 ( l )  have 

found t h a t  oxygen e f f e c t s  t h e  e q u i l i b r i u m  s o l u b i l i t y  o f  i r o n  b u t  t h i s  

has n o t  y e t  found un ive rsa l  acceptance. 

posed a su r face  s i t e  a c t i v a t i o n  as a mechanism t h a t  exp la ins  t h e  complex 

e f f e c t  o f  oxygen on t h e  predominant ly  a - i r o n  su r face  o f  co r rod ing  s t a i n -  

l e s s  s t e e l s .  

been found t o  promote an i n t e r g r a n u l a r  a t t a c k  on s t a i n l e s s  s t e e l s  which 

has been observed a t  1100 t o  1300°F. Z e b r ~ s k i ' ~ )  d iscussed I . G .  a t t a c k  

found i n  e a r l y  G.E. loops .  The exact  oxygen concen t ra t i on  and temper- 

a t u r e  necessary f o r  t h i s  l o c a l i z e d  a t t a c k  i s  ill def ined, b u t  G.E. d i d  

n o t  produce I.G. a t t a c k  on 316 s t a i n l e s s  s t e e l  a t  <10 ppm O 2  a t  1300°F 

i n  4000 hours.  Subsequent examinat ion o f  a 304 s t a i n l e s s  s t e e l  l o o p  

operated a t  1300°F f o r  17,628 hours w i t h  <2 ppm 0 2  revea led  a 1 t o  2 m i l  

I . G .  a t t a c k ( 5 )  i n  a p o s i t i o n  s i m i l a r  t o  p r e v i o u s l y  observed a t t a c k .  
Thus, low oxygen does n o t  complete ly  e l i m i n a t e  t h i s  fo rm o f  c o r r o s i o n  

b u t  does s u b s t a n t i a l l y  e f f e c t  i t s  r a t e .  Wozadlo e s t a b l i s h e d  t h a t  t h e  

a t t a c k  can s t a r t  immediate ly  when c o n d i t i o n s  were r i g h t  and produced 

up t o  0.4 m i l s  a t t a c k  i n  2500 hours a t  1100°F. Previous G.E.(3) l o o p  

s t u d i e s  had shown as h i g h  as 9 m i l s  a t t a c k  i n  28,000 hours a i  1200°F 

i n  t h e  n e a r l y  i so thermal  r e g i o n  downstream o f  t h e  ho t  l e g .  

reports t h a t  h i g h  oxygen sodium (300 ppm) causes p r e f e r e n t i a l  o x i -  

d a t i o n  o f  chromium on the  su r face  as w e l l  as i n  g r a i n  boundar ies.  

Under these severe o x i d i z i n g  cond i t i ons  t h e  i r o n  i s  so r a p i d l y  

d i sso l ved  t h a t  the su r face  can be dep le ted  i n  i r o n  r a t h e r  than 

enr iched.  

The pr imary e f f e c t  o f  t h e  oxygen seems t o  be 

Weeks and Isaacs , (2 )  have pro-  

Higher  concent ra t ions  o f  oxygen,25 ppm o r  g rea te r ,  have 

@ 
( 4 )  

( 6 )  H i l t z  
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9.2.3.1-2 

The e f f e c t  o f  oxygen concen t ra t i on  i n  t h e  sodium on severa l  a l l o y s  

o f  var ious  i r o n  conten ts  i s  shown i n  F igu re  9.2.3.1-1. The e f f e c t  o f  

d i s s o l v e d  oxygen on t h e  h i g h  i r o n  a l l o y s  i s  s t r i k i n q  and very  impor tan t  

t o  LMFBR technology because smal l  amounts o f  oxygen w i l l  cause substan- 

t i a l l y  h i g h e r  c o r r o s i o n  r a t e s  on t h e  t h i n  f u e l  c ladd ing .  

o f  i n i t i a t i n g  an i n t e r g r a n u l a r  a t t a c k  w i l l  r e q u i r e  t h a t  low oxygen con- 

d i t i o n s  be main ta ined everywhere i n  t h e  h o t  sodium system. 

t h e  parameters a f f e c t i n g  i n t e r g r a n u l a r  a t t a c k  a r e  known, i t  i s  n o t  

p o s s i b l e  t o  p r e d i c t  e x a c t l y  where, i f  a t  a l l ,  i t  w i l l  a f f e c t  an LMFBR. 

From t h e  da ta  a v a i l a b l e ,  a p o s s i b l e  area t o  watch f o r  I.G. a t t a c k  would 

be j u s t  below t h e  su r face  o f  t h e  sodium on a l l  t h e  i ns t rumen t  l i n e s ,  

e t c .  which emerge from t h e  sodium pool .  Al though t h e  vessel would be 

j u s t  as s u b j e c t  t o  a t t a c k ,  i t s  g r e a t e r  th ickness  would make t h e  a t t a c k  

o f  l e s s  concern. The be l lows on valves a l s o  appear t o  be a p lace  t h a t  

cou ld  develop h i g h  oxygen concent ra t ions  and s u f f e r  acce le ra ted  a t t a c k .  

The p o s s i b i l i t y  

U n t i l  a l l  
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Figure 9.2.3.1-1 ( 2 )  

EFFECT OF OXYGEN ON SODIUM CORROSION 
Top - Effec t  of oxygen on the cor ros ion  o f  seve ra l  metals in  sodium. 
Bottom - I n t e r r e l a t i o n  between oxygen concent ra t ion  cor ros ion  r a t e  

and i ron  conten t  of  a l l o y .  
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9.2.3.2-1 

9.2.3.2 

N icke l  and h i g h  n i c k e l  a l l o y s  are r e l a t i v e l y  una f fec ted  by 

N icke l  Alloy Cor ros ion  - E f f e c t  o f  Oxygen 

oxygen concen t ra t i ons  i n  sodium up t o  severa l  hundred ppm. 

c o n t a i n i n g  s u b s t a n t i a l  amounts o f  i r o n  show e f f e c t s  o f  oxygen rough ly  

i n  accordance w i t h  t h e i r  i r o n  concen t ra t i on .  This  e f f e c t  i s  shown i n  

F igu re  9.2.3.1-1. 

A l l o y s  
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9.2.3.3-1 

9.2.3.3 Steel  Corros ion - E f f e c t  o f  Oxygen 

The low a l l o y  s t e e l s  a re  s u b j e c t  t o  s u b s t a n t i a l  increases i n  

c o r r o s i o n  as t h e  oxygen l e v e l  i s  increased.  The e f f e c t  i n  t h e  low and 

moderate oxygen l e v e l s  i s  s i m i l a r  t o  t h e  e f f e c t  on t h e  s t a i n l e s s  s t e e l s .  

because t h e  s t a i n l e s s  s t e e l s  generate a su r face  l a y e r  dep le ted  i n  

chromium and n i c k e l .  Thor ley" )  noted t h e  co r ros ion  o f  i r o n  i n  an i r o n  
l o o p  was more s e n s i t i v e  t o  oxygen concentrat ion, ,being n e a r l y  propor-  

t i o n a l  t o  t h e  concen t ra t i on  squared. 

REFERENCE 
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9.2.3.4-1 

9.2.3.4 Miscellaneous Alloy Corrosion - Effect of Oxyqen 

Materials which react with oxygen and form stable  oxides i n  con- @ 
t a c t  with sodium,such as titanium and zirconium, will i n i t i a l l y  react 
with any available oxygen. 
will reduce the ra te  o f  reaction t o  very low levels.  If  the tempera- 
ture  i s  increased to  500 or 600°C, the metal will dissolve i t s  surface 

As a surface layer of Zr02 builds up  i t  

oxides and i n  time present a fresh metal surface for  reaction with 
oxygen. 
metal more rapidly. Thus, i n  the lower temperature region, protective 
films will  form which will make the material insensit ive t o  oxygen con- 
centration, a t  intermediate temperature, the ra te  o f  reaction will be 
controlled by the dissolution o f  i t s  own oxide films, while a t  high 
temperature, i t s  reaction ra te  will be limited on~ly by the supply of 
oxygen t o  the surface and  thus highly dependent on oxygen concentra- 
tion and flow. 
embri t t l  e metals such as zi rconi um and t i  tani um. 

A t  s t i l l  higher temperature the oxide i s  dissolved into the 

The absorption of appreciable amounts of oxygen 

Vanadium alloys have been explored as potential fuel cladding. 
They have proven to  be very sensi t ive t o  oxygen concentration. 
corrosion o f  some vanadium alloys a t  various temperatures i n  a dynamic 
s ta in less  s tee l  t e s t  loop w i t h  oxygen <1.8 ppm and N2 <1 ppm are  shown 
in Figure 9.2.3.4-1. 
s t i t i a l s  from a s ta in less  system as shown in Table 9.2.3.4-1 from 
Whitlow, e t  a1 for  a 6% Fe - 5 Nb - 1.3  Zr - 0.05 C - Bal V alloy 
(VANSTAR 9 ) .  

9.2.3-1 a l s o  represents pickup o f . C ,  N, e tc .  

The 

These alloys tend t o  react with several in te r -  

Presumably some o f  t h e  weight  change shown i n  ~ i q u r e  

The cobalt base alloys have been considered as hard  facing 
materials for  sea ls ,  e tc .  
and 1 2  ppm was examined by Romano, e t  a1 and shown i n  Figure 9.2.1.4-1. 

The e f fec t  of oxygen on the surface composition (from the same work) i s  
shown in Figure 9.2.1.4-2. 
been caused by deposition. 

The e f fec t  of oxygen on these alloys at 4 

. 

The noteworthy increase in iron may have 
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Figure 9.2.3.4-1 (2) 

DYNAMIC EXPOSURE OF SEVERAL VANADIUM ALLOYS TO SODIUM 
( C o l d  Trap Temperature = l l O ° C )  
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9.2.3.4-3 

( 1 )  
Table 9.2.3.4-1 

INTERSTITIAL CONCENTRATIONS I N  0.001 in.-DEEP SURFACE LAYER 

OF A VANSTAR-9 SAMPLE EXPOSED TO FLOWING SODIUM 

( 5  fps ,  < l o  ppm Oxygen a t  %79OoC) 

A f t e r  Exposure (ppm) 
El emen t Before  Exposure (ppm) 1500 h r  2650 h r  

N i t rogen  79 22,000 35,000 

570 6,500 27,000 Carbon 

Oxygen 640 5,800 6,000 

3 / 3 1 / 7 3  
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9.2.4-1 I 

9.2.4 THE EFFECT OF VELOCITY ON CORROSION 

The surface velocity of  sodium flowing past a corroding specimen 
will affect  the thickness of the relat ively s t a g n a n t  layer of sodium 
a t  the metal surface. Where diffusion of metal solute toms to  the 
f l o w i n g  stream is the rate controlling process, the increase i n  velocity 
o f  sodium p a s t  the surface will  increase the corrosion ra te .  S imi l a r ly ,  
the diffusion of  solutes from the flowing stream t o  the surface will be 
increased by h i g h  surface velocit ies.  The highest temperature surfaces 
i n  a reactor are the heat generating fuel element surfaces which require 
a h i g h  velocity sodium stream to cool them. Thus, the highest corrosion 
rates are generated on the thinnest material which requires an accurate 
assessment of a l l  the parameters i n  the corrosion process. 

The separation of a l l  other corrosion variables from the e f fec t  
of velocity is d i f f i c u l t  because there are  interactions w i t h  oxygen and 
other solute  content, entrance effects  and erosion. In  the Phase I G . E .  
corrosion equation, ( l )  corrosion was shown proportional t o  the 0.88 power 
of  velocity, b u t  was reduced t o  the 0.44 power i n  the Phase I1  equation. 
Presumably a downward revision was necessary because the velocity e f fec t  
i s  averaged over the velocity dependent and  independent regions of s ta in-  
less  s tee l  corrosion. In a summary o f  t h e i r  corrosion work, Roy, e t  a1 
s t a t e ( 3 )  t ha t  corrosion rates should be related t o  the thickness o f  the 
laminar flow layer instead of velocity. Their correlation of d a t a  for  
s ta in less  s teel  corrosion indicated t h a t  the velocity independent thick- 
ness of l aminar  boundary layer  was about  0.0002 i n c h .  The corrosion 
ra te  was strongly dependent on layer thickness between 0.0002 inch and 
0.0005 inch as shown i n  Figurei9.2.4-1. 

( 2 )  
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9.2.4.1 -1 

9.2.4.1 Stainless Steel Corrosion - Effect of Velocity 

The ef fec t  of velocity on the corrosion of s ta in less  s t ee l s  i s  
The velocity dependence i s  almost l inear  shown i n  Figure 9.2.4.1-1. 

up  t o  15 f t / s ec  where i t  rounds off  into a velocity independent region 
which extends a t  l eas t  t o  40 f t / sec .  
this complex relationship is tha t  the low velocity region represents 

The general interpretation o f  

the corrosion control by diffusion th rough  the sodium boundary layer 
while the independent region represents a surface chemical control. 
The interaction o f  temperature and oxygen concentration can be seen 
i n  Thorley's d a t a  on Figure 9.2.4.1-2. Figure 9.2.4-1 shows corre- 
la t ion of boundary layer thickness w i t h  corrosion rate .  
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EFFECT OF VELOCITY ON THE RATE OF METAL REMOVAL 
FROM VARIOUS STAINLESS STEELS OR VARIOUS OXYGEN 

CO NC E NTRAT I ONS 

a 
3/31 /73 



9.2.4.1-4 

REFERENCES 

0 
1. Summary Report,  Sodi um Mass T r a n s f e r  Program, GEAP-10394. 

General E l e c t r i c  Company, Sunnyvale, CA. August 1971 . 
2. A.W. T h o r l e y  and C. Tyzack, "Corros ion Behavior  o f  S t e e l s  and 

N i c k e l  A l l o y s  i n  High Temperature Sodium," A l k a l i  Metal  Coolants,  
IAEA,  Vienna, 1967. pp. 97-118. 

3/31 /73 



9.2.4.2-1 

9.2.4.2 Nickel Alloy Corrosion - Effect of Velocity 

The corrosion of nickel i s  more nearly a s t r a i g h t  solution 
mechanism t h a n  iron al loy corrosion. The high nickel alloys thus 
display a l i n e a r  increase i n  corrosion w i t h  surface velocity.  
Thorley's data f o r  a h i g h  nickel a l loy are shown i n  Figure 9.2.4.2-1. 
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9.2.4.2-2 

Figure 9.2.4.2-1 (1) 

EFFECT OF VELOCITY ON THE RATE O F  METAL LOSS 

FROM N I M O N I C  8 0 A .  a t  65OOC 
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9.2.4.3-1 

9.2.4.3 Steel Corrosion - Effect of Velocity 

I t  has been assumed t h a t  low alloy s t ee l s  behave in the same 
manner as s ta in less  s t ee l s  because of the f e r r i t e  layer formation on 
the surface. Recently Thorley(l) said t h a t  s tee l  corrosion in a s teel  
loop did not show a velocity independent region which raises the ques- 
tion of the e f fec t  o f  dissolved loop materials on the velocity effects  
previously observed in s ta in less  s teel  loops. Since most applications 
of low alloy s t ee l s  are in cooler parts of the c i r cu i t  these velocity 
effects  may be only of academic in te res t .  

Q 

REFERENCE:  

1 .  W.F. Brehm, Trip Report - I A E A  Specialists Meeting on Fission 
and Corrosion Product Behavior i n  Primary Systems of LMFBR's, 
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#ST-164, WADCO/FFTF 714526, October 1971. p .  22 (OUO) 
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9.2.4.4-1 

9.2.4.4 

The corrosion ( i n t e r s t i t i a l  pickup) of the refractory metal 
alloys is  affected by velocity because the supply of reacting species 
i s  increased a t  h i g h  velocit ies.  Where the ra te  control i s  in the 
surface o r  diffusion into the metal, the velocity will have l i t t l e  
effect .  
oxygen showed a velocity independence to  higher speeds in the lower 
oxygen sodium (Figure 9.2.4.4-1) Whitlow, e t  a1 ( 2 )  found an approxi- 
mate 20% increase in weight g a i n  for  an increase i n  velocity from 
5 t o  14  f t / s ec  i n  sodium w i t h  probably <1 ppm oxygen. 
some of this increase could be at t r ibuted t o  increased carbon and 
nitrogen leaching from the heater section due to  higher heat t ransfer  
ra te  a t  the higher flow. 

Miscellaneous Alloy Corrosion - Effect of Velocity 

Vanadium t e s t s  by Smi th ,  e t  a l ( l )  a t  several levels of 

He f e l t  even 

3/31 /73 



A 

1 . . I .  I I 
aoF - 

- 

t .I 

9.2.4.4-2 

, 

B1 r-T? 

F i g u r e  9.2.4.4-1 (1 )  
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9.2.5-1 

9.2 5 GEOt9ETRIC EFFECTS - DOWNSTREAM EFFECTS 

There is  very l i t t l e  reactor corrosion experience t o  suggest 
corrosion rates t h a t  will be experienced i n  re la t ively high temper- 
ature FFTF and demonstration LMFBRs. Consequently principal re1 iance 
must be made on data from ex-reactor corrosion loops. By necessity 
these d i f f e r  radically i n  s i ze  and shape from reactor systems,although 
attempts have been made i n  certain loops to  simulate some geometric 
relationship of a reference reactor design. 
t o  sodium volume ra t ios ,  and  h o t  leg to  cold leg surface area rat ios  
have been considered i n  several cases. Design constraints of t h i s  
k i n d  make i t  impossible t o  observe other reactor character is t ics  
without building a fu l l  s i ze  simulation o f  the reactor i t s e l f .  When 
simulating reactor cycle times for  a slug of  sodium to  circulate  
through the primary system a t  prototypical flow rates ,  i t  i s  imposs- 
ib le  t o  preserve surface to  volume relationships. 

Factors l ike  surface area 

Geometrical factors have been observed to  e f fec t  corrosion 
A downstream ef fec t  i n  isothermal hot  leg sodium has been rates .  

ident i f i ed. 

0 Sodium out of the heater section i s  more corrosive t o  
upstream surfaces t h a n  those fa r ther  downstream. The 
ef fec t  is suggestive of r a p i d  saturation of the circu- 
la t ing  sodium, lessening the corrosion d r i v i n g  force 
downstream. 

0 Corrosion rates of s ta in less  s teel  decrease roughly 
with the square of the distance from the heater ou t le t .  

The flow velocity a t  which corrosion becomes velocity 
independent seems t o  increase w i t h  downstream position. 

5 The Cr and N i  concentrations i n  the steady-state 
corroding surface of s ta in less  s tee l  increases i n  
downstream samples. 

In loop heater sections which cover a range of temperature, the 
dissolution ra te  i n  any temperature zone, T, i s  predictable from 
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9.2.5-2 

corrosion rates i n  the upstream isothermal section when i t  i s  operating 
a t  the same temperature. No heat flux e f fec t  as such i s  observed. If  
fuel cladding surfaces temperature can be accurately calculated, 
corrosion rates along the length of a fuel rod can be estimated. 
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9.2.5.1-1 

9.2.5.1 Downstream Effects i n  Stainless Steel Systems 

The downstream ef fec t  i n  an isothermal h o t  leg has been observed 0 
by most observers and quantitatively evaluated for  inclusion i n  overall 
corrosion equations. This downstream effect  i s  usually expressed as a 
length from the heater divided by the hydraulic diameter of the flow 
channel ( L / D ) .  Figure 9.2.5.1-1 shows th i s  effect  on corrosion for 
several flow velocit ies a t  substantial downstream positions which appear 
t o  be l inear  w i t h  respect t o  L/D. 
evidence t h a t  indicate th i s  e f fec t  i s  indeed proportional t o  ( L / D ) 2  a t  
small distances downstream. More importantly, they propose a mechanism 
for  t h i s  e f fec t  i n  terms of  the chromium and  nickel b u i l d u p  poisoning 
the active iron dissolution s i t e s  downstream thereby reducing the 
apparent corrosion. The more common view is  t h a t  the downstream ef fec t  
i s  the resul t  of a decreasing act ivi ty  of the sol id  w i t h  respect t o  the 
same ac t iv i t i e s  of the solute because of the increasing concentration 
o f  solutes i n  the downstream sodium coolant. 

Isaacs and Weeks(’) described some 

Wozadlo, e t  a l ( ’ )  also described an entrance e f fec t  which 
was defined as the L/D s ta r t ing  a t  each isovelocity, isothermal region. 
This e f fec t  i s  harder to  explain by a simple mechanism t h a n  the o r i g i -  
nal dependence on dissolved material or depletion of a reactant.  Pre- 
sumably, i t  is related t o  turbulence generated on entering a t e s t  
section and disappears rapidly. 
corrosion rates i n  a reactor,  namely the t h i n  fuel cladding, the sodium 
has been i n  an isoveoocity region f o r  some time before becoming iso- 
thermal and then the sodium velocity is  changed by leaving the fuel 
region. This complex heating and geometrial arrangement may completely 
mask any entrance e f fec t .  

@ 

In  applicatipn t o  the highest 

In a subsequent s u n a r y  of t h e i r  corrosion,studies,  Roy, e t  a1 (3) 

found substantial  interactions between downstream effects  and oxygen 
concentrations. 
stream and velocity effects  were not determined. 
of downstream and oxygen a t  1300°F eliminated the squared L / D  term of 
the Phase I1 equation (see page 9.2.6.5-3). 

More complex interactions of  temperature, oxygen, down- 
The simple interaction 

A 
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9.2.5.2-1 

9.2.5.2 Downstream Effects - Other Materials 

The downstream effects  for other materials have not been studied 
as extensively as s ta inless  s t ee l s .  
face i s  depleted o r  a solute concentration increased, other material 
should display downstream e f f e c t s  in the same manner as stainless  s t ee l s .  

To the extent t h a t  a reactive sur- 
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9.2.6-1 

9.2.6 CORROSION RATES I t /  SODIUF4 COOLANTS 

Many of the previous discussions have been concerned w i t h  
corrosion ra te ,  primarily in a steady-state condition. The i n i t i a l  
corrosion of s ta inless  s t ee l s  involves leaching chromium, nickel , 
manganese, s i l i con ,  carbon, e t c . ,  from the surface which logically 
could give r i s e  t o  a s l igh t ly  different  ra te  t h a n  the typical l inear  
steady-state. The loops i n  which most tes t s  are r u n ,  involve a period 
where the chemistry o f  the sodium, such as oxygen concentration, i s  
perturbed in the i n i t i a l  p a r t  o f  the t e s t  which also could contribute 
t o  an a l tered i n i t i a l  ra te  of corrosion. As the t e s t  proceeds the 
surface o f  the samples become s l igh t ly  rougher providing more surface 
area and deposition processes produce more surface area in the cold leg 
which may improve the efficiency o f  the deposition process. 
usually n o t  possible t o  evaluate a l l  of these facets of a t e s t  from 
the d a t a  presented. 

8 

I t  i s  
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9.2.6.1-1 

9.2.6.1 Corrosion Rates for Stainless Steels 

The corrosion kinetics of many alloys have been examined, however, 
the variables such as oxygen concentrations have only been under s t r i c t  
enough control i n  recent time t o  give reasonably reproducible data. 
The corrosion kinetics of the 300 ser ies  s ta in less  s t ee l s  are  similar 
b u t  s l i gh t ly  different .  
the corrosion of specimens to  be l inear  with time from a few weeks to  
more than a year (see Figure 9.2.6.1-1).  
e t  a 1 ( 3 )  data indicates they now consider the corrosion t o  follow 
an exponential 
as shown i n  Table 9.2.6.1-1. 
(Figure 9.2.6.1-3), and Champeix (Figure 9.2.6.1-4) among others f i n d  
an i n i t i a l  ra te  which i s  nearly parabolic. The importance of this 
kinetic difference t o  an engineering s t ructure  i s  insignificant except 
where wear, cavitation or other process continually destroys a protec- 
t i ve  layer. When this happens, the material will always be corroding 
a t  the i n i t i a l  ra te ,  which for  a l inear  process is the same as  i t  
normally corrodes, b u t  for a parabolic process i s  much higher than i t s  
steady-state corrosion, t ha t  i s ,  the t a i l  of the parabola. Normally 
wear and cavitation also generate other destructive effects  such as 
metal surface working and se l f  welding which could mask any increase 
i n  corrosion process. 
structures as wire wraps and g r i d  spacers of fuel elements. In general, 
no problems are  yet  apparent, however, the tes t ing  of typical fuel geo- 
metries under LMFBR condition is  just b e g i n n i n g .  

Thorley(l) and Wozadlo, e t  a1 (2) consider 

A recent summary of Wotadlo, 

function which is  nearly l inear  fo r  Type 316 a t  1300°F 
Schrock (Figure 9.2.6.1-Z),  Ramano 

These processes become of import on such 

3/31 /73 



9.2.6.1-2 

A 

T I M E  (*ttkr) 

'I- \' '316 

Figure 9.2.6.1-1 (1) 

A COMPARISON OF THE BEHAVIOR OF VARIOUS STEELS I N  
FLOWING SODIUM AT 650°C, 0, L E V E L  . ~ 2 5  ppm CENTRAL 

SPECIMENS TAKEN FOR COMPARISON PURPOSES 
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9.2.6.1-3 

Tab le  9.2.6.1-1 ( 3 )  

COMPARATIVE CORROSION EQUATIONS 
Zone E-1300°F 

Corrosion (mg/dm’ - A f (hours]’ 

Matorial lndcx of Detcrmination 95% Confidence Limits on Parameters 

Exponential Linear A B 
___I 

to. 1 137 
31 6 0.9855 (0:97 0) 0.0839 -0.0482 0.999 ‘0.108 

+1.1405 
304 0.9915 (0 .027)  0.5 1 52 -0.354 8 0.8 39 20.143 

+0.9292 

+0.7618 
347 0.99G7 (0.979) 0.060 1 -0.4722 0.785 ~0.083 

1-800 0.9094 (0.985) 2.5537 -0.5829 0.708 ~0.032 

Corrosion values in units of (mg/drn’) can be converted to mils by multiplying 
by 4.96 x lo-‘ 

(mg/d rn’) 
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9.2.6.2-1 

9.2.6.2 Cor ros ion  Rates f o r  N i c k e l  Base A l l o v s  

The t y p e  and amount o f  a l l o y i n g  elements w i l l  e f f e c t  t h e  k i n e t i c s ,  

b u t  where n i c k e l  i s  predominant and no i n t e r f e r i n q  s u r f a c e  f i l m s  form, 

t h e  k i n e t i c s  shou ld  be l i n e a r .  The a l l o y  P.E.-16 i n  F i g u r e  9.2.6.1-1 i s  

43% N i  34% Fe and shows t h i s  l i n e a r  r a t e .  Cheng and R u t h e r ( ' )  r e p o r t e d  

a c o r r o s i o n  s t u d y  o f  n i c k e l  i n  sodium between 550 and 715°C w i t h  v e l o c i t i e s  

between 10 and 100 cm/sec. 

and p r o p o r t i o n a l  t o  t h e  v e l o c i t y  r a i s e d  t o  0.76 power. 

8 

The c o r r o s i o n  was found t o  be l i n e a r  w i t h  t i m e  

' REFERENCE 

1 .  C.F. Cheng and W.E. Ruther,  "Cor ros ion  o f  N i c k e l  i n  Sodium," 
Cor ros ion  - 28 ( 1 )  1972. pp 20.22 
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9.2.6.3 Corrosion Rates f o r  Low Alloy S t e e l s  

I n i t i a l  corrosion r a t e s  f o r  low a l l o y  s teels  were found t o  be 
parabolic by Champeix(') b u t  the i r  longer  term behavior i s  considered 
t o  be l i n e a r .  Figure 9.2.6.1-1 shows the corrosion of  a 2.25 Cr 1 Mo 

steel a s  l i n e a r  and s i m i l a r  t o  the 300 series s t a i n l e s s  s teels .  

REFERENCE 

1. L. Champeix and  0. Konoval tschi ko f f ,  "Kinetic Aspects of Corrosion 
of  S t e e l s  i n  Flowing Sodium," Sodium Technology and Large Fast  
Reactor Design, ANL-7520 Part I ,  Argonne National Laboratory,  
N m  968. pp. 150a-150-f. 
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9.2.6.4 Cor ros ion  Rates f o r  Miscel laneous A1 l o y s  

A l l o y s  which do n o t  form p r o t e c t i v e  f i l m s  should a l l  show a 

l i n e a r  r e l a t i o n s h i p  o f  c o r r o s i o n  w i t h  t ime.  

increases t h e  s u r f a c e  roughness, an apparent inc rease i n  c o r r o s i o n  

r a t e  c o u l d  occur  w i t h  t i m e  because o f  t h e  i n c r e a s i n g  s u r f a c e  area. 

I n  complex s i t u a t i o n s  such as wear, t h e  s e l e c t i v e  l e a c h i n g  o f  an 

a l l o y  c o u l d  geneKate s u r f a c e  l a y e r s  o f  l e s s  s t a b i l i t y  which c o u l d  

generate a h i g h e r  apparent combined wear and c o r r o s i o n  r a t e .  

Where s e l e c t i v e  a t t a c k  

a 
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9.2.6 5 - 1  

9.2.6.5. Corrosion Correlations - Iron Alloys 

The combining of a l l  the variables i n  sodium corrosion of a 
material i n to  a s ing le  mathematical equation has been a challenge and 
i n  ways a useful exercise.  An equation which accounts f o r  a l l  funda- 
mental mechanisms i n  the corrosion process allows one t o  evaluate the 
deter iorat ion t o  be expected i n  a simple engineering s t ruc tu re  and 
qua l i ta t ive ly  t o  help avoid p i t f a l l s  i n  design. 
have recently postulated a corrosion equation based on the avai lable  
fundamented parameters and mechanisms of the form: 

( 1 )  Isaacs and Weeks 

k 

7.93*101.'T {(g )2X Fe exp 50300 I [1 -E( i )2 ]  
RT R =  

Fe 'sat 

Where 

R = corrosion r a t e  (mils/yr) 

T = O K  

'Fe = atom f rac t ion  of Fe 

0 = oxygen concentration 

= oxygen concentration a t  saturat ion 'sat 
E = downstream coefficient (empirically evaluated) 

R = gas constant 

L = distance downstream from heated sect ion 

D = hydraulic diameter of flow channels 

The constants of this equation have been evaluated from selected 
experimental data and cer ta in  simp1 ifying assumptions have been made. 
The downstream coef f ic ien t  ( E )  must be empirically evaluated f o r  each 
f low,  oxygen concentration and temperature as i t  i s  not independent.  
I f  one ignors the downstream e f f e c t  w h i c h  serves t o  reduce the corrosion 
and consider only corrosion i n  flow ve loc i t ies  which are fast enough 
t o  be independent of veloci ty ,  then the maximum corrosion will  only 
be a function of temperature and oxygen ac t iv i ty .  This would predict 

* 
AT i s  su f f i c i en t  t o  make corrosion independent of AT. 
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9.2.6.5-2 

a zero  cor ros ion  r a t e  a t  ze ro  oxygen concen t r a t ion  w h i c h  i s  cons idered  
outside the assumptions o f  the model because the corrosion would revert 
t o  the s t r a i g h t  s o l u t i o n  type  mechanism. 
t h a t  very low oxygen svstems produce very low co r ros ion  r a t e s .  
mentions a co r ros ion  r a t e  o f  l e s s  than 0.2 m i l s / y r  i n  a zirconium ho t  

a c t u a l l y  observed small  weight gains  i n  sodium a t  less than 0.1 ppm 0,. 

There a r e  some i n d i c a t i o n s  
Thorley (2 1 

t rapped system a t  1200°F (probably less than 0.1 ppm 02) .  Borgs ted t  (3) 

i Wozadlo, e t  a 1 ( 4 )  has c o r r e l a t e d  their  co r ros ion  d a t a  f o r  s t a i n -  
less steels i n  a more empir ica l  approach and a r r i v e d  a t  the fo l lowing  
re1 a t i  onsh i p : 

I n  R = 14.55 + 0.435 I n  V - 0.000958 (L/D) 
1 - 0.122 In (L/D) + 1.445 (i + 1 )  + 1.156 In  O 2  

- 23,827 
T + 460 

Where 
R = cor ros ion  r a t e  (mg/dm2/mo) t o  time t 

V = s u r f a c e  v e l o c i t y  ( f t / s e c )  

(L/D), = number o f  hydrau l i c  diameters  downstream i n  an i s o -  
thermal region ( s t a r t i n g  2 /3  o f  the way through the 
h e a t e r )  (downstream effect)  

(L/D), = number o f  hydrau l i c  diameters  downstream i n  an i s o -  
thermal i s o v e l o c i t y  reg ion  ( en t r ance  e f f ec t )  

t = t ime (months) 

O 2  = oxygen concen t r a t ion  (ppm) 

T = t empera ture  (OF) 

In this c o r r e l a t i o n  i t  will be observed v e l o c i t y ,  downstream 
effect, oxygen concen t r a t ion  and temperature are a l l  independent v a r i -  
a b l e s ,  wh ich  is an engineer ing  approximation. The v e l o c i t y  covers  a 
range from approximately a l i n e a r  dependence t o  independent and cannot  
be a c c u r a t e  f o r  a l l  v e l o c i t i e s .  
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(5) In a subsequent review of t h e i r  corrosion work, Roy, e t  a1 
looked a t  some interact ions of oxygen concentrations and downstream 
ef fec ts  and found interdependence of the form: 

C R  = -0.33 -0.119(Xo) + 1 .7.10-4(L/D) + 1 .98.10-4(Xo)(L/D) 

a t  velocity >22 ft /sec,  temperature 1300°F and low oxygen concentrations 

where 
X o  = 0 2  concentration ppm 

L / D  = number of hydraulic diameters downstream from heaters 

CR = corrosion r a t e  mils/year 

Further compl ex interact ions between vel oci t y  , oxygen , temperature and 
time have not y e t  been studied so an overall corrosion equation was n o t  
developed. As mentioned previously, (Table 9.2.6-l), they found a time 
dependence a t  1300°F of the  form Corrosion = A t  where A and B varied 
according t o  the 300 s e r i e s  s t a in l e s s  s t ee l  a l loy used. The equation 
was e s sen t i a l ly  l i nea r  f o r  316 s t a in l e s s  s t e e l ,  ( B  = 0.999). 

B 

Westinghouse has a l so  developed s imi la r  correlat ions of observed 
s t a in l e s s  s t ee l  corrosion i n  sodium. 
well as other corrosion data a re  shown i n  Figure 9.2.6.5-1 f o r  
comparison. 

A plot  o f  these correlat ions as 

i 
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9.2.7 TEAI'iSFER OF M I N O R  ALLOYING ELEMENTS AND IMPURITIES 

The p rev ious  d i s c u s s i o n s  concern ing  t h e  d i f f u s i o n ,  l e a c h i n g ,  

t r a n s f e r  and d e p o s i t i o n  o f  ma jo r  a l l o y i n g  elements w i l l  app ly  i n  

general t o  the minor elements a n d  impurities i f  the element chemistry 
i s  s i m i l a r .  The reason f o r  t r e a t i n g  m ino r  elements s e p a r a t e l y  i s  be- 

cause t h e i r  c h e m i s t r y  i s  f r e q u e n t l y  d i f f e r e n t  f rom t h e  ma jo r  elements 

and t h e i r  e f f e c t  on t h e  mechanical p r o p e r t i e s  o f  s t r u c t u r a l  m a t e r i a l s  

can be s u b s t a n t i a l .  Several  of t h e  m ino r  a l l o y i n g  elements and 
i m p u r i t i e s  such as boron, hydrogen, carbon and n i t r o g e n  can d i f f u s e  

th rough  t h e  meta l  phase q u i t e  r a p i d l y .  I f  t h e  element i s  t i g h t l y  

bound i n  a compound i n  t h e  metal  phase, t h i s  d i f f u s i o n  and l e a c h i n g  

can be slowed o r  stopped depending on t h e  s t a b i l i t y  o f  t h e  compound 

formed. Thus, t h e  d i f f u s i o n  of  carbon o u t  o f  s t a i n l e s s  s t e e l  can be 

m i t i g a t e d  by  add ing  elements such as t i t a n i u m  o r  n i o b i u m  which f o r m  

stab1 e c a r b i d e s .  
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9.2.7.1 Stainless Steel - Minor Element Transfer 

The minor alloying elements in the 300 Series s ta inless  s t ee l s  
are manganese , s i 1 icon , nitrogen , carbon , boron , s ul fu r ,  phosphorous , 
niobium, titanium, and molybdenum,not a l l  of which are present i n  the 
same alloy. 
of many of these elements from stainless  s teel  a t  1300°F and 1150°F. 

Wozadlo, e t  al")  recently reported d a t a  on the leaching 

Manqanese i s  rapidly leached from the surface of s ta inless  s teel  
for  the f i r s t  3000 hours a t  1300°F and 1150°F. After 15,726 hours i t  
is severely depleted in a 1 / 2  mil surface layer w i t h  a s l i gh t  depletion 
from the bulk of the Type 316 s ta inless  s t e e l .  A substantial depletion 
t o  a depth of 5 mils was seen in Type 347 s ta inless  s t e e l .  The leached 
manganese has been reported(,) t o  show up in cold traps and i n  other 
lower temperature parts of the system. 

Silicon i s  leached in a manner similar t o  the manganese w i t h  
most of the depletion in a 1/2 mil surface layer in 316 stttin1es.s steel. 
Type 347 shows a more gradual depletion for  about  5 mils below the Sur- 

face. 
as sodium s i l i c a t e .  

The leached s i l icon  i s  found in the colder parts of the system 

Molybdenum in the 316 alloy i s  n o t  preferentially leached from 
the surface in low oxygen sodium a t  1300°F. 
in deposits a t  650°C i n  about the concentrations of the original alloy 
i n  a loop operated from 25 t o  7 ppm O2 w i t h  a maximum temperature o f  

700°C. However, Ray(lo) found only 0.01 t o  0.03% Mo i n  deposits under 
similar temperature conditions, b u t  a t  5 ppm 0, which suggest the trans- 
por t  of Mo i s  sensi t ive t o  oxygen concentration i n  the sodium. In low 
oxygen systems, there have been some data (4y5) that  indicate the surface 
concentration of Plo will increase i n  a 1 t o  2 micron surface layer. 

B ~ g e r s ( ~ )  found molybdenum 

Niobium and titanium are  added t o  Type 347 and 321 s ta in less  
s tee ls  respectively t o  precipi ta te  the carbon and prevent heat sens i t i -  
zation of the alloys.  The leaching and redeposition character is t ics  of 
these elements are  n o t  well established even t h o u g h  Type 321 has been 
extensively used in reactor construction. I t  has generally been estab- 
lished t h a t  Type 321 and 347 corrode more rapidly than Types 304 and 316 
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i n  low oxygen sodium. 
chromium, manganese and s i l i c o n  penetrated f u r t h e r  i n t o  Type 347 a l l o y  

than 316 ( 5  m i l s  i ns tead  o f  0 .5 m i l s )  under the  same cond i t ions  and 

t h a t  subsurface voids were formed i n  the  347 and 321 a l l o y s .  

change i n  behavior  was no t  mechan is t i ca l l y  r e l a t e d  t o  t h e  t i t a n i u m  o r  

niobium concent ra t ion  o f  the  347 o r  321 a l l o y s  by the  i n v e s t i g a t o r s ,  

however, t h i s  i s  t h e  p r i n c i p a l  d i f f e r e n c e  between Types 304 and 321 o r  

347. 

Wozadlo, e t  a+’) found t h a t  dep le t i on  o f  

8 
This 

( 1 )  Wozadlo, e t  a1 i n v e s t i g a t e d  the  leach ing  o f  phosphorous and 

s u l f u r  f rom t h e  s t a i n l e s s  s t e e l s  tes ted .  I n  general no p r e f e r e n t i a l  

leach ing  was observed a t  e i t h e r  1150°F o r  1300°F i n  low oxygen sodium. 

The boron concent ra t ion  i n  s t a i n l e s s  s t e e l s  i s  u s u a l l y  q u i t e  

smal l  (<20 ppm) however i t  was r a p i d l y  leached from t h e  General E l e c t r i c ( l )  

specimens and those o f  o the r  i n v e s t i g a t o r s . ( 6 )  This element i s  consid- 

ered t o  have subs tan t i a l  e f f e c t  on the  h igh  temperature s t reng th  and 
s t ress  r u p t u r e  p roper t i es  o f  a u s t e n i t i c  s t a i n l e s s  s t e e l s .  An i n i t i a l  

concent ra t ion  o f  about 2 ppm B was depleted t o  about 0.6 ppm i n  10,000 
hours a t  1300°F and 0.07 ppm i n  15,000 hours i n  316 s t a i n l e s s  

s t e e l  specimens. A s i m i l a r  leach ing  o f  boron from Type 321 s t a i n l e s s  

s t e e l  was observed. No in fo rma t ion  on t he  depos i t i on  o f  boron i n  t h e  

system was found, however, b u t  probably e x i s t s  as an oxide. 

N i t rogen can be leached o r  added t o  s t a i n l e s s  s t e e l s  i n  sodium 

depending on t h e  a c t i v i t y  o f  t he  n i t r o g e n  i n  t h e  sodium and s t e e l .  

and i t s  mechanism o f  t r a n s p o r t  has n o t  been complete ly  expla ined.  

n i t r o g e n  b lanke t  over  sodium i n  the  range o f  900°F t o  1300°F has f r e -  

quent ly  caused n i t r i d i n g  o f  s ta in less  s t e e l  sur faces near t h e  sodium- 

The spasmodic occurrence o f  n i t r i d i n g  has suggested an i m p u r i t y  i n  t h e  

sodium i s  promot ing the  n i t r o g e n  absorp t ion  by t h e  sodium. Substan t ia l  

amounts o f  cyanide have been found i n  c o l d  t raps  which suggest t h i s  

may be a mechanism f o r  n i t r o g e n  t ranspor t ;  N i t rogen compounds a re  a l so  

found i n  c o l d  l e g   deposit^(^''^) u s u a l l y  m t a l i i c  n i t r i d e s .  

N i t rogen i s  p r a c t i c a l l y  i n s o l u b l e  i n  pure h igh  temperature sodium (7 1 

A 

gas i n t e r f a c e ,  and, t o  a l e s s e r  ex ten t ,  i n  o t h e r  p a r t s  o f  t he  systems. ( 8 )  
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9.2.7.1-3 

The presence of carbon s tabi l iz ing elements such as n iob ium and 
t i t a n i u m  i n  300 Series s ta in less  s t ee l s  tends t o  hold nitrogen as well 
as carbon in the s t ee l s .  
increased i n  nitrogen while Types 304 and 316 were s tab le ;  or the 321 
and 347 were s table  while 304 and 316 decreased in nitrogen. In 10 t o  
15 thousand hours a t  1300°F in an upstream position 304 and 316 s ta in-  
less  s t ee l s  lost 80% of t he i r  nitrogen content while s l igh t ly  downstream 
a t  the same temperature most of the specimen gained a small amount of 
nitrogen. (See F i  gure 9.2.2-4)  

In  certain G.E. t e s t s ( ’ )  the Types 321 and 347 

The movement of  carbon i n  s ta inless  s t ee l s  is analogous to  the 
previously discussed nitrogen. 
alloys and deposited on cold legs as metallic carbide, i n  cold traps as 
carbide, cyanide, carbonate and carbon, ( I 1 )  or absorbed in structural  
a1 1 oys . 

Carbon can be leached from the s ta inless  

, 

The kinetics o f  carbon absorption and leaching i n  s ta inless  
s t ee l s  has been subjected t o  a substantial amount of investigation. 
However, some s ignif icant  factors are s t i l l  poorly understood because the 
data can sca t t e r  widely i n  nearly identical t e s t s .  One of the areas of 
uncertainty i s  the ident i ty  of  the carbon species i n  the sodium and i t s  
ac t iv i ty .  
s ta in less  s t ee l s  where carbides of MZ3C6,  M7C3 and M3C type precipi ta te  
w i t h  the chromium, molybdenum and iron, depending on the amount of  
carbon present. Thorely (I2) has discussed the d i f f u s i o n  of  carbon into 
s ta inless  s t ee l s  i n  addition t o  presenting experimental d a t a  on carbu- 
rizing rates from several types of carbon impurities. He found carbon 
s t ee l ,  o i l  and sodium carbonate’to be the most e f f i c i en t  carburizers 
a t  650°C. Wozadlo, e t  a1 examined carbon leaching from s ta in less  
s t ee l s  in 1300°F sodium and found about h a l f  o f  the carbon i n  a 35 mil 
w a l l  of 304 or 316 S/S t u b i n g  was removed i n  about seven month. The 
driving force for  removal o f  carbon from the hot leg of a non-isothermal 
monometallic loop i s  the different ia l  ac t iv i ty  o f  carbon between the 
sodium and  the structural  surface. The ra te  controlling factor is 
generally considered t o  be the diffusion of carbon through the s t ruc-  
t u r a l  material t o  the surface. 
products i n  the sodium stream lower the ac t iv i ty  of the carbon coming 

A second area is  the complex diffusion process of carbon in 

Roy(13) hypothesized t h a t  the corrosion 
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9 . 2 . 7 . 1 - 4  

into solution and promote i t s  removal. 
these corrosion products will precipitate with p a r t  of the carbon and 
the remaining carbon will agglomerate and become inactive. Active 
carbon i s  measured in sodium systems by an equilibration with iron- 
8% nickel alloys.  

As the sodium stream i s  cooled, 

0 

A modification of t h i s  principle has been employed 
in a carbon meter design. ( 1 4 )  

The absorption and leaching of carbon from stainless  s t ee l s  can 
be localized. Wozadlo, e t  a1 as well as others have found the carbon 
in unstabilized s ta inless  s t ee l s  i s  preferentially lo s t  from the grain 
boundary area a t  1300°F which promotes a network of b r i t t l e  sigma phase. 
Ruther ( I 5 )  found t h a t  carbon i s  preferentially absorbed a t  grain bound-  
ar ies  of 304L stainless  s teel  in 550°C sodium with a carbon source. 
This select ive carburization led t o  a selective sodium corrosion of the 
carburized grain boundaries. 
carburization of a titanium stabi l ized 316 s ta inless  s teel  and  concluded 
carbon preferentially diffused into places with high f ree  energy such as 
grain boundaries. I t  has been reported (I7) t h a t  certain surface defects 
such as  scratches can lead t o  select ive carburization and localized em- 
brittlement. Thus, carburizing conditions can lead t o  localized a t t a c k  
or ernbrittlernent which could be important t o  thin section material. 

Val ibus(16) also examined grain boundary 

The program t o  measure carburization and decarburization rates 
Argonne ( 1 8 )  i s  developing an overall equation to  describe continues. 

carbon leaching, absorption a n d  deposition. 
carbon transport  and  means t o  control i t  in secondary systems t h a t  con- 
tain f e r r i t i c  alloys.  
leaching from i t s  fuel development programs for  FFTF. 

G.E.(17) i s  looking a t  

Westinghouse has an ac t ive  in te res t  in carbon 
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9.2.7.2-1 

9.2.7.2 Nickel Alloys - Minor Element Transfer 

The absorption and leaching of minor a l loying elements and i n t e r -  
s t i t i a l s  from nickel a l loys has not been as thoroughly investigated as 
they have been f o r  s t a i  nl ess s t e e l  s . reported phosphorous 
and s i l i c o n  were s e l e c t i v e l y  removed from a nickel brazing a l loy  i n  
650°C sodium of %lo ppm 02.  

removal of s i l i c o n  from Incoloy 800 (a 31% Ni a l l o y )  a f t e r  15,000 hours 
i n  1300°F sodium. 
wil l  probably be governed by al loying elements i n  the nickel such as 
t i t a n i u m ,  e t c .  

Thorl ey ( 

Wozadlo, e t  a l ( ’ )  indicated only a s l i g h t  

The leaching o r  absorption of carbon and nitrogen- 
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9.2.7.3-1 

9.2.7.3 S tee l  - M i  n o r  E l  emen t Trans f e r  

The s tudy  of  l e a c h i n g  and a b s o r p t i o n  o f  minor  elements and i n -  
t e r s t i t i a l s  f rom f e r r i t i c  s t e e l s  has l a r g e l y  been l i m i t e d  t o  t h e  be- 

h a v i o r  o f  carbon. 
s t a r t i n g  about 400°C. Th is  m a t e r i a l  i s  a good source o f  a c t i v e  carbon 
f o r  c a r b u r i z i n g  exper iments w i t h  a u s t e n i t i c  s t e e l s .  
i s  l i g h t l y  a l l o y e d  w i t h  chromium such as t h e  2.25 C r  - 1 Mo s t e e l ,  t h e  
d e c a r b u r i z a t i o n  i s  slowed. I f  a smal l  amount of  t i t a n i u m  i s  added t h e  
carbon can be s t a b i l i z e d  up t o  600°C. A l t e r n a t i v e l y ,  t h e  chromium can 
be inc reased t o  9% t o  r e t a r d  t h e  carbon l e a c h i n g { l )  .G.E.(Z)is a c t i v e -  
l y  work ing  on t h e  carbon l e a c h i n g  f rom t h e  f e r r i t i c  a l l o y s  o f  i n t e r e s t  
f o r  steam genera tor  t u b i n g .  

Carbon i s  r a p i d l y  leached from u n a l l o y e d  s t e e l s  

I f  t h e  m a t e r i a l  
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9.2.7.4-1 

9.2.7.4 Miscell aneous A1 loys - Minor Element Transfer 

The leaching and absorption of  impurities and i n t e r s t i t i a l s  from 
a wide var ie ty  of materials is  best  t reated by grouping s imi la r  types 
of materials.  The refractory alloys a l l  react  readily w i t h  oxygen, 
carbon, nitrogen and some o f  them w i t h  hydrogen, depending on temper- 
a ture .  Hydrogen can be absorbed or leached depending on temperature. 
Carbon, nitrogen and oxygen are  generally strongly bound and n o t  sub- 
j e c t  t o  leaching except under unusual circumstances. Absorption of 
these impurities generally embri t t le  the metal. 
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Q 9.3 D E P O S I T I O N  OF CORROSION PRODUCTS I N  NON-ISOTHERMAL SODIUM C I R C U I T S  

S i g n i f i c a n t  d e p o s i t i o n  o f  s t a i n l e s s  s t e e l  c o n s t i t u e n t s  p r e v i o u s l y  
d i s s o l v e d  from h o t  l e g  sur faces  occurs i n  t h e  c o l d  l e g .  
i s t i c s  o f  t h e  d e p o s i t i o n  process r e p o r t e d  by l e a d i n g  i n v e s t i g a t o r s  i s  

summarized below. The r e f e r e n c e  l o o p  m a t e r i a l  i s  s t a i n l e s s  s t e e l .  

Reference t o  any o t h e r  s t r u c t u r a l  meta l  w i  11 be c l e a r l y  i n d i c a t e d .  

The c h a r a c t e r -  

A n a l y s i s  o f  c i r c u l a t i n g  sodium c o o l a n t  f rom non- isothermal  loops 
u s u a l l y  i n d i c a t e s  t h e  c o n c e n t r a t i o n  o f  meta ls  leached f rom h o t  l e g  

sur faces  exceed measured o r  es t imated  s o l u b i l i t i e s  a t  TmaX by an o r d e r  

o f  magnitude. ( l )  

s i d e r a b l e  p o r t i o n  o f  t h e  s t r u c t u r a l  metal  c o n t e n t  i s  c a r r i e d  i n  t h e  
sodium as suspended p a r t i c u l a t e s .  
d e p o s i t i o n  processes a p p a r e n t l y  do n o t  i n v o l v e  p a r t i c u l a t e s  a t  a l l ,  o r  

a r e  r e l a t i v e l y  s low. 

F i l t r a t i o n  exper iments c o n f i r m  t h e  f a c t  t h a t  a con- 

It must be assumed t h a t  t h e  
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9.3.1-1 

9.3.1 Effect of Temperature and AT on Deposition 

Deposition from stainless  s tee l  saturated sodium tends t o  be a 
sequential process. Chromium-rich compounds are  the f i r s t  t o  deposit, 
and include principally chromium carbides, Cr7C3 and Cr23C6, and lesser  
amounts of NaCr02. 

The next material t o  deposit i s  an austeni t ic  material rich in 
nickel. 

In the temperature range of 540°C t o  650°C (1000 - 1200°F) the 
Cr and Ni deposits are highly c rys ta l l ine ,  leadfng.-Roy(l) t o  conclude the 
deposits consist  of c rys t a l l i t e s  formed in the sodium prior t o  deposition. 
I t  i s  n o t  c lear  from our  review whether the crystal l ine character of 
chromium and nickel-rich deposits observed by Roy, e t  a l ( ’ )  i s  related t o  
the composition of the deposits or the temperature of deposition. 
deposition process i s  independent o f  the nature of the substrate material. 
Ray, e t  a 1 , ( 2 )  take the opposite view, reasoning from apparent growth of 
par t ic le  s i ze  with time t h a t  par t ic les  grow i n  s i t u  by atom diffusion t o  
the deposit surface. A t  lower temperatures, <540”C, iron deposits appear 
as finely divided a-iron par t ic les  dispersed in sodium. These deposits 
occur in areas of disturbed flow ( h i g h  turbulence) and the magnetic f ie lds  
associated with EM pumps and flow meters. 
a-iron deposits occur by atom diffusion t o  the substrate surface. 

The 

A 
Roy, e t  a l , ( ’ )  believe the 

Deposits a t  minimum c i r cu i t  temperature are Fe- and Si-rich. 
Silicon found in cold leg deposits i s  probably due t o  solution leaching 
from hot leg s ta inless  s teel  surfaces. (1)  

Maximum deposition occurs i n  non-isothermal systems a t  the point 
where the sodium temperature f i r s t  begins t o  drop. 
temperature i s  usually suf f ic ien t  t o  produce deposition. 

A 50°F drop in 
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9.3.2-1 

9.3.2 Effect of Velocity on Deposition 

Deposition rates are velocity and degree o f  turbulence sensi t ive.  
An order of magnitude increase in deposition ra te  has been observed as 
flow rates are  increased from 2 t o  15 fps a t  800°F.(1) 
turbulence increases nucleation rates in the bulk sodium a n d  l a t e r  
precipitation. 
G.E. view. 

Roy concludes 

Ray, e t  a 1 , ( 2 )  find the i r  deposition d a t a  support the 

I t  has been suggested by Ray(2)  t h a t  l imiting thicknesses o f  
deposit must eventually be imposed by flow sheer forces on semi-adherent 
deposits. Analysis of the Westinghouse d a t a ,  however, does n o t  indicate 
lessening o f  growth ra te  a f t e r  10,000 hours and  deposits 10 mils in 
thickness. 
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9 . 3 . 3  Effect of System Geometry on Deposition 

o Maximum deposition occurs a t  the point in a non-isothermal 
sodi um c i rcu i t  where the temperature begins t o  decrease. 

0 Preferential deposition occurs in cold leg areas a t  points 
of flow disturbance such as flow res t r ic t ions ,  changes in 
flow direct ion,  e tc .  

0 Particulate deposition occurs in dead legs and other regions 
of reduced flow. 

0 Deposition rate  decreases with increasing downstream 
position from h o t  legs (see Figure 9.3.3-1). 
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Figure 9.3.3-1 (1 )  

DEPOSITION RATE OF MASS TRANSFER PRODUCTS IN PRIMARY AND 
SECONDARY SODIUM LOOP SYSTEMS. 

a and (b) as a Functioon of Loca t ion  (L/D) 
I d 1  , (e)  and (f) Cold Leg Deposi t ion Rates Versus Time. 
( c )  System Temperature - Locat ion P r o f i l e  
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9.3.4-1 

9.3.4 E f f e c t  o f  Time on Deposition 

0 Deposit thickness will tend t o  grow over t , , e  design i f e  o f  

the component, limited only by the action of flow sheer forces 
or thermal transient s t resses  on loosely adherent deposts. ( 1 )  

0 During the period of reactor s ta r tup ,  deposition of chromium, 
nickel and manganese will predominate until steady-state 
f e r r i t e  surfaces develop on h o t  leg surfaces. 

Deposition rates decrease fo r  the f i r s t  few thousand hours 
and then level out a t  a steady rate .  (See Figure 9.3.3-1) 

0 
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9.3.5-1 

A 

9.3.5 M a t e r i a l  Balance Between D i s s o l u t i o n  and D e p o s i t i o n  

No s a t i s f a c t o r y  a n a l y s i s  o f  m a t e r i a l  balances i n  non- isothermal  
s t a i n l e s s  s t e e l  sodium systems have been repor ted .  

i n t e r e s t  i s  t h e  r a t i o  o f  d e p o s i t i o n  on l o o p  sur faces  versus d e p o s i t i o n  

i n  c o l d  t r a p s  f o r  t h e  major  s t a i n l e s s  s t e e l  c o n s t i t u e n t s .  
q u e s t i o n  i s  t h e  e f f e c t  on t o t a l  sodium contaminant burden o f  d i f f e r e n t  

bypass r a t e s  through c o l d  t r a p s  o r  f i l t e r s .  Data o f  t h i s  k i n d  migh t  be 
h e l p f u l  i n  e s t i m a t i n g  l i f e t i m e  o f  p a r t i c u l a t e s  i n  c i r c u l a t i n g  sodium as 

we1 1 as p r e d i c t i n g  meta l  con taminat ion  o f  r e a c t o r  coo lan ts .  

One q u e s t i o n  o f  

Another 
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9.3.6-1 

9.3.6 Character o f  Surface Deposits and Interactions W i t h  the Substrate 

Metallic elements Cry Ni, Mn, Fey e t c .  are observed to  deposit i n  
cold leg piping in the temperature related sequence indicated. 
addition t o  these metallic e lements , inters t i t ia l  elements C ,  Si N and 
oxygen are observed t o  deposit. Carbon u p  t o  2% by weight of specif ic  

Evidences of carbon t ransfer  from the deposit t o  the s ta in less  s teel  

In 

deposits has been found,usually in the form of Cr7C3 and Cr23C6. ( 1 )  

substrate have been noted. 

Homogenization of mixed metal hot leg surfaces has been noted, for 
example hot leg,iron,coupons have been observed to  pick u p  substantial 
nickel and chromium content from the s ta inless  s tee l  loop  s t ructure  and 
incorporate these elements i n  the metal l a t t i c e .  There have been few 
evidences t h a t  cold leg deposits of  Ni Cry Mn, Fey e tc .  are anything 
more t h a n  loosely adherent. The notable exception of carbon has been 
noted above. 
bonding  and metal diffusion m i g h t  occur on cold leg surfaces s h o u l d  be 
kept in mind.  
potential decontamination of out-of-core components are the basis of  
potential concern. 

The possibi l i ty  t ha t  a f t e r  longer periods of  t me t igh ter  

The implications on heat t ransfer ,  radioactiv ty and 
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9.4-1 

9.4 DEPOSITION OF RADIOACTIVE MATERIALS 
(Corros i on Products ) 

Mass t ransfer  processes in non-isothermal sodium c i rcu i t s  have 
been shown t o  resul t  in metal wastage of h o t  leg components. 
i s  the in-core portions of a reactor primary c i r cu i t  which consti tute 
the h o t  leg,  activated corrosion products will be included i n  the mass 
t ransfer  process. 
analogous t o  those which have been discussed in terms of general metal 
wastage and deposition. 
of radioactivity are ,  however, minor constituents of s ta inless  s teel  and 
have received l i t t l e  attention in most studies of bulk mass t ransfer ,  
temperature-sol ub i1  i t y  dependence or compound formation i n  sodium 
coolants. 
from sodium reactor experience and the few exposures of irradiated s ta in-  
less  s tee l  thus f a r  reported. In the Table 9.4-1 by Brehm(l) a Corrosion 
Product Radioactive Inventory has been calculated for  a hypothetical 
LMFBR constructed of 300 Series s ta inless  s teel  and with s ta inless  s tee l  
fuel cladding. The estimate of Table 9.4-1 i s  based on available 
information on leaching and deposition of the principal radionucllides. 
Brehm, e t  a l ( ' )  have a prepared table  which ident i f ies  the "Preferential 
Corrosion Factors" which they employ. Table 9.4-2 may be expected t o  
change as additional information i s  gained, b u t  serves t o  accommodate 
source term factors including leaching r a t e ,  deposition character is t ics  , 
etc .  t h a t  e f fec t  ava i lab i l i ty  t o  the system. 
cally a t  radioactivity buildup in LMFBR heat transport systems have 
recently been in i t ia ted  i n  several countries suggesting t h a t  information 
on this subject will increase rapidly. 

Since i t  

Radioactivity transport processes are enti rely 

The isotopes which represent the major sources 

Behavior of corrosion product radionuclides has been deduced 

Programs(') t o  look  specif i -  
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Q 

Table 9 .4 -1 ( l )  

CALCULATED CORROSION PRODUCT 

RADIOACTIVE INVENTORY FOR AN LMFBR 

Isotope 

6 0 C o  

8 c ~  

82Ta 

Curies o f  A c t i  v i  ty  

137 

2 86 

11 

4Mn 2469 

59Fe 80 
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Nucl i de 

59Fe 

co 60 

co 

**Ta 

4Mn 

58 

9.4-3 

Table 9.4-2(') 

SOURCE TERM FACTORS FOR 
CORROSION PRODUCT RADIONUCLIDES 

Preferenti  a1 
Corrosion Bas i s 

Factor 

x 1  L i t t l e  known about l o n g  
term behavior 

x 0.2 Low corrosion rate,  
1 i t t l  e reactor  experience 

x 0.1 Depletion of Ni parent 
a t  surface 

x 0.01 LAMPRE low Ta corrosion 
r a t e  

x 2  Observed preferent i  a1 
leaching 

3/31/73 



a 1. 

9.4-4 

REFERENCES 

W.F. Brehm, T r i p  Report  - I A E A  S p e c i a l i s t s  Meet ing on F i s s i o n  
and Cor ros ion  Product  Behavior  i n  Pr imary Systems o f  LMFBR's, 
and V i s i t  t o  Kar ls ruhe Nuclear  Center,  September 20-24, 1971, 
#ST-164, WADCO/FFTF 714526, October 1971. p .  29-30. 

3/31 /73 



9.4.1-1 

9.4.1 MASS TRANSPORT OF RADIOACTIVE MANGANESE 

Data on release, mass t ransfer  and  deposition of 54Mn are very 
limited from bulk mass t ransfer  experiments. Since 54Mn i s  l ikely t o  
be the principal corrosion product contributor (see Table 9.4-1) i t s  
movement i n  the primary system i s  of considerable in te res t .  The most 
informative ex-reactor study i s  the HEDL work reported by Brehm, e t  a1 
on the transport of 54Mn from a EBR-I1 irradiated specimen, Tmax 1300°F. 

Reported work can be summarized in the following observations: 

( 1 9 2 )  

0 54Fln was distributed a l l  over the non-isothermal RTL loop. 
High counting rates were observed in regions immediately down- 
stream of the specimen. 
suggests isotopic exchange, b u t  preferential deposition in 
lower temperatures zones indicates transport by dissolution 
and subsequent precipitation. Location of 54Mn in the cold 
trap is interpreted t o  mean reaction to form a NaMnO, 
analogous t o  the sodi um chromites. 

0 Deposition of 54Mn was favored i n  the h i g h  velocity sections 
of the RTL in both h o t  leg and cold leg s i tuat ions.  

Deposition on hot leg surfaces 

0 Studies of the migration of Mn i n  the RTL a f t e r  removal of 
the ac t iv i ty  source have indicated a steady reduction of 54Mn 
ac t iv i ty  w i t h  time and a corresponding increase of 54Mn 
ac t iv i ty  in the cold t r a p .  

0 A general decrease of S4Hn i n  h o t  leg regions occurs w i t h  
time of exposure. 

0 A t  LMFBR temperatures some diffusion of 54Mn into p ipe  walls 
should be expected. 
metal substrates are i n  approximate agreement with diffusion 
ra te  theory. 

Penetration rates of 54Mn i n t o  p i p i n g  

0 :‘+Mn deposition in Rhapsodie was 2 t o  5 times greater i n  the 
cold leg than i n  the hot leg. 

0 54Mn in the Rhapsodie primary c i r cu i t  sodium ran a t  0.1 t o  
l p  Ci/cm2, %lo to  200 m R / h r .  
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9.4.2-1 

9.4.2 MASS TRANSPORT OF RADIOACTIVE COBALT 

Since cobalt i s  present in s ta inless  s tee l  only as a minor con- 
taminant, the only information on1 cobalt mass t ransfer  comes from RTL, 
a G . E .  Tracer Study!2) or  reactor observations. 
observations a re  indicated below. 

( 1 )  

The most important 

0 6OCo released from irradiated specimens i n  RTL migrated only 
a short  distance downstream from the source. 
behavior was s imilar  ( i n  location) t o  51Cr. 

Deposition 

o 60C0,  51Cr deposited preferentially i n  h i g h  velocity 
s i tuat ions.  

0 Release tendencies: 54Mn > 51Cr > 6oCo 

0 I t  i s  concluded 6oCo will be transported only slowly from the 
core t o  the hot  leg. Due t o  the long half l i f e  of 6oCo, a 
b u i l d u p  on hot leg surfaces i s  probable. 

Menket~(~) has proposed t o  estimate Co leaching, transport ,  
and  deposition from observations o f  Ni, based on well known 
chemical s imi la r i t i es .  Brehm has disagreed on the very 
reasonable basis of the differing behavior of Ni and Co 
alloys i n  sodium corrosion s tudies ,  e .g . ,  corrosion rates 
of cobalt alloys are lower than nickel base alloys.  

0 Roy, e t  a 1 ( 2 )  found 70% o f  the released 6oCo in the hot leg 
a f t e r  2100 hours a t  120OOF b u t  f e l t  the Co would migrate down- 
stream as the surface became saturated a t  longer times. 

0 
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9.5.1-1 

9.5 DEPOSITION OF FISSION PRODUCT AND FUEL FRAGMENTS 

9.5.1 DEPOSITION OF FISSION PRODUCTS 

Fission products and  fuel fragments from defective fuel elements 
plus U-Pu contamination of fuel p i n  cladding provide a s ignif icant  
additional source of radiation release t o  the primary sodium c i r cu i t .  
Some calculations( ')  fo r  the German SNR based on 1% fuel pin leakage, 
surface contamination of the fuel pin cladding a t  
dicate f iss ion product 137Cs would represent the major (non sodium) 
source of radioactivity in the primary system. Based on EBR-I1 and 
Rhapsodie experience i t  appears the 1 % fuel 1 eakers are  unnecessarily 
conservative ( h i g h ) .  
inventory of 6oCo, 54Mn, 58C0, 182Ta, 57Fe will dominate the radioactive 
burden in the sodium. Still i t  is well to bear in mind that fission 
products can s ignif icant ly  influence the sodium system accessibi l i ty .  

g/cm2 ( U - P u )  i n -  

More r ea l i s t i ca l ly  the combined corrosion product 

The principal f iss ion products found i n  DFR are the following:(2) 

40Ba- La 
125Sb 

95Zr-Nb 
32Te 

1311 

137cs y 134cs 

144Ce, 141Ce 

Regarding the behavior of individual f iss ion products , DFR experience 
has been that :  

0 137Cs remains i n  the sodium rather than deposits. 

0 Contrary t o  the DFR and also t o  EBR-I1 experience, Cs depo- 
s i t i on  on surfaces in small loops has been observed. A 
suggestion proposed by Evans(3) i s  t h a t  the 137Cs daughter, 
137mBa, may be the absorbing species. I t  i s  suspected t h a t  
137Ba could be cold trapped, (137Cs could not) .  

a 
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9.5.1-2 

0 Z r  and Ba fom s t a b l e  ox ides and d e p o s i t  on t h e  p i p i n g .  

0 l 3 1 I  forms s t a b l e  NaI.  

A few g e n e r a l i z a t i o n s  a r e  p o s s i b l e  r e g a r d i n g  t h e  chemical and p h y s i c a l  
forms t h a t  f i s s i o n  products  migh t  t a k e  i n  h o t  sodium c o o l a n t  e n v i r o n -  

ments accord ing  t o  Davies. 

0 A l k a l i n e  e a r t h s ,  r a r e  e a r t h s ,  Z r ,  Nb and a c t i n i d e  element 

These ox ides w i  11 probab ly  have 1 ow s o l  u b i  1 i ti es 

ox ides  a r e  more s t a b l e  than Na20 and w i l l  be p r e s e n t  as 

ox ides.  
i n  sodium, be t r a n s p o r t e d  as f i n e  suspended p a r t i c u l a t e s  

t o  t h e  c o l d  t r a p s  o r  end up i n  depos i ts  i n  low f l o w  areas. 

0 F i s s i o n  produc t  n u c l i d e s  fo rming  l e s s  s t a b l e  ox ides than 

Na20 w i l l  be p r e s e n t  i n  elemental  form o r  i n  o t h e r  compounds. 

Th is  c l a s s  o f  elements ( f i s s i o n  p r o d u c t s )  w i l l  i n c l u d e  

h e a v i e r  a l k a l i  meta ls  (Rb, Cs), Hg, Ru, Rh, Tc, Mo, and 

non meta ls .  Rb and Cs a r e  s o l u b l e  i n  Na. 
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9.5.2-1 

9.5.2 TRITIUM REMOVAL 

T r i  t i  um forms by t h e  nuc l  e a r  processes : 

It i s  es t imated  on t h e  b a s i s  o f  1 ppm B i n  t h e  s t a i n l e s s  s t e e l  and 1 ppm 
L i  i n  t h e  SNR sodium c o o l a n t  a p r o d u c t i o n  r a t e  o f  40 Ci3T/day migh t  be 

expected. ( ’ )  

t rapped as sodium t r i t i d e .  

cover  gas o r  depos i ted  w i t h  sodium f r o s t .  

and i t s  contaminants around s e a l s  i s  expected, a cover  gas c l e a n  up 

s t e p  s p e c i f i c a l l y  des ign t o  remove 3T may be r e q u i r e d ,  e.g. 

Approx imate ly  o n e - h a l f  o f  t h i s  p r o d u c t i o n  w i l l  be c o l d  

The balance w i l l  be c a r r i e d  i n  t h e  argon 

Since some leakage o f  argon 

CuO + 3T, -f CU t 3T20 J. 

Trap 

Kabele(2)  a l s o  es t imates  40 Ci/day o f  t r i t i u m  p r o d u c t i o n  i n  FFTF how- 

c o n s i d e r  t h e  d i f f u s i o n  o f  t r i t i u m  through t h e  s t a i n l e s s  s t e e l  f u e l  

c ladd ing ,  IHX t u b i n g  and h e a t  t r a n s p o r t  system p i p i n g .  

t r i t i u m  i n  t h e  secondary system i s  very  much a f u n c t i o n  o f  p r i m a r y  and 

secondary c o l d  t r a p  e f f i c i e n c i e s .  

e v e r  h i s  c a l c u l a t i o n  o f  d i s t r i b u t i o n  i s  somewhat d i f f e r e n t  because he 

The amount o f  

Wozadlo, e t  a 1 ( 3 )  r e c e n t l y  examined t h e  r e t e n t i o n  o f  t r i t i u m  i n  
f u e l  exposed i n  EBR-I1 and found e s s e n t i a l l y  none, i n d i c a t i n g  i t  had 
a l l  d i f f u s e d  t o  t h e  p r i m a r y  sodium. 
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9.5 .3-1  

9.5.3 FUEL FRAGMENT BEHAVIOR 

In reactors the s ize  of FFTF or SNR the tramp U-Pu inventory, 
based on the estimate of 
the order of a gram or two.  
no technique generally appl icabl e t o  fuel surface contamination is  
available a t  the present time. 
or vented fuel concepts are very d i f f i cu l t  t o  generalize upon.  
has also proven very d i f f i c u l t  t o  sample sodium coolants reproducibly 
for  U-Pu.  
reactors are very approximate. 

g/cm2 o f  cladding surface, will be of 
The.assumed analysis i s  hypothetical since 

Fuel release rates from defective fuel 
I t  

The resul t  i s  t h a t  fuel par t ic le  inventory estimates for  

Davies, e t  a l ( ’ )  believe t h a t  fuel oxide par t ic les  are acted upon 
by the sodium i n  a fashion which rapidly reduces oxide par t ic les  t o  very 
small s i ze  favoring suspension in the circulating coolant a n d  eventual 
deposition in cold traps and low flow regions of the primary coolant 
c i r cu i t .  A t  periods of reactor shutdown (low flow) the U-Pu inventory 
in the sodium appears t o  d rop .  

In  connection w i t h  the preferential movement of fuel par t ic les  
t o  the cold t rap ,  close watch on the U-Pu inventory should be re- 
quired. Not only i s  the cold t r a p  geometry relat ively favorable t o  
c r i t i ca l  mass formation, b u t  the deposition of hydrides a t  the cold 
trap i s  also favored. Hydrogen moderation will considerably reduce 
c r i t i ca l  mass dimension. 
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9.6-1 

9.'6 CONSEQUENCES OF MASS TRANSPORT AND CORROSION 

The purpose o f  t h i s  d i s c u s s i o n  i s  t o  d e f i n e  i n  a very  general  

way s a f e t y  re1  a ted  o p e r a t i o n a l  and s t r u c t u r a l  problems i n  LMFBRs t h a t  

c o u l d  r e s u l t  f r o m  c o r r o s i o n  and mass t r a n s f e r ,  The processes t h a t  a r e  

q u a l i t a t i v e l y  descr ibed here, w i l l  r e q u i r e  q u a n t i f i c a t i o n  i n  t h e  con- 

s i d e r a t i o n  o f  a s p e c i f i c  r e a c t o r  design. 

f a i l u r e  r a t e  of  s p e c i f i c  components can be ob ta ined f rom a F a i l u r e  Data 

Some i n f o r m a t i o n  on t h e  

Handbook. ( 1  1 

1. 

REFERENCE 

F a i l u r e  Data Handbook f o r  Nuclear  Power F a c i l i t i e s .  A Guide 
For Design C o n s t r u c t i o n  Maintenance, LMEC-Memo-69-7, Rev. 1 , 
Vol . 1 and 2, Atomic I n t e r n a t i o n a l  , Canoga Park, CA. 
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9.6.1 WEAKENED STRUCTURE BY MASS TRANSFER 

Mass t ransfer  processes may s ignif icant ly  reduce the effect ive 
cross section of c r i t i ca l  in-core structures l ike  fuel cladding, and 
therefore limit the constraint  available to  fuel swelling. Or again 
the loss o f  mechanical properties may be the resu l t  of select ive 
leaching of a single alloy constituent such as carbon without 
apparent reduction i n  cross section. These two processes will be 
considered separately, b u t  both are  related to  loss in properties o f  
c r i t i c a l  components due t o  mass t ransfer  processes in the hot leg 
regime. 
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9.6.1.1 B u l k  Metal Loss by Mass Transfer 

Experience w i t h  h o t  leg components i n  non-isothermal sodium 
loops has shown t h a t  s ignif icant  metal losses can be expected a t  
temperatures , ATS, velocity and sodium chemistry expected i n  LMFBRs. 
The most obvious concerns are for  fuel cladding, where l imitations on 
cladding wall thickness imposed by core physics and heat t ransfer  
requirements , mean that  s ignif icant  under-estimation o f  corrosion 
rates could lead t o  fuel fa i lure .  Sample l ines and thermocouple 
sheathing are thin section, b u t  are n o t  s ignif icant  heat generating 
surfaces. 
cant, 
non-heat generating surfaces) and partly because core components , 
other than those noted, have substantially greater cross section 
and suf fe r  re la t ively less  from the incremental loss of metal. 

For other core components corrosion losses are less s i g n i f i -  
This i s  partly because local sodium temperatures are lower ( fo r  
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9.6.1.2 Preferential Leaching o f  Alloy Constituents 

Selective removal of one or more alloy constituents can reduce 
the mechanical properties o f  residual metal. Leaching of chromium and 
nickel from hot zone austeni t ic  s ta in less  s teel  converts the depleted 
zone t o  a f e r r i t i c  s t ructure  w i t h  loss in strength. Loss of carbon 
from hot leg structures which proceeds more rapidly t h a n  Cr, Ni, and 
Mn depletion, also reduces h i g h  temperature strength of  the residual 
metal. Thus  i n  calculations of residual cladding properties, wall 
thickness reduction, the f e r r i t i c  layer thickness, and the depth o f  
carbon depletion must a l l  be taken into account. 

I 
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9.6.1.3 Localized Metal Loss, Intergranular Attack 

Intergranular  a t tack i s  per iodical ly  reported i n  sodium systems, 
b u t  the conditions which produce the at tack a re  s t i l l  obscure. Avail- 

@ 
ab1 e i nformati on regarding i nci dence i s  ci  ted el  sewhere. 
however, t h a t  intergranular  a t tack can destroy mechanical i n t e g r i t y ,  
and when associated w i t h  t h i n  containment piping can lead t o  sodium 
leakage and sodium f i r e s .  

I t  i s  cl e a r ,  
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9.6.2 IMPAIRED HEAT TRANSFER AND COOLANT FLOW 

Deposition processes i n  non-isothermal sodium c i r cu i t s  have 
received less  quantitative attention t h a n  h o t  leg dissolution processes. 
Deposits i n  regenerative heat exchangers observed by Ray, e t  a1 , ( l )  had 

bu i l t  u p  t o  a t  l eas t  10 mils i n  the course of approximately a year 's  
operation. Comparison of heat t ransfer  rates of the fouled heat ex- 
changer against corresponding rates fo r  a similar b u t  clean u n i t  
indicated a b o u t  a 10% loss in efficiency i n  the u n i t .  
of convincing evidence t h a t  a terminal deposit thickness i s  developed, 
continuing fouling and further reductions i n  heat t ransfer  efficiency 
must be assumed . 

In the absence 

Small diameter sodium lines t o  instruments and sensors of various 
types are subject t o  temperature change where they emerge from the pool 
sodium and would appear t o  be highly vulnerable t o  deposition a n d  
eventual p l u g g i n g .  

l ines ,  b u t  propose t o  look into th i s  potential problem l a t e r  in greater 
detai 1 . 

We have a t  hand no specif ic  reference t o  p lugged  

Effective methods t o  reduce deposition re1 ated problems chemi - 
cal ly  or mechanically are simply not a t  hand  for  reactor systems. The 
basic problems are  the intense radioactivity which would be associated 
w i t h  access to  the deposit, and the absence of c r i t e r i a  t o  requalify 
heat exchangers fo r  reactor use a f t e r  chemical cl eani ng.  
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9.6.3 EMBRITTLEMENT EFFECTS RELATED TO DEPOSITION PROCESSES 

Mass t ransport  o f  i n t e r s t i t i a l  elements carbon and nitrogen i n  
non-isothermal sodium c i r c u i t s  can result i n  localized deposits con- 
siderably enriched i n  carbon and, presumably nitrogen as well. Ray, 
e t  a l ,  report  cold leg deposits u p  t o  2% in carbon. 
sodium c i r c u i t s  some o r  a l l  of the carbon (nitrogen) can diffuse i n t o  
the subs t ra te  metal great ly  increasing the carbon content. Decided 
a1 te ra t ion  (embrittlement) of mechanical properties o f  effected cold 
leg p i p i n g  can r e su l t .  

In h i g h  temperature 

Non s t ab i l i zed  s t a in l e s s  s t e e l s  used i n  this country f o r  sodium 
containment systems a re  subject  t o  carbon t ransport .  
of carbon concentration within a controlled compositional range i s  
important in both hot and cold leg components, there is c lear ly  an 
imp1 ied problem. 
monitoring and a l loy  se lec t ion ,  i s  i n  order. 

Since maintainance 

Further consideration of carbon transport , o f  
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9.6.4 RADIOACTIVE B U I L D U P ,  OUT-OF-CORE, R E L A T E D  TO MASS TRANSFER 

9.6.4.1 Corrosion Product Radiation Sources 
Q 

The transport of radioisotopes from irradiated in-core surfaces 
and t h e i r  subsequent deposit out-of-core can lead to  h i g h  radiation 
f ie lds  in working areas. Calculations of anticipated levels in FFTF 
have been made. (Is2) Calculations of shielding requirements are 
handicapped by uncertainties on transport rates a n d ,  par t icular ly ,  
ident i f icat ion of probable deposition s i t e s .  While shielding i s  
necessary, i t  is  certain t o  complicate access t o  components requiring 
periodic inspection and maintenance. 

Looking a t  the problem from a reactor safety point of view 
there appears t o  be the overriding requirement t h a t  inspection and 
maintenance functions can be safely performed under conservative 
estimates of local radiation f i e lds .  
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9.6.5 EQUIPMENT MALFUNCTIONS RELATED TO CORROSION AND MASS TRANSFER 

The deposition of sodium coolant borne par t ic les  or depositable 
species i n  solution a t  wear surface or i n  c r i t i ca l  areas of  moving 
parts could cause malfunction. These subjects will be deal t  w i t h  
l a t e r ,  b u t  require recognition as mass t ransfer  related phenomena. 

U 

3/31/73 



TABLE OF CONTENTS 

10.0 
10.1 
10.2 
10.3 

10.4 

10.5 

EROSION 
INTRODUCTION 

10.3.2 L i q u i d  
10.3.2.1 
10.3.2.2 
10.3.2.3 
10.3.2.4 

SCOPE 
FUNDAMENTAL PROCESSES 
10.3.1 S o l i d  Par t ic le  Impingement 

Particle Impingement 
Intensity Threshold 
Effects of Target Material Properties 
Effect of Time 
Surface Effects 

10.3.3 Effects of Cavitation 
10.3.4 Interaction of Erosion and Corrosion 
10.3.5 Generation o f  High Velocity So l id  and L iqu id  Particles 

10.3.5.1 S o l i d  Particles 
10.3.5.2 Cavitation Voids 
10.3.5.3 Liquid Particles 

EROSION--LIQUID METAL EXPERIENCE 
10.4.1 
10.4.2 Cavitation Erosion 
10.4.3 Prediction of Cavi ta t ion  Damage 

Impingement of Solid and L i q u i d  Particles 

APPLICATION T O  LMFBR 

. 



"
I

 

.I 
I 

I 



10.1-1 

10.0 EROSION 

1 0.1 I NTRODUCT I ON 

Erosion may be defined as the degradation of a sol id  surface by the 
mechanical action of sol ids  or  l iquids.  
eroding agent is usually identified i n  erosion definit ions.  
of l iquid agents, however, this definit ion encounters some d i f f icu l ty  
when applying i t  t o  the phenomenon of cavitation, where focusing of l i q u i d  
j e t s  may be involved i n  a damage process which comes within the purview 
of erosion. 

The particulate form of  the 
In the case 

Erosion is a complex process, involving the physical and mechanical 
properties of both the agent and the target .  Except for  the ideal case of  
a chemically ine r t  target  material, the chemical properties of  the 
erosion participants,  and the car r ie r  medium, must be added t o  the l i s t  
of cri t ical  variables. T h i s  imp1 ies that  only rarely i s  purely mech- 
anical action thought t o  be involved i n  the erosion process. 
is s t rong  involvement of  both erosion and corrosion, such as believed 
possible for the wasting process discussed i n  another chapter, there 
can be very serious metal damage i n  a short time. 

Where there 

To the usual variables determining the erosion process, LMFBR 

service will add bo th  physical and chemical factors indigenous t o  t h i s  
reactor system. Where possible, there will be specif ic  ident i f icat ion 
of  t h e  variables thought t o  be important t o  the erosion process i n  LMFBR 
sys terns. 
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10.2 SCOPE 

The very limited data available on l iquid metal systems requires 
an introductory discussion of other erosion studies and experience. 
o f . t h e  discussion on the ;asic behavior and character is t ics  of erosion 
and erosion-corrosion is  described i n  connection with aqueous systems. 
Correlation between aqueous and 1 i q u i d  metal systems is  discussed. 

Most 

Experimental resu l t s  of engineering t e s t s  w i t h  1 iquid metals are 
presented and discussed w i t h  respect t o  t he i r  relevance t o  reactor 
environments. Si tes  and conditions within the LMFBR Liquid Metal System 
where there is  thought to  be some potential for  erosion damage are  
discussed. 
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A 

10.3 FUNDAMENTAL PROCESSES 

The fundamental aspects of erosion are described in three sub-sections: 
sol id  par t ic le  impingement, l iquid par t ic le  impingement, and cavitation. 

Originally, l i q u i d  par t ic le  impingement was handled separately from 
cavitation. 
par t ic le  impingement and cav i t a t ion  damage processes have become more 
apparent. 
thought t o  be important t o  the two processes. 

In recent years, however, the s imi la r i t i es  between l i q u i d  

Canavel i s ( ’ )  discusses these s imi la r i t i es  and the parameters 

O f  the three sources o f  erosion--solid par t ic le  impingement, 1 iquid 
par t ic le  impingement, and cavitation, cavitation appears t o  be the most 
relevant to  LMFBR systems. 
identify cavitation as the principal damage agency. 

Most l i q u i d  sodium studies have tended to  

Some review of sol id  par t ic le  effects  i s  given. Other possible 
troubles associated w i t h  solids are  reviewed i n  another chapter o f  t h i s  
report. 
should be a minor factor.  
i ncl uded. 

In a properly operating LMFBR system, l iquid par t ic le  impingement 
However, some discussion of t h i s  mechanism i s  
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10.3.1 SOLID PARTICLE IMPINGEMENT 

When a sol id  par t ic le  impacts a surface, damage may consist o f  

removal of material, p las t ic  deformation of the material , or a combination 
of these effects .  
sipated by these functions, and by heat generation in the target  material. 

Some of the kinetic energy of the par t ic le  i s  dis- 

The erosion experienced by a variety of metals subjected t o  solid 
par t ic le  impact has been described by a relation of the form, 

where Q i s  the volume of metal removed by par t ic les  of total  mass M, V 

i s  the impact velocity, C i s  an impact 'efficiency'  number related t o  t h e  
angle of attack, a i s  the velocity parameter, and p i s  the so-called 
flow stress , often approximated by an indentation hardness number 
(e.g. VHN number). 

2 With  60 mesh s i l icon carbide par t ic les  ( V H N  2400 kg/mm ) in an a i r  
ca r r i e r  medium, and an angle of attack of 20" which gave the maximum 
erosion e f fec t  for  his particular t e s t  conditions, Finnic(') used a 
C value of 0.075. W i t h  a variety o f  metals, spanning a hardness range of  
about 4-300 (VHN(kg/mm )300 g load) ,  he found an a range of about 2.0-2.4. 
However, a values of 6.5, and higher, have been reported for b r i t t l e  
metals under similar impact conditions. 

2 

( 2 )  

Finn ic? ( ' )  has emphasized the very limited interpretation permitted 
by the  Q-V correlation noted above, b o t h  w i t h  respect t o  particular values 
o f  the parameters and t o  the general form of the relationship. 
stressed the possible influence of the physical and mechanical properties 
of both par t ic le  and ta rge t ,  as well as corrosion action i n  any given 
working s i tuat ion.  

He 

I t  has been shown(3) tha t  abrasion resistance will exhibit  a 
m i n i m u m  as the hardness of the target  material goes from very so f t  t o  
very hard. 
o f  rubber, o r  other e l a s t i c  materials. ( 4 )  Where physical and chemical 

For aqueous systems, useful so f t  surfaces have been made 
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l imitations preclude the use of sof t  materials, the hard  end of  the 
hardness spectrum i s  the obvious recourse. 
a hard facing material which has exhibited good erosion resistance,  

S t e l l i t e  i s  an example o f  
( 5 )  

So-lid par t ic le  erosion is  potentially a problem a t  any location 
where the entrairing f l u i d  experiences abrupt changes i n  direction of 
motion, o r  flow cross section. Pipe bends, converging sections,  pump 
shrouds and impellers, instrument l ines  subjected t o  fu l l  flow impact, 
are  examples o f  trouble s i t e s  fo r  par t ic le  erosion. 
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10.3.2 LIQUID PARTICLE IMPINGEMENT 

In studies of 1 i q u i d  par t ic le  impingement, Thiruvengadam") has noted 
four basic responses by the target  materials: 

a. no permanent deformation, 
b. 
c. 

d. 

deformation a f t e r  some number of impacts, 
v i r tua l ly  instantaneous p las t ic  deformation w i t h  the 
f i r s t  impact, augmented by subsequent impacts, 
p las t ic  flow in i t i a t ed  by the f i rs t  impact and 
stimulated by subsequent impacts of a h i g h  frequency 
impact s i tua t ion .  

I f  the term 'deformation' includes material removal as a primary, 
or secondary, e f fec t ,  this l i s t  of effects  is f a i r l y  comprehensive. Con- 
s i d e r a t i o n  o f  the above e f f e c t s  suggests the  existence o f  a threshold f o r  

material tolerance of impact, the threshold being expressed in terms of an 
impact intensi ty  (impact energy per par t ic le  per u n i t  t ime),  o r  an impact 
energy (total energy imparted over a given time). The various effects  
also emphasize the importance of the b u l k  physical and mechanical properties 
of the erosion participants,  the r a t e  a t  which impact occurs, the to ta l  time 
of impact occurrence, and the nature of the target  surface. In a study of 
generalized erosion relationships fo r  l i q u i d  par t ic le  impact, Heymann's ( 2 >  

analysis tends t o  support a f i f t h  power influence of impact velocity. 
a velocity dependence would be included i n  the span of velocity exponents 
noted previously f o r  sol i d  particles.  
i s  an additional factor  t o  be considered w i t h  liquid metals. 

Liquid par t ic le  impingement erosion i n  the sodium systems of the 

Such 

Superposition of corrosion action 

LMFBR is expected t o  be minor. This type of erosion may be experienced on 
the water s ide of the heat t ransfer  complex. 
and an overheating of the sodium, some l i q u i d  par t ic le  erosion on the 
sodium side is a possibil i ty.  

In case of a loss of pressure 
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1 0.3.2.1 

The concept of an intensi ty  threshold implies tha t ,  u p  t o  some limit  

In tens i ty  Thres hol d 

of impact experience, the target can either resist the ac t ion  (exhibit no 
temporary deformation), o r  i t  can recover i t s  original shape. 
discusses several concepts re la t ing the strength of the target  material to  
the onset of erosion damage. 

Thiruvengadam 

From 
drops ( the 
of erosion 

an analysis of the maximum pressure exerted by impacting water 
'water hammer' approach), the following c r i t e r i a  fo r  the onset 
damage have resulted: ( 9  

(single drop)  : 

where: Yd is the yield strength o f  

c1 is the velocity o f  sound i n  the 

(multiple drops) 

where: uE. is the fatigue endurance 

the material, pel i s  the l i q u i d  d e n s i t y ,  

l i q u i d ,  and Vi  is the impact velocity. 

p*= 

limit o f  the material. Some density and 
sound velocity data are  given i n  Table 10.3.2.1-1. 

Another relationship,  due to  Engel (see ref .  1 ) ,  defines a c r i t i ca l  
impact velocity of a par t ic le  as follows: 

where: V i  is  the c r i t i ca l  impact velocity of a s ingle  drop t o  produce 
permanent deformation. Yd and P1 are  defined above, Em i s  Young's modulus 
of e l a s t i c i ty  f o r  the metal, and 6 is  a fac tor  which can be estimated from 
the expression, 
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where: K1 i s  the bulk modulus o f  the liquid. 
water-steel combination, K1 = 300,000 psi, Em = 30x10 psi; this combination 
gives a B value o f  0.2) 
limit, u , would be a logical replacement o f  Yd in equation ( 3 ) .  Engel's 
concept o f  a threshold criterion has been supported by tes ts  with mercury 
drops against copper, aluminum, lead and s tee l ,  and by water drops against 
copper, a1 umi num and 1 ead. 

(As an example: for a 
6 

In the case o f  multiple impacts, the endurance 

E 

( 2 >  
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Table 10.3.2.1-1 

VELOCITY OF SOUND AND DENSITY 

cO P 
Mater i a1 m/sec g/cc 

Water ( d i s t i  11 ed) 1498 0.998 
Mer cu ry 1450 13.5 
Sodium (1 iqu id)  2450 0.89 
Sodium ( l i q u i d )  2240 0.79 
347 s/s 5790 7.9 

Iron 
Titanium 

5950 7.9 
6070 4.5 

T 
"C 

25 
25 

2 50 
6 50 

Source 

3 
3 
4 
4 
3 
3 '  
3 

Co i s  the standard ve loc i ty  o f  sound. C1 i s  r e l a t ed  t o  Co by 
the r e l a t ion :  C1/Co 5 2Vi/C0. (5) 
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10.3.2.2 Effects of Target Material Properties 

For prediction purposes, i t  is desirable t o  have erosion behavior o f  
a material related t o  i t s  properties and t o  those of the impacting environ- 
ment. Some correlations between ta rge t  material properties and erosion will  
be discussed. 

Hardness: Hardness is known t o  be an important factor  i n  determining 
erosion damage, as shown i n  Figure 10.3.2.2-1 (Ref. 1 ) .  
possible t o  re la te  hardness t o  different  types of material i n  one theory. 
I t  is c lear  from the figure t h a t ,  even w i t h i n  a given family of materials, 
there can be a strong variation of erosion resistance w i t h  hardness. 
Between families, the hardness-erosion damage character is t ics  can be 
markedly different ,  w i t h  respect t o  slope and absolute values. 

I t  has not been 

Work hardening the surface pr ior  t o  erosion generally increases the 

incubation period (defined i n  Figure 10.3.2.2-2 (Ref. 2 ) ) .  T h u s ,  i t  might  
be expected tha t  impacts on a work hardenable material should delay the 
onset of damage. 
occur. (2 )  I t  is t h o u g h t  t ha t ,  i n  this case, work hardening occurs only 
on a very local scale  and leads t o  localized fatigue cracking, rather than 
protection. 

data o-several material properties, namely: ultimate 
resi l ience ( U R ) ,  hardness ( H ) ,  t ens i l e  strength (TS), impact strength ( I S ) ,  
and proof res i l ience ( P R ) .  Their correlation, u s i n g  only the ultimate 
resi l ience (UR)  parameter is: 

Experience has shown, however, t h a t  this does no t  generally 

Other Pro e r t i e s :  Garcia and Hammitt(3) attempted to  correlate  erosion 

6 average MDP r a t e  = 6.41 + 9.21~10 (UR)’3 

and the i r  expression for  a multiple property correlation i s :  

average MDP ra te  = -94.9 + 1.39(UR)-’ - 6 . 7 0 ~ 1 0 - ~ ( H ) ~  

t 2 . 6 4 ~ 1  O6 (TS)-l t 1 .69 (TS) 33 

+0.27( IS)*5 - 3 . 7 9 ~ 1 0 ~ ( P R ) - ~  
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n 10.3.2.2-4 

2 where: MDP i s  the mean d e p t h  of penetration i n  mil/hr; - U R  i s  0.5(TS) / 
e l a s t i c  mod., i n  psi; 
is i n  f t - lbs ;  I! i s  apparently expressed i n  HV-30 numbers; and - TS i s  in psi .  

2 is  0.5(proof strength) / e l a s t i c  mod., in p s i ;  IS  

H o b b ~ ' ~ )  used a magnetostrictive device a t  20kc and the t e s t s  were 
conducted i n  water a t  20°C. 
Ref. 4 for  specifications).  

A number of different  alloys were tested (see 

These correlation e f for t s  are given only t o  show current trends in 
this area and t o  identify target  material properties which have shown 
some promise with respect t o  generalized erosion theory. 
concerning stretching the interpretation scope of an erosion ra te  
expression (see section 10.3.1 ) appl ies  equally here. 

Finnie 's  warning 
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A 10.3.2.3-1 

10.3.2.3 E f fec t  o f  Time 

I n  sec t i on  10.3.2.1 t h e  sub jec t  of an i n t e n s i t y  th resho ld  was d i s -  
cussed. 
t ime  and t h e  i ncuba t ion  pe r iod  p r i o r  t o  the  appearance o f  permanent eros ion 
damage. 
r e l a t e d  t o  a f a t i g u e  mechanism. 

Other observed e f f e c t s  a re  t h e  v a r i a t i o n  o f  t h e  eros ion r a t e  w i t h  

E isenberg( l )  has noted t h a t  t h e  incubat ion  pe r iod  appears t o  be 

Heymann(2) has summarized var ious concepts o f  eros ion a t tack .  Several 
e ros ion  ra te - t ime  c h a r a c t e r i s t i c s  a re  shown i n  F igure 10.3.2.2-2 and F igure 
10.3.2.3-1. For p r a c t i c a l  purposes, he suggests t h a t  "it i s  convenient and 
n o t  t o o  inaccura te  t o  draw a s t r a i g h t  l i n e  through the  general reg ion  o f  
maximum steepness, and t o  s p e c i f y  i t s  s lope as a r a t e  parameter and i t s  
i n t e r c e p t  as an incubat ion  per iod."  Typ ica l  cumulat ive eros ion  data f o r  
t he  e a r l y  (non-steady s t a t e )  phase o f  t he  eros ion  h i s t o r y  a re  shown i n  
F igure  10.3.2.3-2 (3 ) .  
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a 10.3.2.4-1 

10.3.2.4 Surface Effects 

Erosion is  considered t o  be affected by two aspects of a surface, 
namely, the geometrical roughness and certain bulk material properties 
which a f fec t  surface response t o  impact. 
properties a re  s ignif icant  t o  this phenomenon, other t h a n  w i t h  respect t o  
surface film formation. In  sodium, chemical behavior will be a strong 
function of impurity levels.  

I t  i s  not known i f  chemical 

The e f fec ts  o f  geometrical roughness are not clearly defined, possibly 
due t o  the existence of  several erosion mechanisms which react different ly  
t o  a given surface. 
when a drop impacts, i t  spreads radial ly  outward a t  a high velocity,  
especially i f  i t  is re la t ively large. 
force on the projections of a rough surface and eventually cause fatigue 
a t  the roots of the peaks. Also, cavitation could occur downstream from 
a projection under h i g h  velocity impact. A r n d t  and Ippen(2) have analyzed 
the ef fec ts  of isolated and distributed surface i r regular i t ies  on 
cavitation inception. 
of surface roughness t o  actually reduce cavitation, whi 1 e a s i  ngl e i r regular i ty-  
such as tha t  caused by a surface mismatch between equipment components 
comprising a flow channel-can yield a much higher cavitation propensity. 

One concept, discussed by Heymann"), considers t h a t  

Such an e f fec t  could exert considerable 

They concluded t h a t  i t  is  possible fo r  a dis t r ibut ion 
a 

In the case when droplets are small relative t o  t he  roughness, they 

can impact either on the side of a depression, or a t  the bottom. 
s ide  impact occurs, l i t t l e  energy is  absorbed and relat ively l i t t l e  damage 
occurs. W i t h  a bottom impact i n  a dry depression, the impact energy is 
focused into the base of the p i t ,  causing further deepening of the p i t .  
I f  the p i t  contains l i q u i d  from previous impacts, the retained l iquid may 
mitigate the impact effect .  
the surface is  a complex function of shape, position, and re la t ive  motion 
w i t h  respect t o  the flow stream, as well as the r a t e  a t  which fresh 
l i q u i d  impinges. The amount and d i s t r i b u t i o n  of the surface l iquid wi l l ,  
i n  t u r n ,  a f fec t  the action of subsequent impingement through cushioning , 
or lubrication of the la teral  flow. 

I f  a 

The degree t o  which a l iquid is  retained on 
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P ~ u c h e t ( ~ )  has analyzed 1 i q u i d  film influence under specific conditions 
presented by British steam turbine environments. 
a number o f  assumptions, are  not par t icular ly  relevant t o  th i s  discussion. 
I t  i s  interest ing,  however, t h a t  he deduced a f i f t h  power velocity in- 
fluence, i n  support of studies noted e a r l i e r  i n  this chapter. 

H i s  resu l t s ,  depending on 
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10.3.3 EFFECTS OF CAVITATION 

To date, there is no ade uate quantitative description o f  the 
cavitation process. EisenberJ') has recently presented an excel1 ent , 
qual i ta t ive review of present concepts o f  the phenomenon. 
early calculations showed t h a t  i f  a bubble collapsed, the result ing 
pressures, due t o  shock waves, were large enough t o  damage the surface. 
However, three factors tend to  mitigate this action. 
pressures are achieved only i f  the collapse i s  spherical and experimental 
observations have indicated that  the usual collapse i s  unsymmetrical. 
Second, the maximum pressure is  reduced by the presence o f  noncondensable 
gas, vapor, and  heat transfer.  ( 2 )  T h i r d ,  t o  be effect ive,  the collapse 
must occur well w i t h i n  one bubble radius o f  the wall. 

He notes that  
/ 

First, high 

These factors tend to  minimize the effects  of bubble collapse. 
, Eisenberg(') and Chapman and P l e ~ s e t ' ~ )  note, however, t h a t  even non- 

spherical collapse can generate h i g h  velocity j e t s  o f  l iquid.  Kozirev 
compares this j e t  formation t o  j e t s  formed with shaped charges. For such 
jets to  damage a surface, they must be directed toward the surface and be 
suf f ic ien t ly  close. Eisenberg") poin ts  out t ha t  j e t s  directed toward 
the wall do occur when voids adjacent t o  the wall collapse. Eisenberg 
also discusses the phenomenon of ' u l t r a  j e t s '  , which are j e t s  w i t h  a 
velocity greater  than half the speed of sound in the l iquid.  
of u l t ra  jets i s  i l l u s t r a t ed  i n  Figure 10.3.3-1. 
is too weak to  e f fec t  damage, b u t  the secondary j e t  can focus a high 
velocity impact on the surface, a t  various angles of attack. Kozirev 
notes tha t  descendent j e t s  of this action can have s t i l l  higher veloci t ies .  

(9 

( '1 

The formation 
The dis tant  shock 

( 4 )  

I n  a l l  cases, i t  i s  necessary tha t  the void location be on, o r  
near, the surface. T h u s ,  i t  is necessary to  have hydrodynamic conditions 
which s t ab i l i ze  the bubbles until they can reach a point o f  collapse near 
the surface. 

Cavitation can be expected a t  any location where the ambient pressure 
drops below the par t ia l  pressure of the most vola t i le  species i n  the l iquid.  
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I f  voids so formed are subjected t o  a subsequently greater pressure t h a n  
the bubble pressure, collapse can occur. 
pumps and where there i s  sudden expansion of the flow section. Oscillating 
pressures from unstable operating conditions could also generate the 
necessary conditions. 
similar t o  t h a t  possible w i t h  impingement erosion. 
these similarities between the two erosion mechanisms. 

Such action is’often noted in 

Cavitation can effect a spectrum of damage very 
Eisenberg(l) discusses 
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10.3.4 INTERACTION OF EROSION AND CORROSION 

The relationship between erosion and corrosion i s  complex. T h i s  
i s  in tu i t ive ly  obvious from the f ac t  tha t  there is  a superposition of 
two degradation agencies--both of which are currently enjoying much 
research attention seeking general l y  appl  icabl e theory useful for  
prediction and optimization for  given service environments. 

For most conceivable s i tuat ions,  corrosion would be expected t o  
render a surface more vulnerable to  erosion by i t s  many devices for  
deteriorating the structural  quali ty of a material. Erosion, in turn, 
would be expected to  a s s i s t  the corrosion process by: (1)  removal of 
reaction products and exposure of a fresh surface t o  corrosion action; 
( 2 )  generation of paths i n t o  a structure for  corrosive agents v i a  in te r -  
and intragranular crack systems caused by the mechanical action o f  erosion; 
and ( 3 )  creation of micro-stress f ie lds  which could, i n  conjunction w i t h  
local temperature gradients, make f ree  energy wells favoring corrosion. 

The scope fo r  conjoint action between erosion and corrosion i s  
broad and, i n  most service s i tuat ions,  i t  m i g h t  be expected tha t  some such 
interplay is always operative on e i ther  a continuous , o r  discontinuous , 
basis. Accordingly, i t  i s  reasonable t o  expect tha t  any general theory 
of erosion which may evolve will have limited u t i l i t y  without some 
quantitative cognizance of corrosion. 

Some data on erosion-corrosion s i tuat ions i n  aqueous systems are  
given by Thiruvengadam. ( l )  He notes tha t  i n  a magnetostrictive t e s t  using 
an 1100-F grade aluminum targe t  a t  9OF (27C), no differences i n  the loss 
of metal occurred whether d i s t i l l e d  water, or 1%,  3%, o r  9% NaCl solutions 
were used. On the other hand, 1020 s tee l  eroded three times f a s t e r  i n  
3% NaCl than i n  d i s t i l l ed  water a t  about the same temperature level.  

Schulmeister(2) also studied erosion-corrosion operation under an 
extensive range of parameters. He considered three environments: d i s t i l l e d  
water, a r t i f i c i a l  hard water (CaC12 and CaS04 additions),  and water w i t h  
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addi t i  ons 
t h a t  meta 

0 

water as 
loss than 
increased 

10.3.4-2 

o f  proprietary, soluble o i l ,  corrosion inhibitors.  

n d i s t i l l ed .  The hard  water gave abou t  20 times higher weight 
a one percent solution o f  one o f  the o i l s .  
the metal loss ra te ,  as compared w i t h  d i s t i l l e d  water, when an 

He observed 
loss ra tes  o f  cas t  i r o n  were about t w i c e  as h igh  i n  hard 

The same o i l ,  however, 

' aluminum alloy was used. Other o i l s  e i ther  increased, or decreased, 

He noted t h a t  cavitation 
aluminum loss ra tes  depending on the t e s t  temperature. 
studied cavitation i n  non-aqueous systems. 
in organic l i q u i d s  was less  than i n  d i s t i l l e d  water and increased w i t h  the 
amount o f  water present. 
minimum erosion action when diluted w i t h  an equal part of water. 

P l e ~ s e t ' ~ )  has 

One exception was glycerol, which exhibited 

To date, there appears t o  be very l i t t l e  experimental information 
I t  has been noted, pertinent t o  erosion-corrosion action i n  LMFBR systems. 

however, t ha t  35 ppm and 100 ppm oxygen i n  sodium a t  7OOOF (538C) and 
1500F (876C) had no ef fec t  on cavitation resistance of 316 SS. ( 4 )  
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10.3.5-1 

10.3.5 GENERATION OF HIGH VELOCITY SOLID AND LIQUID PARTICLES 

Solid and l i q u i d  impacting agents are discussed. Both droplets 
and cavitation void collapse are discussed under l iquids.  
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10.3.5.1 Solid Particles 

The acceleration of a sol id  par t ic le  by d i rec t  coupling, such as 
being catapulted by an impeller, will not be considered. Except for  
hopefully rare  phenomena, such as wasting, where gas generation from 
the sodium-water reaction could provide a substantial d r i v i n g  force, 
d i rec t  coupling is  probably no t  of current practical interest .  

Acceleration through hydraulic coupling i s  the prime means of 

Levich") has noted tha t ,  
changing a pa r t i c l e ' s  velocity. 
drag between the f lu id  and the par t ic le .  
fo r  room temperature water, par t ic les  of less  than about 0.1 micron i n  
diameter have a greater tendency t o  be entrained by turbulent eddies 
t h a n  do larger  par t ic les .  Thus ,  very small par t ic les  tend t o  follow the 
f l u i d  and veer from a surface. 
i n  flow direction, w i t h  a consequent higher probability o f  impact. 
precise ' c r i t i c a l '  s i ze  fo r  following, or  not following, the flow stream 
l ines  will depend on the properties of the f lu id ,  and the s ize ,  geometry, 
and surface conditions of the particle.  

The coup1 i n g  occurs because of f r ic t iona l  

Larger par t ic les  tend t o  r e s i s t  changes 
The 
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10.3.5.2 Cavitation Voids 

A necessary, though not suff ic ient  condition fo r  the generation o f  

voids is a suitably low pressure. As the pressure on the f lu id  i s  
reduced, the substance w i t h  the highest partial  pressure will tend t o  
out-gas. 
dissolved constituents are less  t h a n  the vapor of the f lu id ,  then the 
f lu id  is most l ikely t o  vaporize when depressurized. 

If  the f lu id  i s  purified so tha t  the partial  pressures of 

A1 though the pressure may be reduced suf f ic ien t ly  low, cavitation 
will not occur unless the bubbles have nucleation s i t e s .  Without 
nucleation s i t e s ,  the i n i t i a l  formation of bubbles requires a d r i v i n g  
force too large to  be achieved under normal conditions. 
sol id  par t ic les  (dirt ,  corrosion products, e t c . ) ,  o r  small gas bubbles, 
provides a low energy s i t e  fo r  vapor/gas formation. 
contains suff ic ient  nucleation s i t e s  t o  permit cavitation when the pressure 
reaches a sui tably low level.  

The presence of  

Generally, a l i q u i d  

Local pressure reductions will occur when the flow cross section 
i s  reduced, o r ,  more importantly, suddenly increased. 
a reduction i n  flow cross section, Bernoull i ' s  theorem generally appl ies-- 
the sum of the pressure term plus the square of the velocity term i s  constant. 
T h u s ,  i f  the velocity increases, as required i n  a smaller cross section 
to  maintain the same mass flow rate ,  the pressure will decrease. On the 
other hand, when the flow channel suddenly enlarges, the iner t ia l  forces 
tend to  keep the f l u i d  in the h i g h  velocity,  small cross section, 
configuration. 
enlargement becomes a low pressure zone. Examples are  o r i f i ce s ,  backsides 
of impellers, and i n  certain instances, the f ront  s ide of the impeller 
near the t i p .  

I n  the case of 

As a r e su l t ,  the region immediately downstream of the 

Rayleigh's original calculations showed t h a t  a void collapsing to  
zero radius would generate an inf in i te ly  large shock pulse. 
effect  is mitigated by voids containing non-condensable components. 
More recently, Florschuetz and Chao'') examined the mechanics of collapse 

This 
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of spherical bubbles t o  c la r i fy  the relat ive importance of heat t ransfer  
and l i q u i d  iner t ia .  They defined a collapse number, B e f f ,  which indicates 
whether void collapse is  controlled by heat t ransfer  (low B e f f )  or iner t ia  
( re la t ive ly  h i g h  Beff value). 
re la t ively slow and the collapse ra te  decreases with collapse. 
controlled collapse is relat ively f a s t  and the r a t e  increases w i t h  collapse. 
A simplified form of the original expression for  Beff  is  given below: 

Collapse under heat t ransfer  control i s  
Inertia 

2 

x jj- KL x (NPSH) 3/  

0 

I t  i s  seen tha t  h i g h  values of B e f f 9  hence iner t ia l  control and rapid 
void collapse, are  encouraged by: 

h i g h  l iquid density (p,) 

high l iquid specif ic  heat (c,) 
a f l a t  temperature-vapor pressure charac te r i s t ic ,  i . e . ,  

h i g h  thermal diffusivi ty  of the l iquid (K,) 
low value of the saturated vapor density ( 
low value of the heat o f  vaporization ( L )  
small i n i t i a l  bubble diameter ( R o )  

a large suppression head, i . e . ,  a large different ia l  
between ambient pressure and the saturation vapor 
pressure, as reflected by the net positive suction 
head (NPSH) term. 

a large value of AT/AP 

p v  

The ra te  a t  which a void collapses i s  an important factor  i n  deter- 
min ing  the location of possible cavitation damage, and i t  certainly i s  
direct ly  related to  cavitation damage. Using the above expression for 

Beff’ 
f l u i d s  a t  500F and 1500F, and mercury a t  70F and 500F. 
they used an ultrasonic vibrator. 

Garcia and Hammitt(2) calculated Beff f o r  lead-bismuth and l i t h i u m  
For t h e i r  tes t ing 

Their analysis of cavitation damage 
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to  304 SS showed tha t  when a re la t ive  damage index was plotted aga ins t  

Beff 
a t t r ibuted t o  heat t ransfer ,  o r  'thermodynamic e f f e c t s ' ,  and a zone of 
re la t ively greater erosion damage they at t r ibuted to  the iner t ia l  collapse 
regime. 
and they corroborated the correlation between Beff and cavitation damage. 
For their par t icular  test  conditions, the t ransi t ion Beff value was about 
1000. 

, the character is t ic  curve exhibited a rapidly increasing regime they 

Data fo r  304 SS tested i n  sodium were included i n  t h e i r  plot 

I t  is possible tha t  both heat t ransfer  and iner t ia  control will be 
operative d u r i n g  a void's history. The practical u t i l i t y  of a parameter 
such as Beff i s  open to  question considering the complexity of  the 
cavitation erosion problem. Such analyses, however, are important t o  the 
continuing work o f  i d e n t i f y i n g  c r i t i c a l  propert ies o f  t h e  erosion p a r t i c i p a n t s  

and system operating character is t ics  which influence the erosion process. 
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10.3.5.3 L i q u i d  Par t ic les  

The acceleration of l iqu id  par t ic les  can occur i n  the same way as 
described f o r  so l id  pa r t i c l e s ,  i . e . ,  by entrainment i n  the flow stream. 
L i q u i d  pa r t i c l e s  may a l so  be generated and accelerated d u r i n g  the collapse 
of cavi ta t ion voids, as  described b r i e f ly  i n  sect ion 10.3.3., above. 
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10.4 EROSION--LIQUID METAL EXPERIENCE 

The resul ts  of experiments w i t h  l iquid metals are described in th i s  
section. 
cavitation and  the prediction o f  erosion action. 

The discussion i s  divided i n t o  sections on impingement, 

Most o f  the discussion is  given t o  cavitation, because under normal 
LMFBR operating conditions, l i q u i d  par t ic le  and solid par t ic le  impingement 
are  not expected to  occur t o  a s ignif icant  extent. 
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10.4.1 

Cochran and Coll ins(’) report  t h a t  a he1 ical  flow electromagnetic pump 
i n  a sodium loop f a i l ed  after 3000 hours due t o  erosion. The proposed 
cause of the damage was the entrapment of pa r t i c l e s  by the magnetic f i e l d  
and subsequent erosion of the containing surfaces.  They a l so  noted, however, 
t ha t  40 s imi la r  pumps operated f o r  longer periods without d i f f i cu l ty .  

IMPINGEMENT OF SOLID AND LIQUID PARTICLES 

Impingement erosion i n  1 iquid metal systems i s  r e l a t ive ly  uncomn.  

Oakley e t  a1(2)  studied the flow of sodium a t  750F (400C) through the 
annulus of the FTR fuel nozzle/receptacle assembly. After nearly 3000 
hours, w i t h  d i f f e ren t i a l  pressures u p  t o  140 psi ,  no erosion was measurable, 
despite the f a c t  t h a t  the sodium contained f e r r i t i c  iron pa r t i c l e s  as 
large as  1/8 inch. 

Impingement of l iquid pa r t i c l e s  implies the presence of a vapor 
phase. 
except f o r  shor t  t rans ien ts  of abnormal operation. 

In the LMFBR system, no metal liquid/vapor conditions a re  expected, 

In the case of a vapor system, erosion i s  worse w i t h  low qual i ty  
vapor ( h i g h  l iqu id  content)  than w i t h  higher qua l i ty  vapor.(3) DeVan e t  a1 
observed 1 mil erosion on a second s tage turbine blade (Nb-1%Zr) w i t h  83% 
qual i ty  potassium vapor. No erosion was observed on the  f i rs t ,  or  t h i r d ,  
s tage where the vapor qua l i ty  was 96%. 
o f  this a l loy  i n  55-80% qual i ty  vapor, b u t  none i n  83-96% qual i ty  vapor. 
In the same system, M a n ~ o n ( ~ )  reports t h a t  96.5% qual i ty  potassium vapor 
produces negl igible  erosion when exposed t o  TSM and TZC molybdenum al loys.  

P h i l l i p s ( 3 )  s imi la r ly  noted erosion 

Severe degradation of metal s t ruc ture  can occur w i t h  sodium leaks in to  
the water s ide  of heat exchangers. 
described i n  some de ta i l  i n  the chapter on sodium-water reactions.  
mechanism of wastage i s  not c lear .  
erosion and corrosion a re  involved. 

This so-called wastage phenomenon i s  

However, i t  i s  probable t h a t  bo th  
The 

There may be l iqu id ,  as well as so l id ,  
par t ic les  i n  the vapor phase i n  the immediate v i c in i ty  of the 
dynamics of the reaction could generate h i g h  impact ve loc i t ies  
par t ic les .  Chamberlain(6) discusses laboratory tests w i t h  sod 

eak. The 
f o r  such 
u m  and water 
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j e t s  impacted against Cr-Mo steel targets, i n  which an attempt was made t o  
simulate wastage. 
wastage, or i n  developing damage comparable t o  what  has been attributed 
t o  wastage under actual service conditions. 

There was no success in elucidating the phenomenon o f  

Irrespective of mechanism, there i s  ample evidence t h a t  t h e  damage 
potential of a wastage event i s  sufficient t o  warrant every practicable 
measure t o  minimize i ts  occurrence. 
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10.4.2 CAVITATION EROSION 

Some of the character is t ics  of cavitation and cavitation erosion 
Engineering have been discussed i n  previous sections of t h i s  chapter. 

experience i s  discussed i n  th i s  section. 

Cerruti e t  a l ( ' )  report t h a t  a f t e r  eight years (32,000 hrs)  o f  

operation a t  700F (371C), the EBR-I1 primary sodium pump No. 1 was re- 
moved f o r  repair .  The impeller (304SS) 
was reported to  be i n  "as-new" condition. 

No s ign  o f  erosion was noted. 

Kulp and A l t i e r i ( 2 )  report t e s t s  of a turbine i n  l iquid potassium 
and water. 
tes t ing and post-test  inspection showed tha t  cavitation i n  water caused 
no damage a t  suction specif ic  speeds u p  t o  20,000. When tested i n  
potassium a t  1400F, a t  the same suction specif ic  speed (N=6375 rpm, 
Q=708 gpm), excessive cavitation damage occurred. 
speed [N4Q/NPSH)3/4, where the net positive suction head (NPSH) i s  the 
ambient pressure head a t  the pump i n l e t  minus the vapor pressure head 
of the l i q u i d  a t  t h a t  point] is a useful corresponding s t a t e  parameter. 
Penetrations of 50 mils i n  350 hours were the most severe noticed. Micro- 
probe examination fa i led  to  show select ive leaching of metal components, 
suggesting tha t  there was no corrosion i n  conjunction w i t h  the erosion. 
Their conclusions are  pertinent t o  any l i q u i d  metal system and a r e  

given below as  d i rec t  quotations. 

Visual monitoring of the turbine impeller (316SS) d u r i n g  

The suction specif ic  

1. Direct observation and h i g h  speed photographs of a t e s t  impeller 
pumping water are  enlightening w i t h  respect t o  location and severity of 
cavitation. 

2. A study o f  the sound emanating from a t e s t  pump can be helpful 
i n  monitoring the intensi ty ,  o r  degree, of cavitation. 

a. Sound intensi ty  levels may indicate the intensi ty  o f  cavitation, 
b u t  must be combined w i t h  other knowledge o f  the variation of cavitation 
w i t h  NPSH. 
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b. The frequency spectrum of the  sound of cavi ta t ion may be a 
function of the resonant frequencies of the impeller (or system) ra ther  than 
an index of cavi ta t ion.  

3. Cavitation produced on the  vane leading  edge of  an impeller 
designed f o r  h i g h  suction spec i f i c  speeds can collapse i n  the  l iqu id  
stream away from the  vane surface and n o t  cause extensive cavi ta t ion 
damage. 

4. Streamlining and surface f i n i s h i n g  a re  important i n  the pro- 
duction of a h i g h  suction spec i f i c  speed impeller which will  be required 
t o  operate i n ,  o r  near, cavi ta t ion.  

5. Cavitation vortex formation produces the  most concentrated and 
extensive damage when i t  collapses on flow boundaries, such as impeller 
vanes. 

6. Vane t i p  clearance e f f ec t s  a re  very important i n  control l ing the 
extent and in t ens i ty  of the damage producing cavi ta t ion vort ices  in 
centrifugal pumps. Experimentally, the l e a s t  damage observed i n  the  
rear  flow channels corresponded t o  the smallest  t i p  clearance. 

7. I t  appears t h a t  cavi ta t ion damage of a 316SS impeller,  t es ted  
w i t h  potassium a t  1400F, i s  principal ly  due t o  a mechanical process w i t h  
l i t t l e ,  o r  no, chemical action involved. 
material was noted d u r i n g  metallographic examination i n  both the damaged 
and undamaged surfaces.  ) 

(Recrystal l izat ion of the impeller 

Young and Johnston(3) used the usual magnetostrictive transducer 
assembly (see Figure 10.4.2-1) t o  examine the cavi ta t ion behavior of  
L-605 i n  sodium. 
Table 10.4.2-1. 

The composition of this cobalt  base a l loy  i s  given i n  

They monitored cavi ta t ion a t  400, 800, and 12QOF (204, 427, 649C) 
a t  pressures u p  t o  4 atm. 
They show t h a t  cavi ta t ion increased w i t h  pressure up t o  the limit of t h e i r  
test  and, a t  constant pressure, was grea tes t  a t  about 800F (427C). 

The r e su l t s  a re  given i n  Figure 10.4.2-2. 
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n LIFT MECHANISM 

COOLANT A I R  I N L E T  

VACUUM DRY BOX 
/ 
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NODAL FLANGE 

TEST SPECIMEN 
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SOD I UM 4 
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F I G U R E  10 .4 .2 -1 .  S C H E M A T I C  D I A G R A M  OF C A V I T A T I O N  T E S T  
A P P A R A T U S  ( c f  R E F .  3 )  
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Table 10.4.2-1 

L-605 Compos i t i on 

Fe 3% c 0.1% 
N i  10 Mn 1 .5  
W 15 S i  1.0 (max) 
Cr 20 P 0.04 (max) 
Co Balance S 0.03 (max) 
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The same authors(') a l so  compared 316 SS, S t e l l i t e  68 and L-605 a t  
800F (427C) a t  various pressures i n  sodium. The same apparatus was used 
as for the e a r l i e r  study. ( 3 )  The steady s t a t e  erosion rates of  the three 
a l loys  versus pressure are given i n  Figure 10.4.2-3. 
the best a l loy  i n  these t e s t s ,  S t e l l i t e ,  a lso exh ib i t ed  the lowest 
pressure sens i t i v i ty .  

I t  may be noted t h a t  

Shoudy and A l l i ~ ' ~ )  studied the e f f ec t s  of cavi ta t ion and  quiescent 
exposure of various al loys i n  sodium a t  550F (288C). 
long periods i n  s t a t i c  sodium effected s igni f icant  increases i n  erosion 
over tests without soaking (Table 10.4.2-2). They a l so  referenced 
unpub l i shed  data from Allis-Chalmers (Table 10.4.2-3) which showed t h a t ,  
a t  350F (177C),  sodium was about three times more damaging than water a t  
70F (21C)  i n  v i b r a t o r y  c a v i t a t i o n  tests. 

Figure 10.4.3-2. 

They observed t h a t  

S i m i l a r  d a t a  a r e  noted i n  

The da ta  i n  Table 10.4.2-2 suggest a possible,  a l b e i t  
- weak, corrosion-erosion in te rac t ion .  I 

Smith e t  a l ( 6 )  s t u d i e d  centrifugal pumps i n  sodium and molten s a l t s  
( f lo r ides )  a t  1500-14OOF (565-76OC). 
(3550 rpm, 500 gpm, 132 ft. t o t a l  head and suction spec i f i c  speed of 3200) 
i n  sodium, large areas of severe cavi ta t ion damage ( u p  t o  a t  l e a s t  5/16 
d e p t h )  had occurred on the hub and the  t r a i l i n g  edge of the Inconel vanes. 

They found t h a t  a f t e r  2575 hours 

In the f i r s t  molten s a l t  tes t  (2700 rpm, 645 gpm, 40 f t .  t o t a l  head 
and suction spec i f i c  speed of 9300) a f t e r  3500 hours, the  working faces 
of the  vanes and shroud (Inconel) were i n  good condition. However, the 
non-working face of the shroud was damaged. 
ran 25,000 hours under the same conditions, b u t  w i t h  a suction spec i f i c  
speed of 7000. 
edges of the vanes and the  impeller. 
t r a i l i n g  edge of the vanes. 
the 1/8 inch thick blade. 

The second molten s a l t  t e s t  

In this case,  there  was erosion damage on the leading 
Some damage a l so  occurred on the  

The impeller damage nearly penetrated through 

In no cases,  however,did the cavi ta t ion damage impair the hydro- 
dynamic performance. 
of the second molten s a l t  tes t  impeller would have led t o  reduced 

However, the authors s t a t ed  tha t  further operation 
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Table 10.4.2-2 

Vibratory Cavitation Test Results i n  550°F Sodium 

Percent Weight Loss 

Mater i a1 Cycle 1 Cycle 2 Cycle 3 

Annealed 347 SS 0.28 0.50 0.75 
T u f f r i d e d  (ni t r ided)  347 SS 0.24 0.30 -- 
Malcomized 347 SS, 

0.0015" Case Ground Off 0.05 0.08 0.16 
Inconel X - Double Aged 0.04 0.06 0.15 
Malcomized 347 SS 0.02 0.94 -- 
Stel 1 i t e  6B 0.003 0.007 0.02 

Cycle 1 - 24 hour sodium soak between 17-minute cavi ta t ion 
periods, t o t a l  cavi ta t ion time - 120 minutes 

Cycle 2 - 120-minute cavi ta t ion exposure only 

Cycle 3 - 168-hour sodium soak pr ior  t o  120-minute 
cavi ta t ion period 

10/25/74 



10.4.2-- 9 

Table 10.4.2-3 

V ib ra to ry  Cav i ta t i on  Test Results 

Mater i  a1 

347 ss 
Inconel X 

Ste l  1 i t e  

Weight Loss-Mi 1 1 i grams 
Water Sod i um 

70°F 350°F 

25.3 105.0 
20.0 %55.0 
0.4 1.8 
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performance. The lower damage ra te  i n  the molten s a l t ,  re la t ive t o  
tha t  i n  the sodium, can, i n  part, be attr ibuted t o  a lower vapor pressure 
of the s a l t .  Insufficient data are given t o  consider other e f fec ts ,  such 
as impurities which may have influenced the t e s t  resul ts .  

Thiruvengadam and P r e i ~ e r ' ~ '  investigated the behavior of f ive 
alloys i n  sodium a t  400, 1000, and 1500F (204, 538, 816C), using the usual 
magnetostrictive technique, w i t h  0.5 inch diameter specimens. 
t he i r  resul ts  are shown i n  Figure 10.4.2-4. 
Table 10.4.2-4. 
S t e l l i t e  6B,sfollowed by Nb-l32M, T-122, and 316 SS (see Figure 10.4.2-4). 

Some of 
The alloys are given i n  

A t  400F, the most cavitation res i s tan t  alloy was 

Tests a t  higher temperatures modified the order of merit of the 

alloys slightly, At lOOOF, Stellite 6B was first, followed by 316 SS, 
Nb-l32M, T-122 and TSM (see Figure 10.4.2-5). 
alloys showed a b o u t  the same response t o  erosion action. 
order was S t e l l i t e  6B, 316 SS and TZM, followed by Nb-132M and T-122 
a t  about equivalent levels.  The two highest temperature t e s t s  were 
performed using specimens which had been previously tested a t  400F. 
T h i s ,  the authors s t a t e ,  eliminated the so-called incubation period (see 
Figure 10.3.3-2). 

The Nb-132M and T-122 

A t  1500F, the 
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Table 10.4.2-4 

Nominal Chemical Compositions o f  Test Metals ( 7 >  

Weight Percent 

Mater i  a1 C r  N i  Mo C Mn P S S i  Fe 
316 SS 16-18 11-14 2-3 0.08 2.0 0.03 0.03 175 B a l  

Ta W Mo Z r  C Cb 
Nb-l32M 20 15 5 1 0.1 Bal 

TZM 
C T i  Zr N i  Fe 0 2  H2 ' N2 Mo 

0.016 0.48 0.08 <.001 <.001 <.002 <.0001 .0003 B a l  

W H f  C 02 N2 H 2  Ta 
T-222 9.02 2.72 0.007 .0019 .0037 .00012 Bal 

Q 
N i  S i  Fe Mn Cr Mo W C co I 

S te l  1 i t e  
6B 3 2 3 2 30 1.5 4.5 1.1 Bal 
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10.4.3 PREDICTION OF CAVITATION DAMAGE 

P red ic t i on  o f  c a v i t a t i o n  eros ion  i s ,  a t  t h i s  t ime, v i r t u a l l y  limited 
t o  q u a l i t a t i v e  statements--particularly when the re  i s  p o t e n t i a l  f o r  
cor ros ion  aggravation o f  t h e  eros ion  phenomenon, as i s  t h e  case w i t h  
1 i q u i d  a1 k a l  i metals. 

L e i t h ( ' )  developed a r e l a t i o n s h i p  t o  a s s i s t  i n  the  p r e d i c t i o n  of  

t he  r e l a t i v e  eros ion potency o f  various a l k a l i  metal l i q u i d s  w i t h  respect 
t o  water. L e i t h ' s  comparison formula i s  given below: 

where: W i s  t h e  c a v i t a t i o n  eros ion damage index 
SG i s  t h e  s p e c i f i c  g r a v i t y  
P i s  t h e  ambient pressure 
VP i s  t h e  sa tura ted  vapor pressure 
V i s  t h e  v i s c o s i t y  
ST i s  t h e  sur face  tens ion  

and t h e  subscr ip ts  a and 
respect  i vel  y . 

r e f e r  t o  t h e  a l k a l i  metal l i q u i d  and water, 

F igure 10.4.3-1 shows both experimental and p red ic ted  data f o r  
NaK, water  and gaso l ine  w i t h  var ious (unspec i f ied)  t a r g e t  ma te r ia l s  as a 
f u n c t i o n  o f  t h e  temperature (expressed as a percent  o f  t he  me1 t - b o i l  i n g  
range corresponding t o  the  ambient pressure). 
ship, L e i t h  proposed t h e  eros ion  comparisons shown i n  F igure 10.4.3-2. 

Based on t h e  above r e l a t i o n -  

While L e i t h ' s  p red ic t i ons  are  e s s e n t i a l l y  q u a l i t a t i v e ,  and i n t u i t i v e ,  
they are  based on extens ive c a v i t a t i o n  eros ion experience. 
they c o n s t i t u t e  a much needed advance toward i d e n t i f i c a t i o n  o f  p roper t ies  
impor tant  t o  c a v i t a t i o n  erosion. 
prime c a v i t a t i o n  eros ion agent has been we l l  supported by work a l ready 
c i t ed .  

Furthermore, 

His i d e n t i f i c a t i o n  o f  sodium as a 
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10.5-1 

10.5 APPLICATION TO LMFBR 

Pre-service, quantitative,  characterization of the erosion problem fo r  
even familiar working environments is not possible on the basis of present 
knowledge o f  this damage agency. Where there is  the possibi l i ty  for  
corrosion-assisted erosion, as i n  the LMFBR systems, then theoretical 
assistance is  even weaker. 
perience is of very limited value. 

Historical review o f  possibly relevant ex- 

Erosion by sol id  par t ic le  impfngement i s  expected t o  be an i n -  
s ignif icant  damage factor  i n  LMFBR systems. Conceivably, some sol i d  

par t ic le  intrusion of the l iquid metal c i rcu i t s  could resu l t  from,various 
corrosion processes. A quantity o f  sol id  par t ic les  suf f ic ien t  t o  present 
an erosion hazard should, however, force the e a r l i e s t  possible attention 
t o  this problem and corrective action against the in i t i a t ing  corrosion 
Process. 

L i q u i d  par t ic le  impingement on the containment envelope of the 
LMFBR heat t ransfer  system is  not expected to  pers is t  beyond presumably 
short  t ransients .  Persistent-potentially damaging-two phase regimes i n  
the l iquid metal c i rcu i t s  would be a derivative of improper design, o r  
select ion,  o f  c i r cu i t  components, o r  gross inattention t o  system operating 
parameters. Such factors are  also pertinent t o  cavitation erosion. The  
goal of zero, or very low, incidence of cavitation will be more d i f f i c u l t  
t o  achieve than will the corresponding goal for  l iquid par t ic le  impingement. 
W i t h  respect t o  c i r cu i t  design,  there is  now a substantial body of guide 
l ines  fo r  minimizing the possibi l i ty  o f  cavitation erosion, e.g. ,  elimination 
of abrupt flow section changes, gross roughness, flow obstacles which force 
rapid acceleration of the f lu id .  
wide spectrum of operating conditions presents more subt le  problems. I t  
is expected tha t  the greatest  potential for  s ignif icant  erosion from 
cavitation resides i n  such c i r cu i t  elements where h i g h  performance goals 
may force a close approach t o  the two phase regime under some operating 
circumstances. 

@ 

However, pump design to  accomodate a 
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I t  is expected tha t  proper management o f  the  damage potential of 
erosion i n  the LMFBR environments will require: 

a. Recognition , and maintenance of careful records , of off-normal 
operating conditions which conceivably could generate sol i d ,  o r  1 i q u i d ,  
par t ic les ,  o r  encourage cavi ta t ion ,  i n  the heat t ransfer  f luids .  

b. Continuous, o r  semi-continuous , monitoring of the heat t ransfer  
f luids  fo r  constituents which could par t ic ipate  i n  erosion, erosion- 
cor ros i on action. 

c. To the maximum extent permitted by routine shut-down, or other 
'opportunities'  f o r  inspection, examination of sensi t ive system components 
for  evidence of structural  deterioration. 

These are  obvious housekeeping chores w h i c h  have no particular bias 
toward a specif ic  damage agency. If i t  is possible t o  identify a specif ic  
action, e.g. , erosion, erosion-corrosion, then this will tend t o  establish 
corresponding working limits fo r  the resident materials and suggest guide- 
l ines  fo r  replacement, o r  second generation, materials. 

As has been noted i n  this chapter, i f  s ignif icant  erosion, erosion- 
corrosion damage occurs i n  the LMFBR system, i t  will l ike ly  be a concomitant 
of even more serious and more immediate problems. 
response might be expected to  have a more powerful motivation than erosion, 
erosion-corrosion, mitigation, however beneficial i t  may be i n  these 
respects. 

Accordingly, the corrective 

LMFBR structural  materials will generally be selected on the basis 
of a f a i r ly  broad range of property qual ificat,ions. 
only one of the areas of performance which are  expected t o  receive s u b -  
s tan t ia l  c la r i f ica t ion  by actual working experience. 

Erosion resistance i s  
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11 .o-1 

11.0 WEAR AND SELF WELDING I N  LMFBRs 

The operation of a complex machine such as  a reactor requires 
the use of contacting surfaces for  the accurate positioning o f  par ts ,  
transmission of motion and as a provision for  disassembly. 
may be i n  s t a t i c  contact for long periods o f  time before they are 
required to  move, i n  constant r a p i d  motion such as pump bearings, o r  
any condition in-between. The l o a d  on surfaces can vary from nearly 
zero to  several thousand psi, the environment can be iner t  gas or 
l iquid sodium. The mechanisms dependent on the re la t ive  motion of  
contacting surfaces can f a i l  by adhesion or severe wear. 

Surfaces 

I n  most complex mechanisms, adhesion and excessive wear i s  
prevented by introducing a sui table  lubricant between the ma t ing  sur- 
faces t o  prevent actual contact of the surfaces with each other.  The 
only lubricant available in an LMFBR Primary System i s  l iquid sodium 
between 400 and  1300°F. The chemical characterist ics and the temper- 
ature o f  the  l iquid sodium are suff ic ient ly  different  from conventional 
lubricants and normal machine temperatures t o  require careful consid- 
eration of the behavior of mating surfaces under operating conditions. 
Several studies of wear and adhesion i n  sodium, and experience w i t h  
many sodium loops and several reactors have generated much useful d a t a  
which will be reviewed in the f o l l o w i n g  sections. 
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11.1 FUNDAMENTAL CONSIDERATIONS FOR SLIDING SURFACES 

When sur faces are i n  contac t  they  suppor t  t he  contac t  pressure on 
smal l  a s p e r i t i e s  f rom t h e  two sur faces.  

cond i t ions  o f  c lean l i ness  and vacuum, the re  e x i s t s  a l a y e r  o f  absorbed gas 

molecules o r  oxides o f  t h e  metals which prevent  t r u e  metal - to-metal  con tac t .  

The movement o f  t h e  sur faces causes the  smal l  p r o j e c t i o n s  t o  deform, weld 
together  and break o f f  (adhesive wear). 
j e c t i o n  w i l l  break o f f  and gouge o r  g r i n d  t h e  s o f t e r  bear ing  ma te r ia l  o r  
embed i n  t h e  sur face  (abras ive  wear). Under abso lu te l y  c lean, vacuum 
cond i t i ons  w i t h  s u f f i c i e n t  pressure, a " f r i c t i o n  weld" would be produced. 

I n t e r p o s i n g  an e a s i l y  sheared f i l m  between t h e  two sur faces a l lows r e l a -  

t i v e  mot ion w i t h  o n l y  a smal l  number o f  t h e  minute p r o j e c t i o n s  i n t e r a c t i n g  

because t h e  f i l m  i s  bear ing  a p o r t i o n  o f  t h e  l o a d  cons is ten t  w i t h  i t s  
v i s c o s i t y .  I f  t h e  l oad  i s  increased, t h e  sur faces a re  brought  i n t o  c l o s e r  

con tac t  and more and more o f  t h e  a s p e r i t i e s  i n t e r a c t  causing h ighe r  wear 

ra tes .  

Except under t h e  most r igorous  

I f  t h e  ma te r ia l  i s  hard,  t he  pro-  

The general equat ions t h a t  have been semi-empi r i c a l  l y  developed 

r e l a t e  wear t o  load, movement and hardness i n  t h e  f o l l o w i n g  manner. 

KW L o r d = -  v = -  KN L 
'm 'm 

where 

V = volume o f  wear 

N = l o a d  
L = s l i d i n g  d is tance 

Pm = pressure a t  which p l a s t i c  pene t ra t i on  
occurs ( i  .e. , hardness ) 

d = apparent depth o f  pene t ra t i on  (assuming 
even wear over  t h e  contac t  a rea)  

W = apparent bear ing  pressure , 

K = wear c o e f f i c i e n t  

These equat ions are  v a l i d  o n l y  f o r  t h e  m i l d  wear cond i t i ons  and are n o t  

appl i c a b l e  t o  t h e  un l  u b r i  cated o r  p o o r l y  1 u b r i  cated cond i t i ons  caused by 
"over load"  o r  i n s u f f i c i e n t  l u b r i c a n t .  The severe wear produced by over-  
l oad  and i n s u f f i c i e n t  l u b r i c a n t  i s  charac ter ized  by severe sc ra tch ing  
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11 . l - 2  

and g a l l i n g .  The l i n e a r i t y  o f  wear w i t h  t i m e  i s  n o t  observed i n  t h e  i n i t i a l  

"wear ing i n ' '  per iod .  The l e n g t h  o f  t h e  r a p  

on such v a r i a b l e s  as t h e  o r i g i n a l  f i t - u p  o f  

load,  e t c .  When t h e  l o a d  i s  inc reased on a 

e f f i c i e n t  i s  s teady u n t i l  a t  some c r i t i c a l  

0 d i n i t i a l  wear process depends 

t h e  b e a r i n g  sur face ,  smoothness, 

b e a r i n g  s u r f a c e  t h e  wear co- 

oad t h e  wear c o e f f i c i e n t  

increases s h a r p l y .  Th is  c r i t i c a l  l o a d  u s u a l l y  co inc ides  w i t h  t h e  s t r e s s  
f o r  gross y i e l d i n g  o f  t h e  b e a r i n g  m a t e r i a l  and can be es t imated  f rom hardness 

measurements a t  t h e  sur face temperature o f  o p e r a t i o n .  

The a p p l i c a t i o n  o f  t h e  above g e n e r a l i t i e s  i n  understanding t h e  

behav io r  o f  c o n t a c t i n g  s o l i d  m a t e r i a l s  i n  a h i g h  temperature sodium env i ron-  

ment has been q u a l i t a t i v e l y  h e l p f u l  b u t  n o t  q u a n t i t a t i v e l y  u s e f u l  i n  p i c k i n g  

b e a r i n g  m a t e r i a l s  o r  The s c a t t e r  o f  da ta  o b t a i n e d  i n  a l a r g e  
wear t e s t i n g  program a t  LMEC( ' )  was r a t i o n a l i z e d  as a r i s i n g  f rom t h e  sum 
of about  s i x  a d d i t i v e  terms where one o r  another  o f  t h e  terms predominated 
i n  a g i v e n  t e s t .  

t e s t s  o f  p a r t i c u l ' a r  m a t e r i a l s ,  load,  temperature,  v e l o c i t y ,  environment 

and t ime,  t o  be reasonably  s u r e  o f  a g iven wear s i t u a t i o n .  However, t h e  

guidance o f  f r i c t i o n  and wear t h e o r y  and numerous prev ious  t e s t s  w i l l  be 
o f  q u a l i t a t i v e  h e l p .  

Thus, t h e  des igner  i s  a p p a r e n t l y  l e f t  w i t h  e m p i r i c a l  
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11.1 . l - 1  

11.1.1 MATERIAL CONSIDERATIONS FOR SLIDING SURFACES 

The pr imary importance o f  t he  con tac t i ng  surfaces i n  f r i c t i o n ,  
wear, and g a l l i n g  behavior  makes t h e  f i l m s  t h a t  ma te r ia l s  form i n  sodium 

o f  g rea t  importance. The f i l m s  t h a t  a r e  formed a re  so t h i n  t h a t  t he  
a b i l i t y  o f  t he  base metal t o  support  t he  f i l m  under t h e  l o a d  app l i ed  i s  
a l so  fundamental. I n  l i q u i d  sodium operat ion,  t h e  most impor tan t  f i l m  

i s  t h a t  o f  t he  sodium which keeps most o f  t he  mat ing s t r u c t u r a l  sur faces 
from contact .  The t h i n  f i l m s  o f  adsorbed o r  reacted i m p u r i t i e s  on the  
metal surfaces become o f  importance i n  boundary l u b r i c a t i o n  i n  h igh  
temperature sodium because o f  t he  low load  bear ing a b i l i t y  o f  t he  h igh  
temperature sodium metal. These f a c t o r s  w i l l  be discussed under the  

env i  ronmen t sec t ion .  

The p roper t i es  o f  ma te r ia l s  which are  impor tan t  t o  wear, f r i c t i o n  
and s e l f  weld ing a re  hardness, dimensional s t a b i l i t y ,  m e l t i n g  p o i n t ,  
thermal expans iv i ty ,  thermal conduc t i v i t y ,  d u c t i l i t y ,  impact s t rength ,  
and co r ros ion  res is tance.  
o f  impor tan t  LMFBR mate r ia l s  which i s  shown i n  Table 11.1.1-1. 
g ives t h e  composition, thermal expansion c o e f f i c i e n t ,  and t h e  hardness a t  
1200°F. 

Hoffman, e t  a l ( l )  compiled a t a b l e  o f  p roper t i es  
This  t a b l e  

The importance o f  these p roper t i es  i s  discussed below. 

Hardness - A very impor tant  p roper ty  o f  successful  s l i d i n g  bear ings 
has been hardness a t  opera t ing  temperature. It can be seen i n  Table 11.1.1-1 
t h a t  very  few mate r ia l s  a re  very hard a t  1200°F. I f  t h e  temperature were 
reduced s u b s t a n t i a l l y ,  many more ma te r ia l s  l i k e  convent ional  t o o l  s t e e l s ,  
etc., would be hard. The load  bear ing  a b i l i t y  o f  sodium f i l m s  i s  low, thus 
they are  t h i n ,  which causes t h e  metal a s p e r i t i e s  t o  contac t  each o the r  a t  
r e l a t i v e l y  low loads and shear o f f  a f t e r  s l i g h t  deformat ion (abras ive wear). 
The presence o f  t h i n  f i l m s  on the  hard subs t ra te  helps prevent  bonding o f  
t h e  a s p e r i t i e s  t o  t h e  opposing sur face  (adhesive wear) and t h e  consequent 
bu i l dup  o f  smeared metal. 
t h e  t h i n  b r i t t l e  sur face  f i l m s  break, a l l ow ing  metal -to-metal con tac t  and 
a s p e r i t y  welding. 
i n  sodium was encountered; i t  i s  w e l l  known t h a t  many f i n e  i r o n  p a r t i c l e s  
c i r c u l a t e  i n  sodium loops. ( * )  Chromium carbides, s i l i c o n  oxides and o t h e r  
hard p a r t i c l e s  a re  formed i n  the  sodium by mass t r a n s f e r  and a l so  c i r c u l a t e  

The s o f t e r  ma te r ia l  w i l l  deform more e a s i l y  and 

Although no exper imental  work on t h e  e f f e c t  o f  p a r t i c l e s  

3/31/73 



11.1 . l - 2  

Table 11.1.1-1 

L 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDAT E MATERIALS 

(Sheet 1 of 14) 

Mater ia l  

Nicke l -Base  Alloys : 

Inconel X-750 
(wrought) 

Inconel 7 18 
(wrought) 

Composition 
( 7 0 )  

Nickel* 70. 0 min  
:::Always contains small 

Chromium 14.0-17.0 

amount colbalt 

I ron  5. 0-9.  0 

Ti tan ium 2. 25-2. 75 

Aluminum 0.40-1. 00 

*Contains small 

Manganese 1. 0 max 
Silicon 0.5 m a x  

Sulfur 0. 01 m a x  

Copper 0.5 max 

Carbon  0. 08 max 

Nickel 53.0 

Chromium 18.5  

I ron  18. 0 

Niobium’> 0. 70-1. 20 

amount tan ta lum 

Niobium’:’ 5. 1 
*Contains s m a l l  

amount tan ta lum 

Molybdenum 3.  0 

Ti tan ium 1. 0 

Aluminum 0.5 
Sil icon 0. 25 

Manganese 0. 2 

I 

Mean 
Soefficient of 

T h e r m a l  
Expans ion 
( f r o m  70-  

1200’F) 
[pin. / in.  / O F )  

8 .4  

8 .6  

Hardness  
( a t  1200°F)  

RC 28-30 

RC 37-40 

3/31 /73  



11.1 . l - 3  

Table 11.1 .1-1  (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS OF 
CANDIDAT E MATERIALS 

(Sheet 2 of 14) 

Mater ia l  

Inconel 718 (cont) 

Udimet 7 18 
(wrought) 
(Equivalent 
t o  Inconel 718 
but f r o m  
different 
suppl ie r )  

Udimet 630 
(wrought ) 

Composition 
( %) 

~ ~~~ ~ 

Copper 0. 1 

Cobalt 0. 1 

Carbon 0. 05 

Sulfur 0. 007 

Nickel 5 4 . 2  

Chromium 18.0 

I ron  18. 0 

Niobium* 5. 2 
*Contains s m a l l  

amount tan ta lum 

Molybdenum 3. 0 

Ti tan ium 1. 0 
Aluminum 0 .5  

Carbon 0. 04-0. 06 
Boron 0. 004 

Nickel  48. 3-58.6 

Chronium 15-19 
I ron  16-19 
Molybdenum 2. 7-3.4 

Niobium* 5 .  8-6. 8 
*Contains s m a l l  

Aluminum 0.20-1. 00 

Carbon 0. 04 

Ti tan ium 0. 7-1. 5 

amount tan ta lum 

Mean 
Coefficient of 

T h e r m a l  
Expansion 
( f rom 70- 

1200°F)  
(pin. /in. / '  F) 

8. 6 

8. 6 

Hardness  
( a t  1200°F)  

RC 37-40 

RC 41-43 

3/31 /73 



11.1 . l - 4  

T a b l e  11 .1  . l - 1  (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 3 of 14) 

Mater ia l  

Udimet  630 (cont )  

- 

Haste l loy  C 
(wrought )  

Molybdenum-Base 
A l l o y s :  

T Z M  
( p r e s s e d  and 
s in t e red )  

Composition 
(70) 

Cobalt  1. 0 m a x  
Boron  0. 001 -0.007 

Nickel 54. 0 

Cobalt  . 2 . 5  m a x  
Chromium 14.5-16.5 

Molybdenum 15.0-17. 0 
Tungs ten  3. 0-4. 5 

I r o n  4. 0-7. 0 

Silicon 1. 0 m a x  

Manganese 1. 0 m a x  

Carbon  0. 08 m a x  

Vanadium 0. 35 rnax 
Phosphorus  0. 04 m a x  

Silicon 0. 03 rnax 

Molybdenum 99.40 

T i t an ium 0. 50 

Z i rcon ium 0. 08 

Carbon  0. 025 

I ron  0. 010 max 

Silicon 0. 008 rnax 
Nickel 0. 002 rnax 

Oxygcn 0. 0025 niax 

Mean 
Zoefficient of 

T h e r m a l  
Ex pans i o n  
( f r o m  70- 

1200°F)  
pin. / in.  /OF) 

7. 3 

3.  1 

Hardness  
[ a t  1 2 0 0 ° F )  

RB 87-90 

RB 95-97 

3/31 1 7 3  



11.1 .l-5 

Table 11.1 .l-1 (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 4 of 14) 

Mean 
Coefficient of 

Thermal 
Expansion 
(from 70- 
1200'F) 

(kin. /in. /OF) 

Composition 
(%I 

Hardness 
(a t  1 2 0 0 ° F )  Material  

TZM (cont) Hydrogen 0.0005 max 
Nitrogen 0. 002 max 

Molybdenum 99.95 RB 71-73 Molybdenum 
(pressed  and 
s intered)  

3. 1 

Tungsten: 

Tungs ten 
(pressed and 
s intered)  

2 . 4  R 4 3 - 4 5  C Tungsten 99.95 

Sintered Carbides: 

(pressed and 
s intered)  

K-95 RC 56-58 Tungsten 9 1. 0 

Cobalt 9.0 
3 . 4  

K-801 
(pressed  and 
s intered)  

Tungs ten 
carbide 94.0 

3. 1 RA 87-89 

Nickel binder 6. 0 

Titanium 
carbide 63. 0 

Nickel 25. 0 

Molybdenum 5. 0 

Niobium* 5. 3 
*Contains small  

amount tantalum 

K-162B 
(pressed and 
s inter ed) 

RC 5 0 - 5 3  4.6 

Tool Steels: 

AIS1 M1 
(wrought) 

Iron 83. 5 
Molybdenum 8.5 

6.9 
(from 75-  
900°F) 

RC 4 3 - 4 5  

3/31 /73 



11.1 . l - 6  

Table 11.1 . l - 1  (cont inued)  

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS OF 
CANDIDATE MATERIALS 

(Sheet 5 of 14) 

Mate r i a l  

AISI M1 (cont) 

R e x  49 
(wrought) 

AISI M2 
(wrought) 

AISI M 3  

(xvrought) 
Type  1 

Composition 
( 70) 

C h r o m i u m  4 .0  
Tungs ten  1 .5  

Vanadium I .  15 

Carbon  0. 80 

Si l icon  0. 30 
Manganese 0 .  25 

I r o n  76.40 

Carbon  1.10 
Tungs ten  6. 75 

'Manganese  0.45 

Molybdenum 3. 75 
Silicon 0. 30 
Vanadium 2. 00 

C h r o m i u m  4. 25 

Cobalt  5 .00  

I r o n  81. 8 
Tungs ten  6. 3 
Molybdenum 5. 05 

C h r o m i u m  4. 15 

Vanadium 1. 85 

Carbon  0. 85 

I r o n  80. 5 
Tungs ten  6. 1 

Molybdenum 6. 0 

Mean 
Coefficient of 

T h e r m a l  
Expansion 
( f r o m  7 0 -  

1200°F)  
(pin. /in. / O F )  

6. 8 

6.9 
( f r o m  75- 

9 0 0 ° F )  

8. 0 
(from 70- 
1000°F) 

Hardne s s 
( a t  1 2 0 0 ° F )  

RC 49-52 

RC 40-43 

RC 40-43 

@ 
3/31 /73 



11.1 . l - 7  

Table 11.1 . l - 1  (cont inued)  

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDAT E MATERIALS 

(Sheet 6 of 14) 

Material  

AISI M3 (cont) 

AIS1 M3 

(wrought) 
Type 2 

AISI M4 
(wrought) 

~ 

AISI M43 
(wrought) 

Composition 
( %) 

Chromium 4 .0  

Vanadium 2.4 
Carbon 1.02 

Iron 79.5 

Tungsten 6. 0 
Molybdenum 6. 0 

Chromium 4.1 

Vanadium 3. 2 
Carbon 1.2 

~ 

I ron 7 9 . 7  

Tungsten 5. 5 
Molybdenum 4 .5  

Chromium 4 .5  
Vanadium 4. 0 
Carbon 1. 28 
Manganese 0.25 
Silicon 0. 25 

I ron  74. 6 
Cobalt 8. 2 . 
Molybdenum 8. 0 

Chromium 3. 75 

Tungsten 2. 70 

Vanadium 1.60 
Carbon 1. 20 

Mean 
Coefficient of 

Thermal  
Exp ans ion 
( f rom 70- 
1200'F) 

[pin. /in. / O F )  

8. 0 
( f rom 70- 
1000°F)  

8. 0 
( f rom 70- 
1000°F) 

8. 0 
( f rom 70- 
1000'F) 

Ha rdne s s 
( a t  1200°F) 

RC 42-44 

RC 44-46 

RC 46-48 
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11.1 . l - 8  

Tab le  11.1 . l - 1  ( con t inued)  

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDAT E MATERIALS 

(Sheet 7 of 14) 

Mate r i  a1 

AISI T1 
(wrought) 

AISI T15 
(wrought) 

AISI M-15 

Composition 
( 700) 

I ron  

Tungs ten  

Chromium 

Vanadium 

Carbon 

Molybdenum 

Silicon 

Manganese 

74. 8 

18. 0 

4. 1 

1.1 

0. 75 

0. 70 

0. 25 

0. 25 

I ron  70. 7 

Tungs ten  12. 5 

Cobalt  5 . 0  

Vanadium 5. 0 

Chromium 4. 75 

Carbon 1.57 

Molybdenum 0.50  

I ron  74.5 

Chromium 4 . 0  

Cobalt  5. 0 

Molybdenum 3. 5 

Vanadium 5. 0 

Carbon 1 .5  

Tungsten 6. 5 

Mean 
Coefficient of 

T h e r m a l  
Expansion 
( f r o m  70- 

1200°F)  
(win. /in. 1°F) 

8. 0 
( f r o m  70- 
1000°F)  

8. 0 
( f r o m  70- 
1 0 0 0 ° F )  

Hardness  
( a t  1200°F)  

RC 39-41 

RC 40-42 

3/31 /73 



11.1 . l - 9  

Table 11.1 .l-1 (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 8 of 14) 

Material 

Whittaker 
NM- 100 

~ 

Nickel Base Hard 
Facing Alloys: 

Colmonoy 4 
(hard facing) 

Colmonoy 5 
(hgrd facing) 

Colmonoy 6 
(ha rd  facing) 

Composition 
( %) 

I ron 60. 5 
Carbon 1. 25 

Chromium 17.5 

Tungsten 10.5 

Cobalt 9 .5  
Vanadium 0. 75 

Nickel 82. 8 

Chromium 10. D 
I ron  2.5 
Carbon 0.45 
Silicon 2. 25 

Boron 2. 00 

Nickel 77.35 

Chromium 11.5 
Iron 4. 25 

Carbon 0. 65 

Silicon 3. 75 

Boron 2.50 

Nickel 73.75 
Chromium 13.5 

I ron  4. 75 

Carbon 0. 75 

Mean 
Coefficient of 

The rma l  
Expansion 
( f rom 70- 

1200" F) 
(Bin. /in. / O F )  

8. 0 

8. 0 

8. 0 

Hardness 
(at 1200°F) 

RC 50-53 

RC 25-27 

RC 37-39 

RC 43-45 

3/31 173 



11.1 . l - 10  

Tab le  11.1 . l - 1  (con t inued)  

Mate rial 

Colmonoy ‘6 (cont )  

. -. 

Colmonoy 70 
( h a r d  facing) 

Colmonoy 75 
(hard facing) 

_. 

Haynes 273 
(ha rd  facirig) 

CANDIIIA7’E MAT CRIA LS 
(Shect 9 of 14) 

______ 

Composition 
(%) 

Silicon 4. 25 

Boron  3. 00 

Nickel 62 .45  

Chroin ium 1 1. 5 

Tungs ten  16. 0 

I r o n  3. 75 

Carbon  0.55 

Sil icon 3. 25 

Boron 2. 50 

Nickel 73 

Chromium 13 

I ron  4 

Carbon  0. 7 

S il i c o 11 4.2 
Boron 3 

Tung s t c n c a r 13 I d :: 
+Pa  r t ic  IC: s 

Nickel 57.  1 

Clii o m i u m  16. 0 

Molybdc.liulr1 17. 0 

’ l ’ungsten 4 .  5 

l i m n  s. 3 

Carbon 0.  1 

Mean 
Coefficient of 

T he r mal 
Ex p a n s i  on 
( f r o m  70- 

1 2 0 0 ° F )  
(pin. /in. / F) 

a. 0 

- 
8. 0 

8. 0 

Hardness  
( a t  1 2 0 0 ° F )  

______ 

RC 43-45 

~~ 

RC 43-45 

- 
R B  85-87 

e 

a 
3/31/73 



11.1 . l -11  

Table 11.1 . l - 1  (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 10 of 14) 

Mat e rial 

Cobalt Base Alloys: 
Stellite 1 
(hard facing) 

Stellite 3 
( cas t )  

A 

Stellite 6B 
(wrought ) 

Stellite 613 
(hard facing) 

Compos ition 
(70) 

Cobalt 55.5 
Chromium 30.0 
Tungsten 12. 0 

Carbon 2. 5 

Cobalt 47. 6 

Chromium 30.5 

Tungsten 12. 5 

Nickel 3.0 

Iron 3. 0 
Carbon 2.45 

Silicon 1 .0  

Cobalt 

Chromium. 
Tungsten 

Nickel 
I ron 

Silicon 

Molybdenum 
Carbon 

54.9 

30. 0 

4 .5  

3.0 max 
3.0 rnax 

2 .0  rnax 

1.5 rnax 
1 . 1  

~~~~~~ 

Cobalt 66.9 
Chromium 28.0 
Tungsten 4. 0 

Carbon 1. 1 

Mean 
Coefficient of 

Thermal  
Expansion 
( f rom 70-  

1200'F) 
(pin. /in. /OF) 

7. 3 

7. 3 

7. 8 

8. 7 

Hardness 
(at  1200°F) 

RC 4 0 - 4 2  

RC 35-37 

RB 97-100 

RC 27-30  

3/31 / 73  



11.1 . l - 1 2  

Table 11.1 .l-1 (continued) 

COMPOSITION, Tt IERMAL I7SPANSION, A N D  HOT HARDNESS OF 

Mate r i a l  

Stcll i te 1016 
(ha rd  facing) 

__ -- 

Stellite Star J 
( c a s t )  

Mrta l  - C e r a m i c  
Corripositcs: 

LT-1D 
( s i n t e r e d )  

_______- 

LT - 2 
( s i n t e r e d )  

CANDIDATE M A T E R I A I S  
(Sheet 11  of 14) 

I__ _____- .___I_-____ ~ -. 

Compo sit ion 
(70) 

Cobalt  48. 5 

Chromium 32. 0 

Tungs ten  17. 0 

Carbon 2. 5 

Cobalt  43. 0 
Chromiurn 32. 0 

Tungsten 17. 0 

I ron  3. 0 
Nickcl 2. 5 max 

Carbon 2 .5  

Chromjuin  59. 0 

Molybdc.i!um 20. 0 

A luin i nr i m  
oxide 19. 0 

oxiclc 2. 0 
Tit  aniu i n 

Tungsten 60. 0 

Chromium 25. 0 

Alum iriur:i 
oxidc 1 5 . 0  

Mean 
Coefficient of 

The  r m a1 
Expansion 
( f r o m  70-  

1200°F)  
(pin. /in. / O F )  

7 . 2  

7. 2 

4 . 7  
(from 7 7 -  

1 8 3 2 F) 

4. 7 
( i r o i n  77-  
1832°F)  

______ ______- 

€Iardness 
( a t  1200°F)  

____- 
RC 39-41 

Rc 39-41 

3/31/73 



11.1 . l - 13  

Table 11.1 . l - 1  (cont inued)  

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 12 of 14) 

Material  

Austenitic Stainless 
Steels: 

3 04SS 
(wrought) 

3 16SS 
(wrought) 

Precipi ta t ion 
Hardening 
Stainless Steels : 

(wrought) 
17-4 PH SS 

Composition 
(74 

I ron 66.3-71. 3 

Chromium 18.0-20.0 

Nickel 8. 0-11- 0 

Manganese 2. 0 

Silicon 0. 7 

Carbon 0. 08 max 

Phosphorus 0. 045 max 

Sulphur 0. 03 max 

I ron  62.2-69.2 
Chromium 16.0-18. 0 
Nickel 11. 0-14. 0 

Molybdenum 2.0-3. 0 

Manganese 2. 0 

Silicon 0. 7 

Carbon 0. 1 
Phosphorus 0.045 max 

Sulphur 0.03 max 

I ron  70.2-76.2 
Chromium 15.5-17.5 

Nickel 3. 0-5. 0 

Mean 
Coefficient of 

The rma l  
Expansion 
( f rom 70- 

1200'F) 
(pin. /in. / O F )  

9 . 7  

9 .6  

7. 2 
( f rom 700- 

800 O F) 

Hardness 
(a t  1200°F) 

RB 40-50 

RB 40-50 

RC 3 3 - 3 6  

-~ 

3/31 173 



11.1 . l - 1 4  

Tab le  11.1 . l - 1  (continued) 

M a t e  r i a l  

_____ _..__ 

17-4 P H  SS (cont )  

17-7 P I 1  S S  
(w T ought  ) 

C e r a n i i c s :  

COClT!< 

A l l - 9 9 5  
( c a s t )  

Luc alox 
( c 2 51) 

C om p os it io 11 

(7;) 

C o p p c r  3. 0-5. 0 

S i l icon  1. 0 niax 

Manganese 1 .  0 inax 

C a r b o n  0. 07  rnax 

n'iobiunix: 0. 30 
>kC oika.iiis small  

amount  tantalum 

Iron 72.9  

Chromiu in  17. 0 

Nickel 7. 1 

_____ 

Manganese 1.  U imax 

Sil icon 1. 0 nlax 

Alu~ninum 1. 0 

Carbon  0. 09 max 

~ _ _ _ -  - 
Mean 

Coeff ic ien t  of 
T h c r m a l  

Expansion 
( f r o m  70- 

1 2 0 0 ° F )  
(p in .  / in .  /"E ' )  

6. 6 
(from 7 0 -  

8 0 0 ° F )  

4 . 3  
(Iron? 77- 

1 1 0 0 ° F )  

_____ ._____- 

Ha rdnes  s 
(at  1200°F)  

Itc 2 7 - 2 9  

1Ic 36-40  

Rc 36-40 

a 
3/31 1 7 3  
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Tab1 e 11.1.1-1 (continued) 

COMPOSITION, THERMAL EXPANSION, AND HOT HARDNESS O F  
CANDIDATE MATERIALS 

(Sheet 14 of 14) 

Mate rial  

F e r r i t i c  Stainless 
Steel: 

METCO 
405SS 

Chromium Coating: 

Hard Chrome 
I Pla t e  

Composition 
(70) 

I ron  85.5 

Chromium 11.5-13. 5 
Aluminum 0. 1-0. 3 

Silicon 1.0 max 

Manganese 1.0 max 

Carbon 0. 08 

Mean 
Coefficient of 

Thermal  
Expansion 
( f rom 70- 

1200°F) 
(bin. /in. / '  F) 

7. 5 

Hardness 
( a t  1200'F) 

RC 42-49 

Below T1,  the lubricative complex is stable in 15 ppm 0 sodium. If the 

In sodium contained 100 ppm, the lubricative oxide would be stable to T2. 

sodium saturated with 0, the lubricative oxide is stable to T3. 

any t empera tu re  below Tg, the oxygen content of the sodium should adjust itself 

until i t  reaches a ppm level with equivalent chemical potential '  to that of the 

oxygen in the polyoxide. 

see References 3 through 5. 

not exactly what the designer  needs s ince the activity of an element i n  a n  alloy 

is not unity and, therefore,  the f r e e  energy relationships a r e  slightly changed. 

Conversely, a t  

F o r  actual values of these curves for  cer ta in  metals 

The actual values f o r  the elemental  metals  a r e  

~- __________ 

T w o  solutions are in equibbrium with each other when the "chemical potenual" of each component in the two solutions have equa l  
values. The chemical potentid includes a lcnn giving the free energy at an asarmed standard state and a term that lncludes the natural 
log of the "activity" of thc component hang considered The actinty IS roughl) q u a l  to  the ratio of thc actual concentration of the 
component t o  i t s  concenlralion at  saturation 

3/31 I 7 3  
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t o  some e x t e n t .  Unless t h e  b e a r i n g  m a t e r i a l  i s  harder  than these 

p a r t i c l e s ,  a b r a s i v e  wear w i l l  r e s u l t  when t h e  p a r t i c l e s  a r e  c a r r i e d  by 

t h e  sod i  um between t h e  c o n t a c t i n g  sur faces .  

Wear and f r i c t i o n  do n o t  n e c e s s a r i l y  go hand-in-hand. However, i f  

t h e  f r i c t i o n  c o e f f i c i e n t  i s  l a r g e  i n  a h i g h  speed bear ing ,  a problem o f  

heat  removal w i l l  r e s u l t .  High hardness m a t e r i a l s  tend t o  have lower  

c o e f f i c i e n t s  o f  f r i c t i o n  than s o f t e r  m a t e r i a l s  and thus r e s u l t  i n  l e s s  

h e a t i n g .  
w i l l  g e t  even s o f t e r  and e v e n t u a l l y  t h e  two sur faces  may m e l t  t o g e t h e r  i n  a 

f r i c t i o n  weld. 

normal standards and thus i t  i s  d e s i r a b l e  t o  keep t h e  f r i c t i o n  c o e f f i c i e n t s  
as low as p o s s i b l e  on r a p i d l y  moving, c o n t a c t i n g  sur faces .  

I f  t h e  s u r f a c e  temperature c l imbs a p p r e c i a b l y  t h e  s o f t e r  m a t e r i a l s  

The c o e f f i c i e n t s  o f  f r i c t i o n  i n  sodium a r e  q u i t e  h i g h  by 

Dimensional S t a b i l i t y  and Thermal E x p a n s i v i t y  - The low v i s c o s i t y  

o f  h i g h  temperature sodium r e s u l t s  i n  very  t h i n  l u b r i c a t i n g  f i l m s  i n  loaded 
bear ings .  Th is  very t h i n  f i l m  r e q u i r e s  a very c l o s e  t o l e r a n c e  on t h e  f i t - u p  

o f  t h e  b e a r i n g  t o  assure t h e  l o a d  i s  a p p l i e d  as u n i f o r m l y  t o  t h e  b e a r i n g  

s u r f a c e  as p o s s i b l e .  
a t  low temperature and then a r e  heated t o  qormal o p e r a t i n g  temperature o r  
operated a t  some i n t e r m e d i a t e  temperature.  It i s  obvious t h a t  a mismatch 

o f  thermal expansion c o e f f i c i e n t s  w i l l  chanqe t h e  o p e r a t i n g  c learance a t  

each temperature.  
dependent c h a r a c t e r i s t i c s  o f  t h e  sodium l u b r i c a n t  i n t o  account m i g h t  be 

d e s i r a b l e ,  however, t h e  l o n g i t u d i n a l  mismdtch o f  c i r c u l a r  wear 1 i n e s  caused 

by d i f f e r e n t i a l  thermal expansion c o u l d  cause increased f r i c t i o n  and wear. 

The thermal expansion p r o p e r t i e s  o f  many o f  t h e  h a r d  m a t e r i a l s  a r e  

s u b s t a n t i a l l y  d i f f e r e n t  than t h e  a u s t e n i t i c  s t a i n l e s s  s t e e l s  t h a t  a r e  used 

i n  manufacture o f  sodium systems. Even though some smal l  bear ings  can be 

f a b r i c a t e d  o f  a s i n g l e  hard  m a t e r i a l ,  l a r g e  bear ings would r e q u i r e  t h a t  
t h e  hard  m a t e r i a l  be a s u r f a c e  a p p l i c a t i o n  where t h e  thermal expansion o f  

t h e  whole assembly r e f l e c t s  t h e  base m a t e r i a l  more than t h e  s u r f a c i n g  

m a t e r i a l .  

Bear ings a r e  machined, f i t - u p  and sometimes operated 

A designed change i n  c learance t h a t  takes t h e  temperature 

The dimensional  s t a b i l i t y  o f  a b e a r i n g  through t h e  thermal cyc les  

and l o n g  soaking per iods  a t  e l e v a t e d  temperature i s  necessary t o  preserve 

clearances except  i n  f l a t  r u b b i n g  sur faces .  The metal  1 u r g i c a l  s t a b i l  i ty  o f  
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the  bear ing  ma te r ia l  i s  a l s o  impor tan t  t o  preserve i t s  mechanical 

p roper t i es  and hardness. 

Thermal Conduct iv i t y  and Me l t i ng  Po in t  - The i n t e r a c t i o n  of  the  

opposing sur faces as they s l i d e  pas t  one another generates an extremely 

l o c a l  hea t ing  e f f e c t .  The heat generated i n  the  con tac t i ng  a s p e r i t i e s  

w i l l  s o f t e n  o r  even mel t  them, r e s u l t i n g  i n  more weld ing and f r i c t i o n .  

The increased f r i c t i o n  w i l l  produce s t i l l  more heat  and even tua l l y  se ize  

o r  g a l l  t he  bear ing.  The extremely l o c a l  na ture  o f  t he  heat ing  w i l l  a l l ow  

i t  t o  f l ow  i n t o  t h e  bu lk  o f  t he  bear ing  i f  t h e  ma te r ia l  has a reasonable 

thermal c o n d u c t i v i t y .  I f  an apprec iab le l a y e r  o f  sodium i s  present,  i t  

w i l l  a c t  as an e x c e l l e n t  heat  t r a n s f e r  media. A reasonable f l o w  o f  

sodium w i l l  remove the  heat  f rom the  bear ing  area. 

p o i n t  o f  the  bear ing  ma te r ia l  the  l ess  l i k e l y  i t  i s  t o  be sof tened o r  

mel ted by t h e  f r i c t i o n a l  heat.  

Q 

The h ighe r  the  m e l t i n g  

The a l l o y i n g  tendencies o f  ma te r ia l s  and 

d i f f u s i o n  r a t e s  a re  genera l l y  increased as t h e  m e l t i n g  p o i n t  i s  approached. 

The use o f  h igh  m e l t i n g  p o i n t  ma te r ia l s  w i l l  reduce these undesi rab le 

c h a r a c t e r i s t i c s  a t  ope ra t i ng  temperatures. 

D u c t i l i t y  and Impact St rength - Most bear ing  sur faces a re  requ i red  

t o  absorb shock loadings a t  some t ime du r ing  t h e i r  l i f e  even i f  on ly  

du r ing  manufacture and shipment o r  acc ident  cond i t ions ,  so t h a t  some degree 

o f  impact s t reng th  i s  des i red.  

t o  s t r u c t u r e s  so t h e  impact loads w i l l  o n l y  be app l i ed  through the  base 
ma te r ia l  which has been se lec ted  f o r  t he  proper mechanical c h a r a c t e r i s t i c s .  

Th is  should d i s t r i b u t e  the  impact t o  the  whole l o a d  bear ing  sur face  and 

lessen i t s  a f f e c t .  

s t r u c t u r a l  e n t i t y ,  i t s  impact p roper t i es  cou ld  become very impor tant .  

Many bear ing  sur face  ma te r ia l s  a re  app l i ed  

Where the  bear ing  ma te r ia l  i s  u t i l i z e d  f o r  t he  e n t i r e  

D u c t i l i t y  i n  a bear ing  sur face  a l lows hard p a r t i c l e s  t o  become 
embedded and n o t  scar  t h e  whole bear ing  sur face,  i t  adlows a c e r t a i n  amount 

o f  deformat ion t o  more evenly d i s t r i b u t e  the  load, promotes deformat ion and 
smearing o f  a s p e r i t i e s  and a l lows a sur face  t o  become work hardened. 

deformat ion may a l so  break up t h i n  sur face  f i l m s  which i n h i b i t  a s p e r i t y  

welding, encourage t r a n s f e r  o f  ma te r ia l  t o  t h e  opposing sur face  and encourage 

g a l l i n g .  Where the  ma te r ia l  i s  a sur face  coat ing,  d u c t i l i t y  w i l l  a l l ow  i t  

t o  absorb d i f f e r e n t i a l  thermal expansion and thermal shocks. A l i t t l e  duc- 

t i l i t y  appears t o  be des i rab le  b u t  t oo  much cou ld  promote g a l l i n g  and s e l f  

we1 ding. 

Surface 
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I r r a d i a t i o n  E f f e c t s  - I f  b e a r i n g  sur faces  a r e  exposed t o  a sub- 

Elements t h a t  have h i g h  r e a c t i o n  cross s e c t i o n s  

s t a n t i a l  neut ron  f luence,  t h e  changes i n  p r o p e r t i e s  f rom i r r a d i a t i o n  w i l l  

have t o  be considered. 

w i l l  be t ransmuted o r  a c t i v a t e d .  A c t i v a t e d  elements i n  t h e  wear products  

w i l l  t r a n s f e r  o u t  o f  t h e  s h i e l d e d  core r e g i o n  and can produce access 

problems elsewhere i n  t h e  system. 

p r o p e r t i e s  o r  produce dimensional  changes. Even b e a r i n g  m a t e r i a l s  which 

produce wear products  o u t s i d e  o f  t h e  r e a c t o r  core  may t r a n s f e r  these 

p a r t i c l e s  i n t o  o r  through t h e  core  and g r a d u a l l y  add t o  t h e  a c c e s s i b i l i t y  

problems. 
problems i n  water  cooled r e a c t o r s  has been c o b a l t .  P r e l i m i n a r y  est imates 
o f  a c c e s s i b i l i t y  problems i n  FFTF s t i l l  i n d i c a t e  c o b a l t  w i l l  be a major  

c o n t r i b u t o r  t o  t h e  system a c t i v i t y .  

Transmuted m a t e r i a l  m igh t  change b e a r i n g  

The element which has caused t h e  most severe a c c e s s i b i l i t y  

( 3 Y 4 )  

Cr.ysta1 S t r u c t u r e  - A r e c e n t  r e v i e w ( 5 )  o f  s l i d i n g  s u r f a c e  behav io r  

i n  sodium has hypothes ized t h a t  t h e  hexagonal c r y s t a l  s t r u c t u r e  performs 
b e t t e r  than o t h e r  c r y s t a l  s t r u c t u r e s  f o r  s l i d i n g  i n t e r a c t i o n .  The rev iew 

i n d i c a t e d  t h a t  t h e  b e t t e r  b e a r i n g  m a t e r i a l s  a l l  had a t  l e a s t  some 

c o n s t i t u e n t s  i n  a hexagonal c r y s t a l  s t r u c t u r e .  
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11.1.2 ENVIRONPIENTAL CONSIDERATIONS FOR SLIDING SURFACES 

Bear ing  su r faces  i n  an LMFBR w i l l  be s u b j e c t  t o  environments which 

can change t h e i r  wear, f r i c t i o n  and s e l f  w e l d i n g  p r o p e r t i e s .  

i n  t h e  l i q u i d  sodium environment a r e  temperature,  oxygen c o n c e n t r a t i o n ,  

p a r t i c u l a t e s ,  sodium f l o w ,  i m p u r i t i e s  such as n i t r o g e n ,  carbon, e t c . ,  and 

r a d i a t i o n .  Va r iab les  i n  vapor phase exposure i n c l u d e  temperature,  sodium 

vapor, i m p u r i t i e s  i n  i n e r t  gas, r a d i a t i o n  and i n t e r m i t t e n t  l i q u i d  o p e r a t i o n .  

The environment p r i n c i p a l l y  e f f e c t s  t h e  s u r f a c e  which as p r e v i o u s l y  d iscussed 

i s  i m p o r t a n t  i n  t h e  area o f  f r i c t i o n  and wear. 

The v a r i a b l e s  

I n  l i q u i d  phase s l i d i n g  t h e  temperature w i l l  be s u b s t a n t i a l l y  

c o n t r o l l e d  by t h e  sodium temperature except  where l a r g e  amounts o f  heat  

generated by r a d i a t i o n  o r  f r i c t i o n  must be d i f f u s e d  away f rom t h e  bear ing .  

The temperature and oxygen c o n c e n t r a t i o n  o f  t h e  s o d i u m - s l i d i n g  s u r f a c e  

i n t e r f a c e ,  i n t e r a c t  e i t h e r  t o  remove o r  t o  form s u r f a c e  o x i d e  c o a t i n g s .  

I n  low ( c 5  ppm) oxygen systems o n l y  a f e w  metal  ox ides a r e  s t a b l e ,  such as 

tungsten,  molybdenum, s i l i c o n ,  manganese, zl irconium, chromium, e t c .  As 

t h e  temperature i s  r a i s e d  f rom ambient t o  13OO0F, seve ra l  o f  t hese  ox ides  

r e a c t  w i t h  t h e  sodium o r  a r e  d i s s o l v e d  i n  t h e  base meta l  and any l u b r i c a t i n g  

e f f e c t s  a r e  l o s t .  As t h e  temperature i s  decreased a t h r e s h o l d  w i l l  be 

reached where t h e  oxygen i n  t h e  sodium w i l l  r e a c t  w i t h  t h e  meta l  and r e f o r m  

t h e  s u r f a c e  ox ides .  A t  low temperatures t h e  k i n e t i c s  o f  t hese  r e a c t i o n s  

may be t o o  s low t o  r e f o r m  damaged ox ides  o r  l e a d  t o  r e d u c t i o n  of  ox ides 

a l r e a d y  formed. The c o n c e n t r a t i o n  o f  t h e  r e a c t a n t s  a t  t h e  b e a r i n g  s u r f a c e  

i s  t h e  fundamental parameter and i t  c o u l d  be s u b s t a n t i a l l y  d i f f e r e n t  than 

b u l k  sodium a n a l y s i s  i n  a l o n g  narrow c r e v i c e  w i t h  poor c i r c u l a t i o n .  The 

temperature o f  t h e  r e a c t i n g  s u r f a c e  can be s u b s t a n t i a l l y  h o t t e r  t han  t h e  

b u l k  sodium i f  generated h e a t  i s  n o t  c a r r i e d  away by a sodium f i l m .  I f  

sodium f l o w  i s  r a p i d  i n  t h e  b e a r i n g  i n t e r f a c e ,  s u r f a c e  changes i n  composi t ion 

o f  t h e  b e a r i n g  su r faces  can t a k e  p l a c e  by s e l e c t i v e  l e a c h i n g ,  c o r r o s i o n  o r  

i n t e r a c t i o n  w i t h  i m p u r i t i e s  such as carbon, n i t r o g e n ,  e t c .  

sur face 1 ayer  c o u l d  have b e t t e r  o r  worse f r i c t i o n  and wear c h a r a c t e r i s t i c s  

than t h e  o r i g i n a l  s u r f a c e .  The presence o f  a pu re  sodium f i l m  between two 

d i s s i m i l a r  meta l  su r faces  can a c t  as a t r a n s p o r t  medium between them f o r  

any elements whose a c t i v i t y  i n  one m a t e r i a l  i s  h i g h e r  than i n  t h e  o t h e r  

The a l t e r e d  
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m a t e r i a l .  
b o t h  sur faces  a l l o w i n g  meta l - to-meta l  c o n t a c t  and s o l i d  s t a t e  d i f f u s i o n  
o f  a c t i v e  species such as carbon, n i t r o g e n ,  e t c .  Th is  process c o u l d  r e s u l t  
i n  s e l f  weld ing.  Wear d e b r i s  between two sur faces  w i l l  have a h i g h  sur face 
area and a b i l i t y  t o  c a r b u r i z e  o r  n i t r i d e  i f  these elements a r e  a v a i l a b l e .  
Subsequent movement o f  t h e  s u r f a c e  w i l l  now have t o  shear  o r  plow a h a r d e r  
m a t e r i a l  and thus  t e q u i r e  inc reased f o r c e .  

I f  temperature i s  h i g h  enough, o x i d e  f i l m s  can be removed f rom 
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11.2 FUNDAMENTAL CONSIDERATIONS FOR ROLLING CONTACT 

The use o f  r o l l i n g  c o n t a c t  i n v o l v e s  c e r t a i n  aspects  o f  t h e  p rev ious  

d i s c u s s i o n  such as s e l f  weld ing,  when n o t  i n  mot ion,  and s l i d i n g  f r i c t i o n  

and wear on t h e  b a l l  o r  r o l l e r  cage. 

g a l l i n g  o f  t h e  cage m a t e r i a l  has been a s e r i o u s  problem w i t h  b a l l  and r o l l e r  

bea r ings  i n  sodium, o n l y  t h e  r o l l i n g  c o n t a c t  w i l l  be t r e a t e d  i n  t h i s  s e c t i o n .  

Even though t h e  s l i d i n g  wear and 

The use o f  r o l l i n g  c o n t a c t  bea r ings  i n  sodium i s  i n v i t i n g  because 

A r e c e n t  program( ’ )  t o  i n v e s t i g a t e  t h e  use 

o f  t h e i r  low f r i c t i o n ,  accu ra te  p o s i t i o n i n g  o f  moving elements, and a b i l i t y  

t o  ope ra te  w e l l  a t  low speed. 

o f  r o l l i n g  bear ings  i n  sodium under LMFBR c o n d i t i o n s  rev iewed t h e  funda- 

mental c h a r a c t e r i s t i c s  o f  m a t e r i a l s  necessary f o r  use i n  such bear ings  

and rev iewed p a s t  exper ience.  

temperature ( ~ 5 0 0 ° F )  w i t h  i m p u r i t i e s  i n  t h e  sodium which make t h e  data of  
d o u b t f u l  va lue  f o r  h i g h  temperature LMFBR a p p l i c a t i o n .  
w i t h  o r d i n a r y  r o l l i n g  bear ings  i n  h i g h  temperature (400°C) sodium has 

shown them t o  be  inadequate.  

Most o f  t h e  p rev ious  exper ience i s  a t  low 

Experiments (2) 

. 
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11.2.1 MATERIAL CONSIDERATIONS FOR ROLLING CONTACT 

A r o l l i n g  c o n t a c t  must t h e o r e t i c a l l y  c a r r y  t h e  a p p l i e d  l o a d  on a 

l i n e  c o n t a c t  which would r a i s e  t h e  load/area t o  very  h i g h  l e v e l s .  

e l a s t i c  deformat ion of t h e  r o l l e r  and race  inc rease t h e  a c t u a l  area o f  

c o n t a c t  and reduce t h e  load/area s u b s t a n t i a l l y .  Th is  s l i g h t ,  c y c l i c ,  

e l a s t i c  deformat ion can produce s u r f a c e  f a t i g u e .  Thus, hardness under 

considers an o p e r a t i n g  hardness o f  Rc-57 t o  58 t o  be a general  r u l e  f o r  

normal h i g h  temperature s e r v i c e .  The h i g h  hardness g ives  increased 

a b i l i t y  t o  s u s t a i n  t h e  h i g h  load/area w i t h o u t  p l a s t i c  deformat ion.  

S l i g h t  

o p e r a t i n g  c o n d i t i o n s  i s  a requi rement  f o r  r o l l i n g  bear ings .  Erhard t  ( 1  1 

The r o l l i n g  b e a r i n g  w i l l  exper ience some s l i d i n g  f r i c t i o n  and wear 

un less i t  makes a p o i n t  o r  l i n e  c o n t a c t  such as a b a l l  on a f l a t  p l a t e  o r  

a c y l i n d r i c a l  r o l l e r .  As d iscussed i n  s e c t i o n  11.1.1 hardness i s  a 

d e s i r a b l e  p r o p e r t y  f o r  s l i d i n g  wear and thus does n o t  c o n f l i c t  w i t h  hard- 

ness requi rement  f o r  r o l l i n g  c o n t a c t .  S l i d i n g  f r i c t i o n  i s  a l s o  exper ienced 
when t h e  b a l l  o r  r o l l e r  con tac ts  t h e  cage m a t e r i a l  which f i x e s  i t s  p o s i t i o n .  

Any wear products  f rom t h e  cage c o n t a c t  w i l l  be c a r r i e d  i n t o  t h e  r o l l i n g  

element-race i n t e r f a c e  and can e a s i l y  l e a d  t o  f a i l u r e  o f  t h e  whole b e a r i n g  

through increased f r i c t i o n a l  h e a t i n g .  

Other m a t e r i a l  p r o p e r t i e s  o f  importance a r e  creep, dimensional  

s t a b i l i t y ,  impact r e s i s t a n c e ,  c o r r o s i o n  r e s i s t a n c e  i n c l u d i n g  s e l e c t i v e  

l e a c h i n g  and s e l f  welding. 

t h e  bear ing  i s  s t a t i o n a r y  and t h e  h i g h  u n i t  l o a d i n g  i s  mainta ined a t  one 

p o i n t  o r  l i n e  f o r  a l o n g  t ime.  Dimensional s t a b i l i t y  through t h e  e n t i r e  

temperature range i n c l u d i n g  thermal expansion d i f f e r e n t i a l s  i s  impor tan t  

because o f  t h e  n e c e s s a r i l y  c l o s e  c l  earances between r o l l  i n g  e l  ement and 

race. 

t h e  b e a r i n g  by any shock load ings  t o  which i t  might  be sub jec ted .  Cor ros ion  

c o u l d  change t h e  dimensional  t o l e r a n c e ,  w h i l e  s e l e c t i v e  l e a c h i n g  c o u l d  change 

t h e  s u r f a c e  hardness and wear c h a r a c t e r i s t i c s .  

Creep and s e l f  we ld ing  a r e  o f  importance when 

Impact r e s i s t a n c e  must be h i g h  enough t o  i n s u r e  a g a i n s t  s h a t t e r i n g  

The h i g h  u n i t  l o a d i n g  o f  a r o l l i n g  element and t h e  low v i s c o s i t y  

o f  h i g h  temperature sodium promote i n t i m a t e  s u r f a c e  c o n t a c t  between t h e  

r o l l i n g  element and race. The importance o f  a boundary l a y e r  t o  i n h i b i t  

s e l f  we ld ing  o f  t h e  a s p e r i t i e s  i s  obv ious.  The m a t e r i a l s  n o r m a l l y  con- 

s i d e r e d  f o r  h i g h  temperature hardness have low s e l f  we ld ing  p r o p e r t i e s  
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because t h e i r  h igh  chromium, tungsten, t i t a n i u m  and molybdenum contents  

tend t o  r e a d i l y  form l u b r i c a t i n g  ox ide  f i l m s .  

o f  these ma te r ia l s  suppor t  t h e i r  ox ide  f i l m s  and avo id  t h e i r  d e s t r u c t i o n  

by base metal y i e l d i n g .  E rha rd t ( ’ )  presented a p l o t  o f  hardness versus 

temperature f o r  t h e  groups o f  ma te r ia l s  he considered had p o t e n t i a l  f o r  

r o l l i n g  bear ing  a p p l i c a t i o n  (F igu re  11.2.1-1). I f  one app l ies  t h e  

q u a l i t a t i v e  c r i t e r i a  o f  hardness Rc-57 a t  1200°F t o  t h i s  f i g u r e  o n l y  t h e  

cermets appear feas ib le .  However, t e s t s  have been conducted a t  LMEC 

on t h e  in -vesse l  hand l ing  machine f o r  FFTF up t o  1100°F i n  sodium. The 

machine conta ins  h e a v i l y  loaded r o l l e r  bear ings which are t h o u g h t ( 3 )  t o  

be made o f  S t e l l i t e  b a l l s  and Inconel  718 races which would o n l y  have a 

hardness o f  about Rc-45 a t  1100°F. 
extended t e s t .  ( 2 )  I ~ a i ( ~ )  t e s t e d  b a l l  bear ings a t  400°C i n  sodium w i t h  

S t e l l i t e  D6K b a l l s  and S t e l l i t e  6 on 316 s t a i n l e s s  s t e e l  races. He 

found t h e  S t e l l i t e  races increased i n  hardness on t h e  wear t racks  f rom 

Rc-48 be fo re  t h e  t e s t  t o  about Rc-55 a f t e r  t h e  t e s t .  
su r face  hardening t o  t h e  b a l l s  rubb ing  t h e  sur face .  

The necessary h igh  hardness 

(2) 

These bear ings performed w e l l  i n  t he  

He ascr ibed t h e  
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11.2.2 Environmental  Cons ide ra t i ons  f o r  R o l l i n g  Surfaces 

Th is  d i s c u s s i o n  o f  r o l l i n g  su r faces  d i f f e r s  f rom t h e  p rev ious  

The h i g h  s p e c i f i c  

d i s c u s s i o n  o f  s l i d i n g  su r faces  i n  t h a t  r o l l i n g  bear ings  have ve ry  h i g h  

s p e c i f i c  l o a d i n g  and c l o s e  dimensional  t o l e r a n c e s .  

l o a d i n g  i n  t h e  low v i s c o s i t y ,  h i g h  temperature sodium w i l l  remove most 
o f  t h e  sodium f rom t h e  c o n t a c t  area and promote me ta l - to -me ta l  c o n t a c t .  
Thus, t h e  chemis t r y  o f  t h e  sodium i n  f o r m i n g  t h i n  o x i d e  l a y e r s  on t h e  

s u r f a c e  o f  t h e  b e a r i n g  i s  ve ry  i m p o r t a n t  i n  p r e v e n t i n g  a s p e r i t e  w e l d i n g  

and adhesive wear. 

hardness a t  h i g h  temperature f o r  r o l l i n g  bear ings  u s u a l l y  c o n t a i n  elements 

which fo rm o x i d e  l a y e r s  i n  sodium o f  low oxygen c o n c e n t r a t i o n s  such as 
tungsten,  chromium, t i t a n i u m ,  molybdenum, e t c .  

oxygen i n  sodium necessary t o  m a i n t a i n  an o x i d e  f i l m  on t h e  b e a r i n g  

s u r f a c e  w i l l  be a f u n c t i o n  o f  m a t e r i a l ,  temperature,  s u r f a c e  v e l o c i t y ,  

t h e  r a p i d i t y  t h a t  t h e  f i l m  i s  removed by mechanical a c t i o n  and t h e  
k i n e t i c s  o f  f i l m  f o rma t ion .  D r o h e r ' s ( ' )  s i m p l i f i e d  f i g u r e  showing t h e  

oxygen c o n c e n t r a t i o n  temperature r e l a t i o n s h i p  t o  f i l m  f o r m a t i o n  i s  shown 

i n  F i g u r e  11.2.2-1. 

t y p e  s u r f a c e  f i l m  o f  a chromium a l l o y .  Th is  f i g u r e  g r a p h i c a l l y  i l l u s t r a t e s  

t h a t  one cannot e x t r a p o l a t e  t h e  performance o f  a b e a r i n q  a t  one temperature 

t o  a d i f f e r e n t  temperature w i t h  con f idence  w i t h o u t  a complete unders tand ing  

o f  t h e  s u r f a c e  chemis t r y .  Sows'') e x p l a i n s  t h e  wear b e h a v i o r  o f  molybdenum 
a g a i n s t  Carboloy-78B i n  sodium as t h e  f o r m a t i o n  o f  an o x i d e  l a y e r  s t a r t i n g  

around 700°F and e x t e n d i n g  through 1200°F. 

F o r t u n a t e l y ,  t h e  m a t e r i a l s  which have t h e  r e q u i  r e d  

The concen t ra t i ons  o f  

Th is  f i g u r e  i s  based on t h e  f o r m a t i o n  o f  Na C r  0 

Q x Y Z  

The r o l l i n g  b e a r i n g  u s u a l l y  has o n l y  s h o r t  c r e v i c e  areas and t h e  

b e a r i n g  su r faces  a re  bathed i n  l u b r i c a n t  by i t s  own mot ion.  

sodium t o  a l l  t h e  su r faces  w i l l  promote e q u i l i b r i u m  o f  t h e  o x i d e  s u r f a c e  

l a y e r s  w i t h  t h e  a v a i l a b l e  oxygen i n  t h e  sodium. The p l e n t i f u l  supp ly  o f  
sodium w i l l  se rve  t o  remove any generated h e a t  r a p i d l y .  However, any 

p a r t i c u l a t e s  i n  t h e  sodium w i l l  a l s o  be s u p p l i e d  t o  t h e  r o l l i r l g  su r faces  

and c o u l d  induce wear o r  dimensional  changes f r o m  b u i l d u p  on su r faces .  

Th is  supp ly  o f  

Bear ings which o p e r a t e  i n  t h e  vapor space o v e r  h o t  sodium w i l l  be 
I f  t h e  b e a r i n g  i s  p e r i o d i c a l l y  submerged i n  enc rus ted  w i t h  sodium f r o s t .  
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sodium, t h e  f r o s t  w i l l  p robab ly  be removed. Sodium f r o s t  i s  a m i x t u r e  o f  

sodium, sodium ox ide,  sodium h y d r i d e ,  sodium carbonate and o t h e r  sodium 

compounds. 

m a t e r i a l  and thus may i n c r e a s e  t h e  apparent  f r i c t i o n  i n  t h e  b e a r i n g  f o r  

t h e  f i r s t  few r e v o l u t i o n s .  I f  s u f f i c i e n t  t o r q u e  can be a p p l i e d ,  t h e  f r o s t  

w i l l  p robab ly  be ex t ruded  and t h e  s l i g h t  res idues  w i l l  a c t  as a l u b r i c a n t .  

The p o s s i b i l i t y  o f  c o r r o s i o n  o f  t h e  b e a r i n g  m a t e r i a l  i s  p resen t  w i t h  t h e  

h i g h  c o n c e n t r a t i o n s  o f  i m p u r i t i e s  i n  t h e  f r o s t .  Gas phase o p e r a t i o n  o f  a 

b e a r i n g  w i l l  n o t  e x t r a c t  f r i c t i o n  hea t  f r o m  t h e  b e a r i n g  su r faces  n e a r l y  as 

w e l l  as t h e  l i q u i d  sodium environment.  I f  s u b s t a n t i a l  f r i c t i o n  c o e f f i c i e n t s  

a r e  encountered d u r i n g  r a p i d  mot ion,  t h e  b e a r i n g  may s e v e r e l y  overheat  and 

we1 d. 

These compounds a r e  g e n e r a l l y  s o f t  compared t o  t h e  b e a r i n g  

The c l o s e  dimensional  t o l e r a n c e  o f  r o l l i n g  bear ings  must be main- 

t a i n e d  th roughou t  t h e i r  u s e f u l  l i f e .  The open s t r u c t u r e  o f  t h i s  t y p e  o f  

b e a r i n g  w i l l  promote r a p i d  sodium f l o w  around t h e  b e a r i n g  su r faces  and 
thus c r e a t e  a p o t e n t i a l  f o r  c o r r o s i o n  l e a c h i n g  o f  t h e  b e a r i n g  m a t e r i a l .  

Th is  l e a c h i n g  process can change t h e  composi t ion and hardness o f  t h e  s u r -  

f ace  and thus  i t s  wear c h a r a c t e r i s t i c s  and dimension. Nost m a t e r i a l s  

cons ide red  f o r  r o l l i n g  bear ings  a r e  n o t  s e v e r e l y  corroded by sodium. 

Romano(3) found t h e  c o r r o s i o n  o f  Haynes 25 t o  be s i m i l a r  t o  s t a i n l e s s  s t e e l  

i n  low oxygen sodium and b e t t e r  t han  s t a i n l e s s  s t e e l  i n  12 ppm O2 sodium 

a t  710 and 760°C. Bodgers, e t  a d 4 )  found t h a t  S t e l l i t e  6B had an 

i n c r e a s i n g  wear r a t e  i n  sodium a t  650°C o v e r  858 hours.  

wear may have been c o r r o s i o n .  

P a r t  o f  t h i s  

Whit low, e t  a l " )  r e p o r t e d  c o r r o s i o n  da ta  f o r  S t e l l i t e  6 and 

Incone l  718 i n  low and i n t e r m e d i a t e  oxygen sodium a t  1200 and 1325°F. Both 

o f  t hese  a l l o y s  showed s u r f a c e  d e p l e t i o n  o f  elements and a s l i g h t  s u r f a c e  

s o f t e n i n g  f r o m  s e v e r a l  thousand hours o f  sodium exposure a t  1325°F. 

c o r r o s i o n  r a t e s  a t  1325°F ( ~ 1 0  ppm 0,) i n  f l o w i n g  sodium was about 0.2 and 

1.5 m i l s l y e a r  f o r  S t e l l i t e  6 and Incone l  718 r e s p e c t i v e l y .  

The 

I n  summary, i t  appears t h a t  a smal l  c o n c e n t r a t i o n  o f  oxygen i n  sodium 

Excess ive oxygen, carbon o r  n i t r o g e n  i n  t h e  sodium 

i s  b e n e f i c i a l  t o  r o l l i n g  bear ings  c o n s t r u c t e d  o f  m a t e r i a l s  o f  s u i t a b l e  hard-  

ness a t  h i g h  temperature.  

would be d e t r i m e n t a l .  The optimum c o n c e n t r a t i o n  i s  n o t  c l e a r l y  d e f i n e d ,  
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depending on f low,  bearing m a t e r i a l ,  r o t a t i o n a l  v e l o c i t y ,  temperature 
and loading.  Presumably impur i ty  concentrations i n  sodium w i l l  be 
determined by o t h e r  system requirements and su i  t a b l e  bearing mater ia ls  
w i l l  be sought t o  match these environmental condit ions. 
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11.3 FUNDAMENTAL CONSIDERATIONS FOR P E R I O D I C  
MOVEMENT OF CONTACTS 

Some bear ings and con tac t i ng  sur faces w i l l  o n l y  move r e l a t i v e  t o  

each o t h e r  a t  i n t e r v a l s  o f  t ime up t o  severa l  months. 

brought ou t  f o r  s l i d i n g  and r o l l i n g  contacts  were more concerned w i t h  a 

k i n e t i c  s i t u a t i o n  than a s t a t i c  load.  

a re  t h e  same f o r  a s t a t i c  o r  dynamic s i t u a t i o n ,  t he re  are  some s p e c i f i c  

d i f fe rences .  

t he  bear ing  sur face  t o  have most of t h e  sodium squeezed ou t  o f  t he  contac t  

area and the  i m p u r i t i e s  i n  the  sodium w i l l  n o t  be supp l ied  t o  the  minute 

c rev ice .  I n  the  case o f  t h e  r o l l i n g  bear ing  the re  w i l l  be a very h igh  

s p e c i f i c  l oad  contac t  p o i n t  which w i l l  have t o  r e s i s t  creep deformat ion 

f o r  s u b s t a n t i a l  t ime i n t e r v a l s .  I n  bo th  cases t h e  d i f f u s i o n  o f  a l l o y i n g  

elements f rom one mate r ia l  t o  i t s  mat ing ma te r ia l  w i l l  be enhanced because 

o f  t he  s u b s t a n t i a l  t ime i n t e r v a l  w i t h o u t  movement unless ox ide  o r  o the r  

b a r r i e r s  l a y e r s  i n h i b i t  t h e  d i f f u s i o n  process. 

The considerat ions 

Although many o f  t h e  considerat ions 

I n  the  case o f  j o u r n a l  bear ings t h e  s t a t i c  s i t u a t i o n  a l lows 

Most o f  t he  con tac t i ng  surfaces i n  t h e  core reg ion  o f  an LMFBR 
are  o f  t he  p e r i o d i c  movement v a r i e t y .  The main concern w i t h  these contacts  

i s  t o  avo id  s e l f  weld ing o f  t he  con tac t i ng  sur faces.  Examples o f  t h i s  type 

o f  con tac t  a re  the  spacing pads on t h e  f u e l  assembly, t h e  core r e s t r a i n t  t o  

the  f u e l  assembly, t he  bear ings on t h e  inst rument  t r e e  and f u e l  hand l ing  

machine, t h e  i n l e t  nozz le  on the  f u e l  t o  core basket r e c e p t i c a l  and the  

absorber assembly t o  guide duct.  
o f  temperatures, sodium f lows , contac t  pressures , and probable d u r a t i o n  o f  

s t a t i c  con tac t .  

@ 

These var ious examples cover a wide range 
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11.3.1 MATERIAL CONSIDERATIONS FOR PERIODICALLY M O V I N G  CONTACTS 

The temperature,  s p e c i f i c  l o a d i n g  and s u r f a c e  f i l m s  a r e  t h e  pr imary  

v a r i a b l e s  i n  s t a t i c  con tac ts .  The temperature i s  i m p o r t a n t  because i t  

s o f t e n s  m a t e r i a l ,  increases d i f f u s i o n  r a t e s  and can a f f e c t  t h e  s u r f a c e  

f i l m s .  

as a r e  u s u a l l y  p resent  i n  r o l l i n g  bear ings  because l o n g  t imes a t  h i g h  

temperature and h i g h  s p e c i f i c  l o a d  w i l l  emphasize t h e  creep deformat ion o f  

the  r o l l e r  and race. 

p i n  t e s t s  i n  1200°F sodium which i s  shown i n  Tables 11.3.1-1 and -2. However, 

t h e  w r i t e r s  f e l t  t h a t  c o r r o s i o n  produc t  ox ide  i n t e r g r o w t h  had a more i m p o r t a n t  

e f f e c t  on t h e  s t a r t i n g  to rque r e q u i r e d  t o  move t h e  couple a f t e r  745 t o  

1560 hours o f  s t a t i c  c o n t a c t  than a s p e r i t y  we ld ing  o r  creep. 

t h e  s t a r t i n g  f r i c t i o n  f o r  a l l  t h e i r  couples i n  low oxygen sodium and c o l d  

t rapped sodium t h e r e  a r e  many more couples t h a t  had h i g h e r  s e l f  we ld ing  

c o e f f i c i e n t s  i n  low oxygen ( < 5  ppm) sodium than i n  t h e  h i g h e r  oxygen (<30 ppm) 
t e s t .  

The temperature w i l l  be more i m p o r t a n t  a t  h i g h  s p e c i f i c  load ings  

Hoffman, e t  a l ( l )  observed creep deformat ion on s t a t i c  

I f  one compares 

These da ta  would n o t  suppor t  t h e i r  concept o f  o x i d e  i n t e r g r o w t h ,  how- 

ever,  t h e  s c a t t e r  o f  t h i s  t y p e  o f  da ta  prec ludes f i r m  conc lus ions .  

Journal  bear ings have s u b s t a n t i a l  c o n t a c t  areas and thus low s p e c i f i c  

load ings  w h i l e  r o l l i n g  bear ings  have smal l  c o n t a c t  areas and h i g h  s p e c i f i c  

load ings .  

bear ings than j o u r n a l  bear ings  o r  c o n t a c t  pads. 

11.3.1-1 and -2 g i v e  an i n d i c a t i o n  o f  t h e  h i g h  temperature creep r e s i s t a n c e  

o f  t h e  var ious  couples i n  t h e  s u r f a c e  c o n t a c t  area measurement. 

were w i t h  s p h e r i c a l  p i n s  on f l a t  p l a t e s ,  a l l  a t  t h e  same load ing ,  thus t h e  

more y i e l d i n g  a p i n  and p l a t e  combinat ion sus ta ined,  t h e  h i g h e r  t h e  s u r f a c e  

area observed a f t e r  t e s t .  I t  can be seen t h a t  t h e  s e l f  we ld ing  c o e f f i c i e n t  

i s  g e n e r a l l y  l o w e r  f o r  m a t e r i a l s  t h a t  deform very l i t t l e ,  however, t h e r e  i s  

n o t  a one-to-one correspondence which i n d i c a t e s  t h a t  a1 l o y i n g  elements may 

be as i m p o r t a n t  as extreme hardness by i t s e l f .  Even though t h e  h i g h  temper- 

a t u r e  creep i n d i c a t i o n  i s  u s e f u l  i n  choosing m a t e r i a l  f o r  a r o l l i n g  bear ing,  

the  s e l f  we ld ing  c o e f f i c i e n t  i s  measured i n  shear  and thus n o t  s t r i c t l y  

a p p l i c a b l e  t o  a r o l l i n g  c o n t a c t .  

Creep de,format ion i s  thus more o f  a c o n s i d e r a t i o n  f o r  r o l l i n g  

Hoffman's da ta  i n  Tables 

These da ta  

a 
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Table 11.3.1-1 

STATIC CONTACT RESULTS FROM 1 2 0 0 ° F  TESTS - 
FIRST MATERIAL GROUP 

PI.,. PO", 

1 1 1 . 1  

1560n. 

7740 
5480 

570 
650 
440 
470 

1433 
340 

ImO 

7m 

660 
560 
460 
430 

890 
070 
580 
490 
810 
070 
490 
610 
690 
510 

3160 

6m 

610 

560 
460 
000 
Ym 
770 
Ym 
110 
4 70 
4 1 0  

9 10 
810 
410 

I510 
310 
630 
450 
450 

1060 
1040 
JW 
940 

540 - 

0 5  
1 1  
7 0  
1 4  
I 7  
1 0  
0 9  
3 6  
1 3  
0 4  
I 4  
0 5  
7 I  
0 6  
1 3  
7 2  
1 0  
0 6  
1 6  
I 7  
1 0  
7 0  
0 6  
3 0  
1 0  
1 9  
7 5  
0 6  
7 5  
I 8  
I/ 
7 7  
7 1  
I 1  
7 1  
0 5  
I O  
0 9  
7 7  
0 4  
1 0  
1 6  
3 4  
?. 
1 3  
1 3  
0 9  
0 0  
06 - 

' .  

0 8  
1 7  
3 0  
7 7  

3 6  
7 0  
4 6  
1 4  
0 8  
7 0  
1 4  
2 3  
1 9  
2 3  
3 6  
7 4  
1 8  
1 6  
7 4  

7 2  
1 7  
1 6  
J 8  
1 6  
3 1  
3 1  
7 7  
4 9  
7 1  
2 3  
3 1  
5 J  
3 5  
4 7  
7 J  
I b  
I 4  
3 6  
I 1  
4 4  

2 0  
4 5  
36 
7 0  
1 9  
1 7  
1 0  
06 

. I  

0 5  
0 8  
I 1  
3 1  
3 1  
2 0  
0 4  
3 6  
1 7  
0 4  
1 0  
1 5  
7 6  
2 2  
1 6  
? I  
2 1  
1 5  
2 6  
1 0  
2 3  
1 2  
70 
I 8  
2 5  
3 1  

7 1  
1 8  

7 0  
7 4  

7 0  
1 4  
3 I, 
7 7  
I 4  
1 6  
7 4  
I 1  
4 5  
2 0  
3 6  
7 0  
0 6  
I O  
1 0  
0 7  
0 6  

? e  

7 4  

0 4  

0 6  
1 9  
I 1  
2 8  
1 1  
09 
0 6  
1 5  

I O  
I 4  
I 3  
1 6  
2 0  
1 3  
0 9  
1 0  
2 1  
I 1  
2 0  
1 5  
2 0  
1 5  
3 1  
1 5  
2 1  
1 3  
1 1  

2 0  
2 0  
7 6  
1 5  
1 2  
4 9  
* O  
1 3  
2 0  
I. 

IO 
4 0  
1 4  
1 6  
1 1  

0 4  
0 4  
0 9  
0 6  
0 6  

O P  

7 1  
14 

I30 
115 
168  
158 
5 )  

I12 
68 
I 3  

106 
I20  
I11 
131 
160 
114 
170 
03 
86 

119 
153 
97 
05 

151 
121 
108 
143 
I34 
160 
85 

149 

I 4 9  
96 

I C 4  
187 

7 7  
91 

187 
4 Y  

146 
1 6 0  
165 
165 

70 
77  

I O 6  
19 

137 

io4 

0 4  
0 3  
o n  
0 0  
I 7  
0 7  
0 4  
0 3  
0 4  
03 
1 0  
1 0  
1 1  
0 6  
0 9  
0 7  
0 0  
0 7  
I 7  
1 1  

1 0  
1 7  
1 1  
I 1  
0 6  
1 1  

I 7  
1 1  
0 7  
09 
I 1  
1 0  
09 
10 
0 0  
0 0  
0 4  
0 4  
0 0  
0 5  
1 5  
0 4  
0 5  
0 3  
0 5  
0 3  
0 0  
0 5  
0 4  

03 
0 3  
0 3  
03 
0 3  
0) 
0 3  
06 
03 
0 3  
0 3  
0 3  
0 2  
0 1  
0 4  
0 3  
0 3  
0 3  
0 2  
0 2  
0 7  
0 3  
0 2  
0 2  
0 4  
0 3  
0 7  
0 7  
0 7  
0 2  
0 3  
0 1  
0 7  
0 3  
O J  
O J  
0 4  
0 4  
0 3  
0 1  
0 4  
0 5  
0 3  
0 3  
03 
03 
0 3  
0 7  
03 

A 
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Table 11.3.1-2 

STATIC CONTACT RESULTS I'ROM 1 2 0 0 ° F  'I'ESTS - 
SECOND AfATERlAl. C R O U P  

0 1  

0 2  
0 4  
0 r i  
0 5  
0 5  
0 3  
0 4  
0 3  
O J  
O J  
0 4  

0 1  
0 1  
0, 
0 7  
07 
u !, 
U J  
0 9  
I O  
01 
0 .I 
07 
0 3  

11 1 
U 5  
O b  
o s  
u I> 
0 4  
0 5  
0 1  
c 3  
u 4  

O R  
0 1  
0 4  
0 5  
0 4  
0 !, 
0 4  
U 4  

0 (i 

0 
0 5 

O b  
0 3  
0 7  
0 1  
O f  

O' i  
I, 8 

n a  

n i  

0 4  
0 1  
n i  
n !I 
o n  
u n  

ut(  
0 1  

07 
U f i  
0 1  
0 1  
0 7  
0 1  
o n  
U i  

O L  
0 ' I  

0 5  
0 t' 
0 t, 

0 'J 
0 I, 

0 ' I  

I 8  4 

U 6  
0 11 

OF. 
,I I 

0 1  
0 I, 
1 1  

0 1  

09 
07 
0 1  
U L  
0 1  
o u  
01 
O f  
0 1  

0 1  
0 4  

0 1  
I O  

I 11 
I O  
I ?  

I1 i 
1 L! 

o ti 

n C J  

I O  
0 4  
0 4  
I ?  
I 3  
1 1  

o n  
0 9  
1 4  

11 4 
0 1  
0 1  
O B  
0 9  
O h  
" 4  

i o  
, > E  
I ?  

U-J 
I 1  
I "  

09 
0 9  
I O  
0 4  
0 6  
1 1  

0 9  
1 1  

1 1  
I O  
119 
, 1  

O b  
O X  
1 0  
1 0  
0 1  
1 3  
1 1  

1 2  

I 0 
0 9  
2 1  
0 r~ 

23 
1 4  

Ii 
I 4  

! 2  
? U  
1 0  

n i  

1 ,  

i t  'J 
, 1  

I 1  

! I  

1 !I 

O L '  
I 2  
I 1  
1 5  
0 7  
I J  
I 1  
I il 
I ?  
I n  

1 1  

0 8  
I J  
I 1  
I O  
1 0  
1 ,  

1 3  
0 1  
0 9  
1 3  

? :' 
I ?  
1 2  
2 0  
1 1  
I 1  
I ?  

1 0  

1 5  
1 J  
I :  

1 1  
1 1  
1 1  

l J  

1 3  
I .I 
I ?  
2 1  
O G  
2 0  
>!J 
2 1  
1 5  
I h  
i i  
I I! 

0 5  
I O  
0 1  
1 :  

I b  
1 3  
0 9  
1 4  

1 7  
09 
0 8  
1 3  
0 5  
0 7  
I O  
1 1  

1 3  

O b  
1 1  
0 5  
1 3  

0 7  
1 2  
06 
08 
O J  
0 1  
0 4  
0 4  

0 5  
0 4  
0 8  
1 5  
1 2  
1 4  

0 7  

09 
0 1  
0 4  
1 1  
I 1  
u 9  
I ?  
06 
0 1  
06 
1 5  
1 9  
20 
I ,  
1 0  
1 2  

o e  

1 ,  

I !  

0 4  
U J  
I ?  
0 9  
09 
0 6  
1 5  
09 
1 5  
06 
I O  
0 4  
0 1  
I I  
1 0  

I ?  
0 4  
1 5  
0 5  
09 
1 ,  

1 1  
I2 
0 4  
0 4  
0 1  
I C  
0 5  
06 
0 1  
0 9  
I 5  
1 3  
I 1  
1 7  

0 4 
I O  
0 9  
O C  
0 5  
07 
0 :  
1 1  

0 5  
1 5  
0 9  
2 0  
I b  
I 5  
I 6  
0 )  
1 0  
? 4  

9 
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11.3.2 ENVIRONMENTAL CONSIDERATIONS FOR P E R I O D I C A L L Y  MOVING CONTACTS 

The environment a s t a t i c  contact surface actually sees i s  governed Q 
by the contact geometry more t h a n  the surrounding medium. 
point contacts or multiple point contacts o f  a rough surface the surrounding 
medium can penetrate t o  very near the contact points. 
will form a medium for diffusion a n d  equilibration of surface ac t iv i t ies  b u t  
unless an actual flow i s  established i t  will n o t  supply bulk sodium impurities 
t o  the crevice. In the case of  closely mated surfaces, the sodium layer will 
be largely squeezed o u t  a n d  communication t o  the surrounding medium nearly 
eliminated. I n  th i s  si tuation any existing oxide layers will stay in place 
and inhibi t  metal contact unless pressure i s  suff ic ient  t o  break them u p  
because of metal yielding. I f  no oxide layers exis t  from previous service,  
there will be l i t t l e  chance o f  forming any new layers during the s t a t i c  
period a n d  the s t a t i c  metal c o n t a c t  will promote se l f  welding. Examination 
of Tables 11.3.1-1 and - 2  will show t h a t  the se l f  welding coefficients tend 
t o  be higher in the low oxygen t e s t s  t h a n  in the higher oxygen t e s t s .  T h u s ,  
closely mating surfaces should have a higher tendency toward s e l f  weldin'g 
t h a n  poorly mated surfaces o r  point contacts unless the higher specif ic  load 
of the point contacts breaks u p  the surface layers. 

In  the case of 

This layer of sodium 

Some bearings o r  s t a t i c  contacts may be located in the vapor  space 
a n d  exposed t o  sodium vapor  and  iner t  gas with impurities. Tables 11.3.1-1 
and -2  show se l f  welding coefficients for couples exposed t o  iner t  gas with 
sodium vapor .  
corresponding ones in liquid sodium of low oxygen content. 
a n d  surfaces will be located such t h a t  they must operate in an iner t  gas 
without any sodium vapor.  
coated with lubricant films because there i s  no sodium t o  remove the films. 
The f r ic t ion  and wear behavior of metal surfaces in iner t  gas without a n y  
sodium vapor  or other lubricant i s  more severe t h a n  in sodium or sodium 
vapor. 
combinations in argon a n d  sodium. They s t i l l  observed oxide formation and 
removal effects  from impurities in the argon,  also volati l ization and 

c contacts in pure iner t  gas will be con- 
metals because there i s  no  mechanism for  

Most of these coefficients are the same or lower t h a n  the 
Some bearings 

Generally these bearings o r  surfaces can be 

Sowa e t  a l , ( ' )  investigated the comparative behavior o f  several metal 

g., MOO,) or diffusion into the metal with 

sloughing. The behavior of s t a t  
t rol led by the oxide film on the 
removal except volati l ization ( e  
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metals l i k e  zirconium o r  titanium. To the  extent  clean metal surfaces a r e  
i n  contact ,  s o l i d  s t a t e  diffusion and s e l f  welding will  probably occur. Q 

REFERENCES 
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1 1.4 LABORATORY AND PLANT EXPERI  ENCE 
IN WEAR AND SELF WELDING 

Wear and s e l f  welding of metal contacts i n  h i g h  temperature sodium 
environments have been of concern since the l a t e  1940's w i t h  a number of 
investigations reported. The importance of temperature and  oxygen concen- 
t ra t ion in the sodium t o  the f r ic t ion  and wear behavior of surfaces make 
much of th i s  early work of questionable applicabili ty t o  the current 
1200°F - < 5  ppm O 2  LMFBR. 
e a r l i e r  d a t a  have been made. 
more d a t a  under closely controlled LMFBR conditions was necessary t o  
accurately evaluate the wear, f r ic t ion ,  and s e l f  welding problems. 

Three recent c r i t i ca l  surveys of the available 
y 2 y 3 )  The reviewers generally agreed t h a t  

d 

There are three general types of information which will be treated 
in the following section namely: 
T e s t i n g ,  and Operating P l a n t  Data. 

Basic Testing, Laboratory Simulation 
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1. J.. K. Bal kwi 11. 
A1 ka l  i Metals , 
Vol. I. 1969 
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11.4.1 BASIC LABORATORY TESTING IN WEAR AND SELF WELDING 

e Basic 1 aboratory f r ic t ion  and wear tes t ing generally involves pins 
rubbed against f l a t  plates. The pins can have f l a t  o r  spherical ends and  
can be rubbed periodically o r  continuously in unidirectional or osci l la tory 
motion. The s ta r t ing  a n d  running torques, pin wear, plate wear, surface 
micrography, and hardness are  the d a t a  generally taken. 
reported a massive amount of d a t a  obtained a t  LMEC under typical LMFBR 
conditions. 
and  Hoffman.(4) Hoffman(’) summarized the wear d a t a  i n  two quali tative tables 
which are shown in Figures 11.4.1-1 and -2 .  These tables indicate the best 
choices based on wear d a t a  for  contacting surfaces availab.le i n  1970. Many 
other factors such as f r i c t ion ,  b r i t t l eness ,  corrosion, thermal expansivity, 
and fabr icabi l i ty  must be taken into consideration in material selection for  
contacting surfaces. 

Hoffman, e t  a l ,  ( 1 )  

Continuation of t h i s  tes t ing i s  reported by Droher,(’) Meyers, ( 3 )  

Subsequent tes t ing of basic parameters has shown the effects o f  
osci l la tory motion of 20% cold worked type 316 s ta inless  s teel  and Inconel 718 
materials on themselves. 
wear coefficients while the Inconel 718 showed a decreased 
f r ic t ion  coefficient a t  high loads. 
steel  showed intermediate behavior with the s ta inless  s tee l  the more seriously 
affected material. The basic screening t e s t s  have now been largely supplanted 
by the mechanism oriented tes t ing discussed i n  the next section. 

The s ta inless  s teel  specimens galled(’) w i t h  h i g h  

Tests(’) of Inconel 718 on 316 s ta in less  
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'Coda 

E l -  
m -  

2 -  

w -  

G -  

e -  

Firs Choar.  K < l x lo1' in?h:lb 

k o n d  Choico: 1 I lo1' an ' h l b  C K < 2.5 I 10-l' in.3hn.-lb 

Sccond,Choicc ISl@tly Grlatn Wcarl: I I 

Wear May Limit Pntormana- K > I x 10." in3fin.4b 

Gallmi. Unaeapcabls 

Buildup. Unxzeptable 

in3hn:lb < K < I I 10l1 in?iin.-lb 

Figure .11.4.1-1 

M a t r i x  - S l i d i n g  Wear i n  L i q u i d  Sodium a t  1200°F 
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Code 

a = First Choice: K C 1 x in3/in.-lt i  

a = Second Choice: 1 x i i~.~/ in.- lb < I< < 2.5 x in.3/ir~..lb 

F i g u r e  11.4.1-2 

Matrix - S l i d i n g  Wear i n  Sodium Vapor a t  1200°F 
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11.4.2 MECHANISM TESTING OF FRICTION AND WEAR 

The mechanism oriented tes t ing of  f r ic t ion  and wear i s  concerned 
w i t h  three basic types of problems: 
f r ic t ion  ( se l f  welding), and roll ing f r ic t ion  and wear. 
involve combinations of  a t  l eas t  two of  these basic f r ic t ion  and wear 
problems. Components of major concern for LMFBRs have been the pump 
bearings , fuel duct contact pads , fuel element-to-spacer wire contacts , 
fuel nozzle-to-core basket contacts, control rod drives ( i n  argon) , i n -  
vessel fuel hand1 i n g  machine bearings , instrument t ree  bearings , control 
el ement-to-gui de duct contacts , and various valve facings. 

s l i d i n g  f r ic t ion  and  wear, s t a t i c  
Most mechanisms 

Recent laboratory work concerned w i t h  large pump bearings has been 
reported by Arwas(’) and Jamison. ( 2 )  Arwas was concerned primarily w i t h  
the lubricating f luid dynamics i n  large, h i g h  speed hydrostatic journa l  
bearings. 
o f  pump o u t p u t  they consume ( u p  t o  7%) t o  pressurize the sodium flow to  the 
bearing and the slow speed ins tab i l i ty  and r u b b i n g  o f  the journal when the 
pressure i s  low d u r i n g  startup. In  practice these bearings have been very 
good. 

The two major concerns w i t h  these bearings has been the amount 

Jamison(2) reported on a continuing e f fo r t  t o  develop a large roll ing 
in te res t  i n  this bearing for 1200°F liquid sodium service. The ‘problems of 

bearing development a re  adequate high temperature hardness 
high specif ic  loads on the small contact area and the wear 
the cage material by the roll ing elements. To date no s a t  

t o  withstand the 
or galling o f  
sfactory rol l  ing 

bearing exis ts  for high speed 1200°F sodium service, however, Bal kwill 
reported the ro l l e r  bearings on the In-Vessel Handling Machine t e s t  ( s t a t i c  
a t  1100°F and dynamic a t  450°F) appeared i n  excellent condition a f t e r  several 

(3) 

months of testing. 
hydrostatic journal bearing i n  h i g h  temperature sodium are: improved low 
speed performance, more accurate movement, and less parasi t ic  drain on the 
pump flow, 
pumps for  the LFIFBR. 
LMEC i n  1976. 

The advantages of a sat isfactory roll ing bearing over a 

A program recently in i t ia ted  a t  G.E. (4 )  will examine and develop 
This e f for t  i s  scheduled t o  t e s t  a prototypic pump a t  

The fuel ducts must be held i n  a r i g i d  array d u r i n g  reactor oper- 
The points of contact between ation b u t  must be removable for refueling. 

the ducts could be subject t o  s e l f  welding i n  h i g h  temperature sodium 
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making t h e  ducts d i f f i c u l t  t o  remove s i n g l y .  

cou ld  s e l f  weld o r  g a l l  t o  the  core basket receptac le  making removal d i f f i c u l t .  
F r i c t i o n ,  wear and s e l f  weld ing s tud ies  o f  ma te r ia l s  and coat ings app l i cab le  

t o  t h e  fue l  duc t  pads were i n i t i a t e d  a t  LMEC i n  1971. 
complex temperature, pressure and s t a t i c  cyc les s imu la t i ng  the  FFTF f u e l  duct  
environments. One o f  t he  coat ings t h a t  appeared promis ing was a chromium 

Continued t e s t i n g  o f  t h i s  coa t ing  and others was repor ted  by Aungst. 
G a l l i n g  and s e l f  weld ing o f  t he  f u e l  duc t  i n l e t  nozz le  (316 s t a i n l e s s  s t e e l ,  

17-4 PH p i s t o n  r i n g s )  t o  the  core basket receptac le  ( Inconel  718) a re  s t i l l  

be ing examined a t  HEDL. 

t e ~ t i n g ( ~ ~ ) h a s  i n d i c a t e d  a b e t t e r  ma te r ia l  combination may be needed. 

S i m i l a r l y ,  t he  i n l e t  nozz le  

The t e s t i n g ( 5 )  invo lved 

carbide-15% nichrome b inde r  app l i ed  by a p r o p r i e t a r y  spray ing  process. (5) 

( 6 )  

G a l l i n g  o f  t he  above combination du r ing  water 

The i n d i v i d u a l  f u e l  p ins  present  a p o t e n t i a l  problem i n  wear and 

s e l f  weld ing by i n t e r a c t i o n  w i t h  t h e i r  h e l i c a l l y  wrapped spacer w i res .  
t h i s  case, t h e  c ladd ing  needs t o  be as t h i n  as poss ib le  t o  promote heat  

t r a n s f e r ,  the  ma te r ia l  (20% CW type 316 s t a i n l e s s  s t e e l )  was chosen f o r  

i t s  co r ros ion  res i s tance  and o t h e r  p roper t ies .  

f lows w i l l  be the  h ighes t  i n  the  reac to r .  

o f  t h e  wear p o i n t s  between t h e  w i r e  wrap and f u e l  element generated by 
thermal expansion, f l o w  v i b r a t i o n ,  swe l l ing ,  bowing, and creep are  poor l y  

def ined.  

i n  10 t o  15% CW-316 s t a i n l e s s  s t e e l  i n  f l o w i n g  (6 f p s )  1200°F sodium w i t h  

5 ppm 0, showed numerous po in ts  o f  s e l f  weld ing between the  annealed 316 

s t a i n l e s s  s t e e l  w i r e  wraps and f u e l  p ins .  
p i n  and i t s  w i r e  wrap were repo r ted  by Hoffman.(5) 

w i r e  rubbed on the  tube w a l l  i n  s h o r t  (0.2 i n )  s t rokes  a t  t h ree  contac t  

pressures w h i l e  submerged i n  1150°F sodium w i t h  <5 ppm oxygen. 

CW-316 s t a i n l e s s  s t e e l  c l a d  and w i r e  t r a n s f e r r e d  ma te r ia l  back and f o r t h  

and f i n a l l y  s u f f e r e d  wear i n  10,000 s t rokes  ranging from 0.3 m i l s  f o r  a 

1.5 l b  load, t o  4 m i l s  f o r  a 20 l b  load.  
co r ros ion  and s e l f  welding, w i r e  wrapped elements have genera l l y  n o t  

s u f f e r e d  s e r i o u s l y  f rom these problems, however, they genera l l y  have 

I n  

The temperatures and sodium 

The motion and contac t  pressure 

An ex-reactor  t e s t  repor ted  by S h i ~ e l y ( ~ )  o f  a 19-p in bundle c l a d  

Wear t e s t i n g  o f  a s imulated f u e l  
I n  Hoffman's t e s t  the'  

The 20% 

Despi te  the  concern f o r  f r e t t i n g  

operated a t  lower  temperatures than  those proposed f o r  LMFBRs. 

examination(10) o f  a p r o t o t y p i c a l  FFTF f u e l  bundle t e s t e d  ex- reac tor  a t  

1100°F f o r  9000 hours has i n d i c a t e d  no s e l f  weld ing o r  wear problems. 

A recent  
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11.4.2-3 

The fuel hand1 i n g  machines f o r  charging a n d  discharging the reactor  
require precision movement of several parts r e l a t i v e  t o  the f u e l .  A proto- 
type mechanism of the FFTF In-Vessel Handling rlachine was given a simulated 
l i f e  t e s t  which involved more t h a n  25,000 movements in 450°F sodium a n d  a 
87-day soak in 1100°F sodium. 
appeared i n  excel lent  condition and turned f ree ly  a f t e r  the t e s t .  
ments indicated the bearings h a d  suffered only minimum wear. Several times 
d u r i n g  the t e s t  an increased force of a b o u t  20% was required t o  move the 
assembly f o r  unexplained reasons. 

B a l k ~ i l l ' ~ )  reported the r o l l e r  bearings 
Measure- 
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11.5-1 

11.5 PLANT EXPERIENCE WITH FRICTION AND WEAR 
AND APPLICATION TO LMFBR 

Although t h e r e  have been f i v e  sodium cooled r e a c t o r s  c o n s t r u c t e d  

and operated i n  t h e  U.S. ( e x c l u s i v e  o f  smal l ,  m i l i t a r y  o r  space systems) 

and severa l  more i n  Europe, t h e  c o n d i t i o n s  under which t h e y  have operated 

a r e  g e n e r a l l y  l e s s  demanding than those c u r r e n t l y  envisaged f o r  t h e  FFTF 

and demonstrat ion LMFBRs. 

now been s h u t  down. 
contac ts  i s  o f  i n t e r e s t  even i f  n o t  d i r e c t l y  a p p l i c a b l e  t o  modern LMFBRs. 

K n i l e y ( ’ )  has surveyed t h e  exper ience w i t h  Hal lam (HNPF), Sodium Reactor 

Experiment (SRE) , Experimental  Breeder Reactor (EBR), and E n r i c o  Fermi 

Atomic Power P l a n t  (EFAPP). 

o u t  t h e  f o l l o w i n g  p o i n t s :  

A l l  o f  t h e  U.S. r e a c t o r s  except  EBR- I1  have 

However, t h e i r  o p e r a t i n g  exper ience w i t h  moving 

The summary o f  h i s  in -depth  survey brought  

0 Some mechanisms have operated i n  h o t  sodium f o r  
as l o n g  as 49,000 hours.  

o Contac t  l o a d s  and r e l a t i v e  v e l o c i t i e s  have been 

kept  t o  a minimum except  f o r  t h e  pump bear ings  

and o s c i  11 a t o r  r o d  s h a f t  suppor ts .  

0 A u s t e n i t i c ,  c o r r o s i o n  r e s i s t a n t  s t e e l s  were used 

f o r  most f a b r i c a t i o n  w i t h  chrome p l a t e ,  Colmonoy, 

S t e l l i t e ,  Haynes A l l o y ,  and Inconel  i n s e r t s  a t  

c o n t a c t  p o i n t s .  
aluminum bronze f o r  bear ings.  

E B R - I 1  made e x t e n s i v e  use o f  an 

0 SRE and HNPF at tempted t o  keep moving mechanisms 
o u t  o f  t h e  sodium environment. 

o EBR-I1 and EFAPP made e x t e n s i v e  use o f  in-sodium 

mechanisms. 

0 I n  genera l ,  t h e  o p e r a t i o n  o f  mechanisms i n  sodium 

has been very  s a t i s f a c t o r y .  

0 Under c e r t a i n  w e l l  d e f i n e d  c o n d i t i o n s  sodium w i l l  
a c t  as a s a t i s f a c t o r y  l u b r i c a n t ,  however an 

adequate des ign b a s i s  does n o t  y e t  e x i s t .  

0 Past  exper ience i s  i n  t h e  temperature range o f  100 

t o  1000°F. 

s t r i n g e n t  requi rements.  

Proposed LMFBR c o n d i t i o n s  impose more 



.11.5-2 

0 Major problem areas have been binding or 
clogging and seizure or  galling. 

Examination of specif ic  equipment malfunctions detailed i n  the report 
indicate a substantial number of instances a t  a l l  reactors where sodium 
f ros t  caused binding. This occurred on the labyrinth seals  o f  pumps, 
rotating reactor covers, and other low clearance crevices in the vapor 
space. 
when s ta in less  s teel  was i n  contact with i t s e l f .  

Galling, seizure o r  s e l f  welding were relat ively uncommon even 

The early experience with Rapsodie(2) produced a primary a n d  a 
secondary pump bearing seizure. These Colmonoy 5 bearings and Colmonoy 6 
journals were replaced w i t h  S t e l l i t e  and  the clearance increased from 280 
t o  4 0 0 ~  on the 230 mm diameter bearings. 
t o  be caused or aggravated by s t ra ins  imposed by the thermal expansion of  
connected p i p i n g .  

These bearing problems were f e l t  
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12.1-1 

12.0 SODIUM-WATER REACTION 

12.1 INTRODUCTION 

The economic genera t ion  o f  e l e c t r i c a l  power u s i n g  an LMFBR 

r e q u i r e s  t h e  t r a n s f e r  o f  t h e  heat  f rom t h e  sodium pr imary  c o o l a n t  t o  

water  f l o w i n g  i n  t h e  steam genera t ion  c i r c u i t .  

a secondary sodium c i r c u i t  i s  i n t e r p o s e d  between t h e  r e a c t o r  c o o l a n t  

and t h e  water/steam c i r c u i t  t o  p r o v i d e  assurance t h a t  r a d i o a c t i v e  

sodium w i l l  n o t  contaminate t h e  steam genera t ion  c i r c u i t .  I n  e a r l y  

designs o f  sodium heated steam generators  (SHSGs), i t  was f e l t  neces- 

s a r y  t o  min imize  t h e  chances o f  a l l o w i n g  even t h e  n o n - r a d i o a c t i v e  

secondary sod i  um c o n t a c t i n g  t h e  water .  ( l )  

I n  c u r r e n t  p r a c t i c e  

Hence, a t h i r d  f l u i d  com- 

p a t i b l e  w i t h  both,  such as mercury o r  an i n e r t  gas, ac ted  as an i n t e r -  

mediate h e a t  t r a n s f e r  and l e a k - d e t e c t i o n  medium. 

type  o f  heat  exchanger a r e  shown i n  F i g u r e  12.1-1. (2) 

Examples o f  t h i s  

The use o f  a t h i r d  f l u i d  d i d  n o t  compl&el!i p revent  sodium- 

water  r e a c t i o n s .  T h i s  a long w i t h  c o n t r o l l e d  sodium-water r e a c t i o n  

t e s t s ,  i n d i c a t e d  t h a t  t h e  sodium-water r e a c t i o n  c o u l d  be conta ined 

s a f e l y .  ( 2 )  

o f  l o w e r  f a b r i c a t i o n  costs ,  SHSGs were designed i n  which t h e  secondary 

sodium and t h e  water  were separated o n l y  by a s i n g l e  w a l l .  

t h e  emphasis f r o m  t h e  l e a k  d e t e c t i o n  a f f o r d e d  by t h e  t h i r d  f l u i d  t o  t h e  

Opera t ing  exper ience has shown t h e  d e c i s i o n  t o  s w i t c h  t o  t h e  s i m p l e r  

des ign t o  be s a t i s f a c t o r y ,  i n  t h a t  leaks  and consequent sodium-water 

Cont inued use o f  t h e  s i m p l e r  systems i s  expected and because no l a r g e  

h e a t  exchanger can be f a b r i c a t e d  w i t h  complete assurance t h a t  no defects  

e x i s t ,  t h e  occasional  c o n t a c t  o f  sodium and w a t e r  i s  i n e v i t a b l e .  

With t h e  p o s s i b i l i t y  o f  s a f e  o p e r a t i o n  and t h e  i n c e n t i v e  

T h i s  s h i f t e d  

improved s t r u c t u r a l  i n t e g r i t y  p o s s i b l e  w i t h  a s i m p l e r  design. ( 2 )  

r e a c t i o n s  have n o t  c o n s t i t u t e d  an u n u s u a l l y  s e r i o u s  problem. ( 2 , 3 , 4 , 5 )  

There a r e  f o u r  b a s i c  types o f  sodim-water r e a c t i o n s  t o  cons ider :  
0 m o i s t  gas i n j e c t e d  i n t o  sodium; 

0 sodium i n j e c t e d  i n t o  m o i s t  gas; 

o sodium (and sodium vapor)  i n j e c t e d  i n t o  w a t e r  

and steam); and 
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0 water  (and steam) i n j e c t e d  i n t o  sodium (and 

sod i  um vapor ) . 
The f i r s t  two types o f  r e a c t i o n  f a l l  o u t s i d e  t h e  rea lm o f  t h i s  

r e p o r t .  Dumm(6) and p r o v i d e  a b r i e f  coverage o f  these t o p i c s .  

It shou ld  be n o t e d  t h a t  extreme temperature c o n d i t i o n s  can r e s u l t .  For 

example, a steam-argon m i x t u r e  passed over  sodium produced temperatures 

o f  up t o  977°C (1791°F); t h e  tempe 

had t h e  i n e r t  gas been absent.  ( 7 )  

O f  t h e  remain ing  two types 

on t h e  i n j e c t i o n  o f  water  i n t o  sod 

s i g n i f i c a n t l y  h i g h e r  p ressure  t h a n  

a t u r e  migh t  have been s t i l l  h i g h e r  

o f  r e a c t i o n s ,  emphasis w i l l  be p laced 

urn, as t h e  water  i s  g e n e r a l l y  a t  a 
t h e  sodium i n  SHSGs . 

The sodium-water r e a c t i o n  when conducted i n  t h e  presence o f  

oxygen ( a i r )  i s  ext remely v i o l e n t ;  i t  produces copious q u a n t i t i e s  o f  

NaOH smoke and f i r e  (due t o  t h e  b u r n i n g  o f  t h e  hydrogen generated w i t h  

t h e  oxygen i n  t h e  a i r ) .  I n  case o f  a sodium-water r e a c t i o n  i n  t h e  

absence o f  oxygen, such as occurs under t h e  s u r f a c e  o f  t h e  l i q u i d  sodium 

o r  water ,  t h e r e  i s  no s i g n i f i c a n t  secondary r e a c t i o n  such as hydrogen 

combustion. However, t h e  r e a c t i o n  remains v i o l e n t  due t o  " thermal  

exp los ions"  caused by t h e  h e a t  o f  t h e  r e a c t i o n  r a i s i n g  t h e  sodium t o  i t s  

b o i l i n g  p o i n t  caus ing i t  t o  " e x p l o s i v e l y "  d i s i n t e g r a t e  i n t o  smal l  f r a g -  

ments, which, due t o  a suddenly inc reased s u r f a c e  area, r e a c t  r a p i d l y  
w i t h  w a t e r  t o  fo rm hydrogen. ( 8 )  

The p r i n c i p a l  adverse e f f e c t s  o f  t h e  sodium-water r e a c t i o n  a r e  
n o t  due t o  t h e  " e x p l o s i v e "  n a t u r e  o f  t h e  r e a c t i o n ,  however, because t h e  

r e a c t i o n ,  though f a s t ,  i s  more o f  a combustion than a t r u e  d e t o n a t i o n .  
The major  steam genera tor  problems a r e  caused by t h e  h i g h  temperature and 

c o r r o s i v e  c o n d i t i o n s  i n  t h e  v i c i n i t y  o f  t h e  r e a c t i o n  and t h e  r e s u l t i n g  

tube wastage, which can l e a d  t o  t h e  r a p i d  a t t a c k  and f a i l u r e  o f  a d j a c e n t  

tubes. S ince t h e r e  w i l l  be l a r g e  s u r f a c e  areas a v a i l a b l e ,  and t h e r e f o r e  

a h i g h  p r o b a b i l i t y  t o  develop leaks  i n  steam generators ,  t h e  major  

requirements a re  t o  economical ly  min imize  t h e  o p p o r t u n i t y  f o r  l e a k s  and 

t o  back t h e  des ign w i t h  a r e l i a b l e ,  s u i t a b l y  s e n s i t i v e  l e a k  d e t e c t o r .  

(9) 
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12.2-1 

12.2 B A S I C  CHEMISTRY 

12.2.1 REACTIONS 

The i m p o r t a n t  r e a c t i o n s  when sodium and w a t e r  a r e  mixed have 

been t a b u l a t e d  by Henry( ' )  and a r e  shown i n  Tab le  12.2.1-1. 

r e a c t i o n  occurs w i t h  an excess of water,  NaOH and H2 a r e  t h e  r e a c t i o n  

I f  t h e  

products .  ( 2 )  

I n  t h e  case o f  excess sodium, t h e  r e a c t i o n  products  a r e  NaOH, 

Na20, NaH, and H,. The exac t  spec ies present  and t h e i r  q u a n t i t y  w i l l  

depend on t h e  system temperature and t h e  t i m e  elapsed f rom t h e  s t a r t  

o f  t h e  r e a c t i o n .  The general  o p i n i o n  i s  t h a t  NaOH o r  Na,O, p l u s  H2,  
w i l l  be t h e  major  r e a c t i o n  products ,  s i n c e  t h e  f o r m a t i o n  o f  NaH appears 

t o  be slow. ( ' y 2 y 3 )  Exper imenta l l y  t h i s  has been conf i rmed; i n  "NOAH" 

and "SUPER-NOAH" t e s t s  ("NOAH" and "SUPER-NOAH" r e f e r  t o  sodi  um-water 

r e a c t i o n  t e s t  r i g s  a t  Dounreay, Scot land)  NaOH, Na20 and NaH account 

f o r  about 50%, 40%, and 10% o f  t h e  s o l i d s ,  . r e s p e c t i v e l y . ( 4 )  
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12.2-2 

TABLE 12.2.1-1 

REACTION COMBINATIONS 

(1)  Na -t H20 Z NaOH + 1 /2  H2 

( 2 )  2Na + H20 2 NaOH + NaH 

( 3 )  4Na + H20 Z Na20 + 2NaH 

( 4 )  2Na + H20 2 Na20 + H2 

( 5 )  2Na + NaOH P Na20 + NaH 

( 6 )  Na + NaOH 2 Na20 + 1 / 2  H 2  

( 7 )  NaH + H20 NaOH + H 2  

(8) NaOH + NaH P Na20 + H2 

( 9 )  2NaH + H20 2 Na20 + 2H2 

(10) Na + 1 / 2  H2 2 NaH 

(11) Na20 + H20 2 2NaOH 
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13 "2.2-1 

12 .2 .2  THERMODYNAMICS 

Thermodynamic concepts are of 1 imi ted value in predicting 
temperatures, pressures, or reaction products in the immediate vicinity 
of a sodium-water reaction since thermodynamic principles apply only 
to  equilibrium conditions. However, thermodynamics can be an extremely 
useful tool in certain near-equil ibrium circumstances , such as deter- 
mining the f eas ib i l i t y  of a given reaction, predicting gas-liquid 
equi l ibr ia  in the bulk of the l iquid sodium coolant, and estimating the 
overall heat l iberation (enthalpy change) associated with various 
reactions. 

Henry") has calculated Gibbs free energies fo r  the reactions 
given in Table 12 .2 .1-1 .  
as a function o f  temperature and various gas phase pressures. 
d a t a  are useful in predicting chemical equi l ibr ia  and reaction feasi-  
b i l i t y .  
which are presented i n  Table 12.2.2-2 for  compounds relevant t o  Na/H,O 

reacti ons . 
entropies, Gibb's f ree  energies, and equilibrium constants for  the 
formation of NaH, NaOH, H 2 ,  H,O, Nay Na02, Na2, Na20, and Na202. 

These resul ts  are  presented i n  Table 12 .2 .2-1  
These 

The d a t a  of Table 12.2.2-1 are based on the JANAF(2) d a t a ,  

These d a t a  permit cal cul a t i  on of heat capacities , enthal pi es , 

The JANAF data cited are  re la t ively recent, extensive, and 
probably internally consistent, b u t  are obviously n o t  in agreement with 
d a t a  from a l l  other sources. Comparisons between d a t a  are often d i f f i c u l t  
because the physical s t a t e  ( so l id ,  l iquid,  o r  gas) of the reactants o r  
products are frequently not given. Disagreements i n  physical property 
data are also common. For example, the boiling point of sodium i s  given 
as 880"C,(3) 881°Cy(4) 882"C,(5) 883"C,(2y6) and  892"C.(3'7) As another 
example, Na20 i s  reported to  boil a t  1275°C (2327"F)(*) or ''above 1800°C 
(3272°F). 

I t  has been calculated t h a t  the maximum theoretical temperature , 
which can be attained in a constant volume system i s  1683°C (3060°F) for  
an i n i t i a l  reactant temperature of 477°C (890°F).(1y9) I t  i s  c lear  t h a t  
i f  Na20 boils a t  1275°C (2327°F) rather t h a n  "above 1800°C (3272"F)," 
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1 2 . 2 . 2 - 2  

the calculated maximum temperature will change s ignif icant ly .  Increasing 
the pressure of the environment will increase the maximum temperature 
attained. These d a t a  are presented here only t o  p o i n t  o u t  the necessity 
of carefully reviewing the available thermochemical d a t a  before they are 
used. 

-63 

In  a t rue equilibrium si tuat ion the temperature could not  exceed 
the saturation temperature o f  the most vo la t i le  substance present in 
suf f ic ien t  quant i t i t es ,  e.g. ,  883°C f o r  sodium and 100°C (212°F) f o r  water 
a t  one atmosphere pressure. In practice, of  course, heat t ransfer  w i l l  be 
slow and will allow the gas phase temperatures and  any surface shielded 
from the l iquid t o  exceed these values. 
will depend on reactant input ra tes ,  reaction rates ,  gas phase thermal 
conductivies and the removal of reaction products. 

The degree t o  which th i s  occurs 
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12.2.2-3 

TABLE 12.2.2-1 

FREE ENERGY OF REACTION FOR REACTIONS I N  TABLE 12.2.1-1 

( 1 )  Na ( c y  a )  + H20 ( a ,  g )  -+ NaOH ( c y  a )  + 112 H 2  ( 9 )  

AG , k c a l  AG , k c a l  

T, O K  'H20, H2 = 1 atm 'H20 = 100 atm 

298 -34.2 

500 -30.9 

700 -26.5 

900 -23.0 

-34.2 

-34.1 

-32.8 

-31.2 

C o r r e c t i o n  a t  900°K f o r  PH2 = 150 psi i s  + 2.1 kca l  

AG, k c a l  AG, k c a l  

= 100 atm 
H20 

T, O K  P = 1 atm P 
H20 

298 -42.2 -42.2 

500 -34.9 -38.1 
700 -26.5 

900 -19.2 
-32.8 

-27.3 

( 3 )  4Na ( c ,  a )  + H20 ( a ,  g )  -+ Na20 ( c )  + 2NaH ( c )  

AG , k c a l  AG , k c a l  

= 100 atm 
H2O 

T, O K  P = 1 atm P 
H20 

298 -50.0 -50.0 
500 -39.6 -42.8 
700 -27.1 -33.3 
900 -15.2 -23.3 
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12.2.2-4 

TABLE 12.2.2-1 ( c o n t  i nued ) 

( 4 )  2Na (c,  a )  + H20 ( a ,  g )  + Na20 ( c )  + H2 ( 9 )  

AG, k c a l  AG, k c a l  

= 100 a t m  
H20 

= 1 atm P 
pH20, H2 

T, O K  

298 -33.9 -34.0 
500 -31.5 -34.7 
700 -27.1 -33.3 
900 -23.0 -31.1 

C o r r e c t i o n  a t  900°K f o r  P = 150 p s i  i s  + 4.1 k c a l  
H2 

( 5 )  2Na (c ,  a )  + NaOH (c,  a )  -f Na20 ( c )  + NaH ( c )  

AG, k c a l  
T, O K  0 = 1 aim, 100 atm 

298 -7.8 
500 -4.7 
700 -0.6 
900 +4.0 

( 6 )  Na (c ,  a )  + NaOH ( c ,  a )  + Na20 ( c )  + 1/2 H 2  ( 9 )  

AG, kca l  

P = 1 atm 
H 2  

T, O K  

298 +O. 3 

500 -0.6 
700 -0.6 
900 +o. 1 

AG, kca l  

= 10 atm 
pH 2 

+0.9 

+0.5 
+1 .o 
+2.1 

( 7 )  NaH ( c )  + H20 ( a ,  g )  -f NaOH ( c )  + H2 (9 )  

AG, k c a l  AG, k c a l  

P = 100 atm, P = 10 atm h20 H2 
T,  O K  pH20, H, = 1 atm 

298 -26.2 -24.8 
500 -26.8 -27.3 
700 -26.3 -29.3 

900 -26.2 -30.2 
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12.2.2- 5 

TABLE 12.2.2-1 (cont inued)  

AG, k c a l  

P = 1 atrn 
H2 

T, O K  

298 +8.3 

500 +3.4 

700 -0.6 

900 -3.8 

AG, k c a l  

P = 10 a t m  
H2 

+9.6 

t 5 . 7  

t2 .6 

+0.3 

( 9 )  2NaH ( c )  + H20 ( a ,  g )  -+ Na20 ( c )  + 2H2 (9 )  

AG , k c a l  AG , k c a l  

= 100 atm, P = 10 atm 
'H20 H2 

= 1 atm pH20, H2 
T ,  O K  

298 -17.9 -15.2 

50 0 -23.4 -22 .o 
700 -27.1 -26.9 

900 -30.8 -30.7 

( 1 0 )  Na ( c y  a )  + 1/2 H2 (9) -+ NaH ( c )  

AG, k c a l  AG, k c a l  

= 10 atrn 
'H2 

P = 1 atrn 
H2 

T, O K  

29 8 -8.0 -8.7 

500 -4.0 -5.2 

700 0 -1.6 

900 t 3 . 9  +1.8 

(11)  Na20 ( c )  + H20 ( a ,  g)  +. 2NaOH (c, a )  

AG, k c a l  AG, k c a l  

= 100 atrn 
H 20 

T, O K  P = 1 atm P 
H20 

298 -34.4 -34.5 

500 -30.2 -33.4 

700 -26.0 

900 -23.1 
-32.2 

-31.3 
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T a b l e  12.2.2-2 ( c o n t i n u e d )  

Sodium H y d r n x i d e  ( N a O H )  

( L i q u i d )  ;4nl. . I t .  - 39.99717 

T, -1. 

0 
I W  
200 
a91 

300 
-0 
300 

bo0 
100 
100 
900 

IWO 

I100 
I200 
1 YO0 
I bo0 
1300 

....... 

?eo0 .... 
moo 
1100 

1000 
2000 

1100 

2300 
2 bo0 
23w 

2bOO 
2 1w 
2100 
2900 
SO00 

a m  

c: 

ao.(m 
2 o . m  

ao.710 
2 O . I U  

........ 
20.310 
20.b30 
20.290 
20.130 
ao.oio 
19.110 
10.730 
19.390 
19.b50 
19.310 

10.110 
10.030 
11.910 
11.195 
11.600 

18.305 
11.313 
18.641 
18.303 
I1.34b 

11.110 
18.281 
11.2b3 
11.250 
11.231 

........ 

... 

... .. 

4 

b3.122 

03.210 
b1.MO 
18.101 

21.081 
23.8b4 
20.010 
11.091 
Ib.1.0 

12.830 
11.113 
0.513 
1.102 
b.885 

3.125 
L.bOb 
be011 
3.Y31 
I.bI1 

2.000 
1.533 
I S O M  

sb2b 
.211 

- - - - -- - 

....... 

HNaO 

-. ............. 

2 

N 

N 

N 
I 
a 



Q 
Tab le  12.2.2-2 (cont inued)  

cn 
1 
w 
1 
w 
P 

Sodiun  Hydroa I 09 ( N a J H )  

( I d e a l  ;as) 201. . I t .  - 39.99717 

I IW 
1100 

1.00 
1900 

1bOO 
1100 
1 b M  

3DoQ 

3 I W  

3300 
3.W 
39- 

3 bo0 
3100 
3100 
3900 
.000 

4 LOO 

300 
bb00 
4 3 M  

b M 0  
6100 
4 O M  
.coo 
3000 

3100 
3100 
9100 
3.00 
3900 

3 b W  3100 

S800 
3000 
bOQ0 

a iw 

awo 

woo 

4100 

10.380 
70.089 
10.90L 
00.11. 
bO.bb1  

01.181 
81.b81 
11.1bb 
bZ.bY4 
13.017 

83.527 
13.053 
M.3b8 
8*.170 
b3.101 

09.9.1 

00.173 
8b.bZ8 
8b.011 

87.308 
81.b31 
17.051 

88.314 

88.070 
89.113 
80.bbl 
80.1.3 
00.010 

0 0 . l Q l  

00.119 
0 l . r ) l b  
9 1 . 3 2 1  

91.97s 
01.810 

01.10> 
01.913 

b3.016 

o a . a i 1  

oo.358 

va.05e 

b8.113 
b0.14b 
b0.1Ob 
b 9 . W 9  
10.019 

10.40b 
10.901 
11.105 
l I . b l 1  
12.091 

12.r lb  
11.lbO 
13.113 
13.b30 
l Y . l l *  

1b.101 
)&..I¶ 
1..111 
13.013 
15.111 

13.LOb 
13.bbO 
l b . I b 1  
lO..ll 
76.103 

7b.0b9 
11.111 
TI..))  
77.721 
11.W4 

10.101 
10..1* 
18.Lbt 
18.107 
19.110 

19.3.1 
79.997 
19.771 
19.081 
b0.108 

... 

- 1.530 
- 1.791 - .e03 

.om 

:t: 
3:: 
1.011 

3.1Lb 
0.400 
1.399 

1.120 
0.910 

11.118 
11.330 
13.3l3 

1. 83 
'--16!6t!-- 

11.3b1 
I#.bY0 
10.91b 

.0.330 - 

.*.a11 - 

.9.001 - 
9O.bW - 
90.407 - 
91.470 - 
31.01b - 
sa.Juo - 
91.bb8 - 
53.003 - 
93.311 - 
93.bZ0 - 

- 70.eOl 5.100 - - 10.b11 7 . 9 6 1  - - 70.190 0.vae - - 10.800 11.103 - - OU.030 14.030 - 

I Y I * l l C  
110.151 

3¶.#1# 
37.110 

18.013 
lb.184 
I b . l l 3  
11.909 
11.110 

10.141 
9. lbI  
0.011 
1.14b 
be331 

__. .i.m 
3.003 
4.441 

3.300 

3.003 
2.11. 
1.38b 
1.013 
1.700 

1.91b 
I.1b1 
1.094 
.Ob1 
sb.4 

.b99 

.a03 

.I11 

.OM 

.I19 

- 3 1 1  
.441 
. 3 l I  
Sb88 
.OW 

.e01 
1.000 1.101 

1.180 

1.313 
1.431 
1.3lb 
Id11 
1.b.b 

1.131 
1.U) 
1.891 
1.039 
1.011 

3.0.8 

1.aoo 

a . o n  
a . i w  
a . m  
1 .13b  

1.301 

0 -  I 

N 

IN 
1 
4 

0 



Table 12.2.2-2 (continued) 

w 
\ 

P 

T.'L C; 

JOO 
a60 
300 

LOO 
? Y O  
a00 
900 

l"00 

1100 
1200 

I100 1.00 

I500 

I tun 
I100 
l90U 
ZOd" 

ZlOC 
?ZOO 
YJOU 
?a90 
1500 

260U 
2700 
zauo 

1000 

1100 JAY" 

JJuO 

J5OU 

JaOO 
I 1 0 0  
I."O 

iron 

?son 

5.w 

Ison 
.YO" 

* I " "  
&?On 
4100 
1.00 
.IO" 

.a00 
,100 
,800 
,100 
5.3"" 

510" 520" 
5 l O U  
5.ur 
550" 

,eo" 
510' 
5 C " *  

5 1 0 0  r n w ,  

.OD0 

.000 

.000 

.OD0 
,000 
,000 
.ooo 
.000 

.000 
.ooo 
. o w  
.000 
.ooo 

.ooo 
. O D 0  

.O"O 

.ooo 

.ooo 
.ooo 
.OUO 

- 0 0 0  

.ooo 

.no0 

.ooo 
,000 
.oou 

.00@ 
.ooo 
.OD0 
.000 

.000 

.ooo 

.no0 

. O D 0  

.ooo 

. D O 0  

.a00 

.0"" 

.ooo 

.OOD 

.ooo 

.OD0 

.PO" .""" 

.W" 

.OOY 
. o w  
.ooo 
.oon 

.no0 

.no0 

.no0 

.nu0 

. o m  

.a00 

.ooo 

.a00 

.no0 

.ooo 

.000 

.uoo 

,000 
.ooo 
.OOO 
.ooo 
.000  

.OD0 

.ooo 

.ooo 

.ooo 

.DO0 

.uoo 
a000 
. Y O 0  

.000 .ooo 

.ooo 

. Y O 0  
,000 
.ooo 
.000 

.DO0 

.ooe 

.ooo 

.on0 

.u00 

.ooo 
.no0 

.000 

.DO0 

.UOO 

.DO0 

. Y O 0  

.OOO 
.DO0 

.U"O 

.OD0 

.ooo 

.000 

.uoo 

.ooo 

.ooo 

.ooo 

.DO0 
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Tab1 e 12.2.2-2 (continued) 
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Table 12.2.2-2 (continued) 
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Disodium Monoxide (Na20) 
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Tab1 e 12.2.2-2 (continued) 
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Table 12.2.2-2 (continued) 
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12.2.3-1 

12.2.3 SOLUBILITY 

A knowledge o f  t h e  s o l u b i l i t i e s  o f  species i n v o l v e d  i n  and r e -  

s u l  t i n g  f rom sodium-water r e a c t i o n s  i s  i m p o r t a n t  i n  de termin ing  whether 

o r  n o t  l i n e  p l u g g i n g  from r e a c t i o n  products  can be expected, whether 

c e r t a i n  types o f  l e a k  d e t e c t i o n  a r e  f e a s i b l e ,  and i n  t h e  f o r m u l a t i o n  o f  

thermodynamic r e l a t i o n s h i p s  i n v o l v i n g  s o l u t i o n s .  

Many o f  t h e  a v a i l a b l e  s o l u b i l i t y  data have been summarized by 

Henry . Data f rom h i s  r e p o r t  a r e  r e p r o d u c e d i i n  F igures 12.2.3-1 

through 12.2.3-9, and d e s c r i b e  t h e  f o l  1 owing sys tems : 

Sys tem 

Na/NaOH 

NaOH/Na20 

H/Na-NaOH 
NaH/Na20/NaOH/Na 

NaOH/Na/Na20/NaH 

NaH/Na 

H2/NaOH-Na 

NaOH/NaH 

NaOH/Na20 

F i  gure 

12.2.3-1 

12 2 . 3 - 2  

12.2.3-3 
12.2.3-4 

12.2.3-5 

12.2.3-6 

12.2.3-7 

12.2.3-8 

12.2.3-9 

The e q u i l i b r i u m  pressure  o f  hydrogen o v e r  hydrogen/sodi  um s o l  u t i o n s  

i s  i m p o r t a n t  t o  t h e  technology o f  l e a k  d e t e c t i o n  by hydrogen sensing.  

Henry") and Hayes(2) r e p o r t  t h a t  t h e  p a r t i a l  p ressure  o f  H, o v e r  NaH i s  

g i v e n  by: 

l o g  P(mm) = 11.66 - 6100/T 

373°K < T < 588°K 

M e a ~ h a m ( ~ )  and Hayes(2) n o t e  t h a t  t h e  s o l u b i l i t y  o f  hydrogen i n  

sodium o v e r  t h e  same temperature range i s  g i v e n  b y  

l o g  H2 (ppm)* = 6.52 - 3180/T " K  

The da ta  o f  Meacham, e t  a l . ,  a r e  v a l i d  f o r  systems w i t h  

oxygen and more than 0.5 ppm d i s s o l v e d  hydrogen. Above 
hydrogen sol u b i  1 i ty i s  e s s e n t i  a1 l y  independent o f  oxygen 

7 and 24 ppm. 

ess than 25 ppm 

ppm hydrogen, 

conten t  between 

* 
ppm = p a r t s  p e r  m i  11 i o n  by we igh t  
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12.2.3-4 
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12.2.3-5 
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F i g u r e  12.2.3-4 E q u i l i b r i u m  Diagram o f  t h e  2Na i- NaOH + 
Na20 i- NaH Systems a t  P = 760 mm Hg. 

Curve 2Na-M represents  s o l u b i l i t y  o f  NaOH i n  Na(a).  

Curve K-D represents  t h e  NaOH s o l u b i l i t y  o f  NaH and Na20. 
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Figure  12.2.3-6 The S o l u b i l i t y  o f  Sodium Hydride i n  
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12.2 .3-8  
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12.2.3-1 1 

Vissers,  e t  a l .  , ( 4 )  have summarized t h e i r  hydrogen s o l u b i l i t y  

data and t h e  s o l u b i l i t y  da ta  o f  o thers ,  and f i n d  t h e  da ta  t o  be descr ibed 

by t h e  express ion  

2880 
l o g  H2(ppm)* = 6.067 - ToK 

383°K < T < 674°K 

They g i v e  t h e  f o l l o w i n g  express ion f o r  t h e  S e v e r t ' s  Law constant ,  

S :  

122.0 l o g  S = 0.860 - - To K 

570°K T < 674°K 

where 
1 s = CH/FH 2, 

CH ' =  

P,, = p ressure  o f  hydrogen, T o r r .  

c o n c e n t r a t i o n  o f  hydrogen i n  sodium, pprn by weight ;  

* 
pprn = p a r t s  p e r  m i l l i o n  by we igh t  
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12.2.4-1 

12.2.4 KINETICS 

The i n i t i a l  r e a c t i o n  o f  sodium and water ,  e i t h e r  by 

Na t H20 + NaOH t 112 H2 

o r  by 

2Na + H20 + Na20 + H2 

i s  o f t e n  considered t o  be " instantaneous.  " ( 1 9 2 y 3 )  

r e p o r t e d  by Henry,") s t a t e  t h a t  w a t e r  r e a c t s  w i t h  c lean sodium i n  

microseconds . 

Rice, e t  a l . ,  as 

Under very  dynamic c o n d i t i o n s  t h e  r a t e  o f  r e a c t i o n  depends on 

how f a s t  t h e  r e a c t a n t s  a r e  mixed. Under l e s s  r i g o r o u s  c o n d i t i o n s  t h e r e  

appears t o  be a d i f f u s i o n  b a r r i e r  p resent .  

t h e  sodium s u r f a c e  i s  cons idered t o  be present .  I n  o thers ,  a hydrogen 

l a y e r  i n  between t h e  water  and sodium has been proposed. 

I n  some cases a NaOH f i l m  on 

Desp i te  t h e  r a p i d i t y  o f  t h e  r e a c t i o n  i t  cannot be c a l l e d  a 

de tonat ion .  

o u t  i n  which NaK* charges were detonated under water  w i t h  t h e  a i d  o f  
e x p l o s i v e  boos ters .  
r e a c t i o n  energy appeared i n  shock phenomena, whereas w i t h  TNT about 25% 

does. Hence, t h e  sodium w a t e r  r e a c t i o n  which occurs i n  an enc losed 

space w i l l  a c t  s i m i l a r l y  t o  g a s o l i n e  i n  an i n t e r n a l  combustion engine--  

t h e r e  w i l l  be a smooth i n c r e a s e  i n  pressure,  n o t  a t r u e  impluse. 

Consequently, a component s t r u c t u r e  des ign i s  concerned w i t h  low s t r a i n  

r a t e s  r a t h e r  than h i g h  s t r a i n  r a t e  c o n s i d e r a t i o n .  

Accord ing t o  K ing  and Nelson,(4) exper iments were c a r r i e d  

The r e s u l t s  were t h a t  o n l y  about 0.33% o f  the  

Some o t h e r  k i n e t i c s  da ta  a r e  a v a i l a b l e .  The r e a c t i o n  o f  H2 
and !4a(l) was found t o  be f i r s t  o r d e r  w i t h  an Ar rhen ius  law a c t i v a t i o n  

c o e f f i c i e n t  o f  16.5 k cal /mol .  The r a t e  cons tan t  i s  0.035 a t  280°C 

(536°F) and 0.050 a t  310°C (590°F). 

The r e a c t i o n  

2Na + NaOH 2 Na20(c) + NaH 

has a l s o  been s tud ied .  (5) I t  was concluded t h a t  t h i s  r e a c t i o n  i s  t h e  

* 
rJaK = a sodium (Na) - potass ium ( k )  e u t e c t i c .  
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pr imary  r e l a t i o n s h i p  between Na and NaOH a t  400°C (752°F). 

o f  f o r m a t i o n  o f  NaH i s  g i v e n  by 

The r a t e  

0 
. _  

dc = 0.0355 - 0.016 C aT 
where 

and 

C = NaH i n  mole % 

- -  dc - moles of  NaH formed per  hour  p e r  cm2 
dT 

o f  Na/NaOH s u r f a c e  

P e l l o u x  and Besson(6) have s t u d i e d  t h e  r e a c t i o n  o f  w a t e r  vapor 

w i t h  sodium over  t h e  temperature range o f  40 - 240°C (104 - 464°F). 

observed t h a t  t h e  r e a c t i o n .  

They 

Na + 2H20 = NaOH.H,O + 1/2 H2 

always e x h i b i t e d  an i n i t i a l  p a r a b o l i c  r a t e .  
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0 
. 12.3 R E A C T I O N  I N  STEAM GENERATORS 

I t  must be accepted as inevitable t h a t  a few sodium-water leak 
s i tuat ions will occur over the l i f e  of a steam generator system, even with 
a design philosophy t h a t  aims a t  completely avoiding a l l  tube fa i lure .  
The damage result ing from a given leak will depend c r i t i c a l l y  on the s i ze  
o f  the leak, the a b i l i t y  t o  detect the leak (and take corrective ac t ion) ,  
and the overall design of the heat exchanger system. 

A 
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12.3.1 LEAK S I Z E  EFFECTS 

On t h e  coarses t  sca le ,  leaks  a r e  c l a s s i f i e d  as b e i n g  " l a r g e "  
o r  "smal l . "  More s p e c i f i c a l l y ,  l a r g e  l e a k s  a r e  d e f i n e d  as leaks which 

a r e  t h e  r e s u l t  o f  tube r u p t u r e s '  

gross movement o f  t h e  sodium. ( 2 y 3 )  Ford, e t  a1. , (2) suggest t h a t  l a r g e  

leaks  have a l e a k  r a t e  on t h e  o r d e r  of  5 t o  15 l b / s e c  o f  water .  Hor i  , 
e t  a1.,(4) cons idered l a r g e  l e a k s  t o  be a t  l e a s t  0.2 l b / s e c .  

and produce h i g h  pressure  as we1 1 as 

Small l e a k s  a r e  d e f i n e d  as hav ing  a r e a c t i o n  zone t h a t  more o r  
l e s s  remains i n  one and does n o t  e f f e c t  a gross d is tu rbance 

o f  t h e  sodium. 

i n d i c a t e  t h a t  smal l  l e a k s  a r e  g e n e r a l l y  s m a l l e r  than 0.1 lb /sec .  

G ~ l d m a n n , ( ~ )  H o r i  , e t  a l  . , ( 4 )  and Chamberlain, e t  a1 . , ( 5 )  

I n  a d d i t i o n  t o  t h e  l a r g e / s m a l l  d e f i n i t i o n  o f  l e a k  s i z e ,  t h e r e  has 
been some discussion of  "micro leaks."  Mic ro leaks  a r e  descr ibed by Andreev, 

e t  a l . , ( 6 )  as b e i n g  l e s s  than about 6 x 

t o  p l u g  spontaneously,  e i t h e r  w i t h  p a r t i c l e s  from t h e  water  o r  w i t h  

r e a c t i o n  products .  

l b / s e c  and hav ing  a tendency 

That  economic and s a f e  o p e r a t i o n  o f  sodium heated steam generators  

i s  cons idered f e a s i b l e  i s  evidence t h a t  a damaging l a r g e  l e a k  i s  n o t  

cons i dered probabl  e. ( 7 y 8 y 9 y 1 0 )  Maidment") s t a t e s  t h e  most p robab le  cause 

o f  steam genera tor  s h e l l  f a i l u r e  i s  f r a c t u r e  due t o  d e f e c t s  i n  t h e  header 

m a t e r i a l s  and, based on f a i l u r e  data,  he does n o t  cons ider  such f a i l u r e  

very  1 i k e l y .  

M a i d m e t ~ t ( ~ )  and Gibbons ( l o )  e s t i m a t e  t h a t  t h e  p r o b a b i l i t y  o f  

ma jor  tube o r  s h e l l  f a i l u r e  due t o  m a t e r i a l  d e f e c t s  i s  smal l ,  p a r t i c u l a r l y  

i n  t h e  case o f  m a t e r i a l s  meet ing n u c l e a r  code s tandards.  Minor  tube o r  

tube sheet  f a i l u r e s ,  l e a d i n g  t o  smal l  leaks ,  a r e  considered a c e r t a i n t y .  

The l a r g e  leaks  which do occur  due t o  tube f a i l u r e  a r e  expected 

t o  have a l e a k  r a t e  o f  t h e  o r d e r  o f  10 l b / s e c .  (2) 
t r i p s  s a f e t y  c i r c u i t s  and i s  e a s i l y  detected.  

Th is  s i z e  l e a k  r e a d i l y  
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12.3.1.1 Reaction Character is t ics  

0 Large Leaks. Large leaks give r i s e  t o  re la t ive ly  
h i g h  pressures and temperatures i n  the reaction region. 

Pressures vary as a function of location in the 
system, system geometry, i n i t i a l  temperature, and the  r a t e  of reactant 
contact.  Salmon") has calculated pressure pulses as h i g h  as 6000 psi 
(400 atm) f o r  a constant volume system, w i t h  an average peak of about 
3000 psi. 
values of about 1000 atm. 
of 33,000 psi (2000 atm). Others generally report  average experimental 
pressures of 1000 psi ( 4 y 5 )  o r  l e s s  w i t h  higher peaks. ( 4 y 5 y 6 )  D u m m ,  e t  a l ! ? )  
reported t e s t  chamber dynamic wall pressures of 104 atm (1500 p s i )  which 
correspond t o  a reaction zone dynamic pressure of 1600 atrn (24,000 p s i )  
l a s t i n g  f o r  l e s s  than a millisecond. The shor t  l i f e  of the la rge  pulses 
means there  i s  too l i t t l e  t o t a l  energy contained i n  each pulse t o  cause 
s i gn i f i cant damage. 

system run t o  2730°F (1500°C)(7) o r  3060°F (1680°C).(1) 
the reaction temperatures a r e  found t o  reach 900°C (1650°F) t o  1200°C 
(2200°F). ( 5 y  7 y  8, 

the reaction due t o  the necessity of water t o  d i f fuse  through a hydrogen 

Maidment(2) reports calculat ions of 3000 atm with experimental 
Greene(3) reports peak pressure pulse estimates 

Calculated maximum temperatures f o r  a constant volume 
Experimentally, 

The 1 ower temperatures may be re1 ated t o  re tardat ion o f  

b a r r i e r ( 7 )  o r  t o  the melting/boiling point of the materials present.  ( 5 Y 9 )  

Large leaks produce reaction products a t  ra tes  too 
great  to  achieve equilibrium. ( 7 ~ 8 ~ 1 0 )  Greene points out t h a t  under 
equilibrium conditions l e s s  than 1% of the hydrogen generated will  appear 
as gas, whereas i n  large s c a l e  leak conditions around 60% appears in the 
cover gas. 

Bray ( 8 y 1 1 )  reports t h a t  f o r  every pound of water t h a t  
reac ts ,  approximately three  pounds of so l ids  is  obtained. T h i s  consis ts  
of about 50% NaOH, 40% Na20 and 10% NaH. 
about 300°C and have a density of about 2 g/cm3. 
reaction products i s  best  achieved chemically. 
pneumatic dri  11  w i  11 probably be required. 

The reaction products melt a t  
Removal of the s o l i d i f i e d  

If th is  i s  not f e a s i b l e ,  a 
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0 Small Leaks. A smal l  l e a k  has been d e f i n e d  as 

one i n  which t h e  r e a c t i o n  remains l o c a l i z e d .  (4) This  t y p e  o f  l e a k ,  
r a n g i n g  f rom a w a t e r  i n j e c t i o n  r a t e  of about 0.1 l b / s e c  o r  l e s s ,  i s  

Q 
considered t o  have a p r o b a b i l i t y  o f  o c c u r r i n g  approaching u n i t y .  (2,4,9, 12) 

I n  many cases t h e  leaks  may be c l a s s i f i e d  as micro-  

leaks;  these have a h i g h  p r o b a b i l i t y  o f  p lugging,  reduc ing  t h e  chances o f  

t h e i r  detect ion. (13)  
of  s u r r o u n d i n g  tubes, which appears t o  be a combinat ion o f  e r o s i o n  and 

c o r r o s i o n .  P r a c t i c a l  d e t e c t i o n  o f  these leaks  i s  on t h e  b o r d e r l i n e  o f  

e f f e c t i v e n e s s .  Pas t  exper ience has shown however, t h a t  " n a t u r a l  'I leaks,  

i .e.,  l e a k s  r e s u l t i n g  f rom o r d i n a r y  m a t e r i a l  o r  f a b r i c a t i o n  d e f e c t s ,  

generally are t o o  small t o  cause s ignif icant  damage before detection. 

Larger  l e a k s  a r e  more dangerous, due t o  t h e  wastage 

(10 9 1 4 )  

A smal l  l e a k  by d e f i n i t i o n  w i l l  approach a quas i  steady 

s t a t e  c o n d i t i o n .  There fore  t h e  pressures i n v o l v e d  w i l l  be n o t  much d i f f e r e n t  

f rom t h e  sodium system pressure.  The o v e r a l l  system temperature w i l l  n o t  

be g r e a t l y  a f f e c t e d  by t h e  sodium-water r e a c t i o n  r e s u l t i n g  from a smal l  

l e a k .  Local  r e a c t i o n  zone temperatures can a t t a i n  values o f  980°C (1800°F) 

t o  1200°C (2200"F) . (10y '5 )  

Na - H20 r e a c t i o n s .  

r e a c t i o n  

Both NaOH and Na20 can be formed d i r e c t l y  i n  

A t  temperatures up t o  450" .(840"F) t h e  r a t e  o f  t h e  

NaOH + Na = Na20 + 1/2 H2 

i s  slow, r e q u i r i n g  hours t o  e q u i l i b r a t e .  (16,17) 

i n  t h e  r e a c t i o n  zone. 

The r a t e  w i l l  be f a s t e r  
( 1 7 )  

The major  spec ies p r e s e n t  i s  n o t  c l e a r .  The work o f  

Kos 1 ov ( 1 7 )  suggests m o s t l y  NaOH should be present .  Chamberlain, e t  a1 ., ( 1 8 )  

based on exper imenta l  da ta  i n d i c a t e  t h a t  t h e  s o l i d  d e p o s i t s  c o n s i s t  o f  

about 89% Na20, 10% NaOH and 1 %  NaH. 
r e a c t i o n  produc ts  remain as s o l i d s  near  t h e  r e a c t i o n  s i t e .  The remain ing 

m a t e r i a l  a p p a r e n t l y  d i s s o l v e s  i n  t h e  sodium. Only i n  cases where s u f f i c i e n t  

w a t e r  was i n j e c t e d  t o  s a t u r a t e  t h e  sodium were p a r t i c u l a t e s  found i n  t h e  

sodium. 

They a l s o  n o t e  t h a t  most o f  t h e  

The r a t e  o f  t h e  r e a c t i o n  

Na + 1/2 H2 + NaH 

i s  n o t  known. I n  some cases t h e  f o r m a t i o n  o f  NaH i s  r e f e r r e d  t o  as s low. (19) 
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However, some data for  slow leaks ( l o )  implies t h a t  i t  i s  suff ic ient ly  f a s t  
t o  consume most of the hydrogen from an approximately 0.0025 lb/sec water 
leak. 
have a strong influence on the r a t io  o f  NaH t o  H2. 

Geometry and leak location as well as operating conditions will 
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12.3.1.2 Component Damage 

0 Large Leaks. I n  t h i s  s e c t i o n  i t  i s  assumed t h a t  

t h e  steam genera tor  w i l l  be i s o l a t e d  b e f o r e  t h e  e f f e c t s  o f  t h e  l e a k  can 

pass t h e  i s o l a t i o n  va lves on t h e  l i n e s  l e a d i n g  t o  t h e  i n t e r m e d i a t e  heat  

exchanger. Ma idment ( l )  argues t h a t  t h e r e  i s  a h i g h  p r o b a b i l i t y  o f  such 
i s o l a t i o n  i n  a s u i t a b l y  s h o r t  t ime.  

0 

The immediate e f f e c t s  on t h e  steam genera tor  w i l l  be 

d i c t a t e d  by t h e  pressure  and temperature a t t a i n e d  and t h e i  r d u r a t i o n .  

Long te rm e f f e c t s  w i l l  be d i c t a t e d  by shutdown procedures which c o n t r o l  

how much w a t e r  e n t e r s  t h e  sodium ( s h e l l )  s i d e  o f  t h e  genera tor  and how 

much sodium manages t o  g e t  back i n t o  t h e  w a t e r , s i d e  l e a d i n g  t o  contami-  
n a t i o n  o f  t h e  two s i d e s  w i t h  Na20 and NaOH. 

Genera l l y  l i t t l e  o r  no c o r r o s i v e  o r  e r o s i v e  a t t a c k  

i s  no ted  i n  l a r g e  l e a k  t e s t s  due t o  t h e  s h o r t  t i m e  t h a t  t h e  c o n d i t i o n  

e x i s t s .  ( 2 y  3 ,  There a r e  except ions noted, where t h e  r u p t u r e d  tube s u f f e r e d  

a t t a c k  f rom r e a c t i o n  products  r e f l e c t e d  back o n t o  t h e  r u p t u r e d  tube ' ' )  and 
where a d j a c e n t  tubes have suf fered wastage. ( 2 Y 3 )  

I n  t e s t  vessels  designed t o  w i t h s t a n d  a s teady pressure  
o f  300 p s i ,  n e g l i g i b l e  damage was done t o  t h e  s h e l l  a f t e r  t e n  t e s t s ;  ( 2 )  

d i f f e r e n t  r e s u l t s  m i g h t  e x i s t  i f  t h e  r u p t u r e  occur red  immediate ly  a d j a c e n t  

t o  t h e  s h e l l  w a l l .  

A l l  t e s t s  conducted have been f o r  s i n g l e  t u b e  r u p t u r e s ;  
a mu1 t i p l e - r u p t u r e  s i t u a t i o n  i s  considered h i g h l y  improbable.  ( 1 3 3 )  If a 

subsequent r u p t u r e  occurs , secondary peak pressures w i l l  be l e s s  because 

t h e  sodium w i l l  be i n  mot ion  o u t  o f ,  o r  a l r e a d y  e j e c t e d  from, t h e  system. 
Examples o f  t h i s  a r e  f rom Super-NOAH t e s t s .  ( 4 )  I n  these exper iments f r o m  

500 t o  1000 pounds o f  sodium were e j e c t e d  ( o u t  o f  4000 pounds t o t a l )  f rom 

t h e  r u p t u r e  o f  j u s t  one tube. Also, p ressure  t e s t s  i n  which a one-tube 

l e a k  y i e l d e d  600 t o  1000 p s i  produced o v e r  1600 p s i  i n  a m u l t i p l e  tube 
t e s t  ( w i t h  t e n  t imes t h e  amount o f  water .  ( 2 )  

The tubes a d j a c e n t  t o  t h e  r e a c t i o n  zone a r e  o f t e n  bowed 

I t i s  p o s s i b l e  t h a t  tubes i n  a c r o s s - f l o w  c o n f i g u r a t i o n  o r  d i s t o r t e d .  ( 2 s 3 )  

might  s u f f e r  g r e a t e r  tube bending than f o r  p a r a l l e l  f l o w  cases. 

The l o n g  te rm e f f e c t s  must be considered i f  t h e  steam 

genera tor  i s  t o  be r e t u r n e d  t o  serve.  The r e a c t i o n  products  must be removed 
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t o  b r i n g  t h e  i m p u r i t y  l e v e l s  down t o  normal o p e r a t i n g  l e v e l s .  

case o f  t h e  Fermi Reactor,  where r e a c t i o n  products  en tered  t h e  secondary 

system, i t  took  22 days o f  c o l d  t r a p p i n g  t o  lower  t h e  i m p u r i t i e s  t o  below 

I n  t h e  

e 
s a t u r a t i o n .  (2) 

On t h e  water  s ide,  t h e  c a u s t i c  must be removed t o  

p revent  c a u s t i c  c r a c k i n g  o f  t h e  steam genera tor  s t r u c t u r a l  m a t e r i a l s .  

0 Small Leaks. I n  t h e  case o f  smal l  leaks ,  t h e r e  

a r e  t h r e e  major  e f f e c t s  t o  cons ider :  

- contaminat ion  o f  t h e  system w i t h  i m p u r i t i e s ,  i n c l u d i n g  

l o s s  o f  f l o w  due t o  p l u g g i n g  o f  tubes w i t h  r e a c t i o n  

products ,  

- a c c e l e r a t e d  c o r r o s i o n  o f  reg ions  a d j a c e n t  t o  t h e  l e a k  

by r e a c t i o n  products ,  

- wastage o f  reg ions  a d j a c e n t  t o  t h e  l e a k .  

The f i r s t  two t o p i c s ,  though i m p o r t a n t ,  a r e  t h e  p r o v i n c e  o f  o t h e r  s e c t i o n s  

o f  t h i s  r e p o r t  and w i l l  n o t  be d iscussed here.  

Wastage i s  a phenomenon f i r s t  no ted  i n  t h c  Fermi Reactor  

i n  1962. ( 5 )  

sur round ing  t h e  l e a k .  

F i g u r e  12.3.1.2-1. ( 6 )  

c l e a r .  
temperature r i s e  and mechanical impingement, t h a t  i s ,  e r o s i o n .  H i s  

concept i s  shown i n  F i g u r e  12.3.1.2-2. 

a p p r o p r i a t e  s i n c e  t h e  r e a c t i o n  zone i s  cons idered t o  be a 0.03 i n c h  t h i c k  

envelope around t h e  j e t .  

It i s  d e f i n e d  as a r a p i d  a t t a c k  o f  t h e  metal  i n  t h e  r e g i o n  

The general  e f f e c t  o f  l e a k  s i z e  i s  shown i n  

However, t h e  exac t  mechanism o f  wastage i s  n o t  

L e e ( 7 )  concludes t h a t  wastage i s  due t o  t h e  combined e f f e c t s  o f  

The resemblence t o  a f lame i s  

( 8 )  

The e r o s i o n  mechanism proposed by L e e ( 7 )  i s  based on 

an examinat ion o f  t e s t  specimens f rom exper iments performed by t h e  Atomic 

Power Development Associates (APDA).  Us ing a scanning e l e c t r o n  microscope 

he observed no evidence o f  c o r r o s i o n ,  b u t  d i d  f i n d  evidence o f  p a r t i c l e  

impact  and thermal t rea tment .  

Because, as L e e ( 7 )  noted, a j e t  o f  water  d r o p l e t s  i n t o  

h o t  sodium can be a c c e l e r a t e d  t o  superson ic  speeds, h i g h  impact  pressures 
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Figure 
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can be developed. He suggests these pressures,  t o g e t h e r  w i t h  temperatures 

o f  1400°F (760°C) t o  1800°F (980°C) e f f e c t  t h e  wastage. 

Pugh(’) has observed t h a t  t h e  wastage da ta  s c a t t e r  a r e  

8 
s u f f i c i e n t  t o  i n c l u d e  t h e  p o s s i b i l i t y  t h a t  t h e  e r o s i o n  i s  caused by t h e  

c o l l a p s e  o f  steam bubbles i n  a superheated w a t e r  j e t .  

Cochran and D h i l l o n ( ’ o )  on t h e  o t h e r  hand, go a long 

w i t h  t h e  concept o f  F i g u r e  12.3.1.2-1 b u t  suggest t h a t  more o f  a c o r r o s i o n  

mechanism i s  i n v o l v e d :  

H20 + 2 Na + NaOH + 1/2 H2 

8NaOH + 3Fe = Fe304 + Na20 = 4H2 

Fe304 + 8Na = Na20 + 3Fe 

The f i r s t  r e a c t i o n  i s  t h e  b a s i c  sodium-water r e a c t i o n .  The second r e a c t i o n  

i s  t h e  b a s i c  c o r r o s i o n  r e a c t i o n ,  w h i l e  t h e  t h i r d  i s  a m o d i f i e d  t h e r m i t e  

r e a c t i o n  which migh t  occur.  ( l o )  The r e a c t i o n  products  a r e  thought  t o  be 

swept away f rom t h e  metal  s u r f a c e  by t h e  l e a k  j e t ,  thereby  p r o v i d i n g  a 

c l e a n  s u r f a c e  conducive t o  r a p i d  c o r r o s i o n  a t t a c k .  A f a c t o r  which lends 

credence t o  t h i s  hypoths is  i s  t h e  i n f l u e n c e  o f  t h e  sodium f l o w  r a t e .  

Chamberlain‘’) n o t e d  t h a t  f l o w i n g  sodium systems would show 0.1 t o  0.2 

m i l / s e c  wastage r a t e s ,  whereas s tagnant  systems showed n e g l i g i b l e  a t t a c k .  
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12.3.1.3 Wastage Resis tance o f  M a t e r i a l s  

0 The general  types o f  wastage a t t a c k  were shown i n  

F i g u r e  12.3.1.2-1. The smoothed b a s i s  data f o r  t h a t  f i g u r e  are  shown 

i n  F i g u r e  12.3.1.3-1. ( l )  The data  f o r  F igure  12.3.1.3-1 a r e  based on 

2 1/4 C r  - 1 Mo f e r r i t i c  s t e e l  ( C r o l o y )  t a r g e t  tubes.  Tests  u s i n g  

304 and 321 s t a i n l e s s  s t e e l  and I n c o l o y  800 y i e l d e d  wastage r a t e s  f rom 

about 20 t o  30 and 30 t o  80 t imes s m a l l e r ,  r e s p e c t i v e l y ,  than f o r  t h e  

C r o l  oy . (2) I n  general  , i t  i s  found t h a t  a l l o y i n g  a d d i t i o n s  o f  n i c k e l  

t o  i r o n  base a1 l o y s  reduce wastage r a t e s .  

I n  a l l  cases t h e r e  i s  a r a p i d  drop i n  wastage r a t e s  

as t h e  w a t e r  i n j e c t i o n  r a t e  drops below 0.001 l b / s e c .  It maximizes a t  

about 0.01 l b / s e c  and then decreases aga in  beyond about 1 l b / s e c ,  

F i g u r e  12.3.1.3-1. 

however. 

be caused i n  about 100 seconds. 

Even f l o w  r a t e s  o f  0.001 l b / s e c  can be s e r i o u s ,  

A n d r e e ~ ' ~ )  r e p o r t s  t h a t  f o r  t h i s  f l o w  +ate, s e r i o u s  damage can 

Greene' r e p o r t s  another  c o r r e l a t i o n  o f  these da ta  

p l u s  some f rom General E l e c t r i c ,  F i g u r e  12.3.1.3-2. Here a c o n s e r v a t i v e  

c o r r e l a t i o n  between t h e  amount o f  water  i n j e c t e d  and t h e  volume o f  metal  

removed i s  presented and r e s u l t s  i n  t h e  r e l a t i o n s h i p  
I 

q u a n t i t y  o f  metal  
removed ( i n  ) 1 = 0.014 x [ i n j e c t e d  ( l b )  1 q u a n t i t y  o f  w a t e r  

- r - 

which can be used t o  p r e d i c t  t h e  maximum vol  ume wastage f o r  a need le- type  

j e t  h i t t i n g  t h e  t a r g e t  tube under the  f o l l o w i n g  cond i t i ons :  

0 water  pressures up t o  1450 p s i a ,  
0 sodium v e l o c i t i e s  i n  t h e  range o f  0 t o  4 f t sec, 

o tube- to - tube separa t ions  o f  0.75 i n .  o r  g r e a t e r ,  

0 tube  m a t e r i a l  2 1 /4 C r  - 1 Mo s t e e l ,  
0 sodium b u l k  temperatures up t o  510°C (950°F). 

The p r o b a b i l i t y  o f  leaks s u f f i c i e n t l y  l a r g e  t o  cause t h i s  type  o f  
damage i s  cons idered t o  be smal l .  ( 1 )  
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12.3.2 LEAK DETECTION 

A l a r g e  l e a k  has t h e  advantage o f  b e i n g  e a s i l y  and r a p i d l y  

detected.  W i t h i n  m i l l i s e c o n d s  a f t e r  t h e  r u p t u r e ,  pressure becomes 

n o t i  ceabl e. ( 1- 6)  

r u p t u r e  d i s c s  w i t h  w i r e s  which a r e  broken when t h e  d i s c  r u p t u r e s .  

The broken w i r e s  i n t e r r u p t  an e l e c t r o n i c  c i r c u i t  and e f f e c t  system 

dumping and i s o l a t i o n .  

Maidment(*)  has i n d i c a t e d  t h a t  p ressure  sensors i n  t h e  gas space 

Fermi R e a c t o r ( 7 )  has used low pressure,  50-60 p s i g ,  

o r  a c o u s t i c  d e t e c t o r s  g i v e  s u f f i c i e n t l y  f a s t  warning, w i t h i n  one t o  two 

seconds a f t e r  t h e  tube r u p t u r e ,  t o  i s o l a t e  t h e  steam genera tor  f rom t h e  

r e s t  o f  t h e  system. 
( rhometers)  , and temperature would p r o v i d e  u s e f u l  s i g n a l s  , b u t  general  l y  
have a de lay due t o  s low t r a n s p o r t  o f  t h e  produc t  o f  t h e  r e a c t i o n  t o  t h e  

d e t e c t o r .  They can f i n d  use, however, as backup systems. 

Other  d e t e c t o r s ,  such as f o r  H2, 02, r e s i s t i v i t y  

D e t e c t i o n  o f  smal l  leaks  i s  s i g n i f i c a n t l y  more d i f f i c u l t  than 

t h a t  o f  l a r g e  ones. 

as an abrupt  p ressure  change. Furthermore, smal l  leaks ,  amounting t o  

severa l  pounds o f  w a t e r  p e r  hour,  do n o t  e f f e c t  much change i n  i m p u r i t y  

l e v e l s ,  as i s  shown i n  F i g u r e  12.3.2-1(’) f o r  hydrogen cover  gas 

concent ra t ions  . 

The reasons f o r  t h i s  a r e  l a c k  o f  gross e f f e c t s ,  such 

Several  types o f  d e t e c t i o n  systems a r e  p o s s i b l e .  Those s u i  t a b l e  

f o r  m o n i t o r i n g  t h e  cover  gas are:  

0 Thermal C o n d u c t i v i t y  Analyzers (TCA)-H2 

0 Gas Chromatographs (GC)-H2 

Mon i to rs  f o r  t h e  l i q u i d  system i n c l u d e :  

0 Acoust ic ,  r e a c t i o n  n o i s e  

0 Hydrogen D i f f u s i o n  Tube (HDT)-H2 

0 Rhometer, r e s i s t i v i t y  changes due t o  i m p u r i t i e s ,  

gas bubbles, p a r t i  c l  es , s o l  u b l  es 

0 Hydrogen meter,  e lec t rochemica l  - H2 

0 Oxygen meter, e lec t rochemica l  - 02 

0 Plugg ing  meter,  i m p u r i t i e s ,  p a r t i c l e s ,  e n t r a i n e d  gas, s o l u b l e s .  
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Leak d e t e c t i o n  based on cover  gas m o n i t o r i n g  i s  niade d i f f i c u l t  

by t h e  r e l a t i v e l y  s low r a t e  o f  inc rease o f  hydrogen i n  t h e  cover  gas 

d u r i n g  a l e a k  i n c i d e n t  (see F igure  12 .3 .2 -1) . (9 )  There i s  a l s o  a p o s s i b l e  
a 

loss of s i g n a l  i n  t h e  sample l i n e s  due t o  sodium " f r o s t , "  which c o u l d  

absorb hydrogen o r  even p l u g  t h e  sample l i n e s  comple te ly .  

When a w a t e r  l e a k  occurs i n  t h e  cover  gas reg ion ,  t h e  water/sodium 

I n  t h i s  case a very  r a p i d  response i s  expected f rom cover gas 
vapor r e a c t i o n  w i l l  l i b e r a t e  l a r g e  amounts o f  hydrogen d i r e c t l y  i n t o  t h e  

cover gas. 

hydrogen mon i to rs .  

The TCA, though n o n s p e c i f i c  f o r  hydrogen, p rov ides  cont inuous 

mon i to r ing .  

v a r y i n g  b u t  o n l y  on a p e r i o d i c  bas is ,  approx imate ly  every two t o  f i v e  
m i  nu t e s  . ( 9 ~ 1 0 )  

The GC can i n d i c a t e  whether hydrogen c o n c e n t r a t i o n s  a r e  

For  in-sodium d e t e c t i o n  t h e r e  a r e  two b a s i c  types o f  d e t e c t o r s :  

those whose response t i m e  i s  c o n t r o l l e d  p r i m a r i l y  by t h e  geometry and 

o p e r a t i n g  c o n d i t i o n s  o f  t h e  l i q u i d  metal  system, and those whose response 

t i m e  i s  determined p r i m a r i l y  b y  t h e i r  own o p e r a t i n g  c h a r a c t e r i s t i c s .  

The rhometer, p l u g g i n g  meter, oxygen and hydrogen meters a r e  

examples of t h e  f i r s t  type.  

f u n c t i o n  o f  how l o n g  i t  takes t h e  r e a c t i o n  products  t o  t r a v e l  from t h e  
l e a k  t o  t h e  m o n i t o r  i n  s u f f i c i e n t  q u a n t i t y  t o  p r o v i d e  an acceptable 

s i g n a l .  

T h e i r  response t i m e  w i l l  l a r g e l y  be a 

The response t i m e  of t he  hydrogen d e t e c t i o n  tube (HDT) ,  which 

O v e r a l l  , Greene") es t imates  a two minute response t i m e  

uses a n i c k e l  d i f f u s i o n  membrane, i s  about  15 seconds f o r  t h e  ins t rument  

i n c l u d i n g  hydrogen t r a n s p o r t  f r o m  t h e  l e a k  and t h e  o p e r a t o r  becoming 

aware o f  t h e  i n d i c a t i o n s  and t a k i n g  a c t i o n .  

w i l l  have a q u i c k e r  i n t r i n s i c  response,(10) b u t  w i l l  be s u b j e c t  t o  t h e  

same o p e r a t i n g  delays.  These dev ices s u f f e r  f rom t h e  l a c k  o f  s u i t a b l y  
s t a b l e  m a t e r i a l s  o f  c o n s t r u c t i o n  and f rom t h e  unknown e f f e c t s  of o t h e r  

v a r i a b l e s  on t h e  o u t p u t  p o t e n t i a l .  (7) Oxygen meters have a l s o  f a i l e d  

I 

The oxygen meter as w e l l '  as t h e  e lec t rochemica l  hydrogen meter 

because o f  apparent mechanical d e f e c t s .  ( 1 1 )  

8 The rhometer which measures c o n d u c t i v i t y  , prov ides  v i  r t u a l  l y  

instantaneous response when t h e  i m p u r i t i e s  reach t h e  probe. ( l o )  Thus i t  
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t o o  w i l l  have a response t i m e  determined by o p e r a t i n g  procedures and 

geometry. The p l u g g i n g  meter mon i to rs  i m p u r i t y  l e v e l s  by de termin ing  

t h e  temperature a t  which a smal l  o r i f i c e  becomes plugged by t h e  p r e c i p i -  

t a t i o n  o f  s o l u b l e  i m p u r i t i e s .  O v e r a l l  response t i m e  ranges f rom about 

t h e  same o r  g r e a t e r  than t h e  o t h e r  system l i m i t e d  dev ices.  (10,12) 

The a c o u s t i c  d e t e c t o r  has t h e  g r e a t e s t  p o t e n t i a l  advantages. 

Because i t  d e t e c t s  t h e  n o i s e  o f  t h e  r e a c t i o n  v i a  sound t r a n s m i t t e d  

th rough t h e  l i q u i d  metal  and t h e  containment system, d e t e c t i o n  i s  

e s s e n t i a l l y  instantaneous.  The b a s i c  d i f f i c u l t i e s  a r e  t h e  s i g n a l  t o  
n o i s e  r a t i o  and a t t e n u a t i o n  o f  s i g n a l  between t h e  l e a k  and t h e  d e t e c t i o n  

p o i n t .  

The pass ive  a c o u s t i c  d e t e c t o r  has t o  be a b l e  t o  d i s t i n g u i s h  t h e  

n o i s e  o f  t h e  sodium-water r e a c t i o n  f rom a background o f  pump no ise ,  t h e  

sounds o f  f l o w i n g  l i q u i d s  and t h e  sound o f  water  b o i l i n g .  

have been made t o  determine whether t h e  sodium water  r e a c t i o n  generates 

The observed s p e c t r a  show t h a t  a band occurs a t  about 2KHz due t o  t h e  

h e a t i n g  e f f e c t s  o f  chemical r e a c t i o n ;  ( 1 3 y 1 4 )  t h i s  i s  approx imate ly  t h e  

same b o t h  a t  room temperature and a t  315°C (600°F). ( I 4 )  A d d i t i o n a l l y  

t h e r e  i s  a c h a r a c t e r i s t i c  f requency due t o  t h e  o s c i l l a t i o n  o f  hydrogen 

bubbles. A t  room temperature t h e  f requency i s  about 500 Hz, a t  315°C 

Several  s t u d i e s  

an a c o u s t i c  spectrum n o t i c e a b l y  d i f f e r e n t  than t h i s  background. (12 ,141  

about  800 Hz. (14)  

A r e c e n t  survey o f  a c o u s t i c  methods f o r  t h e  d e t e c t i o n  o f  b o i l i n g  

i n  LMFBR systems ( 1 5 ) ' i n d i c a t e s  t h a t  f requenc ies  as h i g h  as 1 MHz would be 

u s e f u l  w i t h  t h e  b e s t  r e s u l t s  be ing  ob ta ined above 100 KHz , which was t h e  

upper l i m i t  o f  t h e  work descr ibed above. ( 1 3 , 1 4 1  

Another advantage o f  u s i n g  

ease o f  l o c a t i n g  t h e  l e a k .  The use 
s u f f i c i e n t  i n f o r m a t i o n  t o  c a l c u l a t e  

Ford, e t  a1 . , ( 7 ,  proposed 

p o s i t i o n  o f  t h e  leak .  (16)  

systems. The d e t e c t o r  shou ld  

a c o u s t i c a l  devices i s  t h e  p o t e n t i a l  

o f  t h r e e  o r  more d e t e c t o r s  can p r o v i d e  
t h e  source of t h e  s i g n a l  , hence t h e  

a number o f  c r i t e r i a  f o r  d e t e c t i o n  

0 be independent of  t h e  p h y s i c a l  t r a n s p o r t  o f  r e a c t i o n  

products  between t h e  l e a k  and d e t e c t o r ,  if t h i s  i s  p o s s i b l e .  
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0 be designed t o  have a detection system transport time 
close t o  zero. 

0 have a response time as close t o  zero as possible. 

0 be located such t h a t  the detectors are as close as 
possible t o  a l l  potential leak locations i f  they are 
dependent on the physical transport of products from 
the leak zone t o  the detector. 

0 u t i l i ze  detectors which are n o t  affected by variations 
in plant operating conditions or expected changes in 
background levels of the parameters being measured. 

0 be developed and tested t o  the point t h a t  operator 
confidence in the system i s  such t h a t  alarms and/or  
interlocks can be ut i l ized.  

f o r  detectors dependent upon  sodium transport time: 
have a suff ic ient ly  high sens i t iv i ty  such t h a t  i t  can 
detect,  on the f i r s t  pass of sodium past the detector,  
leaks of  s ize  which can cause severe damage to  the unit 
in a time period equivalent t o  approximately two times 
the sodium cycle time plus the dump time, or  shorter .  

He s t a t e s  the above requirements are the most important. 
which are less  important b u t  which should be pursued are l i s t ed  below. 
The leak detection system sha l l :  

Other requirements 

0 be in replicate to  ensure against adverse effects  of 
instrument or c i r cu i t  f a i lu re ,  and have provisions for  
periodic checkout to  demonstrate t h a t  the detectors are 
operational and will detect a leak. 

0 be arranged to  provide for  maintenance without shutdown 
of the components. 

0 have a long and re la t ively maintenance-free service l i f e ,  
demonstrating a high degree of r e l i a b i l i t y .  

0 n o t  be susceptible t o  degradation o f  the detector signal 
o r  foul i n g .  
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0 be commerci a1 ly avai  1 ab1 e and o f  reasonable cost . 
o be compatible with the materials o f  the components 

and  systems in which i t  i s  instal led and not 
compromise or  reduce thei r integri ty  . 

6/3/74 



12.3.2-7 

REFERENCES 

1. K. Dumm, e t  a l . ,  Status o f  Sodium-Water React ion Tes t  Work a t  
INTERATOM, ANL-7520, PT I. 0 

2. K. Dumm, e t  a1 ., "The React ion o f  Sodium and Water i n  Tubes," 
Atomkernenergie - 14, pp. 309-318. 1969 

3. K. Sakano, "Analyses o f  t h e  Sodium-Water React ion Pressure and I t s  
Propagat ion i n  t h e  Sodium System," S p e c i a l i s t s  I Meet ing on Sodium- 
Water Reaction, May 18-21, 1971 , Melekess, USSR, CONF-710548. 

4. H o r i ,  e t  a l . ,  " O u t l i n e  o f  PNCs A c t i v i t i e s  i n  t h e  F i e l d  o f  Sodium- 
Water Reaction," S p e c i a l i s t s '  Meet ing on Sodium-Water React ions,  
May 18-21 , 1971, Me1 ekess , USSR, CONF-710548. 

5. K. Dumm, "Large Leak Tests  i n  a Model o f  a S t ra igh t -Tube Steam 
Generator,"  S p e c i a l i s t s '  Meet ing on Sodium-Water React ions,  
May 18-21, 1971 , Melekess, USSR, CONF-710548. 

6. N. L ions,  e t  a l . ,  " P r e s e n t a t i o n  Made t o  Meet ing o f  Sodium-Water 
React ion S p e c i a l i s t s , "  S p e c i a l i s t s '  Meet ing on Sodium-Water 
React ions,  May 18-21, 1971, Melekess, USSR, CONF-710548. 

7. K. Goldmann (Ed.),Minutes - S p e c i a l i s t s '  Meet ing on Sodium-Water 
React ions,  Argonne N a t i o n a l  Laboratory ,  November 5-6, 1968, 
UNC-SPLM-1059, October 15, 1969. 

8. L. Maidment, "Sodium-Water Reactions," An A p p r e c i a t i o n  o f  F a s t  
1971. Reactor  S a f e t y  (1970), Nuclear  Safety,  - 12(12)  Chapter 8. 

9. D.A. Greene, "The Leakage o f  Water I n t o  Sodium i n  Steam Generators 
and T e s t  Rigs," Nuclear  Technology - 18, pp. 267-276. 1973. 

10. H.V. Chamberlain, P r o j e c t  Summary, Sodium-Water React ions Re la ted  
t o  LMFBR Steam Generators,  APDA-257. June 1970. 

11. G.M. Kesser, (Ed. ) , Sodi um Technology Q u a r t e r l y  Report  , ANL-7974. 
March 1973. 

12. F.A. Kozlov, e t  a l . ,  "Methods o f  I n d i c a t i o n ,  Operat ion o f  a Steam 
Generator and Secondary C i r c u i t  i n  t h e  Case o f  S l i g h t  Leakage o f  
Water i n t o  Sodium," S p e c i a l i s t s  Meet ing on Sodium-Water React ions,  
May 18-21, 1971, Melekess, USSR, CONF-710548. 

13. S. Barkhoudar ian and C.C. Sco t t ,  P r e l i m i n a r y  Study o f  F e a s i b i l i t y  
o f  Acous t ic  D e t e c t i o n  o f  Small Sodium-Water React ions i n  LMFBR 
Steam Generators,  APDA-256, May 1970. 

14. S.P. Y ing and C.C. Sco t t ,  " S i g n i f i c a n t  A u d i b l e  Noise From Sodium- 
Water Reactions," J .  o f  t h e  A c o u s t i c a l  SOC. o f  Am. 49(5)  -- - -- - 
pp. 1393-1396. 1971 

6/3/74 



12.3.2-8 

15. L e t t e r  from F.J. L e i t z  t o  Cont rac t  A d m i n i s t r a t i o n  Div. ,  USAEC, RLOO. 
Sub jec t :  " S t a t e  o f  t h e  A r t  Review; A c o u s t i c a l  Techniques f o r  t h e  
M o n i t o r i n g  o f  Sodium B o i l i n g  and F i s s i o n  Gas Release i n  LMFBRs," by 
P.H. Hutton, W/FFTF 723733, June 6, 1973. 

16. D.J. Hayes and G. Horn, "Leak D e t e c t i o n  i n  Sodium Heated B o i l e r s , "  
J. B r i t .  Nuc. Energy SOC. , 10, p p .  41-48. 1971 - - -  

17. J.A. F o r t ,  e t  a l . ,  C r i t e r i a  For  D e t e c t i o n  o f  Small Sodium-Water 
React ions i n  LMFBR Steam Generators,  APDA-255, June 1970. 

6/ 3/ 74 



1 2.3.3-1 

12.3.3 DESIGN REQUIREMENTS 

There  a r e  a number o f  i t ems  wh ich  s h o u l d  be taken  i n t o  c o n s i d e r -  
( 1  , ? )  a t i o n  i n  t h e  d e s i g n  and o p e r a t i o n  o f  a sodium hea ted  steam g e n e r a t o r .  

0 Assume t h a t  t h e r e  w i l l  be a t  l e a s t  one l e a k  o f  some s i z e  

l i f e t i m e  o f  t h e  u n i t .  d u r i n g  t h e  

0 Minimum we 

appara tus  

0 The des ign  

d i n g  s h o u l d  be done d u r i n g  e r e c t i o n  o f  t h e  

t o  m i n i m i z e  t h e  occu r rence  o f  l e a k i n g  w e l d s ) .  

s h o u l d  p e r m i t  e a r l y  d e t e c t i o n  o f  s m a l l  l e a k s .  

0 The u n i t  s h o u l d  be e a s i l y  i s o l a t e d  f r o m  t h e  r e s t  o f  t h e  
sys tem and t h e  w a t e r  s h o u l d  be e a s i l y  dumped. 

0 Pressu re  waves f r o m  t h e  r e a c t i o n  s h o u l d  b e  k e p t  away f r o m  

t h e  p r i m a r y  system. 

0 Two-phase f l o w  s h o u l d  be assumed fo r  c o n s e r v a t i v e  p r e s s u r e  

d r o p  c a l  c u l  a t i o n s  . 
o R e l i e f  systems s h o u l d  p r e v e n t  accumu la t i on  o f  w a t e r  and 

sodium wh ich  c o u l d  i n i t i a t e  f u r t h e r  r e a c t i o n s .  

0 

0 

The u n i t  s h o u l d  be  e a s i l y  d isassembled  and r e p a i r e d .  

The u n i t  s h o u l d  be e a s i l y  c leaned.  
\ 
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12.4 S I G N I F I C A N C E  OF SODIUM-WATER REACTIONS TO LMFBR 

12.4.1 INTRODUCTION 

Sodium-heated steam generators  a r e  g e n e r a l l y  designed w i t h o u t  

use o f  an i n t e r m e d i a t e  h e a t - t r a n s f e r  f l u i d ,  and w i t h  t h e  r e a l i z a t i o n  t h a t  

occas ional  c o n t a c t  of  sodium and water  i s  i n e v i t a b l e .  Because t h e  steam 

i s  a t  a much h i g h e r  p ressure  than t h e  sodium i n  such a steam generator ,  

t h e  most common f a i l u r e m o d e  i n v o l v e s  t h e  j e t t i n g  of steam i n t o  t h e  

l i q u i d  sodium, w i t h  a t t e n d a n t  l i b e r a t i o n  o f  heat  and r e a c t i o r :  p roduc ts .  

I n  t h e  absence of oxygen, t h e  pr imary  sodium-steam r e a c t i o n  products  

a r e  NaOH, Na20, NaH, and H2. 

The most commonly encountered steam genera tor  problem i s  metal 

wastage caused by t h e  h i g h  temperatures (900" - 1200°C) and c o r r o s i v e  

c o n d i t i o n s  found i n  t h e  v i c i n i t y  o f  t h e  sodium-steam r e a c t i o n .  The 

metal  wastage can be s e r i o u s  enough t o  cause t h e  f a i l u r e  o f  a d j a c e n t  

tubes.  

l e a k s  and t o  back t h e  des ign w i t h  a r e l i a b l e ,  s e n s i t i v e  l e a k  d e t e c t o r .  

The p r i m a r y  des ign goa ls  must be t o  min imize  t h e  o p p o r t u n i t y  f o r  

Q 

2/3/75 



12.4.2-1 

12.4.2 REACTION RATES, THERMODYNAMICS, AND 
LEAK CHARACTER I ST I CS 

Thermodynamic principles are extremely useful in certain 
near-equilibrium circumstances associated with a sodium-steam reaction, 
such as determining the feasibility of a given reaction, predicting 
gas-liquid (e.g., H2-Na) equilibria in the bulk of the coolant, and 
estimating the overall heat 1 i beration (enthalpy change) associated 
with various reaction. 
deal o f  inconsistency, and must be used with caution. 
are presented in the preceding text, with examples of typical data 
disagreement. 

The thermodynamic data available show a great 
Selected data 

A knowledge of the solubilities of the chemical species 
involved in, and resulting from, sodium-water reactions is important 
in determining whether or not line plugging from reaction products 
can be expected, whether certain types of leak detection are feasible, 
and in the formulation of thermodynamic relationships involving solutions. 
The solubility data are conveniently represented in the form of phase 
diagrams , which are strictly applicable only under equilibrium conditions 
and in the absence of extrinsic components. 
are presented in the text which illustrate approximately the phase 
relationships which can be expected between the major products/reactants 
of the sodium-water reaction. 

Selected phase diagrams 

The rate of the sodium-water reaction depends on how fast the 
reactants are mixed. 
for example, diffusion barriers composed of NaOH and/or gaseous H2, can 
form. 
almost instantaneous , though it apparently never assumes the character 
of a true detonation. 
depend on the prevailing circumstances, such as the temperature of the 
reactants, the system pressure, the size of the leak, the mixing 
tendency (pressure differential ) , the reaction volume, the reactant 
makeup rate, etc. 

In the case of relatively quiescent reactants, 

In the case of violently mixed reactants, the rate can become 

The kinetics of the reaction in a steam generator 
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n 

I n  a steam qenera tor ,  l e a k s  a r e  q e n e r a l l y  c l a s s i f i e d  as be ing  

" l a r g e "  o r  "smal l  . ' I  Larqe leaks  a r e  those which r e s u l t  i n  h i q h  pressures 

and qross sodium movement, such as would r e s u l t  f rom a tube r u p t u r e ;  

smal l  l e a k s  have a l o c a l i z e d  r e a c t i o n  zone. 

Large l e a k s  produce r e l a t i v e l y  h i q h  temperatures and pressures 

i n  t h e  r e a c t i o n  reg ion .  Pressure pulses produced by l a r g e  l e a k s  have 

been es t imated t o  be capable o f  reach ing  3000 p s i .  

t o  1200°C have been exper imenta l  l y  measured. 

t h e  pressures i n v o l v e d  w i l l  approximate t h e  sodium pressure.  Local  

r e a c t i o n  zone temperatures can be as h i g h  as 1200°C. 

t h e  p r o d u c t  formed by t h e  r e a c t i o n  i s  n o t  known e x a c t l y ;  f o r  example, 

t h e r e  i s  disagreement on whether Na20 o r  NaOH i s  t h e  major  c o n s t i t u e n t .  

l a r g e  leaks ,  because o f  t h e  s h o r t  t i m e  t h e  c o n d i t i o n  e x i s t s .  

o f  smal l  l e a k s  t h e  sodium system becomes p r o g r e s s i v e l y  contaminated, 

c o r r o s i o n  by r e a c t i o n  produc ts  takes p lace,  i n  t h e  v i c i n i t y  o f  t h e  leak ,  

and meta l  wastage, i . e . ,  metal  l o s s  due t o  t h e  combined e f f e c t s  o f  

temperature r i s e ,  e ros ion ,  and c o r r o s i o n ,  occurs i n  ad jacent  tubes. 

reduces t h e  wastage assoc ia ted  w i t h  smal l  leaks ;  300 s e r i e s  s t a i n l e s s  

s t e e l s  and I n c o l o y  800 a r e  r e p o r t e d  t o  be much more r e s i s t a n t  t o  wastage 

than low a l l o y  s t e e l s .  

React ion temperatures 

Small l e a k s  w i l l  reach a quas i -s teady-s ta te  c o n d i t i o n ,  so t h a t  

The compos i t ion  o f  

G e n e r a l l y  l i t t l e  o r  no c o r r o s i v e  a t t a c k  i s  no ted  i n  t h e  case o f  
I n  t h e  case 

A l l o y i n g  a d d i t i o n s  o f  n i c k e l  t o  i r o n  base a l l o y s  d r a m a t i c a l l y  

The r a t e  o f  metal  wastage i s  c r i t i c a l l y  dependent on t h e  l e a k  
f l o w  r a t e .  

was a maximum a t  about 0.01 lb /sec ,  and decreased a t  r a t e s  Q.001 l b / s e c  

and >0.1 l b l s e c .  Because such t e s t s  a r e  h i a h l v  deDendent on svstem 

c o n d i t i o n s  and c o n s t r u c t i o n  m a t e r i a l s ,  t h e y  can be cons idered o n l y  

q u a l i t a t i v e  i n d i c a t o r s  of  t h e  response o f  a system under d i f f e r e n t  
t e s t  c o n d i t i o n s .  

I n  t e s t s  o f  2-1/4 C r  - 1 Mo t a r g e t  tubes, t h e  wastage r a t e  
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12.4.3 DETECTION 

A l a r g e  leak  has the  advantage o f  be ing e a s i l y  and r a p i d l y  

E i t h e r  pressure o r  acous t ic  de tec tors  can q u i c k l y  i s o l a t e  detected. 
t he  steam generator i n  t h e  event of a l a r g e  leak .  

much more d i f f i c u l t  t o  de tec t .  Leak de tec tors  fo r  smal l  leaks take 

t h e  form o f  cover gas moni tors  (H2 ef fects) ,  o r  l i q u i d  system monitors 

(acous t ic ,  H2 d i f f u s i o n ,  rhometer, e lect rochemical  H2/02 meters, and 

p lugg ing  meters).  

d i f f i c u l t  by t h e  s low r a t e  of increase o f  H2 i n  t h e  cover gas du r ing  

a l eak  i n c i d e n t .  

o f  de tec tors :  

t h e  geometry and opera t i ng  c h a r a c t e r i s t i c s  of t he  l i q u i d  metal system, 
and those whose response t ime i s  determined p r i m a r i l y  by t h e i r  own 

opera t i ng  c h a r a c t e r i s t i c s .  The rhometer, p lugg ing  meter, oxygen 

meter, and hydrogen meter a re  examples o f  t h e  f i r s t  type, i n  t h a t  t h e i r  

response t ime  w i l l  l a r g e l y  depend on how long  i t  takes f o r  t h e  r e a c t i o n  

product  t o  t r a v e l  from the  l eak  t o  the  monitor i n  s u f f i c i e n t  q u a n t i t y  

t o  p rov ide  a s igna l .  The response t ime o f  t he  hydrogen de tec t i on  tube, 

which u t i l i z e s  a d i f f us ion  membrane, i s  about 15 seconds f o r  t he  

inst rument  i t s e l f .  

Small leaks are  

Leak de tec t i on  by cover gas mon i to r ing  i s  made 

For in-sodium de tec t i on  the re  are  two bas ic  types 

those whose response t ime i s  c o n t r o l l e d  p r i m a r i l y  by 

The acous t ic  de tec to r  has the  grea tes t  p o t e n t i a l  advantages, as 
de tec t i on  would be p r a c t i c a l l y  instantaneous. An a d d i t i o n a l  advantage 

o f  acous t i c  de tec tors  i s  t he  p o s s i b i l i t y  o f  l o c a t i n g  leaks  by use o f  

an a r r a y  o f  t h r e e  o r  more detectors .  

s igna l - to -no ise  r a t i o  and a t tenua t ion  o f  s igna l  between the  l eak  and 

t h e  de tec t i on  p o i n t .  

The bas ic  d i f f i c u l t i e s  a r e  
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13.1 . l - 1  

13.0 EXTERNAL CORROSION PROCESSES 

13.1 INTRODUCTION 

13.1.1 Scope of Chapter 

The external corrosion review will be limited t o  corrosion and 
general degradation agencies which are  of potential importance t o  the 
LMFBR system affected by sodium excursions outside the primary and secon- 
dary system envelopes, i . e . ,  s p i l l s ,  leaks, e t c .  A sodium-water interface 
will occur in the intermediate HX tubes for LMFBR p l an t s  using water/water 
steam generators and i n  the steam generator and superheater tubes for 
plants using the sodium/water steam generator concept (e .g . ,  CRFBR).  
special degradation problems associated w i t h  the sodium-water interface 
have been discussed i n  Chapter 1 2  i n  suf f ic ien t  detai l  t o  introduce the 
general problem area and to  serve as a basis fo r  subsequent updating of 
t h i s  area. Such phenomenon as wastage will not,therefore, be w i t h i n  the 
scope o f  the external corrosion chapters. 

The 

Degradation processes within the scope of this chapter m i g h t  be 
categorized as follows: 

a .  Corrosion processes i n  which there i s  exchange of 
ambient species--N2, 02, H20 (vapor  and  1 iquid)--with 
the sodium. 

Q 

b. Corrosion processes i n  which there i s  limited exchange 
i n  the above respect because o f  themla1 insulation 
and various protective envelopes. 

c .  Corrosion and mass t ransfer  e f fec ts  associated with 
sodium events i n  which nitrogen i s  a principal ambient 
species 

The unpredictable circumstances attending most of the above 
degradation categories precludes quantitative analysis and essent ia l ly  
limits any discussion t o  qual i ta t ive comments, qualified insofar as is  
possible, by service and laboratory experience. 
inventory o f  LMFBR systems may be separated into the broad categories 

The major materials 
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13.1 . l - 2  

of austeni t ic  and f e r r i t i c  materials. 
behavior under unstressed, and stressed, conditions, will attempt t o  
identify comon, and distinguishing, corrosion character is t ics  o f  these 
classes of materials. 

The discussion of corrosion 

Some of  the chemistry and corrosion pertinent to th i s  chapter 
overlap discussions given i n  Chapters 9 and 12 .  
complex enough t o  j u s t i f y  additional discussion o f  these common areas to  
the extent they re la te  to  external corrosion. 

The present subject i s  
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13.1.2 Sodium Spill/Leak Potential 

@ Pub1 ished accounts do n o t  support  sodium sp i l l / l eak  events attend- 

ing  the operation o f  LMFBR p l a n t s  as a major problem area. For example, 
Br i t i sh  experience with the Dounreay reactor  over a 14 year span appar- 
ent ly  involved only f i v e  small leaks w i t h  a NaK inventory of 100 tons. 
Up t o  December 1972, no major s p i l l s  had been reported i n  U.S. systems. 
French experience with the Rapsodie and Phenix reactor  p lan ts ,  and the 
sodium leak detection and confinement techniques evolved therefrom, indi-  
ca t e  some incidence of small sodium leaks of varying degrees of severi ty .  
The Germans experienced a loss  of 500-1000 kg of sodium from a defect ive 

(1 2) 
(3)  

(4)  

weld in  a secondary storage system tank. (5) 

An assessment of accident severi ty  and probabi l i ty  given f o r  the 
CRFBR i s  shown in  Table 13.1.2-1 (Reference 6 ) ,  and t h i s  r e f l e c t s  the 
encouraging sp i l l / l eak  experience accumulated to-date. The universal 
recognition of the chemical r eac t iv i ty  of sodium has enforced c lose  a t ten-  
t ion  t o  the  mechanical and metallurgical d e t a i l s  of sodium plant  systems 
which minimize manifestation of t h i s  reac t iv i ty .  
lessness in  design,maintenance, and survei l lance i s  small, however, in con- 
nection with sodium. The practical  significance of t h i s  f a c t  can be demon- 
s t r a t ed  only by performance of the large sca le  commercial powerplant. 

References f o r  13.1.2 

The tolerance f o r  care- 

1.  

2. 

3. 

4. 

J .  Kirk. "UKEA ExPerience in the Detection of Liquid Metal Fires." 

R. R. Mathews, K.  3 .  Henry, "Repair o f  DFR Leaks," Nucl. Eng. ,  10, 
October 1968, p.  840. 

H. A .  Morewitz. "Sodium Combustion and I t s  Extinguishment-Techniaues 
and Technology;" Part  I ,  I n t l .  Working Group on Fast Reactors- 
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S p e c i a l i s t ' s  Meeting on Sodium Combustion and I t s  Extinguishment- 
Techniques and Technology, Richland, WA, May 22-26, 1972. 

M. Sauvage, Y. Fruchard , "Sodi um Combus t i  on and I t s  Ext inguishment-  
Techniques and Technology," ibid.  
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5. Element 5 ,  Sodium Technology, WASH-1105, 2nd Ed. ,  U S A E C ( A N L ) ,  
December 1972. 

6. J .  Graham, 1. E.  Strawbridge, P .  Bradbury, "Safety o f  the Clinch 
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Table 13.1.2-1 (Ref. 6 )  
C l a s s i f i c a t i o n  of Accidents and Acceptance C r i t e r i a  for CRFBR 

7 

Leva - 
1 

2 

- 
8 

- 

Event or 
accident class 

Normal Operation 

Anticipated 
Tranaients 

Unlikely Evenla 

Extremely Unlikely 
Evena 

Hypothetical Events 

Def in i t ion 
0 Examples only 

Events which will normally 
occur: 

0 Full power operation 
0 Startup b shutdown 
0 Random fuel pin 

failure 

Events which, based on ex- 
perience, are expected to 
occur at least once in the 
life of the plant: 

pump 

e Loss of off-site power 
0 Loss of power to one 

0 Operator error 
0 Scrams 

Events which are not ex- 
pected to occur individu- 
ally. but which might, basel 
on the number of such pos- 
sibilities, occur once dur- 
ing the life of the plant: 

0 Pump seizure 
Reactivity transient 
up to clsec 

Events never expected lo 
occur: 

Maximum flood or 
earthquake or forest 
fire or tornado 
Large sodium fire 

0 Large sodium-water 
reaction 

0 Loss of off-site power 
and a diesel generator 

Design margins to provide 
for unforeseen events 

Prob. 
(per reactor year) 

1 

1-3.10-? 

(3Oyear plantlife) 

Upper limit 
acceptance cri teria'  

Accumulated cladding 
strain ~ 0 . 1 %  

<@7% 

Integrity limit (above 
this limit fuel cladding 
can fail) 

No loss of in-placr 
coolable geometry 
Interpreted as: 
(1) No clad melting and 

relocation 
(2) No sodium boiling 

' A fuel acceplence crileiion Ir used here only as en example. Oihef criteria such as radioactivity release 
muiiements elso exist. 
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13.1.3 Possible Gas Atmospheres Ambient t o  Sodium Events 

Sodium f ree  surfaces i n  the reactor vessel and other primary c i r -  
Nitrogen i s  specified as the 

63 
c u i t  components will be protected by argon. 
' i n e r t '  gas cover for  the reactor vessel, the space around the primary 
sodium c i r c u i t ,  and certain sodium sensit ive work areas. Depending on the 
specif ic  incident, sodium spi l ls / leaks will be exposed t o  an ambient atmo- 
sphere ranging from nitrogen (pl us del i berate , or inadvertent , impurit ies),  
t o  a i r  w i t h  various water vapor contents. 
impurities, would be assigned a n  extreme position on the ambient environ- 
ment spectrum with respect t o  harmful potential .  
water i n  sodium sensit ive zones would be classed as an accident, or 
improbabl e event. 

L iqu id  water, w i t h  various 

The presence o f  1 iquid 

Tentative specifications fo r  the nitrogen gas fo r  the FFTF'l) cal l  
f o r  1 t/- 0.2 vol% 02. C02 i s  also being considered as an additive to  
n i  trogen. Small amounts of oxidizing species are  believed capable of 
reducing the potential corrosion e f fec ts  of water vapor excursions into 
sodium sensi t ive areas. As will be discussed i n  Sections 13.2, 13.3 and 
13.4, l i q u i d  water and water vapor, maximize the corrosion and damage 
consequences of a sodium sp i l l / l eak  event. 
the principal reaction product of sodium with H20, NaOH, has serious i m p l i  
cations f o r  both austeni t ic  and f e r r i t i c  materials, w i t h  emphasis on the 
ferr i t ic  materials. 

W i t h  respect t o  corrosion, 

The chemi cal react ivi ty  o f  sodi um w i  11 produce sodi um compounds 
Sodium carbonate w i t h  many constituents of the ambient atmosphere. 

(Na2C03), formed by the reaction of sodium w i t h  moist a i r ( 3 )  i s  an expected 
reaction product w i t h  NaOH a s  an intermediate. Sodium carbonate appears, 
however, t o  be relat ively inoccuous w i t h  respect t o  corrosion and i s  pos- 
s ib ly  a desirable buffer between sodium and H20. 

References fo r  13.1.3 

( 2 )  

1. Fast Flux Test Faci l i ty  Design Safety Assessment, HEDL-TME 72-92, 
July 1972. 
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13.1.4 Temperature Range Associated w i t h  Sodium Events 

F igure  13.1.4-1 i s  a s i m p l i f i e d  schematic o f  var ious  LMFBR p l a n t  
systems. 

c i  a ted  w i  t h  var ious  c i  r c u i  t e l  ements. ( l Y 2 )  

r e a l i s t i c  schematic o f  major c i r c u i t  components planned f o r  t he  CRFBR sys- 

tem. 

the  FFTF, showing t h e  d i s p o s i t i o n  o f  guard vessels  used t o  con ta in  sodium 

s p i l l s / l e a k s .  

in te rmed ia te  HX'  s, and the  r e a c t o r  vessel .  

The sketches f o r  the  CRFBR and FFTF i n d i c a t e  temperatures asso- 

F igure  13.1.4-2 i s  a more 

F igure  13.1.4-3 i s  a schematic o f  a t y p i c a l  heat t r a n s f e r  l oop  f o r  

The CRFBR a l s o  uses guard vessels f o r  t h e  pr imary pumps, 

Temperatures a t tend ing  sodium events i n  the  ex te rna l  system may 
be expected t o  range f rom maximums i n d i c a t e d  i n  the  schematics (535-590°C) 

t o  near room temperature, depending on the  event l o c a t i o n  and t h e  tempera- 

t u r e  o f  t he  environment cont iguous t o  the  event. 

o f  many sodium reac t i ons  presents some p o t e n t i a l  f o r  excursions i n  excess 

o f  t h e  temperature maximums i n d i c a t e d  above. 

a l s o  depend on the  thermal i n s u l a t i o n ,  the r a t e  o f  supply o f  reac tan ts ,  
and the  heat  d i s s i p a t i o n  agencies a c t i v e  i n  the  event.  

The exothermic na ture  

Temperature maximums would 

References f o r  13.1.4 

1. W. M. Jacobi, "The C l i nch  R iver  Breeder Reactor P r o j e c t  Nuclear Steam 
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Fast  F lux  Test F a c i l i t y  Design Safety  Assessment, HEDL-TME 72-92 
J u l y  1972. 

2. 

3. D. E. Simpson, "FFTF Design f o r  Safety," Fast  Reactor S a f e t y  Conf. 
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Figure 13.1.4-1 
Schematics o f  Various LMFBR P lan t  Systems 
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F i g u r e  13.1.4-3 (Ref.  3 )  
FFTF Heat T r a n s f e r  System 

3/31/75 



13.1.5-1 

13.1.5 Some General Maintenance and Surveillance Guide Lines 

The proposition tha t  the desirable  physical properties of sodium 

Demonstration of t h i s  proposition 

PFR(Dounreay, U K )  , BN-350(Shevchenko, 

outweigh i t s  undesirable chemical reac t iv i ty  will be tes ted in the FFTF 

(400 MWT) and CRFBR(970 MWT) systems. 
is underway, or imminent, a t  a number of foreign LMFBR plants exceeding 
the 500 MWT power category, namely: 
USSR) , Phenix(Marcoule, France) , BN-600(Beloyarsk, USSR) , SNR( Kal kar, 
W .  Germany). To varying degrees, these plants will impose the operating 
and maintenance vagaries associated with la rge  systems on the management 
of sodium. 
i t y  of design and construction, qua l i ty  o f  the maintenance of the sodium 
associated systems. 
survei l lance given both the internal  and external surfaces of the sodium 
containment systems. Internal survei l lance and monitoring of sodium con- 
taminants will  give the f i r s t  indication o f  the  success of the system i n  
accommodating t o  sodium. External monitoring i s  concerned with l e s s  subt le  
events, namely, sodium sp i l l s / l eaks ,  which a re  f ina l  indicators  of f a i l u r e  
in  sodium accommodation due t o  causes ranging from carelessness in  some 
par t  of the fabrication-inspection-assembly sequence, t o  improper design, 
o r  operation beyond design l imi t s .  

Obvious fac tors  i n  the success of this  management a re :  qual- 

The l a t t e r  fac tor  i s  c r i t i c a l l y  dependent on the 

The s ignals  obtained from the internal  monitoring will be used t o  
corroborate design decis ions,  or  t o  suggest improvements in  d e s i g n .  
presence of sodium external t o  containment, signaled by the external moni- 
t o r s  and visual inspection, allows r e l a t ive ly  l i t t l e  time f o r  correction. 
Sodium leaks and s p i l l s  present: ( 1 )  a potential  f o r  strongly exothermic 
react ions with oxygen and water, plus generation of a powerful oxygen 
reducing agent,  hydrogen; ( 2 )  a potential  f o r  forming a number of compounds, 
and ionic  species ,  which can be inimical t o  the containment s t ruc ture .  
While the aus t en i t i c  materials a r e  possibly l e s s  sens i t ive  than the fe r -  
r i t i c  materials i n  t h i s  respect ,  caus t ic  s t r e s s  corrosion has affected 
v i r tua l ly  a1 1 materials per t inent  t o  LMFBR systems. 

The 

Minimizing the consequences of probably inevi table  leaks and s p i l l s  
will depend on the success in  excluding react ive environmental const i tuents  

@ 
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f rom system zones w i t h  t h e  g rea tes t  p r o b a b i l i t y  o f  h i g h  temperature sodium 
s p i l l s ,  on t h e  speed w i t h  which an i n e r t  atmosphere can be a p p l i e d  t o  

t h e  t r o u b l e  area, and on t h e  quickness and thoroughness o f  cleanup a c t i o n .  

63 
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13.2 Na REACTIONS PERTINENT TO EXTERNAL CORROSION 

13.2.1 Scope o f  Problem 

The scope o f  chemical r e a c t i v i t y  o f  sodium, w i t h i n  t h e  reac tan t  

f i e l d  presented by conceivable ambient cond i t i ons ,  i s  l a r g e  and complex. 

Furthermore, i t  i s  d i f f i c u l t ,  a p r i o r i  , t o  ass ign meaningful  p r o b a b i l i t i e s ,  

t o  the  var ious  p a r t s  o f  t h i s  r e a c t a n t  f i e l d  as a p re lude t o  emphasizing 

p a r t i c u l a r  reac t i ons  and r e a c t i o n  products.  A s u i t a b l y  r e a l i s t i c  approach 

t o  t h i s  problem appears t o  be a b r i e f  rev iew o f  t h e  p r i n c i p a l  Na reac t i ons  

w i t h  t h e  02-H20, and a i r -H20 systems and an i d e n t i f i c a t i o n  o f  t he  r e a c t i o n  

products  which appear t o  have t h e  g rea tes t  p o t e n t i a l  f o r  co r ros i ve  e f f e c t  

on LMFBR s t r u c t u r a l  ma te r ia l s .  With respec t  t o  u l t i m a t e  co r ros i ve  e f f e c t ,  

H20 i s  t h e  most harmful  r e a c t a n t  w i t h  sodium and t h i s  compound may be 

expected t o  o b t a i n  i n  vapor form over a wide range o f  concentrat ions,  i n  

the  m a j o r i t y  o f  sodium s p i l l / l e a k  events. 
i nvo l ved  as an immediate pa r tne r  o f  sodium r e a c t i o n  through a somewhat 

improbable con junc t i on  o f  acc idents ,  o r  i t  may d e r i v e  i n  var ious  amounts 

f rom condensat ion o f  water vapor under chemical and/or phys ica l  

encouragement. 

L i q u i d  water may a l s o  be 

The immediate r e a c t i o n  environment may f a v o r  heat d i s s i p a t i o n  and 

some d i spe rsa l  o f  reac tan ts  and products.  O r  i t  may, as i n  t h e  case o f  

leaks behind thermal i n s u l a t i o n ,  con f ine  the  r e a c t i o n  and pe rm i t  l o c a l  

temperature e s c a l a t i o n  f rom t h e  r e a c t i o n  heat i npu t .  I n  any event,  t h e  

course o f  t h e  sodium-ambient environment r e a c t i o n  w i l l  be dependent on 

t h e  s p e c i f i c  cond i t i ons  a t tend ing  t h e  l e a k / s p i l l  event. 

Table 13.2.1-1 f rom Reference 1 presents  a summary o f  t h e  p r i n c i -  

pa l  r e a c t i o n s  o f  sodium and sodium products  w i t h  t h e  02-H20 system. The 

i n t r u s i o n  o f  a i r  t o  a sodium event w i l l  add the  p o s s i b i l i t y  o f  Na-N2 and 

Na-C02 r e a c t i o n s  t o  t h i s  l i s t .  These a d d i t i o n a l  species w i l l  be discussed 

b r i e f l y  l a t e r  i n  t h i s  sec t i on .  Whi le some p a r t i c i p a t i o n  o f  bo th  n i t r o g e n  
and C02 a r e  t o  be expected i n  the  m a j o r i t y  of sodium events, t he  reac t i ons  

presented i n  Table 13.2.1-1 a re  considered t o  be t h e  most impor tan t .  O f  
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these reac t ions ,  severa l  might  be regarded as p r i n c i p a l  w i th  respec t  t o  
ex te rna l  sodium events and these w i l l  be discussed i n  the  f o l l o w i n g  p a r t s  
o f  t h i s  sec t ion .  

@ 

References f o r  1 3.2.1 

1. 0. J .  Faust (Ed.), Sodium-NaK Enqineer ing Handbook, VI, Gordon and 
Breach, N.Y. 1972. 

Table 13.2.1-1 (Ref. 1 )  
Reactions o f  t h e  Na-O-H System 

n 

Equation 

1 
2 
3 
4 
5 

6 

7 
8 

9 
10 

Equat ion Number 
Na + H20 = NaOH = 1/2H2 
2Na + H20 = NaOH + NaH 
Na + NaOH = Na20 + 1/2H2 
2Na + NaOH = Na20 + NaH 
NaH = Na + 1/2H2 

2Na + 1/202 = Na20 

2Na + O2 = Na202 
2Na + Na202 + 2H20 = 4NaOH 

NaH + H20 = NaOH + H2 

Na20 + H20 = 2NaOH 
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13.2.2 Na + H20 Reaction 

The r eac t iv i ty  of sodium with water i s  indicated by the f a c t  t ha t  
so l id  sodium will  react  violent ly  with ice  a t  temperatures above about 
-98°C i f  the reactants  a r e  b r o u g h t  in to  hard contact.  ( ' I  
centrat ions of water vapor [loo-400 ppm (vol ) ]  a t  temperatures ranging from 
200-350°C sodium will react  t o  form Na20, with hydrogen evolution. 
Na20 forms a layer  on the surface of sodium which progressively lowers the 
reaction r a t e .  
concentration, and probably follows the reaction scheme, 

Under small con- 

The 

The reaction r a t e  appears t o  be roughly l inear  with H20 

2Na") + H20(v) - Na20(s) + H2(g)  

A t  very low H20 pressures, Reference 1 reported tha t  no NaOH has been 
noted, possibly a r e s u l t  of the low hydrogen par t ia l  pressure favoring 
dissociat ion of NaOH. 
grea te r  than about 125"C, sodium and water reac t  smoothly, forming an NaOH 
fi lm over the sodium. The r a t e  of NaOH formation i s  a function of the 
temperature and pH20 , and follows a r a t e  law of t he  type, 

A t  H20 pressures o f  about 15-65 mm, and temperatures 

= k tn ( n  ~ 1 . 2  a t  s t a r t  and l e s s  than 1 / 2  a f t e r  a few seconds 
pH20 of react ion)  

Above about 300"C, the Na-NaOH interact ion becomes r a t e  control l ing 
(Equations 3 and 4 in  Table 13.2.1-1). 
of reactants  and products, the concensus opinion") appears t o  suppor t  the  
overall react ion,  

Below about 315"C, fo r  any r a t i o  

Na + H20 - NaOH + 1 / 2  H2 

Above about 315"C, t h i s  reactbon a l so  appl 
t i o n .  For the same temperature regime, an 
the overall react ion,  

2Na + H20 - Na20 + H2 

es f o r  an excess water condi- 
excess of sodium will  lead t o  

Generally, when oxygen i s  excluded from the  Na-H20 react ion,  the reaction 
proceeds 'smoothly'.  Violent e f f ec t s  a re  usually associated w i t h  the 
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02-H2 secondary reaction under appropriate confinement conditions.  Vio- 
lence i s ,  however, a r e l a t ive  term and the heat re lease potential  of t he  
Na-H20 react ion,  plus the cor re la t ive  hydrogen e f f e c t s ,  must be regarded 
as  prime degradation fac tors  i n  systems with potential  fo r  sodium-water 
coupling. 
(see Table 13.2.1-1) are possible secondaries. The resulting NaH, NaOH 
and Na20 reaction products, coupled with sodium, cons t i t u t e  a complex 
physical-chemical system which defeats  simple reaction character izat ion.  
For example, NaH s t a b i l i t y  depends on the ambient hydrogen pressure a t  
temperatures below about 385"C, according t o  the usual equilibrium pre- 
dict ions.  Above t h i s  temperature, however, NaH dissociat ion appears t o  
be controlled by the to ta l  ambient pressure. 

Ref e rences f o r  1 3.2.2 

0 

For temperatures above the MP o f  NaOH (319°C) reactions 3 and 4 

1.  0. J. Faust (Ed.), Sodium-NaK Engineering Handbook, - VI, Gordon and 
Breach, N . Y . ,  1972. 

2. J .  A. Ford, "Li terature  Rev 
APDA-167, March 1967. 

@ 
ew of the Sod um-Water Reactions" 
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13.2.3 Na + 02J&0 and H 2  Effects 

The principal Na-02 reaction product i s  Na20, given O 2  reaction 7 
of Table 13.2.1-1 (Reference 1 ) .  A t  temperatures below about 48"C, dry 
oxygen reac ts  slowly with sodium and the r a t e  law does n o t  appear t o  f i t  
conventional schemes. ( l )  For the T range 98-145"CY dry oxygen exhibi ts  
several reaction charac te r i s t ics  with sodium. Below about llO"C, the 
reaction follows the law, 

xn  = k t  ( x  i s  reaction parameter) 

This reaction may pe r s i s t  f o r  several weeks exposure, with an n range o f  

1-3 which i s  constant f o r  a given temperature and insensi t ive t o  oxygen 
pressure, while k i s  a function of bo th  T and po 

occasional spontaneous igni t ion will  occur. After a time, the reaction 
appears t o  follow a law of the type, 

Above about llO"C, 2 '  

= k ( t  - to) , where xo and to re fe r  t o  the reaction n (x  - x o )  
coordinates a t  the time the above law i s  established. 

Both H20 and H 2  a f f ec t  the Na-O2 reac t iv i ty .  A summary o f  the 
pHz0 and po2 interact ion with sodium i s  given in Table 13.2.3-1, from the 
work of Longton c i t ed  in Reference 2. 
and temperatures a re  given in the tab le .  
the Na-Op reaction a re  noted in Table 13.2.3-2. 

References f o r  13.2.3 

The corresponding reaction modes 
Similar e f f ec t s  o f  hydrogen on 

1. 0. J .  Faust ( E d . ) ,  Sodium-NaK Engineering Handbook, - VI, Gordon and 
Breach, N . Y . ,  1972. 

2 .  T. S. Krolikowski, "Violently Sprayed Sodium-Air Reactions in an 
Enclosed Vol ume;" ANL-7472 , September 1968. 
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Table 13.2.3-1 (Ref. 2 )  
Interact ion of H20 (Vapor) and O2 in Sodium Reactivity 

Modes  of React ivi ty  of Sodium a t  Var ious  
Water Vapor-Oxygen Lcveis'' 

P a r t i a l  P r e s s u r e  of Oxygen, mm Hga Partial Pressure 
of W a t e r  Vapor ,  

mm Hg 10 50 100 200 3 0 0  400 500 600 700 900 

"N: 

I: 
R: 

N o  de tec t ab le  r e a c t i o n  a t  any t e m p e r a t u r e  up to 550OC; r e a c t i o n  rate  
( 1  x g s a / ( c m 2 ) ( m i z ) .  
N o  r e a c t i o n  unt i l  a c e r t a i n  t e m p e r a t u r e ,  the igni:ion t e m p e r a t u r e ,  is exceeded. 
I m m e d i a t e  r e a c t i o n ,  without ignit ion at 105°C. 

T c r n p c r a t u r c s  Corrcspo .nd:ng  1 ,  to thc 
Sodium - r c a c  t i o n  Modc~s" 

P a r t i a l  P r e s s u r e  
of W a t e r  Vapor ,  

P a r t i a l  P r e s s u r e  of O s y g c n ,  m m  Hg 

mm Hg i o  50 100 2 0 0  300 4 0 0  500 600 700 O C O  
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Table 13.2.3-2 (Ref. 2 )  

E f f e c t s  of  Water Vapor and Hydrogen on Na-0, R e a c t i v i t y  

PH20, mm Hg po2/pH?o Phenomenon  

0.00002 i x lo7 No de!cctable react ion 

0.0001 2 x 106 No dstectable react ion 

0.00 1 2 x id I g n i t i o n  a t  295°C 

0.01 2 x 10". I g n i t i o n  a t  ZOPC 

0.1 2 x 103 Immediate slow react ion 

a t  AOOC 

at 55C'C 

a t  105°C 

L 

P h e n o m n o n  p H z *  Hg pOZ/pH2 

ni l  KO d?t?ctable react ion 

0.00005 4 x lo6 No detectable react ion 

0.0005 4 x Id I g n i t i o n  at  2 7 P C  

0.005 4 x 104 I g n i t i o n  a t  ZPC 

0.05 4 x ld Immediate slow reac t i on  

a t  5 5 P C  

a t  55PC 

at 105°C 
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13.2.4 Na + C02, Na + N 2  

Carbon dioxide will be present in the atmosphere ambient t o  0 
sodium releases i n  concentration depending primarily on the amount of a i r  
incursion to  the controlled atmosphere. 
consideration i s  being given t o  the use o f  small additions o f  C02 t o  the 
nitrogen ' i n e r t '  gas areas of sodium plants under the presumption t h a t  
the principal oxidation product, Na2C03, will tend t o  impede the Na-H20 
reaction. 

As noted in Section 13.1.3, some 

Citing Japanese work, Mausteller(' notes tha t  sodium carbonate, 
Na2C03, appears t o  be a principal reaction product between sodium and  
moist a i r .  
through the reactions o f  Na20 and NaOH with C02. Faust") c i t e s  work 
showing t h a t  the reaction between Na and dry C02 i s  insignificant below 
about 200OC. Above about 3OO0C, various products are formed between Na 
and C02, namely, f ree  carbon, NaCO, Na2C2, Na2C204, NaHC02. ( * )  The quan- 
t i t y  and persistence of these products are dependent on the temperature 
of the reaction and the phases participating. Sodium carbonate, Na2C03, 
i s ,  however, the chief product in reaction between C02 and sodium in 
moist atmospheres. While data appear t o  be sparce, there i s  no evidence 
tha t  Na2C03 is  a major factor in the corrosion of structural  materials 
and i t  may, in f ac t ,  afford some protection against the Na-H20 reaction 
via structural  blocking of the H20. 

t o  sodium releases within the containment areas protected by nitrogen and 
where a i r  i s  present as a principal component, o r  as a contaminant. 
number of sodium-nitrogen compounds a re  known, e .g . ,  Na3N, Na3N3, and 
Na(N3)2, the l a t t e r  two compounds being the azide and diazide, respectively. 
The d i rec t  Na-N2 reaction i s ,  however, not expected t o  be a s ignif icant  
factor  i n  external corrosion processes. Under conditions of an ambient 
nitrogen atmosphere and temperatures permitting suf f ic ien t  mobility of 
nitrogen i n  sodium (via various ca r r i e r  s t a t e s ) ,  nitrogen may be of some 
importance in connection with the ni t r iding of certain structural  mate- 
r ia l s .  This phenomenon will be discussed i n  Section 13.5. 

The carbonate i s  apparently formed d i rec t ly  from sodium, or 

@ 

Nitrogen will be a principal component of the atmosphere ambient 

A 
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References f o r  13.2.4 

1. J. W. M a u s t e l l e r ,  F. Tepper, S .  J. Rodgers, A l k a l i  Metal  Handl ing and  
System Opera t ing  Techniques; Gordon 81 Breach, N.Y., 1967. 

2. 0. J. Faust  (Ed.), Sodium-NaK Eng ineer ing  Handbook, V I ,  Gordon and 
Breach, N.Y., 1972. 

3/31 175 



13.2.5-1 

13.2.5 In f l uence  o f  Various Dissolved Species i n  Na Corrosion 
n 

Three ' i n t e r s t i t i a l '  elements w i l l  be invo lved t o  some ex ten t  i n  
Q 

r e a c t i o n s  w i t h i n  the  scope o f  t h i s  sec t ion ,  namely, carbon, oxygen and 
n i t rogen .  

Oxygen i s  be l ieved t o  have a comprehensive i n f l u e n c e  i n  mass 
t r a n s p o r t  and co r ros ion  processes i n v o l v i n g  the  Na-0-H system. 
b i l i t y  curve f o r  oxygen i n  sodium i s  given i n  F igure 13.2.5-1. ( l )  

p r i n c i p a l  Na-0 compound, as noted above, i s  be l i eved  t o  be Na20. The 

ac tua l  s t a t e  of oxygen disposed i n  l i q u i d  sodium i s ,  however, n o t  w e l l  

estab l ished.  I n  a d d i t i o n  t o  the  Na20 compound, Nevzorov'') presents 

evidence t o  suggest t h a t  oxygen e x i s t s  i n  the  i o n i c  form, 02', w i t h i n  

l i q u i d  sodium and t h a t  t h i s  species i s  a c t i v e  i n  both carbon t r a n s p o r t  

and general co r ros ion  e f f e c t s  i n v o l v i n g  oxygen i n  sodium. 

A solu-  

The 

Carbon s o l u b i l i t y  and s t a t e  w i t h i n  l i q u i d  sodium a re  l ess  w e l l  
estab l ished.  A carbon s o l u b i l i t y  summary g iven i n  Reference 1 i n d i c a t e s  
a carbon s o l u b i l i t y  ranging from about 50 ppm a t  t he  m e l t i n g  p o i n t  of 

sodium (98.7"C), t o  about 200 ppm a t  l l O O ° C ,  a l though exper imental  con- 
f i r m a t i o n  o f  these carbon l e v e l s  i s  apparent ly  r a t h e r  poor. 
be l i eved  t o  be a p r i n c i p a l  compound between carbon and oxygen i n  sodium, 
and a l s o  t h e  pr ime in te rmed ia te  coup l ing  i n  carbon t r a n s f e r  i n  sodium 

CO i s  @ 

sys tems . (2 1 

N i t rogen s o l u b i l i t y  i n  sodium i s  low. Reference 1 c i t e s  a s i n -  
g l e  va lue  of about  4.4 x 10-l ' moles N2 per mole o f  Na a t  500°C. The 

poss i  b i  1 i t y  o f  n i t r i d i n g  o f  s t r u c t u r a l  m a t e r i a l s  by n i  t rogen-sodi  um 
cooperat ion a t  e leva ted  temperatures w i l l  be discussed i n  Sect ion 13.5. 

References f o r  13.2.5 

1. 0. J. Faust (Ed.), Sodium-NaK Engineer ing Handbook, V I ,  Gordon, 
Breach, N.Y., 1972. 

2. B. A. Nevzorov, Corros ion o f  S t r u c t u r a l  .Mater ia ls  i n  Sodium, IPST, 
Jers  u l  a 1 em, 1 9 70. 

, 3/31 175 



iooa 

h 

E 

z 
2 
n 

z 
0 

0. 0 - 
0 
v, 10( 
z 
I- 

I- z 
W 
V z 
0 
0 
z 
W 
0 

0 

d 

G 

1( 

1.( I I I I I I I I I 
1.2 1.3 1.4 1.5 1.6 1.7 1.8 1.9 2.0 2.1 2.2 2.3 2.4 2.5 2.6 

RECIPROCAL TEMPERATURE ( lOOO/To K) 

TEMPERATURE ( " c )  
500 400 300 2 50 200 175 150 125 

0 
0' I I I I I I I 

V 

2447 
log S = 6.239 - 

* 
+ RUTKAUSKAS AND MEADOWS 
0 BERGSTRESSER et dl. 

0 NODEN AND BAGLEY 
BOGARD AND WILL IAMS 

0 DORNER 
V WALTERS 

(see Ref.1 for data  c i t a t i o n s )  

8 

4 

3/31 175 



13.2.6-1 

13.2.6 Summary o f  Sec t ion  13.2 

From the  perspec t ive  o f  t h e  ex te rna l  cor ros  on env ronment, t h e  

p r i n c i p a l  products  o f  t he  Na-environment r e a c t i o n  appear t o  be NaOH, 

Na20, NaH and H2. 

over a wide range o f  conceivable ambient atmosphere cond i t ions .  The 

s t r u c t u r a l  e f f e c t s  o f  these products  w i l l  depend on the  temperature h i s -  

t o r y  o f  t h e  sodium event, t he  res idence t ime these species are a l lowed 

on s t r u c t u r a l  ma te r ia l s ,  t h e  l o c a l  s t r e s s  ( s t r a i n )  and m e t a l l u r g i c a l  

s t a t e  o f  the  ma te r ia l ,  t h e  cond i t i ons  which a f f e c t  t h e  m o b i l i t y  o f  t h e  
r e a c t i o n  products  w i t h i n ,  and from, t h e  r e a c t i o n  environment, and on the  
presence o f  sodium independent i o n i c  species and compounds which migh t  

s e n s i t i z e  (e.g. , c h l o r i d e  i o n )  t h e  m a t e r i a l  t o  sodium r e l a t e d  c o r r o s i o n  

processes. 

These products  w i l l  ob ta in ,  i n  var ious  propor t ions ,  

, 

Al though Na20 has been c i t e d  as a dangerous r e a c t i o n  product  w i t h  

respec t  t o  co r ros ion  ( c f  Sect ion 13.3) , t h e  q u a n t i t a t i v e  data p e r t a i n -  

i n g  t o  t h i s  compound appear t o  be very  sparce. 

NaOH can c o e x i s t  under a wide range o f  r e a c t i o n  cond i t i ons  and t h e  pres-  

ence and i n f l u e n c e  o f  NaOH should be suspect i n  some cases o f  repo r ted  

Na20 c o r r o s i o n  e f fec ts .  

Furthermore, Na20 and 

NaOH must be l a b e l e d  t h e  most genera l l y  s i g n i f i c a n t  r e a c t i o n  

product  of sodium w i t h  respec t  t o  co r ros ion  p o t e n t i a l  f o r  t h e  p r i n c i p a l  

s t r u c t u r a l  m a t e r i a l s  o f  LMFBR systems. While, as noted i n  Sec t ion  13.2.2, 
NaOH i s  t h e  main  nongaseous r e a c t i o n  product  o f  sodium w i t h  l i q u i d  H20, 

and a p r i n c i p a l  p roduc t  o f  h igh  water vapor atmospheres, t he  data per -  
t a i n i n g  t o  fo rmat ion  o f  NaOH a t  low P H ~ O  l e v e l s  i n  i n e r t  gas, N2, o r  

oxygen bear ing  atmospheres i s  very  sparce. Over t h e  temperature range 

94-128"C, under s t a t i c  and f l o w i n g  atmosphere cond i t ions ,  Besson and 

P e l l o u x ( l )  observed NaOH and NaOH*H,O as t h e  s o l e  r e a c t i o n  products  down 
L 

t o  P H ~ O  l e v e l s  o f  1 mm Hg. A t  a p ~ ~ o  o f  10 mm Hg, Longton(2) repo r ted  
NaOH as t h e  p r i n c i p a l  product  f o r  temperatures below about 300°C w i t h  

Na20 and NaH predominat ing a t  h ighe r  temperatures. 

and Manning c i t e d  by Henry(3) i n d i c a t e  t h a t  NaOH i s  a so le,  o r  p r i n c i p a l  

Resul ts  o f  Addison 
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product, over the P H ~ O  range 150-650 mm, and temperature range 125-175°C. 
In the l a t t e r  work, NaH was observed as a co-product a t  the higher p~ 
and temperature levels. 

20 

Longton") has presented perhaps the most comprehensive summary 
of the reaction cha rac t e r i s t i c s  of  the Na-H20-02 system. His work has 
i l l u s t r a t e d  many aspects of the interplay between O2 and H20 in sodium 
reaction. Inasmuch as  oxygen will be a co-contaminant, or atmospheric 
cons t i tuent ,  at tending v i r tua l ly  a l l  sodium events in the external system, 
Na-H20 reaction information, without some coup1 ing w i t h  oxygen influence, 
would appear t o  be primarily o f  academic i n t e r e s t  in  the present context. 

Figure 13.2.6-1 i s  an attempt a t  summarizing some of Longton's 
Existance regions f o r  NaOH, Na20 observations on the Na-02-H20 system. 

and NaH, reported by the previously mentioned authors for the Na-H20 
reaction a t  moderate temperatures, a r e  given along the ordinate  (0% 02). 
Water vapor  pressures corresponding t o  1% and 100% re l a t ive  h u m i d i t y  are 
given for the temperature range 0-50°C (32-122°F). I t  i s  seen t h a t  both 
the 1% and 100% RH ranges are w i t h i n  t he  spontaneous reaction f i e l d  
established by Longton fo r  temperatures n o t  greater  than 105OC. 
peratures determined by Longton for  reaction w i t h i n  region ' I '  a re  given 
i n  the f igure  a t  the l imi t s  of  the ' I '  f i e ld .  
temperature i n  excess of roughly 300°C will  ac t iva te  the Na-02-H20 reac- 
t ion  over most conceivable values of p~~~ and po2 obtainable i n  external 
system events. 

The tem- 

I t  i s  t o  be noted tha t  a 

The actual reaction products corresponding t o  various points of 
the p ~ ~ o - p o ~  gr id  i s  a complex function of temperature and soec i f i c  reac- 
t i o n  conditions. Newman and i n  analyzing the Na-H20 reaction 
over a wide range of temperatures, s t a t e  t ha t  below about 427°C NaOH, 
Na20 a n d  NaH wi l l  obtain i n  various proportions, whose sens iv i ty  t o  
spec i f ic  reaction conditions discourages any generalization i n  this 
respect. 
ment would n o t  appear t o  be affected by O2 presence. 

Although t h e i r  work d i d  not include O2 influence, t h i s  s t a t e -  

The presence of NaOH as a s ign i f i can t ,  i f  n o t  primary, reaction 
product attending most conceivable sodium events in the external system 
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appears t o  be w e l l  e s t a b l i s h e d .  

over  a wide range o f  p a r t i a l  
improbable r e a c t a n t ,  d e r i v i n g  e i t h e r  f rom ' a c c i d e n t s , '  o r  f rom conden- 

s a t i o n .  Condensation o f  water  i s  encouraged by t h e  presence o f  hygro- 

scopic  compounds on s t r u c t u r a l  m a t e r i a l s  and by t h e  c a p i l l a r y  condensat ion 

phenomenon, whose power i s  suggested by t h e  da ta  o f  Tab le  13.2.6-1, where 

t h e  ambient r e l a t i v e  h u m i d i t y  a t  which condensat ion w i l l  beg in  i s  g iven  

as a f u n c t i o n  o f  t h e  c a p i l l a r y  rad ius .  The c o r r o s i o n  s i g n i f i c a n c e  of t h e  

presence o f  t h e  OH' i o n  w i l l  be d iscussed i n  Sect ions 13.3 and 13.4. 

H20 vapor may be expected as a r e a c t a n t  

pressure.  L i q u i d  water  i s  c e r t a i n l y  n o t  an @ 

Table  13.2.6-1 (Ref. 5)  
C a p i l l a r y  Condensation Data 

Dependence of the Pressure P, of Saturated Water 
Vapor on the Radius of Curvature r of a Concave Meniscus 

Po = Pressure of Water Vapor on a Flat Water Surface; 
q = Relative Humidity ai Which Condensation Begins on a Concave 

Meniscus ; Temperature 15" C 
~ _ _ _ -  __II 

4. % p ,  
Po 
- r,  cm P I ,  mm Hg 

m 12.7 1 .Ooo 100 
69.4 10-7 12.5 0.985 98 
:1.1 10-7 11.5 0.906 91 
21 10-7 7.5 0.590 59 
1.2 10-7 5.0 0.390 39 
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13.3.1-1 

13.3 UNSTRESSED CORROSION EFFECTS OF Na-H 0-0 SYSTEM 
-2-2 

13.3.1 - Scope of Problem 

The s t ructural  effects  of a sodium sp i l l / l eak  will depend on the 
subsequent temperature and chemical history of the sodium, including dura-  
t ion of contact,  and particularly on the material in contact with the 
sodium. This discussion will be concerned principally with the corrosion 
behavior o f  austeni t ic  and f e r r i t i c  s t ee l s  in contact with s t a t i c  liquid 
sodium and i t s  principal reaction product with water and water vapor, 
namely, NaOH. Oxygen plays a pervasive role i n  sodium corrosion and some 
indication of i t s  influence will also be given, although the mechanism of 
oxygen interaction in sodium and caustic (NaOH) degradation processes 
remains somewhat obscure. Nitrogen ef fec ts  in the presence o f  sodium will 
be discussed in a separate Section (13.5). 

/ 

The quantitative relat ion of a specific sodium sp i l l / l eak  to  struc- 
tural  degradation i s  v i r tua l ly  impossible, beyond indicating temperature 
and chemical conditions which can lead t o  s ignif icant  corrosion with spe- 
c i f i c  materials. There are suff ic ient  data in th i s  respect t o  indicate, 
however, t h a t  few materials are tolerant of sodium 'accidents, '  with or 
without, conjoint s t ress  action. 

@ 

This section will review some information concerning b o t h  h i g h  and 
low temperature sodium ef fec ts  on austeni t ic  and f e r r i t i c  alloys.  
observations of sodium action will be followed by a discussion of caustic 
(NaOH) corrosion effects  over a temperature range of significance t o  t h e  

LMFBR external system. 

The 
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13.3.2.1-1 

13.3.2 Austenitic Materials 

13.3.2.1 Na Corrosion, Oxygen Influence 

Up t o  temperatures of the order of 700°C, the austeni t ic  s ta in-  
less  s tee ls  have exhibited relat ively good s t a b i l i t y  t o  liquid sodium up t o  
oxygen levels which a re  expected to  obtain in practical working environments 
under reasonable contamination control. Table 13.3.2.1-1 i s  a summary o f  

s t a t i c  corrosion data for  a number of aus ten i t ic  S S ' s  in liquid sodium, a t  
temperatures ranging from 274 t o  1000°C. Data for  flowing sodium systems 
are also included and i t  i s  seen that  corrosion under flow conditions i s  
generally more severe than under a s t a t i c  condition where adverse concen- 
t ra t ion  ( ac t iv i ty )  gradients controlling the corrosion process might n o t  
be expected t o  pers i s t  fo r  long periods. 

The harmful e f fec t  of high oxygen levels in sodium are  indicated 
in Table 13.3.2.1-2, for  oxygen levels ranging from 50 t o  5000 ppm. Oxy- 
gen i s  be 
and al loy 
action i n  
cer ta inly 
be ascr ib  

ieved(') t o  function as an intermediary i n  the transport of  carbon 
ng constituents from the alloy t o  the sodium. Electrochemical 
sodium systems i s  n o t  well characterized a t  present. I t  i s  
not inconceivable t h a t  some o f  the potent oxygen influence may 
ble t o  i t s  a b i l i t y  t o  'unblock' electrochemical corrosion pro- 

cesses even in systems with relat ively low water contents. 
noted i n  the following section, bo th  the austeni t ic  S S ' s  and the low alloy 
chromium s t e e l s  exhibit  roughly similar corrosion behavior in l iquid sodium 
and oxygen contaminated sodium u p  t o  the order of 100 ppm oxygen and tem- 
peratures of a b o u t  600°C. 
oxygen on sodium corrosion for  these types of materials i s  given in 
Table 13.3.2.1-3, for  oxygen levels ranging from 10-50 ppm. 

As will be 

A consolidation of the e f fec t  of dissolved 

References for  13.3.2.1 
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13.3.2.1-2 

Table 13.3.2.1-1 (Ref. 1 )  
rrosion o f  Austenitic Alloys in Isoth..rm 

-~ 
AIS1 Type 304 

A 71 Type 304 
Welded and sensi- 

AIS1 Type 310 
tized 

AIS1 Type 316 

AIS1 Tvpe 318 
Welded 
AIS' Type 318 ' 

A I S  Type 347  

18Cr-35Ni 
AIS1 Type 304 
AIS1 Type 316 
AIS1 Type 310 
AIS1 Type 347 
Inconel600 

274 
51 0 X 
566 
593 X 
593 
704 
593 X 
593 

593 X 
593 
704 
593 X 
593 
593 X 
693 
592 X 
593 
510 X 
593 X 
593 
649 X 
704 

lo00 
looC 
1000 
1000 
lOOC 

704 

X 

X 

X 
X 

X 

X 
X 

X 

X 

X 

x 

x 
X 
X 

X 
X 

X 
' x  

~- 
+77 

< -10 
.3 

+17 
+'5 

< -10 

t 3 8  
A 3 0  

A 75 
+27 

< -10 
A 1 0  
+13 
- 1 1  
+11 
+86 

27 
: IO 
*I46 

-22 
< 10 
<. 10 
< 10 
+2550 
+a60 
+2820 
+ 4 4 M  

+ism 

(a) Containing a maximum of 100 ppm o x y m .  
(bl Specimens not destaled. 
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Table 13.3.2.1-2 (Ref 
Effect of Dissolved Oxygen in Sod 
o f  Ferritic and Austenitic Alloys 

1 )  
urn on Corrosion 

Oxygen Exposure Wetght 
change Rete. in Sodium Temperature, Time, 

Steel ppm C hr mg/dm&nonth(a) 

Arnlco iron 

5Cr-1 l2M0 

9Cr-1 Mo 

AiSl Type 410 

AIS1 Type 304 

AIS1 Type 347 

50 538 163 
63 
71 
37 

100 
250 
600 
1 0 0  

lo00 
5000 

100 
1000 

a 5000 

5000 

100 
lo00 
5Ooo 
1 00 
5000 

100 
5000 

100 
1000 
5000 

, 100 

538 
538 
538 

500 
500 
500 

500 
500 
500 
704 
704 

500 
500 
500 
704 
704 

500 
500 

500 
500 
500 

-30 

-1 500 
-4060 

<-lo 
-1 80 
-580 

<-lo 
-200 
-540 
-40 

-3700 

<-lo 

-19 ,' 

-70 
-510 
-40 

-2600 
<-lo 
-20 

<-lo 
-50 
-50 

~~ ~ 

(a) Specimens not descaled. 

Table 13.3.2.1-3 (Ref. 1 )  
Consolidated Values for Effect o f  Disso 
on Corrosion of Ferritic and Austenitic 
in Flowing Sodium 

ved Oxygen 
A1 1 oys 

Oxygen Content of the Sodium 
Specimen Temp. 10-15ppm 45-50 ppm 

(hot leg), C Average# Maximum Average Maximum 

538 0.05 0.25 0.25 1.25 
593 0.15 0.75 0.75 , 3 . h  
649 0.39 1.95 1.9 9.5 
704 0.95 4.95 4.7 23.5 

# Mils/yr 
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13.3.2.2 Mass Trans fer  E f f e c t s  i n  Sodium 

L i q u i d  sodium may a f f e c t  the metal s t r u c t u r e  by removing, o r  69 
depos i t ing ,  carbon and a l l o y i n g  cons t i t uen ts .  
t o  the  temperature o f  t he  sodium/metal system, the  a b i l i t y  o f  t he  system 
t o  e s t a b l i s h ,  and mainta in ,  adverse a c t i v i t y  g rad ien ts  f o r  carbon and/or 
a l l o y i n g  cons t i t uen ts .  
leaks  a r e  n o t  expected t o  be ser ious i n  t h i s  respec t  i f  reasonable a t ten -  

t i o n  i s  p a i d  t o  cleanup. 
a t  h igh  temperature and p rov id ing  a sodium br idge between a l l o y s  o f  
markedly d i f f e r e n t  carbon a c t i v i t y  and a l l o w  conten t  might  e f f e c t  some 

s i g n i f i c a n t  carbon and a l l o y  element exchange i f  a l lowed t o  p e r s i s t  beyond 

a few minutes, o r  hours. Mass t r a n s f e r  i n  sodium has been discussed i n  

Chapter 9. 
p e r t i n e n t  here. 
d u c t i l i t y  o f  a u s t e n i t i c  a l l o y s  i s  g iven i n  Table 13.3.2.2-1. The a l l o y s  

These e f f e c t s  a re  s e n s i t i v e  

S t a t i c  sodium s p i l l s  and the res idua ls  f rom sodium 

A l a r g e  sodium accumulation, however, maintained 

A b r i e f  rev iew o f  some c a r b u r i z a t i o n  and leaching e f f e c t s  i s  

An i n d i c a t i o n  o f  the  e f f e c t  o f  c a r b u r i z a t i o n  on the  

were exposed a t  1050°F t o  a sodium loop con ta in ing  a p l a i n  C s t e e l  
(carbur ized)  carbon source f o r  700 h r .  F igure  13.3.2.2-1 i n d i c a t e s  the  
a b i l i t y  o f  sodium t o  ' l e a c h '  a l l o y i n g  cons t i t uen ts  f rom an a u s t e n i t i c  
s t e e l  (316 SS) ma t r i x .  
down t o  a depth o f  about 8 ~ . l  a f t e r  t he  i n d i c a t e d  exposure. 
aus ten i te  formers, (e.g., N i ,  C )  from an a u s t e n i t i c  m a t r i x  w i l l  produce 
f e r r i t e .  F e r r i t e  and aus ten i te  d i f f e r  i n  s t reng th  and thermal expansion 
c o e f f i c i e n t s ,  (6.5 x i n . / i n . / "F  f o r  f e r r i t e ;  10.6 x i n . / i n . / "F  
f o r  a u s t e n i t e ) .  
s t r a i n  accumulation under s t ress  and temperature c y c l i n g  which cou ld  a f f e c t  
t he  co r ros ion  response o f  t h e  a f f e c t e d  zone. 

s u s c e p t i b i l i t y  t o  embr i t t lement  f rom hydrogen and o the r  i n t e r s t i t i a l s ,  
(e.g., N) ,  i n  t h e i r  response t o  var ious  o the r  contaminants which migh t  be 
present  i n  the  sodium, and i n  t h e i r  e lect rochemical  c h a r a c t e r i s t i c s .  
from adverse geometr ical  e f f e c t s  o f  leaching,  (micro crack,  o r  s e n s i t i z i n g  
t o  c rack  format ion)  i t  i s  seen t h a t  under sodium exposure cond i t i ons  which 
a l l o w  both  carbon and a l l o y  element p e r t u r b a t i o n  o f  t he  s t ruc tu re ,  

@ I t  i s  seen t h a t  bo th  C r  and N i  have been removed 
Removal o f  

T h i s  s t reng th  and expansion d i s p a r i t y  cou ld  l ead  t o  l o c a l  

They a l s o  d i f f e r  i n  t h e i r  

Apar t  
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Table 13.3.2.2-1 (Ref. 1 )  
Fracture Strain a f t e r  300 hr Exposure t o  Sodium 
w i t h  Carbon Source 

Alloy 
strain I 

Incoloy 800 
Type 304 
Type 316 
Type 347 25 
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1 3.3.2.2-3 

10 

F i g u r e  13.3.2.2-1 (Ref. 1 )  

T y p i c a l  Composi t ional  Changes Associated w i t h  Sodium 
Leaching (12OO0F, 5704 h r ,  [ O ]  12 ppm, 316 SS) 

c o n s i d e r a b l e  o p p o r t u n i t y  f o r  c o r r o s i v e  a c t i o n  i s  c r e a t e d .  

keeping should min imize  these e f f e c t s ,  which g e n e r a l l y  r e q u i r e  a number o f  

hours a t  h i g h  temperatures t o  be s i g n i f i c a n t .  

Proper house- 

References f o r  13.3.2.2 
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13.3.2.3-1 

13.3.2.3 Caustic (NaOH) and Na,O Corrosion 

With respect t o  the corrosion potential f o r  structural  materials, 
L 

the principal reaction product between sodi uni and the external ainbi ent 
atmosphere i s  NaOH. The austeni t ic  S S ' s  and h i g h  nickel-chroiniuiii al loys 
( I N C O  800, 600 for  example) a re  generally superior t o  f e r r i t i c  materials 
i n  resistance t o  caustic attack over the range o f  temperatures pertinent 
t o  the external LMFBR system. 
g u i s h i n g  character is t ic  between these types of materials under b o t h  
stressed and unstressed conditions. 

This point i s ,  i n  f a c t ,  a major d i s t in -  

Although caustic corrosion i s  given extensive publicity,  good 
comparative data on caustic corrosion resistance a re  surprisingly scarce. 
Though the specific exposure conditions vary widely, compilations of 
industrial  exposure t o  caustic solutions are  valuable indices of general 
resistance t o  caustic solutions. 
w h i c h  could be involved i n  LMFBR systems, and the potential importance o f  
caustic corrosion t o  these metals, the inclusion in th i s  review of a 
recent, comprehensive, caustic corrosion assessment for  a number of metals 
i s  f e l t  j u s t i f i ed .  
four caustic soda producers (Reference 1 ) .  
composition o f  the materials involved i n  t h i s  t e s t .  
the previous assertion tha t  the austeni t ic  s ta in less  s t ee l s  and high 
nickel-chromium alloys have generally good resistance t o  caustic solutions 
a t  temperatures o f  in te res t  to  t h i s  review. 
trated NaOH solutions d u r i n g  the course of sodium sp i l l / l eak  events i s  by 
no means improbable considering the concentrating poss ib i l i t i e s  of cracks 
and crevices, condensed water intervention, and a residence time of sodium 
on the structural  material of more than a few minutes. 

Considering the broad range of metals 

Tables 13.3.2.3-1, -2,  present the data obtained from 
Table 13.3.2.3-3 gives the 

These data support 

The attainment of concen- 

Garr(*) studied the e f fec t  of 50% NaOH solutions on austeni t ic  
His c r i te r ion  SS (304) a t  temperatures ranging from 150 to  about 300°F. 

for  corrosion e f fec t  was discoloration of the s ta in less  s t ee l .  He tested 
both cold worked and annealed s t ee l s  under both s t a t i c  and bubbled solutions, 
using a i r  and argon for the l a t t e r  tests. 
summary of his observations for  the t e s t s .  

Figure 13.3.2.3-1 i s  a. typica1 
Bubb l ing  increased the corrosion 
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13.3.2.3-2 
Table 13.3.2.3-1 ( R e f .  1) 

"Round Robin" Test Program by Four Caustic Soda Producers--Compari son 
of  Corrostveness of Diaphragm Cell Versus Mercury Cell Caustic--Conducted 
by NACE Committee T5A-3D 

Average Temperature 
Corrosion Rats, 

Company mils per year 

8 
4 Company 1 

C F  

35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 

- 
- -  

2 

C F  

29 84 

105 221 
45 113 

Ambient 

- 
- -  

- -  
- -  - -  

- 
1 - 

<0.1 
<0.1 
<0.1 
<0.1 

<0.1 
0.2 
0.3 

- 
4 

<u.1 
<0.1 
<0.1 
<0.1 
<0.1 

- 

- 
<0.1 
<0.1 
<os  
<0.1 
<0.1 

- 
3 

<0.1 

1 .o 

- 
0.2 

<0.1 

<0.1 

0.2 

C F  

54 130 
Ambient 
60 140 

Ambient 
Ambient 

- 

- -  
- -  
- -  

Material Corradent 
- ,  ~ 

Nickel 200 50% NaOH.Diaphragm Cel l  
Nickel 200 40% NaOH-Diaphregm Celt 
Nickel 200 50% NaOH-Mercury Cell 
Nickel 200 50% NaOH-Mercury Cell 
Nickel 200 50% NaOH-Mercury Cell 
Nickel 200 73% NaOH-Diaphragm Cell 
Nickel 200 73% NaOH-Diaphragm Cell 
Nickel 200 73% NaOH-Mercurv Cell 

2 

<O.l 

<0.1 
<0.1 
<o. 1 

<0.1 

<0.1 
<0.1 
<O.l 

INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 
INCONEL alloy 600 

50% NaOH-Diaphragm Cell 
50% NaOH-Diaphragm Cell 
50% NaOH-Mercury Cell 
50% NaOH-Mercury Cell 
50% NaOH-Mercury Cell 
73% NaOH-Diaphragm Cell 
73% NaOH-Diaphragm Cell 
73% NaOH-Mercury Cell 

35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 

- -  

29 85 

105 221 
45 113 

Ambient 

- -  

- -  
- -  
- -  

54 130 
Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  

<0.1 (1: 
<0.1 
<0.1 
<0.1 

<0.1 
0.3 
0.2 

<0.1 

0.2 

0.8 

<0.1 
<0.1 
<0.1 
<0.1 
<0.1 

MONEL alloy 400 50% NaOH-Diaphragm Cell 
MONEL alloy 400 50% NaOH-Diaphragm Cell 
MONEL alloy 400 50% NaOH-Mercury Cell 
MONEL alloy 400 50% NaOH-Mercury Cell 
MONEL alloy 400 50% NaOKMercury Cell 
M.:NEL alloy 400 73% NaOH-Diaphragm Cell 
MONEL alloy 400 73% NaOH-Diaphragm Cell @ MONEL alloy 400 73% NaOH-Mercury Cell 
INCOLOY alloy 800 50% NaOH-Diaphragm Cell 
INCOLOY alloy 800 50% NaOH-Diaphragm Cell 
INCOLOY alloy 800 50% NaOH-Mercury Cell 
INCOLOV alloy 800 50% NaOH-Mercury Cell 

' INCOLOY alloy 800 50% NaOH-Mercury Cell 
INCOLOY alloy 800 73% NaOH-Diaphragm Cell 
INCOLOV alloy 800 73% NaOH-Diaphragm Cell 
INCOLOY alloy 800 73% NaOH-Mercury Cell 
CARPENTER alloy 20 Cb-3 50% NaOH-Diaphragm Cell 
CARPENTER alloy 20 Cb-3 50% NaOH-Diaphragm Cell 
CARPENTER alloy 20 Cb-3 50% NaOH-Mercury Cell 
CARPENTER alloy 20 Cb-3 
CARPENTER alloy 20 cb-3 

50% NaOH-Mercury Cell 
50% NaOH-Mercury Cell 

CARPENTER a l l g  20 C b 3  73% NaOH-Diaphragm Cell 
CARPENTER attoy 20 cb-3 73% NaOH-Diaphragm Cell 

ACI CN-71 50% NaOH-Diaphragm Celt 
ACI  CN-7M 50% NaOH-Diaphragm Cell 
ACI CN-7M 50% NaOH-Mercury Cell 
A C I  CN-7M 50% NaOH-Mercury Cell 
ACI  CN-7M 50% NaOH-Mercury Cell 
ACI  CN-7M 73% NaOH-Diaphragm Cell 
ACI CN-7M 73% NaOH-Diaphragm Cell 
ACI  CN-7M 73% NaOH-Mercury Cell 
NCRerltt Type 3 50% NaOH-Diaphragm Cell 
NCResist Type 3 50% NaOH-Diaphragm Cell 
NCRsslst Type 3 50% NaOKMercury Cell 

CARPENTER aIIOy 20 Cb-3 73% NaOH-Mercury Cell 

54 130 
Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  
54 130 

Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  
54 130 

Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  

<0.1 

0.1 
<0.1 
<0.1 

<0.1 

< o s  
<0.1 
<0.1 

<0.1 

<0.1 
<0.1 
<0.1 

<0.1 
<0.1 
<0.1 
<0.1 

<0.1 
0.4 
0.5 

<0.1 
<0.1 
<0.1 
<0.1 

0.1 
0.5 
0.3 (1) 

<0.1 
<0.1 
<0.1 
<0.1 

0.4 
0.5 
0.4 

<0.1 
<0.1 
<0.1 
<o. 1 
0.1 
1.2 (1) 
0.4 
0.2 
0.6 

<0.1 

- 

- 

35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 

- -  

- -  

- -  

- -  

29 85 

105 221 
45 113 

Ambient 

- -  

- -  
- -  
- -  
29 85 

105 221 
45 113 

Ambient 

- -  

- -  
- -  
- -  
29 a5 
- -  
105 221 
45 113 

Ambient 
- -  
- -  
- -  

<0.1 
<0.1 
<0.1 
<0.1 
<0.1 

- 
<0.1 
<os 
<0.1 
<O.l 
<0.1 

<0.1 

<0.1 

4.1 (2) 

<0.1 

<0.1 

1.5 (3) 

-29 8s 

105 221 
45 113 

Ambient 

- -  

- -  - -  - -  
29 85 

105 221 
- -  

88 190 

82 180 
- -  

- -  
- -  
99 210 
- -  
- -  - 
88 190 

82 180 
- -  

<0.1 
<0.1 
<0.1 
<0.1 
<0.1 

- 
<0.1 
0.2 

c0.1 

54 130 
Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  
.54 130 
Ambient 
60 140 

<0.1 

<0.1 
<0.1 
<0.1 

<O.l 

(0.1 

<0.1 

<0.1 

9.3 

0.4 (4) 

<0.1 
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3 '  

8.4 

3.3 

0.2 

8.7 

1.1 

0.3 

13 (7) 

12 

0.6 

18 

13 

2.6 

27 

20 

1.8 (7) 

5.7 

Table 13.3.2.3-2 (Ref. 1 )  
"Round Robin" Test Program by Four Caustic Soda Producers--Compari son 

4 

0.1 
3.2 

co.1 
<0.1 
<0.1 
0.3 

<0.1 

<0.1 
<0.1 
<0.1 

0.4 
<0.1 

2.6 
5.2 
1 .o 
6.2 
2.6 

2.9 
7.9 
1.7 
5.7 
3.5 

2.1 
8.2 
1.2 

2.9 
1.9 

o f  Corrosiveness of Diaphragm Cell Versus Mercury Cell Caustic:-Conducted 
by NACE Committee T5A-3D 

_- 
Average Temperature 

Corrosion Rate, 
Company mils p r  year 

1 4 Coal 

0.2 

0.3 
2.3 
1.2 

<0.1 
0.2 

<O.l 
<0.1 

6 (41 
13.1 (5) 
10 (4) 

<0.1 
<0.1 
~ 0 . 1  

<0.1 

15 (4) 
19.4 (5) 
15 (4) 
1.4 
1.5 (8) 
0.4 
1.8 

73 
106 
103 

2.1 
1.9 
0.4 
2.1 

54 
44 
82 

Material Corrodent 

0.1 
<0.1 

<0.1 

<0.1 
0.1 

<os 

<0.1 

11.0 
<0.1 
<0.1 

0.1 (1, 6 

3.1 

0.3 
2 (8) 
3.7 

1.9 

2 (9) 
3 
4.5 

- 
NCResist Type 3 ' 50% NaOH-Mercury Cell 
Ni-Resist Type 3 50% NaOH-Mercury Cell 
Ni-Resist Type 3 73% NaOH-Diaphragm Cell 
Ni-Resist Type 3 73% NaOH-Diaphragm Cell 
Ni-Resist Type 3 73% NaOH-Mercury Cell 
Type 316 Stainless Steel 50% NaOH-Diaphragm Cel l  
Type 316 Sta in leo Steel 50% NaOH-Diaphragm Cell 
Type 316 Stainless Steel 50% NaOH-Mercury Cell 
Type 316 Stainless Steel 50% NaOH-Mercury Cell 
Type 316 Stainless Steel  50% NaOH-Mercury Cell 
Type 316 Stainless Steel 73% NaOH-Diaphragm Cell 
Type 316 Stainless Steel 73% NaOH-Diaphragm Cell 
Type 316 Stainless Steel 73% NaOH-Mercury Cell 
Type 304 Stainless Steel 50% NaOH-Diaphragm Cell 
Type 304 Stainless Steel 50% NaOH-Diaphragm Cell 
Type 304 Stainless Steel 50% NaOH-Mercury Cell 

Type 304 Stainless Steel 50% NaOH-Mercury Cell 
Type 304 Stainless Steel 50% NaOH-Mercury Cell 
Type 304 Stainless Steel  73% NaOH-Diaphragm Cell 
Type 304 Stainless Steel 73% NaOH-Diaphragm Cell 
Type 304 Stainless Steel 73% NaOH-Mercury Cell 
Ductile Cast Iron 50% NaOH-Diaphragm Cell 
Ductile Cast Iron 50% NaOH-Diaphragm Cell 
Ductile Cast Iron 50% NaOH-Mercury Cell , 
Ductile Cast Iron 50% NaOH-Mercury Cell 
Ductlle Cast lren 50% NaOH-Mercury Cell ' 

Ductile Cast Iron 73% NaOH-Diaphragm Cell 
Ductile Cast Iron 73% NaOH-Diaphragm Cell 
Ductile Cast Iron 73% NaOH-Mercury Cell 

Gray Cast Iron 50% NaOH-Diaphragm Cell 
Gray Cast Iron 50% NaOH-Diaphragm Cell 
Gray Cast Iron 50% NaOH-Mercury Cell 
Gray Cast Iron 50% NaOH-Mercury Cell 
Gray Cast Iron 50% Na0H.Mercur-y Ce l l  
Gray Cast Iron 73% NaOH-Diaphragm Cell 
Gray Cast Iron 73% NaOH-Diaphragm Cell 
Gray Cast Iron 73% NaOH-Mercury Cell 
Mild Steel 50% NoOH-Diaphragm Cell 
I!IC l t P P l  50% NaOH-Diaphragm Cell 
Mild Steel 50% NaOH-Mercury Cell 

Mild Steel 50% NaOH-Mercury Cell 
Mi ld  Steel 50% NaOH-Mercury Cell 
Mild Steel 73% NaOH-Diaphragm Cell 
Mild Steel 73% NaOH-Diaphragm Cell 

C F  

37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 

- -  

- -  

35 95 
40 104 
3a 100 

37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
38 100 
37 98 

119 246 
125 257 
114 236 
35 95 
40 104 
de 100 

37 98 

119 246 
125 257 

114 236 

- -  

- -  

- -  

- -  

2 
C F  

45 113 
Ambient - -  
- -  
- -  
29 85 

105 221 
45 113 

Ambient 

- -  

- -  - -  
- -  
29 85 

105 221 

45 113 

- -  

Ambient - -  
- -  
- -  
29 85 

105 221 
45 113 

Ambient 

- -  

- -  
- -  
- -  
29 85 

105 221 
45 113 

Ambient 

- -  

- -  
- -  
- -  
29 85 

105 221 

45 113 
Ambient 

==I= 

- -  
- -  
- -  

C F  

Ambient 
Ambient 
- -  
- -  - -  - 
54 130 

Ambient 
60 140 

Ambient 
Ambient - -  
- -  
- -  
54 130 

Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  
54 130 

Ambient 
60 140 

Ambient 
Ambient 
- -  
- -  
- -  
54 130 
Ambient 
60 140 
Ambient 
Rmbient 
- -  
- -  
- -  
54 130 

bplblent 
60 140 

Ambient 
Ambient - -  - -  
- -  

- 
1.4 (19) 

3 (6, 1 

Mild Steel 73% NaOH-Mercury Cell 

(3) Pitted to a maxlmum depth of 5 mils. are for the du licate specimens 
(not avera6wdt specimen with high rate 

(4) Stresr-corrosion crack through showed stresr.accelerated local attack. 
one of the Identifying punch marks. 

(9) Pltted to a maximum depth of 12 mils. 
Pitted to max,mum depth of mi,r, 

(7) Pitted to a maximum depth of 8 miir. 
(8) Pitted to a maximum dedh of 2 mils. 
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13.3.2.3-4 
me 13.3.2.3-3 (Ref. 1 )  

Nominal Compositions o f  Nickel Alloys in Use or Corrosion 
Tested in Caustic Solutions 
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13.3.2.3-5 

Figure 13.3.2.3-1 (Ref.  2 )  
Discoloration Threshold fo r  Sol ution-Annealed 
Type 304 Sta in less  Steel 
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13,3.2.3-6 

e f f e c t  (decreased t i m e  f o r  d i s c o l o r a t i o n ) ,  a l though he d i d  n o t  n o t i c e  a 

s u b s t a n t i a l  d i f f e r e n c e  between argon and oxygen i n  t h i s  r e s p e c t  (oxygen 

appeared t o  be somewhat more a g g r e s s i v e ) .  

s o l u t i o n s  a r e  summarized i n  F i g u r e  13.3.2.3-2. I n  F i g u r e  13.3.2.3-3, 

temperature- t ime c h a r a c t e r i s t i c s  a r e  g i v e n  f o r  t h e  annealed and c o l d  

worked m a t e r i a l s ,  i n d i c a t i n g  t h a t  f o r  a g i v e n  temperature t h e  annealed 

m a t e r i a l  e x h i  b i  t e d  somewhat 1 ess r e s i s t a n c e  t o  d i  s c o l o r a t i  on. I n  t h i  s 
f i g u r e  a c u r v e  i s  a l s o  g i v e n  f o r  some HEDL r e s u l t s ( 3 )  on t h e  s t r e s s  

c o r r o s i o n  c r a c k i n g  o f  s t ressed b o l t s  (304 SS)  i n  concent ra ted  c a u s t i c  

(NaOH). 
these d a t a  se ts ,  i t  i s  i n d i c a t e d  t h a t ,  f o r  example, a s o l u t i o n  causing 

d i s c o l o r a t i o n  a t  about 300°F c o u l d  l e a d  t o  s t r e s s  c o r r o s i o n  c r a c k i n g  

a f t e r  r o u g h l y  200 h r  o f  exposure t o  t h e  concent ra ted  c a u s t i c  under near  

y i e l d  s t r e s s  c o n d i t i o n s .  

e 
Data f o r  s t a t i c  and bubbled 

Al though t h e r e  i s  n o t  much o v e r l a p  i n  t h e  temperature regimes o f  

C o m p r e l l i  , e t  a1 . ,(4) g i v e  some q u a l i t a t i v e  observa t ions  on 

sodium s p i l l s / l e a k s ,  i n d i c a t i n g  t h a t  where t h e  ambient atmosphere p e r m i t s  

f o r m a t i o n  o f  NaOH and Na20, i n t e r g r a n u l a r  p e n e t r a t i o n  o f  a u s t e n i t i c  SS's 
has been observed under d e p o s i t s  o f  these substances. On a m i c r o  scale,  

t h e  work o f  Gar r  suppor ts  these observa t ions  and i n d i c a t e s  t h a t - - p a r t i c u -  

l a r l y  i n  c o n j u n c t i o n  w i t h  s t r e s s  ( o r  more g e n e r a l l y ,  p l a s t i c  s t r a i n  caused 

by thermal  o r  work ing s t r e s s e s ) - - p e r s i s t e n t  c a u s t i c  s o l u t i o n s  can have a 

s i g n i f i c a n t  s t r u c t u r a l  e f f e c t  on a u s t e n i t i c  m a t e r i a l s  a t  temperatures 

r a n g i n g  f rom room temperature upwards. 
t h e  e f f e c t s  o f  NaOH and Na20 under most work ing s i t u a t i o n s .  

these compounds w i l l  be p r e s e n t  t o  some e x t e n t  under ambient atmospheres 

c a r r y i n g  bo th  oxygen and water  vapor.  

@ 

It would be d i f f i c u l t  t o  separate 
Both o f  

The oxygen-water-sodium system, depending on t h e  l o c a l  c o n d i t i o n s ,  

can generate bo th  chemical  and e lec t rochemica l  c o r r o s i o n .  T h i s  c o r r o s i o n  
i s  aggravated by p l a s t i c  s t r a i n i n g  o f  t h e  meta l  and by p h y s i c a l  and chemical 

h e t e r o g e n e i t i e s  on t h e  meta l  s u r f a c e  which f u r t h e r  a c t i v a t e  e lec t rochemica l  

c o r r o s i o n  c e l l s  i n  t h e  presence o f  any e l e c t r o l y t e  formed by t h e  Na-02-H20 

sys tem . 
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1 3 . 3 . 2 . 3 - 7  

001 
an 

F igu re  13.3.2.3-2 (Ref. 2 )  
Log Time Versus 1/T f o r  304 SS Samples Exposed t o  50 w t %  NaOH, 
With and Without Gas Being Bubbled Through Caust ic  S o l u t i o n  
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1 3.3.2.3-8 

I I 

. .  
\ 

\ 
-. 

region o f  potent ia l  crsckfnp 
I 

I 

\' cold r o l l e d  
onset o f  discoloration 

. . .  

tirne(hrs) 
I I 

1.0 100 0 
1 * . . I  

Figure 13.3.2.3-3 (Ref. 2) 
Comparison o f  Time to Discoloration and Time for Stress-Corrosion Cracking 
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13.3.3.1-1 

13.3.3 F e r r i t i c  Materials a 13.3.3.1 Na Corrosion, Oxygen Infl uence 

F e r r i t i c  a l loys ,  in par t icu lar  the chromium-nlolybdenum a l loys ,  
exhib i t  good resis tance t o  sodium over the range of temperature of present 
i n t e r e s t ,  namely, R T t o  about 500°C. 
corrosion data f o r  various f e r r i t i c  a l loys  over a temperature range of 
274-593"C, f o r  s t a t i c  and flowing sodium environments. 
Tables 13.3.2.1-2, -3, oxygen increases the  corrosion of these mater ia ls  
i n  sodium. In general ,  however, the corrosion responses of the f e r r i t i c  
and aus t en i t i c  a l loys  t o  sodium, and t o  oxygen contamination of sodium 
up t o  about 100 ppm, a r e  roughly the same, as shown by Figure 13.3.3.1-1. 
A t  higher oxygen leve ls ,  the f e r r i t i c  a l loys  appear t o  e x h i b i t  much 
grea te r  s e n s i t i v i t y  t o  oxygen, a s  shown by the high oxygen data of 
Table 13.3.2.1 -2. 

Table 13.3.3.1-1 gives sodium 

As noted i n  

References f o r  13 .3 .3 .1  

1.  W. E .  Berry, Corrosion i n  Nuclear Applications; John Wiley, NY 1971. 

. 



13.3.3.1-2 

Table 13.3.3.1-1 (Ref. 1 )  
Corrosion o f  Ferritic Alloys in Isothet-riial Sodiuiii 

Weight 

Change Rate, 
Exposwe 

Temperature, Time, 
Steel C Flowing Static hr mg/drn2-month(b) 

Iron 
Carbon Steel 
AIS1 1010 Steel 

0.1 c Steel 
0.5C Steel 
1 .oc Steel 
1 /2Cr 

1-1 /4Cr-1 /2Mo 

5Cr-1l2Mo 

7Cr- 1 /2Mo 

QCr-IMo 

AIS1 Type 410 

AIS1 Type 420 

AIS1 Type 44OC 

510 
500 
593 
593 
274 
274 
274 
593 
593 
500 
552 
566 
593 
683 
61 0 
552 
566 
593 
593 
310 
552 
566 
593 
593 
500 
552 
566 
593 
593 
51c 
552 

593 
593 
250 
51 0 

593 
593 
704 
593 
593 
593 
593 

5§6 

X 

X 

X 

X 

X 

X 
X 

x 

X 
X 

X 

X 

x 

X 
X 

X 

X 

X 

X 

X 

- 
X - 

1000 
x 1000 
X 100 
X 100 
X 130 

lo00 
X 
X 

X 

X 

X 

X 

X 

X 
X 

X 

X 

X 

X 
X 

X 
X 

X 

X 

lo00 
-_ 
943 8 

902 
loo0 
1000 

943 
902 
lo00 
1000 

943 
7913 
500 
500 

943 
902 
500 
500 

943 
902 
5 0 0 .  
500 
loo0 

- 

- 
lo00 
lo00 

lo00 
lo00 
500 
500 

- 

-20 
-10 
-49 
-37 
-63 

0 
+14 
-69 
-64 
-10 
-26 
-25 
-1 3 
-1 1 

<.to 
-1 2 
-1 2 
-1 4 
-9 

<-lo 
+22 
-6 

+23 
a 

<-to 
+22 
-70 
+42 

+7 
<-lo 

+35 
-5 

+70 
+29 
-7 

<-to 

I t  

+38 
+35 
-40 

+33 
+31 
+60 
+28 

a. Containing a maximum o f  100 ppm oxygen. 
b .  Specimens not descaled. 
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13.3.3.1-3 

Q 

Figure 13.3.3.1-1 (Ref. 1 )  
A Comparison of Sodium Corrosion Characteristics 
of Ferritic and Austenitic Alloys at Various 
Oxygen Levels in Flowing Sodium 
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13.3.3.2-1 

13.3.3.2 Caustic (NaOH) Corrosion 

A chief distinguishing character is t ic  between f e r r i t i c  and aus- 
t en i t i c  materials i s  t he i r  corrosion response t o  caustic solutions,  with 
NaOH solutions apparently having the greatest  power t o  discriminate 
between the two materials. (' - I n  a1 kaline solutions,  the principal 
corrosion product of f e r r i t i c  materials i s  thought t o  be the ferroate 
ion, HFeO;. 
Fe(OH)2, Fe304, gamma Fe203 and gamma FeOOH. 
products of various structural  character is t ics  leads to  a1 ternate periods 
of 'passiviation'  and corrosion in caustic solutions, as exemplified by 
Figure 13.3.3.2-1, depending on the physical and chemical conditions o f  
the corrosion environment. 
a l loys will be comprised of several layers of d i f fe ren t  structure and 
somewhat d i f fe ren t  chemical consti tution. 
typical layer development on mild s teel  under 13% NaOH a t  340°C. 

Successive products of corrosion i n  caustic solutions are  
This complex of reaction 

Generally, the corrosion layer of f e r r i t i c  

Figure 13.3.3.2-2 shows a 

The corrosion response of f e r r i t i c  alloys t o  caustic solutions 
i s  a function of the (OH), the associated cation (e.g. ,  Na, K,  Li ) ,  the 
temperature, the physical conditions which a f fec t  interchange of reactants 
and products with the metal surface, and species in the solution 
(e.g. ,  0, C l - ,  Pb,  S i ,  n i t r a t e ,  chromate, e t c . )  which a f f ec t  the pro- 
tect ive character of corrosion product layers. 
concentration, f o r  re la t ive ly  low caustic levels, is  shown i n  
Figure 13.3.3.2-3, fo r  mild s teel  a t  340°C. 
fo r  a re la t ive ly  weak solution (13%), i s  shown in Figure 13.3.3.2-4. 

The influence of caustic 

The influence of temperature, 

R u b r i g h t ( 2 )  studied the corrosion behavior of the f e r r i t i c  a l loy,  
21/4 Cr-lMo, over a range of NaOH concentrations, and temperatures i n  
aqueous solutions,  and fo r  various combinations of Na w i t h  NaOH. 
Table 13.3.3.2-1 gives his  resu l t s  for  solutions ranging from sodium 
(plus 90 ppm oxygen) to sodium w i t h  NaOH loadings ranging from 0.18 to  10 w t % .  
One t e s t  with an overpressure o f  hydrogen (presumably adding NaH to  the solution) 
i s  also given. His resul ts  for  the 'pure' sodium plus oxygen t e s t s  a re  in 
f a i r l y  good agreement with da ta  presented in Table 13.3.2.1-3. 
indicate the serious corrosion which can be effected by caustic in sodium 
a t  temperatures which cer ta inly could obtain under conceivable sp i l l / l eak  

These da ta  
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13.3.3.2-2 

I I 
5 IO 0 

Time (days) 

F igu re  13.3.3.2-1 (Ref. 1 )  
Cor ros ion  Rate-Time C h a r a c t e r i s t i c  Showing E f f e c t  o f  A l t e r n a t e  
Passive and A c t i v e  Modes o f  M i l d  S tee l  i n  Caust ic  S o l u t i o n  
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1 3.3.3.2-3 

r 
NOOH = I3  O/o 

67 40- Temperature 3WoC 

0 50 100 200 400 600 800 1000 
Time (hr ' I 2 )  

Figure 13.3.3.2-2 (Ref. 1 )  
Typical Layer Development on Mild Steel in NaOH 

Temperotum 340 OC 2oe;e/ 

(u 

E 

E 
Y 40 
CI, 

112 (hrl/2,) Time 

Figure 13.3.3.2-3 (Ref. 1 )  
Effect of Concentration of NaOH on Corrosion Rate 
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1 3.3.3.2-4 

I 

Time!!?"( hr"2) 

Figure 13.3.3.2-4 (Ref. 1 )  
Effect of Temperature on Mild Steel Corrosion in NaOH 

3/31 /75 



13.3.3.2-5 

Tab le  13.3.3.2-1 (Ref .  2 )  

Cor ros ion  Rate o f  Cro loy  2-1/4 Specimens i n  Sodium, i n  Sodium 
Hydroxide-Sodium Systems, and i n  a Sodium Hydroxide-Sodium 
Hydride-Sodium System a t  Var ious Temperatures 

400 
900 

1250 
1080 
900 
903 
stlo 

1250 
1250 
1375 

900 

( c )  (Inches F a  Year) 
204 .om0 
48 2 .oo19 
677 .0023 
7 60 .073 
48 2 .0820 
48 2 ..(EO72 
482 .022 
677 .OS5 
677 .lo5 
746 .341 

482 . 0052 

c o n d i t i o n s  of  t h e  e x t e r n a l  system. 

s o l u t i o n s  are,  however, somewhat more spec tacu la r  i n  h i g h l i g h t i n g  t h e  

p o t e n t  i n f l u e n c e  of t h e  OH- i o n  on t h e  c o r r o s i o n  o f  f e r r i t i c  m a t e r i a l s .  

Table 13.3.3.2-2 p resents  h i s  r e s u l t s  f o r  aqueous s o l u t i o n s  r a n g i n g  i n  
NaOH c o n c e n t r a t i o n  f r o m  24.2 t o  98.6 w t % ,  a t  temperatures r a n g i n g  f rom 
60 t o  482°C. 

o f  i n . / y e a r  p e n e t r a t i o n  and t h a t ,  f o r  example, an NaOH s o l u t i o n  o f  48.8 w t %  
g i v e s  a c o r r o s i o n  r a t e  o f  about  1 /2 i n . / y e a r  a t  a temperature o f  141°C. 

R u b r i g h t ' s  da ta  f o r  aqueous NaOH 

It w i l l  be no ted  t h a t  he g i v e s  h i s  c o r r o s i o n  e f f e c t  i n  terms 
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13.3.3.2-6 

Q 

Table 13.3.3.2-2 (Ref. 2 )  
Summary of Corrosion Rates of Croloy 2-1/4 Steel 
in Aqueous Sodium Hydroxide 

("P) ( c )  
140 60 
170 76 
200 93 
230 110 

93 200 

2Qo 127 
285 141 

700 371 

r 

230 110 

900 482 

His resu l t s  for the aqueous NaOH solutions are  given in graphical form i n  
Figure 13.3.3.2-5. Temperature-time character is t ics  for  the three NaOH 
concentrations (24.2,  48.8 and 98.6 w t % )  are  given in Figures 13.3.3.2-6, 
-7, -8. R u b r i g h t  observes tha t  the corrosion in the aqueous NaOH solu- 
t ions  appeared t o  be simple solution attack (uniform penetration), with 
intergranular penetration , and oxide formation, observed only a t  the 
higher temperatures o f  his t e s t s .  
intergranular penetration, oxide formation, and whole grain removal, a t  
the h igher  temperatures o f  t h i s  t e s t  ser ies .  
time span of his  t e s t s ,  he did not observe decarburization o f  the 
2-1/4 Cr-1Mo steel  for any of his t e s t  environments. An Arrhenius type 
plot for his aqueous NaOH t e s t  resu l t s  is  given in Figure 13.3.3.2-9, 
suggesting a substantial change in corrosion mechanism between the 48.8 
and 98.8 w t %  NaOH t e s t  solutions. 

For the Na-NaOH t e s t s ,  he observed 

Within the relat ively short 

Even subject t o  the l imits  of interpretation imposed by one 
investigator and one experimental technique, Rubright's resu l t s  give 

Q 
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eo, 

0 24.2% NaOH 
a 48.8% NaOH 

x 98.6% ‘JaOH 

. .  
! .  

I ‘  

I 

.. 

Figure 13.3.3.2-5 (Ref. 2 )  
Corrosion of Croloy 2-1/4 in Aqueous NaOH 
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I 

TILE - I I O K l S  

Figure 13.3.3.2-6 (Ref. 2) 
2 Corrosion of Croloy 2-1/4 Steel Specimens (42.6 cm ) in 24.2 

Weight Percent Aqueous Sodium Hydroxide 
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F i g u r e  13.3.3.2-7 (Ref. 2) 
2 Corrosion o f  Croloy 2-1/4 Steel Specimens (42.6 cm ) in 48.8 

Weight Percent Aqueous Sodium Hydroxide 
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0 
Figure 13.3.3.2-8 (Ref. 2) 

Corrosion o f  Croloy 2-1/4 Steel Specimens (42.6 cmL) in 98.6 
Weight Percent Aqueous Sodium Hydroxide; Temperature--70O0F 
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Figure 13.3.3.2-9 (Ref. 2) 
Arrhenius Plot-Corrosion Loss Versus Temperature ( O K )  for Aqueous 
Sodium Hydroxide Solutions 
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substantial  i l l u s t r a t i o n  of a serious l imitat ion of f e r r i t i c  a l loys ,  
namely, suscep t ib i l i t y  t o  corrosion i n  the  presence of the OH- ion, par- 
t i c u l a r l y  under conditions permitting electrochemical action (aqueous 
e l ec t ro ly t e s ) .  
Subrahmanyam and Staehle" c i t e  mild s tee l  caust ic  corrosion data a t  
corresponding temperatures and roughly equivalent caus t ic  concentrations 
which agree, w i t h i n  a f ac to r  o f  two, or three ,  with Rubright's da ta ,  a 
discrepancy which could e a s i l y  be accounted fo r  by differences in a l loy  

As f o r  the quant i ta t ive  significance of h i s  r e s u l t s ,  

composition. 

References f o r  13.3.3.2 

1 .  D.  V. Subrahmanyam and R .  W .  Staehle,  "Stress Corrosion Cracking and 
General Corrosion of Iron, Nickel, Chromium, and Their Alloys in 
Caustic Solutions;" Ohio S ta te  U n i v .  Rept. No. COO-2018-4 (Q-1),  1969. 

2. M .  M .  Rubright, "The Corrosion of Croloy 2-1/4 Steel i n  the  Products 
o f  a Sodium-Water Reaction; Systems of Sodium Hydroxide i n  Water and 
in Molten Sodium;" BAW-1280-30, November 15, 1965. 

3/31 175 



13.3.4-1 

13.3.4 Effects of Metal Cleaning Procedures 

The cleaning of structural  components which have been exposed t o  
sodium, preparatory e i ther  t o  reuse, storage, or disposal, poses a number of 
problems due to  the chemical react ivi ty  of sodium and i t s  propensity for 
permeating a metallic s t ructure  and subsequently 'bleeding' under appro- 
pr ia te  environmental conditions. Apart from personal hazard potential ,  
residual sodium--either surface or absorbed--may par t ic ipate  in the gamut 
of reactions discussed previously and generate corrosion products which 
are  inimical t o  reuse of such components, and t o  those components which 
come w i t h i n  the radius of action of such products in the service, or 
storage, environments. 

A number of schemes a re  under t e s t  for  cleaning sodium affected 
materials and for  ta i lor ing cleaning procedures t o  specif ic  components 
representing particular problems o f  sodium retention (e.g. , steam generator). 
A recent review o f  current work by Atomics International on this aspect of  
sodium is  given i n  Reference 1 .  
sodium cleaning work within the purview of the ERDA and i s  an excellent 
concise review of sodium cleaning problems. 

Reference 2 discusses the general scope o f  

Cleaning agents may react chemically with sodium, or they may 

The 
dissolve sodium. 
Examples of the l a t t e r  a re  mercury, molten lead, l iquid ammonia. 
current tendency i s  t o  emphasis the chemically reacting agents, such as 
water and alcohol. 
w i t h  an  iner t  di luent ,  usually nitrogen, for  closer control of possible 
sodium and hydrogen reactions. 
for  more complete removal of sodium and sodium products, and for  ease in 
monitoring the cleanup efficacy. 
var ie t ies  are  more reactive with sodium. Tertiary butyl alcohol reacts 
slowly with sodium. I t  i s ,  however, miscible w i t h  water. Various com- 
binations of alcohol and water may be used depending on the severity,  or 
stage, of the cleaning problem. 

Examples o f  the former are water, alcohol, alkyl halides. 

Water i s  usually applied as  steam in the early stages 

Final cleanup usually involves liquid water 

Of the alcohols, the low molecular weight 

The final problem in cleaning i s  remova 
Following a f inal  water in the cleaning cycle. 

of the l a s t  cleaning agent 
treatment, a more vola t i le ,  
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water miscible, solvent may be applied, which then m i g h t  be removed by 
vacuum heating i n  the case of d i f f i c u l t  components. Following cleaning, 
the metallic surface must be protec 
i f  immediate, o r  eventual, reuse i s  
substantial problem i n  t h i s  respect 
o f  a cleaned surface are  under deve 

Sodium absorption by a meta 
o f  the sodium 
commonly used 
sodium w i t h i n  

l a t t i c e ,  with 

Nevzorov ( 3 )  d 

ed from adverse environmental e f fec ts  
planned. Large components present a 
and optimum procedures for  protection 
opmen t . (2) 
l i c  structure,  with subsequent release 

poses a serious problem in cleaning. pH indicators,  
to  monitor sodium removal, would not be sensi t ive t o  
a s t ructure  which had not yet  affected the wash solution. 
scusses the phenomenon of sodium penetration of a metal 
subsequent 'bleeding' of t h i s  sodium for  a period following 

exposure. His data pertain to  high temperatures and  do not indicate the 
temperature dependence of t h i s  action. Sodium apparently i s  not limited 
t o  g r a i n  boundaries in th i s  penetration. A sodium advance more or l e s s  
uniformly across a s t ructure ,  has been noted for a number of d i f fe ren t  
metals. 
basic s t ructure ,  and gross structural  defects,  allow easy access to  
sodium, result ing i n  spike-like penetrations t o  considerable depth. 

Grain boundaries w i t h  strong composition perturbations from the 

a 
S m i t h ,  e t  a l .  ,(4) have noted sodium bleeding a f t e r  exposure o f  

aus ten i t ic  SS t o  sodium. Figure 13.3.4-1 i s  a schematic of a t e s t  pro- 
gram used by these authors t o  study the effects  of sodium exposure, 
subsequent cleaning, and atmospheric exposure, on the structural  qual i ty 
o f  aus ten i t ic  SS. Fol lowing  the var ious sodium and atmospheric exposures, 
the r e s i s t i v i t y  o f  the specimens was measured t o  indicate possible s t ruc-  
tural  deterioration (Test A ) .  The ' 6 '  test consisted of exposing the 
specimen to  the Strauss t e s t  (H2S04, CuS04 solution) and measuring the 
r e s i s t i v i ty .  In summary o f  t h i s  work, i t  was indicated t h a t  repeated 
sodium exposures adversely affected the metal s t ructure  (as indicated by 
the r e s i s t i v i t y  measurement following the Strauss t e s t  which i s  an 
indication of  sensit ization to  s t r e s s  corrosion cracking). Figure 13.3.4-2 
shows the r e s i s t i v i t y  e f fec ts  of the 3rd sodium exposure re la t ive  to  those 
following the 2nd sodium exposure, plus a period of a i r  storage. This 
f igure,  and other data from Reference 4 ,  indicate t h a t  repeated sodium 
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Figure 13.3.4-1 (Ref. 4 )  
Test and Exposure Program 

exposures progressively increase the response o f  the specimen t o  the 
Strauss reagent, and presumably the tendency of the material t o  develop 
cracks under s t r e s s  and additional chemical encouragement, such as given 
by OH- ions. Following a single sodium exposure, specimens were stored 
under water, dry a i r  and normal a i r .  
t i v i t y  e f fec t  of water storage (180 days) and normal a i r  storage (120 days) 
following a single sodium exposure. 
indicates a pronounced sensit ization to  s t r e s s  corrosion cracking fo l -  
lowing the water storage, with a re la t ively minor e f fec t  for  the normal 
a i r  storage. I t  was noted t h a t  dry a i r  storage was more productive of 
r e s i s t i v i t y  change following the Strauss t e s t  t h a n  was normal a i r  
storage. This work indicated tha t  a f a i r l y  aggressive cleaning pro- 
cedure (moist a i r  o r  nitrogen plus water rinsing of sodium contacted 
surfaces) may not be suf f ic ien t  t o  remove residual sodium which, upon 
exposure t o  an oxygen-water vapor environment, participates in chemical 
and electrochemical corrosion action with the structural  material. The 
corrosion e f fec t  appears to  aggravated by repeated sodium exposures and 
the pertinence of t h i s  observation t o  repeated sodium leaks/spi l ls  -- a t  a 
given s i t e  i s  obvious. 

Figure 13.3.4-3 shows the res i s -  

I t  i s  seen tha t  the Strauss reagent 
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a ' !  t I ! ! t I '  
TIM m muuts REAGENT. ~r 

F igu re  13.3.4-2 (Ref. 4) 
Response t o  Strauss Reagent a f t e r  2nd and 3 r d  Na Exposures 
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80 OAV WATER STORAGE 

TIME IN STRAUSS REAGENT, lu 

Figure 13.3.4-3 (Ref. 4 )  

Comparison of Normal Air Storage  and Water Storage 
After S i n g l e  Sodium Exposure 
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13.3.5 Summary o f  Sect ion 13.3 

Sodium s p i l l / l e a k  events i n  the  ex terna l  system present  immediate 
problems o f  energy re lease from d i r e c t ,  o r  subs id ia ry  reac t i ons  t o  t h e  
ex ten t  t h a t  a i r ,  o r  l i q u i d  water, o r  h igh  water vapor concent ra t ions ,  a r e  

cont iguous t o  t h e  event.  The co r ros ion  consequences o f  an event presents 
s u b t l e r  problems o f  e f f e c t s  ana lys i s .  Sodium, p e r  se, does n o t  appear t o  
present  a ser ious problem i n  t h e  l a t t e r  respec t  un less the  event escapes 
de tec t ion ,  o r  good housekeeping, f o r  a considerable t ime p e r i o d  and the  
temperature h i s t o r y  o f  the  event a l lows sodium r e l a t e d  mass t r a n s f e r  
processes t o  work on a d j o i n i n g  s t r u c t u r a l  ma te r ia l s .  

e 

mater i a 

mater i a 
complex 

Water vapor over  a wide range o f  p a r t i a l  pressure w i l l  be an 
i n e v i t a b l e  p a r t i c i p a n t  i n  sodium l e a k / s p i l l s .  The a v a i l a b l e  i n fo rma t ion  
appears t o  support  t he  conten t ion  t h a t  NaOH w i l l  be a p r i n c i p a l  r e a c t i o n  
produc t  o f  sodium events under t h i s  circumstance. 
t i o n  which can be developed a t  an event s i t e  i s  impossib le  t o  p r e d i c t ,  
a l though a conservat ive v iewpo in t  i n  t h i s  regard  would a l l o w  a c a u s t i c  
presence rang ing  from v i r t u a l l y  pure NaOH t o  very  d i l u t e  aqueous o r  
sodium base s o l u t i o n s  o f  OH- ions.  
has n o t  been g iven s u f f i c i e n t  emphasis i n  m a t e r i a l s  cons idera t ions  f o r  
LMFBR p l a n t s  and t h a t  t h e  f e r r i t i c  m a t e r i a l s  should be accorded spec ia l  
s c r u t i n y  i n  t h i s  respect. p r i o r  t o  l a r g e  sca le  commitments o f  f e r r i t i c  

The c a u s t i c  concentra- 

I t  i s  submit ted t h a t  c a u s t i c  co r ros ion  Q 

s t o  sodium s e n s i t i v e  zones i n  the  ex te rna l  system. 

Sodium i s  q u i t e  d i f f i c u l t  t o  d issassoc ia te  f rom i t s  con ta ine r  
. The problem o f  c leaning,  and q u a l i f y i n g  f o r  reuse, l a r g e  
components i s  a d i f f i c u l t  one and many aspects of  t h i s  problem 

w i l l  r e q u i r e  t h e  c r u c i b l e  o f  l a r g e  scale exper ience before optimum 

procedures a r e  developed. 
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13.4 STRESSED CORROSION EFFECTS OF THE Na-H20-0 SYSTEM -2. 

13.4.1 Scope of Problem 

The influence of s t r e s s  ( s t r a in )  on corrosion i s  a complex subject 
which, i n  various respects, comprises a substantial p a r t  of the current 
corrosion l i t e r a tu re  under such headings as s t ress  corrosion cracking, 
corrosion fat igue,  thermal cycling e f fec ts ,  e tc .  A discussion of s t ress  
assisted corrosion wi l l  be confined to  a brief review of s t r e s s  corrosion 
information applicable to  austeni t ic  and f e r r i t i c  alloys i n  caustic solu- 
t ions.  I t  i s  submitted tha t  caustic (NaOH) involved corrosion i s  a prime 
potential degradation process in the sodium affected external surfaces of 
the LMFBR plants. 
not appear to  enjoy the laboratory and engineering attention the i r  damage 
potential appears t o  j u s t i fy .  

I t  i s  unfortunate that  caustic corrosion processes do 

Generally, the warning s i g n a l s  f o r  stress assis ted corrosion i n  

caustic media a re  similar t o  those for  unstressed corrosion reviewed in 
the previous section. 
a l loys appear t o  exhibit  substantially greater tolerance for  the OH- ion 
under s t r e s s  than the f e r r i t i c  alloys.  B o t h  types of  material, however, 
will degrade seriously under appropriate conditions of  s t r e s s ,  ( O H - )  , 
temperature and time. 
related t o  specif ic  components, L e . ,  to the strength redundancy incorpo- 
rated i n  the component and to  the penalties for  f a i lu re  of various degrees 
of severity.  

The austeni t ic  s ta in less  s t ee l s  and high nickel 

The structural  significance o f  this f ac t  must be 

The s t r e s s  corrosion character is t ics  of aus ten i t ic  and f e r r i t i c  
alloys a re  perturbed by various contaminants of the basic corrosion 
environment. 
damage, while other species (e.g. , phosphates) have an i n h i b i t i n g  e f fec t  
under certa i n conditions . 

Certain species (e.g. , C 1 - ,  sulf ides)  can accelerate SCC 
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h 13.4.2 A u s t e n i t i c  Ma te r ia l s  

13.4.2.1 Caust ic  (NaOH) Stress Corros ion Cracking 

A comprehensive d e p i c t i o n  o f  t he  f a c t o r s  a f f e c t i n g  the  
s t ress  co r ros ion  c rack ing  tendency would r e q u i r e  an ' n  dimensional p l o t  
i nvol  v i  ng parameters cha rac te r i z ing  caus t i c  concent ra t ion  , the  associated 
c a t i o n  ( i . e . ¶  Na , L i  , K ),  t he  temperature h i s t o r y  o f  t he  exposure, t he  
s t ress  f i e l d ,  t he  m e t a l l u r g i c a l  and s t r a i n  h i s t o r y  o f  t h e  a f f e c t e d  s i t e ,  
t h e  presence o f  aggressive,  o r  i n h i b i t i n g  ions.  
e f f e c t s  o f  c a u s t i c  concentrat ion,  s t ress  and temperature w i l l  be g iven i n  
t h i s  s e c t i o n  f o r  a u s t e n i t i c  ma te r ia l s .  

+ + +  

A b r i e f  rev iew o f  t h e  

F igure  13.4.2.1-1 i s  an i soco r ros ion  c h a r t  based on a 
number of l a b o r a t o r y  and i n d u s t r i a l  observat ions.  I t  w i l l  be noted t h a t  
t he  s t ress  co r ros ion  c rack ing  (SCC) phenomenon i s  susta ined down t o  low 
c a u s t i c  concentrat ions a t  s u f f i c i e n t l y  h igh  temperatures. The i n c l u s i o n  
o f  a s t r e s s  dimension on such a c h a r t  would a l t e r  t h e  d e t a i l s  s u b s t a n t i a l l y .  
S p e c i f i c a l l y ,  i t  would be expected t h a t  s t ress  cond i t i ons  l ead ing  t o  con- 

s ide rab le  p l a s t i c  s t r a i n  would lower t h e  to le rance o f  t h e  a u s t e n i t i c  

m a t e r i a l s  f o r  t he  OH- i o n  w i t h  respect  t o  both concent ra t ion  and tempera- 
t u r e ,  A d d i t i o n a l  i n d i c a t i o n  o f  the  e f f e c t s  o f  c a u s t i c  concent ra t ion  and 
temperature i s  g iven i n  Table 13.4.2.1-1 
a r e  somewhat above those g iven i n  the f i g u r e .  As i n d i c a t e d  i n  t h i s  tab le ,  
c a u s t i c  e f f e c t  does n o t  necessa r i l y  increase w i t h  concent ra t ion .  

e f fec t  i s  u s u a l l y  a t t r i b u t e d  t o  the  a b i l i t y  o f  t h e  m a t e r i a l  t o  pass iva te  
under t h e  g iven exposure cond i t ions .  F igure  13.4.2.1-2 shows t h e  depen- 
dence o f  t h e  t ime  f o r  f a i l u r e  (e f )  on t h e  c a u s t i c  concent ra t ion  f o r  a 
g iven s t ress  and temperature. 
o f  c a u s t i c  concent ra t ion  which can be harmful  under c e r t a i n  s t r e s s  and 
temperature cond i t ions .  
F igure  13.4.1-2 t o  h i g h  caus t i c  concent ra t ions  would show some increase 
i n  Of, a l though t h i s  e f f e c t  i s  s e n s i t i v e  t o  both s t ress  and temperature 
and i s  complex enough t o  discourage p r e d i c t i o n s  o r  ex t rapo la t i ons .  
Table 13.4.2.1-2 g ives  some SCC data f o r  INCO 600 and 800 a l l o y s ,  and 

304 t ype  SS. Although the  304 SS e x h i b i t s  a g rea te r  tendency t o  SCC 

where the temperature l e v e l s  

Th is  

Th is  f i g u r e  a l s o  i n d i c a t e s  the  low l e v e l  

Presumably, an extens ion o f  t he  data o f  

Q 
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Figure 13.4.2.1-1 (Ref. 1 )  
Isocorrosion Chart for Austenitic Chromium-Nickel 
Stainless Steels in Sodium Hydroxide 

Table 13.4.2.1-1 (Ref. 2) 
Incidence o f  Cracking in Type 347 Stainless Steel 
U-Bends Exposed to Sodium Hydroxide Solutions 

Temp. O C  Mixture Days Cracking 

850°F 454 16% NaDH in N a  30 Yes 
4 54 30% NaDH i n  Na 20 Yes 

60% NaOH in Na 30 Yes 
14 Yes 

454 

no 
454 
454 96% NaDH in H20 30 

750°F 399 lo$ NaDH 30 no 
9546 NaDH in H 2 0  30 no 

no 
399 

684°F 362 NaOH 30 
362 80$ NaDH in H20 1 Yes 

100% NaDH 
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Figure 13.4.2.1-2 (Ref. 2)  
Dependence o f  Time-to-Failure o f  Type 321 
Stainless Steel on Concentration o f  NaOH 
Solution (Tests a t  42,000 psi ,  330°C) 

Table 13.4.2.1-2 (Ref. 1 )  
Laboratory Tests--Results o f  U-Bend Specimens 
i n  90% Caustic Soda a t  300°C (572°F) 

Mnhnum Depth of Cracks, mils 

Argon 15ptlg 50psig 150psig 
atm. air air air 

Material 1 week 1 week 8weeks 1 week 

INCOLOY alloy 800 10 7 12O(a) I15(bl 
INCONEL alloy 600 0 0 75 115 
l y  e304 

Linless Steel 100 110 11 10 

(a) Removed at four weeks. 
(b) Trraweek test. 
Note: Testing rformed In autockves under statlc Condltlons rrHhout 

reptenlsRent of air or argon. 
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2.0 ... 
1.1. 1.8 

112, 118 
284,  8 8 4  400 UB: 

I E 3.8. 19.8 
60 7 4  2.1 

1-1, 1.8 
64 ,  11.1 7.b ... .*- 137 

3.8, 19.8 20 
b1.0, 17.6 6 
17.8, 1110 UBS 1 

0.1 661 UB: 
6 16.8, 90.9 
2 

$ UB-Unbroken 

under the argon and low pressure a i r  atmospheres, i t  i s  in te res t ing  tha t  
th i s  work horse a l loy  generally compares very fav rably with the high 
nickel inconels over the to t a l  range of  corrosion environments. 
Table 13.4.2.1-3 gives an indication o f  the  s t r e s s ,  temperature and caust ic  
concentration effects on the SCC tendency of an aus t en i t i c  SS (18-9 Nb 
s t ab i l i zed )  fo r  both KOH and NaOH solut ions.  
e f f ec t  of NaOH has been noted previously and i s  seen in these data.  

The r e l a t i v e l y  greater  

1.1. 1.8 300 9.8. 89.8 . 
250 12.2, 65.7 3.6, 1.6 
200 404,  82.8 177.8 
17b 43.7, 18b.8 
1bO b00UBt - 

Table 13.4.2.1-3 (Ref. 3 )  
Effects of Concentration, S t ress  and Temperature on SCC 
i n  KOH and NaOH Solutions (18-9 Nb SS) 

Effeot of oonaentrrtion at 800°C and 1 Effeot of streu at 800'0 Effeot of temp. with 10 tem/in~atNn 

A s t r e s s  corrosion cracking tes t  of 304 SS i n  caus t ic  saturated 
cleaning solut ions (Dowanol-EB and ethanol ) was reported i n  Reference (4) .  
Spec i f ica l ly ,  bol t  specimens were stressed t o  100% yie ld  and soaked in 
20 w t %  alcoholate solutions formed by dissolving sodium a t  125°F under 
argon.  
the 125°F solut ion.  

No cracking was observed a f t e r  an exposure time of 56 days t o  

Figure 13.3.2.3-3 indicated t h a t  apparently mild corrosion 
a t tack  (discolorat ion)  could eventually lead t o  SCC i f  the corrosion con- 
d i t i ons  were allowed t o  persist under appropriate leve ls  of stress. The 
presence of a SCC sens i t iz ing  agent such a s  C 1 -  m i g h t  be expected t o  
s t rongly a f f e c t  the tolerance of aus t en i t i c  components fo r  sodium leaks/ 
s p i l l s .  There a r e  indicat ions,  however, discussed i n  Reference ( 2 ) ,  t h a t  
the C 1 -  on may exer t  some inhibi t ion on the SCC o f  aus t en i t i c  materials 
i n  caust  c solutions a t  ce r t a in  C1 cowentrqt jons.  This phenomenon will 

a 
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doubt less rece ive  g rea te r  a t t e n t i o n  consider ing t h e  extens ive a p p l i c a t i o n  
o f  a u s t e n i t i c  m a t e r i a l s  t o  t h e  sodium systems o f  LMFBR's. 
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Fer r i t i c  Material s 

Some Qualifications and Potential Limitations 

Fer r i t i c  alloys have v i r tua l ly  no competition i n  applications 
gh strength and resistance t o  deformation are  required under con- 
where a heavy section cannot be used t o  increase strength. In  

addition t o  the i r  strength potent ia l ,  certain alloying constituents can 
be incorporated i n  the f e r r i t i c  matrix t o  achieve a substantial degree of 
' t a i l o r ing '  t o  specific corrosion environments. Generally, the economic 
advantage of f e r r i t i c  alloys decreases rather rapidly when the composition 
i s  adjusted for  maximum corrosion resistance within the f e r r i t i c  framework. 
The 2 1/4 Cr-1Mo f e r r i t i c  s t e e l ,  now being considered for  a number of 
applications w i t h i n  the LMFBR plant, appears to  be an example of what is  
hoped to  be a judicial  balance between the economic factor and desirable 
general structural  quali ty,  including corrosion resistance.  With respect 
to  the important problem of  decarburization w i t h i n  sodium c i r c u i t s ,  and i t s  

mechanical property e f fec ts ,  this al loy i s  judged t o  be near i t s  l imit  of 
u t i l i t y  a t  temperatures somewhat less  than 500OC. ( l )  The a b i l i t y  of t h i s  
a l loy to  r e s i s t  the gamut of corrosion s i tuat ions which may be presented 
by LMFBR service,  including t u b i n g  for the sodium-water/steam heat 
exchangers and superheaters, i s  l ess  we1 1 established and there appears 
t o  be need for conservatism i n  applications of this al loy.  
data supporting this a t t i t ude  were presented i n  the previous section. 
Stress corrosion data for  t h i s  a l loy a re  evidently extremely scarce, par- 
t i cu la r ly  for  caustic media which a re  of special importance fo r  any 
material candidate which will be within the action scope of sodium. 
Accordingly, some s t r e s s  corrosion cracking information generally pertinent 
t o  low alloy f e r r i t i c  materials will be presented. Considering the sus- 
cep t ib i l i t y  of the 2 1 /4  Cr-1Mo al loy to  caustic attack indicated i n  the 
previous section, these stress-involved data cannot be regarded as an 
overly conservative index of behavior for  the low chromium-molybdenum 
a1 loys. 

Some corrosion 
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Q 
13.4.3.2 Caustic Stress Corrosion Cracking 

The phenomenon of cracking of f e r r i t i c  alloys in caustic environ- 
ments has been a prime subject of corrosion l i t e r a tu re  for  more t h a n  
50 years. 
caustic concentration which, under s t r e s s  and appropriate temperature 
conditions, caused severe cracking problems. Considerable additional 
information on the behavior of f e r r i t i c  a l loys i n  caustic media has been 
provided by industrial  manufacturers, and users, of caustic solutions. 
Berk and Waldeck(') presented some def ini t ion of the 'danger zone' for  
caustic cracking based on U-bend t e s t s  w i t h  SAE 1020 s t ee l .  This i s  given 
i n  Figure 13.4.3.2-1, which suggests a maximum ef fec t  for  solutions in the 
range o f  roughly 20-35% NaOH and a corresponding temperature l imit  for 
these concentrations o f  about 180°F. Schmidt e t  a l .  presented a some- 
what more r e s t r i c t ive  definit ion of the danger zone on the basis of an 
extensive NACE survey o f  caustic c racking .  T h e i r  summary i s  presented i n  
Figure 13.4.3.2-2, which gives a c r i t i c a l  temperature-concentration char- 
a c t e r i s t i c  somewhat more rigorous than Figure 13.4.3.2-1 w i t h  respect to  
temperature. Their data suggest a maximum ef fec t  a t  NaOH concentrations 
somewhat higher than the 20-35% range noted above and the i r  ' c r i t i c a l '  
temperature comes close to  100°F. Table 13.4.3.2-1 gives some caustic 
cracking data with specimen specif ics .  The f i r s t  entry in t h i s  table,  
namely, cracking a t  35OC (95°F) for  solutions i n  the range 4-60% would 
imply even more r e s t r i c t ive  conditions than Figure 13.4.3.2-2. 
chemical studies reported by Reinoehl and Berry(3) indicate tha t ,  under 
conditions favoring electrochemical action, caustic solutions down t o  
roughly 4% are  aggressive t o  f e r r i t i c  alloys a t  a temperature of 93°C 
(ZOOOF), i n  agreement w i t h  the c r i t i c a l  cracking character is t ic  established 
i n  Figure 13.4.3.2-2. 

Riveted boiler plates  apparently provided favorable s i t e s  f o r  

Electro- 

The e f fec t  of s t r e s s  on caustic SCC i s  complex and depends on 
specific exposure conditions, time of exposure, and the chemical and 
metallurgical history of the metal. 
f a i lu re  time ( e f )  character is t ic  for a given tempera,ture and caustic con- 
centration. Plastic s t r a in ,  rather than s t ress  per - se ,  i s  now considered 

Figure 13.4.3.2-3 i s  a typical s t ress -  
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Figure 13.4.3.2-1 (Ref. 1 )  
Caustic SCC Danger Zone 

0 NO FAILURE 

% GONCENTRATION 

Ftqure 13.4.3.2-2 (Ref. 2 )  
Relation of Temperature and Concentration 
of NaOH t o  Cause Cracking 
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Table 13.4.3.2-1 (Ref. 3 )  
NaOH Concentrattons a t  Which Caustic Cracking 
Has Been Observed f o r  Mild Steels 

h s t i c  Cracking 
Concentration Thrwhld 

bnge. 1m-W Expwun, 
K NaOH F C Conditions R d a m l a  

4-60 

5-73 
10-50 
10-76 

16-33 

1540 
18-40 

2055 
35-70 

(95) 

130 
4160) - 

4 176) 
1 80 

4180) 
(160) 

35 

(55) 
70 - 

85 
70 

0.1 2% C-0.47% Mn steel 
(1 18" boiler plate) 
NACE survey (serviat) 
Boiler service 
0.8% c steel, slow dnln 
rats tenrile t O d B  

3 mm thick Ubncb 
VUiOUB 
1020 steel 114" thlck 
U-beMlB 
Bayer planh service 
De-enamelling tanks 

0.03,0.09% c B t d 8  

service 

10 

3 
7 

11 

8 

8 
8 

4 
2 
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io3 

IO2 

IO' 

IO0 

Boiling 33 O/O WLaW 

~ 

1.62 2.13 2.84 3.55 4.26 4.97 5.68 6.39 710 

Stress, psi d x  io4 1 
Points C N Al si Mn P S CU 0 

0-0 B 0.04 0.014 0.001 < 0.001 < 0.001 0.003 0.002 -- 0.002 
6- -ac  0.02 0.006 < 0.003 0.003 0.018 o . 0 ~  o.oog < 0.~03 -- 

D 0.11 0.009 0.004 0.01 0.31 0.022 0.039 0.W -- 

- -  _ _  _ _  ~ 

Fiqure 13.4.3.2-3 (Ref. 4) 
Effect o f  Stress on Failure Times o f  Mild Steels i n  NaOH Solution 
( ~ 2 5  0" C ) 
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to  be c r i t i c a l  t o  SCC and the concept of a ' c r i t i ca l  ' s t r e s s  appears t o  
be of limited value. In other words, once suff ic ient  p las t ic  strain has 
developed as a resu l t  o f  various service conditions (temperature, s t ress  
cycling, steady s t r e s s ,  e t c . ) ,  SCC will occur in the presence of caustic 
and suff ic ient  s t r e s s  t o  propagate the crack. 

Relatively modest changes i n  temperature can dras t ica l ly  change 
the SCC tendency under given caustic and s t r e s s  conditions. 
indicated by Figure 13.4.3.2-4 where the Of i s  given as a function of applied 
potential .  
an order of magnitude change i n  the f a i lu re  time ( O f ) .  

important variable in SCC, with a slow s t r a in  r a t e  generally being more 

This i s  

I t  i s  seen that  a temperature change of 5OoC ef fec ts  roughly 
Strain ra te  i s  an 

harmful i n  the respect of SCC. This i s  indicated in Figure 13.4.3.2-5, 
where the cracking parameter ( i n  t h i s  case reduction i n  area a t  f rac ture)  
i s  plotted against applied potential for  various s t r a in  ra tes .  Applied 
poten t ia l s  w h i c h  produce serious cracking a t  a s t r a i n  r a t e  of 1 .6  x loe6 
sec-l ,  have no e f fec t  a t  the highest strain r a t e  (4.2 x sec-'). 

The a b i l i t y  of a metal t o  develop passive layers i s  crucial t o  
i t s  resistance t o  SCC. 
on the a b i l i t y  to  achieve passivation. 
plotted against time fo r  mild steel i n  the 50%, 80% and zero cold worked 
conditions. The less  negative potential i s  i n  the direction o f  passivity 
and i t  is  seen tha t  while the zero cold worked.materia1 exhibits a tendency 
t o  passivation a f t e r  roughly 30 m i n ,  the cold worked materials pers i s t  i n  
an active (corrosion mode) potential throughout the exposure t o  the caustic 
solution. 

Figure 13.4.3.2-6 shows the e f fec t  of cold work 
Here the corrosion potential i s  

The damaging ef fec t  of caustic SCC i s  indicated by Figure 13.4.3.2-7 
where maximum load sustained by the specimen, and the result ing reduction 
in area a t  f racture ,  a r e  plotted against the applied potential for given 
caustic concentration, s t ra in  ra te ,  and temperature conditions, 
applied potential t e s t s  provide a possibly unnatural acceleration of the 
SCC process, the damage ef fec ts  of these ' synthet ic '  t e s t s  i s  more than 
matched by observations o f  'natural '  SCC damage reported i n  surveys such a s  
Reference ( 2 ) .  

While 

Summary remarks given by Schmidt e t  a l .  a f t e r  t he i r  
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IO 

h 

- 700 -850 -eo0 - 9 0  -m -do0 -no 
Potential rnV(StiE1 

F i g u r e  13.4.3.2-4 (Ref. 4)  
E f f e c t  o f  Temperature on t h e  F a i l u r e  Time o f  Mild Stee l  
i n  NaOH S o l u t i o n  

X 

m 4 

Boiling 35 O/O NaOH 

X 1.6 X IO" s-' 
1.6 X IO-' S-' 

4 2 x IO" t-' 

B 
-760 -360 40 440 840 

Potential, mV(SHE1 

F i q u r e  13.4.3.2-5 (Ref. 4 )  
Ef fect  of S t r a i n  Rate on SCC 
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~ 

G 
g 
0 

Time (min)  

0 -  

F i q u r e  13.4.3.2-6 (Ref. 4 )  
Ef fect  of Cold Deformation o f  S tee ls  on Open C i r c u i t  
P o t e n t i a l  -Time Curves i n  NaOH S o l u t i o n  

- 0.25 

0.23 

u) 
C 
0 c 

0 
0 

3 0.21 

.- E 0.19 

$60 

E 
3 

x ' n 0.17 

d 40 

.o_ 20 

U 

0 

c 
c 
.- 

- e 7  

Boiling 35% NaOH 
Strain Rate = 4.2 x 10-6/s 

- 

F i g u r e  13.4.3.2-7 (Ref. 4)  
Embr i t t lement  E f fec ts  o f  SCC a t  Various App l ied  P o t e n t i a l s  
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extensive survey of industrial participants are  pertinent t o  t h i s  dis-  
cussion. 
made : 

The fo l  lowlng recomendations for m’l’nimizing caustic SCC were 
Q 

A .  Decrease s t r e s s  (residual and applied) 

1 .  Change design 

2 .  Stress reiieve 

B. Decrease temperature 

1 .  Change design 

2 .  Change operating conditions 

C .  Change material of construction 

1 .  Different metal 

a .  Nickel 

b .  Monel metal 

c .  Nickel clad steel  

2.  Coatings 

a .  Spraying with nickel 

b .  Spraying w i t h  s teel  

c .  Organic coatings (rubber has been used w i t h  
considerable success i n  minimizing caustic 
a t tack)  

The iron-chromium system has been the subject of considerable 
caustic corrosion research. Work cited i n  Reference (4 )  indicates tha t  
the 2 1/4 Cr-1Mo steel  composition i s  f a r  fram optimum i n  t h i s  respect 
and tha t  caustic resistance tends t o  increase with increasing chromium 
content. 
passivity of iron-chromium alloys i n  caustic media, the influence of t h i s  
compound apparently increasing with Cr content. 

The compound (FeCr)304 has been ci ted as  responsible for  
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13.4.4 Summary of Section 13.4 

The a d d i t i o n  of s t ress  ( s t r a i n )  t o  the corrosion conditions 
generally imposes more severe environmental l i m i t a t i o n s  on structural  
materials. Specifically,  temperatures and concentrations o f  corrosive 
species which m i g h t  be tolerable under unstressed conditions may, under 
s t ress ,  be unacceptable for sat isfactory performance. The interaction 
of p las t ic  s t ra ining w i t h  the various sodium related corrosion processes 
which may be potentially important t o  external sodium events i s  n o t  
well understood. Much of the current information on sodium corrosion 
and mass t ransfer  e f fec ts  takes l i t t l e ,  or no, cognizance of the straining 
variable and i t  i s  expected that  much of t h i s  information must be qualified 
in t h i s  respect. Caustic s t r e s s  corrosion cracking of austeni t ic  and 
f e r r i t i c  materials i s  probably better characterized than most s t r e s s  
ass is ted corrosion processes, although many important  aspects of t h i s  
problem remain unresolved t o  a sat isfactory extent. 

Components having surface stressed zones must be accorded special 
surveillance w i t h  respect t o  the corrosive action of sodium events, i . e . ,  
welded or flanged jo in t s  and connections, vibration prone locations,  
and a l l  components where an appreciable s t r e s s  f i e l d  probably obtains a t  
the surface. While i t  would be impractical t o  exclude thermal insulation 
from many such zones, provision must be made for  detection of sodium events 
which could a f fec t  the zone, and the guideline of prompt attention t o  the 
event applies most par t icular ly  here. 
of aus ten i t ic  and f e r r i t i c  materials for  corrosion sensi t iz ing agents, 
e .g . ,  chlorides, f luorides ,  sulf ides ,  e t c . ,  thereby invoking the demand 

for  specially good housekeeping a t  stressed zones t h r o u g h o u t  the f a b r i -  
cation, ins ta l la t ion  and service phases. 

6iiB 

Stress generally lowers the tolerance 
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13.5 NITROGEN R E A C T I V I T Y  WITH STRUCTURAL MATERIALS 

13.5.1 Scope o f  Problem 

Ni t rogen w i l l  be used as an ' i n e r t '  atmosphere f o r  sodium sensi -  

t i v e  zones w i t h i n  the  containment envelope o f  LMFBR systems. 

absence o f  agencies, such as i o n i z i n g  r a d i a t i o n ,  which can c rea te  a chemi- 

c a l l y  a c t i v e  n i t r o g e n  species, n i t r o g e n  gas, p e r  se, i s  n o t  expected t o  

pose any s t r u c t u r a l  degradat ion problem a t  the  temperatures which w i l l  

ob ta in  du r ing  normal opera t ion  f o r  t he  ex terna l  system. Data on pure 

n i t rogen  r e a c t i v i t y  w i t h  var ious  metals i s  s u r p r i s i n g l y  sparce, oresuma- 

b l y  because i t s  p r i n c i p a l  areas of app l i ca t i on ,  up t o  the  present,  have 

n o t  invo lved temperatures where i t s  r e a c t i v i t y  w i t h  metals can be 

regarded as s i g n i f i c a n t .  N i t r i d i n g  o f  t he  sur face l a y e r  o f  var ious  
a l l o y s  has, o f  course, been a l ong  used device t o  improve the  wear and 

f a t i g u e  p r o p e r t i e s  o f  metals w i t h  des i rab le  general s t r u c t u r a l  q u a l i t i e s .  
N i t r i d i n g  may be app l i ed  i n  l i q u i d  o r  gaseous media. I n  l i q u i d  phase 

n i t r i d i n g ,  n i t r o g e n  i s  in t roduced t o  the  metal by n i t rogenous compounds 

such as NaCN o r  KCN, w i t h  the  ass is tance o f  cyanates such as NaCNO, o r  

KCNO. Gas phase n i t r i d i n g  may employ an atmosphere o f  p a r t l y  cracked 

ammonia, o r  a m ix tu re  o f  n i t rogen  and hydrogen may be used w i t h  the  

agency o f  glow discharge which chemical ly  a c t i v a t e s  the  n i t r o g e n  and pre-  

pares the  metal  sur face f o r  n i t r i d i n g  by removing ox ide b a r r i e r s .  

n i t r i d i n g - t h e  fo rmat ion  o f  n i t rogenous compounds w i t h  a l l o y  c o n s t i t u -  

ents  p l u s  a g rad ien t  o f  d isso lved n i t r o g e n  i n  t h e  base metal ma t r i x -  

requ i res  r a t h e r  spec ia l  chemical and phys ica l  cond i t i ons  w i t h i n  the  

temperature regime o f  present  i n t e r e s t  (up t o  .~500OC). 

I n  the 

Thus, 

I f  a s t r u c t u r a l  metal  i s  exposed t o  l i q u i d  sodium under an ambient 

n i t r o g e n  atmosphere, some n i t r i d i n g  o f  the  metal may occur a t  temperatures 

approaching the  maximum which cou ld  e x i s t  under extreme ex te rna l  system 
cond i t ions ,  i.e., a sodium s p i l l / l e a k  a t  a s i t e  p e r m i t t i n g  residence o f  
the  sodium f o r  some t ime a t  a temperature o f  t he  order  o f  400°C o r  above 
under a n i t r o g e n  atmosphere. 

face l aye rs  (ox ides)  which otherwise tend t o  discourage chemical reac- 

t i v i t y  o f  the  metal .  

Sodium has a p ropens i ty  f o r  removing sur-  

The ac tua l  s t a t e  o f  n i t r o g e n  disposed i n  l i q u i d  
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sodium i s  s t i l l  uncertain. Evidently, the combination of sodium 'sen- 
s i t i z ing '  the metal surface plus some extra ac t iv i ty  of nitrogen in 
sodium i s  suf f ic ien t  t o  create a condition favorable for  soiiie ni t r id-  
i n g  a t  temperatures in excess of roughly 400°C. Some observations of 

t h i s  e f fec t  will be discussed for  austeni t ic  and  f e r r i t i c  metals. 

Q 
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13.5.2 A u s t e n i t i c  M a t e r i a l s  

13.5.2.1 t12-Na E f f e c t s  

Table 13.5.2.1-1 l i s t s  some common n i t r o g e n  compounds w i t h  a 

number o f  elements found i n  a u s t e n i t i c  and f e r r i t i c  a l l o y s .  Aluminum, 

chromium, t i t an ium,  z i rcon ium and vanadium a re  among the  elements which 

have been used, t o  form n i t r i d e  cases on i r o n  base a l l o y s .  The n i t r i d e  

C r N  has been i d e n t i f i e d  i n  instances o f  t he  n i t r i d i n g  o f  a u s t e n i t i c  

a l l o y s  i n  sodium-ni t rogen environments. 

n i t r i d i n g  observat ions o f  G i l l  and B o k r o ~ ' ~ )  w i t h  304 SS. 

mens were p o s i t i o n e d  t o  a l l o w  bo th  n i t r o g e n  and sodium exposure o f  t he  

specimen and the  t a b l e  i n d i c a t e s  the  n i t r i d i n g  above ( n i t r o g e n  s ide ) ,  
below (sodium s ide )  and a t  t h e  sodium-ni t rogen i n t e r f a c e .  

n i t r i d i n g  occurred c l o s e  t o  t h e  i n t e r f a c e ,  w i t h  a gradual progress ion 

o f  n i t r i d i n g  e f f e c t  i n  bo th  d i r e c t i o n s  f rom t h e  i n t e r f a c e  w i t h  increas-  
i n g  exposure time. 

t e s t s  a t  the  r e l a t i v e l y  h i g h  temperature o f  538°C (1000°F) f o r  t he  

ex te rna l  environment i s  t o  be emphasized. F igure  13.5.2.1-1 presents  

data o f  Wheeler(4) c i t e d  i n  Reference 5, f o r  347 SS. 
p r i s i n g l y  good agreement between these two data se ts  i n  t h e  repo r ted  

n i t r i d e d  depths f o r  1000°F f o r  comparable exposure times. Once again, 

the  long exposure t imes and r e l a t i v e l y  h i g h  temperatures used t o  
ob ta in  t h e  n i t r i d i n g  e f f e c t s  o f  F igure  13.5.2.1-1 a re  t o  be noted. 

Table 13.5.2.1-3 summarizes r e s u l t s  o f  n i t r i d i n g  s tud ies  conducted a t  

Kno l l s  ( c i t e d  i n  Reference 2),  w i t h  a number o f  ma te r ia l s ,  i n c l u d i n g  

a u s t e n i t i c  a l l o y s  and t h e  f e r r i t i c  a l l o y  2 1/4 Cr-1 Mo. The s t a t i c  cap- 

su le  t e s t  a t  900°F (482°C) comes c l o s e s t  t o  our  present  concern i n  t h a t  
an apparent ly  n i t r i d e d  l a y e r  of 0.25 m i l  depth developed on 347 SS a f t e r  

7 day5 exposure. 

ences between 347 and 304 SS, a re  i n  good agreement w i t h  F igure  13.5.2.1-1. 

Table 13.5.2.1-2 summarizes 

These speci -  

The severest  

The long  exposure t imes (660-1400 h r )  f o r  these 

There i s  sur -  

The 1100°F (593°C) data, n e g l e c t i n g  composi t ion d i f f e r -  

As i n d i c a t e d  by t h e  data o f  Table 13.5.2.1-1, Ca and Mg e x h i b i t  

s t rong  n i t r i d i n g  tendencies. 
f o r  c o n t r o l l e d  a d d i t i o n s  o f  Cu o r  Mg t o  sodium t o  minimize n i t r i d i n g  o f  

steels,  e s p e c i a l l y  the  SS 's .  

gen c a r r i e r s  i n  the  sodium p l a c i n g  the  n i t r o g e n  i n  a l e s s  access ib le  form 
as a calcium, o r  magnesium, n i t r o g e n  complex. 

Reference 6 c i t e s  a recen t  pa ten t  granted 

These elements presumably r e a c t  w i t h  n i t r o -  
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. 
E x ~ ~ B u . - ~  Time 

(hr) 

660 

1140 

1400 

n i t r i d e  

A1 N 
6N 
Ba3N 

Be3N2 

Ca3N2 
CrN 
Fe4N 
L i  3N 

( W 2  

M31$ 
Mn5M2 
Mo2N 
Si $1, 
TaN 
Th3M4 
Ti N 
UN 
VN 

W2N 
ZrN 

- .  

- 
wcimen Pornition 

Sodium Side Interbcr Nitrogen Side hkrfacc  
Slightly Below 3 in. Below Slight ly Above 3 :n. Above 

(mil) (-1 1 (mi;) (mil) 

0.9 a. 1 None 

1.5 0.1 

z.0 0 . 3  

0.1 

0 .4 a 

Tab le  13.5.2.1-1 (Ref. 1 )  
Thermodynamic Data f o r  Some N i  tr i  des 

A H o ( K c a l / r m l e )  AGO( ~ c a i / m o i e )  

-76.5 

-60.7 
- 90 

-1 35 
+74 

-105 

-29 
-1.1 

-47 

-1 10 

- 58 
-1 7 

-1 79 
- 58 

-31 0 
-80 
-80 
-41 
-1 7 
-87 

-73 

+71 
- 99 

+2.4 

- 96 

-47 
-10 

-1 55 

-52 
- 284 

-73 
-79 
-34.5 
-1 1 

Tab le  13.5.2.1-2 (Ref. 3)  
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1 .o  

0 . 1  

0 . 0 1  

Figure  13.5.2.1-1 (Ref. 4 )  . 
N i t r i d i n g  o f  347 SS i n  S t a t i c  Sodium w i t h  N i t rogen 
Cover Gas 
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Table  13.5.2.1-3 (Ref. 2 )  
N i t r i d i n g  o f  Various Mate r i a l s  i n  Sodium Under a Nitrogen Cover Gas 

Weight Thicknes s 
Surface Change, me of Nitride Knoop Hardness 

Area, (Average, of 3 Layer ,  Nitride Base 
Test Material dm2 Specimens) mils  Layer Moterial X-Ray Diffraction Data 

Static Capsule Teste  Be 0.072 t 0. 4(a) None(b) - - Fi lm identified a s  
900 F, 7 days 
02 t 0.003 wt % 347 ss 0.074 t 1.0 0. 25 285 178 None taken(c) 
Ca = 10 ppm 

Be 3N2 

b t i c  Container Testa 347 ss 0.196 
1100 F, 30 days 
02 8 0.003 wt % 304 SS 0. 163 
Ca= 10 ppm 

410 SS 0.163 

2.5Cr-1Mo 0.163 
18-4-1 tool 0. 102 
steel 

s teel  
6-6-2 tool 0.163 

t 9.0 0.4 243 182 None taken(c) 

t 9.0 1.0 350 156 Layer identified as 

t18.0 2.25 263 154 Layer identified a i  
yCrN 

yCrN 
0.0 None 1 55(d) 131 - 

t 2.0 1.5 310 243 None taken(c) 

t 7.0 1.5 277 212 None taken(c) 

After descaling; film weight (per  specimen) 1.6 mg. 
No vieible nitride effect on descaled surface, except remaining nitride film caught in narrow irregular i t ies  owing to 
incomplete descaling. 
Structure s M l a r  between this film and X-ray identified films,plue the increase in hardnesa, a r e  taken a s  evidence that 
this film c a r r i e s  a nitride. 
Too small an increase to be significant in the abeence of a vieible film. 

References f o r  13.5.2.1 

1. J .  D. Fas t ,  I n t e r a c t i o n  o f  Metals and Gases, Academic Press, N . Y . ,  
1965. 

2. J. H. S tang e t  a l . ,  "Compat ib i l i ty  of  Liquid and Vapor Alka l ine  
Metals w i t h  Contruct ion Mate r i a l s , "  DMIC Rpt-227,  A p r i l  1966. 

3. J .  J .  G i l l ,  J. C. Bokros, " N i t r i d i n g  of Type 304 Stainless Steel i n  
a Sodi um-Ni t rogen System," NAA-SR-6162, May 1961 . 
G. C. Wheeler, "The Effect of  Nitrogen Covered Sodium on S-20 St ruc-  
t u r a l  Ma te r i a l s , "  AECU-3656, 1957. 

H. P. Maffei ,  "Cover Gas Impur i t i e s  i n  Sodium Cooled Reactors :  
L i  t e r a t u r e  Survey, I' BNWL-849 , Aug . 1968. 

Corrosion Abs t r ac t s ,  - 13, No. 2,  March 1974, Item 89-75. 
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5. 
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13.5.2.2-1 

13.5.2.2 The Influence of Oxidizing Gas Species on Na Effects 

Without the conjoint action of sodium, nitrogen i s  not expected 
t o  pose any s ign i f i can t  corrosion problem within the external environment. 

Q 
Figure 13.5.2.2-1 presents r e su l t s  of nitrogen-H20 and nitrogen-02 cor- 
rosion studies conducted a t  Bat te l le  Columbus(') with a number of austeni-  
t i c  a l loys.  An oxidizing species,  such as O2 o r  H20, tends t o  counter 
any nitrogen r eac t iv i ty  w i t h  the  metal by imposing an oxide layer.  
ure 13.5.2.2-2 presents a graphical summary of the various nitrogen-O2 
t e s t s  a t  1650°F (899°C). The ' a t tack '  i n  th i s  instance i s  oxidation. 
There was no ident i f ica t ion  of a ni t rogen compound in these tes ts ,  
a1 though some nitrogen solution was apparently detected. 

Fig-  

Ref e ren ce fo r  1 3.5.2.2 

1. D. L. Keller e t  a l , ,  "Corrosion of Stainless  Alloys in High Tempera- 
ture Nitrogenous Environments," BMI-1361, July 1959. 

9 
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0.5 

Nitrogen +0.07 volume per cent H20 I .5 

1.0 

0.5 - - 
I 

0- I w 

Nitrogen +0.2 volume per cent HzO 

1.5 

I .o 

0.5 

I I 
Nitrogen +0.05 volume per cent oxygen 

L_I . 7 - - 
- 

Figure 13.5.2.2-1 (Ref. 1 )  
Maximum Depth o f  Oxidation o f  Various Ferrous A 
Exposed f o r  100 hr i n  Nitrogen Containing Small 
Amounts o f  Oxidizing Gases 

1.5 2.0 

1.0 . 
0.5 

I I - 
Nitrogen +O.l volume per cent oxygen 

I - 
n - I II 1 Y 

1 oys 

o r  
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4 

I 

0. I 
1 

I I I 

oxygen 
1 

Symbol volume per cent 
0 0.05 
0 0. I 

- 0  0.5 
0 5.0 

I O 0 0  4000 

Time of Exposure, hr 

F i g u r e  13.5.2.2-2 (Ref. 1 )  

E f f e c t  o f  Oxygen i n  N i t r o g e n  Atmospheres on t h e  
O x i d a t i o n  o f  Type 318 SS a t  165OOF 
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13.5.3 Fe r r i t i c  Materials 

13.5.3.1 8 Nitrogen Solubili ty a n d  Equilibrium Thermodynamics Predictions 
of Nitrogen Reactivi t y  

The formation of s table  ni t r ides  in a ferrous base depends on 
the presence of elements with a strong a f f in i ty  for nitrogen. 
possesses a re la t ively small so lubi l i ty  for  nitrogen (see Table 13.5.3.1-1). 
Furthermore, i t s  principal n i t r ide ,  Fe4N i s  re la t ively unstable as shown 
by the f ree  energy-temperature diagram given in Figure 13.5.3.1-1. 
example of the use of t h i s  type of diagram, the reaction producing Fe4N 
a t  440°C requires an overpressure of nitrogen of a b o u t  4700 atmospheres 
to  maintain the Fe4N a t  equilibrium. The relat ive potency o f  NH3-H2 mix-  
tures with respect t o  ni t r iding i s  also indicated by th i s  diagram. Under 
the above conditions, 

2 3 p(NH3) /p (H2)  equal t o  a b o u t  0.26 will equilibrate with the Fe4N. 
N 2  overpressure for  equilibrium i s  obtained by drawing a l ine  between the 
I D '  point on the l e f t  hand scale and  the intersection of the desired 
reaction l ine  with the desired temperature and  extending th i s  l ine  t o  
the p~~ scale on the r ight .  
connecting the IN' point on the l e f t  scale t o  the curve-temperature 
intersection and extending t o  the ( p  )?(p ) 3  scale on the r ight .  This 
diagram also ident i f ies  the principal elements used for  ni t r iding,  namely, 
Al, T i ,  Zr, etc., as noted i n  the previous section. The lower the reac- 
tion l ine  on this diagram, the more s table  the corresponding n i t r ide  
according t o  the cr i ter ion o f  equi 1 i b r i  um thermodynarni cs. 

Pure iron 

As an 

. NH3+H2 a t  1 atmosphere pressure with a r a t io  
The 

The N H 3 / H 2  r a t i o  a t  1 atm i s  determined by 

NH3 H2 

References for  13.5.3.1 

1. J .  D. Fast, Interaction of Metals and Gases, Academic Press, N . Y . ,  
1965. 

2. J .  Pearson, U.J.C. Ende, "The Thermodynamics o f  Metal Nitrides and 
o f  Nitrogen i n  Iron and Steel ,"  J. Iron & Steel Inst . ,  Sept. 1953, 
p.  52. 
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Table 13.5.3.1-1 (Ref. 1) 
Solubility o f  Nitrogen i n  Alpha Iron in Equilibrium with N2 (1 atm) 

T ( C )  

20 
100 
200 
300 
400 
500 
590 
700 
800 
880 

sol ubi 1 i ty (w/o)  

4.1 XI f3 
5.9~1 O-* 
4.6~10-1 
1.7 
4.5 
9.0 

15 
24 
33 
42 
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13.5.3.2 Steel Compositions Favoring Nitriding and Na Influence 
on Nitrogen Effects 

Table 13.5.3.2-1 l i s t s  the composition of some f e r r i t i c  alloys 
tailored for  ni t r iding,  together with the composition o f  the 2 1 / 4  Cr-1Mo 
s t ee l ,  of present in te res t  t o  LMFBR systems. 
from the 'n i t ra l loys '  principally i n  C and A 1  content, with aluminum being 
the principal element distinguishing the nitriding character is t ics  of 
these alloys from the 2 1/4 Cr-1Mo al loy.  
noted tha t  2 1/4 Cr-1Mo d i d  not n i t r ide  a t  1100°F (593°C) under the sodium- 
nitrogen exposure conditions fo r  up  t o  30 day's exposure. 
f e r r i t i c  alloys with the sodium-nitrogen system have n o t  been noticed. 
The 304 and 347 S S ' s  d i f f e r  from the 2 1 /4  Cr-1Mo al loy in Cr content 
( 2  1/4 compared to  about 18%) and Ni content (0.09 compared to  about l o ) ,  
while the f e r r i t i c  SS's ( e . g . ,  410) d i f f e r  in Cr content only t o  a b o u t  
the same extent.  Nickel does not n i t r i d e  apprec iab ly ,  according t o  

available data.  Therefore, the chromium content must be assigned the 

The l a t t e r  alloy d i f fe rs  

I n  Table 13.5.2.1-3, i t  was 

Other data on 

responsibil i ty fo r  the re la t ive ly  greater ni t r iding propensity campared 
t o  the low al loy f e r r i t i c  materials such as  2 1/4 Cr-1Mo. CrN, as  noted 
above, i s  the only n i t r ide  ident i f ied by the ci ted references i n  connec- 
tion w i t h  n i t r iding of the 300 and 400 ser ies  SS ' s .  

Nitrogen is  one of the i n t e r s t i t i a l s  which can a f fec t  the 
s t r e s s  corrosion cracking tendencies o f  a f e r r i t i c  material. 
nitrogen would be expected t o  be more important i n  this respect t h a n  
n i t r ide  compounds. 
i f  exposed t o  nitrogen a t  temperatures near the maximums expected for  
LMFBR service. 
absorption a t  the somewhat lower temperatures which could obtain under 
sodium sp i l l / l eak  conditions. The structural  e f fec ts  of t h i s  phenomenon 
are  v i r tua l ly  unknown a t  t h i s  juncture and t h e i r  elucidation will come 
principally from actual working experience w i t h  LMFBR systems. 

Reference for  13.5.3.2 

Dissolved 

Nitrogen solution will occur in f e r r i t i c  materials 

The presence of sodium m i g h t  accelerate the nitrogen 

1 .  J .  D.  Fast, Interaction of Metals and Gases, Academic Press, N . Y . ,  
1965. 
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Table 13.5.3..2-1 (Ref. 1 )  

Compositions o f  Some ' N i t r a l l o y s '  Compared t o  2 1 /4  Cr-1Mo Steel 

I d e n t i -  * 2 1/4 
f i c a t i o n  135 135 mod. N EZ GR 

C o.30-.40 o . w - . o ~  r u n -  77 n ?- dn 1.35-1.60 n 08 
C,--lMo 

\ 

Mn 0.40-.70 0.40-.70 0.40-.70 0.50-1.10 ]11.4-0.6 0.6 

S i  0.20--40 0.20-0.4 0.20-.4 0.20-.40 1.25-1.5 0 .39  
C r  0.90-1.4 1.4-1.8 1.00-1.5 '1.00-1.5 0.20-.hC) 2.25 
A1 0.85-1.20 0.85-1.2 0.85-1.20 0.85-1.20 1.00-1.5 0.009 
Mo 0.15-0.25 0.30-.45 0.20-.30 0.15-.25 0.20-.30 0.87 
Other N i  (3.25) ;Se( .15) F j i  (9.09) 

* 
I d e n t i f i c a t i o n  accord ing t o  M a t e r i a l s  and Methods, March 1954. 
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13.5.4 Summary of Section 13.5 

Although the nitriding 'problem' has received relatively little 
attention in connection with LMFBR systems, the available information 
indicates that, except under conditions permitting long residence of 
sodium on structural materials under nitrogen, at temperatures in excess 
o f  roughly 450°C, nitriding of the principal structural materials should 
present no significant problem. 
would very probably develop, or be indicative of , other problems somewhat 
more serious than nitrided spots on massive structural components. 
the temperature factor is critical to this phenomenon, the time factor is 
not less so and prompt attention to sodiug events should minimize nitrogen 
interaction with structural materials in the external environment. 

It is submitted that such conditions 

I f  

3/31 175 



13.6.1-1 

13.6 REACTIVITY OF THE Na-H20-0 SYSTEM WITH THERMAL 

INSULATION MATERIALS 
-2 

13.6.1 Scope o f  Problem 

Thermal i n s u l a t i n g  m a t e r i a l  w i l l  be i n  c lose  con tac t  w i t h  t h e  

sodium c i r c u i t s  o f  t h e  LMFBR, under var ious  ambient atmosphere and tem- 

pe ra tu re  cond i t i ons .  The annulus between the  i n s u l a t i o n  and the  sodium 

envelope may vary  f rom l e s s  than an i n c h  t o  severa l  inches, depending on 

the  requirements f o r  ins t rumenta t ion ,  heater  c i r c u i t s ,  e t c .  

m a t e r i a l s  a re  i n v a r i a b l y  o f  complex chemical and phys ica l  s t r u c t u r e .  The 

spectrum o f  p o s s i b l e  i n t e r a c t i o n s  between these m a t e r i a l s  and t h e  Na-H20-O2 

system poses a problem i n  any q u a n t i t a t i v e  p r e d i c t i o n s  o f  s t r u c t u r a l  e f f e c t s  

r e s u l t i n g  f rom sodium s p i l l s / l e a k s  i n t o  an environment c o n t a i n i n g  such mate- 

r i a l s ,  under atmospheric cond i t i ons  which a l s o  can span a wide range o f  

chemical a c t i v i t y .  

I n s u l a t i o n  

Th is  sec t i on  w i l l  rev iew some sod ium-re f rac tory  i n t e r a c t i o n  data. 

The data i n c l u d e  some general  chemical r e a c t i v i t y  data f o r  a number o f  
compounds which may be incorpora ted  e i t h e r  i n  i n s u l a t i o n  m a t e r i a l  o r  i n  

ox ide  l a y e r s  on t h e  s t r u c t u r a l  metal  sur face,  and some recent  engineer ing 

q u a l i f i c a t i o n  t e s t s  w i t h  a number o f  commercial i n s u l a t i o n  m a t e r i a l s  which 

are  candidates f o r  LMFBR serv ice .  
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13.6.2 Sodium Reactivity with Refractory Materials 

Sodium reac t iv i ty  with materials which could comprise thermal 
insulat ion materials i s  n o t  well characterized because of the r e l a t ive ly  
complex chemistry involved, even with materials exceeding industr ia l  stan- . 

dards of purity.  S t a t i c  sodium exposure t e s t s  over a range of tempera- 
t u re ,  including the possible extremes associated with the external system, 
wil l  provide some discrimination among possible const i tuents  of thermal 
insulation material .  
e r ly  comprehensive t e s t  program would involve a l l  of the s igni f icant  
reaction products of the Na-H20-02 system. In this respect ,  present 
refractory and insulat ion data appear t o  be qui te  l imited.  

As noted i n  the previous sect ions,  however, a prop- 

Table 13.6.2-1 gives the r e su l t s  of several s tudies  of the reac- 
t i v i t y  of sodium w i t h  various refractory materials.  
r e f e r  t o  s t a t i c  t e s t s  a t  815"C, f o r  100 hr exposure. 
could be incorporated in  commercial insulat ion,  A1203, MgO and Be0 exhibi t  
the best  s t a b i l i t y  i n  t h i s  t e s t ,  w i t h  T h o  and Zr02 progressively worse. 
Table 13.6.2-2 presents the  r e su l t s  of another r eac t iv i ty  survey in  sodium 

The e f f e c t  of a tem- 
perature increase i s  somewhat surpr is ing in several cases ,  although the 
mixed oxide systems used in  some of these t e s t s  involve complex t r ans i -  
t i ons ,  where r eac t iv i ty  e f f ec t s  would be d i f f i c u l t  t o  predict .  This i s  
indicated by the r e s u l t s  a t  932OF f o r  the BeO-Zr02 system, which, despi te  
the presence of Zr02 (note Table 13.6.2-1 r e s u l t s  f o r  Zr02), performed 
be t t e r  than the t r i o  of be t t e r  solo performers, namely, Mg0-Be0-A1203. 
The other oxide complex incorporating Zr02 a l s o  gave the best s t a b i l i t y  
a t  the higher t e s t  temperature. 

The sodium data 
Of the oxides which 

2 

a t  temperatures of 932OF (499OC) and 1382°F (749°C). Q 

Purity and physical s t a t e  markedly influence the chemical response 
of a refractory and there a r e  many oppor tun i t i e s  f o r  substant ia l  var ia t ion 
i n  these fac tors  between laboratory t e s t  specimens and comnercial formula- 
t ions sometimes using a number of refractory species in  a given composite. 
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T a b l e  13.6.2-1 (Refs .  1 , Z )  

Corrosion R e s i s t a n c e  o f  Ceramics t o  Sodium and NaK 

Exposure to NaK-50 for 168 Hours in Til!ing- 
Furnace Equipment Where THigh = 871 C 

and T L ~ ~  = 65QC 
Exposure to 815-C Static Sodium 

for 100 Hr 

Ceramics Showina No Observable Attack And Verv Sliaht Weiaht Losses 

Cr3C (98.7)(a) CbC (< 1 )(a) 
TIC (97.4) TIC (< 1 ) 
ZrC (100) wc (<3) 
AI203 (single crystal) (100) Be0 (< 1 )  
Be0 (96) 
MgO (single crystal) (100) 
Mg2A104 (single crystal) ( 1  00) 
Sm2O3 (79) 
-49.5 Sm203-27 Gd203-balance. 

ZrB2 
other rare-earth oxides (90) 

Ceramics Showing Relatively Litt le Attack But Enough to  Distinguish 
Them From Materials in the Cateqorv Indicated Above 

B4C (80-90) 
Si C 

Si3Nq (67.7) 
MoSi2 

Tho2 (75-80) 

TIN (<3) 
TiB2 (2) 

Ceramics Showing Significant Degrees of Attack 

Zr-02(Ca-stabilized) B4C (0.5) 
BN (60-98) B4c-20 w t  percent ZrB2 (0.4) 

Mo2C (8) 

ZrC (< 1 
Ta2O5 (2)  
T h o 2  (<2) 

ZrB2 (0 7) 
CaF2 (1 )  
MoSi2 (< 1 )  
MoS2 (18) 
CeS ( 19) 

TIN SIC-Si (0.3) 

u 0 2  (2) 

~~ 

(a) In the left column the numbers in parenthesis refer t o  percent of theoretical 
density. in the right column, the corresponding numbers refer t o  apparent 
porosity in percent. 
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13.6.2-3 

Table 13.6.2-2 (Refs. 1,3) 
Resistance of Selected Ceramics and Cermets 
to Attack by Aged and Filtered Sodium 

Corrosion Rate, 
Mole Compositions, mg / (cm2) (mont h) Absorption, Density, 

Except as Indicated 932 F 1382 F percent g l c c  

Artificial per ic lase  c rys ta l  (MgO) -0.4 
B e 0  0. 14 
Stabilized ZrO 2.7 
lBeO : lAl2O3 0.0003 
lMgO :4Zr02  -0.091 

-0.44 
76Be0 : 4A1203: 20Zr02 -0.64 

3Mg0 : 90Be0 : lZrO2 -0.68 

lMgO : 8Be0  : lA1203 

( t 2  wt% CaO) 

Hot-pressed synthetic mica Disintegrated 
TiN Spalled 
CaZrOg 28.7 
CdO Missing 
ZnO Missing 
Be2C (swelled due to hydra- 4 .5  

tion af ter  tes t )  
MoSi2 Missing 

C e r  amic  s 

- 0.25 

-14.6 - 1. 6 
0. 54 

- 0.96 

0.18 
0.01 
0.03 
0.01 

0.03 
2.74 
2.39 
4.28 
5. 33 
2. 33 

6.10 
- 

Cermet  s 

K-138 (Co-bonded T i c  -0.275 
K-138A (Co-bonded CbC) -0.225 
K-L? (Co-bonded WC) -0.15 - 0. 1 
K-152 (Ni-bonded T i c )  -0.15 - 1.77 
K-152B (Ni-bonded CbG) -0 .05  - 1.6 
100 percent  T i c  -0,025 - 0.22 

References for 1 3.6.2 

1 .  W. E. Berry, Corrosion in Nuclear Application, John Wiley, N.Y., 1971. 

2. S. 3. Basham, et al., "Corrosion Screening of Component Materials for 
NaK Heat Exchange Systems;" Chemical Engr. Prog. Symposium Series, 
- 55(23), 1959, p .  53. 

3. W .  H. Cook, "Corrosion Resistance of Various Ceramics and Cermets 
in Liquid Metals;" ORNL-2391, June 1960. 
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13.6.3-1 

13.6.3 General Chemical R e a c t i v i t y  o f  Var ious Oxides 

The chemical  r e a c t i v i t y  o f  t h e  v a r i o u s  substances which c o u l d  be 

i n c o r p o r a t e d  i n  thermal i n s u l a t i o n  f o r  sodium systems i s  a complex s u b j e c t  

o f  v a s t  scope. The prev ious  s e c t i o n  i n d i c a t e d  some m a t e r i a l  g u i d e l i n e s  w i t h  

r e s p e c t  t o  sodium c o m p a t i b i l i t y .  Table 13.6.3-1 l i s t s  some a d d i t i o n a l  reac-  

t i v i t y  i n f o r m a t i o n  f o r  some o f  these m a t e r i a l s .  Whi le much o f  t h i s  informa- 

t i o n  may n o t  be immediate ly  p e r t i n e n t  t o  t h e  e x t e r n a l  system, genera l  reac-  

t i v i t y  comments o f t e n  f u r n i s h  v a l u a b l e  c l u e s  t o  t h e  a n a l y s i s  o f  s p e c i f i c  

c o r r o s i o n  s i t u a t i o n s ,  t h e  e f f e c t  o f  contaminant substances, e t c .  I t  i s  t o  

be noted t h a t ,  w i t h  t h e  e x c e p t i o n  o f  MgO f o r  which such i n f o r m a t i o n  was n o t  

presented, a l l  o f  t h e  r e f r a c t o r i e s  l i s t e d  i n  t h e  t a b l e  e x h i b i t  some r e a c t i v -  

i t y  w i t h  a l k a l i  metal  and/or  a l k a l i  metal  r e a c t i o n  products  a t  p e r t i n e n t  

69 

temperature l e v e l s .  These oxides--A1203, Zr02 and BeO- s i n g l y ,  and i n  combi- 

n a t i o n ,  were r a t e d  w i t h  r e s p e c t  t o  sodium r e a c t i v i t y  i n  Tables 13.6.2-1,-2. 

C a u s t i c  c o r r o s i o n  data,  o v e r  a range of c a u s t i c  (NaOH) c o n c e n t r a t i o n ,  

would be o f  i n t e r e s t  f o r  these m a t e r i a l s ,  a l though o f  l e s s  p r a c t i c a l  s i g -  

n i f i c a n c e  than s i m i l a r  da ta  f o r  commercial thermal  i n s u l a t i o n  f o r m u l a t i o n s .  

Tab le  13.6.3-2 p resents  some genera l  r e a c t i v i t y  i n f o r m a t i o n  f o r  

s e v e r a l  o x i d e s  which a r e  p r e s e n t  t o  some e x t e n t  on t h e  p r o t e c t i v e  o x i d e  

l a y e r s  o f  a u s t e n i t i c  and f e r r i t i c  s t r u c t u r a l  m a t e r i a l s .  Halogens (C1 , 
F, B r )  a r e  g e n e r a l l y  d e t r i m e n t a l  t o  o x i d a t i o n  produc ts .  I n f o r m a t i o n  on 

t h e  e f f e c t  o f  c a u s t i c  s o l u t i o n s  on these ox ides i s  a p p a r e n t l y  v e r y  sparce. 

Sodium, above n o t  w e l l - d e f i n e d  temperatures,  i s  aggress ive  towards t h e  
o x i d a t i o n  l a y e r s  on f e r r i t i c  and a u s t e n i t i c  alloys. N e v ~ o r o v ' ~ )  d i s c u s s e s  

a number of high- temperature (%800°C) t e s t s  w i t h  v a r i o u s  sodium-oxide sys- 

tems. 

r e s p e c t  t o  p o s s i b l e  c a u s t i c  i n t e r a c t i o n .  

Q 

The observa t ions ,  however, a r e  n o t  p a r t i c u l a r l y  i l l u m i n a t i n g  w i t h  

References f o r  13.6.2 

1. G. V. Samsonov (Ed.), The Oxide Handbook; IFI /Plenum, N.Y.  1973. 

2. 8. A .  Nevzorov, Cor ros ion  o f  S t r u c t u r a l  M a t e r i a l s  i n  Sodium; 
Jerusalem, 1970. 
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13.6.3-2 

Table 13.6.3-1 (Ref. 1)  
Misc. R e a c t i v i t y  of Ref rac tory  Oxides 

Reactant - Comnents Oxide Reactant 

1 

1 1 7 0 0  I R S J C ~  in prt;ence of 

I 
Nitrogen 

1 carbon with formation 

W ater I 
I of aluminum nitride 

Hydrogen. carbon 
monoxide, hydro- 
carbons 
Silicon 

Sulfur, phosphorus, 
arsenic, and their 
compounds 
Carbon 

Potassium 
pyrosulfate 
Acids and alkalis 
Alkalis (melts)  

____ __._ .- 

Air 
W ater 

Acids 
Magnesium 
chloride (30% 
solution) 
Nitrogen + carbon 
disulfide vapor 
Carbon 

Chlorine + carbon 
monoxide 

-- 

s o l u b l e  
lo reaction 

eact on heating in 
acuum by the rehL.- 
ion All$ + 2Si = 
S i 0  + A1@ 

I 

No reaction 

React with forniation 
of carbide AI&,  

React on fusion 

Insoluble 
React with formation 
of aluminates 

No reaction 
React with formation 
of hydroxide Mg(OH), 
Dissolve 
React with formation 
of oxychloride Mg&CI, 

React with formation 
of sulfide MgS 
React with formation 
of carbide MgC, 
React with formation 
of magnesium chloride 

co = MRCI, + CO, 

~ -- 

MgC1,: MgO + C1, + 

1 Beryllium, 
tanium 
ater 

elium (liquid) 
xassium 
.sulfate 

cids (solutions) 
ydrofluoric 
:id 
arbon 

arbon 
!trachloride 

lkalis (solutions) 
lkalis (melts)  

luorine and 
borides 
blorine 

4 mmonium 
icid fluoride 

Alkali metal  
carbonates and 
alkalis (melts)  

Nitric and hydro- 
chloric acids 
Sulfuric acid 
(concentrated) 
Sulfuric acid 
(dilute) 
Hydrofluoric acid 

Germanium, sili- 
con. and t i tanium 
oxides 

Rare earth 
metal  oxides 

Alkaline e a n h  
meta l  oxides 

Comments ___ __-__ - -  
y o  reaction in an inert 
medium 
Practically insoluble 
(0.002-0.008 mmole 
per liter H@) 
No reaction 
React according to the 
equation Be0 + 2KHSO4 = 
BeSO4 + KSO,  + HzO 
Dissolve Be0 slightly 
React with the forma- 
tion of the fluoride BeFz 
React on heating with the 
formation of the carbide 

{eating 

- 

500 

:usion 

U i o n  

- 

6 
' a r t  with rkz !,.rn?a 

>n of ~ n h y d r s u s  
iloridc 
Issolve R e 0  slightly 
:act with the forma- 
m of beryllates 
e,BeO, 
!act 

:act in the presence 
carbon: Be0 + C + 

1, = BeClz + C O  
teact with the forma- 
.ion of the fluoride: 
LQ + ZNH,HFz = 
LrF4 + 2NH3 + 2 H P  
teact with the forma- 
don of zircomter:  
ZrO, + 2NaOH = 
Na,ZrO, + H@ I 

ZrO, + 4SaOH = 
Na4Zr04 + ?HI@ 
N O  reaction 

Dissolves with farma - 
don of sulfate Zr(S04)r 
No reaction 

Dissolves by the reac- 
tion ZrOz + 6HF = 
H2[ZrF61 + 2 H P  
React with the  forma- 
tion of silicates. 
titanates. and ger- 
manates 
React with the forma- 
tion of  zirconates of the 
type MeiZr iO~ 
React with the fornia- 
tion of zirconates 
MeZrO, 
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1 3.6.3-3 

~ 

leact with reduction to 
metallic chromium 
?.eact with formation of 
the sulfate: CrGa + ; 
3K2S207 = Cr,(SO,h + ~ 

3K2S0, 
React with formation Of 

the chromates LiCrO, 
and NaCrO, 
React by the equation 
SCrfl, + 6NaBr0, + FeP3 
2Hx0 = 3Na,Cr& + 

React by the equation 
Cr,O, t 3NaN0, + 
2Na2C0, = 2NaxCr0, + 
3NaN02 t 2C0, 
React with formation Of 

double compounds of : 

the spinel type Me0 * ! 
c 1x08 
React with formation Of 

the carbides Cr,C, and 
CrlCa 
Reaa  with the forma- 
r i m  of chromium 
chloride CrCl, 1 
React in the presence 
of carbon with the 
formation of chromi- 

, um chloride CrC1, 

I 

2 H ~ C r ~ O ~  + 3EIq 

Table 13.6.3-2 (Ref. 1) 
Misc. R e a c t i v i t y  o f  Oxidat ion Products o f  
F e r r i t i c  and A u s t e n i t i c  S t ruc tu ra l  Metals 

- - - ~ __ 

Oxide Reactant 
C r p ,  

- 
cr,o 
(cont 

NtO 

,- 

N 1 0  
j (con 

I 

Y d w a  

rtassium p r o -  
lfate (melt)  

thium and 
Idium carbonates 

3dium bromate 

odium car- 
onate + nitrate 
melt) 

ase metal 
bxides 

:arbon 

Zarbon tetra- 
:hloride 

Zhlorine 

Acids 
Barium oxide 

Water 
Hydrogen 

Sulfuric ac id '  
(dilute) 

Silicon oxide 

- 

Cmments Oxide Reactant T ( C )  Comnents 

Dissolve slowly 
React in oxygen a t -  
maphere with forma- 
tion of double salts 
2BaQ * NiO 
No reaction 
React with reduction to 

metall ic nickel 
Dissolves with formation 
of the sulfate-NiSO, 

:eact with formation of 
iickel orthosilicate 
ri,lSiO,l 

W iter 
Hydrogen 

Acids 

Silicon oxide 

Carbon, carbon 
monoxide 
Water 

Dry hydrogen 

Wet hydrogen 

Wet hydrogen 

Sulfuric acid 
(concentrated) 
Hydrochloric acid 

Chlorine 

Chlorine 

- 
- 

- 

:usion 

- 

- 

400 

400 

800 

- 

- 

500 

400 

NO PZJdOll 

R e a a  with reduction to 
metallic iron 
React with formation of 
corresponding salts 
React with formation of 
silicates 
R e a a  with reduction to 
metallic iron . 
No reaction 

React with reduction t o  
metallic iron 
React with formation Of 

F e G  
React with formation 
of FeO 
React with formation Of 

the sulfate Fe,(SO,), 
React with formation Of 
the chloride FeCl, 
React with formarion of 
the chloride FeC1, 
React in the presence of 
carbon with formation of 
the chloride FeC1, 
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13.6.4.1-1 

13.6.4 LMFBR System Qual i f ica t ion  Testing o f  Commercial Thermal 
Insulation Materials 

13.6.4.1 Scope of Tests 

While information on the pure const i tuents  o f  thermal insulat ion 
material provides cer ta in  guidelines,  the practical  insulat ion materials 
a r e  generally a complex of chemical species in  various physical forms. 
Furthermore, commercial products will  invariably have an impurity content 
which could markedly a f f e c t  the d e s i r a b i l i t y  o f  the material under con- 
ceivable conditions of the external environment. Atomics International 
has performed an extensive program o f  qual i f ica t ion  tes t ing  of a large 
number of thermal insulat ion candidates and their report ,  Reference 1 ,  
i s  the substance of this sect ion.  
compatibil i ty,  three types of t e s t s  were involved, namely, ( a )  sodium-air 
reaction t e s t s  within a cavity of the t e s t  material t o  see i f  the insula- 
t ion aggravated the sodium-air reaction and the material e x h i b i t e d  s a t i s -  

factory s t ruc tura l  s t a b i l i t y  t o  local sodium-air reaction events; ( b )  chemi- 
cal analysis  of the materials t o  see i f  they s a t i s f i e d  cer ta in  standards 
f o r  the chlor ide,  sodium, and s i l i c a t e  content s e t  for th  in  the RDT-M12-1 
c r i t e r i a  f o r  prevention of SCC of aus t en i t i c  mater ia ls ;  ( c )  stress corro- 
sion cracking t e s t s  with 304 SS i n  the neighborhood of 180-260°F, u s i n g  
U-bend specimens subject  t o  chlor ide ions which m i g h t  be leached from the  
insulat ion material by water. 

From the standpoint of corrosion e f f ec t s  

References f o r  13.6.4.1 

1.  J .  K. Balkwill, "Chemical and  Physical Testing of Thermal Insulation 
Materials fo r  Use a t  FFTF and SPTF," LMEC-74-6, April 1974. 
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13.6.4.2-1 

13.6.4.2 Na-Air, C 1  Contamination, Stress  Corrosion Cracking Tests 

(3 Table 13.6.4.2-1 l i s t s  the commercial thermal insulat ion mate- 
r i a l s  involved in  the AI program. 
pouring l iquid sodium (separately heated t o  1050°F) in to  a cavi ty  i n  a 
tes t  block of the  insulat ion material ( i n i t i a l l y  a t  RT) 
a i r  atmosphere. The qua l i t a t ive  observations o f  the t e s t s  a re  given in 
Table 13.6.4.2-2. I t  was concluded tha t  a l l  o f  the candidate materials 
showed a ' s a t i s f ac to ry '  compatibil i ty with sodium under the t e s t  condi- 
t i ons ,  and did not aggravate the sodium-air reaction s igni f icant ly .  
volume of material affected by the sodium-air reaction depended on the 
porosity o f  the  insulation--the reaction being confined e s sen t i a l ly  t o  
the surface o f  the  dense materials with some penetration of t h e  more 
porous specimens. The materials containing calcium s i l i c a t e  exhibited 
the more vigorous react ion,  presumably due t o  the involvement o f  water 
i n  the reaction. 
t h e i r  t e s t  select ion would n o t  su f f e r  s ign i f icant  s t ruc tura l  impairment 
from a sodium leak, under a i r ,  of considerably greater  extent  than repre- 

The ( a )  sodium-air t e s t s  were made by 

under an  ambient 

The 

I t  was concluded tha t  load-bearing candidates from 

sented by the t e s t .  

Figure 13.6.4.2-1 gives the chloride (Na + s i l i c a t e )  grid 
@ 

defining 'acceptable '  chemistry fo r  insulat ion mater ia ls ,  e s sen t i a l ly  
based on the work of Karnes. ( * )  
chloride ions a r e  n o t  detrimental t o  the SCC tendency o f  aus t en i t i c  a l loys  
i f  balanced by a (Na + s i l i c a t e )  content of appropriate amount. 
Table 13.6.4.2-3 presents the results o f  the chemical ana lys i s  o f  the 
candidate materials and t h e i r  ra t ing based on the RDT-M12-1 c r i t e r i o n ,  
summarized in  Figure 13.6.4.2-1. 

The implication o f  t h i s  diagram i s  t ha t  

The insulat ion materials passing the  chemical analysis  tes t  were 
used f o r  the SCC t e s t  ( c ) .  
mens of sensi t ized 304 SS in  contact with a heat source (steam or elec- 
t r i c a l  hea t ) .  A block of the insulat ion under  t e s t  was used as a wick t o  
draw d i s t i l l e d  water u p  t o  the surface of the 304 specimen, the placement 

This t e s t  consisted of placing U-bend speci- 

of the tes t  components being such as  to  insure tha t  the t e n s i l e  s ide of 
the specimen would be affected by any chloride ions  leached from the 
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Table  13.6.4.2-1 ( R e f .  1 )  
Thermal I n s u l a t i o n  M a t e r i a l s  f o r  Sodium Compatibil  i t y  T e s t i n g  
( S h e e t  1 o f  2 )  

T rade  Name 

Fiber f rax  T-30R 

Glasrock Foam 50 

Kaylo - 1 0 

Ma r i m e  t -4  5 

MMM-36, non- 
heat- t reated 

Min-K, s tandard 

Min- K, high - temp 

Super Cal temp 

Thermobes tos  

No. 10 Insulation 

F ibe r f r ax  T-30LR 

Mono-Block 

MMM- 36, heat - 
t r ea t ed  

Manufacturer 

Carborundum 

Gla s rock Products  

Owens Corning 
Fiberg las  

Johns -Manville 

Johns -Manville 

Johns-Manville 

Johns-Manville 

F i b r  ebo a r d 

Johns -Manville 

"48" Insulations 

Carbo rundum 

Keene 

Johns -Manville 

Type and F o r m  Density 
Tested I ( lb / f t3)  

Ceramic  f iber  paper,  
laminated into tubes 

Foamed, fused 
silica block 

Calcium silicate, 
pipe cover 

C alc  ium s ili c at e, 
board  

Calcium sil icate,  
board  

Refractory fiber,  
flexible blanket 

Refract0 r y  fibe r, 
€1 exible blanket 

Calcium si l icate  , 
pipe cover 

Calcium sil icate,  
pipe cover 

Refractory fiber,  
semi-r igid felt 

Ceramic  f iber  paper,  
laminated into blocks 

Mineral  f iber  block 

Calc ium s i l ic a t e , 
board 

47 

52 

11 

44 

36 

16  

16 

12  

11 

10 

47 

15 

37 

Contains 
Asbestos  

No 

No 

Y e s  

Yes 

Yes 

Yes 

Yes 

No 

Y e s  

Y e s  

No 

No 

Y e s  

d 

W 

m 
P 

N 
I 
r\) 



Trade  Name 

Table  13.6.4.2-1 (Ref.  1 )  (contd)  
Thermal Insu la t ion  Mate r i a l s  for  Sodium Compat ib i l i ty  Tes t ing  
(Shee t  2 o f  2 )  

P V  Supertemp 
Block 

Superglas 
MDldable Felt  

Cera  f e l t  600 

Epitherm-1200 

Fiber  f rax 

Kaylo - 1 OAF 

Min-K 1301 

M F  Pipe Insulation 

Super "48" Cement 

Super Cal temp 

Thermn-  12 

Wool 

Manufacturer 

Eagle - Pic h e r  

Eagle - Picher  

Johns -Manville 

Eagle- P icher  

Carbo rundum 

Owens Corning 
Fib  e r gla s 

Johns -Manville 

"48" Insulations 

"48" Insulations 

Fibr  eboa r d 

Johns -Manville 

"48" Insulations 

Type and Form 
Tested 

Mineral  f iber,  block 

Mineral  f iber,  felt 

Mineral  f iber,  
blanket 

Mineral  f iber,  
molded pipe cover  

Mineral  f iber,  
blank et  

Calcium sil icate,  
block 

Mineral  f iber,  

, Refractory fiber,  
pipe cover  

Refractory fiber,  
cement  

Calcium sil icate,  
block 

Calcium sil icate,  
block ~ 

Refractory fiber, 
loase  wool 

.molded sheet 

Density 
(lb/ft 3 ,  

16 

t 

1 3  

6 

10 

6 

11 

20 

9 

25 (as- 
c a s t )  

12 

11 

8 ( a s -  
packed) 

- 
Contains 
As be s tos  

Y e s  

Y e s  

No 

No 

No 

No 

Y e s  

No 

No 

No 

No 

Y c: B 

-1 

w 
C J l  

P 

Tu 
I 
L' 



13.6.4.2-4 

T r a d e  Name 
Maximum 
Depth of Maximum I Sparks I Duration of 

Sodium Burn Flame Height Ejected 

-~ ~ 

Epitherm-1200 

MF Pipe Insulation 
Superglas  Moldable Felt 

No. 10 Insulation 

Cerafel t  600 

Fibe r f rax 
Wool 

F ibe r f r ax  T-30R 45 4 

Fiberfrax T-30LR 4 5  2 

Glasrock F o a m  50 65 1 12  

Mono -Block 50 1 
P V  Supertemp Block 55 2 

Super l'48" Cement 60 4 

170 

145 
130 

120 

90 
120 

185 

Yes 114 

No 118 

No None 

No 3 14 

No 1 

No 314 

No 
No  
No 

No 

No 

No 

No 

Kaylu - 1 0 60 10 
Kaylo - 1 OAF 70 8 

Super Cal temp 70 10 

Super Cal temp 80 10 * 
Thermobes tos  45 10 

Thermo  - 12 60 12  

1 

1 /2  
1 

1-1 /4 

1 

1 / 2  

Yes 1 12  
Y e s  1 / 2  

Yes 3 I4  
Y e s  1 

Y e s  1 12 

Y e s  114 

3/ 3 1 / 7 5 

a Marimet -45  . 30 6 Y e s  

Molten Metal  Marinite-36: 
Non -heat - tr eated 30 12  Y e s  
Heat- t reated 35 4 Y e s  

Min-K 1301 70 12 Y e s  
Min-K, flexible, s tandard 25 8 Yes 
Min -K, flexible, high - temp 25 8 Y e s  

None 

1 /32 
3/8 

1 /4 

1 / 2  : 
1 /4 
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i I 

0
 
0
 

0
 

c
 

I 
0
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Soluble Ion Concent ra t ion  ( p p m )  

Sodium I Si l ica te  I s ~ ~ ~ ~ ~ t e &  1 Chlo r ide  
T r a d e  N a m e  

RDT 
M 1 2 - 1  
C r i t e r i a  

Dense  M a t e r i a l s  Containing Ca lc ium S i l i ca t e  

F i b e r f r a x  T-30R 1,300 6,O 50 7,350 1,040 

F i b e r f r a x  T-3OLR 1,830 3,930 5,7 60 1,060 

Recheck  - - - 956 

G l a s r o c k  F o a m  50 12  280 292 7 

Mono -Block  1,680 94 5 2,625 260 

P V  S u p e r t e m p  Block 214 292 50 6 36 
S u p e r  "48" C e m e n t  - 24,380 >24,380 1,200 

Re jec t  

Re jec t  

Re jec t  

Accep t  

Accept  

Accep t  

Rejec t  

E p i t h e r m - 1 2 0 0  

Recheck  
Ep i the rm-1200  t 
M F  P i p e  Insulation 

Recheck  

S u p e r g l a s  Moldable F e l t  

No. 10 Insu la t ion  

C c r a f e l t  500 

F i b e r f r a x  

Recheck  

Wool 

Kao woo 1 

t 

§ 

Kaylo - 1 OAF 1,022 3,155 4,177 30 

S u p e r  C a l t e m p  6,388 7,140 13,528 500 

Recheck  t 5,162 5,068 10,230 510 

T h e r m o - 1 2  5 50 4,690 5,240 180 

Recheck  t 44 6 4,450 4,896 198 

- 
3 50 

41 5 

279 

169 

92 

338 
142 

1 3  

6 

98  

3 

Accept  

Accept  

Accep t  

Accept  
Accept  

+New sample used .  

M a r i m e t - 4 5  
MMM- 36, non-hea t - t r ea t ed  

MMM- 36, hea t  - t r e a t e d  

Min-K 1301 

Min-K 1301, a s b e s t o s - f r e e  

Min-K, flexible,  s t a n d a r d  

Min -K, high - t  e m p  

2,885 

7,105 

1,860 

3,135 

4 ,043  

2,750 

4,040 

35 

540 

420 

3,112 

2,150 

38 

4 

2,920 

7,645 

2,280 

6,247 

6,193 
2,788 

4,044 

d M a t e r i a l s  

367 

6 54 

733 

798 

6 34 

32 6 

3 62 

335 

30 5 

340 

868  

3 30 

>367 

1,004 

1,148 

1,077 

80 3 

418 

700 

497 

318 

34 6 

966 

333 

1 2  

138 

47  

40 

39 
74 

39 

1,350 

46  

18 

91 
24 

2 54 

351 
24 

22 

25 

96  
<25 

Accep t  

Accept  

Accept  

Accept  

Accept  

Accept  

Accept  

Re jec t  

Accep t  

Accept  

Accept  

Accep t  

Re jec t  

Re jec t  

Accept  

Accept  

Accept  

Accept  

Accep t  

3 SKaowool: c e r a m i c  f i b e r  b lanket  material, 8 l b / f t  , no a s b e s t o s ,  Tnanufac tured  by Babcock  & Wilc 
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insulation. 
Failure was assigned t o  the material giving more t h a n  one cracked 304 speci- 
men o u t  of four specimens. Some of the ' f a i l e d '  insulation materials were 
shown to have chloride contents which d i d  n o t  s a t i s fy  the c r i te r ion  of 
Figure 13.6.4.2-1 (Fiberfrax T-30R a n d  T-30LR). The ' f a i l e d '  candidates 
included several which sa t i s f ied  the chemical c r i t e r i a ,  namely, Fiberfrax 
blanket, Min-K-1301 , asbestos-free Min-K 1301 and Kaowool. Several mate- 
r i a l s  were given an  'inconclusive' rating because the water leaching was 
not considered suf f ic ien t  t o  reveal possible aggressive species. The sum- 
mary o f  the materials passing the SCC t e s t s  i s  given in Table 13.6.4.2-5. 
L i t t l e  information on the chemical consti tution of these materials was 
given, presumably because of proprietary res t r ic t ions .  "Calcium s i l i c a t e  
types" were identified as:  Kaylo-lOAF, Super Caltemp, and Thermo-12. 
"Mineral f iber  fe l ted types" included: MF Pipe Insulation, Epitherm 1200, 
"48" Insulations Co. Wool , and Cerafel t 600. "Extreme-low-conductivi ty 
types" included: Min-K, f lex ib le ,  b o t h  standard and high temperature 
versions. 

The summary of the SCC t e s t s  i s  given i n  Table 13.6.4.2-4.  

A 

References f o r  13.6.4.2 

1. J .  K. Balkwill, "Chemical and Physical Testing of Thermal Insulation 
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2. H. F. Karnes, "The Corrosion Potential of Wetted Thermal Insulation;" 
AICHE 57 th  Nat. Meeting, CONF-650905-2, September 1965. 
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Insulation Mate r i a l s  Tcstcd 

Table 13.6.4.2-4 (Ref. 1 )  
Results of  Stress Corrosion Cracking Tests 
o f  Thermal Insulation Materials 

R D T  
M 1 2 - 1  
C r i t e r i a  

Min -K, flexible,  high-temp 

Min-K, flexible,  s t anda rd  

Kaowool 

Glasrock Foam 50 

F i b e r f r a x  T-30R 

Kaowool 

Mar ime t -45  

MMM-36, non-hea t - t r ea t ed  

No. 10 Insulation 

MMM- 36, hea t - t r ea t ed  

Mono-Block 
Fiberfrax T-30LR 

M F  Pipe Insulation 

Kaylo - 1 OAF 

Super Ca l t emp  

Thermo-12  

Epithe r m -  1200 

Min-K 1301 

woo 1 

Cera fe l t  600 

Min-K 1301, a s b e s t o s - f r e e  

Super  Ca l t emp  

F i b e r f r a x  

The  r m o  - 1 2 

P a s s  

P a s s  

Fail 

Pass 

Fail 
Fail 

Pass 

Pass 

1s 

15 

Pass 

Fail 

P a s s  

P a s s  

Fail- 

F?il 

P a s s  

F a i l  

Pass 

P a s s  

Fail 

Pass 

Fa i l  

Pass 

LT - Bend 
Sprcinlens  
Cracked /  

Tested 

I r4 

o r 4  

4 r 4  

o r 4  

4 r 4  

2 14 

0 14 

0 14 

0 /4  

i r4  

0 I4  

3/4 

014 

o r 4  

2 I4  

2 I 4  

0 14 

3 14 

0 I4  

014 

4 I 4  

114 

2 I 4  

0 I 4  

Steam H r a t  
(PS iF)  

8.5 - 11.5 

1 
1 
I 

8.7 - 11.8 

9.5 - 11.8 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
c 

- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 
- 

199-239 
203-240 

203-229 

198-241 

181-230 

211-240 

195-229 

179-225 

208-260 

21 1-238 

22 5-2 30 

2 18-240 

- _- -___-- ---I___ . -  
TAverage o v e r  28-day tes t .  
$Inconclusive-wicking r a t e  too low to m e e t  R D T  M 12-1 r equ i r emen t s .  

320 

34 1 

2700 

368 

60 2 

3510 

2 34 

2 32 

110 

275 

110 

485 

365 

22 5 

330 

255 

435 

160 

465 

865 

265 

60 5 

880 

265 
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Table  13 .6 .4 .2-5  (Ref. 1 )  
Thermal I n s u l a t i o n  M a t e r i a l s  Pass ing  Chemical 
and Stress Corrosion Tests 

Min-K, flexible, standard tempera ture  

Min-K, flexible, high tempera ture  

C las rock  F o a m  50 

4) Marimet-45 

5 )  Molten Metal Marinite - 3 6 ,  heat - t reated 

6) Molten Metal Marinite-36, non-heat-treated 

7) MF Pipe  Insulation 

8) Kaylo- 1 OAF 

9) Super Cal temp 

10) Thermo-12 

11) Epitherm- 1200 

12) "48" Insulations Co. Wool  

13) Cerafel t  600 
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13.6.5 Summary o f  Sect ion 13.6 

Thermal i n s u l a t i o n  w i l l  be used ex tens i ve l y  i n  the sodium c i r c u i t s  

o f  LMFBR p lan ts .  

events o f  t he  ex terna l  system cannot be descr ibed beyond the  l i m i t s  allowed 

by r e l a t i v e l y  s imple l abo ra to ry  t e s t s  and the  in fo rmat ion  der ived  from work- 

i n g  exper ience w i t h  p l a n t s  o f  var ious  s i z e  and complexi ty.  

The i n t e r a c t i o n  o f  these complex ma te r ia l s  w i t h  sodiuiri 

Apar t  f rom i t s  obvious func t ion ,  thermal i n s u l a t i o n  has a number o f  

conceivable p o s i t i v e  and negat ive a t t r i b u t e s  i n  the  present  context .  
t he  p o s i t i v e  s ide  might  be mentioned: 

b a r r i e r  t o  the  general atmosphere o f  a p a r t i c u l a r  area and th l i s  may tend t o  
l i m i t  the  ex ten t  and the  s e v e r i t y  of a sodium event; t he  i n s u l a t i o n  pro- 

v ides some channel ing f o r  sodium r e a c t i o n  hydrogen which may a s s i s t  i n  

de tec t i ng  sodium events.  On the  negat ive s ide:  t he  i n s u l a t i o n  envelope 

screens the  sodium c i r c u i t  from v i s u a l  i nspec t i on  and places v i r t u a l l y  

t o t a l  r e l i a n c e  on a de tec to r  a r r a y  f o r  e a r l y  warning o f  sodium events. If 
a subs tan t i a l  exothermic sodium r e a c t i o n  does occur as a r e s u l t  o f  an 

adverse con junc t ion  o f  f ac to rs ,  the  thermal i n s u l a t i o n  can c o n t r i b u t e  t o  

l o c a l  temperature excursions, o r  t o  t h e  maintenance o f  h igh  average tem- 
pera tures  throughout the  h i s t o r y  o f  the event. Th is  w i l l  tend t o  aggra- 

vate the  a t tend ing  co r ros ion  processes and the  consequent damage even i f  
s t r i p p i n g  the  af fected i n s u l a t i o n  f rom an event area i s  n o t  a problem. 

I n s u l a t i o n  w i l l  g e n e r a l l y  compl icate the chemical and phys ica l  problems 
o f  cleanup and the  p a r t i a l  containment q u a n t i t i e s  o f  t he  i n s u l a t i o n  cou ld  

en large the  s t r u c t u r a l  area a f f e c t e d  by the  leak .  The r e l a t i v e  importance 

o f  these f a c t o r s  cannot be judged w i thou t  subs tan t i a l  opera t ing  exper ience 

w i t h  l a r g e  sca le  sodium systems. 

On 
i n s u l a t i o n  w i l l  serve as a p a r t i a l  

The t e s t s  descr ibed i n  t h i s  sec t i on  have prov ided considerable 

d i s c r i m i n a t i o n  among commercial thermal i n s u l a t i o n  m a t e r i a l s  on t h e  bas is  

o f  chemical ana lys i s  and s t ress  co r ros ion  c rack ing  t e s t s  o r i e n t e d  toward 

min imiz ing c h l o r i d e  c rack ing  o f  a u s t e n i t i c  SS's used w i t h  t h e  i n s u l a t i o n .  

A h igh  temperature sodium event ad jo in ing  i n s u l a t i o n  w i l l  b r i n g  a complex 

chemistry i n t o  ac t ion ,  depending on the  ambient environmental cond i t ions .  
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It i s  p robab le  t h a t  c h l o r i d e  i o n  leakage f rom t h e  i n s u l a t i o n  w i l l  be a 

r e l a t i v e l y  m i n o r  f a c t o r  i n  t h e  t o t a l i t y  o f  e f f e c t s .  The q u a l i f i c a t i o n  

p r o v i d e d  by t h e  A I  program i s ,  however, a v a l u a b l e  c o n t r i b u t i o n  t o  a very  

d i f f i cu 1 t p r o  b l  em o f  compa t i b i  7 i ty . 

Q 
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13.7 SUMMARY AND CONCLUSION 

13.7.1 The Time Factor i n  Corrective Action 

Most of the corrosion l i t e r a t u r e  concerned w i t h  the LMFBR systems 
is dominated by sodium data.  The external environment i s  concerned l e s s  
with corrosion i n  pure sodium than w i t h  the corrosion e f f ec t s  of sodium 
reaction products w i t h  the ambient atmosphere. 
mitted t h a t  NaOH, possibly a l so  Na20, a r e  paramount. Pertinent data f o r  
e i t h e r  aus t en i t i c  or  f e r r i t i c  materials i s  limited and in the  case of 
the f e r r i t i c  materials the present indications of serious suscep t ib i l i t y  
t o  caus t ic  concentrations, i n  e i t he r  sodium or aqueous s o l u t i o n s ,  j u s t i f y  
grea te r  a t ten t ion  t o  this problem. 

In th i s  regard, i t  i s  sub- 

Although there  is  no chemical, o r  physical , j u s t i f i c a t i o n  for  
procrastination in  correcting a sodium event, the aus t en i t i c  materials 
appear t o  allow more time i n  dealing w i t h  sodium sp i l l s  and leaks before 
s ign i f i can t  s t ruc tura l  damage can occur t o  massive components. This 
asser t ion  rapidly loses va l id i ty ,  however, w i t h  increase i n  the prevail-  
i n g  temperature of the event and the involvement of water vapor or  
l i q u i d  water. The f e r r i t i c  a l loys  appear t o  allow a very small tolerance 
for such incidents and the exis t ing data s u p p o r t  a philosophy of quickest 
a t ten t ion  t o  sodium excursions in to  the external environment which  could 
a f f e c t  f e r r i t i c  a l loy  components. Steel cladding f o r  f loo r s  and walls i s  
cer ta in ly  l e s s  c r i t i c a l  in  this respect than in te rna l ly  pressurized, o r  
other  highly s t ressed ,  zones where, beyond some penetration of the surface,  
the stress f ac to r  will  s tart  t o  augment chemical action. 
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13.7.2 Na Leak Monitoring Requirements 

Except for vir tual ly  catastrophic incidents involving massive Q 
excursions o f  sodium into the external environment, the success in dealing 
with sodium events i n  the external system wi l l  depend on the q u a l i t y  of 
the moni tor ing  system used t o  detect the presence o f  sodium, o r  sodium 
reaction products, outside the regular containment envelope. 
physica1,chemical and  mechanical problems are  involved i n  designing a 
comprehensive detector array for  a large-scale system, and the design o f  

detectors i s  under extensive research and development i n  most countries 
involved i n  the sodium reactor program. Detector types which a re  being 
used i n  various locations of the sodium system include the following: 
spark-plug, or e lec t r ica l  conductor, sensors; photoelectric smoke and 
flame detectors; flame photometers; pH meters; hydrogen detectors; r ad io -  
ac t iv i ty  sensors. Comprehensive detection abi 1 i ty w i  11 depend on the use 
of a number of different  types of monitors, located i n  positions which 
can take maximum advantage of the particular character is t ics  of the 
detector. Reference 1 i s  an excellent summary of  current practice and 
tes t ing in the monitoring o f  sodium events. 
this reference indicates tha t  a sat isfactory detector system must be 
designed as an integral p a r t  of the plant to insure t h a t  sodium events 
will come w i t h i n  the radius of effectiveness of  the various monitors. 
Desensitization of detectors by d u s t ,  corrosion products, e t c . ,  i s  a 
prime problem and an aggressive maintenance policy for the detector sys- 
tem w i l l  always b e  a c r i t i c a l l y  important  aspect o f  m o n i t o r i n g  c a p a b i l i t y .  

A number of 

French experience ci ted in 

References f o r  13.7.2 
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, '  

13.7.3 The Cri t ical  Corrosion Situations for  Austenitic and Fer r i t i c  
Materials 

There a re  possibly two essent ia l ,  qual i ta t ive guidelines for mini- 
miz ing  corrosion i n  the LMFBR external system, or any system, namely: 
minimize the opportunities for  abnormal chemistry development; minimize 
the possi b i  1 i t i e s  for  s t ress-assis ted corrosion. 

Si tes  where abnormal chemical conditions can develop as a resul t  

overlays, or junctions of com- 
of environment and/or system intervention include crevices and dead-end 
geometries. 
ponents, the edges of corrosion deposits, wires, marking devices, s t raps ,  
insulation, e tc .  Dead-end geometries of small cross section and con- 
siderable depth can be created as an integral part of component design, 
or by the mating of components, various ' temporary' repair expediencies, 
e tc .  
p r i a t e  conditions o f  temperature and re la t ive  humidity cycling. Conden- 
sation may occur by the chemical and/or physical water absorption of 
various chemical compounds, o r  by the capi l lary condensation phenomenon 
noted e a r l i e r  in this chapter. 
t o  layers of a few hundred angstroms thickness,") may t r igger  electro- 
chemical corrosion action i n  the presence of e l ec t r i ca l ly  conducting 
species. 
i n  a number of instances to  the concentration of the OH- ion a t  such 
s i t e s ,  par t icular ly  when the local heat i n p u t  enables progressively higher 
boiling-point caustic solutions to  develop. ( * )  These s i t e s  tend t o  defeat 
normal, or sodium event, cleaning procedures and encourage the accumulation 
of chemical residues which can develop strong concentrations of chemical 
species inimical t o  the corrosion s t a b i l i t y  of the adjoining structural  
material. 
usually beyond the surveillance capabili ty of the various monitoring 
s y s t k .  

Crevices can be created by: 

Such zones are  prime s i t e s  fo r  water vapor condensation under appro- 

The presence of condensed water, even down 

The caustic s t r e s s  corrosion cracking problem has been related 

Furthermore, the progression of the chemistry i n  such zones i s  

The second guideline i s  t o  avoid near-surface s t r e s s  concentrations, 
or conditions where p las t ic  s t r a in  can accumulate as a resu l t  of combina- 
t ions of thermal and applied s t r e s s  cycling. Stress ,  or more generally, 
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conditions which can create p las t ic  s t ra in  concentrations become increas- 
ingly s ignif icant  a s  a damage agency with increasing temperature and time 
of exposure t o  the corroding media. As in the unstressed corrosion case, 
the aus ten i t ic  s ta inless  s tee ls  and high nickel alloys are substantially 
superior to  the low alloy f e r r i t i c  materials in the i r  tolerance of these 
factors  for  caustic solutions. Inattention t o  sodium excursion events in 
the external system could, however, cause serious corrosion and s t r e s s  cor- 
rosion e f fec ts  on highly stressed austeni t ic  materials. 
materials, and in particular the 2-1/4 Cr- 1Mo s t e e l ,  now being considered 
for wide application in the LMFBR plants,  exhibit  very l i t t l e  tolerance 
for  caustic media t h r o u g h o u t  the temperature range of the external envi- 
ronment. Increases in s t r e s s ,  caustic concentration, and temperature, 
aggravate the caustic attack on f e r r i t i c  materials. 
times to  a dangerous combination b f  these factors  would be expected t o  be 
very short. Any internally pressurized f e r r i t i c  alloy component, irrespec- 
t ive  of wall thickness, subject t o  a sodium sp i l l / l eak  under conditions 
which could generate some caustic ( a n d  t h i s  would appear t o  apply t o  
v i r tua l ly  a l l  sp i l l s / leaks)  should be given whatever in s i t u  inspection 
i s  possible t o  determine the extent o f  structural  damage. 

Q 

The f e r r i t i c  

Tolerable exposure 

Probable location and cause of sodium leaks and s p i l l s  are  n o t  

The history of sodium f a c i l i t y  operation shows t h a t  leaks have 
l ike ly  t o  be predictable until  de t a i l s  o f  plant design and operation are  
known, 
been discovered by operators inspecting the system visually rather t h a n  
by the leak detection system. 

A t  CRFBR operating temperatures and i n  areas covered by nitrogen 
plus 1% oxygen atmosphere sodium leaks may be expected t o  produce corrosion 
ra tes  o f  tens to  hundreds of mils/year. 
system i s  maintained a t  lower temperatures and where s t resses  equal or 
exceed yield s t ress  f o r  the material ,  f a i lu re  through s t ress  corrosion 
cracking can occur much more quickly. 

During shutdown, when the 

Except under hopefully extreme and rare  circumstances permitting 
prolonged contact of l iquid sodium with structural  material under a nitro- 
gen atmosphere a t  temperatures in excess of roughly 450°C, nitriding i s  
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not expected t o  be a s ign i f icant  problem in the LMFBR external environ- 
ment. W i t h i n  the scope of a l loy  compositions of present i n t e r e s t ,  high 
chromium contents appear t o  present the grea tes t  potential  f o r  n i t r id ing  
under the above ci  rcums tances . 
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1. N. D. Tomashov, Theory of Corrosion and Protection o f  Metals; The 
MacMillan Co., N.Y. 1966. 

2. H. A .  Klein, "Corrosion of Fossil Fueled Steam Generators," 
Combustion, January 1973, p.  5. 

3. Steels f o r  High Temperature Service; U.S. Steel Publication. 

4. R .  N.  Newman, C. A. Smith, "Sodium/Water Combustion and the Chemistry 
of Wastage a t  Sodium/Water Leak Si tes , "  J .  Nucl Matls, - 52, 1974, p. 173. 

0 

3/31 /75 Q 



No. of 
Copies 

OFFSITE 

2 Dr. George J .  Fischer  
Department of Applied Science 
Associated Universities, Inc. 
Brookhaven National Laboratory 
Building 130 
Upton, N Y  11973 

Dr. John Weeks 
Department of Applied Science 
Associated Un ive r s i t i e s ,  Inc.  
Brookhaven National Laboratory 
B u i l d i n g  130 
Upton, N Y  11973 

Dr. James F. Proctor  
Air/Ground Explosions Division 
Naval Surface Weapons Center 
White Oak 
S i l v e r  Spring,  MD 20910 

Dr. The0 G .  Theofanous 
Purdue Universi ty  
P . O .  Box 1625 
Lafaye t te ,  IN 47902 

BNWL-1901 

DISTRIBUTION 

Dr. William Kastenberg 
Energy & Kinet ics  Department 
Univers i ty  of Ca l i fo rn ia  

Los Angeles, CA 90024 
a t  Los Angeles 

Dr. Carl A. Erdman 
Department of Nuclear Engineering 
Universi ty  of Vi rg in ia ,  

Thornton Hall 
C h a r l o t t e s v i l l e ,  VA 22204 

Mr. Daniel E. Simpson 
Hanford Engineering Development 

Laboratory 
P . O .  Box 1970 
Richland, WA 99352 

No. of 
Copies 

2 Mr. Robert Avery, Director  
Reactor Analysis & Safe ty  Division 
Argonne National Laboratory 
9700 South Cass Avenue 
Argonne, IL 60439 

2 Dr. William D .  Dazey 
Fiss ion Program Manager 
Universi ty  of Ca l i fo rn ia  
Los Alamos S c i e n t i f i c  Laboratory 
P.O.  Box 1663 
Los Alamos, NM 87544 

Mr. John Graham, Manager 
Nuclear Safe ty  
Westinghouse E l e c t r i c  Corporation 
Advanced Reactors Division 
P.O.  Box 158 
Madison, PA 15663 

Mr. K.  Hikido, Manager 
Systems Evaluation & Safe ty  

Fast  Breeder Reactor Department 
310 DeGuigne Drive 
Sunnyvale, CA 94086 

Engi  neeri ng 

Dr. Paul Greebler,  Manager 
Nuclear and Safe ty  Engineering 
F a s t  Breeder Reactor Department 
310 DeGuigne Drive 
Sunnyvale, CA 94086 

Dr. Harry Morewitz, Program Manager 
LMFBR Physics and Safe ty  
Atomics In t e rna t iona l  
P.O.  Box 309 
Canoga Park, CA 91304 

Mr. James McClellan 
Aero Space Corporation 
P.O.  Box 95805 
Los Angeles, CA 90045 

Dist-1 



No. of 
Copies 

No. of 
Copies 

5 

Mr. Robert Shane 
National Academy of  Science 
2101 C o n s t i t u t i o n  Avenue 
Washington, DC 20418 

U.S. Nuclear Regulatory Commission 
Sec re t a ry ,  Advisory Committee on 

1717 H S t r e e t ,  N . W .  
Washington, DC 20555 

Reactor Safeguards 3 

Technical Information Center 
USNRC 
P.O.  Box 62 
Oak Ridge, TN 37830 

R .  Denise, A s s i s t a n t  D i rec to r  

Divis ion of Reactor Licensing 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

f o r  Advanced Reactors 

T.  Spe i s ,  Liquid Metal Fas t  
Breeder Reactors  Branch 

Divis ion of Reactor Licensing 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

A. S i n i s g a l l i ,  Liquid Metal 

Divis ion o f  Reactor Licensing 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Fas t  Breeder Reactors Branch 

3 H.  Gearin,  Licensing A s s i s t a n t  
Gas Cooled Reactors Branch 
Divis ion of Reactor Licensing 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Public Document Room 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

M. Si lbe rbe rg  
Research Coordination Office 
Office o f  Nuclear Regulatory 

Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

F. Schroeder,  Deputy Direc tor  
f o r  Technical Review 

Of f i ce  of Nuclear Reactor 
Regul a t i  on 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

R .  R .  Maccary, A s s i s t a n t  D i rec to r  

Of f i ce  of Nuclear Reactor 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

f o r  Engineering 

Regulation 

S .  S. Pawlicki ,  Chief 
Mater ia l s  Engineering Branch 
Of f i ce  of Nuclear Reactor 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Regula t i  on 

R .  M .  Gustafson, Sec t ion  Leader 
Mater ia l s  Applicat ion Sec t ion  
Of f i ce  of Nuclear Reactor 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Regulation 

W .  S. Hazelton, Sec t ion  Leader 
Mate r i a l s  Performance Sec t ion  
Of f i ce  of Nuclear Reactor  

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Regulation 

C .  Y .  Cheng 
Mate r i a l s  Performance Sec t ion  
Of f i ce  of Nuclear Reactor 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Regulation 

F.  B. L i t t o n  
Mate r i a l s  Applicat ion Sec t ion  
Office of  Nuclear Reactor 

U.S .  Nuclear Regulatory Cornmission 
Washington, DC 20555 

Regul a t  i on 

Dist-2 



No. o f  
Copies 

No. o f  
Copies 

B. T u r o v l i n  
Ma te r ia l s  A p p l i c a t i o n  Sect ion 
O f f i c e  o f  Nuclear Reactor Regulat ion 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

James P. Knight,  Ch ie f  
Mechanical Engineer ing Branch 
O f f i c e  o f  Nuclear Reactor Regulat ion 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

L. C. Shao, Ch ie f  
S t r u c t u r a l  Engineer ing Branch 
O f f i c e  o f  Nuclear Reactor Regulat ion 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

E. J. Brown 
St ruc tures  and Components 
Standards Branch 
O f f i c e  o f  Standards Development 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

H.  B. Holz, L i q u i d  Metal Fast  

D i v i s i o n  o f  Reactor L icens ing  
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

Breeder Reactors Branch 

James F. Meyer, L i q u i d  Metal Fast 

D i v i s i o n  o f  Reactor L icens ing  
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

S. K le in ,  L i q u i d  Metal Fast  
Breeder Reactors Branch 

D i v i s i o n  o f  Reactor L icens ing  
U.S. Nuclear Regulatory Commission 
Was h i  ngton , DC 20555 

Breeder Reactors Branch 

2 C. N. Kelber, Ass i s tan t  D i r e c t o r  
f o r  Advanced Reactor Safe ty  Research 2 

D i v i s i o n  o f  Reactor Safety  Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

L. N. Rib,  Chief ,  Experimental 
Fast  Reactor Safety  Research 
Branch 

D i v i s i o n  o f  Reactor Safety  
Research 

U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

R. Cu r t i s ,  A n a l y t i c a l  Advanced 
Reactor Safe ty  Research Branch 

D i v i s i o n  o f  Reactor Safety  Research 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

L.  Rubenstein 
Core Performance Branch 
D i v i s i o n  o f  Technical  Review 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

R. Lobe1 
Core Performance Branch 
D i v i s i o n  o f  Technical  Review 
U.S. Nuclear Regulatory Commission 
Washington, DC 20555 

T.  E.  Murley, Ac t i ng  Ass i s tan t  
D i r e c t o r  f o r  CRBR Program 
Management 

D i v i s i o n  o f  Reactor Research 
and Development 

U.S. Energy Research and 
Development Admin i s t ra t i on  

Washi ngton , DC 20545 

W .  R. Kornack, Ac t i ng  Ass i s tan t  
D i r e c t o r  f o r  FFTF Program 
Management 

D i v i s i o n  o f  Reactor Research 
and Development 

U.S. Energy Research and 
Development Admin i s t ra t i on  

Washi ngton, DC 20545 

W .  H. Hannum, Ass i s tan t  
D i r e c t o r  f o r  Reactor Safety 

D i v i s i o n  o f  Reactor Research 
and Development 

U.S. Energy Research and 
Development Admin i s t ra t i on  

Washington, DC 20545 

D i  s t - 3  



No. of 
Copies 

C 

D 

U 

W. Cunningham, Assistant 
Director for Engineering 
and Techno1 ogy 
vision of Reactor Research 
and Devel opment 
S. Energy Research and 
Development Administration 

Washington, DC 20545 

Victor Zackay 
Lawrence Berkeley Laboratories 
University of California 
Berkeley, CA 94720 

No. of 
Copies 

ONSITE 

Battelle Pacific Northwest Laboratories 
Richland, Washington 99352 

JL Brimhall 
PD Cohn 

2 RL Dillon 
B Griggs 
RS Kemper 

2 IS Levy 
RP Marshall 

2 S Goldsmith 
C Pavloff 
EB Schwenk 
GE Zima 
CE Beyer 
FE Panisko 
NJ Olsen 
JW Wald 

Technical Library 

Dist-4 



G E N E R A L  I N D E X  

Volume I 

1 . o  

2.0 

3.0 

4.0 

5.0 

6.0 

7.0 

8.0 

9.0 

Forward a n d  Technical Summary 

Swell i ng 

Effect of  I r r a d i a t i o n  on Tensile Properties 

Effect o f  I r r a d i a t i o n  on High S t r a i n  Rate Properties 

Effect of I r r a d i a t i o n  on Creep-Rupture Properties 

Effect of I r r a d i a t i o n  on Fatigue Properties 

Effect of Irradiation on Weld Properties 

Effect of Fuel C1 ad  Interactions on Mechanical Properties 

Effect o f  Sodium Coolant  Interactions on Mechanical Properties 

Mechanical Property Considerations for Fe r r i t i c  Steels of the 
Steam Generation System 

Volume I1  

Forward and Technical Summary 

9.0 Corrosion and Mass Transfer 

10.0 Eros i on 

11 .o 
1 2 . 0  Sodium-Water Reactions 

13.0 Corrosion (External ) 

Wear and Sel  f We1 d i n g  

14 .0  Corrosion/Mass Transfer Affecting Materials o f  the Steam Generation e3 Sys tern 



14.0 CORROSION/MASS TRANSFER AFFECTING MATERIALS 

OF THE STEAM GENERATION SYSTEM 

TABLE OF CONTENTS 

14.1 INTRODUCTION . 
14.2 SOME GENERAL FACTORS AFFECTING WATER/STEAM CORROSION 

14.3 FERRITIC MATERIALS 

14.3.1 Water/Steam Corrosion 

14.3.2 Chloride Affected Water/Steam Corrosion . 
14.3.3 Caustic Affected Water/Steam Corrosion . 
14.3.4 Sodium-Side Corrosion/Mass Transfer . 
14.3.5 Miscellaneous Corrosion Related Processes 

14.4 AUSTENITIC MATERIALS 

14.5 SUMMARY AND CONCLUSIONS . 
14.5.1 Ferritic Materials . 

14.1-1 

14.2-1 

14.3.1-1 

14.3.2-1 

14.3.3-1 

14.3.4-1 

14.3.5-1 

14.5.1-1 

14.5.1-1 



LIST OF FIGURES 

FIGURE 

14.2-1 

14.2-2 

14.2-3 

14.2-4 

14.2-5 

14.2-6 

14.3.1-1 

14.3.1-2 

14,. 3.1-3 

14.3.2-1 

14.3.2-2 

14.3.2-3 

14.3.2-4 

14.3.2-5 

14.3.2-6 

14.3.3-1 

14.3.3-2 

14.3.3-3 

Page 

Water/Steam System Parameters f o r  the C R B R P  . . . . .  14.2-5 

Schematic of CRBRP Steam Generation System . . . . . .  14.2-6 

Reference CRBRP Superheater /Evaporator  Comoonent . . .  .1'4.2-7 

Cor re l a t ion  Between Corrosion and Magnetite S o l u b i l i t y  14.2-10 

Physico.Chemi ca l  C h a r a c t e r i s t i c s  of  Various Anions 
Important t o  Corrosion Processes. . . . . . . . . . .  14.2-1 1 

I l lustrat ion o f  Concentrat ing Yechanism . . . . . . . .  14.2-11 

Oxidation of  S t e e l s  i n  Pure WaterlSteam . . . . . . .  .14.3.1-2 

Effect of Increas ing  Chromium Content o f  F e r r i t i c  
Steels on Maximum Service Temperature Based on 
Scal ing  Resistance . . . . . . . . . . . . . . . . . .  14.3.1-2 

Oxidation of  2 lj4Cr-lMO S tee l  Under Isothermal 
and Heat Flux Conditions i n  Superheated Steam . . . .  .14.3.1-5 

Schematic Poten t i  a1 -pH Diagrams Showing Inf luence  of 
Cr Content on Corrosion Behavior o f  Fe-Cr Alloys . . .  14.3.2-4 

Potential-Time C h a r a c t e r i s t i c  f o r  Fe-Cr Alloy(5.6%Cr)  
i n  1 N  H2S04 + 0.07N C1-. . . . . . . . . . . . . . .  14.3.2-4 

Reciprocal Induct ion Time vs. [Cl ']  f o r  5.%Cr-Fe Alloy 

Corrosion o f  I ron and Iron-Chromium Alloys i n  0.1M 

in IN H2SO4 Solu t ion  14.3.2-6 . . . . . . . . . . . . . . . .  

N i C 1 2  a t  300C . . . . . . . . . . . . . . . . . . . .  14.3.2-6 

Typical Cracks Observed i n  Mild S tee l  Under Capsule 
Tests w i t h  Chlor ide  S o l u t i o n s .  . . . . . . . . . . . .  14.3.2-8 

Corrosion Observations w i t h  2 1/4Cr-lMo S tee l  
from Ref. 1 7  Work(see Table 14.3.2-5) . . . . . . . .  .14.3.2-15 

Boi l ing  Poin t  Elevat ion and S o l u b i l i t y  o f  NaCl 
and NaOH as a Function o f  T and P . . . . . . . . . .  .14.3.3-2 

Boil ing Poin t  Elevat ion vs.  [NaOHJ . . . . . . . . . .  14.3.3-2 

Caus t ic  SCC Field Established by I n d u s t r i a l  and 
Laboratory Experience f o r  Carbon and Low Alloy 
Ferr i t ic  S t e e l s  . . . . . . . . . . . . . . . . . . .  .14.3.3-4 

G 

Q 



FIGURE Page 

14.3.3-4 Corrosion Parameters f o r  Caus t i c  SCC Inc iden t s  Q 
Reported for  2 1/4Cr-lMo Stee l  o r  Closely Related 
S t e e l s  . . . . . . . . . . . . . . . . . . . . . . . . .  14.3.3-6 

14.3.3-5 

14.3.3-6 

14.3.3-7 

14.3.4-1 

14.3.4-2 

1 4.3.4-3 

1 4.3.3-4 

1 4.3.4-5 

14.3.4-6 

14.3.5-1 

14.3.5-2 

14.5.1-1 

SCC Observed i n  2 1/4Cr-lMo Stee l  i n  10% NaOH, 
232C (450F) ; see Tab1 e 14.3.3-2 . . . . . . . . . . . . .  14.3.3-9 

Unstressed Caus t ic  Corrosion Data f o r  Mild S t e e l ,  
2 1/4Cr-lMo S tee l  and Inconel . . . . . . . . . . . . .  J4.3.3-10 

Weld Sample Before and After Exposure t o  10% NaOH, 
316C(600F); see Table 14.3.3-4 . . . . . . . . . . . . .  14.3.3-12 

F u l l  power Secondary Sodi um C i  rcui t Temperature Prof i 1 e 
for  CRBRP . . . . . . . . . . . . . . . . . . . . . . .  J4 .3 .4-2  

Carbon Concentrat ion-Distance P r o f i l e s ;  2 1/4Cr-lMo 
S t e e l ,  Normalized; After Exposure t o  Flowing Na 
a t  480C. . . . . . . . . . . . . . . . . . . . . . . .  14.3.4-2 

Temperature Dependence of Rate Constants  f o r  
Decarburizat ion o f  2 1/4Cr-lMo S tee l  i n  Sodium. . . . .  14.3.4-4 

Expected Long Term Decarburizat ion Prof i 1 es 
of 2 1/4Cr-lMo Stee l  . . . . . . . . . . . . . . . . . .  14.3.4-4 

Decarburizat ion of S t a b i l i z e d  and Uns tab i l ized  
2 1/4Cr-lMo S tee l  . . . . . . . . . . . . . . . . . . .  14.3.4-5 

Observed Decarburizat ion Prof i 1 es of 2 1 /4Cr-1 !lo 
Steel Under Various S t r e s s  Condit ions . . . . . . . . .  14.3.4-5 

Potent ia l -Time C h a r a c t e r i s t i c s  D u r i n g  F r e t t i n g  Under 
Air -Sa tura ted  0.5M NaCl . . . . . . . . . . . . . . . .  14.3.5-5 

Effect of Fa t igue  Cycling i n  Air on Corrosion Current 
Densi t y  . . . . . . . . . . . . . . . . . . . . . . . .  14.3.5-7 

An Assessment of Po ten t i a l  Corrosion Trouble Areas 
f o r  the 2 1/4Cr-lMo S tee l  i n  LMFBR Steam Generation 
System Se rv ice  . . . . . . . . . . . . . . . . . . . . .  14.5.1-1 



TABLE 

14.2-1 

14.2-2 

14.2-3 

14.2-4 

14.3.1-1 

14.3.2-1 

14.3.2-2 

14.3.2-3 

14.3.2-4 

14.3.2-5 

14.3.3-1 

14.3.3-2 

14.3.3-3 

14.3.3-4 

14.3.5-1 

L - T OF T ES 

Page . 

Typical Bo i l e r  Water and Condensate Chemistry 
f o r  High Pressure Steam/Elec t r ic  Powerplants . , . . . J4.2-2 

Sources/Factors  P a r t i c i p a t i n g  i n  T rans fe r  of  
Chemicals W i t h i n  Water/Steam System. . . . . . . . . .14 .2-3  

Chemicals Used t o  A d j u s t  Bo i l e r  Water Chemistry . . . 14.2-8 

CRBRP Feedwater Q u a l i t y  S p e c i f i c a t i o n s  . . . . . . . .14.2-10 

Various Corrosion Products of  Iron . . . . . . . . . .14 .3 .1-3  

Capsule Tests-of Mild S tee l  w i t h  Various So lu t ions  
Containing C1 and/or Fe ( I I1 )  a t  316C . . . . . . . J4.3.2-8 

Test Condit ions for Ref. 1 2  Tests . . . . . . . . . , 14.3.2-9 

Test Results of Ref. 12 . . . . . . . . . . . . . . .14 .3 .2-9  

Test Condit ions for Work of Refs. 15&16 . . . . . . . 14.3.2-12 

Test Conditions and Test Observat ions f o r  Ref. 1 7  
Work . . . . . . . . . . . . . . . . . . . . . . . . . 14.3.2-1 4 

Comparative Wastage Res is tance  . . . . . . . . . . . .14.3.3-4 

Some Observat ions of  P i t t ing /Cracking  Behavior of  
2 1/4Cr-1MoY o r  Close ly  Related S t e e l s ,  i n  Caus t ic  
(NaOH) Media . . . . . . . . . . . . . . . . . . . . . 14.3.3-7 

Reported Heat Treatment for 2 1/4Cr-lMo o r  Other 
S t e e l s  for References Cited i n  Tables 14.3.3-2 and 
-4 . . . . . . . . . . . . . . . . . . . . . . . . . .14.3.3-8 

Observat ions of  General Corrosion Behavior of  
2 1/4Cr-lMo Stee l  i n  Caustic(Na0H) Media . . . . . . . 14.3.3-11 

The Mean Free Po ten t i a l  Fal l  on F r e t t i n g  i n  
0.5M NaCl . . . . . . . . . . . . . . . . . . . . . . J4.3.5-1 

a 



EVAPORATOR TUBING/SHELL/ 
TUBESHEET 

SUPERHEATER TUB1 NGISHELL 
TU BESHEET 

BETWEEN SUPERHEATER AND 
SECONDARY SODIUM P I P I N G  

EVAPORATORS 

WELD ZONES OF ABOVE 
COMPONENTS 

@ e e 4D a 4D @ 

@ a3 4B @ %D a @ 

4D a3 @ @ 

@ a!# @ @ @ @ 
d 



14.1-1 

1 4.1 I NTRODUCTI ON 

The interface between the sodium cooling systems of the LMFBR and 
the water/steam system occurs a t  the steam generating components of the 
powerplant, specif ical ly ,  a t  the evaporator and superheater components. 
Even without the material e f fec ts  potential peculiar t o  l i q u i d  sodium, the 
steam generating components have accounted fo r  the bulk o f  the inadvertent, 
cost ly ,  shutdowns of nuclear powerplants ( l ’* ) .  
f o r  this circumstance, among t h e m :  

63 

There a re  a number of reasons 

the steam generating components of nuclear powerplants represent 
a severe conjunction of mechanical, physical and chemical factors  
contributing t o  materials degradation; the abi l i t y  of laboratory 
and prototypical equipment tes t ing to  analyze the complex synergism 
among these working factors remains qui te  1 imi ted, par t icular ly  
where extrapolation to  long service times i s  involved; 

A 

the qual i ty  control procedures tha t  have evolved fo r  the construction 
and operation of the nuclear reactor and i t s  primary cooling system 
have generally not been extended t o  the water/steam c i r c u i t  of the 
associated e l e c t r i c  power generation complex; the penalty fo r  t h i s  
r e l a t ive  inattention has been an unexpectedly high incidence of 
steam generation equipment fa i lures .  

welding i s  used extensively i n  steam generation system components; 
the d i f f i c u l t i e s  involved i n  s t anda rd iz ing  the welding process 
and, accordingly, in characterizing the effect of welding on the 
st ructural  performance of the involved materials,  has been a 
prime fac tor  i n  steam generation equipment fa i lures ;  

des ign  inat tent ion t o  some qual i ta t ive  basics of corrosion 
knowledge; e .g . ,  where there i s  potential for deposition from the 
working f lu id ,  minimize the corrosion implications of deposit 
buildup by design s t ra tegy and/or by providing cleaning f a c i l i t y  
for the equipment; minimize mechanical crevices i n  zones of 
minimal corrosion tolerance; there have been numerous instances 
of neglect of these principles,  par t icular ly  in the lower tube- 
sheet region of ver t ical  evaporators for  LWR powerplants. 
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Carbon and low alloy f e r r i t i c  s t ee l s  have been used extensively i n  
the water/steam p i p i n g  networks of f o s s i l  fueled powerplants and  for various 
p i p i n g  applications i n  the petrochemical industry. I n  this country, 
there i s  i n t e re s t  i n  the use o f  the 2 1/4Cr-lMo steel  as the t u b i n g ,  tube- 
sheet and shel l  material fo r  the evaporators and superheaters of LMFBR 
powerplants. This s t e e l ,  i n  the Nb s tabi l ized grade, has some application 
in foreign LrlFBR powerplants. 

Q 

I t  i s  the purpose of the f e r r i t i c  s teel  section of t h i s  chapter t o  
br ief ly  review the water/steam-side and the sodium-side corrosion and mass 
t ransfer  factors  t ha t  may af fec t  the performance of the 2 1/4Cr-lMo s t e e l ,  
and t o  attempt some ident i f icat ion of problem areas related t o  the corrosion 
charac te r i s t ics  of this s t ee l .  

References for  14.1 

1 .  M. G .  Hare, Steam Generator Tube Failures: World Experience i n  
Water-cooled Nuclear Reactors i n  1974, AECL-5242, Chalk River 
Laboratories, Chalk River, Ontario, Augus t  1975. 

@ 
2. P.  D. Stevens-Guille and F.1. G .  Hare, Steam Generator Tube Failures: 

\4orl d Experience i n Water-cooled Nucl ear Power Reactors i n  1973 , 
AECL-5013, Chalk River Laboratories, CRal k River, Ontario, 
January 1975. 



14.2-1 

14 .2  SOME GENERAL FACTORS AFFECTING WATER/STEAM CORROSION 

Reactor heat i s  transferred via the primary-secondary sodium coupling 
t o  the e l e c t r i c  power generating system a t  the evaporator and superheater 
components. The sodiumlwaterlsteam interface a t  the evaporator and super- 
heater represents only a very small segment of the to ta l  flow path for  the 
water/steam c i r c u i t ,  which comprises the turbine,  condenser, demineralizer, 
feedwater heaters and pumps, a n d  miscellaneous components appropriate t o  a 
modern, h i g h  pressure steam e l e c t r i c  power generating system. Considering 
a l l  components i n  contact w i t h  the water/steam c i r c u i t ,  a variety of metall ic 
and nonmetallic s t ructural  materials i s  involved, each distinguished t o  some 
extent in i t s  interact ion w i t h  the water/steam working f lu id  and the del iberate  
and adventitious consti tuents of t h i s  f l u i d .  

Using the r e su l t s  of a comprehensive ASME review 
problems, Klein") l i s t s  the following causes of work 

condenser in-leakage 

evaporator carryover 

chemical discharge from demineralizer 

contamination following chemical cleaning 

of steam powerplant 
ng f l u i d  contaminat on: 

Condenser in-leakage i s  regarded as the principal contamination source, 
the potential corrosion significance of such leakage being determined by 
the chemical consti tution of the condenser cooling water. The to ta l  b u r -  
den of del iberate  and  adventitious chemical species and forms present i n  
the water/steam working f1 ,u id  i s  derived from: water treatment chemicals, 
impurities from various sources, corrosion products, erosion products and 
products from reactions among the foregoing. Jonas(2) has l i s t e d  some of 
the array of compounds tha t  can deposit a t  various s i t e s  i n  the power 
generating c i r cu i t .  Some appreciation fo r  the complexity o f  typical boiler 
water and condensate chemistry may be had from Table 14.2-1,  taken from 
Jonas' paper. An indication of the concentration of various gases t h a t  can 
occur i n  f o s s i l  and nuclear powerplant working f l u i d  i s  given a t  the bottom 
of t h i s  table .  Some of the sources/sinks'and factors  affecting the 
t ransfer  of various chemical species w i t h i n  the water/steam c i r c u i t  are  
l i s t e d  in Table 14.2-2.  
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14.2-2 

, 

TABLE 14.2-1. Typical Boiler Water and Condensate Chemistry for High 
Pressure Steam/Electri c Powerpl ants ( 2 )  

Boi 1 e r  

PH 
Conduct ivi ty  (Micro. 

Dissolved Oxygen 

Sodi um 

MHOS) 

(ppb)  

( P p m )  

( P P m )  

(PPb) 

( PPm) 

( P P )  

(PW)  

(ppm 1 

(Ppm)  

S i l i c a  

Copper 

Phosphates 

S u l f a t e s  

Chlor ides  

Free NaOH 

Ammonia 

Hydrazine 

(Pob) 
Maximum Allowable 
Chlorides  i n  Bo i l e r  

( P p m )  

Condenser Hot Well 

PH 
Conduct ivi ty  (Micro. 

Dissolved Oxygen (ppb)  
Sodium (ppm)  
S i l i c a  (ppm)  

ilHOS ) 

Iron (ppn)  

Copper ( w b )  
Chlorides  ( p p m )  

S a l t  Water 
Cool i ng 

Avq ( s t d )  

9 .7(  . 6 )  
118 

(280 1 
2.7 

(3.3)  
7 .7  

(10.8)  
.17 

( . 12 )  

17.2 
(31.1)  
10.0 

(14.1)  
63.1 

(177)  

2.2 

(3 .0)  

9 . 0 ( . 7 )  
4 .7 (2 .9 )  

7 .8 (1 .1 )  

Fresh Water 
Cool i ng 

Avg ( s td  

9 . 5 ( . 6 )  
80.8 

(157)  
15.5 
47.6 

6 .7  
(10.6)  

2.0 

( 5 . 4 )  

( 5 . 3 )  
11.2 

(13.0)  
48.8 

5.1 

(124)  
1 . 7  

( 4 . 4 )  
30.3 

(98.5)  
1.05 

( . 7 0 )  
13.0 

(3 .9)  
33.4 

(77 .5 )  

5 . 0 ( . 4 )  
4 .4(11.7)  

12. (16 .2 )  
.93(2.6)  

. 015( .01 )  1.313.5) 

.Ol ( . 01 )  .28( 1 .5)  
4 .3 (4 .4 )  2 .7 (4 .3 )  

. 01 ( .01 )  . l l (  .27)  

Drum Type 
Boi 1 er 

Avg ( s t d )  

9 . 7 ( . 6 )  
110 

(176)  
1 .9  

(3 .4)  

( 7 . 7 )  
2.0 

( 5 . 6 )  
6 . 2  

( 9 . 2 )  

( 8 . 5 )  

5.6 

8 .7  

50.5 

(124)  
1.8 

( 4 . 7 )  
1 1 . 1  

(29.0)  
.17 

( . 0 4 )  
5.6 

(4 .15 )  
28.5 

( 9 6 . 6 )  

3 . 8 ( . 3 )  
4.9(13. ) 

3.3(7.1 
.20( .63)  
.6? ( 2 . 7 )  
.01(.02) 

3 .3 (5 .1 )  

Super 
C r i t i c a l  

'Eoi 1 e r  
Avg ( s t d )  

9 .4 (  .16)  
6 .7  

( 1 . 9 )  

(4 .4)  
4.7 

.003 
( .003)  

.012 
( . 007)  
2.6 

( 1 . 5 )  

0.007 
(0.12)  
<. 025 
( . 0 5 )  

1.21 
' ( . 5 0 )  
19.4 

(11 .7 )  
.003 

(.008) 

3 . 3 ( . 3 )  
6 . 2 ( ? . 2 )  

10 .8 (3 . ? )  
.003( .003) 
.011( .006)  
.077( .  003) 

3 .0 (1 .9 )  
.03 ( .04) 

CONCENTRATION OF GASES IN PWP A N 0  FOSSIL STEAM 

Pressurized 
Water 

Reactor 
Avg ( s t d )  

9 . 4 ( . 4 )  
66.6 

(41 .0 )  
3.3 

( 2 . 4 )  
16.8 

(15 .1 )  
1 . 4  

( 1 . 7 )  
14.0 

(15 .1 )  
53.4 

(57 .2 )  
1 . 5  

( 2 . 1 )  
.66 

( . 5 7 )  

67.6 
(23 .4 )  

3.0( .04) 

3.2(1.9)  

37. (54 .9 )  
. 07 (1 .2 )  

1 . 7 ( 2 . 3 )  
.51(1.1)  

1 .5 (1 .7 )  
.08( . 03 )  

1.13 1.30 
1.69 2.12 

H Z  

O 2  
c02 

2 
.011 .017 

1 .34  1.76 
,060 .066 Hydrocarbons 



1 - r . L - d  

TABLE 14.2-2. Sources/Factors P a r t i c i p a t i n g  i n  T r  n f e r  of 
Chemicals Wi th in  Water/Steam System 725 

Sources/Si nks 

Condenser 1 eakage 

Demine ra l i za t i on  and sodium throw 

Pr imary t o  secondary leakage i n  nuc lear  SGS 

Oxygen i n  leakage 

Cor ros ion  o f  condenser, FWH and b o i l e r  tubes 

Hideout  o f  chemicals i n  b o i l e r  o r  SG s ludge 

Steam separa t ion  (mechanical car ry -over  ) 
Separat ion of chemical s (vaporous car ry -over  ) 
S t earn wash i ng 

Dry-out, h ideout  and leach ing  i n  superheater and/or rehea te r  

Depos i t ion  o f  d r i e d  p a r t i c l e s  and ox ides i n  HP t u r b i n e  

P r e c i p i t a t i o n  o f  s a l t s  f rom steam and depos i t i on  

I n t e r a c t i o n  o f  t he  p r e c i p i t a t e s  w i t h  H20 

Evaporat ion and dry -ou t  o f  wet steam i n  a t u r b i n e  

Chemical i n t e r a c t i o n s  throughout  the  system 
I 

Physico. Chemical Factors  

S o l u b i l i t y  i n  water 

S o l u b i l i t y  i n  steam 

Separat ion f rom water t o  steam 
Chemical reactions in water 

Chemical r e a c t i o n s  i n  steam 

Chemi c a l  r e a c t i o n s  i n ox ides 

Adsorp t ion  and abso rp t i on  by ox ides and o the r  sur faces 

C a p i l l a r y  condensat ion i n  ox ides 

Condensation o f  steam w i t h  i m p u r i t i e s  

Deminera l i za t ion  

Dry ing  and washing 
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Typical operating parameters for  the steam generation system of an 
LMFBR powerplant a re  indicated by the specifications for the CRBRP (Clinch 

superheater fo r  each of three separate loops) will t ransfer  975 M W t  t o  the 
steam e l e c t r i c  system. 
superheated steam supplied to  the turbine a t  1450 p s i g .  
i l l u s t r a t e s  some specif ics  of the operating conditions for  the steam 
generation system of the CRBRP.  
and water/steam flow dis t r ibut ion among the components of a s ingle  loop. 
The evaporator and superheater components fo r  the CRBRP are  ident ical .  

River). The evaporator and superheater components (two evaporators and one Q 
The steam cycle i s  a nonreheat cycle w i t h  900°F 

Figure 14.2-1 

Figure 14.2-2 i s  a schematic of the sodium 

A 
schematic of the design fo r  these components i s  given i n  Figure 14.2-3. 
The 2 1 / 4  Cr-1Mo s tee l  has been selected for  the t u b i n g  and she l l s  of b o t h  
components as well a s  for  the sodium p i p i n g  connecting the evaporator 
ou t l e t  t o  the i n l e t s  of the two evaporators fo r  each of three loops. 

The de ta i l s  of the maintenance of acceptable qual i ty  for  the water/steam 
circuit of modern steam-electric powerplants still provide considerable oppor- 

tuni ty  fo r  debate. 
water qual i ty  control a re  given i n  Table 14.2-3. 
1 ine and hydrazine (so-called zero-solids treatment) a re  used fo r  control 
of  oxygen concentration and pH. 
additives fo r  control of corrosion troublesome impurities such as the chlo- 
r ide  ion and f o r  some degree of pH control. 
corrosion attack a t t r ibu tab le  t o  sodium phosphate, and i t s  derivatives 
(e.g. , NaOH) , have tended to  discourage regular phosphate treatment i n  favor 
of spot treatment upon  signal of contaminant intrusion, followed by blowdown 
t o  eliminate phosphate precipi ta tes  and reduce the residual phosphate of the 
system. 
b e i n g  used, or proposed, toward improvement of water qual i ty  for  modern, h i g h -  
pressure, powerplants. 
ions through demineralizers i s ,  however, a s ignif icant  problem, par t icular ly  
under conditions tha t  encourage concentration of the ions (e.g. , heavy 
d e p o s i t  buildup i n  h i g h  heat f lux zones). 

Some of the chemical a d d i t i o n s  which have been used for  
Additives such as morpho- 

Sodium phosphates have been the principal 

Numerous incidents of localized 

Full condensate polishing (demineralization) is  another recourse 

As noted i n  Table 14.2-2, slippage of aggressive 

Figure 14.2-4 i l l u s t r a t e s  the principal j u s t i f i ca t ion  for maintaining 
the pH of the water/steam c i r c u i t  near neutral ,  or s l igh t ly  a lkal ine,  condi- 
t ions.  
c i r cu i t .  8 Fer r i t i c  s t ee l s  comprise the bulk of the materials of the water/steam 

The normal oxidation product(s) o f  f e r r i t i c  s t ee l s  a re  unstable 
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FROM IHX 

W - 13.40 
T -921 

W - 0.13 
1-935 

I 

4 
1 
I ‘I) I 
SUPERHEATER 

I I 
I 

c I 

<NTERMEDIATE 

N - 13.36 
r -844 

W 
T 

P -  1466 

P -1540 
1 - 9 0 5  
h - 1 U l  

1 

P - 1830 
1 - 624 
h - 1148 

w - 1.11 
0.26 W - 1.14 

T -468 
h -461 

626 P -1996 

W - 13.10 
T -649 

INTERMEDIL’E 
SODIUM TO .or 

i I f f E U L A T I O N  

w - 2.22 

P -  1899 
1- 546 
h-543 

P psis 

Figure 14.2-1.  Water/Steam System Parameters for the 
CRBRP PGwerplant ( 3 ) 
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FROM 

Figure 14 .2 -2 .  Schematic o f  CRBRP Steam Generation 
System ( 4 ) 



14.2-7 

R EMOVABL E 

TL 

TUBE (5/8 inch O.D. 
x 0.109 inch WALL) 

62 inch O.D. 

I BUTT-WELD (IBW) ’ 
I 

MACHINED 
BOSS 

SCDIUM OUTLET 
(2 NOZZLES) 

r DRAIN NOZZLE 

REhlOVABLE STEAM,WATER HEAD 

- c. .. 

4L S T E A M N A T  ER IN LET 

.ET 

Figure 14.2-3.  Reference C R B R P  Superheater/Evaporator 
Component ( 4 ) 
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TABLE 14.2-3. 

Chemical 

Sodium hydrox ide  
NaOH ( c a u s t i c  soda) 

Sodium carbonate 
NazCOj (soda ash) 

Sodium phozphates 
NaH PO4, NazHF04, 
Na3804. NaP03 

Sodium a luminate  
NaAl 204 

Chelants 
EDTA. NTA 

Polymers 
Po lyac ry la t cs ,  e t c .  

Tannins, starches, glucose 
and l i g n i n  d e r i v a t i v e s  

Seaweed d e r i v a t i v e s  
Sodium a lg ina te ,  sodium 
mannuronate 

Sodium s u l f i t e  
NaZSO3 

Hydrazine 
N ~ H q ( n o n a l 1 y  supp l i ed  as 
s o l u t i o n )  

F i l m i n g  amines 
Octadecylamine, e tc .  

N e u t r a l i z i n g  amines 
Korpho l ine .  
cyclohexylamine, e t c .  

Sodium n i t r a t e  
NaN03 

A n t i  foams 
Po lyg l yco l s ,  s i l i c o n e s ,  
polyamides 

Chemicals Used To 

Purpose 

Increase a l k a l i n i t y ,  r a i s e  pH. 
p r e c i p i t a t e  magnesium 

Adjust Boiler Water C hemi s try ' ' 

Increase a l k a l i n i t y  and pH, 
p r e c i p i t a t e  ca lc ium i n  the  
form o f  carbonate 

P r e c i p i t a t e  ca lc ium 
as hydroxyaoat i te ,  . 

P r e c i p i t a t e  calcium. 
magnesi um 

Cont ro l  s c a l i n g  by f o r n i n g  
hea t -s tab le  ' so lub le  complexes 
w i t h  ca lc ium and magnesirim 

Disperse sludge and d i s t o r t  
c r y s t a l  s t r u c t u r e  o f  ca lc ium 
depos i ts ,  p revent  f o u l i n g  due 
t o  c o r r o s i o n  products 

Prevent f e e d l i n e  depos i ts ,  coa t  
sca le  c r y s t a l s  t o  produce sludge 
t h a t  does n o t  adhere as r e a d i l y  
t o  b o i l e r  hea t ing  surfaces 

Prov ide  a more f l u i d  s ludge and 
min imize  car ryover  t o  t u r b i n e  

Ca, O(OH ) 2  (PO1 )6 

Prevent oxygen co r ros ion  

Prevent  oxygen co r ros ion  

Cont ro l  r e t u r n - l i n e  co r ros ion  by 
fo rming  p r o t e c t i v e  f i l m  on 
nietal  sur faces  

Cont ro l  r e t u r n - l i n e  co r ros ion  by 
a d j u s t i n g  condensate pH 

I n h i b i t  c a u s t i c  ernbr i t t lement 

Reduce foaming tendency o f  h i g h l y  
concent ra ted  b o i l e r  water 

Comnent 

Contains no carbonate, p rec lud ing  fo rmat ion  o f  C02 
i n  steam: pH c o n t r o l  improves form o f  ca lc ium 
p r e c i p i t a t e  (see sodium phosphates) 

Lower cos t ,  more e a s i l y  handled than caus t i c ,  b u t  
some carbonate breaks down t o  re lease  C02 w i t h  steam 

A l k a l i n i t y  and r e s u l t i n g  pH must be kept  h igh  enough 
f o r  t h i s  r e a c t i o n  

Forms a f l o c c u l a n t  s ludge 

Prevents p r e c i p i t a t i o n  o f  sca le - fo rming  compounds 
on to  metal  surfaces. Ray d i s s o c i a t e  a t  h igh  
pressures.  Use oxygen-free water 

D i s t o r t i o n  o f  c r y s t a l  s t r u c t u r e  of p r e c i p i t a t e  
prevents i t s  adherence t o  metal  surface. May be 
used i n  con junc t i on  w i t h  phosphate, carbonate 
o r  che la te  program 

Organic d ispersants  (o f ten  c a l l e d  p r o t e c t i v e  
c o l l o i d s )  used w i t h  soda ash, phosphate. 
d i s t o r t  sca le  growth, i n h i b i t  caus t i c  e m b r i t t l m e n t  

A lso  

Organ ics  (o f ten  c lassed as r e a c t i v e  c o l l o i d )  r e a c t  
w i t h  ca l c ium and magnesium, absorb sca le  c r y s t a l s  

Neu t ra l i zes  r e s i d u a l  oxygen by forming sodium 
s u l f a t e .  
pressures t o  f o r m  H S i n  steam. Ava i l ab le  i n  
ca ta lyzed form f o r  f a s t e r  a c t i o n  

Removes res idua l  oxygen t o  form n i t rogen  and 
water--one p a r t  oxygen t o  one p a r t  hydrazine i s  
NzH4. A lso  a v a i l a b l e  as ca ta lyzed hydrazine 

P ro tec ts  'aga ins t  oxygen and. carbon-d iox ide  a t tack .  
Small amounts o f  cont inuous feed main ta ins  f i l m .  

May decompose a t  h igh  temoeratures and 

P r o t e c t i o n  through n e u t r a l i 7 a t i o n  o f  carbon ic  
a c i b  formed from carbon d i o x i d e  

Used where water may have m b r i t t l i n g  
c h a r a c t e r i s t i c s  

Usua l l y  added w i t h  o the r  chemicals f o r  sca le  
c o n t r o l  and sludge d i spe rs ion  
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( so lub le ,  nonadherent) under extremes of e i t h e r  ac id ,  o r  bas ic ,  cond i t i ons .  

Th is  leads t o  e i t h e r  gross c o r r o s i o n  loss ,  o r  l o c a l i z e d  c o r r o s i o n  phenomena, 

such as caus t i c ,  o r  a c i d  assoc ia ted  (e.g., c h l o r i d e )  c rack ing .  As noted 
above, t h e  type  and schedule o f  chemical a d d i t i o n s  t o  p rov ide  acceptable 

b u f f e r i n g  aga ins t  contaminants t h a t  can warp t h e  l o c a l  pH towards e i t h e r  

az id ,  o r  bas ic ,  cond i t i ons  remains unresolved t o  a cons iderab le  ex ten t .  

The d i sso l ved  oxygen concen t ra t i on  o f  t h e  water/steam c i r c u i t  can 

a f fec t  t h e  a b i l i t y  o f  f e r r i t i c ,  and p a r t i c u l a r l y  a u s t e n i t i c ,  s t e e l s  t o  

develop and ma in ta in  the  ox ide  f i l m s  c r u c i a l  t o  p a s s i v i t y .  D isso lved 

oxygen i s  a l s o  a ca thod ic  depo la r i ze r  and, i n  t h i s  r o l e ,  can tend t o  

acce le ra te  e lec t rochemica l  c o r r o s i o n  processes. These c h a r a c t e r i s t i c s  

of oxygen a r e  i n  oppos i t i on  w i t h  respec t  t o  t h e  c o r r o s i o n  res i s tance .  

Present ly ,  t h e  general  p r a c t i c e  i s  t o  ma in ta in  the  d i sso l ved  oxygen l e v e l  

a t  low-as-poss ib le  l e v e l s  (see Table 14.2-1). There has been cons ide ra t i on  

o f  p e r i o d i c  oxygen ' c o n d i t i o n i n g '  o f  c i r c u i t  m a t e r i a l s  through a d d i t i o n s  

o f  oxygen, o r  H202. 

concen t ra t i on  i n  the  water/steam c i r c u i t  i s  c u r r e n t l y  under some chal lenge.  

Cur ren t  s p e c i f i c a t i o n s  f o r  t h e  feedwater and r e c i r c u l a t i n g  water  q u a l i t y  

f o r  t h e  C l i n c h  R iver  powerplant a re  g iven i n  Table 14.2-4. 

Indeed, t h e  p r a c t i c e  o f  m in im iz ing  the  b u l k  oxygen 
( 7 )  

As noted by Wranglen,(8) the  a b i l i t y  o f  anions t o  adsorb and p e r t u r b  

t h e  s t r u c t u r e  o f  c o l l o i d s  a l s o  prov ides  some i n d i c a t i o n  o f  t h e i r  general  

tendency toward aggress ive c o r r o s i o n  behavior.  

Wranglen has made of a number o f  phys ico-chemical  p r o p e r t i e s  o f  anions t h a t  

a r e  commonly encountered i n  i n d u s t r i a l  processes. The c o r r o s i v i t y  would 
tend t o  inc rease toward t h e  r i g h t  end o f  t he  ' s c a l e ' .  Obviously,  t h e  

p a r t i c i p a t i o n  o f  a g iven  i o n  i s  s t r o n g l y  dependent on t h e  s p e c i f i c  co r ro -  

s i o n  s i t u a t i o n .  

rece ived most o f  t h e  p u b l i c i t y  i n  water/steam c i r c u i t  c o r r o s i o n  processes. 

Cor ros ion  s i g n i f i c a n t  concent ra t ions  o f  OH- i o n  have a r i s e n  due t o  use of 

c a u s t i c  (NaOH) f o r  pH t a i l o r i n g ,  and sodium phosphate a d d i t i o n s  f o r  i m p u r i t y  

c o n t r o l .  

bear ing  c o o l i n g  water a t  condensers. 
t h e  i n t e r v e n t i o n  o f  many o the r  chemical species i n  the  c o r r o s i o n  processes 

o f  t h e  water/steam c i r c u i t ,  The co r ros ion  c r e d e n t i a l s  o f  a g iven  m a t e r i a l  

F igure  14.2-5 i s  a summary 

The hydrox ide (OH-) and c h l o r i d e  ( C l - )  ions  have g e n e r a l l y  

Ch lo r ide  i o n s  have entered l a r g e l y  through in - leakage o f  c h l o r i d e  

There i s  obv ious l y  o p p o r t u n i t y  f o r  
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1000. 

100. 
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1 .o 
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I I .  . 1 ,  
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. I, - -  1,  

pH a t  300 C 
-Pegimes - 

[A]  r a p i d  c h l o r i d e  at tack;H damage 
[B] normal bulk b o i l e r  water 
[C] r a p i d  caustic a t tack 

Figure 14.2-4. C o r r e l a t i o n  Between Corrosion and Magnet i te  
S o l u b i l i t y  ( 6  ) 

Table 14.2-4.  CRBRP Feedwater Q u a l i t y  S p e c i f i c a t i o n s  ( 4 )  

Total Solids .............................................. 
Dissolved Oxygen ......................................... 
Silica 20 ppb (MAX) 
Iron .................................................... 10 ppS @AX) 

pH at 25°C 

50 ppb (MAY) 
7 ppb OlAX) 

................................................... 

................................................. 
.............................................. 

Copper 2 pph (h1A-Y) 

Hydrazine (Residual) ...................................... 
Conductivity (Cation) at 25°C ............................... 0 3  micro-rnholcm 

Sodium ................................................. I ppb (3IA.Y) 

Total Dissolved Solids ...................................... 300 ppb QIU) 

Conductivity (Cation) a t  25OC ............................... 

8.7 to 9.1 

5 PPb WAX) 

CRBRP RECIRCL'LATISG IVATER 
QUALITY SPECIFICATIOSS 

Sodium ................................................. 6 ppb (MAX) 
............................................... 8.5 to 9.0 pH at tS°C 

2 rnicro-mho/an 

Steady-itate Conditions 
Full-Flow Demineralization 

IWoDrain ~. . . .  
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Low molar polarization 
Low aasorbabi 1 i ty 
i ; i gh  overpott:ntj a1 

electrodeposits 
Smooth, fine-grained' I . 

Low corrosi vi ty 
Weakly peptizing 
Passivating 
Weak electrocapi llarity effect 
Weak hydrogen embrittlement 
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Figure 14.2-5. Physico.chemica1 Characteristics of Various 
Anions Important to Corrosion Processes ( 8 ) 
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s e r v i c e  i n  t h i s  c i r c u i t  are,  however, g e n e r a l l y  judged on the  bas is  
t s  r e s i s t a n c e  t o  s t ressed and unstressed co r ros  on a t t a c k  by c a u s t i c  

c h l  o r i  de s o l  u t i  ons . 
The development o f  an aggress ive co r ros ion  s i t u a t i o n  g e n e r a l l y  depends 

on t h e  f o l l o w i n g  cond i t i ons :  

some conten t  o f  a p o t e n t i a l l y  aggress ive species i n  the  bu lk  

stream 

l o c a l  cond i t i ons  conducive t o  concen t ra t i on  o f  t h e  species:  

heat  t r a n s f e r  p r o v i d i n g  a temperature g r a d i e n t  t o  

suppor t  p rog ress i ve l y  h igher  b o i l i n g  p o i n t  s o l u t i o n s  

(see F igu re  14.2-6) ; 

cond i t i ons ,  such a c rev ice ,  o r  a porous ox ide  l a y e r ,  o r  

imper fec t ions  i n  an ox ide  l a y e r ,  t h a t  enable t r a n s p o r t  

o f  aggress ive i ons  i n t o  the  concent ra t ing  zone, y e t  s h i e l d  
t h e  concentrated s o l u t i o n  f rom d i l u t i o n  by t h e  n a t u r a l ,  

o r  f o rced  convect ion o f  t h e  b u l k  s o l u t i o n ;  

l o c a l  c o n d i t i o n s  conducive t o  the  p a r t i c i p a t i o n  o f  e l e c t r o -  

chemical processes i n  the  co r ros ion  ac t i on :  

development o f  r e l a t i v e l y  l a r g e  ca thod ic  areas e l e c t r i c a l l y  

access ib le  t o  smal l  anodic (metal  d i s s o l u t i o n )  areas on a 

cont inuous, o r  pe r iod i c ,  b a s i s ;  

s t ress/ temperature cond i t i ons  develop ing p l a s t i c  

deformat ion t h a t  tends t o  decrease pass i va t i on  

a b i l i t y ,  and inc rease t h e  p o s s i b i l i t i e s  f o r  i n t r u -  
s i o n  o f  t h e  metal  s t r u c t u r e  by co r ros ion  hydrogen 

and/or o the r  p o t e n t i a l l y  damaging species ; 

s o l u t i o n  cond i t i ons  (pH, chemical composi t ion)  t h a t  tend 

t o  encourage t h e  fo rmat ion  o f  nonpro tec t i ve  o x i d a t i o n  

p roduc ts .  

The o x i d a t i o n  behavior  i nhe ren t  t o  a g iven m a t e r i a l  a t  a g iven  c i r -  

c u i t  s i t e  can account f o r  a s i g n i f i c a n t  ox ide  bu i l dup  and metal  a t t r i t i o n  

when severa l  decades o f  s e r v i c e  t ime a r e  invo lved.  Another impor tan t  source 
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of depos i t  on heat exchanger surfaces i s  the corrosion/erosion products 
car r ied  by the  bulk stream. The deposit ion of t h i s  material  i n  a boil ing 
zone i s  apparently a function of heat f lux  t o  a power i n d e x  t h a t  may range 
from 2 t o  5. (') T h u s ,  heat f l ux  aggravates b o t h  the  local corrosion res- 
ponse and the deposition of c i r c u i t  impuri t ies .  In addi t ion t o  degrading 
the heat t r ans fe r  q u a l i t i e s  of the heat exchanger and increasing the flow 
res i s tance  (pressure drop) , these phenomena contr ibute  t o  the buildup of 
an aggregate of corrosion/impurity/additive products whose s t ruc tu re  pro- 
vides the conditions favorable t o  concentration of aggressive ions.  Buildup 
on various c i r c u i t  surfaces  i s  control led t o  some extent by periodic chemical 
cleaning. Klein( ' )  s t a t e s  t h a t  a cleaning frequency of once per three  years  
i s  normally recommended f o r  modern h i g h  pressure steam plants .  
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14.3.1 Water/Steam Corros ion 

Q The o x i d a t i o n  c h a r a c t e r i s t i c s  of a m a t e r i a l  i n  t h e  water/steam env i -  
ronment of t h e  evaporator  and superheater,  w i t h o u t  s i g n i f i c a n t  i n t e r v e n t i o n  

by contaminants, i s  t h e  obvious base f o r  cons ide ra t i on  o f  t h e  co r ros ion  
q u a l i f i c a t i o n s  f o r  such se rv i ce .  
serv ice ,  t h e  low a l l o y  f e r r i t i c  s t e e l s  e x h i b i t  a water/steam c o r r o s i o n  res -  
ponse (e.g., depth of  p e n e t r a t i o n  o f  metal  by o x i d a t i o n  f r o n t )  an order  o f  

magnitude, o r  more, g r e a t e r  than t h a t  o f  t h e  a u s t e n i t i c  s t a i n l e s s  s tee l s ,  

o r  Incone ls .  Th is  i s  i l l u s t r a t e d  i n  F igu re  14.3.1-1, where data bands a r e  

g iven f o r  t h e  low C r  f e r r i t i c  s t e e l  f a m i l y  and the  a u s t e n i t i c  s t e e l s  f o r  
a pure water/steam environment. Under s e n s i b l y  i so thermal  cond i t i ons ,  t h e  

f e r r i t i c  s t e e l s  g e n e r a l l y  d i s p l a y  a gradual  improvement i n  o x i d a t i o n  r e s i s -  
tance w i t h  inc rease i n  C r  content .  Whi le t h e  e f f e c t  o f  C r  i s  s e n s i t i v e  t o  

some e x t e n t  on t h e  t o t a l  a l l o y  composi t ion,  an i n d i c a t i o n  o f  improvement 

i n  o x i d a t i o n  r e s i s t a n c e  w i t h  inc rease i n  C r  con ten t  i s  shown i n  
F i g u r e  14.3.1-2. 

For  temperatures o f  i n t e r e s t  t o  powerplant 

The r e a c t i o n ,  

3Fe + 4H20 + Fe304 + 4 Hp 

i s  g e n e r a l l y  used t o  represent  t h e  water steam o x i d a t i o n  o b e r r i t i c  s t e e l s  

under T/P cond i t i ons  r e l e v a n t  t o  modern h igh  pressure powerplants.  
ac tua l  complex i ty  of i r o n  o x i d a t i o n  products  under var ious  temperature and 

o x i d i z i n g  cond i t i ons  i s  i n d i c a t e d  by Table 14.3.1-1. 
g i v e n  i n  t h i s  t a b l e  c o u l d  be generated under c o n c e i v a b l e  ranges o f  tempera- 

t u r e  and ambient atmospheric c o n d i t i o n s  encountered by steam genera t ion  
equipment over  t h e  installation-operation-maintenance-rehabi 1 i t a t i o n  h i s -  

t o r y  o f  t h e  equipment. A duplex s t r u c t u r e  i s  u s u a l l y  assigned t o  t h  
Fe30q (magnet i te)  l a y e r ,  c o n s i s t i n g  o f  an i n n e r  l a y e r  o f  f i n e  c r y s t a l l i t e s  

and an o u t e r  l a y e r  of coarser  c r y s t a l s .  

ou te r  1 ayer  i s v i  r t u a l  l y  pure Fe304. A c t u a l l y ,  m ic ro  i n s p e c t i o n  o f  

t y p i c a l  ox ide  l a y e r s  revea ls  a f a r  more complex banding, w i t h  chan es i n  

bo th  s t r u c t u r e  and composi t ion across t h e  th ickness  of t h e  ox ide  l a  e r .  

Under near n e u t r a l  c o n d i t i o n s  (pH) magnet i te  i s  i n s o l u b l e  (see F i g -  

u r e  14.2-4) and unless t h e  s t r u c t u r e  i s  per tu rbed by aggress ive i o n  \act ion,  

o r  mechanical/hydrodynamic ac t i on ,  i t  i s  the  bas is  f o r  t he  pass ive s t a t e  o f  

f e r r i t i c  s t e e l s  i n  water/steam environments. 

The 

Var ious products  

B / 

1 
i '\ The i n n e r  l a y e r  g e n e r a l l y  has an 

L'' - a l l o y  element cornposi t ion about t h e  same as the  parent  meta l ,  w h i l e  t h e  

? r 
\ 
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( 3 )  TABLE 14.3.1-1. Various Corrosion Products o f  Iron 

Q 
Composi t ion 

(Minera l  !Came) Co lor  

Fe (OH 1 White 

Fe304 Black 
(Magnet i te )  

a-FeOGH Yel low 
(Goe th i te )  

6-FeOOH L i g h t  
Brown 

y-FeOOH Orange 

y-Fe203 Brown 
(Mag henii t e )  

a-Fe2O3 B r i c k  
(Hemat i te )  Red t o  

B lack  

S t r u c t u r a l  Magnetic 

Mg (OH )2  Paramagnetic 
(B ruc i  te) 

Type 8 Character 

Wail Paraniagneti c 

Sp ine l  Ferromagnetic 

a-FeOOH Piramagnet i  c 
(Goeth i te )  

deterri i i  ned 

y - F eOOH Paramagnetic 
(Lep iduc roc i te )  

Sp ine l  Fe r ro iagne t i c  
( w i t h  vacancies) 

A1203 Paramagnetic 
(Corundum) 

Not comple te ly  -- 

E l e c t r i c a l  
Ees i s t i  v i  ty 

I n s u l a t o r ( '  

Semiconductor 

E l e c t r o n i c  
Conductor 8 

I n s u l a t o r ( '  

I n s u l a t o r ( '  

Semiconductor 
t o  i n s u l a t o r  

I n s u l a t o r  

Dens i t y  

3.40 

5.4-5.73 

5.20 
( 4 )  

4.20 

_- 

3.97 

4.88 

5.25 

Thermal 
Behavior 

Oecomooses a t  about 
100°C' t o  Fe3a4 and 
H2(2) 

Me l t s  a t  1371-1424°C. 
Below 570°C decomposes 
to Fe and Fe304 

Me l t s  a t  1597'C 

 dehydrate^'^) t o  
a-Fe203 a t  about 200°C 

Dehydrates ( 3, t o  
a-Fe203 a t  about 230°C 

 dehydrate^'^) t o  
y-Fe203 a t  about 200°C 

i rans fo rms(3 )  t o  
a-Fe203 above 250°C 

Decomposes t o  magneti t e  
a t  1457°C and 1 atm. 

I i j C o l o r  i n d i c a t e s  :hat these are i n s u l a t o r s .  

("Presence o f  water causes conversion t o  a-Fe203 a t  lower temperature. 

I n  con tac t  w i t h  t races  of  oxygen. Fe(OH)2 i s  uns tab le  a t  room temperature and t rans forms t o  y-FeOOH, a-FeOOH, o r  Fe 0 
depending on t h e  cond i t i ons  of  t he  s y s t m  (15) .  3 4  
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Waterlsteam oxidation data for the 2 1 /4  Cr-1Mo s teel  a re  apparently 
very sparce within the temperature range 260-538°C (500-1000°F). 
ure 14.3.1-3 displays some recent data obtained under isothermal and heat 
f lux conditions. These data i l l u s t r a t e  the important f a c t  t h a t  isothermal 
data do not provide a sa t i s fac tory  indication of the corrosion response 
under steady s t a t e ,  o r  t ransient  heat f lux conditions t h a t  will obtain in 
the heat exchanger assignments fo r  this material. As indicated by this 
f igure,  the corrosion e f f ec t  i s  aggravated by steady s t a t e  heat flux. 
Some intensif icat ion of this e f fec t  might be expected under variable 
heat f lux and mean temperature conditions, inasmuch as thermal s t r e s s  i s  
believed to  be involved t o  some extent i n  this phenomenon. 
e t  a l .  , ( 5 )  report  somewhat e r r a t i c  heat f lux e f fec ts  for  a Nb s tabi l ized 
2 1 /4  Cr-1Mo s t e e l ,  a t  a mean temperature level of roughly 350°C, and a 
heat f lux ranging u p  t o  660 kW/m . Oxidation layer thickness increases 
w i t h  heat f lux ranged from vi r tua l ly  nil  t o  about 70% a f t e r  2000 hour 
exposure under 660 kW/m hea t  flux. As noted in Figure 14.3.1-3, the 
steady-state oxidation under a steady heat f lux displays a l inear  charac- 

Fig- 

Tomlinson, 

2 

2 

t e r i s t i c .  
(which, according to  Figure 14.3.1-3, tends more t o  a parabolic behavior) 
i s  increasing w i t h  exposure time. 
the re la t ive ly  short  exposure o f  2000 hours would, according to  these data,  
be v i r tua l ly  meaningless. 
t ransient  e f fec ts  on the long-term oxidation charac te r i s t ics  of 2 1/4 Cr- 
1Mo s tee l  i s  not sa t i s fac tory  for  confident specification of l imiting mean 
temperature and heat f lux conditions for  this s t ee l .  According t o  a recent 
British assessment o f  the steam generator problems for  LMFBR powerplants, 
t h i s  s i tua t ion  i s  generally applicable to  a l l  the f e r r i t i c  s tee l  candidates 
fo r  s t ructural  service i n  steam generators. ( 6 )  
allowances for  the 2 1 /4  Cr-1Mo s tee l  a re  largely based on isothermal 

The divergence between the heat f lux and the isothermal data 

Assessment of heat f lux e f fec t  based on 

The present understanding of heat flux/temperature 

Present water-side corrosion 

oxidation data. ( 7 )  
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14.3.2 Chloride Affected Water/Steam Corrosion 

Under a reasonable evolution of water quality control practice for 
steam-electric powerplants, the intrusion of potentially aggressive species 
must be recognized as a fact of the working environment of steam generating 
system materials for some time. Of these species, the chloride ion (Cl') 
is probably of greatest importance because of its prevalence, over a wide 
range of concentration, in the heat sink reservoirs available to commercial 
powerplants. Chloride corrosion action can be manifested in pitting and in 
stress corrosion cracking. Either phenomenon has more than adequate poten- 
tial to disable various components of the water/steam circuit, ranging from 
the heat exchangers to the turbine. 
are subject to chloride action. 
cracking in chloride solutions is a well advertised weakness of certain 
austenitic steels (e.g., 300 series stainless steels). The vulnerability 
of ferritic steels to serious pitting in chloride environments has been known 
for many years. Although there has been frequent attribution to low alloy 
ferritic steels of 'invulnerability' to chloride stress corrosion cracking, 
there are laboratory and service data that can support a considerable chal- 
lenge to this assessment. 

Kolotyrkin(') and Hoar(3) have noted the following possible action of the 
chloride ion: 

Both austenitic and ferritic steels 
A strong susceptibility to stress corrosion 

In comprehensive reviews of chloride ion corrosion activity, Foley (1 1 , 

structural perturbation of normally passivating, or stabilizing, 
layers, leading to the creation of low resistance paths for 
physico-chemical interaction between the ambient solution and 
the metal; 

adsorption on metallic surface preferentially to normally 
passivating species under appropriate surface potential and 
physico-chemical conditions; 

creation of a field effect by adsorbed chloride ions that 
encourages metal ionization (dissolution); 

the formation of surface and solution complexes with metallic 
ions that are inimical to establishing passivity of the metal; 
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solution a t  300°C. 
where w i s  the meta 
values of n :  

Mater i a 1 

pure Fe 
Fe- 1 Cr 
Fe-2Cr 
Fe-4Cr 
Fe-8Cr 

encouragement of hydrolysis reactions,  involving metal ions, 
t ha t  release pro tons  (H') t o  the solution; t h i s  local acidic 
excursion can reduce passivation a b i l i t y  of the metal and 
stimulate local electrochemical action leading t o  p i t t i ng ,  
or cracking under appropriate s t r e s s ,  metallurgical,  and  
chemical stimul i . 

W i t h  respect t o  res is tance t o  chloride related pitting/cracking, i t  
i s  d i f f i c u l t  t o  assess the significance of the composition represented by 
the 2 1/4 Cr-1Mo s tee l  r e l a t ive  to  tha t  of the low carbon s tee l  family. On 
the basis of Cr content alone, the r e l a t ive  advantage of the 2 1 / 4  Cr-1Mo 
s tee l  would appear t o  be of marginal practical significance. This is  indi- 
cated by numerous laboratory studies of Fe-Cr alloys t h a t  generally support 
a gradual improvement i n  various chloride related corrosion c r i t e r i a  as 
the Cr level i s  raised over a Cr range of roughly 0-10%. 
of  some of t h i s  work i s  appropriate i n  view of the sparcity o f  data on 
2 1 /4  Cr-1Mo s t e e l ,  o r  closely related s t e e l s ,  in chloride environments. 

A brief discussion 

Mann and Teare(4) exposed a ser ies  of Fe-Cr alloys to  a nickel chloride 
Stating the corrosion e f fec t  a s  follows: w = k t n ,  

loss in time t ,  the various alloys gave the following 

n 

0.80 (showing a gradual decrease in 
0.81 
0.64 
0.38 
0.31 

corrosion r a t e ,  dw/d t  = nk/ t lmn 
with increase i n  Cr content) 

a 

Verink and P ~ u r b a i x ( ~ )  u s i n g  a potentiokinetic electrochemical 
hysteresis technique, delineated zones of general corrosion, p i t t ing  sus- 
cep t ib i l i t y  and passivity for  a se r ies  of Fe-Cr alloys in solutions of 

various pH and chloride concentration (as  NaC1) values. 
shows the contraction of the general corrosion f i e l d  and the expansion in 
the passivity f i e ld  as the Cr content i s  raised. 

Figure 14.3.2-1 

Q 
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S t ~ l i c a , ( ~ ’ ~ )  using the po ten t io s t a t i c  technique a t  25”C, passivated 
various Fe-Cr a l loys  in  a H2S04 solut ion and then observed the  corrosion 
response t o  the  addition of chlor ide solut ion ( 1 N H C I  + 2N NaCl solut ion was 
added in  various amounts t o  the passivating so lu t ion ) .  For h is  spec i f i c  
t e s t  conditions,  S to l ica  reported the following chlor ide concentrations 
needed t o  i n i t i a t e  chlor ide attack; based on observation of p i t t i n g :  

8 

A1 1 oy 
pure Fe 0.0003 
Fe-5.6 Cr 0.017 
Fe-11.6 Cr 0.069 (showing increase i n  C 1 -  conc. needed 
Fe-20 Cr 0.10 
Fe-24.5 Cr Q1.0 
Fe-29.4 Cr rL1.0 

t o  i n i t i a t e  a t tack  as  Cr content i s  r a i sed )  

Figure 14.3.2-2 i l l u s t r a t e s  the induction period phenomenon reported i n  
numerous s tudies  of chlor ide act ion.  
sh ip  between the reciprocal of the  induction time and the chlor ide concen- 
t r a t i o n  f o r  the Fe-5.6 Cr a l loy  observed by S t o l i c a . ( 6 )  
made f o r  the o ther  a l loys  noted above. The minimum C 1 -  concentration was 
determined by extrapolat ing the plot  t o  the zero o f  the reciprocal induc- 
t ion  time ( i n f i n i t e  time f o r  a t t a c k ) .  
between the chlor ide corrosion response of a l o w  Cr a l loy  and pure Fey 
S to l i ca  noted t h a t  the post-induction corrosion current  increase charac- 
t e r i s t i c s  f o r  both mater ia ls  were v i r tua l ly  iden t i ca l .  

Figure 14.3.2-3 shows the  r e l a t ion -  

Similar p lo ts  were Q 
As a comment on the  close s i m i l a r i t y  

Harrison, e t  a l .  y ( 8 )  used the hydrogen effusion technique t o  monitor 
the corrosion progress of pure Fe and several  low Cr a l loys  in a 0.1M NiC12 
so lu t ion  a t  temperatures of 250, 300, and 350°C. 
period, these authors described the corrosion e f f e c t  by the r e l a t ion :  
dm/dt  = kle 
( k l ,  k 2 ) ,  followed by a steady s t a t e ,  l i nea r  period ( k 3 ) .  
showed a complex dependence of the  various parameters ( k  values)  on tempera- 
ture and Cr content. 
3OO0C, while the kg  value was grea tes t  f o r  the lowest temperature of the  

Over a 100-hour obServation 

2 + k3,  which denotes an i n i t i a l ,  exponentially decaying period - k  t 

These s tudies  

The k l  and k 2  values tended t o  exhib i t  a maximum near 
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t e s t s ,  250°C. 
the k 2  and k3 values showed less  correlation with Cr. 
i ted some increase with Cr increase, i . e . ,  the long term (100 hours i n  t h i s  
case) corrosion e f fec t  appeared to  be greater fo r  the higher Cr al loys.  
Southwell reported on long-term exposures of various Fe-Cr a1 loys to  
sea water. He observed t h a t ,  while the Cr alloys ( 3  and 5% Cr) were 
superior t o  the carbon s tee l  fo r  up  t o  about 4 years,  fo r  longer times 
the carbon s tee l  s tab i l ized  a t  a lower corrosion r a t e  resul t ing i n  a lower 
overall corrosion e f fec t  for the carbon s t ee l .  These l a t t e r  references 
are  c i ted  to  i l l u s t r a t e  the point t h a t  where - low alloy additions a re  
involved, i t  i s  very d i f f i c u l t  t o  support generalizations of a l loy e le -  
ment influence on long-term corrosion behavior. Further, the in tu i t ion  
tha t  increasing temperature w i l l  increase the corrosion e f fec t  i s  not 
necessarily t rue ,  depending on the change w i t h  temperature of - a l l  the 
kinet ic  fac tors  t ha t  a f f ec t  corrosion (e .g . ,  corrosion product s t a b i l i t y  
and permeabi 1 i t y ,  electrochemical process parameters , such as sol u b i  1 i ty  
of depolarizing and passivating species i n  the solution, e t c . ) .  

The k l  value decreased as the Cr content was raised,  while 
K3, i n  f a c t ,  exhib- 

The d i f f i cu l ty  of  re la t ing  the corrosion charac te r i s t ics  of re la t ive ly  
pure laboratory study alloys t o  those of commercial alloys of the same pr i -  
mary al loy content (e .g . ,  Cr) i s  i l l u s t r a t ed  by Figure 14.3.2-4, where the 
corrosion behavior of high purity Fe-Cr binary alloys and a h i g h  purity Fe 
i s  compared t o  t h a t  of a s ing le  heat of a commercial alloy of 1 %  Cr. 
Mann and Teare(4) a t t r i b u t e  the superiority of the commercial a l loy rela-  
t i v e  to  i t s  h i g h  p u r i t y  counterpart t o  the s i l i con  content of the commer- 
c ia l  alloy. Data permitting a more comprehensive appraisal of the chloride 
corrosion behavior of low Cr al loys of present i n t e re s t ,  containing the 
nominal background composition of commercial a l loys,  appear t o  be very 
sparce. The contribution o f  Mo, a t  the 1% level ,  t o  the corrosion charac- 
t e r i s t i c s  of these low Cr al loys would not be expected t o  be large,  con- 
sidering the substantial  a l loy additions t h a t  a re  made t o  the f e r r i t i c  
matrix t o  achieve alloys of good corrosion properties under severe chloride 
exposure conditions (e .g . ,  the Fe-28Cr-4Mo al loy discussed by St re icher ) .  (10) 



F .06 
I 
n 
E 
E - .04 
Y 

0 

14.3.2-6 

a 

2 

Figure 14.3.2-3.Reciprocal Induction Time vs. [cl'] ( 6 for 5.6%Cr-Fe Alloy in 1NH2S04 Solution 

I 

cu 
E 
en 
Y 

U 
U 
0 
L 
L 
0 u 

- \ 
U 

Q) 1 .  

0. 
3 

1%Cr steel (comnerc 

8 

ial  ) 

Figure 14.3.2-4. Corrosion of Iron and Iron-Chromium 
Alloys in 0.1M NiC12 at 300C ,( 4 )  



14.3.2-7 

n 

Strauss and Bloom ( 1 1 )  conducted an interest ing se r i e s  of t e s t s  w i t h -  
low carbon s tee l  under chloride bearing solutions and stressed conditions. 
Closed (welded) capsules, f i l l e d  w i t h  various t e s t  solutions,  were heated 
to  316°C ( resu l t ing  pressure a b o u t  1,550 psi; burst pressure a b o u t  4,000 ps i ) .  
Some o f . t h e  observations of th.ese authors are  noted in Table 14.3.2-1. 
Figure 14.3.2-5 shows typical cracks. observed in these t e s t s .  
t ions on the h i g h  purity water t e s t  (see t a b l e ) ,  under similar capsule 
conditions, confirm a C 1 -  influence. Furthermore, the observation tha t  
loose (unstressed) specimens inside the capsule exhibited no cracking under 
conditions tha t  cracked the capsule, tend to  confirm a s t r e s s  influence on 
the observed cracking. These t e s t s ,  representing an interest ing conjunction 
of conditions tha t  could obtain under service conditions ( s t r e s s ,  temperature, 
weld zone, C1- presence) appear t o  o f f e r  some challenge to  complacency regard- 
i n g  the ' invulnerabi l i ty '  of low alloy f e r r i t i c  s t ee l s  t o  chloride s t r e s s  
corrosion cracking. There i s ,  as noted above, l i t t l e  evidence to  suppor t  
the contention t h a t  the 2 1 /4  Cr-1Mo s tee l  composition represents a s ig-  
n i f ican t ly  superior bulwark against  chloride corrosion e f fec ts  r e l a t ive  to  
low carbon s t e e l .  

The observa- 

Some confirmation o f  this  opinion, based on t e s t s  w i t h  
2 1 /4  Cr-1Mo s t e e l ,  i s  discussed below. 

Howells, e t  a l . ,  ( I 2 )  conducted model boiler t e s t s  with a variety of 
materials candidates for  steam generator tubing/tubesheet applications.  
Generally, the t u b i n g  and tubesheet for  a given t e s t  were made from the 
same material. Primary water was on the inside of the t u b i n g .  Specifica- 
t ions for  the primary and secondary water used i n  these t e s t s  a r e  given i n  
Table 14.3.2-2, together w i t h  a schedule o f  tes t  conditions designed to  
simulate various phases of the operating l i f e .  The observations o f  the 
corrosion response of the t e s t  materials a re  summarized i n  Table 14.3.2-3. 
These authors gave the following rat ing o f  the t e s t  materials i n  order of 
decreasing merit: Monel, Inconel, nickel,  Croloy 16-1, Croloy 2 1 / 4  
( 2  1 / 4  Cr-1Mo s t e e l ) .  
s tee l  exhibited too much tendency to  serious p i t t i n g  to  be considered for 
steam generation system service.  

I t  was the author 's  opinion tha t  the 2 1 / 4  Cr-1Mo 
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TABLE 14.3.2-1. Capsule  Tests o f  Mild S t e e l  w i t h  Var ious  S o l u t i o n s  Con- 
t a i n i n g  C1' and /o r  F e ( I I 1 )  a t  316"C( l l )  

Capsule Contents 

(1) 0.001 M. FeC13 

(2) O . O W 1  M. FeCl, 

(3) 0.0005 M. Fez (S04)3 

(4) 0.001 M. Fe(NOJ3 

(5) 0.003 M. NaCl 

(6) 0.01 M .  NdC1 

(7)  0.1 H. NaCl 

(8) 1 M. NaCl 

Resul t o f  Treatmen t 

Capsules cracked and leaked within 6 t O  15 hours. 

Very shallow cracks were prodwed w i th in  one week. 

Nu cracking observed with one week. 

Ne cracking observed within one week. 

Ne cracking observed w i th in  one week. 

Ne cracking observed with:n one week. 

Sl ight  attack a t  weld junction during one week. 

Localized corrosion i n  mr tens i te  penetrated weids 
u l t h i n  20 hours. 

(9) Aqueous s lu r r y  of y-FeOCil 
r i n ta in ing  0.6: C l -  

(10) Aqueous s lu r r y  of r-Fe00H 
generated by corrosion i n  
HzOz containing 0.0005: CI- 

(11) Aqueous s lu r r y  of y-FeOOH 
generated by corrosion i n  
hlgh pur i t y  water 

(12) Slurry o f  r-FeOOH i n  l i n e  11 and 

ClpsuleS cracked and leaked w i th in  6 hours. 

Capsules cracked and leaked w i th in  12 hours. 

No cracking observed w i th in  one week. 

Capsules cracked and leaked w i th in  16 t o  18 hours. 
O.ooO1 M. FeClj 

(13) Aqueous s lu r r y  of a-FeOOH containinq 
0.01; c1 

Shallow cracks were produced w i th in  one week. 

(14) Supernatant l i q u i d  y-Fe00H s lu r r y  i n  
l i n e  9 

No cracking observed w i th in  one week. 

(15) Slurry of  i-FeWH i n  l i n e  13 and 
I l q u i d  i n  l i n e  14 

Capsules cracked and leaked within 3 to 4 hours. 

(16) Slurry o f  a-Fe00H containing 
0.012 C1- and 0.003 M. RaCl 

Moderately deep cracks were produced w i th in  ope week. 

( 1 7 )  Slurry o f  y-Fe O1 containing 0.01% 
C1' and 0.003 4. NaCl 

Moderately deep cracks were produced w i th in  one week. 

(18) 

(19) 

*At least 3 and usually more caosulcs were given each treatment. 

m i l d  steel specimens (0.09C. 0.017P. 0.0325, O.CO7N. 0.5711n. 0.0751, O.1OCr. 0.07Ni) 
H annealed before fabrication; a f t e r  fab.. 875C vacum anneal; no weld stress r e l i e f  
20 call th ick tubing used fo r  capsules 

Slurry o f  a-Fe O3 containing 0.02% 
C1- and 0.003 6. NaCl 

Slurry o f  Fe304 containing cO.012 C l -  
and 0.003 M. NsCl 

Very deep cracks were produced w i th in  one week. 
capsule cracked and leaked w i th in  4 days. 

Ne cracklng Observed within one week. 

One 

high pu r l t y  water t es t  solut ion shewed no signi'icant penetration a f t e r  4 weeks' exposure: 
a f t e r  1 years. maaimurn Penetration w a s  2 mils 
lcase (unstressed) Specimns inside capsule showed no cracking under solut ion that cracked CapSulC 

F i g u r e  14.3.2-5. Typica l  Cracks Observed i n  Mi d t e e 1  Under Capsule  
T e s t s  w i t h  C h l o r i d e  S o l u t i o n s  I l l ?  



Table 14.3.2-2, Test Conditions f o r  Ref. 1 2  
Tests 

Water Conditions : 

primary: deionizcd and deaerated 
2,000 p s i ,  600F 

- secondary: ptl: 10.9 +/- 3 (adjusted with NaOH) 
Cl-: 500 +/- 50ppn(synthetic s i a  water) 

PO4-: 250 + / -  50pprn(Na2HP04) 
O2 : 0.2-0.5 ppm(by ae ra t ion )  

T : 480-490F 
P : 600 p s i g  

Test Conditions : 

- . heat flux(based on tube I D )  40-60.000 Btuhr-lft- ' ;  

. heat exchanqer laid-up & a f t e r  43,  192, 336 hrs 
for  period o f  8 hrs ;  the secondary system was Durqed 
with a i r  saturated water during l a y u p ;  

a f t e r  96, 240 and 424 hrs operation, 60-90% of the  heat 
exchanger area was exposed t o  vapor phase fo r  1 h r ;  

was laid-up KeJ f o r  8 hrs with t r ea t ed ,  aerated boi le r  
water on the secondary s ide ;  

. 

. a f t e r  144, 288 and 472 hrs operation, the heat exch?-qe 

I 

. 500 hr to t a l  t e s t  period 

. [ O ]  control:  85% of time, [O] was between undetectable 
O.5ppm; remainder of time [O] was between 0.5-2.0 ppm. 

Table 14.3.2-3. Test Results of Ref. 12  

Crol oy 71 / 4  (2!/4Cr-lMo s teTjJ-: 

a l l  surfaces cJti secondary s ide  were affected by qeneral rouqhening 
and severe p i t t i ng  u p  t o  15 Iciils deep; p i t t i n q  w a s  randomly d i s t r i b -  
uted over the secondary sur face ,  b u t  o f  g rea te r  density i n  crev!ce 
a reas ;  a l l  corrosion advanced in 'gross manner' without rcgard t o  
microstructure;  

Croloy 16-1: 

general p i t t i n ?  and  corrosion s imi l i a r  t o  Croloy 21/4,but l e s s  scvere: 

Nickel : 

a l l  open secondary surfaces in  excellant condition, only very s l i g h t  
du l l ing ;  p i t s  u p  t o  6 mils deep were noticed under support p la tes  
in crevice regions; 

Inconel : -I 

open surfaces in exce l lan t  condition; SOI:IC iricioient pittinq/rougheninc ;. 
under support p l a t e s ;  crevice reqion showed mild general attack a n d  I 

sca t te red  small p i t s  u p  t o  3 mils deep; U 

Monel : 

no s ign i f i can t  corrosion on any surfaces;  no evidence of preferen t ia l  
a t t ack  a t  crevice zones; 

- 

L 

-- 

3475s: 

small SCC in crevice regions, predominantly transqranuldr,  u p  to 6 mils 
deep; negl ig ib le  general corrosion on open surfaces or  crevice sur faces .  
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White and Johnson (13)  used a t i l t i n g  autoclave (Monel) to  simulate 
the a l te rna te  wet/dry conditions obtaining i n  the upper stages of  the evapo- 
ra tor  component. Over a 24-hour period, the t e s t  specimens experienced 
144 wet/dry cycles. Test temperature was 500°F (260°C). The t e s t  solution 
was as follows: 
sea water); pH (10.6-11.2,  w i t h  NaOH); O2 (7-9 ppm ( a i r  saturated a t  R T ) ) .  
U-bend specimens made from annealed sheet stock were used for  these t e s t s .  
While the significance of the short ( 2 4 - h r )  t e s t  period is  questionable, 
the observations of these authors are interest ing.  

PO4 (250-350 ppm as Na2HP04); C 1 -  (500-550 ppm as synthetic 

Mater i a 1 Obser va t i on 

347 ss transgranular cracking i n  a l l  specimens 
Inconel no SCC 
nickel no SCC 
Monel no SCC 
Croloy 16-1--------- heavy oxidation, localized attack ( p i t t i n g ,  

b l u n t  cracks) favoring martensit ic s t ructure;  
heavy oxide layer on t ens i l e  s ide of bend 

Croloy-2 1/4-------- heavy oxidation; general attack was more severe 
than tha t  noted fo r  Croloy 16-1 

Although chloride apparently was not involved, an incident of  severe 
p i t t i n g  and general corrosion for 2 1 /4  Cr-1Mo s tee l  reported by Ruther and 
Hart (14)  i s  pertinent t o  this discussion. 
e f fec t  of dissolved oxygen level on the aqueous corrosion of iron and low 
al loy s t ee l s .  Tests were r u n  w i t h  unstressed specimens in a refreshed 
autoclave a t  260°C, a t  oxygen levels of 50 ppm and less  than 100 ppb.  
The corrosion response of as-received commercial 2 1/4 Cr-1Mo s tee l  was 
substant ia l ly  less  i n  the h i g h  oxygen solution (50 ppm). 
exposure, they reported 1 mg/cm metal loss fo r  the 50 ppm solution and 
6 mg/cm for the low (100 ppb)  oxygen solution. 
t e r i s t i c s  were observed f o r  2 1/4 Cr-1Mo steel  i n  both solutions.  The 
severe p i t t i n g  incident occurred under the following conditions: 

These authors were studying the 

After 25 days' 
2 

2 Linear oxidation charac- 
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a f t e r  24 days' exposure under h i g h  0 conditions, the t e s t s  
were interrupted t o  remove equipment; samples were placed in 
a dessicator;  

upon res ta r t ing  the t e s t ,  the specimen developed deep pits and 
the general corrosion was su f f i c i en t  t o  discolor the eff luent  
water; 

t e s t  analysis revealed tha t  the r a t e  of temperature increase 
f o r  the r e s t a r t  t e s t  was lower t h a n  usual; 

subsequent tes t ing revealed that  the 2 1/4 Cr-1Mo specimens 
consistently p i t t e d  under a slow heat u p ,  as opposed to  forming 
temper colors when the specimen and autoclave were preheated 
before the t e s t  solution was introduced. 

Considering the possible range of ambient environmental conditions steam 
generation equipment may experience throughout i t s  his tory,  these observa- 
t ions on 2 1 /4  Cr-1Mo behavior, even without the apparent intervention o f  

aggressive ions, a r e  a somewhat disquieting addendum to  the recorded cre- 
dent ia l s  of this material. 

Hammond, e t  a l . ,  (15)  and Griess, e t  a l . ,  ( 1 6 )  report  on more recent 
chloride related t e s t  work w i t h  2 1/4 Cr-1Mo s t e e l .  These t e s t s  were 
designed t o  simulate the wet/dry cycl ic  conditions in the upper stages 
of an evaporator, a n d ,  possibly, the lower stages of a superheater. The 
t e s t  conditions fo r  the chloride solution studies a re  summarized i n  
T a b l e  14.3.2-4. U n f o r t u n a t e l y ,  n e i t h e r  r e p o r t  g i v e s  s p e c i f i c s  o n  t h e  

general corrosion response of the 2 1 / 4  Cr-1Mo s tee l  under these t e s t  
conditions, other t h a n  the observation tha t  this  s tee l  exhibited 'heavy 
scal ing '  under the conditions reported by Griess, e t  a l .  (16) 
additional qual i f icat ion given t o  this s tee l  on the basis of these t e s t s  
i s  tha t  i t  i s  'immune' t o  chloride s t r e s s  corrosion cracking. 

The only 

Griess, e t  a l . ,  (17 )  discuss t e s t  work w i t h  2 1 /4  Cr-1Mo s tee l  in a 

This 
recirculat ing boiler system. 
segmented and s p r u n g  onto a 2 1 /4  Cr-1Mo sheathed heater element. 
method of mounting imposed a maximum tensi le-s ide s t r e s s  probably exceeding 

Test specimens made from tubular stock were 
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Table 14.3.2-4. T e s t  Conditions for Work of Refs.l5&16 

The loop operatinq conditions fo r  Ref.15 work were as follows: 
t e s t  cycles th ree  p-r week between superheated and  

saturated conditions 

sa tu ra t ion  periods 24hr each, followed by 24hrs a t  superheat 
(except 4Ehrs on  weekends) 

superheat T 

saturat ion T 540F(282C) 

800 o r  700F(427 o r  371C) 

pressure  9OOpsi(5.2 MPa) 

oxygen injected 20 ppm max(based on  t o t a l  mass) 

chlor ide  injected 10 max ppm(based on to t a l  mass) 

Test Conditions f o r  Ref .1&0rk were as follows: 

T cycled on 48hr period between 385 and 31&C(725 and 605F);during 
superheat Dart of cycle the  [Cl ] as NaCl was held a t  4.2ppm f o r  the 
f i r s t  3146 hrs of t e s t  a n d  2.7ppm(as CaC12)fcr the res t -of  the t e s t  
(2960hr); during saturated phase o f  cy l i c  t a t ,  the [Cl ] was increasd 
t o  l0ppm; 

pressure was held a t  1625 psi 

[O] was held a t  about 9 ppm 
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the yield s t r e s s .  Both unwelded specimens and specimens incorporating a 
weld seam were used. Gased on the heated area of the s tee l  sheath, a heat 
f l u x  of about 48,000 B t u - h r - '  ft-' was used for  a l l  t e s t s .  
of these t e s t s  a r e  given i n  Table 14.3.2-5, together with observations 
reported on the overall corrosion response of the 2 1 /4  Cr-1Mo s tee l  
specimens and  heater sheathing. The t e s t  conditions allowed exposure t o  
sub-cooled water a t  the lower portion of t e s t  sect ion,  and to  a nucleate 
boiling regime on the heated section proper. 
coupling provided opportunities for  crevice conditions over t h i s  range 
of water/steam s t a t e s .  

The specif ics  

The specimen-sheathing 

The corrosion response of the 2 1 /4  Cr-1Mo s tee l  observed i n  this 
study may be summarized as follows from the authors '  comments: 

under C 1 -  contamination (e i ther  d i lu t e  NaCl solution, or 
cooling tower water containing C 1 - )  random p i t t i n g  was 
observed throughout the heated section; severe crevice 
corrosion was noted on the upper par t  of the heated section; 
there was evidence o f  SCC on the t ens i l e  s ide of specimens 
located on the upper heated section; 

w i t h  the d i lu t e  NaOH solutions,  there was severe corrosion on 
the heated sections w i t h  some SCC evidence; p i t t i n g  was observed 
on the unheated section. 

An example of massive p i t t i n g  and an example of s t r e s s  corrosion cracking 
evidence observed during th i s  program are  shown i n  Figure 14.3.2-6. 

The steam generating system components, par t icular ly  the evaporator 
bomponent w i t h  i t s  complex multi-phase conditions on the water s ide,  pose 
an environmental simulation problem of unique d i f f i cu l ty .  As noted by 
K1 e i  n (18) and many others,  there i s  a strong correlation between debi l i ta t ing  
corrosion and massive deposit buildup on the heat exchanging surfaces. 
t r ibut ions t o  t h i s  buildup come from the local corrosion response to  the 
working f l u i d  as well as from the other sources discussed i n  Section 14.2.  
The stimulative influence of deposit b u i l d u p  on corrosion processes i s  
extremely d i f f i c u l t  t o  model. Nevertheless, corrosion assessments made 

Con- 



14.3.2-5* Test Condi t ions and Test Observations f o r  Ref.17 Work 
1 s t  t e s t :  

. pH 11.3-11.4 a t  s t a r t  . 100 ppm NaOH(contained some d i s s o l v e d  0. u n s p e c i f i e d  amount) . s a t u r a t i o n  T o f  532, 607, 662F. w i t h  t ime  a t  T o f  1692, 293 and 
1072hr, r e s p e c t l v e l y  

Observat ions : 

. p i t t i n g  observed near c e n t e r  o f  heated sec t i on ;  welded specinfens 
e x h i b i t e d  no p a r t i c u l a r  d i f f e r e n c e  i n  c o r r o s i o n  response 

2nd t e s t  

. t y p i c a l  water  f rom c o o l i n g  tower o f  f o l l o u i n g  composi r ioz.  
. c a l c i u m  183ppm 27ppm a f t e r  one week o f  t e s t i n g  

magnesi um 48 7.7 'I 

chromium(V1) 7.1 0.05 
c h l o r i d e  27 6.0 I' 

s u l f a t e  3 70 220 I' 

. pH 6.8 a t  s t a r t ;  7.2 a f t e r  one week 

. T was 605F(1600 p s i )  

. t e s t  t i m e  was 1481 hr  

. many sha l l ow  p i t s  on l ower  end o f  h e a t e r  r o d  

. heavy a t t a c k  on a l l  heated areas of specimens and s leeve;  

Observat ions:  

complete p e n e t r a t i o n  o f  s leeve (30  m i 1 s ) a t  t o p  o f  heated 
s e c t i o n  . a l l  specimens had deep p i t s  under heavy o x i d a t i o n  l a y e r  

. c racks  were f i l l e d  w i t h  o x i d a t i o n  p roduc t  on b o t h  welded and 
unwelded specimens 

. above obse rva t i ons  a p p l y  t o  both open zones and c r e v i c e  reg ions  

3 r d  t e s t :  

. . 650F(1600 p s i )  . t e s t  t i m e  2065 h r  

Observat ions:  

10 ppm C l - (no  a t tempt  a t  deoxygenat ion)  

. numerous sha l l ow  p i t s  on unheated p a r t  of assembly . specimens on l ower  end of  heated s e c t i o n  e x h i b i t e d  occasional  
mounds of  oxide,  o v e r l y i n g  l a r g e  p i t s  . near  t o p  o f  heated s e c t i o n ,  very  heavy c r e v i c e  a t t a c k  on bo th  
s leeve  and specimens, i n  some cases p e n e t r a t i n q  the  30 m i l  
sheathing; severe c o r r o s i o n  appeared c o n f i n e d  t o  c r e v i c e  zones, 
i n  c o n t r a s t  t o  ' c a t a s t r o p h i c '  genera l  c o r r o s i o n  noted i n  t e s t  2 . i n t e r g r a n u l a r  c rack  15 m i l s  deep was no ted  on unwelded specimen 

4 t h  t e s t 1  

. specimens exposed t o  h i g h  p u r i t y  b o i l i n g  water  a t  604F f o r  2 weeks 
t o  develop oxide; h o t  w e l l  o f  c i r c u i t  had a i r  exposure 

, above specimens then exposed t o  100 ppm NaOH and h o t  w e l l  was 
b lanke ted  w i t h  N2 t o  reduce [O] and n e u t r a l i z a t i o n  o f  c a u s t i c  by 
co 
t e l t  t ime  618 hr 

Observat i o n l :  

. p i t t i n g  s i m i l i a r  t o  t h a t  observed on t e s t  1 on heated s e c t i o n  . c r e v i c e  c o r r o s i o n  observed near  m idd le  o f  heated s e c t i o n ;  severe 
a t t a c k  on s leeve and specimens l e a d i n g  t o  near p e n e t r a t i o n ( 3 0  z i l s )  
o f  s leeve  . number o f  sha l l ow(  5 m i l )  c racks observed under ox ide  on t e r i s i l e  
s ide  o f  specimen where t h e r e  was heavy o x i d a t i o n  
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without cognizance of  t h i s  factor  a re  of very doubtful practical s ign i f i -  
cance for a material ,  such a s  2 1 /4  Cr-1Mo s t e e l ,  t ha t  i s  demonstrably 
prone t o  deposit buildup from both of the sources noted above. I n  a recent 
review of nuclear reactor steam generation equipment problems, Bolt and 
Gar n s ey ( 1 9 )  question the extent to  which the t e s t  work t o  date on prominent 
materials candidates f o r  such service provides an adequate basis for large- 
scale  commitment of the materials.  

Chloride ion i n t r u s i o n ,  over a f a i r l y  wide range of b u l k  solution 
concentration, may be anticipated fo r  commercial powerplants over the fore- 
seeable future.  
ion i s  the corrosion agent of  greatest  damage potential for  the general 
steam power complex. The 2 1/4 Cr-1Mo steel  i s  presently a prime candidate 
fo r  the crucial t u b i n g ,  tubesheet and she l l s  of the evaporator and super- 
heater components of the U . S .  LMFBR powerplants. 
the performance of t h i s  par t icular  s tee l  i n  chloride affected environments 
does no t  appear t o  give acceptable support  for  these assignments on the 
following bases: 

There i s  ample support fo r  the belief tha t  the chloride 

The extant evidence on 

a propensity for  severe p i t t i n g  corrosion under crevice and 
heavy deposit conditions tha t  i s  a more than adequate incen- 
t i v e  fo r  caution in c r i t i c a l  applications of t h i s  s t e e l ,  
i r respect ive of s t r e s s  corrosion cracking tendencies; 

a propensity for  development of nonprotective oxidation prod- 
ucts under a chloride environment, leading t o  heavy deposit 
b u i l d u p  and a severe metal a t t r i t i o n  ra te ;  

the scope of va l id i ty  of the well advertised ' invulnerabi l i ty '  
of the 2 1 /4  Cr-1Mo steel  t o  chloride related s t r e s s  corrosion 
cracking could support much closer scrutiny; cracking has been 
observed f o r  this s t e e l ,  and low carbon s t e e l s  of roughly simi- 
l a r  corrosion properties,  under conditions tha t  a re  not unrealis- 
t i c  w i t h  respect t o  LMFBR steam generator conditions; the e f fec t  
of various s t r e s s  s t a t e s ,  fa t igue ill par t icular ,  on chloride SCC 
tendency has been barely explored for  the 2 1/4 Cr-1Mo s t e e l ;  
although electrochemical processes affecting the chloride SCC 
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phenomenon would be expected to be far more active in the 
liquid stages of the evaporator, there has been relatively 
little test emphasis on this component. 

A 

under local acidification conditions characteristic of chlo- 
ride affected corrosion, low alloy ferritic steels have 
exhibited embri ttlement possibly related to abnormal hydrogen 
intrusion of the metal (e'g' ' 18y20y21 I; the relationship of 
this embrittlement to gross alloy composition, and metallurgical 
structure is not well known; the general similarity of the corro- 
sion characteristics and mechanical properties of the 2 1/4 Cr-1Mo 
steel to those of the family of steels that is the basis for these 
embri ttlement observations does not imply any degree of immunity 
of 2 1/4 Cr-1Mo steel from this embrittlement. 
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A 

14.3.3 Caustic Affected Water/Steam Corrosion 

Caustic (NaOH) can intrude the working l i f e  of an LMFBR steam generating 
system material from several sources: 

use of NaOH t o  t a i l o r  the pH of the water c i r c u i t ;  

use of sodium phosphate additions t o  control impurities; 
subsequent hydrolysis of impurity-phosphate reaction 
products t o  produce NaOH as a product; 

breach of the Na/H20 containment ( t u b i n g )  in the evapo- 
r a to r  or superheater components, resul t ing i n  NaOH and H 2  
as the primary reaction products; 

carryover of  NaOH generated by maintenance/cleaning opera- 
t ions on sodium exposed equipment; deionizer slippage/breakthrough 

The concentration agencies discussed under the chloride section of this 
chapter apply t o  NaOH as well. NaCl l iquid so lub i l i t y  imposes a l imit  on 
the concentration potential a t  a given pressure. The concentration of 
NaOH i s  not so lubi l i ty  l imited,  the concentration b e i n g  a function of the 
temperature gradient accessible to  the b u l k  solution, and the shielding 
afforded the concentrated solution from the di lut ion action of the b u l k  
stream. 
p o i n t  elevation for  NaOH and NaCl solutions a re  given for  a wide range of  
pressure and  solute  Concentration. 
indicates  the NaOH concentration t h a t  can a r i s e  from small temperature 
d i f f e ren t i a l s  across a deposit ,  or crevice. 
s i t i v e  t o  pressure level.  
some small content of NaOH in the bulk solution, plus a powerful concentra- 
t ion agency ( thick porous deposit or deep crevice i n  a zone of large heat 
f l u x )  the b u l k  water NaOH analysis i s  a v i r tua l ly  worthless guide to  the 
poss ib i l i ty  of serious local caust ic  a t tack.  

These points are  i l l u s t r a t ed  i n  Figure 14.3.3-1, where the boiling 

Figure 14.3.3-2, on a d i f fe ren t  scale ,  

T h i s  curve i s  f a i r l y  insen- 
I n  the case of NaOH, i t  i s  evident t ha t  given 

The bulk of NaOH related study w i t h  LMFBR materials candidates has been 
concentrated on the so-called wastage phenomenon. 
the complex of action attending the rupture of a water/steam tube i n  the 
presence of l i q u i d  sodium a t  h i g h  temperature, the resul t ing sodium-water/ 
steam reaction, a n d  the damage t o  the parent tube and  t h a t  of the adjacent 

This term i s  applied to  

n 
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tubes in the array. Wastage i s  a safety concern of the f i r s t  magnitude 
f o r  an  LMFBR powerplant. 
yielded no more t h a n  rough qual i ta t ive  indications of the resistance of 

various materials t o  caus t ic  related corrosion action. Wastage i s  d i s -  
cussed in Chapters 1 2  and 13 of this report. 
t i v e  wastage d a t a  obtained by GEAP i s  g i v e n  i n  Table 14.3.3-1. 
affirm trends established i n  e a r l i e r  work, namely: substantial  i n fe r io r i ty  
of 2 1 / 4  Cr-1Mo s tee l  t o  Inconel 800 on the basis of wastage damage c r i t e r i a ;  
the d i f fe ren t ia l  between these materials increases a t  the lower t e s t  tempera- 
tures  of significance t o  the evaporator component. 

Study of this  complex phenomenon has, however, 

A recent summary of compara- 
These data 

As noted i n  Chapter 13, wastage i s  essent ia l ly  a post facto corrosion 

Detection of such events w i  11 
phenomenon and i s  the immediate consequence of a chain of events culminating 
i n  through-wall p i t t i n g ,  cracking , t h i n n i n g  . 
hopefully be ear ly enough t o  preclude multiple tube f a i lu re ,  w i t h  i t s  opera- 
t ional and energy release implications. A t  the l e a s t ,  however, detection of a 
tube f a i l u r e  will force shutdown and p l u g g i n g  of the affected tube, an opera- 
t ion  capable of imposing very substantial  cost  and manpower penalties on a 
nuclear powerplant. (4 )  

Inasmuch as caust ic  can par t ic ipate  i n  the pre-tube rupture corrosion 
action fo r  a variety of reasons, i t  i s  unfortunate t h a t ,  up  t o  the present, 
caust ic  related corrosion work w i t h  2 1/4 Cr-1Mo s tee l  has apparently been 
extremely limited i n  this country and abroad. 

The suscept ib i l i ty  of carbon and low alloy f e r r i t i c  s tee l  t o  stressed 
and  unstressed corrosion ac t ion  by caust ic  solutions i s  discussed in 
Chapter 13 of this  report  (Sections 13.3.3.2 and 13.4.3.2). Figure 14.3.3-3 
i s  reproduced from this prior discussion. 
qua l i ta t ive  summary of caust ic  cracking experience obtained from many years 
of commercial use of carbon and low al loy s t e e l s  i n  a wide variety of 
caust ic  affected working environments. T h i s  f igure also represents a broad 
spectrum of compositions w i t h i n  the carbon and low alloy s tee l  families as 
well as heat treatment and mechanical working h is tor ies .  I n  Chapter 13 of 
this report ,  the opinion was submitted tha t  the 2 1/4 Cr-1Mo s tee l  composi- 
t i  on does no t  represent any practical  ly  s ignif icant  protection advantage 

T h i s  f igure is  a necessarily 
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( 3 )  Table 14.3.3-1. Comparative Wastage Resistance 

Material High  Temperature Low Temperature 
860F(460C) 650F(343C) 

21/4Cr-lMo 1 2 1 / 2  

304 Stainless  Steel 4 

Incoloy 800 6 

30 

100 

(based on damage c r i t e r i a  discussed i n  Reference 3) 

350 

300 

2c3 

- 
V 

I- 
0- 

Y 

100 

** 
( A )  stressed polarization tes t s (?ef .  5) 

( B )  U-bend t e s t s ( P . e f .  1 )  

( C )  industrial exFerie7ce!"ef. 2 )  

(D )  Shell Dev. Co. l imit  for s t ress  relieved 

( E )  Shell Dev. Co. l imit  for  no s t ress  

( F )  austenit ic SS reference (Ref. 7 )  

steel(Ref. 6)' ' 

re1 ief (Ref. 6 )  

** m C h a D t e r  13 ,  Section 1 3 . 4 . 3 . 2  
for  refereoce c i t a t j o n s  

\ 

\ 

A 

0 10 20 30 40 50 60 70 
w/o NaOH 

Figure 14.3.3-3. Caustic SCC Field Established by Industrial 
and Laboratory Experience for Carbon and Low 
Alloy Fer r i t i c  Steels 
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against  caust ic  re la ted corrosion action re la t ive  t o  the background mate- 
r i a l  of Figure 14.3.3-3. Figure 14.3.3-4 displays the suspect caust ic  
SCC f i e l d  on the T- [NaOH] grid.  
the caust ic  re la ted SCC incidents reported fo r  2 1/4 Cr-1Mo s t e e l ,  or 
closely related s t ee l s .  
ure 14.3.3-4 a re  given i n  Table 14.3.3-2. 
under appropriate s t r e s s  and physico-chemical stimuli, the 2 1 / 4  Cr-1Mo 
s tee l  i s  vulnerable to  caust ic  SCC throughout t h i s  f i e l d ,  and possibly 
somewhat beyond the lower temperature boundary o f  the indicated f i e l d  
inasmuch as  this zone i s  re la t ive ly  unexplored because o f  limited prac- 
t i c a l  i n t e re s t .  

Superimposed on this f i e l d  a re  some of 

Some de ta i l s  of the incidents spotted on Fig- 
This experience suggests t h a t ,  

Propensity t o  deep p i t t i n g  and/or cracking i n  caustic affected media 
is a prime consideration for LMFBR steam generation system materials. 
There a re  two other aspects of caustic action tha t  could a f f ec t  material 
s u i t a b i l i t y ,  namely: encouragement of rapid water/steam corrosion by 
small caust ic  concentrations in the working f lu id ;  catastrophic general 
corrosion i n  a steam/water environment caused by concentrated caust ic  
solutions.  A p a r t  from the general a t t r i t i o n  of the metal associated w i t h  
such oxidation, the voluminous corrosion products generally increase 
problems ar i s ing  from bulk stream product deposition and contaminant 
cdncentration. Some review of general caustic corrosion, over a wide 
range of temperature and caustic concentration, i s  given in Chapter 13 of 
t h i s  report  (Section 13.3.3.2). Figure 14.3.3-6 shows some of the sparce 
general caust ic  corrosion data for  2 1 /4  Cr-1Mo s tee l  reported in Chapter 13. 
Recently reported incidents o f  the general corrosion o f  2 1 / 4  Cr-1Mo 
s tee l  i n  caust ic  affected media a re  g i v e n  in Table 14.3.3-4. The only 
quant i ta t ive measure o f  corrosion response given i n  these observations i s  
obtained from Indig’s  report .  (8) 
under 5-10 ppm NaOH fo r  tubular specimen; 0.35-1.4 in . /yr  under 316°C and 
10% NaOH, estimated from dimensional changes of welded t ens i l e  specimens) 
a re  plotted on Figure 14.3.3-6. Both of these p o i n t s  f a l l  close t o  data 
obtained by R u b r i g h t ( ” )  f o r  99% NaOH. This i s  not necessarily i l log ica l  
agreement, considering the reported wide va r i ab i l i t y  in caust ic  attack 
with concentration (see Figure 13.3.3.2-8 of Chapter 13) .  

These points (about 1 in . /yr  a t  482°C 
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Table 14.3.3-2. Some Observations o f  Pi t t ing /Cracking  Behavior 
of 2 1/4Cr-lMo, o r  Closely Related S t e e l s  i n  Caus t ic  
(NaOH) Media 

R P f .  9 

conditions:  1 s t  t e s t ( s e e  tab le  14.3.2-5); 100 ppm NaOH; 532, 607, 662F;gOO- 
1700 hr 

observations:  p i t t i n g  near center of heated sec t ion ;  b o t h  welded a n d  unwelded 
specimens showed s i m i l i a r  response 

conditions:  

observations: 

4th t e s t ( s e e  Table 14.3.2-5); 100 ppm NaOH; 604F; 2 weeks 

p i t t i n g  s imi l i a r  t o  t h a t  observed in 1 s t  t e s t ( above ) ;  severe 
crevice corrosion on specimens and  s leeve(  30 mil pene t ra t ion) ;  
shallow ( 5  mil) cracks observed on t e n s i l e  s ide  o f  specimen 
under heavy oxidation 

Ref. 8 

conditions:  5 and 10% NaOH;  316C; constant s t r a i n  r a t e  t e s t ;  s t a t i c  autoclave 
technique 

observations:  specimen s t r a ined  t o  fa i l i i re  in 5% NaOH showed numerous sha l l  
surface Cracks; i n  10% NaOH 'marginal'  case of  SCC observed 

conditions:  5 and 15% N a O H ;  232C(450F); constant s t r a i n  r a t e  t e s t ;  s t a t i c  
autoclave technique 

observations: both t r a n s g r a n u l a r  a n d  in te rpranular  SCC fo r  b o t h  annealed a n d  
we1 ded specimens (see Figure 1 4 . 3 . 3 - 5 ;  

conditions:  5 and 15% NaOH; 316C; s t ra in inu  electrode t e s t  technique 

observations:  under anodic polar iza t ion ,  shallow surface cracking observed; 
cracking more severe wder  102 NaOH medium; under cathodic 
polar iza t ion ,  shallow cracking occured 

Ref. 5 
conditions:  3Cr-l/2Mo s t e e l ;  28% N a O H ;  T I N ;  constant s t r a i n  r a t e  t e s t  under 

observations:  SCC occured over potential  r ange  -700 t o  -900 nv(Ref2rence 

polar iza t ion  control 

Hg/HgO e lec t rode) ;  hydrogen embri t t lement(crackinq) was o t -  
served fo r  po ten t ia l s  more negative t h a n  about - 950nv; thorough 
deoxyqenation increased both the  SCC a n d  hydrogen embrittlement 

Ref. 6 
conditions:  50% NaOH;  316C(deaerated); U-bend specimens 

observations:  

Ref. ? 

t h r u  specimen(l20 mi ls )  SCC observed f o r  colc$olled/annealed 
specimen w i t h i n  1 week 

conditions:  3Cr-l/2Mo s t e e l ;  po ten t io s t a t i c  t e s t  technique; 33:: NaOtl; 1 O O C ;  
specimen s t ressed  t o  YS 

observations:  SCC observed within two potential  regions: -290t~640mv a n d  -740 
to -94Omv( hydrogen .electrode reference) 
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Tab 1 e 1 4.3.3-2 (concl uded ) 

Ref. 8 (work by H.  S. Isaacs(0RNL) c i t ed  by Indig ( 8 )  

conditions: 

observations: 

33% NaOH; potent iostat ic  control under constant s t r a i n  ra te  

a l l  specimens susceptible t o  SCC, b u t  degree of sever i ty  depended 
on: metallurgical condition; oxidizing potential  ; carbon content 
cold worked s t a t e  had highest SCC res i s tance ,  with quenched/tenpered 
and annealed material next i n  order 
over carbon range of 0.08-0.135, the higher carbon material was 
more r e s i s t a n t  t o  SCC f o r  a given heat treatment 

conditions:  33% NaOH; 118C; constant load technique 

- observations: f o r  each. increase of lOksi i n  s t r e s s ,  the cracking time decreased 
by a f ac to r  of f i v e  

( 8)  Ref. @work by Dah1 e t  a l ,  referenced by Indig 

conditions:  3Cr-1.2Mo s t e e l ;  20% NaOH; 226C(437F 
specimens s t ressed  t o  YS 

1 
; potent ios ta t  c cont ro l ;  

observations: S C C  observed over a range of potential  (anodic t o  cathodic 
po la r i za t ion  w.r. t. to  r e s t  po ten t i a l ) ;  anodic polarizatioq of 
300 mv, or more, from r e s t  potential  resulted i n  h i q h  r a t e s  of 
general corrosion r a the r  than SCC 

(see Jable 14.3.3-3 f o r  specimen heat treatment,  where reported) 

Table 14.3.3-3. Reported Heat Treatment for  2 1/4Cr-lMo 
o r  Other Steel For References Cited i n  
Tables 14.3.3-2 and -4. 

Reference Reported Feat Treatment of 2 1/4Cr-lMo(or o ther )  stee! 

9 ( 2  1/4Cr-lMo) no d e t a i l s ;  presumably annea led  tubing used 

II annealed: 1695F/20min; furnace m o l  t o  1350F; hold 45 
min.  , a i r  cool 
normaqized/tempered: 1695F/Xmin. ; a i r  cco l ;  temper 
a t  1250F/1 hr; a i r  cooi 
cold worked : annealed; cold rolled 25% 
coPd worked : normalized/temoered; cold worked 25:; 
welded t e n s i l e  samples a n d  tube samoles: a f t e r  welding, 
given post-weld heat treatment of 1350F11 hr 

8 

- 5 (3Cr-l/2Mo) aus ten i t ized  a t  920C/4hr; tempered a t  630C/slow furnace 
cool 

- (2 1/4Cr-lNo) Ac treatment: cold ro l led  40%; 106601122C/lhr; water r) 
Ac + L treatment: above p l u s :  649-677C/1 hr; a i r  cooled 

(3Cr-l/2Mo) no d e t a i l s  

- 8 (2  1/4Cr-lMo) H.S. Isaacs work reporrted by I n d i g ( 8 ) ;  no d e t a i l s  given; 
see Table 14.3.3-2 fo r  general comments on types of 
material t es ted  by Isaacs 

10 ( 2  1/4Cr-lMo) no d e t a i l s ,  presumably annealed tubing 
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I I I L W I l t :  I 

100% NaOH 

24-49% NaOH( 49) 

99% NaOH(49) 

2 1/4Cr-lMo; 100%NaOH(52) 

2 1/4Cr-lMo; 24-49% NaOH(49) 

2 1/4Cr-lMo; 99% NaOH(49) 

30-70% NaOH( 50) 
/ 

mild steel 
30-70% NaOH( 50) 

*:Indig, superheater tests(5-l0ppm NaOH; 482OC) (48a) 
Indig, constant load tests, welded specimens( 1 0 m O H ;  316OC) (48b) - 

.4 .8 1.2 ' 1.6 2 .o 2.4 2.8 

0 0 0 0 0 0  0 0 
0 0 m 00 00 0 r n r n t . m Z  e 

0 
0 
N 

0 
0 
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Figure 14.3.3-6. Unstressed Caustic Corrosion 
Mild S t e e l ,  2 1/4Cr-lMo Stee 

Data for 

3.2 

and Ni/,,iconel 
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T a b l e  14 .3 .3-4 .  O b s e r v a t i o n s  o f  General C o r r o s i o n  Behavior  
of  2 1/4Cr-lMo S t e e l  i n  Caust ic(Na0H) Media 

Ref .  9 

c o n a i t i o n s :  100 o m  NaOH: 600:; model b o i l e r  1000; specimens mounted on 
e1ec:r ical ly heated s e c t i o n  

observa t ions :  severe general  c o r r o s i o n  on heated s e c t i o n  

c o n d i t i o n s :  100 pom NaOH; model b o i l e r  ~ O O D  w i t h  specimens mounted on 
e l e c t r i c a l  heater ;  s a t u r a t i o n  steam c o n d i t i o n s ,  w i t h  T v a r y i n g  
over  range 280-350C(530-660F); t e s t  t imes ranged f rom 900-1700 
h r ;  no a t temot  a t  deaera t ion  

observa t ions :  heavy loose s c a l e  observed for soecimens a t  low temoerature 
end o f  heated s e c t i o n (  "-1OOC) 

c o n d i t i o n s :  100 opm NaOH; model b o i l e r  l o o p  same a s  above; soecimens exposed 
f o r  2 weeks t o  pure b o i l i n g  water  t o  develop ox ide ;  100 pom 
NaOH s o l u t i o n  t h e n  i n t r o d u c e d  and a t temot  made t o  exc lude oxygen 
by n i t r o g e n  b l a n k e t i n g ;  t e s t  t ime 618hr determined by f a i l u r e  
o f  h e a t e r  s e c t i o n  by c o r r o s i o n  

observa t ions :  moderate c o r r o s i o n  o f  soecimens on unheated s e c t i o n (  ~ 1 0 0 C ) ;  
severe general  a t t a c k  on heated sDecimens over T range 280-35OC 

Ref. 6 

c o n d i t i o n s :  50: NaOH(deareated);316C; s t a t i c  au toc lave  technique; U-bend 
specimens 

observa t ions :  very  severe g e v r a l  c o r r o s i o n  a f t e r  2 weeks f o r  specimens g i v e n  
871C/air  coo l  p l u s  649C/2hr heat  t reament(see Table 14.3.3-3) 

Ref. 8 

c o n d i t i o n s :  10: NaOH; 316C: cons tan t  l o a d  t e s t ;  s t a t i c  au toc lave  techn iaue 

observa t ions :  s imu lared  tube/ tubesheet  weld soecimens showed c a t a s t r o p h i c  
general  c o r r o s i o n ( s e e  F i o u r e  14.3.3-7) i n  range o f  0 .4  t o  1.4 
inches Der y r ( e s t i m t e d  from dimensional  changes r e o o r t e d  by 
by I n d i q ) ;  e l e c t r o s l a g  remel ted  unwelded specimens sho'*-d good' 
c o r r o s i o n  behav io r ;  o f  t h e  a i r  me l ted  m a t e r i a l ;  t h e  normal ized  
and tempered m a t e r i a l  showed somewhat b e t t e r  c o r r o s i o n  behav io r  
than anneeled m a t e r i a l  

c o n d i t i o n s :  5 and 10: NaOH: 316C; c m s t a n t  s t r a i n  r a t e  t e s t  

observa t ions :  c o l d  worked soecimens(20X) showed severe general  c o r r o s i o n ;  
welded and s t r e s s  r e l i e v e d  soecimens showed severe general  
cor ros ion ;no  o x i d a t i o n  d e t a i l s  g i v e n  f o r  annealed and normal ized  
/temDered specimens under 5 and 10% NaOH: annealed specimens 
e x h i b i t e d  about 50: l e s s  r e d u c t i o n  i n  a r e a ( r e 1 a t i v e  t o  pure  
water  :es:s)in bo:h 5 and 10: NaOH; norrnalized/temDered m a t e r i a l  
showed about 505 l e s s  r e d u c t i o n  i n  area under 10% NaOH 

c o n d i t i o n s :  5 and 10: NaOH; 316C; s t r a i n i n q  e l e c t r o d e  techn ique 

observa t ions :  under anodic p o l a r i z a t i o n ,  severe general  a t t a c k  no ted  i n  
10': NaOH 

c o n d i t i o n s :  5-l0ppm NaOH; 482C(900F): 1750ois;  p r e s s u r i z e d  t u b i n g ,  superheater  
s i m u l a t i o n  t e s t s  

observa t ions :  t .=s t  t i m e  was l i m i t e d  by r a o i d  f a i l u r e  o f  t u b i n g  by  general  
o x i d a t i o n ;  maximum t e s t  t i m e  was 144 h r ;  b o t h  annealed and 
normalized/ternpered m a t e r i a l  e x h i b i t e d  a c a t a s t r o p h i c  
c o r r o s i o n  r a t e  o f  t h e  o r d e r  o f  1 i n c h l y r  

Ref. 10 

c o n d i t i o n s :  uns t ressed c o r r o s i o n  t e s t s  i n  NaOH s o l u t i o n s  r a n g i n g  from 24 
t o  99: NaOH; t e s t  temoerature ranae was 140-709F a t  atmospher ic 
oressure; 9OOF was used for 99:: NaOH, under 40 o s i g  o f  water  
vaoor 

o b s e r v a t i o n s :  c o r r o s i o n  r a t e  i s  a f u n c t i o n  o f  temoerature and [NaOH], w i t h  
temoerature hav ina  the  o r e a t e s t  e f f e c t ;  c o r r o s i o n  was l i n e a r  
w i t h  t ime,  w i t h  no i n d u c t i o n  o e r i o d  observed; c o r r o s i o n  
r a t e  was very  h i g h  a: t m o e r a t u r e s  aSove about ZOOF, reach ina  
a maximum o f  the  order  o f  2 . 7  i n f y r  a t  9OOF 

(see Tabie 1 4 . 3 . 3 - 3  f o r  heat t rea tment  d e t a i l s ,  where p i v e n )  
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.'. 

Fiqure 14.3.3-7. Weld Sample Before and After Exposure 
t o  10% NaOH, 316C(600F); see Table 14.3.3-4 
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The current caust ic  related corrosion information fo r  the 2 1/4Cr-lMo 
steel represents only a very limited exploration of the effects of a l l o y  
preparation technique, imput i ty  background, se l f - se l f  and d iss imi l ia r  welds, 
heat/mechanical treatments, on the caust ic  corrosion charac te r i s t ics  o f  this 
s t e e l .  From the local caustic corrosion perspective ( p i t t i n g  and  cracking 
propensity over a wide range of the T-[NaOH] f i e l d )  the extant caust ic  
corrosion information i s  n o t  supportive of working assignments where some 
caust ic  presence a t  various stages of the working l i f e  i s  a vir tual  
cer ta inty.  Also, there appears t o  have been a preoccupation w i t h  the 
caust ic  cracking of t h i s  s tee l  tha t  has tended t o  obscure the equally 
important general caus ti  c corrosion behavior. 
demonstrations of catastrophic general corrosion of this s t e e l ,  over a 
wide range of the T-[NaOH] f i e l d ,  i t  i s  d i f f i c u l t  t o  understand the 
r e l a t ive  importance of  the caust ic  cracking phenomenon i n  much of the 
current l i t e r a t u r e  on this s tee l  Unwelded specimens a re  the 
basis fo r  t h i s  unsatisfactory general caustic corrosion picture fo r  
2 1/4Cr-lMo s t e e l .  
presumably representing some measure of the current s ta te-of- the-ar t ,  a re  
par t icular ly  disturbing , considering the prominence of the welded s t ruc ture  
i n  proposed applications of this s tee l  t o  evaporator and superheater 
components. 

In v i  ew of numerous 

The few recent observations on welded specimens (8)  , 

I t  i s  impossible t o  forecast  the extent t o  which f r e e  caust ic  (NaOH) 
will  intrude the working l i f e  of LMFBR steam generation system materials.  
Unless pH and impurity control techniques can evolve t o  the point of elimi- 
n a t i n g  even sporadic n o n v o l a t i l e  chemical a d d i t i o n s  w i t h  caus t ic  g e n e r a t i n g  

potent ia l ,  t h e n  res is tance t o  the f u l l  gamut of caust ic  corrosion action 
will continue t o  be an important prerequisite f o r  steam generation system 
materials.  Under this c r i t e r ion ,  on the basis of existing evidence, 
i t  i s  submitted t h a t  the  suppor t  f o r  the 2 1/4Cr-lMo s tee l  i s  not adequate. 
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14.3.4 Sodium-Side Corrosion/Mass Transfer 

The intermediate heat t ransfer  system ( IHTS)  which includes the super- 
heater and evaporator, cmta ins  the lowest temperatures of the sodium system 
in an LMFBR powerplant. Figure 14.3.4-1 shows the temperature dis t r ibut ion 
of the sodium streams affect ing the IHTS f o r  the Clinch River reactor.  The 
secondary sodium flows inside the t u b i n g  of the intermediate heat exchanger 
( I H X )  and outside the t u b i n g  of the superheater and evaporator components. 
Although low re l a t ive  to  tha t  of the primary sodium c i r c u i t  t ha t  traverses 
the reactor core, the sodium temperature prof i le  indicated i n  Figure 14.3.4-1 
includes a temperature range where very substantial  mass t ransfer  
(dissolution-transport-deposition) can occur over an operating 1 ifetime of 

20 t o  30 years. 
s t i t i a l  (e .g . ,  C ,  0,  N ,  B )  elements of the s t ructural  materials comprised 
by the IHTS are  affected t o  some extent by t h i s  mass t ransfer  action of 
sodium. Some o f  the complex of factors  affecting this phenomenon are  noted 
bel ow: 

All basic substi tutional (e.g. ,  Cr, N i ,  Mo, Mn) and in te r -  

oxygen, possibly nitrogen, concentration and disposit ion 
i n  sodium 

1 oca1 hydrodynamics 

metallurgical condition ( i  .e .  , heat treatment/mechanical 
working history of metal ( s )  

physico-chemical nature of  p r ior  surface deposits 

t e m p e r a t u r e  p r o f i l e  o f  the t o t a l  c i r c u i t ,  i n c l u d i n g  a v e r a g e  

and transient values 

0 chemical and physico-chemical properties of the complex 
sodium contaminants tha t  determine the propensity t o  mass 
transport ,  the form of the transported material ,  i t s  deposited 
form and s t ructure ,  and the long term s t a b i l i t y  of the components 
of the deposit w i t h  respect t o  both the ambient  sodium and the 
underlying metal 

General corrosion of f e r r i t i c  s t e e l s  i n  sodium i s  discussed in Chap- 
On the basis of the simple metal loss c r i -  t e r s  9 and 13 of t h i s  report .  

t e r ion ,  exis t ing data indicate t h a t ,  under nominally expected control of 
sdium impurities (oxygen i s  of principle concern), there should be no 
serious design l imitation a t t r i bu tab le  t o  t h i s  fac tor .  

Q 
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2 1 /4Cr-1 Mo Steel , I4ormal i zed ;After 
Exposure to Flowing Na at 480C ( 3 ) 
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The mass t ransfer  and redis t r ibut ion of i n t e r s t i t i a l  elements i s ,  
however, a fac tor  of some concern for b o t h  the aus ten i t ic  a n d  f e r r i t i c  
materials of the IHTS. Carbon has received the b u l k  of this a t tent ion 
because of i t s  power, i n  various forms, t o  a f fec t  the mechanical properties 
of f e r r i t i c  and  austenitic steels.  Also, carbon i s  prominent because the 
proposed IHTS materials mix  provides a massive carburizing source ( f e r r i t i c  
s t e e l )  i n  the superheater and evaporator components and a massjve decar- 
burizing sink i n  the aus t en i t i c  s t e e l s  o f  the IHX and the secondary sodium 
p i p i n g  network. The decarburizing/carburizing process i s  affected by many 
of the fac tors  noted above. Figure 14.3.4-2 displays a typical carbon pro- 
f i l e  obtained fo r  normalized 2 1 / 4  Cr-1Mo s teel  a t  480°C. I f  carbon loss 
i s  interpreted as a parabolic corrosion process, carbon loss  may be 
expressed as: 
area (g/cm ) ,  t i s  the exposure time and K i s  the r a t e  constant. 
ure 14.3.4-3 displays carbon loss  r a t e  constant data as a function of 
temperature for  2 1 / 4  Cr-1Mo steel  w i t h  various heat treatments (annealed, 

f o r  the annealed material exhibits somewhat higher loss  r a t e s  than the 

Figure 14.3.4-4 i l l u s t r a t e s  some predictions o f  changes in carbon prof i le  
over long periods of sodium exposure. 
reduction i n  carbon loss tha t  can be effected by the presence o f \ a  carbide 
s t ab i l i z ing  element (Nb i n  t h i s  case).  The e f f ec t  of s t r e s s  s ta te /h is tory  
on carbon loss  appears t o  have received l i t t l e  a t tent ion.  Figure 14.3.4-6 
presents some Russian d a t a  r e p o r t e d  by F i d l e r  and C o l l i n s , ( 5 )  showing a 

progressive lowering of the carbon prof i le  o f  2 1 / 4  Cr-1Mo s tee l  w i t h  
increase i n  s t r e s s  ( s t a t e  unspecified),  a f t e r  500 hours' exposure to  sodium 
a t  550°C. 

W = K t o S 5 ,  where W i s  the integrated carbon loss  per u n i t  
2 F i g -  

normalized, normalized and tempered). The data o f  Matsumoto, e t  a1 . , ( 4 )  

normalized and normalized plus tempered material o f  Natesan, e t  a l .  (3 )  

Figure 14.3.4-5 i l l u s t r a t e s  the 

I n  addition t o  carbon ef fec ts  on the source and receptor metals, redis- 
t r ibut ion o f  various elements of the IHTS structural  materials can lead to  
the creation of surface zones tha t  bear very l i t t l e  s imi la r i ty  t o  the parent 
metal i n  e i t he r  mechanical or  corrosion properties.  Under appropriate 
progressive a t t r i t i o n  by the to t a l  service environment, such a ' surface '  
layer may very well determine the service l i f e  of the parent metal. The 
weld zones of the IHTS must be accorded par t icular  a t ten t ion ,  especially 
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those between the ferritic and austenitic components. 
in standardizing such a weld, and characterizing it for the working environ- 
ment, i s  indicated by a typical weld proposal for this joint, namely: 
2 1/4 Cr-1Mo/1-82/1-800/unknown filler/316SS.(6) 

Some of the difficulty 

Q 
The corrosion/mass transfer phenomena noted above are internal to the 

IHTS and can operate without malfunction of any IHTS component. 
potential source for external contamination of the IHTS sodium is the 
water-side of the steam generation components. Apart from the products of 
Na-H20 reaction (NaOH and H2), leaks in the superheater and evaporator com- 
ponents can introduce various contaminants peculiar to the water system at 
the time o f  the leak, namely: 
waterlsteam circuit, contaminants from condenser in-leakage, water treatment 
chemicals, gas from in-leakage at various points of the steam system. These 
contaminants may be in elemental form, or in ionic form in a host of chem- 
ical compounds of widely varying reactivity with sodium. These substances 
have some potential for perturbing the 'normal' corrosion/mass transfer 
processes of the IHTS. 

A major 

corrosion products derived from the entire 

At present, the knowledge o f  corrosionlmass transfer action in sodium 
environments is o f  very limited utility in assessing the long-term in-service 
performance of structural materials. For example, the test foil procedure 
for characterizing the carburizing/decarburizing potential of sodium ( 7 )  
and the interpretation of carbon loss in terms of simple, uniform, rates, (3) 
are only preliminary design/analysis expedients. Practical design signifi- 
cance for such information can be achieved only by a comprehensive mechanical 
property correlation under a reasonable simulation o f  the working environ- 
mental factors. Specifically, there i s  now very little knowledge of the 
effect of fatigue, excited by a combination o f  mechanical and thermal agen- 
cies, on the long-term structural significance of intertstitial transfer 
within the sodium circuit. 
simulation of the complex of factors operative in a working IHTS, is a 
formidable experimental challenge. 
properties with corrosion/mass transfer action are planned. (6) 
able to expect, however, that prediction o f  long-term behavior in IHTS 
systems will remain, to a large extent, beyond the capacity of laboratory, 
or prototypical engineering testing. 

Modeling of fatigue action, under even partial 

Attempts at correlation of mechanical 
It is reason- 

Q 
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A number of factors will be influential in the sodium-side performance 
of 2 1/4 Cr-1Mo steel in proposed steam generating system applications: 

chance conjunctions of abnormal metal structure/composition 
factors (e.g. , sulfide, phosphide inclusions, martensitic 
islands) with conditions conducive to structural degradation 
(e.g. , fatigue, corrosion/erosion); the practical significance 
of this factor will depend on the general metallurgical quality 
of the as-installed tubing and, in particular, the quality of 
weld zones; 

the long-term effect of interstitial element loss/redistribution 
on the creep and fatigue properties of the total metal cross- 
section; carbon is of principal concern; 

0 the ability of selected fabrication techniques and pre-service 
heat/mechanical working treatments to achieve metal 1 urgical 
states for the installed metal that do not present opportunities 
for selective (e.g., grain boundary) attack by the ambient 
sodium environment; 

the degree of control exercised on the dissolved and particulate 
species accessible to the secondary sodium circuit that can per- 
turb the general, and local, corrosion/mass transfer response 
of the 2 1/4 Cr-1Mo steel. 

A proper appraisal of most of the above factors will require the mate- 
rials commitment and operational vagaries peculiar to a large-scale LMFBR 
powerplant. 
with respect to the sodium-side performance of 2 1/4 Cr-1Mo steel, centered 
on the ability of sodium to alter the content and disposition of the carbon 
in this steel. 

There is, as noted above, a substantial area of uncertainty 
\ 
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14.3.5 Miscellaneous Corrosion Related Processes 

The  steam generation system of an LMFBR powerplant represents a 
virtually unique eonjunction of mechanical, chemical, and  thermal 
factors  t h a t  can affect the performance of structural materials. 
Some of these factors, imposed by the functional requfrements of 
the steam generation equipment, are as follows: 

e a secondary sodium/water-steam interface i n  both the evaporator 
and superheater components, thereby subjecting heat exchanger 
t u b i n g  simultaneously t o  the gamut of corrosion/mass transfer 
agencies peculiar t o  both the sodium and the water circuits;  

tube vibration potential of the secondary sodiurn strean and 
the multiphase regimes of the water-steam stream; 

o metal-metal contact situations a t  tube shrouds, suppor t  
plates, anti-vi brati on devices; 

o a multiplicity of welded connections 

0 t u b i n g  temperature transients imposed by bulk temperature 
changes i n  the sodium and/or water streams and by shif ts  i n  
the heat transfer burden among tubes o f  the ar ray  due t o  
variability o f  deposit buildup within the array;  

o complex stress transients imposed on t u b i n g  by pressure, 
temperature and flow variations i n  the sodium and/or  water 
streams. 

Some review of miscell aneous corrosion related processes, somewhat beyond 
the scope of the conventional water-side and sodium-side discussions given 
previously in this  chapter i s  appropriate. 

\ 

The generic term, f re t t ing,  involves some factors not discussed pre- 
viously in this  report. 
has been suspected as a participant i n  steam generator tubing damage. 
The potential importance of frett ing t o  LMFBR steam generation system 
equipment jus t i f ies  some review of the frett ing process. 

There have been a number of incidents where frett ing 
(1 1 

Because of the 
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sparcity of fretting information for virtually all materials, and the 
2 1/4 Cr-1Mo steel in particular, the comments will necessarily be fairly 
general. 8 

Both fretting corrosion and erosion involve contact-surface forces 
imposed by environmental partners of the metal. 
(e.g., as in metal-metal , metal/oxide-metal/oxide contact situations), 
liquids, or gases. 
tact is labeled erosion. All of these media can impose both shear and 
impact type forces on a metal surface and some similarity o f  effects is 
to be expected. Both fretting and erosion processes can involve chemical 
and electrochemical action to various extents, depending on the specific 
environmental conditions and the properties of the participants. Where 
there is vibration leading to relative motion between contiguous metal 
surfaces, high liquid or gas velocities in linear or turbulent modes, 
two-phase flow regimes having high throughput rates, then both fretting 
and erosion may become ac t ive  a f t e r  some time of exposure t o  these condi- 

tions. 
influence these processes, arbitrary phenomenological boundaries tend to 
recede in importance. The factor common to both fretting and erosion is 
surface forces, whose orientation-intensity-time characteristic is usually 
an unplanned aspect of the service environment. Metal loss will occur when 
the integrated effect of these forces, and the service stresses, exceeds 
the structural binding strength for various zones, whose size will depend 
on the extent of the surface stress field, and structural strength details 
within this field. 
chemical activity which occurs during the time of the applied forces and 
to the metallurgical history of the metal. 

These may be solids 

Generally, metal attrition from liquid, or gas, con- 

With greater appreciation o f  the number of factors which can 

The latter aspect is sensitive to chemical and electro- 

Generally, an oxide layer of various thickness intervenes between 
the metal and the fretting, or eroding, agency. Partial, or full, des- 
truction of the oxide will usually precede metal damage in the absence o f  
prior metal defects. 
is attributable to the structural stability of their oxide(s). 
result from a combination of intrinsic structural quality of the oxide 
layer and the ability of the metal to regenerate the oxide under the 
fretting or erosion conditions. The sodium-side of the heat exchanger 

The fretting and erosion resistance of many metals 
This may 

A 
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t u b i n g  will t o l e ra t e  v i r tua l ly  no oxide. 
neous corrosion/mass t ransfer  products, the metal surfaces involved i n  
sodium-side f r e t t i n g  will be unprotected. 

Apart from deposits of miscella- 

Even excluding chemical action, there a re  many variables involved 
i n  the f r e t t i ng  process, for  example: vibration mode(s) and frequencies, 
clearance, contact pressure, shearing s t resses ,  r e l a t ive  s l ip  and motion 
between f r e t t i n g  partners, time, and metallurgical s t a t e  of partners. 
I n  addition, such properties as  melting point, hardness and fat igue 
strength of the participating metals and compounds have been used t o  
cor re la te  and explain f r e t t i n g  da ta .  

When f r e t t i n g  occurs under a corrosive environment, v i r tua l ly  the 
whole spectrum o f  chemical and electrochemical factors can come i n t o  play, 
compounding the prediction problem considerably beyond current theoretical  
capacity. Most f r e t t i n g  correlat ions,  involving some of the above fac tors ,  
a r e  only of very limited use. A t  this time, there i s  almost to ta l  re l iance 
on experimental analysis of suspect f r e t t i ng  s i tua t ions .  As i n  the case 
w i t h  s t r e s s  corrosion cracking, long exposure time may be needed to  develop 
f r e t t i n g  damage. Attempts t o  d ras t ica l ly  condense the time frame of the 
phenomenon may, as i s  a lso the case with SCC, seriously a f fec t  the concep- 
t ion o f ,  and  the accommodation t o ,  the process. 

Frett ing data pertinent t o  the steam generation system applications 
of the low al loy f e r r i t i c  s t ee l s  a re  very sparce. 
by a f r e t t i n g  study program a t  the Chalk River Laboratory oriented toward 
steam g e n e r a t o r  t u b i n g .  I t  i s  the o b j e c t i v e  o f  t h i s  program t o  r e l a t e  

v i  b ra t ion  charac te r i s t ics  of the working environment t o  long-term fret t ing 
damage, w i t h  the consequent objective of identifying acceptable v i  bration 
and contact s i tuat ions.  
t ion  charac te r i s t ics  of the steam generator components should be known 
before ins ta l la t ion .  
a t  the l e a s t ,  tend t o  improve the working environment of the t u b i n g .  
will a lso tend t o  c l a r i f y  the actual working s i tua t ion ,  presumably a pre- 
requis i te  fo r  del iberate  improvement of tube working l i f e .  The Canadian 
approach i s  strongly supported by Nelms and S e g a ~ e r ( ~ )  i n  t he i r  study of 
vibration related problems i n  nuclear powerplant systems. The principal 

This f a c t  i s  emphasized 

The present Canadian philosophy is t h a t  the vibra- 

Design l imits  taking cognizance of such analysis w i l l ,  
They 
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conclusion of the l a t t e r  work i s  t ha t  much current design practice does 
no t  r e f l ec t  suf f ic ien t  concern for  vibration e f fec ts  in c r i t i c a l  compo- 
nents. 
p las t ic  strain accumulation as a r e su l t  o f  operational condi t ions .  
strain i s  now held t o  be a prerequisite for  crack propagation. 
d i f f i c u l t  t o  associate this fac tor  w i t h  a lowering of  the resistance t o  
f r e t t i ng  and erosion. 

a The report  of Irvine,  e t  a1 * , ( 4 )  discusses another aspect, namely, 

P las t ic  
I t  i s  not 

Electrochemical techniques are  being used increasingly i n  the analysis 
of f r e t t i n g  corrosion. Their a b i l i t y  t o  quantify corrosion processes asso- 
ciated w i t h  the f r e t t i ng  process i s  a powerful aid i n  re la t ing general corro- 
sion charac te r i s t ics  t o  f r e t t i ng  suscept ib i l i ty  i n  a given service environ- 
ment. Recently, Taylor and W a t e r h ~ u s e ( ~ )  reported ,on an electrochemical 
study of  the f r e t t i n g  behavior of a number of metals of varying electro- 
chemical ac t iv i ty  and oxidation charac te r i s t ics ,  namely, Ta, Zn,  Al, Ag, 
Cu,  Cry and Ni. They used an electrolyte  of 0.5M NaC1. 
6 .3  mm r a d i u s ,  loaded to  300 gm, were v i b r a t e d  against  f l a t  p la te  specimens 
of the same material u s i n g  a vibration generator. Amplitude and frequency 
were 50 microns and 120 Hz, respectively. Prior to  tes t ing ,  the specimens 
were mechanically polished to  a 1 micron f in i sh .  Tests were r u n  w i t h  both 
a i r  and nitrogen saturated solutions and corresponding ambient atmospheres. 
Two types of electrochemical t e s t s  were conducted: 
potential of the f r e t t i n g  couple was measured before, d u r i n g ,  and a f t e r  
f r e t t i ng ;  ( b )  galvanostatic (constant imposed current)  t e s t s  were run i n  
both a i r  and nitrogen, with, and without, f r e t t i ng .  Table 14.3.5-1 shows 
the e f f ec t  of f r e t t i n g  action on the corrosion potential .  
w i t h  the exception of Ag and C u ,  a l l  metals showed a more reactive (negative) 
corrosion potential under f r e t t i ng ,  w i t h  Cr and A1 g i v i n g  the la rges t  
e f fec t .  The authors a t t r i b u t e  the increased anodic ac t iv i ty  to  breakdown 
of the oxide layer,  w i t h  specif ic  voltage e f fec ts  being determined by the 
electrochemical ac t iv i ty  and the kinetics of regenerating an oxide under 
the contact conditions. Figure 14.3.5-1 shows the e f fec t  of f r e t t i ng  on 
the potential of Cr and Al. 
generally climbed t o  the i n i t i a l  value, although more time was needed t o  
reestabl ish this value. 

Hemispheres of 

@ 

( a )  the corrosion 

I t  i s  seen tha t ,  

Upon cessation of f r e t t i n g ,  the potential 

Similar effects  were noted for both a i r  and nitrogen 

a 
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Table 14.3.5-1. 

Material  

A m +  
C U / C U 2 +  

Ni /Ni '+ 
Ta/ Ta '+ 
c r/ cy3+ 

zn/zn2+ 
A1 /A1 3+ 

- n  

V 
v, 
& 

w -800 

L -900 
G 
> -1000 

k d  -1100 

-1 200 

u El 

( 5 )  
The Mean Free Poten t ia l  Fa l l  on Fretting i n  0.5M NaCl 

Fa l l  i n  6 on F re t t i ng (mv)  
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Figure 14.3.5-1. Potential-Time C h a r a c t e r i s t i c  u r i n g  Fretting 
Under Air-Saturated 0.5M NaCl 7 5P 
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saturated solutions. The galvanostatic data showed increased anodic 
ac t iv i ty  for Cry A1 and Ta under f r e t t i n g ,  w i t h  very l i t t l e  change for  
Ag, C u ,  or N i .  

Recent French work ci ted i n  Corrosion Abstracts(6) a lso demonstrated 
that  aus ten i t ic  and martensit ic s ta in less  s t ee l s  exhibit  sharp increases 
i n  electrochemical ac t iv i ty  (depassivation) when se l f - f re t ted  under neutral 
NaCl solutions (30g/1 i t e r ) .  Stress-wise, these laboratory studies may not 
be overly conservative w i t h  respect t o  service conditions. 
the laboratory work may represent some departure from rea l i t y .  
abnormal chemistry potential of crevices and thick deposits has, however, 
been emphasized in this chapter. A f r e t t i ng  s i tua t ion  will create  'dynamic' 
crevices of various geometries. Opportunity fo r  chemical exchange w i t h  
the ambient stream will be determined by the specif ic  contact s i tuat ion.  
Severe s t r e s s  corrosion cracking of many s t ructural  alloys has been observed 
under s t a t i c  crevice conditions. 
on this corrosion arena cer ta inly does not tend t o  bias the metal toward 

greater  s t a b i l i t y .  

Chemically, 
The 

The imposition o f  periodic surface s t resses  

Qu i t e  the contrary, as shown by the above work. 

Hutchings and S a n d e r ~ o n ( ~ )  measured the e f f ec t  of fa t igue cycling 
3 (slow cycle, reverse bend; s t r e s s  amplitude +/- 112 x 10 psi, frequency 

0.08Hz) on the corrosion current developed by an 18% maraging s t ee l .  
metal was fatigued under cathodic polarization i n  an aerated neutral 
3% NaCl solution. 
ment was made i n  the same solution without simultaneous fatigue.  
r e su l t s  followed the relationship,  

The 

Following a number of fa t igue cycles,  current measure- 
The 

3 log (current parameter) = K ( N / N ~ )  

where K was between 1 and 2 ,  N i s  the number of fa t igue cycles,  and N f  
i s  the fat igue l imi t  for t the  given s t r e s s  s i tua t ion ,  
displays the observed relationship between the current parameter and the 
N / N f  r a t i o ,  showing the r a p i d  increase i n  corrosion current as the fat igue 
l imit  i s  approached. 

Figure 14.3.5-2 

These r e su l t s  may have more implication for  corrosion 
fat igue than fo r  f r e t t i ng .  
appears plausible, however, considering tha t  a f r e t t i ng  s i tuat ion can impose 
a fatigue type s t r e s s  through impact and s l i d i n g  modes. 

Some association of these resu l t s  w i t h  f r e t t i n g  

The long ' induction'  

a 



14.3 .5-7  

180 

. b 160 

5 140 

120 

c, aJ 

L 
cb 

& 

5 L 100 
L 
3 80 
c 
0 

v) 
0 
L 
L 
0 
0 

T 
60 

40 

20 

0 

m 

6110: 18% Ni maraging steel 
- H50 : 5%Cr-Mo-V steel "y 

I 
.I .2 .3' . 4 -  .5 .6 .7 .8 .9 1 .o 

F igu re  14.3.5-2. E f fec t  of Fa t igue Cyc l i ng  i n  A i r  
on Cor ros ion  Cur ren t  Dens i t y  ( 7 ) 

n 



14.3.5-8 

time observed fo r  some f r e t t i n g  action suggests some correspondence with 
a fatigue,  o r  endurance, type s i tuat ion.  The above authors suggest t ha t  
accumulated fat igue damage may r e su l t  i n  an increase in electrochemically 
act ive atoms and/or a decrease i n  the activation energy for  anodic and/or 
cathodic processes, e f fec ts  t ha t  could accelerate the deterioration o f  

the metal s t ructure .  

Frett ing corrosion has received re la t ive ly  l i t t l e  research at tent ion.  

Some work of 
The complexity and potential importance of this problem will probably 
require t e s t s  of par t ia l  segments of fu l l - sca le  components. 
this nature i s  planned, or underway, in connection w i t h  steam generator 
components fo r  the CRBRP. (8)  In-service vibration monitors, positioned 
a t  points ident i f ied as sensi t ive by prior vibration analysis,  would be 
of great  value i n  correlating any observed damage w i t h  the operating his- 
tory. Electrochemical s tudies ,  w i t h  r e a l i s t i c  e lec t ro ly tes ,  can provide 
a sens i t ive  monitoring of s t ructural  decay, as well as of the conjoint’  
act ion among mechanical, metallurgical and corrosion factors  whose 
e f fec ts  envelope determine f r e t t i ng  damage. 

Q W i t h  sodium exter ior  t o  the heat exchanger t u b i n g ,  the sodium side 
will  bear the f u l l  b r u n t  o f  metal-metal contact s i tuat ions.  Most wear/self 
welding studies i n  sodium have been i n  connection w i t h  materials su i tab le  
f o r  bearing surfaces and wear pads. These materials bear very l i t t l e  
s t ructural  re la t ion  t o  ‘2 1/4 Cr-1Mo s t ee l .  As noted above, sodium i s  
intolerant  of  the nonmetallic layers usually associated w i t h  protection 
against  f r e t t i n g  damage. The fretting charac te r i s t ics  of this s tee l  under 
sodium, w i t h i n  the range of metallurgical and chemical conditions possible 
f o r  commercial material, appear t o  be largely unknown. Furthermore, a 
severe sodium-side f r e t t i n g  s i tuat ion could transmit some influence 
(vibrat ion,  s t r e s s  pulse) t o  the water-side of the tubing. This could 
r e su l t  in some perturbation of the water-side corrosion response o f  the 
2 1 /4  Cr-1Mo s t ee l .  If  a voluminous., porous, oxide developed a t  the 
affected s i t e ,  this secondary f r e t t i ng  e f fec t  could lead to  serious 
local attack i n  the presence of aggressive ions such as OH-,  or C1- .  

n 



There i s  now more general recognition of the importance of vibrat ion 
ana lys i s  t o  the design of heat exchanger equipment. 
corrosion f a t i g u e  i s  a primary objec t ive ,  experience has shown t h a t  f r e t t i n g  
s i t u a t i o n s  a r e  a l s o  t o  be avoided. In LMFBR steam generation equipment, 
the  sodium-side wil l  be the principal arena f o r  d i r e c t  f r e t t i n g  ac t ion .  
Under sodiur  exposure, the  conception of f r e t t i n g  influence must a l s o  
include some potent ia l  f o r  enlarging the zone of material  a f fec ted  by 
sodium leaching of i n t e r s t i t i a l  and subs t i tu t iona l  elements important t o  
long-range s t r u c t u r a l  s t a b i l i t y .  The s e n s i t i v i t y  o f  2 1/4 Cr-1Mo s t e e l  
t o  this sodium-side ac t ion ,  as  well as  t o  water-side inf luence of this 
a c t i o n ,  needs subs tan t ia l  c l a r i f i c a t i o n  before large-scale  commitment of 
t h i s  s t e e l  t o  LMFBR steam generation components. 

While minimization of 
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14.5 SUMMARY AND CONCLUSIONS 

14.5.1 Ferri t ic Materials 

The possibility of crucial assignments fo r  the 2 1/4  Cr-lFfo steel 
e 

w i t h i n  LMFBR steam generation systems has been anticipated for over a 
decade. Despite this  knowledge, from the perspective of general corro- 
sion credentials pertinent t o  this service, i t  i s  submitted t h a t  the 
evidence in support of this  steel remains inadequate i n  several impor tan t  
respects. 

8 The water/steam behavior of a tubing material for evaporator 
and  superheater service i s  a fundamental qualification;. Even 
without the intervention of aggressive fons (e.g., OH-,  Cl’), 
the long-term oxidation behavior o f  2 1 /4  Cr-1Mo steel in high 
heat flux zones appears t o  afford very marginal suppor t  for 
th i s  steel .  The effect  of periodic chemical cleaning on the 
overall water/steam oxidation behavior of this steel i s  unknown.  

Q Laboratory experience w i t h  aggressive ion presence d u r i n g  
water/steam oxidation of this  steel are sparce, particularly 
under the various cyclic temperature and fatigue/steady stress 
modes operative in the steam generation equipment. 
for b o t h  C 1 -  and OH- affected environments indicate t h a t  very 
severe perturbation of the water/steam corrosion response can 
be effected for this  steel by low concentrations of either of 
these ions in the bulk stream. Irrespective o f  local a t tack  
( p i t t i n g ,  cracking), the general metal a t t r i t i o n  from such a c t i o n  
could impose impractical design penalties on this  steel when 
service times in excess of 20 years are involved. 

Recent d a t a  

e Well publicized claims t o  the contrary, the 2 1 /4  Cr-1Flo 
steel has exhibited b o t h  severe p i t t i n g  and cracking under 
chloride and caustic environments no t  unrealistic with res- 
pect t o  potential steam generation system conditions. 

e Embrittlement, probably related t o  some direct ,  or indirect, 
form of corrosion induced hydrogen action, has been observed 
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during water/steam exposure of carbon and low alloy ferritic 
steels. There has been some correlation of this effect with 
local conditions leading to acidification under electrochemical 
action, the chloride ion being the chief suspect as an inter- 
mediary in this phenomenon. The demonstrable sensitivity of 
2 1/4 Cr-1Mo steel to chloride presence, as well as the qualita- 
tive similarity in general corrosion behavior among steels of 
the low alloy ferritic family, does not imply any degree of 
immunity o f  2 1/4 Cr-1Mo steel from this embrittlement, Rela- 
tively hard structural inhomogeneities resulting from fabrica- 
tion (e.g., welding) may be particularly susceptible to this 
embr i t t 1 emen t . 

Figure 14.5.1-1 gives sodium and water/steam temperature ranges (full 
power t o  refueling mode for sodium; full power to room temperature mainte- 
nance modes for water/steam) for the steam generation system of the Clinch 
River plant. 
given in this report, temperature ranges over which various corrosion pro- 
cesses have a significant potential of occurring are indicated on this 
figure. 
this chapter, and the indefiniteness of what might be termed a 'critical' 
aggressive ion concentration under complex working conditions, specification 
of mean bulk concentrations of caustic, or chloride ion, pertaining to 
these ranges of corrosion activity would be virtually meaningless. 
oxygen, as noted previously in this chapter, has a broad scope of action in 
the corrosion processes noted in Figure 14.5.1-1. It is submitted that the 
negative, and positive, influences of dissolved oxygen are not known to an 
extent that justifies any quantitative relation of [O] to these corrosion 
processes. 

On the basis of the corrosion review of 2 1/4 Cr-1Mo steel 

In view of various concentration agencies discussed earlier in 

Dissolved 

The caustic SCC regime i s  extended to the maximum sodium temperature 
level because penetration of a superheater tube near the upper stage could 
conceivably bring caustic processes into 
temperature in the superheater. Caustic 
a water-side process. This process, and 

play at close to the maximum sodium 
pitting is regarded as essentially 
the other clearly water-side 
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processes, are terminated a t  the maximum steam temperature level. 
perature was selected as the lower temperature for a l l  the water-side pro- 
cesses¶ including caustic pitting. 
of the temperature regime where maximum corrosion activity might be expected, 
by virtue of temperature and/or opportunities for electrochemical participa- 
t i o n  in the corrosion activity. The double arrow denotes a regime ( A )  where 
no strong temperature bias i s  expected; the single arrow a regime ( B )  where 
an increase i n  corrosion activity w i t h  temperature would be expected. 
Some factors t h a t  migh t  be expected t o  aggravate the propensity of 
2 1 /4  Cr-1Mo steel t o  the corrosion action displayed in Figure 14.5.1-1 
are as follows: 

Room tem- 

The cross hatched zone i s  an indication 

fatigue, over a wide range of temperature and stress parameters, 
with tensile superposition; 

h i g h  heat flux in conjunction with deposit buildup/crevices 

frett ing on sodium-side; possible water-side influence 

metal inclusions (sulfides and phosphides emphasis) 

rapid water-side temperature transients 

metal structural inhomogeneities (e.g. , martensitic islands) , 
with weld zones of particular concern 

crud buildup on water-side surfaces 

structural defects introduced d u r i n g  fabrication/testing/ 
maintenance/rehabi 1 i t a t i o n  phases due t o  mechanical and/or  
chemical action. 

poor management of the particulate and dissolved species, on 
b o t h  the water and sodium sides, with potential for adversely 
affecting corrosion response; C1' and OH- excursions are t o  be 
avoided; [O] tolerance range i s  poorly identified a t  present 
and many particulars of chemistry management of sodium and 
water sides will be resolved only by operational experience. 
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As noted previously in this chapter, there is a considerable area 
of uncertainty in the sodium-side response of 2 1/4 Cr-1Mo steel, centered 
principally in the loss and redisposition of carbon over long-term exposure 
to sodium of various impurity backgrounds. 
this carbon effect are not known to any extent. 
this effect is for mechanical properties, and it is reasonable t o  expect 
.that satisfactory resolution of this mass transfer problem will require 
substantial in-service experience under the full scope of working factors 
and the vagaries peculiar to commercial powerplant operation. Stabilizing 
elements (e.g., Nb, Ti) can retard carbon loss. 
of such stabilizers are not, however, well enough known to justify their 
introduction on the basis of only carbon stabilization. 

* 
The corrosion implications of 

The immediate concern of 

The general property effects 

It is submitted that the potential general water-side behavior of 
2 1/4 Cr-1Mo steel provides an immediate and severe criticism of this 
steel for the proposed LMFBR steam generation system applications. Some 
improvement in water-side corrosion characteristics may be effected for 
the nominal 2 1/4 Cr-1Mo composition by careful impurity control during 
melting and primary fabrication. The effects of metallurgical structure, 
and structural inhomogeneity, on the water-side corrosion behavior of 
2 1/4 Cr-1Mo steel are not well established. 
the fabrication of steam generation equipment, and the difficulties in 
standardizing the welding operation, suggest, however, that the broadest 
possible structural and impurity tolerances are desirable for a tubing 
material. 

The prominence of welding in 
'e 

Prior to large-scale commitment of the 2 1/4 Cr-1Mo steel to a 
U.S. LMFBR powerplant with prime demonstration responsibility, further 
broad scoped study of the production, fabricability, and mechanical and 
corrosion property spectrum, o f  this material is certainly in order. 
the basis of the published information accessible to this review of the 
corrosion characteristics of the 2 1/4 Cr-1Mo steel, it is submitted that 
there is a considerable basis to question the adequacy o f  the incentive 
for a continuation of this work with this particular material. 

On 




