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A B S T R A C T  

To achieve  a n  economical b u t  s a f e  design,  t he  des igner  must have a 

good knowledge of the  use l i m i t s  of any m a t e r i a l  under cons ide ra t ion ,  

i nc lud ing  a l l  environmental  and extended l i f e  e f f e c t s .  

t h e  w r i t e r  has reviewed the  a v a i l a b l e  d a t a  and based on l j J i i t ed  d a t a ,  

p re sen t s  des ign  stress curves f o r  Type 316 s t a i n l e s s  s t e e l  and Croloy 2 1/4 

a l l o y  s t e e l  i n  a sodium environment and f o r  an  ope ra t ing  l i f e  of 30 yea r s .  

(See F igs .  4 and 5) .  

stress curves can be used f o r  t h e  safe des ign  of sodium-heated steam 

gene ra to r s  and o the r  sodium components u n t i l  f u r t h e r  d a t a  becomes a v a i l a b l e .  

I n  t h i s  Report ,  

It is t h e  writer's recommendation t h a t  t hese  des ign  



THF; COMBINED EFFECTS OF A SODIUM ENVIRONMENT AND EXTENDED LIFE ON TYPE 316 

DESIGN STRESSES 
STAINLESS STEEL AND CROLOY 2 l/4 ALLOY STEEL 

R . C .  ANSTINE 

INTRODUCTION:  

The des igner  of any equipment must u t i l i z e  t h e  ma te r i a l s  of cons t ruc t ion  

as economically as poss ib l e .  

l i m i t s  f o r  any material under cons ide ra t ion .  

This r e q u i r e s  a good knowledge of t he  use  

To make the  optimum s e l e c t i o n  

of materials, t h e  des igner  needs t o  know: (1) the  design s t r e s s  based on 

mechanical p r o p e r t i e s  f o r  each material under cons idera t ion ,  and (2) how 

t h e s e  mechanical p r o p e r t i e s ,  and t h e r e f o r e  t h e  des ign  s t r e s s ,  may change 

du r ing  the  des ign  l i f e  of the  component. I n  a d d i t i o n ,  t h e  des igner  needs 

t o  h o w  t h e  ra te  a t  which the  m a t e r i a l  he o r i g i n a l l y  provided i s  l o s t  due 

t o  cor ros ion ,  e ros ion ,  o r  o the r  processes .  

To proceed with t h e  design of t he  Sodium-Heated Steam Generator under 

t h i s  Contract ,  i t  was necessary t o  review a l l  e x i s t i n g  d a t a  and determine 

conserva t ive  des ign  s t r e s s e s  f o r  t h e  temperatures expected i n  the  steam 

gene ra to r .  In  s e t t i n g  these  des ign  s t r e s s e s ,  t h e  e f f e c t  of t he  sodium 

environment on mechanical p r o p e r t i e s  of t he  materials was taken i n t o  

account  as w e l l  as t h e  extended l i f e  s p e c i f i e d  f o r  t h e  steam genera tor  

be ing  designed under t h i s  Cont rac t .  

BACKGROUND - TEST PROGRAMS: 

A c r i t i c a l  problem i n  nuc lear  power p l a n t  des ign  i s  the  co r ros ive  

behavior  of t he  l i q u i d s  t h a t  are  capable  of e f f i c i e n t ,  high temperature 
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t r a n s f e r  of t h e  v a s t  q u a n t i t i e s  of h e a t  generated by f i s s i o n .  

i s  one of t h e  l i q u i d  metals  most ex tens ive ly  s tud ied  because it has e x c e l l e n t  

Sodium 

h e a t  t r a n s f e r  q u a l i t i e s  and has acceptab le  nuc lear  c h a r a c t e r i s t i c s .  ( 2 )  

Sodium’s high s p e c i f i c  h e a t  and low d e n s i t y  make i t  economical t o  handle ,  

and i t s  c a p a c i t y  f o r  h e a t  removal per pound pumped i s  unmatched by any 

o the r  l i q u i d  metal except  l i t h ium.  

E a r l y  work on l i q u i d  sodium systems e s t a b l i s h e d  t h a t  sodium a t t acked  

carbon s t e e l  i n  a dynamic system by removal of i r o n  and a l l o y i n g  c o n s t i t u e n t s ,  

p r i n c i p a l l y  carbon. (’) 

t h e  use  of carbon s t e e l  a t  temperatures  higher  than 800 F. 

why most a l l  of t h e  e a r l y  work - l a t e  f o r t i e s  and e a r l y  f i f t i e s  - cons i s t ed  

mainly of programs us ing  300 s e r i e s  s t a i n l e s s  s t e e l  and temperatures  of 

less than  1000 F. However, dur ing  the  middle and l a t e  f i f t i e s ,  ex tens ive  

programs were conducted t o  develop f e r r i t i c  a l l o y  s t e e l s  to r e p l a c 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  i n  sodium systems a t  temperatures up  t o  1000 F. 

Extensive work was done t o  determine i f  elements such as columbium, t i t an ium,  

and vanadium would r e t a r d  o r  e l i m i n a t e  deca rbur i za t ion  of f e r r i t i c  s t e e l s ,  

a l lowing  them t o  r ep lace  s t a i n l e s s  s t e e l s .  

The deca rbur i za t ion  was severe  enough t o  r u l e  ou t  

This exp la ins  

During t h i s  per iod,  s t u d i e s  were made of two-metal systems i n  sodium. 

These s t u d i e s  inc lude  t h e  more common Croloy and s t a i n l e s s  s t e e l s  (Croloy 

2 l/L+..’and Croloy 1 l/4, and Types 304 and 316 s t a i n l e s s  s t e e l )  a t  tempera- 

t u r e s  up t o  1100 F. 

While these  programs were i n  progress ,  nuc lear  power p l a n t s  were being 

designed as one-metal systems of a u s t e n i t i c  s t a i n l e s s  s t e e l  with ope ra t ing  

temperatures  under 1000 F. 
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From t h e  mid- for t ies  t o  the' p resent ,  t e s t  programs have been conducted 

t o  determine t h e  f e a s i b i l i t y ,  l i f e ,  and mechanical p rope r t i e s  of var ious  

materials i n  a sodium environment. 

sodium environment has d e f i n i t e  e f f e c t s  on the  l i f e  and mechanical 

p r o p e r t i e s  of the  ma te r i a l s ,  b u t  t he  e x t e n t  and magnitude have y e t  t o  be 

determined. The programs have covered a wide range of many cond i t ions ,  some 

of which a r e :  s u r f a c e  f i n i s h ,  h e a t  t r e a t i n g ,  load and temperature,  s t a t i c  

and dynamic systems, one- and two-metal systems, loop  versus  specimen s i z e  

i n  a two-metal system, t e s t  du ra t ion .  

under such va r i ed  condi t ions ,  it is  d i f f i c u l t  t o  draw sound conclusions 

or e s t a b l i s h  des ign  l i m i t s  f o r  t he  material considered.  

These programs have e s t a b l i s h e d  t h a t  a 

B%cause these  tes ts  were conducted 

The U.S. Atomic Energy Commission (US AEC) has i n  progress  a program 

t o  develop and des ign  a 1000 MWe l i q u i d  sodium nuclear  power p l a n t .  

p a r t  of t h i s  program, the  Babcock & Wilcox Company has a Cont rac t  t o  

develolp and des ign  the  steam gene ra to r s .  The S p e c i f i c a t i o n s  f o r  t h e  

s team gene ra to r s  s t a t e  t h a t t h e y  are t o  be designed t o  the  1962 ASME Boi le r  

and P res su re  Vessel  Code, Sec t ion  V I I I ,  Unfired Pressure  Vessels and f o r  

a n  ope ra t ing  l i f e  of 30 years  with a n  80% load f a c t o r .  

A s  

Since the  environ- 

ment and t h e  extended l i f e . o f  &e u n i t  does a f f e c t  t h e  mechanical p r o p e r t i e s  

of t h e  materials of cons t ruc t ion ,  u s ing  the  1962 ASME Boi le r  and Pressure  

Vessel  Code des ign  stresses does n o t  r e s u l t  i n  a conserva t ive  design.  

The ASME Boi l e r  and Pressure  Vessel Code des ign  s t r e s s e s  are  given as 

maximums and it is  the  d e s i g n e r ' s  r e s p o n s i b i l i t y  t o  apply  any r educ t ion  

f a c t o r s  which may be the  r e s u l t  of a s p e c i a l  a p p l i c a t i o n  such a s  t h i s  one. 

'1 
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ASME BOILER AND PRESSURE VESSEL CODE REQUIREMENTS: 

The mechanical p r o p e r t i e s  used t o  e s t a b l i s h  the  ASME Boi le r  and Pressure  

Vessel  Code Design s t r e s s e s  a r e :  

1. Ultimate Tens i le  S t r eng th  

2.  Yield S t r eng th  

3. Creep S t r eng th  

4. S t r e s s  - Rupture S t r eng th  

O f  these ,  c r e e p  and s t r e s s - r u p t u r e  (c reep- rupture)  a r e  of major concern,  

due t o  the  temperature  a t  which t h e  steam genera tor  ope ra t e s .  

p r o p e r t i e s  e s t a b l i s h  t h e  ma jo r i ty  of t h e  des ign  s t r e s s e s .  

These two 

Rupture t e s t s  supply information on ho t  d u c t i l i t y ,  s u r f a c e  s t a b i l i t y ,  

and m e t a l l u r g i c a l  s t a b i l i t y  of t h e  m a t e r i a l .  ( 4 )  

determining t h e  s t r e s s  r equ i r ed  t o  produce f a i l u r e  i n  a given t ime, supply 

informat ion  on t h e  ho t  p l a s t i c i t y .  

a common time base (10 , 10 , 10 hour s ) .  The ASME Boi l e r  Code uses  

100,000 hours f o r  i t s  c r i t e r i o n  ( u s u a l l y  r e q u i r i n g  ex t r apo la t ion )  . 

These t e s t s ,  i n  a d d i t i o n  t o  

The d a t a  curves  a r e  u s u a l l y  compared a t  

3 4 5  

The c reep  s t r e n g t h  of a material may be a f f e c t e d  by a v a r i e t y  of 

f a c t o r s ,  inc luding  composition, mel t ing  and deoxida t ion  p r a c t i c e s ,  g r a i n  

s i z e ,  and h e a t  t rea tment .  Aside f r o m  these  in f luences ,  and depending on 

t e s t  temperature,  load,  and t h e  r a t e  of load a p p l i c a t i o n ,  c r eep  o r  p l a s t i c  

f low takes  p lace  i n  a r a t h e r  unifdrm manner. 

By graphics  and mathematics t h e  ra te  of secondary c reep  is  determined 

and p l o t t e d  l o g a r i t h m i c a l l y  t o  e s t a b l i s h  c r e e p  stress values  f o r  t h e  r a t e  

of c reep  d e s i r e d .  The r a t e  e s t a b l i s h e d  as a c r i t e r i o n  by t h e  1962 ASME 



Boi l e r  and Pressure  V e s s e l  Cade is 1% i n  100,000 hours f r e q u e n t l y  r e f e r r e d  

t o  as .Ol% i n  1000 hours .  

f i r s t - s t a g e  c reep ,  and e x t r a p o l a t i o n  t o  such a n  extremely long  period of 

t ime may be inaccura t e .  However, it provides u s e f u l  and comparative 

information f o r  ma te r i a l s  and is  the  c u r r e n t  bases  f o r  des ign  under t h e  

This method is open t o  c r i t i c i s m  as i t  d iscounts  

ASME Boi l e r  and Pressure  Vessel Code Rules .  

The method used t o  e s t a b l k h  des ign  s t r e s s e s  from the  mechanical 

p r o p e r t i e s  d a t a  is found i n  Appendix P, paragraph UA-500 of Sec t ion  VI11 

of the  1962 ASME Boi l e r  and Pressure Vessel  Code ( 5  ' '). 
exe rc i sed  i n  s e l e c t i n g  &he appropr i a t e  f a c t o r s  s i n c e  both Sec t ion  I and 

Sec t ion  V I 1 1  f a c t o r s  a r e  given i n  t h i s  paragraph. The f a c t o r s  f o r  t e n s i l e ,  

y i e l d ,  and c reep  s t r e n g t h  a r e  i d e n t i c a l  f o r  both Sec t ion  I and Sec t ion  V I 1 1  

while  t he  f a c t o r s  f o r  the  s t r e s s - r u p t u r e  d i f f e r  and a r e  as fo l lows:  

Care must be 

Sec t ion  I: S i x t y  per c e n t  of t h e  average s t r e s s  o r  e i g h t y  per  c e n t  

of t he  minimum stress t o  produce rup tu re  a t  t h e  end of 

100,000 hours .  

Section V I I I :  One hundred per cen t  of t h e  stress t o  produce r u p t u r e  

a t  t h e  end of 100,000 hours .  

The s t r e s s  values  used are those  based on a conserva t ive  average of t he  

F igures  1 and many r epor t ed  tests conducted by producers and manufacturers .  

2 show p i c t o r i a l l y  the  a p p l i c a t i o n  of t h e  f a c t o r s  t o  t h e  r epor t ed  t e s t  da t a  

f o r  a 300 s e r i e s  a u s t e n i t i c  s t a i n l e s s  s t e e l  and a low chromium f e r r i t i c  s t e e l  

r e s p e c t i v e l y .  The des ign  s t r e s s  value f o r  a p a r t i c u l a r  temperature is 

def ined  as the  lowest  stress determined by apply ing  the  above f a c t o r s  t o  the  

t e s t  d a t a  . 
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.MATERIALS SE L E G  T I  ON : 

To have t h e  lowest  ove r -a l l  c o s t  fa r  the  s team gene ra to r ,  it i s  necessary  

t o  u t i l i z e  t h e  l ea s t  expensive ma te r i a l s  capable  of s a t i s f y i n g  the  des ign  

cond i t ions .  Type 316 s t a i n l e s s  s t e e l  was chosen f o r  i t s  supe r io r  

s t r e n g t h  a t  t h e  h igher  temperatures  and is  an  ASME Boi le r  Code approved 

material .  Croloy 2 1/4 i s  a r e l a t i v e l y  inexpensive f e r r i t i c  a l l o y  s t e e l  

wi th  e x c e l l e n t  mechanical p rope r t i e s  t o  approximately 1000 F and is  a l s o  

a Code approved ma te r i a l .  

f o r  t hese  two materials than any o t h e r  compositions.  

More environmental  t e s t  da t a  a r e  a v a i l a b l e  

To e s t a b l i s h  des ign  l i m i t s  f o r  t he  above l i s t e d  ma te r i a l s  o r  f o r  t h a t  

mat te r  any material i n  a sodium environment, t he  fo l lowing  e f f e c t s  must 

be considered:  

1. Environment 

a .  Non-Oxidizing 

b.  Mass Transport  

2.  Extended L i f e  Requirements 

The e f f e c t s  of each of the  above must be s tud ied  s e p a r a t e l y  and app l i ed  

t o  t h e  b a s i c  mechanical p r o p e r t i e s  of the  material under cons ide ra t ion .  

EFFECTS CONTROLLING DESIGN LIMITS: 

Although a g r e a t  amount of t e s t i n g  has been done i n  sodium and o the r  

environments, t h e  long-time environmental  e f f e c t s  on mechanical p rope r t i e s  

have n o t  been e s t a b l i s h e d  with c e r t a i n t y .  

des ign  l i m i t s ,  it was necessary t o  re-examine the  mechanical p rope r t i e s  of 

To e s t a b l i s h  conserva t ive  

t h e  ma te r i a l s  under cons ide ra t ion  as they  a r e  a f f e c t e d  by the  above l i s t e d  

6 



e f f e c t s .  

n o t  included i n  t h e  des ign  s t r e s s  curves ,  is a s  fo l lows:  

A d i scuss ion  of each, plus  s e v e r a l  o the r  p e r t i n e n t  des ign  l i m i t s  

ENVIRONMENT - N O N - O X I D I Z I N G  

Considerable  work has been done i n  non-oxidizing o r  n e u t r a l  

environments . .  Included i n  these  n e u t r a l  environments are gas ,  l i q u i d  

meta ls ,  and vacuum. There is a remarkable amount o f  discrepancy 

i n  the  da t a  from each of t hese  media, some of which may be due t o  

equipment and system p u r i t y .  

An e f f o r t  was made t o  c o r r e l a t e  the  environmental  e f f e c t s  of 

gas and vacuum systems t o  those of l i q u i d  meta l  systems t o  b e t t e r  

understand and v e r i f y  the  e f f e c t s  of a l i q u i d  meta l  environment. 

Because t h e r e  i s  a l imi t ed  amount of d a t a  a v a i l a b l e  f o r  a sodium 

system, a l l  a v a i l a b l e  da t a  must be eva lua ted .  

The mechanical p r o p e r t i e s  of the  ma te r i a l s  being t e s t e d  i n  a 

sodium environment show the  fo l lowing  t r ends :  

1. Higher c reep  ra tes  

2.  Shor t e r  rup tu re  time 

3. Longer f a t i g u e  l i f e  

4. Small r educ t ion  i n  e l eva ted  temperature y i e l d  and t e n s i l e  

s t r e n g t h .  

The above i tems a r e  r a t h e r  gene ra l  and vary from one material t o  

another .  The s p e c i f i c  e f f e c t s  of t h e  above items on each m a t e r i a l  

w i l l  be covered l a t e r  i n  t h i s  r e p o r t .  
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ENVIRONMENT - MASS TRANSPORT 

The second phenomenon of a l i q u i d  metal  environment i s  mass 

t r a n s p o r t .  This is the  movement of an element between d i s s i m i l a r  

metals  o r  between a reas  of d i f f e r e n t  tempera tures& l i k e  o r  d i s s i m i l a r  

meta ls .  An element t h a t  i s  being t ranspor ted  e i t h e r  i n  s o l u t i o n  or  a s  

p a r t i c u l a t e  mat ter  may appear i n  the  l i q u i d  as any one of s e v e r a l  

forms , namely : 

1. Elemental  (uncombined) 

2. Oxides 

3. 

4 .  Combined with o the r  m a t e r i a l  elements 

Combined with sodium or  sodium impur i t i e s  

In  ana lyz ing  the,  l i q u i d  f o r  'any elemewt being t r anspor t ed ,  a l1 , forms  

mustbbe taken TnEo account .  

A p i c t o r i a l  r e p r e s e n t a t i o n  of mass t r a n s p o r t  i s  shown i n  F ig .  3 

and descr ibed  as fo l lows:  

A .  The element as it is  removed from the  su r face  i s  rep len ished  

by o t h e r  elements from wi th in .  This process  i s  c a l l e d  

s o l i d - s t a t e  d i f f u s i o n ,  which is temperature and composition 

dependent.  

B. The element,  now a t  t h e  s o l i d - l i q u i d  i n t e r f a c e ,  must t r a n s f e r  

from t h e  s o l i d  t o  l i q u i d .  This  process  i s  thought t o  be 

e s s e n t i a l l y  a chemical r e a c t i o n .  

The element then  d i f f u s e s  through t h e  s t agnan t  boundary 

l i q u i d  i n t o  the  f lowing s t -  ream. 

C .  
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D. The element i s  c a r r i e d  from meta l  "X" t o  meta l  rlyrc i n  t h e  f lowing 

s t ream. 

Di f fus ion  i n t o  meta l  I I Y ' l  fo l lows  s t e p s  E,  F, and G, which a re  t h e  

same as, b u t  i n  r eve r se  order  as ,  s t e p s  A ,  B,  and C .  

To determine whether one of t h e  above descr ibed  s t e p s  c o n t r o l s  

mass t r a n s p o r t ,  o r  i f  the  e n t i r e  r e a c t i o n  is a combination of 

processes  t h a t  can cont inue independent of the  res%, a b e t t e r  under- 

s t and ing  of mass t r a n s p o r t  is. r equ i r ed .  Once the  process o r  processes  

a r e  b e t t e r  understood, t h e  ove r -a l l  r a t e  o r  r a t e s  can be determined. 

EXTENDED LIFE 

The ASME Boi l e r  and Pressure  Vessel Code, Sec t ion  VIII, Unfired 

Pressure Vessels ,  which governs pressure  v e s s e l  cons t ruc t ion ,  uses  

100,000 hours as i t s  c r i t e r i o n  f o r  determining des ign  s t r e s s  va lues .  

The r equ i r ed  l i f e  of t h e  Sodium-Heated Steam Generator being designed 

under t h i s  Cont rac t  is 30 years  wi th  a n  80% load f a c t o r  o r  210,000 

f u l l  power hours.  The approach t o  s e t t i r i g  des ign  limits, due t o  the  

extended l i f e  requirements ,  is t o  reduce the  stress l e v e l  t o  produce 

a c reep  r a t e  of 1% i n  210,000 hours.  This r e s u l t s  i n  a s t r e s s  l e v e l  

approximately the  same f o r  both c reep  and stress rup tu re .  Because of 

t h e  long-time e x t r a p o l a t i o n ,  a ques t ionable  area which is  covered 

ea r l i e r ,  t h i s  r a t h e r  conserva t ive  l i m i t  was adopted f o r  s e t t i n g  t h e  de 

s ign  stresses. 
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FATIGUE 

Although t h i s  i s  n o t  a c r i t e r i o n  included i n  the  des ign  curves,  

it is a p rope r ty  of major concern f o r  any c y c l i c  area of a des ign .  

Some have r epor t ed  f a t i g u e  l i f e  t o  be s e v e r a l  times longer  f o r  such 

a n  environment as compared t o  a i r .  Improvement of t h i s  proper ty  is 

a t t r i b u t e d  t o  t h e  non-oxidizing environment. 

THERMAL STRESS 

Although low f i l m  r e s i s t a n c e  is  d e s i r a b l e  from hea t  t r a n s f e r  

cons ide ra t ions ,  it p resen t s  a s e r i o u s  thermal  stress problem. ( 7 )  

A s  t h e r e  i s  l i t t l e  thermal  r e s i s t a n c e  i n  the  l i q u i d  meta l  f i lm, the  

temperature  d i f f e r e n c e  between t h e  l i q u i d  metal temperature  and t h e  

temperature e x i s t i n g  on t h e  o t h e r  s i d e  of t he  wal l  must be 

accommodated i n  t h e  v e s s e l  w a l l .  S ince temperature d i f f e r e n c e  

means d i f f e r e n c e s  i n  thermal  expansion, s t r e s s e s  a r e  c rea t ed  i n  the  

meta l  t h a t  a r e  p ropor t iona l  t o  t h e  temperature d i f f e r e n t i a l s .  

maximum thermal  s t r e s s  decreases  wi th  inc reas ing  thermal conduc t iv i ty  

of t he  s t r u c t u r a l  material and increases wi th  inc reas ing  s u r f a c e  and 

h e a t  t r a n s f e r  c o e f f i c i e n t .  Therefore ,  t h e  use  of l i q u i d  metals  i n  

hea t - t r ans fe r  systems r e s u l t s  i n  higher  thermal  s t r e s s e s  i n  the  

s t r u c t u r a l  material than  occur i n  t h e  convent iona l  steam-water system, 

because the  major temperature  d rop  is taken i n  t h e  v e s s e l  walls.  

The 

In  determining the  loading  t o  be considered i n  des ign ing  a 

vesse l ,  t he  ASME Boi le r  and Pressure  Vessel  Code, Sec t ion  V I I I ,  

Unfired Pressure  Vessels ,  s ta tes  i n  paragraph UG-22 t h a t  t h e  e f f e c t s  
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of temperature  g rad ien t s  on maximum s t r e s s  should be included.  I n  

s e t t i n g  des ign  s t r e s s  va lues ,  only s t a t i c  p rope r t i e s  a r e  considerkd. 

Since t h e r e  i s  l i t t l e  f i lm r e s i s t a n c e  i n  a l iqu id-meta l  hea t  t r a n s f e r  

system, it i s  important t o  recognize the  magnitude of t he  s t r e s s  t h a t  

might be encountered. 

e x i s t s  under t r a n s i e n t  condi t ions ,  t he  number of t hese  cyc les  should 

be def ined .  

Because the  g r e a t e s t  thermal  s t r e s s  normally 

ESTABLISHING DESIGN STRESSES : 

Developing des ign  s t r e s s  curves f o r  the  ma te r i a l s  under cons i d e r a t i o n ,  

namely Type 316 s t a i n l e s s  s t e e l  and Croloy 2 1/4 a l l o y  s t e e l ,  a l l  environ- 

mental  and extended l i f e  e f f e c t s ,  as appl ied  t o  the  mechanical p r o p e r t i e s ,  

must be determined and combined. A s  s t a t e d  ea r l i e r ,  t he re  are t h r e e  

e f f e c t s  t o  be considered;  namely, non-oxidizing environment, mass t r a n s p o r t ,  

and extended l i f e .  

The bases f o r  e s t a b l i s h i n g  the  des ign  s t r e s s e s  are t h e  same as used 

by the  1962 ASME Bo i l e r  and Pressure  Vessel Code, Sec t ion  V I I I ,  Unfired 

Pressure  Vessels with the  except ion  of t ime. The most r e c e n t  da t a  a v a i l a b l e  

were used t o  a r r i v e  a t  t h e  b a s i c  100,000 hour curves  f o r  c r eep  and s t r e s s  t o  

rup tu re .  

for t he  extended l i f e  of the  u n i t .  

( 8 )  

These curves were then  ex t r apo la t ed  t o  210,000 hours t o  a l low 

( 9 )  
Mine S a f e t y  Appliance Research Corporat ion (MSA) has done cons iderable  

mechanical proper ty  t e s t i n g  a t  1200 F of Type 316 s t a i n l e s s  s t e e l  and a t  

1100 F of Croloy 2 1/4 a l l o y  s t e e l .  

i s  unpublished, has been used t o  e s t a b l i s h  the  design curves shown on Fig.  4 

Other a p p l i c a b l e  d a t a ,  most of which 
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f o r  Type 316 s t a i n l e s s  s t e e l  and Fig.  5 f o r  Croloy 2 1/4 a l l o y  s t e e l .  

These s t r e s s  curves  were developed by applying the  fo l lowing  f a c t o r s ,  

similar t o  the  ASME Boi l e r  Code f a c t o r s ,  t o  t he  s t r e s s  values  reduced by 

t h e  extended l i f e  and environmental  cons idera t ions  f o r  each of t h e  materials: 

1. 

2.  

F ig .  4 ,  f o r  Type 316 s t a i n l e s s  s t e e l ,  inc ludes  a l l  of t h e  f a c t o r s  

100% of the  average s t r e s s  t o  produce 1% creep  i n  210,000 hours .  

100% of the  s t r e s s  t o  produce rup tu re  i n  210,000 hours. 

f o r  extended l i f e  ( 210,000 hours) and the  non-oxidizing environment e f f e c t  . 
The extended l i f e  does not  a f f e c t  t he  des ign  s t r e s s e s  u n t i l  approximately 

1150 F. This e f f e c t  reaches 10% between 1200 and 1.259 F and a maximum of 

33% a t  400 F. 

by MSA Research Corporation, shows a 20% reduc t ion  of c reep  s t r e n g t h  a t  

210,000 hours.  Applying t h i s  a f f e c t  t o  the  c reep  curve,  it now becomes 

t h e  c o n t r o l l i n g  f a c t o r  a t  approximately 1050 F. 

The non-oxidizing environment e f f e c t ,  which was r epor t ed  

Not included i n  the  des ign  s t r e s s  curve a r e  the  e f f e c t s  of c a r b u r i z a t i o n  

and n i c k e l  and chrome t r a n s p o r t .  Although c a r b u r i z a t i o n  tends t o  s t r eng then ,  

it a l s o  tends t o  e m b r i t t l e  t h e  material. 

Fig.  5 f o r  Croloy 2 1/4 a l l o y  s t ee l ,  includes a l l  of t he  f a c t o r s  f o r  

extended l i f e  (210,000 hours)  and a t r end  of most of t he  environmental  

e f f e c t s .  

a t  approximately 925 F. 

da t a  r epor t ed  by MSA Research Corporat ion.  This d a t a ,  when ex t r apo la t ed  

t o  210,000 hours,  gives  b e t t e r .  environmental  r e s u l t s  f o r  c r eep  and stress - 

r u p t u r e  than  i n  a i r .  

The e f f e c t s  of extended l i f e  start t o  c o n t r o l  t he  design s t r e s s  

The non-oxidizing environment e f f e c t s  are from 
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Decarbur iza t ion  is f a c t o r e d  i n  from da ta(8)obta ined  from s e v e r a l  very  

low carbon t e s t s .  The environmental  e f f e c t ,  f o r  which t h e r e  i s  no d a t a  

a v a i l a b l e ,  i s  t h e  migra t ion  of n i c k e l  and chrome t o  t h e  Croloy 2 1/4 a l l o y  

s t e e l .  

F igs .  4 and 5 each show t h r e e  curves.  The f i r s t  is  a p l o t  of t he  

1962 ASME Boi l e r  and Pressure  Vessel  Code, Sec t ion  VIII, Unfired Pressure  

Vessels  des ign  s t r e s s e s ,  which is  used as a b a s i s  f o r  these  s t u d i e s .  

second curve is a p l o t  of 70% of the  I962 ASME Boi l e r  and Pressure  Vessel  

Code Design s t r e s s  curve.  

s t a g e s  of t h e  des ign  s tudy  s i n c e  no des ign  stress curves were a v a i l a b l e .  

The t h i r d  curve is  a p l o t  inc luding  a l l  of t he  environmental  and 

The 

These stress values  were used i n  t h e  e a r l y  

extended l i f e  e f f e c t s ,  as o u t l i n e d  i n  t h e  above paragraphs,  f o r  each 

of t h e  materials. 

I t  is  t h e  w r i t e r ' s  opinion t h a t  t he  des ign  s t r e s s  curves  are  r a t h e r  

conse rva t ive  and enable  the  des igner  t o  s a f e l y  proceed wi th  t h e  des ign  

of t he  steam genera tor .  The problem of mass t r a n s p o r t  when app l i ed  t o  

t h i s  p a r t i c u l a r  p l a n t  des ign  may n o t  be as severe  as one might t h i n k . '  F i r s t  

of a l l ,  carbon t r a n s p o r t  (decarb-ur izat ion-carburizat ion)  i s  r a t h e r  l i m i t e d  

s i n c e  only  the  carbon i n  t h e  sodium and t h a t  of approximately one-third 

of Croloy 2 l /4 i s  a v a i l a b l e  due t o  temperature l i m i t a t i o n s .  

t h e  Croloy 2 1/4 a l l o y  s t e e l  des ign  curve a r e  t h e  e f f e c t s  of decarburfza t ion .  

Anything less than  complete deca rbur i za t ion  should suppor t  h igher  des ign  

s t r e s s e s ,  which would make t h e  des ign  curve more conservative: Carburiza- 

t i o n  tends t o  enhance the  mechanical p rope r t i e s  included i n  the  des ign  

Factored i n t o  
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curve f o r  Type 316 s t a i n l e s s  s t e e l  b u t  . introduces a n  ag ing  e f f e c t  and a 

sho r t en ing  of f a t i g u e  l i f e  which must be f a c t o r e d  i n t o  a design.  

A s  des igne r s ,  The Babcock SC Wilcox Company be l i eves  the  b e s t  way t o  

o b t a i n  t h e  necessary  da t a  and s u b s t a n t i a t e  much of t he  preceding work is  

t o  model as c l o s e l y  as poss ib l e  the  ope ra t ing  condi t ions  of t h e  f u l l - s i z e  

u n i t  i n  a l a b o r a t o r y  s e t  up. (10) 

r e s u l t s  o f  t h e  f i r s t  1000 hours: ope ra t ion  w i l l  soon be a v a i l a b l e .  

t he  completion of t he  scheduled o p e r a t i o n a l  l i f e ,  t h e  loop  w i l l  be 

disassembled and sec t ioned  t o  determine and v e r i f y  mass t r a n s p o r t  rates 

and mechanical p rope r t i e s  of t h e  var ious  environment cond i t ions .  A s  t h i s  

and o the r  a d d i t i o n a l  da t a  become a v a i l a b l e ,  t h e  presented des ign  s t r e s s  

Such a l o o p  i s  i n  opera t ion ,  and the  

A t  

curves  can be re -eva lua ted .  

CONCLUSIONS : 

It is  f a i r l y  ev ident  what happens t o  the  ma te r i a l s  under cons ide ra t ion  

i n  a sodium enviro.nment, bu t  t h e  e x t e n t  and r e s u l t i n g  e f f e c t  on the  

mechanical p r o p e r t i e s  caused by these  environmental  r e a c t i o n s  i s  s t i l l  i n  

a s t a t e  of ques t ion .  A cons iderable  amount of r e sea rch  is  being done 

b u t  t h e  number of condi t ions  t o  be s tud ied  does n o t  make t h i s  a s imple,  

s t r a igh t fo rward  t a sk .  

Care must be exerc ised  i n  s e l e c t i n g  the  materials of cons t ruc t ion ,  

A t  p r e sen t ,  t h e r e  are a l i m i t e d  number of m a t e r i a l s  a v a i l a b l e  t o  t h e  

des igne r .  

severe  f a b r i c a t i o n  problems s i n c e  they  a r e  r a t h e r  popular materials of 

The two materials d iscussed  i n  t h i s  r e p o r t  do no t  p re sen t  

cons t ruc t ion .  

m a t e r i a l  from which new design s t ress ' : curves  have been p l o t t e d . ,  

There i s  enough anv i roweQ%a~ da ta  a v a i l a b l e  f o r  each 



(See F igs .  4 and 5) . Although a g r e a t  amount of t e s t i n g  has been done i n  

a sodium environment, it s t i l l  ;j?s n o t  poss ib le  t o  e s t a b l i s h  the  long-term 

e f f e e t s  on t h e  mechanical p r o p e r t i e s  with c e r t a i n t y .  Data a r e  r equ i r ed  

t o  a c c u r a t e l y  p r e d i c t  t h e  environmehtal  e f f e c t s  throughout t h e  l i f e  of 

t h e  u n i t .  This increased  knowledge of the environmental  e f f e c t s  w i l l  

pe rmi t  a more i n t e l l i g e n t  a p p l i c a t i o n  of m a t e r i a l s .  

RECOMMENDATIONS : 

1. I t  is  recommended, based on t h e  d a t a  a v a i l a b l e  a t  t h i s  t ime, t h a t  

t he  des ign  s t r e s s  curves presented he re in  should be used i n  the  

des ign  of sodium components. 

2. The mechanical p rope r t i e s  should be e s t a b l i s h e d  f o r  s e v e r a l  

temperature  l e v e l s  wi th  longer  t e s t i n g  per iods .  

3. A b e t t e r  understanding of t h e  long-term environmental  e f f e c t s  and 

t o  what e x t e n t  they  a f f e c t  t h e  mechanical p rope r t i e s  should be 

e s t a b l i s h e d .  

4.  Mechanical p rope r t i e s  of  o t h e r  ma te r i a l s  of cons t ruc t ion  should 

be determined f o r  use  i n  a sodium system. 
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