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INTERGRANULAR CRACKING OF INOR-8 I N  THE MSRE 

H. E. McCoy and B.  McNabb 

ABSTRACT 

The INOR-8 s u r v e i  l a n c e  specimens anL components from L e  MSRE t h a t  

had been exposed t o  f u e l  sa l t  formed sha l low i n t e r g r a n u l a r  cracks ( 2  t o  

10 m i l s  deep i n  exposures  t o  g r e a t e r  than  20,000 h r ) .  Some of t h e s e  

c racks  were v i s i b l e  i n  p o l i s h e d  s e c t i o n s  of as-removed materials, b u t  

many o t h e r s  were v i s i b l e  a f t e r  t h e  samples had been deformed. Consider- 

a b l e  evidence i n d i c a t e s  t h a t  t h e  c racks  . w e r e  due t o  t h e  inward d i f f u s i o n  

of f i s s i o n  products .  

The f i s s i o n  product  c racking  mechanism w a s  f u r t h e r  s u b s t a n t i a t e d  

by l a b o r a t o r y  tests which c l e a r l y  demonstrated t h a t  t e l l u r i u m  causes  

i n t e r g r a n u l a r  c racking  i n  INOR-8. These tests have included o t h e r  

materials, and impor tan t  v a r i a t i o n s  exis t  i n  t h e i r  r e s p e c t i v e  s u s c e p t i -  

b i l i t i e s  t o  c racking  by t e l l u r i u m .  Several materials, i n c l u d i n g  types 

300 and 400 s t a i n l e s s  s t ee l s ,  n icke l -  and cobal t -base a l l o y s  c o n t a i n i n g  

g r e a t e r  than  15% C r y  copper ,  monel, and INOR-8 c o n t a i n i n g  2% Nb, com- 

p l e t e l y  r e s i s t e d  c racking  i n  t h e  tests run  t h u s  f a r .  
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INT RODU CT'I ON '' 

The Molten-Salt Reactor  Experiment w a s  a unique f l u i d - f u e l  r e a c t o r .  

I t  opera ted  a t  temperatures  around 65OOC f o r  more than  20,000 h r  between 

1965 and December, 1969. The f u e l  w a s  a mixture  of f l u o r i d e  s a l t s ,  c i r -  

c u l a t e d  through a c o r e  of g r a p h i t e  b a r s  and an e x t e r n a l  h e a t  exchanger.  

Except f o r  t h e  g r a p h i t e ,  a l l  p a r t s  c o n t a c t i n g  t h e  s a l t  were of  a n icke l -  

base  a l l o y  known as INOR-8 and now a v a i l a b l e  commercially under t h e  

t r a d e  names of H a s t e l l o y  N and Al lvac  N .  This  a l l o y ,  developed a t  Oak 

Ridge Nat iona l  Laboratory s p e c i f i c a l l y  f o r  use i n  f l u o r i d e  s a l t s  a t  

high tempera ture ,2  h a s  t h e  nominal composition of Ni-16% Mo-7% Cr-5% 

Fe-0.05% C .  

INOR-8 i n  t h e  MSRE behaved as expected w i t h  regard  t o  c o r r o s i o n  by 

t h e  f l u o r i d e  salts  and t h e  containment atmosphere (very l i t t l e  by e i t h e r ) .  

Two problems w i t h  INOR-8 d i d  appear ,  however. The f i r s t  w a s  a d r a s t i c  

r e d u c t i o n  i n  high-temperature c reep- rupture  l i f e  and f r a c t u r e  s t r a i n  

under creep c o n d i t i o n s .  The second w a s  t h e  appearance of grain-boundary 

c racks  a t  INOR-8 s u r f a c e s  exposed t o  t h e  f u e l  sa l t .  

Embrit t lement phenomena have been s t u d i e d  e x t e n s i v e l y  f o r  t h e  p a s t  

s e v e r a l  y e a r s  i n  connect ion w i t h  v a r i o u s  i ron-  and nickel-base a l l o y s  

and s p e c i f i c a l l y  w i t h  regard  t o  INOR-8 by OWL. The embr i t t l ement  of- 

INOR-8 i n  t h e  MSRE has  been a t t r i b u t e d  mainly t o  t h e  hel ium t h a t  i s  

generated by thermal neut ron  i n t e r a c t i o n  w i t h  'OB p r e s e n t  i n  t h e  a l l o y  

as an impur i ty .  We have found t h a t  small  changes i n  chemical composition 

are q u i t e  e f f e c t i v e  i n  reducing t h e  e f f e c t s  of helium product ion ,  and 

our  work is w e l l  a long  toward developing a modified INOR-8 w i t h  improved 

r e s i s t a n c e  t o  embr i t t l ement  by neut ron  i r r a d i a t i o n .  This  work has  been 

r e p o r t e d  extensively4-11 and w i l l  be  d i s c u s s e d  i n  t h i s  document only 

i n s o f a r  as i t  relates t o  t h e  f i n d i n g  and i n t e r p r e t a t i o n  of ev idence  on 

t h e  s u r f a c e  c racking  problem. 

The cause of t h e  s u r f a c e  c r a c k i n g  h a s  n o t  y e t  been p r e c i s e l y  d e f i n e d ,  

nor  can i ts  very long-term behavior  be  p r e d i c t e d  w i t h  conf idence .  The 

cause must be  a s s o c i a t e d  w i t h  f u e l  system c o n d i t i o n s  a f t e r  t h e  beginning 

of power o p e r a t i o n :  numerous c racks  o r  i n c i p i e n t  c racks  were found on 

7 
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every INOR-8 s u r f a c e  t h a t  w a s  examined a f t e r  prolonged c o n t a c t  w i t h  t h e  

r a d i o a c t i v e  f u e l  s a l t ;  few o r  none could be  found on INOR-8 s u r f a c e s  

(sometimes on t h e  same p i e c e )  t h a t  had been exposed t o  t h e  f l u o r i d e  s a l t  

i n  t h e  coolan t  system o r  t o  t h e  containment c e l l  atmosphere. The c racks  

w e r e  observed t o  open up when a f f e c t e d  s u r f a c e s  w e r e  s t r a i n e d  i n  t e n s i o n ,  

b u t  some g r a i n  boundary c racks  were d e t e c t a b l e  i n  pol i shed  s e c t i o n s  of  

u n s t r a i n e d  specimens. The depth of c racking  w a s  2 t o  10 m i l s ,  and some 

s e c t i o n e d  specimens showed as many as 300 cracks  p e r  i n c h  of  edge. A 

g e n e r a l  t r e n d  t o  more and deeper  c racks  w i t h  i n c r e a s i n g  exposure t i m e  

w a s  e v i d e n t ,  b u t  t h e  s t a t i s t i c a l  s i g n i f i c a n c e  of t h e  changes a f t e r  t h e  

f i r s t  several thousand hours  w a s  poor. Obviously t h e  de te rmina t ion  of 

cause and long-term p r o g r e s s i o n  i s  e s s e n t i a l  i n  t h e  development of molten- 

sa l t  r e a c t o r s  t h a t  must o p e r a t e  r e l i a b l y  f o r  many y e a r s .  

An i n t e n s i v e  e f f o r t  has  been mounted w i t h i n  t h e  Molten-Salt Reactor  . 

Program t o  i n v e s t i g a t e  t h e  INOR-8 c racking  phenomenon and t o  develop 

remedies o r  ways t o  circumvent t h e  problem. More o r  less s imilar  e f f e c t s  

'can b e  produced i n  out-of-reactor  experiments.  F l u o r i d e  s a l t s  wi th  added 

FeF2 oxidant  cause  i n t e r - g r a n u l a r  c o r r o s i o n .  Te l lur ium depos i ted  on 

INOR-8 and allowed t o  d i f f u s e  a t  h igh  temperature  produces b r i t t l e  g r a i n  

boundaries .  Te l lur ium a l s o  a f f e c t s  n i c k e l  and s t a i n l e s s  steel ,  b u t  t o  

lesser degrees .  However, some of  t h e  o t h e r  a g e n t s  t h a t  were suspec ted  

of causing t h e  c racking  i n  t h e  MSRE f u e l  system have g iven  n e g a t i v e  

r e s u l t s .  This  work i s  c u r r e n t l y  i n  p r o g r e s s ,  and few f i r m  conclus ions  

can y e t  be  drawn. 

The p r e s e n t  document has been prepared t o  r e p o r t  and summarize a l l  

t h e  c u r r e n t l y  known informat ion  obta ined  from t h e  MSRE, which is t h e  

s t a r t i n g  p o i n t  of t h e  i n v e s t i g a t i o n .  It  a l s o  i n c l u d e s  p e r t i n e n t  observa- 

t i o n s  from o t h e r  mol ten-sa l t  systems,  b r i e f  accounts  of c u r r e n t  exper i -  

ments, and some t e n t a t i v e  conclus ions .  
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THE PISRE AND ITS  OPERATION 

A good, gene ra l  d e s c r i p t i o n  of the PERE and an account of most of 

i ts  h i s t o r y  appear i n  r e f e r e n c e  1. Reference 12  i s  a d e t a i l e d  d e s c r i p t i o n  

of a l l  components and systems. Because t h e s e  r e f e r e n c e s  are widely a v a i l -  

a b l e ,  t h e  d e s c r i p t i o n  h e r e  i s  confined t o  those  p o r t i o n s  t h a t  are germane 

t o  t h e  d i s c u s s i o n  of t h e  INOR-8 c racking .  

D e s c r i p t i o n  

The p a r t s  of t h e  MSRE w i t h  which we w i l l  be  concerned are inc luded  

i n  t h e  s i m p l i f i e d  f lowshee t  i n  F ig .  1. The c rack ing  phenomenon w a s  ob- 

s e rved  on p i eces  of INOR-8 from t h e  r e a c t o r  v e s s e l ,  t h e  h e a t  exchanger,  

t h e  f u e l  pump and a f r e e z e  va lve  nea r  f u e l  d r a i n  tank  No. 2 .  INOR-8 

specimens exposed t o  t h e  containment c e l l  atmosphere o u t s i d e  t h e  r e a c t o r  

v e s s e l  and s u r f a c e s  exposed t o  t h e  coo lan t  s a l t  were examined b u t  d i d  

no t  show t h e  c racking .  

The f u e l  s a l t  composition w a s  LiF-BeF2-ZrFq-UFq (65-30-5;-<1 mole X); 
t he  c o o l a n t ,  LiF-BeF2 (66-34 mole X). 
stream normally e n t e r e d  t h e  r e a c t o r  v e s s e l  a t  632°C and l e f t  a t  654°C; - 

A t  f u l l  power t h e  1200-gpm f u e l  

t h e  maximum o u t l e t  t empera ture  a t  w h i c h , t h e  r e a c t o r  ope ra t ed  f o r  any 

s u b s t a n t i a l  per iod  of t i m e  was 663OC (1225'F). When t h e  r e a c t o r  w a s  a t  

'low power, t h e  s a l t  systems w e r e  u s u a l l y  n e a r l y  i so the rma l  a t  about 6 5 O o C .  

During extended shutdowns t h e  s a l t  w a s  d r a i n e d  i n t o  t a n k s ,  where i t  w a s  

kept  molten wh i l e  t h e  c i r c u l a t i n g  loops  w e r e  allowed t o  c o o l .  

sa l t  f rozen  i n  f l a t t e n e d  s e c t i o n s  of p i p e  ( " f r eeze  va lves")  w e r e  used t o  

i s o l a t e  t h e  d r a i n  t anks  from t h e , l o o p .  The l i q u i d u s  tempera ture  of t h e  

f u e l  s a l t  was about 440°C and t h a t  of t h e  c o o l a n t  s a l t  was 459OC, s o  t h e  

loops were hea ted  t o  600-650°C w i t h  e x t e r n a l  e l e c t r i c  h e a t e r s  b e f o r e  t h e  

sa l t  was t r a n s f e r r e d  from t h e  s t o r a g e  t anks .  Helium (sometimes argon) 

w a s  t h e .  cover gas over t h e  f u e l  and coo lan t  s a l t s .  

Plugs of 

During o p e r a t i o n ,  samples  of f u e l  s a l t  were ob ta ined  by lowering 

s m a l l  copper buckets  ( capsu le s )  i n t o  t h e  pool  of s a l t  i n  t h e  pump bowl. 
Y 
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The pump bowl served  as t h e  s u r g e  space  f o r  t h e  loop and a l s o  f o r  sepa- 

r a t i o n  of gaseous f i s s i o n  products  from a 50-gpm stream of  s a l t  sprayed 

o u t  into t h e  gas s p a c e  above t h e  s a l t  pool .  To p r o t e c t  t h e  sample bucket  

from t h e  s a l t  s p r a y  i n  t h e  pump bowl, a s p i r a l  b a f f l e  of INOR-8 extended 

from t h e  top of t h e  bowl down i n t o  t h e  s a l t  pool .  A cage of  INOR-8 rods 

i n s i d e  t h e  s p i r a l  b a f f l e  guided t h e  sample c a p s u l e  i n  t h e  pump bowl. 

The r e a c t o r  c o r e  w a s  composed of ve r t i ca l  g r a p h i t e  b a r s  w i t h  flow 

passages between them. I n  t h e  l a t t i c e  near  t h e  c e n t e r  of t h e  c o r e  t h r e e  

thimbles  of INOR-8 housed c o n t r o l  rods .  Nearby, and a c c e s s i b l e  dur ing  

shutdowns through a f langed  n o z z l e ,  w a s  a n  a r r a y  of g r a p h i t e  and metal  

specimens,  which w a s  exposed t o  t h e  f u e l  f lowing up through t h e  c o r e .  

Throughout most of t h e  MSRE o p e r a t i o n  t h e  c o r e  a r r a y  w a s  as shown i n  

Fig.  2 .  This  a r r a y  w a s  designed t o  expose s u r v e i l l a n c e  specimens of 

g r a p h i t e  and INOR-8 i d e n t i c a l  t o  t h e  material  used i n  t h e  %RE c o r e  and 

r e a c t o r  vessel. Later, specimens of  modif ied INOR-8 were inc luded .  The 

assembly w a s  composed of t h r e e  s e p a r a b l e  s t r i n g e r s  des igna ted  RL, RR, 

and RS. Each s t r i n g e r  inc luded  a column of g r a p h i t e  specimens and two 

rods of INOR-8. ( S t r i n g e r  RS a l s o  inc luded  a f l u x  monitor  t u b e . )  

Not shown i n  Fig.  1, but  l o c a t e d  i n  t h e  r e a c t o r  b u i l d i n g ,  w a s  a 

v e s s e l  i n  which specimen s t r i n g e r s  i d e n t i c a l  t o  t h o s e  i n  t h e  c o r e  could 

be  exposed t o  f l u o r i d e  s a l t  having t h e  same nominal composi t ion as t h e  

f u e l  s a l t .  (The s t r i n g e r s  i n  t h e  c o n t r o l  f a c i l i t y  w e r e  des igna ted  C L ,  

C R Y  and CS.) Electr ic  h e a t e r s  on t h e  vessel w e r e  c o n t r o l l e d  t o  produce 

a temperature  p r o f i l e  a long t h e  s t r i n g e r s  l i k e  t h e  p r o f i l e  i n  t h e  core .  

The s a l t  i n  t h i s  c o n t r o l  f a c i l i t y  d i d  n o t  c i rculate .  

The f u e l  system w a s  conta ined  i n  a c e l l  i n  which an atmosphere of  

n i t r o g e n  conta in ing  from 2 t o  5% 0 w a s  maintained.  This  containment 

atmosphere w a s  r e c i r c u l a t e d  through a system t h a t  provided c o o l i n g  f o r  

t h e  c o n t r o l  rods and t h e  f r e e z e  valves. Arrays of INOR-8 ,specimens 

were exposed t o  t h e  ce l l  atmosphere as shown i n  F ig .  3 .  Suspended j u s t  

o u t s i d e  t h e  r e a c t o r  vessel b u t  i n s i d e  the v e s s e l  f u r n a c e ,  t h e  specimens 

were exposed t o  p r a c t i c a l l y  t h e  same neut ron  f l u x  and temperature  as t h e  

vessel w a l l s .  

. 

F 
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H i s t o r y  

i 

The h i s t o r y  of t h e  MSRE dur ing  the f o u r  y e a r s  i n  which i t  opera ted  

a t  s i g n i f i c a n t  power i s  o u t l i n e d  i n  Fig.  4. Cons t ruc t ion  had been f i n -  

i s h e d  and s a l t  charged i n t o  t h e  tanks  l a t e  i n  1964. Prenuclear  t e s t i n g ,  

i n c l u d i n g  1100 h r  of s a l t  c i r c u l a t i o n ,  occupied January-May, 1965. 

During nuc lear  s t a r t u p  experiments i n  May-July, 1965, f u e l  s a l t  w a s  c i r -  

c u l a t e d  f o r  800 h r .  The s a l t  w a s  d r a i n e d  and f i n a l  p r e p a r a t i o n s  f o r  

power o p e r a t i o n s  were made i n  t h e  f a l l  of 1965. Low-power experiments 

i n  December l e d  i n t o  t h e  h i s t o r y  covered i n  Fig.  4 .  (See r e f .  1 and 

MSRP semiannual progress  r e p o r t s  f o r  more d e t a i l . )  About a y e a r  a f t e r  

t h e  conclusion of  o p e r a t i o n ,  a l i m i t e d  program of examination w a s  c a r r i e d  

o u t .  This  inc luded  INOR-8 p i e c e s  from a c o n t r o l  rod thimble,  t h e  h e a t  

exchanger s h e l l  and t u b e s ,  t h e  pump bowl cage and b a f f l e ,  and a f r e e z e  

va lve .  

The n u c l e a r  f u e l  w a s  33%-enriched 2 3 5 U ,  and t h e  UF4 c o n c e n t r a t i o n  i n  

t h e  f u e l  s a l t  w a s  0.8 mole % u n t i l  1968. Then t h e  uranium was removed 

by f l u o r i n a t i o n  and 233UF4 w a s  s u b s t i t u t e d .  The UF4 c o n c e n t r a t i o n  re- 

q u i r e d  wi th  2 3 3 U  w a s  only 0 .13  mole %. 

w a s  observed by f r e q u e n t  sampling from t h e  pump bow1.l3 

2 3 3 U  loading  and p e r i o d i c  a d d i t i o n s  of s m a l l  increments  of uranium o r  

plutonium t o  s u s t a i n  t h e  n u c l e a r  r e a c t i v i t y ,  t h e  only o t h e r  a d d i t i o n s  

t o  t h e  f u e l  s a l t  were more o r  less r o u t i n e  s m a l l  (%lo g) q u a n t i t i e s  of 

bery l l ium,  and, i n  two o r  t h r e e  experiments ,  a few grams of zirconium 

and FeF2. The pu rpose  of t h e s e  a d d i t i o n s  w a s  t o  a d j u s t  t h e  U(III)/U(IV) 

r a t i o ,  which a f f e c t s  t h e  c o r r o s i o n  p o t e n t i a l  and t h e  o x i d a t i o n  state of 

corrosion-product  i r o n  and n i c k e l  and f i ss ion-product  niobium. 

The composition of t h e  f u e l  s a l t  

Aside from t h e  

The primary c o r r o s i o n  mechanism i n  t h e  f u e l  s a l t  system w a s  se lect ive 

removal of c h r o m i h  by 
2 

2UF4 + C r ( i n  a l l o y )  2UF3 + CrF2(in s a l t )  , 

and t h e  c o n c e n t r a t i o n  of chromium i n  s a l t  samples w a s  t h e  primary i n d i -  

c a t o r  of c o r r o s i o n .  F igure  5 shows chromium c o n c e n t r a t i o n s  observed i n  
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t h e  MSRE f u e l  over  t h e  y e a r s  of power o p e r a t i o n .  The s t e p  down i n  chro- 

mium c o n c e n t r a t i o n  i n  t h e  s a l t  i n  1968 w a s  e f f e c t e d  by process ing  t h e  

sa l t  i n  1968 w a s  e f f e c t e d  by process ing  t h e  s a l t  a f t e r  t h e  235U f l u o r i -  

n a t i o n .  The t o t a l  i n c r e a s e  i n  chromium i n  t h e  4700-kg charge of f u e l  

s a l t  is e q u i v a l e n t  t o  l e a c h i n g  a l l  of t h e  chromium from t h e  852 f t 2  of 

INOR-8 exposed t o  f u e l  sa l t  t o  a depth of about  0.4 m i l .  

Throughout t h e  o p e r a t i o n  of t h e  ?ERE a sample a r r a y  of one k ind  o r  

another  w a s  p r e s e n t  i n  t h e  co re .  The a r r a y s  t h a t  were exposed between 

September 1965 and June 1969 were of t h e  des ign  shown i n  Fig.  2 .  From 

t h e  t i m e  of c o n s t r u c t i o n  u n t i l  August 1965 t h e  specimen a r r a y  i n  t h e  

c o r e  contained s i m i l a r  amounts of g r a p h i t e  and INOR-8 ( t o  have t h e  s a m e  

n u c l e a r  r e a c t i v i t y  e f f e c t )  b u t  d i f f e r e d  i n  i n t e r n a l  c o n f i g u r a t i o n .  During 

t h e  last  f i v e  months of o p e r a t i o n ,  a n  a r r a y  designed t o  s tudy  t h e  e f f e c t s  

of s a l t  v e l o c i t y  on f i s s i o n  product  depos i t ion14 w a s  exposed i n  t h e  co re .  

Whenever a c o r e  specimen assembly of t h e  type  shown i n  Fig.  2 w a s  

removed from t h e  c o r e ,  i t  w a s  t aken  t o  a h o t  c e l l ,  t h e  s t r i n g e r s  were 

taken ou t  of t h e  b a s k e t ,  and a new assembly w a s  prepared,  u s u a l l y  in- 

c luding  one o r  two of t h e  prev ious ly  exposed s t r i n g e r s .  Sometimes t h e  

o l d  baske t  w a s  reused ,  sometimes n o t .  The h i s t o r y  of  exposure of INOR-8 

specimens i n  t h i s  c o r e  f a c i l i t y  i s  o u t l i n e d  i n  Fig.  6. The numbers in-  

d i c a t e  t h e  h e a t s  of  INOR-8 from which t h e  rods i n  each s t r i n g e r  w e r e  made. 

'Heats 5065, 5085, and 5081 were h e a t s  of s t a n d a r d  INOR-8 used i n  f a b r i -  , 

c a t i o n  of  t h e  E R E . *  

designed t o  improve t h e  r e s i s t a n c e  t o  neut ron  embr i t t l ement .  

The o t h e r  h e a t s  w e r e  of modified composition 

Specimens exposed o u t s i d e  t h e  r e a c t o r  vessel were made of t h r e e  of 

t h e  h e a t s  t h a t  were a l s o  exposed i n  s a l t .  Specimens of h e a t s  5065 and 

5085 w e r e  exposed from August 1965 t o  June  1967 and from August 1965 t o  

May 1968; specimens of modif ied h e a t  67-504 were exposed from June 1967 

t o  June 1969. 

Table 1 l is ts  t h e  chemical compositions of t h e  h e a t s  of s t a n d a r d  

INOR-8 t h a t  were used i n  t h e  s u r v e i l l a n c e  specimens and i n  var ious  items 

t h a t  were examined a f t e r  exposure t o  t h e  f u e l  s a l t .  The compositions of  

$<The r e a c t o r  vessel s i d e s  were of 5085; t h e  heads,  of 5065. Heat 
w a s  used f o r  some o f  t h e  vessel i n t e r n a l s .  
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Table 1. l leats  of Standard INOR-8 Examined A f t e r  Exposure in MSRE 

Specimens Content  (wt Z) 
Heat Exposed Mo C r  Fe Mn C S i  S P cu Co A 1  V T i  W B 

5085a 

5081a 

5065b 

5055 

5075 , 

5059 
Y-8487 
5060 

5068 

N2-5105 

5094 

Rods on L1, R l , '  16.7 
L1, L2, R2, 
x1, x2 

s 1  
Rods on L 1 ,  R 1 ,  16.0 

Rods on L2. R2. 16.5 

S t r a p s  on R 2 ,  1 6 . 1  

F o i l  on R3,  S1, 16.4 

x1,. x2 

L2, R3, 54 

and Sampler 
m i s t  s h i e l d  

Sampler cage 16.9 
Rod th imble  16.8 
Rod th imble  16.4 

s l e e v e  

Heat exchanger  16.5 

Heat exchanger  16.4 

Freeze  v a l v e  105 16.3 

s h e l l  

tubes  

7.3 

7.1 

7.3 

7.5 

6.64 

6.62 

7.3 
7.05 

6.45 

6.9 

7.1 

3.5 

3.5 

3.9 

3.8 

4.0 

3.9 
4.1 
3.9 

4.0 

3.9 

3.8 

0.67 

0.65 

0.55 

0.43 

0.46 

0.35 
0.3 
0.45 

0.45 

0.45 

0.52 

0.052 

0.059 

0.065 

0.07 

0.07 

0.07 
0.05 
0.06 

0.05 

0.06 

0.07 

0.58 

0.52 

0.60 

0.64  

0.58 

0.59 
0.17 
0.52 

0.58 

0.60 

0.76 

0.004 0.0043 

0.002 0.012 

0.007 0.004 

0.008 0.003 

0.006 0.003 

0.003 0.001 

0.0075 0.004 

0.006 0.001 

0.008 0.03 

0.009 0.001 

0.007 0.001 

0.01 

0.01 

0.01 

0.03 

0.01 

0.03 
0.01 

0.02 

0.01 

0.01 

0.15 

0.10 

0.08 

0.11 

0.06 

0.07 
0.1 
0.07 

0.1 

0.1 

0.08 

0.02 

0.05 

0.01 

0.08 

0.02 

0.01 

0.16 

0.01 

0.01 

0.01 

0.02c 

0.20 

0.20 

0 . 2 2  

0.24 

0.26 

0.21 

0.28 

0.27 

0.33 

0.39 

c0.01 

c0.01 

0.01 

0.02 

0.02 

0.01 

0.25 
0.01 

0.01 

0.01 

0.07 

0.07 

0.04 

0.26 

0.09 

0.04 

0.06 

0.05 

0.0038 

0.0040 

0.0024 

0.001 

0.001 P 
w 

0.007 
0.005 

. .  

0.006 

0.004 

aLess than  C.002%, Z r  

bLess than  0.1% Z r  o r  Hf 

'A1 p l u s  T i  
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t h e  modified h e a t s  t h a t  were exposed and then  examined are l i s t e d  i n  

Table  2. These a l l o y s ,  b e s i d e s  i n c l u d i n g  a d d i t i o n s  of  T i ,  Hf,  W ,  o r  Z r ,  

had s u b s t a n t i a l l y  less Mo, only a f r a c t i o n  as much Fe, and less 1411, V ,  

and S i  than  d i d  t h e  s t a n d a r d  a l l o y s .  

I n  t h e  c o r r e l a t i o n  of t h e  e f f e c t s  of exposure f o r  d i f f e r e n t  per iods  

of o p e r a t i o n ,  some common index  of exposure would b e  u s e f u l .  P o s s i b l e  

i n d i c e s  are (1) t h e  t i m e  that  t h e  specimens were exposed t o  s a l t ,  (2) t h e  

t o t a l  genera t ion  of  n u c l e a r  h e a t  (and f i s s i o n  products )  d u r i n g  t h e  t i m e  

t h e  specimens were exposed, (3 )  t h e  t o t a l  t i m e  t h a t  t h e  specimens were 

a t  h igh  temperature ,  and ( 4 )  t h e  t i m e  a t  h igh  temperature  a f t e r  exposure 

t o  s a l t  c o n t a i n i n g  f r e s h  f i s s i o n  products .  A s  w i l l  b e  d i s c u s s e d  l a t e r ,  

some r a t i o n a l e  exis ts  f o r  us ing  each of t h e s e ,  s o  a l l  are inc luded  i n  

t h e  summary of exposures  given i n  Table  3 .  

EXAMINATION OF E R E  SURVEILLANqE SPECIMENS 

INOR-8 specimens removed from t h e  c o r e  and from t h e  c o n t r o l  f a c i l i t y  

w e r e  s u b j e c t e d  t o  a v a r i e t y  of  examinat ions and tests. F i r s t  w a s  a v i s u a l  

i n s p e c t i o n  f o r  ev idence  of any d e p o s i t i o n  o r  c o r r o s i o n ,  p a r t i c u l a r l y  

any nonuniform o r  l o c a l i z e d  c o r r o s i o n .  Meta l lographic  examinat ion of 

s e l e c t e d  specimens w a s  used t o  g i v e  more informat ion  on t h e  c o m p a t i b i l i t y  

of INOR-8 wi th  t h e  s a l t  environment. 

mechanical proper ty  t e s t i n g  i n  connec t ion  w i t h  t h e  s t u d i e s  on neut ron  

embr i t t l ement .  Creep tests t o  determine c reep  rates, r u p t u r e  l i f e ,  and 

r u p t u r e  s t r a i n  were conducted a t  650°C and stress levels from 17,000 t o  

55,000 p s i .  T e n s i l e  tests g i v i n g  y i e l d  stress, u l t i m a t e  stress, and 

f r a c t u r e  s t r a i n  w e r e  made a t  temperatures  from 25 t o  850°C. S e l e c t e d  

samples t h a t  had been t e n s i l e  t e s t e d  a t  25 and a t  650°C were examined 

m e t a l l o g r a p h i c a l l y .  S i m i l a r  i n s p e c t i o n s  and tests w e r e  given t h e  s p e c i -  

mens exposed t o  t h e  c e l l  atmosphere. 

The major p a r t  of t h i s  e f f o r t  w a s  

A t e n s i l e  specimen of INOR-8 be ing  s t r a i n e d  a t  an e l e v a t e d  temper- 

a t u r e  normally develops some f i s s u r e s  b e f o r e  t h e  specimen f r a c t u r e s .  

The f i s s u r e s  are i n t e r g r a n u l a r  and t h e  f r a c t u r e  is i n t e r g r a n u l a r  - t h i s  

is normal a t  high temperatures .  A t  room tempera ture ,  on t h e  o t h e r  hand, 

t h e  normal k ind  of f r a c t u r e  i s  most ly  t r a n s g r a n u l a r  and f i s s u r e s  away 



c ' c . 

Table 2 .  Heats of Modified INOR-8 Examined Af ter  Exposure to MSRE Fuel S a l t  

Specimens Content (wt %) 
Z K  B Co A 1  V T i  Hf W Heat Exposed Mo C r  Fe Mn C S i  S P cu 

21545 Rods on S 2  12.0 7.18 0.034 0.29 0.05 0.015 <0.002 0.001 0.04 0 .02  0.02 0.06 0.49 <0.01 0.10 0 .01  0.0002 

21554 Rods on 5 2  12.4 7 . 4  0.097 0.16 0.065 0.01 <0.002 0.004 0.03 0.003 0.35 0.0002 

67-502 Rods on 53 12.7 7.24 0.08 0.14 0.04 CO.01 0.004 0.003 0.04 0 .02  0.12 0.06 0.53 <0.01 2.15 <0.01 0.0001 

67-504 Rods on 53 1 2 . 4  6.94 0.05 0.12 0.07 0.010 0.003 0.002 0.03 0.02 0.03 0.22 <0.02 0.50 0.03 0.01 0.0003 

67-551 Rods on R3, S3 1 2 . 2  7.0 0.02 0.12 0.028 0.02 <0.002 0.0006 0.01 0.03 <0.05 <0.001 1.1 0.001 <0.01 0.0002 

7320 Rods on R3,S3 12.0 7.2 <0.05 0.17 0.059 0.03 0.003 0.002 0 .02  0.01 0.15 <0.02 0.65 <0.05 C0.05 0.00002 
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Table  3. E x t e n t  of  Exposure of  ;NOR-8 Specimens i n  MSRE 

Time a t  h i g h  
tempera turea  Time, Reac tor  

Date ( h r )  i n  f u e l  h e a t  Thermal 
(Mwh * Neutron 

I n  o u t  T o t a l  With Fpb ( h r )  neutrons/cm*) Fluence' Specimen 

Pre-power c o r e  a r r a y  

S t r i n g e r s  U.1, R K l ,  RS1 

S t r i n g e r  RS2 

S t r i n g e r  RS3 

S t r i n g e r  RR2 

S t r i n g e r  RR3, RS4 

S t r i n g e  r RL2 

F i n a l  c o r e  a r r a y  

Components of  f u e l  loop  

S t r i n g e r  X1 

S t r i n g e r  X 2  

S t r i n g e r  X4 

1964 

9 / 8 / 6 5  

9 I16 I66 

5 /31/67  

9 /16/66  

4/ia168 

9 /16/66  

7/31/69 

1964 

8 /24/65  

8 /24/65  

6 /7 /67  

8 /65  

7/28/66 

5 / 1 5 / 6 7  

4 / 2 / 6 8  

4 / 2 / 6 8  

6 /6 /69  

6 /6 /69  

12/18/69  

19 70 

6 /5 /67  

5 / 7 / 6 8  

6 /  I69 

3,306 

5 ,550  

5,554 

6,379 

11 ,933  

7,203 

19,136 

2,815 

30,807 

11,104 

17 ,483  

13.582 

0 

2,550 

5 ,220  

6 ,300  

11,600 

3,310 

18 ,800  

2,360 

24,500 

.o 
0 

0 

1,090 

2 ,813  

4_,112 

5 ,877  

9,989 

4,868 

14,857 

2,280 

21,040 

0 

0 

0 

0 . 0  

7,980 

25,120 

32,990 

58,110 

18 ,720  

76,830 

11 ,870  

96,680 

33,100 

66,100 

51,700 

x 1020 

0.0 

1 .3  

4 . 1  

5 . 3  

9 .4  

5 . 1  

14 .6  

3.2 

0-19 

0.13 

0 .26  

0.25 

aTime logged above 500'C. 

bT ime  above 500°C a f t e r  exposure  of  specimen t o  f u e l  s a l t  c o n t a i n i n g  f r e s h  f i s s i o n  p r o d u c t s .  

CFluence of  n e u t r o n s  w i t h  E<0.876 e V ,  based on f l u x  moni tor  measurements made d u r i n g  235U o p e r a t i o n ,  

A l l  w a s  a t  650 f 10'C w i t h  t h e  e x c e p t i o n  of 100 h r  a t  7 6 0 ° C  i n  October ,  1965, 
about  750 h r  a t  500-600°C i n  February-March, 1966, and 500 h r  a t  630°C i n  December, 1967-February,  1968. 

w i t h  c a l c u l a t e d  c o r r e c t i o n  f o r  h i g h e r  f l u x  d u r i n g  233U o p e r a t i o n .  

. 

. 
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. 

from t h e  

c racking  

boundary 

f r a c t u r e  are abnormal. Thus a h i g h  inc idence  of i n t e r g r a n u l a r  ~ 

i n  samples deformed a t  25OC is a d e f i n i t e  i n d i c a t i o n  of g r a i n  

embr i t t l ement  o r  weakness. For t h i s  reason ,  i n  t h e  d e s c r i p t i o n s  

t h a t  fo l low,  a t t e n t i o n  w i l l  be focussed  p r i m a r i l y  on t h e  metallography of 

uns t r a ined  specimens o r  t hose  s t r a i n e d  a t  25°C. 

c h a n i c a l  p rope r ty  t e s t i n g  have been f u l l y  r e p ~ r t e d ~ - ~ ,  and only those  

r e s u l t s  t h a t  are r e l e v a n t  t o  t h e  s u r f a c e  c rack ing  phenomenon w i l l  be 

mentioned h e r e .  

The r e s u l t s  of t h e  me- 

SDecimens Exnosed Before Power ODeration 

The specimen a r r a y  t h a t  w a s  i n  t h e  co re  du r ing  t h e  p renuc lea r  t e s t i n g  

and nuc lea r  s t a r t u p  experiments was t h e r e  p r i m a r i l y  as a n e u t r o n i c  s tand-  

i n  f o r  t h e  la ter  s u r v e i l l a n c e  assembl ies .  Although it  conta ined  s imilar  

amounts of g r a p h i t e  and m e t a l ,  i t s  des ign  w a s  d i f f e r e n t  from t h a t  of 

la ter  assembl ies ,  and t h e  I N O R - 8  used w a s  from u n i d e n t i f i e d  h e a t s  of 

s t anda rd  a l l o y .  The post-exposure examinations w e r e  a l s o  l i m i t e d .  How- 

e v e r ,  t h e  r e s u l t s  are of some: in t e re s t ,  because t h e  a r r a y  had been a t  

h igh  temperature and exposed t o  s a l t  f o r  reasonably  long  t i m e s :  

temperature f o r  3306 h r ,  exposed t o  f l u s h  s a l t  f o r  990 h r ,  and exposed 

t o  uranium-bearing sa l t  f o r  1090 h r  (see Table  3 ) .  

a t  h igh  

The only v i s i b l e  change i n  t h e  specimens as a r e s u l t  of t h e i r  ex- 

posure w a s  t h a t  th,e o r i g i n a l l y  sh iny  specimens of I N O R - 8  had developed 

a b r i g h t  gray-white mat,te s u r f a c e . 1 5  The m i c r o s t r u c t u r e  of one of t h e  

spec inens  a f t e r  i t  w a s  f r a c t u r e d  a t  25OC is shown i n  Fig.  7 .  N o  g ra in-  

boundary c racks  are v i s i b l e .  

da rk ly  caused some concern a t  f i r s t .  However, as w i l l  be  brought ou t  

The 1 - m i l  s u r f a c e  l a y e r  t h a t  etched more 

la ter ,  t h e  modified s u r f a c e  l a y e r  w a s  .p resent  on c o n t r o l  specimens as 

well as on those  exposed i n  t h e  co re  and, on a series of specimens, 

showed no s y s t e m a t i c  v a r i a t i o n  w i t h  exposure t i m e .  

t h a t  i t  w a s  l i k e l y  cold-work from machining caus ing  ca rb ides  t o  p r e c i p i -  

tate more r e a d i l y  nea r  t h e  s u r f a c e .  

connection t o  s u r f a c e  c rack ing . )  

F u r t h e r  work showed 

(See l a te r  d i s c u s s i o n  of p o s s i b l e  

i 
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The important  

t o  f u e l  sa l t  f o r  a 

p o i n t  t o  b e  noted h e r e  

c o n s i d e r a b l e  p e r i o d  of  

i s  t h a t  INOR-8 specimens exposed 

t i m e  b e f o r e  the genera t ion  of  

s u b s t a n t i a l  n u c l e a r  power (and f iss ion-product  i n v e n t o r i e s )  showed no in-  

i n t e r g r a n u l a r  s u r f a c e  c r a c k s  upon t e s t i n g  a t  25°C. 

F i r s t  Group of S u r v e i l l a n c e  Specimens 
( S t r i n g e r s  RT.,l, RR1, and RS1) 

m e n  t h e  f i r s t  s t a n d a r d  specimen a r r a y  w a s  t aken  o u t  i n  J u l y ,  1966, 
p o r t i o n s  were found t o  have been damaged.* Because of t h e  damage, none 

of t h e  t h r e e  s t r i n g e r s  could b e  put  back i n t o  t h e  c o r e ,  b u t  less t h a t  

one t h i r d  of t h e  INOR-8 specimens were a f f e c t e d ,  s o  t h e r e  were p l e n t y  

of  each h e a t  (5085 and 5081) t h a t  could b e  t e s t e d .  Corresponding s p e c i -  

mens from t h e  c o n t r o l  f a c i l i t y  were a l s o  t e s t e d .  The e x t e n s i v e  r e s u l t s  

are repor ted  i n  d e t a i l . 4  

Corrosion of t h e - c o r e  specimens appeared t o  b e  very  minor. By 

v i s u a l  i n s p e c t i o n  t h e  m e t a l  s u r f a c e s  w e r e  a uniform d u l l  gray,  w i t h  no 

s i g n  of l o c a l i z e d  c o r r o s i o n .  l l e ta l lography a l s o  revea led  l i t t l e  o r  no 

p e r c e p t i b l e  c o r r o s i o n .  

T e n s i l e  tests showed a small  decrease  i n  t h e  y i e l d  s t r e n g t h  of t h e  

c o n t r o l  specimens compared w i t h  t h e  unexposed specimens and those  exposed 

i n  t h e  core .  U l t i m a t e  t e n s i l e  stresses decreased s i g n i f i c a n t l y  from 

t h e  unexposed specimens t o  t h e  c o n t r o l  specimens t o  t h e  core  specimens,  

as shown i n  Table  4 .  The v a r i a t i o n  i n  t h e  u l t i m a t e  t e n s i l e  stress i s  

a s s o c i a t e d  w i t h  decreases  i n  f r a c t u r e  s t r a i n .  (INOR-8 t e n s i l e  specimens 

t e s t e d  a t  25OC c o n t i n u e  t o  s t ra in-harden  t o  near  f r a c t u r e ,  so any reduc- 

t i o n  i n  f r a c t u r e  s t r a i n  would cause  f a i l u r e  a t  a lower u l t i m a t e  s t r e s s . )  

Examination of t h e s e  and l a t e r  specimens i n d i c a t e d  t h a t  t h e  r e d u c t i o n  i n  

f r a c t u r e  s t r a i n  a t  25OC w a s  n o t  connected w i t h  t h e  sur face-cracking  

phenomenon, bu t  w a s  due t o  c a r b i d e  p r e c i p i t a t i o n  t h a t  occur red  upon ag ing  

and w a s  enhanced by i r r a d i a t i o n .  

*The damage occurred  because,  when t h e  c o r e  w a s  d r a i n e d ,  some s a l t  
w a s  t rapped  between t h e  specimens,  where i t  f r o z e  and i n t e r f e r e d  w i t h  t h e  
d i f f e r e n t i a l  c o n t r a c t i o n  of t h e  graphi te-metal  'assembly dur ing  cooldown. l6 
This  problem was avoided i n  subsequent assemblies  by a s l i g h t  d e s i g n  change. 



Table  4. Tensile P r o p e r t i e s  of S u r v e i l l a n c e  Samples  From 
F i r s t  Group a t  25°C and a S t r a i n  Rate of 0.05/min 

Heat Condi t iona  Y i e l d  U1 t i m a  t e  Uniform T o t a l  Reduct ion  
In  Area Stress T e n s i l e  Stress E long  a t  i on E l on  ga t i on 

(PS i> ( p s i >  % % % 

. .  
5081 Annealed , 52,600 125,300 56.7 , 59.5 ~ 50.5 

5081 C o n t r o l  47 , 700 118,700 55.9 57.6 48.8 

5081 I r r a d i a t e d  51  , 100 105 , 500 38.5 38.7 31 .3  

50 8 1  I r r a d i a t e d  54 , 100 109,000 42.6 42.6 25.9 

5085 Annealed 51,500 120,800 52.3 53 .1  42 .2  

5085 Con t ro l  . 46,200 109,200 40.0 40.0 28.6 

5085 Con t ro l  45 , 500 111,200 46.8 46.8 31.5 

5085 I r r a d i a t e d  48,100 100,300 34.3 34.5 26.0 

Annealed - Annealed 2 h r ,  a t  900°C. 
65OOC i n  s t a t i c  s a l t .  I r r a d i a t e d  -Annealed 2 h r  a t  900°C. i r r a d i a t e d  t o  a thermal  f l u e n c e  
of 1 . 3  x 1020 neutrons/cm2 over 5550 h r  a t  650°C i n  the  MSRE. 

Cont ro l  - Annealed 2 h r  a t  9 O O " C ,  annealed 4800 h r . a t  a 

.I . 
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E f f e c t s  of Carbide P r e c i p i t a t i o n  

. 

i 

An observa t ion  t h a t  connected t h e  decrease  i n  25OC f r a c t u r e  s t r a i n  

wi th  c a r b i d e  p r e c i p i t a t i o n  w a s  t h e  fo l lowing .  The f r a c t u r e  s t r a i n  a t  

room temperature  of i r r a d i a t e d  specimens could b e  improved by an annea l  

of 8 h r  a t  870°C (p. 1 7 ,  r e f .  5 ) .  This  is a c a r b i d e  agglomeration annea l ,  

and t h e  recovery of d u c t i l i t y  by such an annea l  suggested t h a t  t h e  em- 

b r i t t l e m e n t  w a s  due t o  t h e  p r e c i p i t a t i o n  of copious amounts of carb ide .  

The p r e c i p i t a t e  w a s  observed and i d e n t i f i e d  as MgC, which is  b r i t t l e  a t  

room temperature .  E x t r a c t i o n  r e p l i c a s  showed more p r e c i p i t a t e  i n  c o r e  

specimens than i n  c o n t r o l  specimens. Thus i t  appeared t h a t ,  a t  least  i n  

t h e  s tandard  a l l o y ,  i r r a d i a t i o n  enhanced t h e  n u c l e a t i o n  and growth of t h e  

p r e c i p i t a t e  t h a t  occurs  t o  some e x t e n t  a t  h i g h  temperature  wi thout  i r ra-  

d i a t  i on .  

Metallography of  specimens broken i n  t e n s i o n  a t  25°C revea led  d i f f e r -  

ences i n  t h e  n a t u r e  of t h e  f r a c t u r e s  i n  c o r e  and c o n t r o l  specimens. These 

d i f f e r e n c e s  are b e l i e v e d  t o  be  a n o t h e r  m a n i f e s t a t i o n  of  c a r b i d e  p r e c i p i t a -  

t i o n .  Figures  8 and 9 show specimens of h e a t  5081 from t h e  c o n t r o l  

f a c i l i t y  and from t h e  co re .  The f r a c t u r e  i n  t h e  c o n t r o l  specimen (Fig.  8 )  

i s  t y p i c a l  of t r a n s g r a n u l a r  shear-type f a i l u r e  (cup-cone appearance) .  I n  

c o n t r a s t ,  t h e  f r a c t u r e  of t h e  c o r e  specimen (Fig.  9)  is l a r g e l y  i n t e r -  

g ranular .  Heat 5085 specimens are shown i n  F igs .  10 and 11. The f r a c t u r e  

i n  t h e  5085 c o n t r o l  specimen is mixed t r a n s g r a n u l a r  and i n t e r g r a n u l a r ,  w i t h  

t h e  elongated g r a i n s  a t t e s t i n g  t o ’ t h e  l a r g e  amount of s t r a i n .  The f r a c -  

t u r e  i n  t h e  5085 c o r e  specimen i s  l a r g e l y  i n t e r g r a n u l a r  w i t h  numerous 

. i n t e r g r a n u l a r  c racks  i n  t h e  m i c r o s t r u c t u r e .  

Surface Cracking 

Specimens of b o t h  h e a t s  exposed i n  t h e  c o n t r o l  f a c i l i t y  and t e s t e d  

i n  t e n s i o n  showed no cracks  except  very near  t h e  f r a c t u r e s .  The c o r e  

specimens of bo th  h e a t s ,  on t h e  o t h e r  hand, showed several i n t e r g r a n u l a r  

cracks along t h e  gage l e n g t h s .  ‘The d i f f e r e n c e  is  c l e a r l y  shown i n  Fig.  

1 2 ,  which is a composite of photomicrographs of l o n g i t u d i n a l  s e c t i o n s  

of s t r a i n e d  c o n t r o l  and c o r e  specimens of h e a t  5085. P i c t u r e s  of 

t h e  s e c t i o n s  along t h e  e n t i r e  gage l e n g t h s  were examined t o  determine 

1 
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Fig. 8. Photomicrographs of Control Specimen AC-8 from Heat 5081 
Tested at 25°C and at a Strain Rate of 0.05/min. 
of specimen about 1/4 in. from fracture. Etchant: glyceria regia. 

(a) Fracture. (b) Edge 



Fig. 9. Photomicrographs of Surveillance Specimen D-16 from Heat 
5081 Tested at 25OC and at a Strain Rate of 0.05/min. 
(b) Edge of specimen about 1/4 in. from fracture. Etchant: glyceria 
regia. 

(a) Fracture. 

! 
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. 
Fig.  10. Photomicrographs of  Cont ro l  Specimen DC-24 from H e a t  5085 

Tested a t  25OC and a t  a S t r a i n  Rate  of 0.05/min. 
of specimen about  1/4 i n .  from f r a c t u r e .  E tchant :  g l y c e r i a  r e g i a .  

(a) F rac tu re .  (b)  Edge 
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Fig. 11. Photomicrographs of Surveillance Specimen A-16 from Heat 5085 
Tested at 25OC and at a Strain Rate of 0.05/min. (a) Fracture. (b) Edge 
of Specimen about 1/4 in. from fracture. Etchant: glyceria regia. 



Fig .  12. Photomicrographs of Heat 5085 s t r a i n e d  a t  25OC A f t e r  5550 h r  Above 500'C. The 

The t r u e  specimen d iameters  are 0.070 and 0.090 i n . ,  r e s p e c t i v e l y .  
t op  specimen w a s  i n  s t a t i c  f u e l  s a l t  co t i ta in ing  dep le t ed  uranium, and t h e  lower specimen w a s  i n  
t h e  MSRE core .  
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frequency and depth of cracks. 

only  one s u r f a c e  c rack  w a s  found (a frequency of about  1 p e r  i n c h ) .  Its 

depth w,as 5 .7  m i l s .  The s e c t i o n  of t h e  c o r e  specimen showed 19 cracks  

p e r  inch wi th  a n  average depth of  2 .5  m i l s  and a maximum depth of 8.8 

m i l s .  

men (and t h e  pre-power c o r e  specimen).  

I n  t h e  s e c t i o n  of t h e  c o n t r o l  specimen, 

The core  specimen has  more s u r f a c e  c r a c k s  than  t h e  c o n t r o l  s p e c i -  

Second Group of S u r v e i l l a n c e  Specimens 
( S t r i n g e r  RS2) 

I n  May 1967 s t r i n g e r  RS2, w i t h  specimens of two modified h e a t s ,  .was 

removed, and a s t r i n g e r  c o n t a i n i n g  specimens of two o t h e r  modified h e a t s  

w a s  i n s t a l l e d .  

temperature  f o r  p r a c t i c a l l y  t h e  same l e n g t h  of t i m e  as t h e  f i r s t  group, 

b u t  had s e e n  3 t i m e s  the neutron dose and f i s s i o n  product  c o n c e n t r a t i o n .  

The co re  specimens from RS2 and corresponding c o n t r o l  specimens ( s t r i n g e r  

CS2) .were i n t e n s i v e l y  examined and t e s t e d .  

Visua l  i n s p e c t i o n  showed t h e  c o r e  specimens t o  b e  very s l i g h t l y  d i s -  

A t  t h e  tine i t  w a s  removed, s t r i n g e r  RS2 had been a t  h igh  

co lored  b u t  o therwise  a p p a r e n t l y  u n a f f e c t e d .  Photomicrographs of spec i -  

mens (uns t ra ined)  a f t e r  exposure are shown i n  F igs .  13 and 14. (The 

unusual ly  f i n e  g r a i n  s i z e  is due t o  ' t h e  f a b r i c a t i o n  h i s t o r y  of t h e  

specimens, which inc luded  100-hr annea ls  a t  870°C.) The as-pol ished 

v i e w s  of specimens of bo th  h e a t s  show some evidence of  g r a i n  boundary 

modi f ica t ions  t o  a depth df 1 t o  2 m i l s ,  and b o t h  show some tendency 

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

Core specimens of b o t h  h e a t s  t e s t e d  t o  f a i l u r e  i n  t e n s i o n  developed 

numerous i n t e r g r a n u l a r  c r a c k s  along t h e  s u r f a c e s ,  w h i l e  c o n t r o l  specimens 

t e s t e d  s i m i l a r l y  showed few o r  no s u r f a c e  c racks .  The d i f f e r e n c e  i s  

I i l l u s t r a t e d  i n  F igs .  15-18. F igure  15 and 1 6  are c o n t r o l  and c o r e  s p e c i -  

mens r e s p e c t i v e l y  of h e a t  21554. I n  t h e  c o r e  specimen s u r f a c e s  n e a r l y  

every g r a i n  boundary i s  cracked t o  a c o n s i s t e n t  depth of about 2 mils. . 

I n  t h e  c o n t r o l  specimen t h e r e  i s  no evidence of  i n t e r g r a n u l a r  edge 

cracking.  F igures  1 7  and 18 show t h e  same t h i n g  f o r  h e a t  21545. . 
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Fig. 1 3 .  Photomicrographs of Zirconium-Modified INOR-8 (Heat 21554)  
Removed from the MSRE after 5554 hr above 500°C. Edge exposed to flowing 
salt. (a) As polished. 5 0 0 x .  (b) Etchant: aqua regia. 1OOx. (c) Etchant: 
aqua regia. 500x. Reduced 30%. 
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Fig. 14. Photomicrographs of Titanium-Modified INOR-8 (Heat 21545) 
Removed from the MSRE After 5554 hr above 500OC. 
salt. (a) As polished. 500x. (b) Etchant: aqua regia. 1OOx. (c) 
Etchant: aqua regia. 500x. Reduced 33%. 

Edge exposed to flowing 
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Fig. 15. Photomicrograph of the Fracture of a Zirconium-Modified 
INOR-8 Sample (Heat 21554) T e s t e d  at 25°C at  a Strain Rate of 0.05/min. 
Exposed t o  a s t a t i c  fluoride s a l t  for 5554 hr above 5OOOC before test ing.  
Note the shear fracture and the absence of edge cracking. 
glyceria regia.  

1OOx. Etchant. 
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Fig. 16. Photomicrographs of a Zirconium-Modified INOR-8 S u r v e i l l a n c e  
Sample (Heat 21554) Tes ted  a t  25OC a t  a S t r a i n  Rate of  0.05/min. 
i n  t h e  MSRE co re  for 5554 h r  above 500°C t o  a thermal  f luence  of 4 .1  x 1020 
neutrons/cm2. Etchant :  aqua r e g i a .  (a) F rac tu re .  1OOx.  (b)  Edge of sample 
about  1 / 2  i n .  from f r a c t u r e .  1OOx. (c) Edge of sample showing edge cracking.  
500x. Reduced 31.5%. 

Exposed 
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Fig. 1 7 .  Photomicrograph of the Fracture of a Titanium-Modified INOR-8 
Surveillance Sample (Heat 21545) Tested a t  25OC a t  a Strain Rate of 0.05/min. 
Exposed t o  a s t a t i c  fluoride s a l t  for 5554 hr above 500°C before testing. 
Note the shear fracture and the absence of edge cracking. 
glyceria regia.  

1OOx. Etchant: 

. 
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Fig. 18. Photomicrographs of a Titanium-Modified INOR-8 Surveillance 
Sample (Heat 21545) Tested at 25OC at a Strain Rate of 0.05/min. Exposed 
in the MSRE core for 5554 hr above 5OO0C to a thermal fluence of 4.1 x 1020 
neutrons/cm2. Etchant: aqua regia. (a) Fracture. 1OOx. (b) Edge of 
sample about 1/2 in. from fracture. 1OOx. (c) Edge of sample showing edge 
cracking. 500x. Reduced 32%. 
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Yie ld  and u l t i m a t e  s t r e n g t h s  a t  25°C w e r e  no t  apprec i ab ly  d i f f e r e n t  

f o r  t h e  c o n t r o l  and c o r e  specimens.5 Furthermore,  a l though t h e  edges of 

co re  specimens cracked i n t e r g r a n u l a r l y ,  t h e  f r a c t u r e s  w e r e  predominantly 

o r  e n t i r e l y  t r a n s g r a n u l a r ,  as seen  i n  F igs .  16  and 18. The f a c t  t h a t  a t  

25°C t h e  u l t i m a t e  stresses were n o t  diminished by exposure and t h a t  t h e  

f r a c t u r e s  were not  i n t e r g r a n u l a r  i n  these modified a l l o y s  ( i n  c o n t r a s t  

t o  t h e  obse rva t ions  on t h e  s t a n d a r d  h e a t s )  i s  a t t r i b u t e d  t o  t h e  gra in-  

boundary c a r b i d e  p r e c i p i t a t i o n  be ing  less e m b r i t t l i n g  i n  the modified 

a l l o y .  

The most impor tan t  o b s e r v a t i o n  r e l a t i v e  t o  the c rack ing  phenomenon 

is t h a t  t h e  two modified a l l o y s  (hea t s  21554 and 21545) wi th  much smaller 

g r a i n  s i z e s  e x h i b i t e d  i n t e r g r a n u l a r  c racking  when deformed a f t e r  exposure 

t o  t h e  f u e l  s a l t .  Although t h e  depths  of t h e  c racks  are less i n  the  two 

modified a l l o y s  t h e  same types  o f t c r a c k s  are formed i n  both  t h e  s t anda rd  

and modified samples. The a l l o y s  involved  had s i g n i f i c a n t  v a r i a t i o n s  i n  

Fe (4% t o  <0.1%) , Mo (16.7% t o  12.0%) , S i  (0.6% t o  0.1%) , Z r  (<0.1% t o  

0.35%), and T i  (<0.01% t o  0 . 4 9 % ) ,  and t h e  f a c t  t h a t  a l l  formed i n t e r g r a n -  

u l a r  c r acks  i n d i c a t e s  t h a t  these composi t iona l  v a r i a t i o n s  are no t  impor- 

t a n t  i n  t h e  c racking  p rocess .  

Thi rd  Group of S u r v e i l l a n c e  Specimens 
( S t r i n g e r s  RE2 and Rs3) 

A t  t he  conclus ion  of o p e r a t i o n  w i t h  235U f u e l ,  t h e  co re  a r r a y  w a s  

removed and specimens from two of t h e  t h r e e  s t r i n g e r s  w e r e  t e s t e d .  The 

remaining s t r i n g e r ,  c o n t a i n i n g  specimens of v e s s e l  h e a t s ,  w a s  pu t  back 

i n t o  the  co re  f o r  more exposure a long  wi th  two new s t r i n g e r s  con ta in ing  

specimens of modified h e a t s .  The s t r i n g e r s  from t h e  co re  and t h e  cor- 

responding s t r i n g e r s  from t h e  c o n t r o l  f a c i l i t y  inc luded  two h e a t s  (5065 

and 5085) of s t anda rd  IIJOR-8 and two d i f f e r e n t  modified a l l o y s .  

r e s u l t s  of t e s t i n g  of t h e s e  specimens are r e p o r t e d .  

Complete 

Vi sua l  examination showed t h e  I N O R - 8  t o  be  s l i g h t l y  d i s c o l o r e d  b u t  

o therwise  i n  very good cond i t ion .  l 7  
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Standard Alloys 

S t r i n g e r s  RR2, w i t h  t h e  s t a n d a r d  h e a t s ,  had been exposed 2 t o  4 

t i m e s  as long as t h e  s t a n d a r d  a l l o y  specimens i n  t h e  f i r s t  group. (The 

f a c t o r  depends upon which exposure index  is  used; see Table  3 . )  E f f e c t s  

of t h e  longer  exposure were ev ident  i n  meta l lographic  examinations of 

u n s t r a i n e d  specimens. F igures  19 and 20 are of specimens of h e a t s  5065 

and 5085 exposed on s t r i n g e r  RR2 i n  the co re .  Some of t h e  g r a i n  bound- 

aries near  the s u r f a c e  are v i s i b l e  i n  t h e  as-pol ished c o n d i t i o n ,  and a 

few appear t o  b e  opened as s m a l l  c racks  w i t h  a maximum v i s i b l e  depth of 

about 1 m i l .  The e tched  views show t h e  l a r g e  amounts of c a r b i d e  pre- 

c i p i t a t e  t h a t  formed along t h e  g r a i n  boundaries  and t h e  modified s t r u c -  

t u r e  near  t h e  s u r f a c e ,  .. which i s  thought t o  b e  due t o  working from 

machining. I n  samples of t h e s e  h e a t s  exposed i n  t h e  c o n t r o l  f a c i l i t y ,  

g r a i n  boundaries  were n o t  v i s i b l e  i n  as-pol ished samples.  This  i s  shown 

f o r  h e a t  5065 i n  Fig.  21. As i n  t h e  c o r e  specimens,  however, e t c h i n g  

brought out  t h e  c a r b i d e  p r e c i p i t a t e  and t h e  modified s t r u c t u r e  near  t h e  

s u r f a c e .  The m i c r o s t r u c t u r e  of c o n t r o l  specimens of h e a t  5085 w a s  q u i t e  

s i m i l a r .  

Cracking a t  t h e  s u r f a c e  of u n s t r a i n e d  material w a s  even more ev i -  

dent  i n  t h e  examination of t h e  s t r a p s  t h a t  bound s t r i n g e r  RR2. These 

s t r a p s  and those  around t h e  c o n t r o l  s t r i n g e r  CR2 w e r e  of s t a n d a r d  INOR-8 

hqat  5055. A s  shown i n  Fig.  22 ,  t h e  s t r a p  exposed i n  t h e  core  had cracks  

t o  a depth of about 1 . 5  mils. Cracks were d i s t r i b u t e d  uniformly,  b o t h  

on s u r f a c e s  exposed t o  f lowing s a l t  and those  f a c i n g  t h e  g r a p h i t e  s p e c i -  

mens. I n  c o n t r a s t ,  t h e  s t r a p s  exposed i n  t h e  c o n t r o l  f a c i l i t y  d i d  no t  

show any c r a c k s .  The s t r a p s  a f t e r  be ing  formed, had been annealed f o r  

1 h r  a t  1 1 8 O O C  and should n o t  have been s t r e s s e d  t h e r e a f t e r  s i n c e  they 

expanded more a t  h igh  temperature  than  d i d  t h e  g r a p h i t e  they enclosed.  

Samples of h e a t s  5065 and 5085 t h a t  had been exposed i n  t h e  c o r e  and 

i n  t h e  c o n t r o l  f a c i l i t y  w e r e  t e s t e d  i n  t e n s i o n  a t  25OC, w i t h  t h e  r e s u l t s  

shown i n  Table  5 .  Some of t h e s e  s t r a i n e d  specimens were s e c t i o n e d  and 

examined m e t a l l o g r a p h i c a l l y .  
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Fig. 19. Photomicrographs of INOR-8 (Heat 5065) Surveillance Specimens 
Exposed to Fuel Sal t  for 11,933 hr above 500°C, 500x. 
is  seen near surface. (a) Unetched. (b) Etched (glyceria regia). 

Shallow reaction layer 

. 

. 
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Fig. 20. Photomicrographs o f  INOR-8 (Heat 5085) S u r v e i l l a n c e  Specimens 
Exposed t o  Fuel  S a l t  f o r  11,933 h r  above 50OOC. 
is seen  n e a r  s u r f a c e .  ( a )  Unetched. (b)  Etched ( g l y c e r i a  r e g i a ) .  

500x. Shallow r e a c t i o n  l a y e r  



38 

I 

Fig. 21. Photomicrographs of INOR-8 (Heat 5065) Surveillance Control 
Specimens Exposed t o  S ta t i c  Barren Fuel Salt  for 11,933 hr above 900OC. 
Note the shallow reaction layer near the surface. (a) Etched. 1OOx. (b)  
As  polished. 500x. (c) Etched. 500x. Etchant: glyceria regia.  



39 

20 

120 

140 

R-486f3 

K 

Fig. 22. Photomicrographs of INOR-8 (Heat 5055) a f t e r  Exposure t o  ( a )  
t h e  MSRE Core and (b) t h e  MSRE Control  F a c i l i t y  f o r  11,933 h r  above 50OoC. 
This material w a s  used f o r  s t r a p s  f o r  t h e  s u r v e i l l a n c e  assembly. As pol i shed .  
500x. 



Table 5. Tensile P r o p e r t i e s  of S u r v e i l l a n c e  Samples From 
Third Group a t  25OC and a S t r a i n  Rate of 0.05/min 

H e a t  Condi t iona Yie ld  U 1  t imate Uniform T o t a l  Reduction 
S t r e s s  T e n s i l e  S t r e s s  Elongat  i o n  E l  on g a t i on I n  Area, 
( p s i )  ( P s i )  % - %  % 

5085 

5085 

5085. 

5085 

' 5065 

5065 

5065 

5065 

Annea l e d  

Outside 

Control  

Core 

Annealed 

Outside 

Control  

Core 

51,500 

46,500 

53,900 

52,300 

56,700 

49,000 

60,900 

51,700 

120,800 

99,100 

115,900 

95,000 

126,400 

118,800 ' 

126,700 

109,300 

52.3 53 .1  

32.8 32.8 

38.4 38.6 

28.7 28.9 

52.9 55.3 

57.8 59.7 

46.5 47.4 

41.4 41.5 

42.2 

24.5 

29.7 

20.0 

50.0 

38.4 

39.3 

34.1 

.P 
0 

a 
Annealed - Annealed 2 h r  a t  900°C. Outside -Annealed,  i r r a d i a t e d  t o  a thermal  f l u e n c e  
of 2.6 x l O I 9  neutrons/cm2 over  a ' p e r i o d  of 17,483 h r  a t  650OC. 
posed t o  deple ted  f u e l  s a l t  f o r  11,933 h r  a t  650OC. Core - Annealed, i r r a d i a t e d  t o  a 
thermal  f luence  of 9.4 x 1020 neutrons/cm2 over  a per iod  of 11,933 h r  a t  650°C. 

Control  - Annealed, ex- 

. 4 .  . 
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Micros t ruc tu res  of s t r e s s e d  samples of heat 5065 from t h e  c o n t r o l  

f a c i l i t y  and from t h e  co re  are shown i n  F igs .  23 and 24, r e s p e c t i v e l y .  

Numerous i n t e r g r a n u l a r  edge c racks  are found i n  t h e  sample from t h e  co re  

(Fig.  24) and very few i n  t h e  sample from t h e  c o n t r o l  f a c i l i t y  (Fig.  23). 

The f r a c t u r e s  of bo th  of t h e s e  samples are l a r g e l y  i n t e r g r a n u l a r  a t  a l l  

l o c a t i o n s  and n o t  just nea r  t h e  edge, which is  f u r t h e r  evidence t h a t  t h e  

r educ t ion  i n  f r a c t u r e  s t r a i n  (Table 5) is due t o  c a r b i d e  p r e c i p i t a t i o n  

a long  the  g r a i n  boundar ies  and no t  r e l a t e d  t o  t h e  i n t e r g r a n u l a r  c r ack ing  

nea r  t he  s u r f a c e .  Tes t ed  samples of h e a t  5085 from t h e  c o n t r o l  f a c i l i t y  

and t h e  co re  are shown i n  F igs .  25 and 26, r e s p e c t i v e l y .  The as -pol i shed  

views i n  t h e  l a t te r  f i g u r e  show some of t h e  l a r g e  c a r b i d e  p a r t i c l e s  t h a t  

f r a c t u r e d  dur ing  t e s t i n g .  

The samples t h a t  were f r a c t u r e d  a t  25°C w e r e  r epo l i shed  a t  a l a t e r  

d a t e ,  one-half of each f r a c t u r e d  sample w a s  photographed. The composite 

m i c r o s t r u c t u r e s  f o r  h e a t  5065 are shown i n  F ig .  2?.  There a r e  obviously 

more i n t e r g r a n u l a r  c racks  i n  t h e  sample exposed t o  t h e  co re  than  i n  t h e  

sample exposed i n  t h e  c o n t r o l  f a c i l i t y .  There w e r e  3 cracks  p e r  i nch  

wi th  an average  depth  of 1 .0  m i l  i n  t h e  c o n t r o l  s ample  and 230 cracks  

p e r  inch wi th  an average  depth of 1 . 8  mils i n  t h e  sample from t h e  co re .  

A composite photograph of t h e  t e s t e d  p o r t i o n s  of t h e  h e a t  5085 sample 

is shown i n  F ig .  28. There were 134 cracks  pe r  i n c h . a l o n g  t h e  edge of 

t h e  sample  from t h e  co re  w i t h  an average  depth of 1 .9  m i l s .  None were 

v i s i b l e  along t h e  edge of t h e  c o n t r o l  specimen. 

' 

Modified Alloys 

S t r i n g e r  RS3 w i t h  t h e  specimens of modified a l l o y  had been exposed 

about h a l f  as long as s t r i n g e r  RR2 wi th  h e a t s  5065 and 5085. The modified 

a l l o y  specimens deformed more b e f o r e  f r a c t u r i n g  than  d i d  t h e  s t anda rd  

a l l o y  specimens, b u t  they a l s o  developed numerous i n t e r g r a n u l a r  edge 

c racks .  A s  w i t h  t h e  s t anda rd  a l l o y s ,  t h e  samples  from t h e  c o n t r o l  fa -  

c i l i t y  d id  no t  show edge c racks .  

F igures  29 and 30 are photomicrographs of s t r a i n e d  specimens of h e a t  

67-502 (modified wi th  0.49% T i  and 2.15% IJ and con ta in ing  0.04% Fe) .  

The specimen exposed i n  t h e  c o n t r o l  f a c i l i t y  (Fig.  29) has  i ts  edges 
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Fig. 23. Photomicrographs of a INOR-8 (Heat 5065) Sample Exposed to  
Stat ic  Barren Fuel S a l t  for 11,933 hr above 5OOOC and Then Tested at 25OC 
and a Strain Rate of 0.05/min. 1OOx. (a) Fracture, as polished. (b) 
Fracture, etched. (c )  Edge of  stressed portion, etched. Etchant: glyceria 
regia. 
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' R.-47905 

Fig.  24.  Photomicrographs of INOR-8 (Heat 5065) Sample Exposed t o  
F luo r ide  S a l t  i n  t h e  MSRE f o r  11,933 h r  above 500°C and Then Tes ted  a t  
25OC and a S t r a i n  Rate of 0.05/min. 
t r o n s  /cm2 1OOx. (a) Frac tu re ,  as pol i shed .  (b) F r a c t u r e ,  e tched.  (c) 
Edge of s t r e s s e d  p o r t i o n .  Etchant :  aqua r e g i a .  

Thermal f l u e n c e  was 9.4 x lo2' neu- 
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Fig. 25. Photomicrographs of INOR-8 (Heat 5085) Specimen Exposed to 
Depleted Stat ic  Fuel Sal t  for 11,933 hr a t  650' and Strained at  25OC. 
Fracture, as polished, (b) typical  edge of gage sect ion,  as polished, ( c )  
typical unstressed edge, etched w i t h  glyceria regia.  

(a) 
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Fig.  26. Photomicrographs o f  INOR-8 (Heat 5085) Sample Exposed t o  F luo r ide  
S a l t  i n  t h e  MSRE f o r  11,933 h r  above 500°C and then Tes ted  a t  25°C. Thermal 
f luence  w a s  9 . 4  x 1020 neutrons/cm2. (a) F r a c t u r e ,  as po l i shed .  1OOx. (b) 
F r a c t u r e ,  as pol i shed .  500~. ( c )  F r a c t u r e ,  e tched.  1OOx. (d)  Edge of s t r e s s e d  
p o r t i o n ,  e tched .  1OOx. Etchant :  aqua r eg ia .  





Fig. 28. Photomicrographs of INOR-8 Specimens Strained t o  Fracture After 11,933 hr above 
50OoC. 
The sample diameter i s  about 0 . 1  in .  

The upper sample was i n  the control f a c i l i t y  and the lower sample was i n  the MSRE core. 



Fig. 29. Photomicrographs of Alloy 67-502 (see Table 1) Exposed t o  
(a) Edge 

Figs 
Depleted Fuel Salt  for 6379 hr Above 5OOOC and Tested at 25°C. 
of unstressed portion, (b) Fracture, (c) Edge of stressed portion. 
(a) and (c)  etched l ight ly .  Fig. (b) etched more heavily with glyceria 
regia.  

. 
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Fig. 30. Photomicrographs of Alloy 67-502 Sample Exposed t o  Fluoride 

S a l t  i n  the MSRE for  6379 hr Above 500'C and then Tes ted  a t  25OC. 1OOx. 
(a) Fracture, as polished. (b) Fracture, etched. (c) Edge o f  stressed 
portion, etched. Etchant: aqua regia.  Reduced 33%. 
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coated wi th  s m a l l  c r y s t a l s  of  almost pure  i r o n .  

w a s  c o n s t r u c t e d  of material c o n t a i n i n g  4 t o  5% Fe, s o  t h e  t r a n s f e r  of  Fe 

t o  an a l l o y  t h a t  conta ined  only 0.04% Fe is  q u i t e  reasonable . )  The sample 

s t r a i n e d  55% b e f o r e  f r a c t u r e ,  and t h e  f r a c t u r e  w a s  mixed t r a n s g r a n u l a r  

and i n t e r g r a n u l a r .  

t h e r e  were very kew i n t e r g r a n u l a r  s e p a r a t i o n s .  

(Fig.  30) deformed almost as much (52%) b e f o r e  f r a c t u r i n g .  I n  c o n t r a s t  

t o  t h e  c o n t r o l  specimen, edge c racking  occurred a t  almost every g r a i n  

boundary. The c racks  g e n e r a l l y  extended t o  a depth  of about 5 m i l s ,  

w i t h  t h e  maximum depth be ing  about  7 mils. However, as shown i n  t h e  v i e w  

of t h e  f r a c t u r e ,  t h i s  material tended t o  c r a c k  i n t e r g r a n u l a r l y  and t h e s e  

(The c o n t r o l  f a c i l i t y  

The edge w a s  uneven from the l a r g e  deformation,  b u t  

The sample from t h e  c o r e  

i n t e r n a l  c racks  may have i n  some cases l i n k e d  t o g e t h e r  wi th  t h e  s u r f a c e  

c racks  t o  make them extend deeper .  

Photomicrographs of samples of h e a t  67-504 t e s t e d  a t  25°C a f t e r  

exposure i n  the  c o n t r o l  f a c i l i t y  and i n  t h e  c o r e  are shown i n  Figs .  31 

and 32. This  h e a t  modified w i t h  0.50% Hf, contained 0.07% Fe. A s  shown 

i n  Fig.  31, i r o n  depos i ted  on t h e  s u r f a c e  of  t h i s  h e a t  as i t  d i d  on 

67-502. This  sample,  from t h e  c o n t r o l  f a c i l i t y ,  deformed 55% b e f o r e  

f a i l i n g  w i t h  a mixed i n t e r -  and t r a n s g r a n u l a r  f r a c t u r e .  There were no 

i n t e r g r a n u l a r  edge c racks .  The sample exposed i n  t h e  c o r e  deformed 

52% b e f o r e  f r a c t u r e .  The f r a c t u r e  w a s  p r i m a r i l y  t r a n s g r a n u l a r  b u t  t h e r e  

were f requent  edge c racks  (Fig.  3 2 ) .  Most boundaries  w e r e  cracked,  b u t  

t h e  c racks  extended only t o  a depth of about 2 mils i n  t h e  f i e l d s  t h a t  

were photographed. 

Fourth Group of S u r v e i l l a n c e  Specimens 
( S t r i n g e r s  RL2, RR3, and R S 4 )  

The l a s t  r e g u l a r  c o r e  s u r v e i l l a n c e  assembly w a s  removed i n  June ,  

1969  t o  make way f o r .  a s p e c i a l  experimental  a r ray .14  

wi th  specimens of s t a n d a r d  INOR-8 ( h e a t s  5065 and 5 0 8 5 ) ,  had been i n  

t h e  c o r e  a t  nigh temperature  almost 12,000 h r  dur ing  t h e  235U o p e r a t i o n  

S t r i n g e r  RL2, 
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Fig. 31. Photomicrographs of Alloy 67-504 (see Table  1) Exposed t o  
Depleted Fuel  S a l t  f o r  6379 h r  Above 5OO0C and Tes t ed  a t  25OC. (a) Edge 
of u n s t r e s s e d  p o r t i o n ,  (b) F r a c t u r e ,  (c) Edge of s t r e s s e d  p o r t i o n .  F igs  
( a )  and ( c )  as -pol i shed  and Fig. (b) e tched  w i t h  g l y c e r i a  r e g i a .  Reduced 
33 .5%.  
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Fig. 32. Photomicrographs of INOR-8 (Heat 67-504) Sample Exposed t o  
F luo r ide  S a l t  i n  t he  MSFE f o r  6379 h r  Above 500°C and Tes ted  a t  25°C. 
(a) F r a c t u r e ,  as pol i shed .  
t i o n ,  e tched .  Etchant :  aqua r e g i a .  Reduced 14%. 

1OOx. 
( c )  Edge of S t r e s s e d  por- (b) F r a c t u r e ,  e tched.  

D 
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and 7200 h r  du r ing  233U opera t ion .  

f i e d  a l l o y s ,  had been exposed only  du r ing  t h e  233U o p e r a t i o n .  

The o t h e r  s t r i n g e r s ,  w i th  two modi- 

R e s u l t s  

of examinations of these specimens and cor responding  specimens from t h e  

c o n t r o l  f a c i l i t y  are r e p ~ r t e d . ~  ' 

Visual  examination showed a l l  of t h e  INOR-8 specimens from t h e  c o r e  

' t o  be no t i ceab ly  more d i s c o l o r e d  than  those  i n  prev ious  a r r a y s ,  w i t h  su r -  

f a c e  f i lms  t h i c k  enough t o  be  seen  i n  c r o s s  s e c t i o n  by l i g h t  microscopy. 

There were a l s o  s l i g h t  changes i n  t h e  appearance of t h e  g raph i t e .18  Both 

of t hese  obse rva t ions  i n d i c a t e  some d i f f e r e n c e  i n  t h e  exposure c o n d i t i o n s  

dur ing  the  most r e c e n t  ope ra t ion .  (From o t h e r  obse rva t ions  i t  w a s  known 

t h a t  t he  f u e l  sa l t  w a s  r e l a t i v e l y  more o x i d i z i n g  dur ing  a t  least p a r t  of 

t he  233U o p e r a t i o n .  See pp. 85-98 of r e f .  13 . )  

Standard Alloys (RL2) 

Photomicrographs of u n s t r a i n e d  specimens of heats 5065 and 5085 from 

RL2 revea led  many g r a i n  boundaries nea r  t h e  s u r f a c e s  t h a t  were v i s i b l e  i n  

t h e  as-polished cond i t ion .  The view of a specimen of heat 5065 i n  t h e  

as -pol i shed  c o n d i t i o n ,  (Fig.  33) shows a t h i n  s u r f a c e  l a y e r  (be l i eved  t o  

be t h e  cause of t h e  v i s i b l e  d i s c o l o r a t i o n )  and some g r a i n  boundaries 

v i s i b l e  t o  a depth  of about 2 mils. Etching  th i s  p a r t i c u l a r  sample re- 

vea led  t h e  t y p i c a l  ca rb ide  s t r u c t u r e  p l u s  a narrow band near  t h e  s u r f a c e  

t h a t  seems t o  have a h igh  d e n s i t y  of ca rb ide .  Photomicrographs of h e a t  

5085 a f t e r  removal from t h e  co re  are shown i n  F ig .  3 4 .  Many of t h e  

g r a i n  boundaries are v i s i b l e  i n  the as-pol i shed  c o n d i t i o n  t o  a depth of 

about 2 m i l s .  E tch ing  r e v e a l s  t h e  typ icaL m i c r o s t r u c t u r e  wi th  very ex- 

t e n s i v e  c a r b i d e  p r e c i p i t a t i o n .  

c o n t r o l  specimen (Fig.  35 ) ,  g r a i n  boundar ies  are a l s o  v i s i b l e ,  bu t  i n  

t h i s  case t h e  appearance i s  uniform a c r o s s  t h e  sample  and i s  due t o  

p o l i s h i n g  long  enough t h a t  t h e  d i f f e r e n t  g r a i n s  are a t  d i f f e r e n t  e l eva -  

t i o n s .  E tch ing  r e v e a l s  t h e  sha l low s u r f a c e  mod i f i ca t ion  and t h e  ty .p ica l  

c a r b i d e  s t r u c t u r e .  The h e a t  5085 specimen from t h e  c o n t r o l  f a c i l i t y ,  

shown i n  Fig.  36, was a l s o  s l i g h t l y  overpol i shed  s o  t h a t  t h e  g r a i n s  are 

v i s i b l e  i n  the  as -pol i shed  cond i t ion .  Etch ing  r evea led  t h e  t y p i c a l  

m i c r o s t r u c t u r e  and t h e  sha l low s u r f a c e  mod i f i ca t ion .  

I n  t h e  as-polished view of t h e  h e a t  5065 
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Fig. 33. Typical Photomicrographs of INOR-8 (Heat 5065) Exposed to the 
MSRE Core for 19,136 hr Above 500OC. (a) As polished. (b) Etchant: 
aqua regia. 500x. 
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( 

Fig. 3 4 .  Typical Photomicrographs of INOR-8 (Heat 5085) Exposed 
the MSg Core f o r -  19,136 hr Above-SOO°C. 
glyceria regia. 500x. 

(a) As polished. (b) Etchant: 
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Fig. 35. Typical Photomicrographs of.Heat 5065 After Exposure t o  Stat ic  
Unenriched Fuel Salt  for 19,136 hr Above 500OC. 500x. (a) As polished. (b) 
Etchant: glyceria regia.  

. 
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Fig. 36. Typical Photomicrographs of Heat 5085 After Exposure to Static 
Unenriched Fuel Salt for 19,136 hr above 50OoC. 500x. (a) As polished. (b) 
Etchant: glyceria regia. 
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A s  i n  t h e  prev ious  set of c o r e  specimens,  t h e  s t r a p s  of h e a t  5055 

showed more c racks  i n  t h e  nominally u n s t r a i n e d  c o n d i t i o n  t h a n  d i d  t h e  

. t e n s i l e  specimens on t h e  same s t r i n g e r .  A s e c t i o n  of a s t r a p  from 

s t r i n g e r  EtL2 t h a t  had been exposed, a long  w i t h  t h e  specimens shown i n  

F igures  33 and 3 4 ,  is shown i n  Fig.  37. The cracks i n  t h i s  as-pol ished 

view are v i s i b l e  t o  a depth of  about 3 m i l s ,  about  t w i c e  as deep as i n  

t h e  s t r a p  exposed 12,000 hr dur ing  235U o p e r a t i o n  ('Fig. 22) .  

s t r a p s  w e r e  a l s o  used on the s t r i n g e r s  exposed only  d u r i n g  t h e  233U 

Heat 5055 

o p e r a t i o n  (7200 h r ) .  A specimen of one of t h e s e  s t r a p s  is shown i n  

Fig.  38. I n  t h e  as-pol ished c o n d i t i o n ,  c racks  were v i s i b l e  t o  a depth 

of about 1 mi l ;  e t c h i n g  made them v i s i b l e  t o  a depth  of about 3 m i l s .  

The c racking  w a s  q u i t e  uniform a long  a l l  s u r f a c e s  of t h e  s t r a p s ,  i n d i -  

c a t i n g  t h a t  t h e  deformation of t h e  20-mil s t r a p s  d u r i n g  removal w a s  n o t  

a f a c t o r  i n  t h e  appearance of t h e  cracks. Examination of u n i r r a d i a t e d  t 

c o n t r o l  s t r a p s  f a i l e d  t o  reveal a similar type of c racking .  

One o t h e r  i n t e r e s t i n g  specimen t h a t  showed e x t e n s i v e  c racking  w a s  

a p i e c e  of t h i n  INOR-8 s h e e t  (heat  5075) t h a t  had been a t t a c h e d  t o  t h e  

s t r a p  shown i n  Fig.  38. 

0 . 5  h r  a t  1 1 8 O O C .  The edges of t h e  f o i l  were wrapped around t h e  s t r a p  

t o  hold  t h e  material i n  p l a c e .  Thus t h e  o u t s i d e  s u r f a c e  of t h e  f o i l  

would have been exposed t o  f lowing s a l t  and t h e  unders ide  and t h e  f o l d e d  

ends t o  sa l t  t h a t  flowed less r a p i d l y .  The f o i l  w a s  extremely b r i t t l e  

and broke whi le  i t  w a s  be ing  removed from t h e  s t r a p .  The photomicrographs 

The s h e e t  had been r o l l e d  t o  4 m i l s  and annealed 

i n  Fig.  39 show t h a t  t h e  f o i l  had e x t e n s i v e  g r a i n  boundary c r a c k s ,  w i t h  

many appearing t o  extend throughout t h e  4 m i l  t h i c k n e s s .  I n  some a r e a s  

t h e  c racks  were more numerous on t h e  o u t s i d e  where t h e  material was curved 

and w a s  i n  c o n t a c t  w i t h  r a p i d l y  flowing s a l t .  Photomicrographs of  a 

s t r a p  and f o i l  t h a t  were exposed t o  s t a t i c  s a l t  i n  t h e  c o n t r o l  f a c i l i t y  . 
are shown i n  F igs .  40 and 41. 

g r a n u l a r  cracking.  

The samples showed no evidence of i n t e r -  

A f r a c t u r e  s u r f a c e  of t h e  f o i l  from t h e  MSRE was examined by t h e  

scanning e l e c t r o n  microscope (SEN) and Auger spec t roscopy.  The f r a c t u r e  

is shown i n  Fig.  42 and is i n t e r g r a n u l a r .  The SEM w i t h  a d i s p e r s i v e  x-ray 

a n a l y t i c a l  system i n d i c a t e d  t h e  presence only of t h e  elements  normally 



59 

pig.  j/. iypicai  Microstructure or 1 N u K - u  (neat XJX] After Exposure 
t o  the WRE Core for 19,136 hr Above 50OoC. 
straps for the surveillance assembly. A s  polished. 500x. 

This material was used for 
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Fig. 40. Photomicrographs of INOR-8 (Heat 5055) S t r a p s  Exposed t o  
S t a t i c  Unenriched Fue l  S a l t  7203 h r  Above 50OoC. 
(b) As Pol i shed ,  500x, cracked r eg ions  are c a r b i d e  t h a t  f r a c t u r e d  d u r i n g  
i n i t i a l  forming, (c) Etched wi th  g l y c e r i a  r e g i a ,  500x. Reduced 33%. 

(a) As-Polished 33x, 



6 3  

Fig.  41. Photomicrographs of a Thin INOR-8 (Heat 5075) F o i l  t h a t  
w a s  a t t a c h e d  t o  t h e  s t r a p  shown i n  t h e  Previous  Figure.  (a) As Pol i shed ,  
(b)  Etched wi th  g l y c e r i a  r e g i a .  500x. 
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I Irl Y-4133501 

Fig. 42. Scanning E lec t ron  Micrograph of INOR-8 (Heat 5075) F o i l  
Exposed t o  t h e  MSRE Core f o r  7203 h r  Above 500OC. 
of  f r a c t u r e  showing t h e  s u r f a c e s  of  t h e  f r a c t u r e d  g r a i n  boundaries .  
(b) 1OOOx.  

(a) Topographical  v i e w  
500x. 

. 
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found i n  INOR-8. Auger e l e c t r o n  spec t roscopy i n d i c a t e d  t h a t  T e ,  S ,  and 

Mo w e r e  concen t r a t ed  i n  t h e  boundar ies .  D e f i n i t e  conf i rmat ion  of t h e  

p re sence  of t h e s e  elements w a s  d i f f i c u l t  because many of t h e  s p e c t r a  

overlapped. 

Samples of h e a t s  5065 and 5085 t h a t  were removed from t h e  c o n t r o l  

and t h e  s u r v e i l l a n c e  f a c i l i t y  a f t e r  19,000 h r  were s u b j e c t e d  t o  numerous 

mechanical p rope r ty  tests, and some specimens w e r e  examined meta l lo-  

g r a p h i c a l l y  a f t e r  having been s t r a i n e d  t o  f r a c t u r e .  

measured a t  25°C are summerized i n  Table  6. 

stress are s m a l l  and probably w i t h i n  exper imenta l  accuracy. The reduc- 

t i o n s  i n  t h e  u l t i m a t e  t e n s i l e  stress are due p r i m a r i l y  t o  t h e  reduced 

f r a c t u r e  s t r a i n ,  which, as expla ined  b e f o r e ,  is b e l i e v e d  t o  be due t o  

c a r b i d e  p r e c i p i t a t i o n  t h a t  is  dependent upon t i m e  a t  tempera ture ,  

i r r a d i a t i o n ,  and t h e  p a r t i c u l a r  h e a t  involved .  

The t e n s i l e  p r o p e r t i e s  

The changes i n  t h e  y i e l d  

The c o n t r o l  sample of h e a t  5065, whose m i c r o s t r u c t u r e  i s  shown i n  

F ig .  43, deformed 50% b e f o r e  f r a c t u r e .  The f r a c t u r e  i s  mixed in t e rg ranu-  

l a r  and t r a n s g r a n u l a r  and no c racks  formed a long  t h e  edge away from t h e  

immediate v i c i n i t y  of t h e  f r a c t u r e .  The m i c r o s t r u c t u r e  of a h e a t  5065 

sample from t h e  co re  is shown i n  Fig.  44. This  sample deformed 43% and 

had a mixed f r a c t u r e .  Numerous i n t e r g r a n u l a r  c r acks  t o  a depth of about 

5 mils formed a long  t h e  gage l eng th .  Samples of h e a t  5085 from t h e  con- 

t r o l  f a c i l i t y  and t h e  co re  are shown i n  F igures  45 and 46. The c o n t r o l  

sample f a i l e d  a f t e r  41% s t r a i n  w i t h  a mixed f r a c t u r e .  No i n t e r g r a n u l a r  

c r acks  w e r e  v i s i b l e  i n  t h e  f i e l d  shown i n  F ig .  45. The sample of h e a t  

5085 from t h e  co re  t h a t  w a s  t e s t e d  a t  2 5 O C  f a i l e d  a f t e r  much less s t r a i n  

( 2 2 % ) .  As shown i n  F ig .  4 6 ,  t h e  f r a c t u r e  i s  mixed, and numerous i n t e r -  

g r a n u l a r  c racks  formed a long  t h e  s u r f a c e s  t o  a depth  of 5 m i l s .  

Composite photographs of s e c t i o n s  of t h e  broken c o n t r o l  and s u r -  

v e i l l a n c e  samples of h e a t s  5065 and 5085 w e r e  made f o r  o v e r a l l  viewing. 

These are F igures  47 and 48. These p i c t u r e s  show very  c l e a r l y  t h a t  t h e  

i n t e r g r a n u l a r  c r acks  are more f r equen t  and deeper i n  the specimens 

exposed i n  t h e  co re  than  i n  t h e  c o n t r o l  samples. The photograph of t h e  

h e a t  5085 core  sample a l s o  shows t h a t  very s m a l l  s t r a i n s  are s u f f i c i e n t  

t o  make the  c racks  v i s i b l e .  The sample had a 3/16-in. r a d i u s  a t  t h e  



Table 6. Tensile P r o p e r t i e s  of  S u r v e i l l a n c e  Samples From 
Fourth Group a t  25°C and a S t r a i n  Rate of 0.05 min'l 

Heat. Cond i t i o n  a Yield u1  t i m a  t e  Uniform T o t a l  Reduction 
Stress T e n s i l e  Stress Elongat i o n  E 1 on ga t ion  I n  Area 
( p s i )  ( p s i )  % % % 

5085 Annealed 51,500. 120,800 52.3 5 3 . 1  - 42.2 

5085 Cont ro l  48,100 108,500 

5085 I r r a d i a t e d  53,900 89,000 

5065 Annealed 56,700 126,400 

5065 Cont ro l  61,200 126 , 500 

5065 I r r a d i a t e d  56 , 700 109 , 500 

40.5 40.6 

22 .o 22.1 

52.9 55.3 

48.5 49.8 

42.5 42.8 

32.8 

19.6 

50.0 

36.8 

33.2 

a Annealed -Annealed 2 h r  a t  900OC. Cont ro l  -Annealed,  exposed t o  depqeted f u e l  s a l t  f o r  
19,136 h r  a t  650°C. I r r a d i a t e d  -Annealed,  i r r a d i a t e d  i n  c o r e  t o  a thermal  f l u e n c e  of 
1 . 5  x 10'' neutrons/cm2 over a per iod  of 19,136 h r  a t  650OC. 

. 
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Fig. 4 3 .  Typical Photomicrographs of INOR-8 (Heat 5065) Sample Tested 
a t  25OC After Being Exposed t o  Stat ic  Unenriched Fuel Salt for 19,136 hr 
above 500OC. Etchant: glyceria regia. (a) Fracture. 1OOx. (b) Edge 
near fracture. 1OOx. (c) Representative unstressed structure. 500x. 
Reduced 22%. 
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Y 

Fig. 43. iypicai rnocormcrograpns or u w K  o (neac W U ~ J  >ample T e s t e d  
a t  25OC After Being Exposed to S ta t i c  Unenriched Fuel Sal t  for 19,136 hr 
Above 50OoC. (a) Fracture, etched. 1OOx. (b) Edge near fracture, etched. 
1OOx. (c) Representative unstressed structure, etched. 500x. Etchant: 
glyceria regia. Reduced 24.5%. 
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PHOTO 2645- 71 

U N IRRADIATED 

I RRAD IATED 

Fig.  47. Photomicrographs o f  INOR-8 (Heat 5065) S t r a i n e d  t o  F r a c t u r e  a t  25OC. Top 
specimen was  exposed t o  s t a t i c  unenriched f u e l  s a l t  f o r  19,136 h r  above 5OOOC and t h e  
lower specimen was exposed t o  the  MSRE core  f o r  t h e  same t i m e .  
0 .1  i n .  

The diameters  are about  



Fig. 48. Photomicrographs of INOR-8 (Heat 5085) S t r a i n e d  t o  F r a c t u r e  a t  25OC. The 
t o p  specimen w a s  exposed t o  s t a t i c  unenriched f u e l  s a l t  f o r  19,136 h r  above 5OOOC and t h e  
lower specimen w a s  exposed t o  the  MSRE c o r e  f o r  t h e  same t i m e .  The diameters  are about 
0.1 i n .  
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end of t h e  gage s e c t i o n  and t h e  d iameter  i nc reased  r a p i d l y  from 118 i n .  

t o  114 i n .  Thus t h e  stress, and hence t h e  s t r a i n ,  decreased  r a p i d l y  

a long  t h i s  r a d i u s .  Note i n  Fig.  48 t h a t  t h e  c racks  con t inue  a l a r g e  

d i s t a n c e  a long  t h e  r a d i u s ,  i n t o  t h e  r eg ion  of low s t r a i n .  

An a d d i t i o n a l  experiment w a s  made wi th  a c o r e  sample of h e a t  5085 

t h a t  had been c u t  too  s h o r t  f o r  mechanical p rope r ty  t e s t i n g .  The re- 

maining segment w a s  b e n t  about 30" i n  a v i s e ,  t hen  w a s  sectToned and 

examined m e t a l l o g r a p h i c a l l y .  The r e s u l t i n g  photomicrographs are shown 

i n  F ig .  49. The t e n s i o n  s i d e  had i n t e r g r a n u l a r  c r acks  t o  a depth of 

about 4 m i l s ,  b u t  no c racks  were e v i d e n t  on t h e  compression s i d e .  Both 

t h e  t ens ion  and compression s i d e s  e tched  abnormally nea r  t h e  s u r f a c e  

because of t h e  mod i f i ca t ion  thought t o  be  due t o  co ld  working. 

Modified Alloys (RR3 and Rs4) 

The specimens on s t r i n g e r s  RR3 and RS4 were of two d i f f e r e n t  h e a t s  

of t i tanium-modified a l l o y :  h e a t  7320, c o n t a i n i n g  0.65% T i ,  and h e a t  

67-551, con ta in ing  1.1% T i .  The 7200-hr exposure of t h e s e  specimens had 

been e n t i r e l y  du r ing  t h e  233U o p e r a t i o n ,  i n  which t h e  i n i t i a l  o x i d a t i o n  

state w a s  r e l a t i v e l y  h igh .  The specimens were d i s c o l o r e d  and had much 

t h e  same appearance as t h e  s t a n d a r d  h e a t s .  The samples  were s u b j e c t e d  

t o  va r ious  mechanical p rope r ty  tests and some w e r e  examined metallograph- 

i c a l l y .  The m i c r o s t r u c t u r e  of h e a t  7320 a f t e r  exposure i n  t h e  c o n t r o l  

f a c i l i t y  and t e s t i n g  a t  25OC is shown i n  F ig .  50. The sample deformed 

50% b e f o r e  f r a c t u r i n g  i n  a mixed mode. No edge c racks  w e r e  v i s i b l e .  A 

s i m i l a r  sample t h a t  w a s  exposed t o  t h e  f u e l  s a l t  i s  shown i n  F ig .  51. 

It f a i l e d  a f t e r  deforming 45%. Edge c racks  w e r e  p r e s e n t  a long  almost 

every g r a i n  boundary t o  a depth  of 3 t o  5 m i l s .  Note t h a t  many of t h e s e  

c racks  proceed t o  where t h e  c racking  g r a i n  boundary i n t e r s e c t s  ano the r  

boundary. Note a l s o  t h a t  t h e  c rack  t i p s  are q u i t e  b l u n t  i n d i c a t i n g  t h a t  

they formed e a r l y  du r ing  deformation and w e r e  simply sp read  by f u r t h e r  

deformation and d id  not  propagate .  S i m i l a r  me ta l log raph ic  obse rva t ions  

were made on h e a t  67-551. Cont ro l  and co re  specimens deformed almost 

equa l  amounts b e f o r e  f r a c t u r i n g  (52% and 51%).  

s e rved  i n  t h e  sample from t h e  c o n t r o l  f a c i l i t y  (Fig.  5 2 ) ,  bu t  numerous 

i n t e r g r a n u l a r  c racks  were e v i d e n t  i n  t h e  sample from t h e  co re  (Fig.  5 3 ) .  

No edge c racks  were ob- 



Fig. 49. Typical  Photomicrographs of INOR-8 (Heat 5085) Sample Exposed t o  the  MSRE 
Core f o r  19,136 h r  Above 5OO0C.  
s i d e .  1OOx. (b) As po l i shed ,  t ens ion  s i d e .  500x. (c) Etched, t e n s i o n  s i d e .  500x. (d)  
Etched,  compression s i d e .  500x. Etchant :  aqua r e g i a .  Reduced 27%. 

The sample w a s  ben t  i n  a v i s e .  (a) As p o l i s h e d ,  t e n s i o n  

. . I 1 I 
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. 

. Fig. 50. Photomicrographs of  a Modified INOR-8 (Heat 7320) Sample 
Tested a t  25OC After Being Exposed t o  S t a t i c  Unenriched Fuel  S a l t  f o r  
7203 h r  Above 500OC. ( a )  F rac tu re .  1OOx. (b) Edge. 1OOx. (c) Typica l  
uns t r e s sed  mic ros t ruc tu re .  500x. Etchant :  g l y c e r i a  r e g i a .  Reduced 22.5%. 
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Fig. 51. Photomicrographs of  a Modified INOR-8 (Heat 7320) Sample.  
Tested a t  25OC A f t e r  Being Exposed t o  t h e  MSRE Core f o r  7203 h r  Above 
50OOC and I r r a d i a t e d  t o  a Fluence of  5.1 x l o z o  neutrons/cm2. 
e t ched ,  1OOx. (b) Edge, as po l i shed .  1OOx. (c) Edge, Etched. 1OOx. 
Etchant :  g l y c e r i a  r e g i a .  Reduced 22%. 

(a) F r a c t u r e ,  
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Fig. 52. Photomicrographs of a Modified INOR-8 (Heat 67-551) Sample 
Tested at  25OC After Being Exposed to S ta t i c  Unenriched Fuel Sa l t  for 7203 
hr Above 500OC. (a) Fracture. 1OOx. (b) Edge. 1OOx. (c) Typical un- 
stressed microstructure. 500x. Etchant: glyceria regia. Reduced 20.5%. 



78 

0955 

0957 

rn 

Fig. 53. Photomicrographs o f  a Modified INOR-8 (Heat 67-551) Sample 
Tested a t  25OC After Being Exposed t o  the MSRE Core for 7203 hr Above 5 O O O C  
and Irradiated to  a Fluence of 5 . 1  x 1020 neutrons/cm2. 
1OOx. (b) Edge, as polished. 1OOx. (c )  Edge, etched. 1OOx. Etchant: 
Glyceria regia.  Reduced 17%. 

(a) Fracture, etched. 
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Specimens Exposed t o  C e l l  Atmosphere 

A l l  of t h e  INOR-8 specimens exposed t o  t h e  c e l l  atmosphere o u t s i d e  

t h e  r e a c t o r  v e s s e l  (N2 w i t h  2-5% 02) developed a da rk  gray-green, tena- 

c ious  s u r f a c e  f i l m .  Examination i n d i c a t e d  t h a t  t h e  f i l m  w a s  ox ide ,  and 

t h e r e  w a s  i n d i c a t i o n  of n i t r i d i n g .  

F igure  54 is a photomicrograph of one of t h e  c e l l  specimens exposed 

t h e  longes t  (17,483 h r  a t  h igh  tempera ture) .  It shows a very t h i n ,  uni- 

form l a y e r  of ox ide  on t h e  s u r f a c e ,  w i t h  i n t e r n a l  o x i d a t i o n  ex tending  

t o  a depth of 1 t o  2 m i l s .  Also e v i d e n t  i s  t h e  u s u a l  %C-type c a r b i d e  

formed dur ing  t h e  primary working and t h e  long  thermal  aging. 

Resu l t s  of 25°C t e n s i l e  tests on t h e  s t a n d a r d  INOR-8 specimens 

( h e a t s  5065 and 5085) showed reduc t ions  ( r e l a t i v e  t o  unexposed m a t e r i a l )  

i n  u l t i m a t e  stress and f r a c t u r e  s t r a i n  c o n s i s t e n t  w i t h  e x p e c t a t i o n s  from 

t h e  r e s u l t s  on c o n t r o l  and co re  specimens. (See Table  5 . )  

F igure  55 shows a sample of h e a t  5065 exposed t o  t h e  c e l l  environment 

and f r a c t u r e d  a t  25°C. The e longated  g r a i n s  a t tes t  t o  t h e  l a r g e  f r a c t u r e  

s t r a i n  (59%),  and t h e  f r a c t u r e  i s  mixed t r a n s g r a n u l a r  and i n t e r g r a n u l a r .  

A h e a t  5085 specimen exposed t h e  same l e n g t h  of t i m e  f a i l e d  w i t h  only 33% 

f r a c t u r e  s t r a i n ,  i n  a p r i m a r i l y  i n t e r g r a n u l a r  mode as shown i n  F ig .  56. 

Both specimens showed a few sha l low s u r f a c e  c racks ,  b u t  t h e  oxide l a y e r  

d i d  no t  appear t o  a f f e c t  t h e  deformation of t h e  specimens. 

S t u d i e s  Rela ted  t o  Modified Surface  Mic ros t ruc tu re  

Reference w a s  made i n  s e v e r a l  i n s t a n c e s  t o  a modified m i c r o s t r u c t u r e .  

Metals q u i t e  o f t e n  have d i f f e r e n t  m i c r o s t r u c t u r e s  nea r  t h e  s u r f a c e  than  

deeper i n  t h e  p i e c e .  Process ing  methods can account f o r  t h e s e  v a r i a t i o n s  

on a s - f a b r i c a t e d  s u r f a c e s .  Hot working is  o f t e n  accompanied by o x i d a t i o n  

o r  d e c a r b u r i z a t i o n  t h a t  can produce e i t h e r  l a r g e r  o r  smaller g r a i n s  nea r  

t h e  s u r f a c e .  

n e a l i n g  t o  s o f t e n  t h e  metal. The l u b r i c a n t s  used i n  drawing are d i f f i c u l t  

t o  c l ean  from t h e  i n s i d e  s u r f a c e ,  and r e s i d u e s  can d i f f u s e  i n t o  t h e  tub ing  

Tubing is o f t e n  made by a l t e r n a t e l y  drawing co ld  and an- 
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Fig. 5 4 .  Photomicrographs of Hastelloy N (Heat 5065) Surveillance 
Specimens Exposed to the Cel l  Environment of N2 + 2 to  5% 02 for 20,789 
hr a t  65OoC. 500x. (a) Unetched showing surface oxidation (b) Etched 
(glyceria regia) showing shallow modification of microstructure due to 
reaction with cel l  environment. 
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Fig. 55. Photomicrographs of  INOR-8 (Heat 5065) Sample Tes ted  a t  
25OC a t  a S t r a i n  Rate of  0.05/min. Sample had been i r r a d i a t e d  t o  a 
thermal  f luence  of 2.6 x 1019 neutrons/cm2 whi l e  be ing  exposed t o  t h e  
c e l l  environment above 500°C f o r  17,483 h r .  1OOx. (a) F rac tu re ,  as 
po l i shed .  (b) F r a c t u r e ,  e tched .  ( c )  Edge of s t r e s s e d  po r t ion .  Etchant :  
aqua r e g i a .  
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Fig. 56. Photomicrographs of INOR-8 (Heat 5085) Sample Tes ted  a t  25OC 
a t  S t r a i n  Rate of 0.05/min. 
of 2.6 x 1019 neutrons/cm2 w h i l e  be ing  exposed t o  t h e  ce l l  environment above 
5 O O O C  for 17,483 h r .  1OOx. (a) F r a c t u r e ,  as po l i shed .  (b) F r a c t u r e ,  e t ched ,  
(c) Edge of s t r e s s e d  po r t ion .  Etchant :  aqua r e g i a .  

Sample had been i r r a d i a t e d  t o  a thermal  f l u e n c e  
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during annealing, The lubricants are usually high in silicon or carbon 

and these elements can cause a layer of small grains to form near the 

affected surface, 

Our surveillance samples were machined from larger pieces of mate- 
rial, so none of the explanations that we have given can apply. The 

1/4-in.-diam surveillance rods were fabricated by several methods, all 

involving some cold working, The rods were annealed for 1 h r  at 1180°C 
(standard m i l l  anneal) in argon and then centerless ground to the final 

dimension of about 0.245 in, The 1/8-in.-diam gage section was machined. 

The photomicrographs in Fig. 57 show typical surface modifications 

noted on surveillance and control specimens after long annealing times 

at 650°C. The modification is generally less than 1 mil deep and is not 

detectably influenced by irradiation. Microprobe examination of the 
first control sample indicated that the modified region was slightly 

enriched in carbon and that none of the other alloying elements varied. 

Thus the.modification appears to be a region of fine carbides that are 

dispersed along lines, We postulated that these lines were slip lines 

that resulted from the surface working during the final stages of fabri- 

cation. These slip lines would provide preferred sites for carbide pre- 
cipitation when the alloy was held at 650°C. 

We were able to duplicate the surface modification by solution 

annealing a rod, centerless grinding, and annealing for a long period 

at 650°C. The resulting microstructure is shown in.Fig. 58. It is 

quite similar to the microstructures in Fig. 57 and confirms that the 
modification is due to surface working. Thus, this modification is 

unrelated to the intergranular cracking phenomenon. 

Summary of Observations on Surveillance Specimens 

This section is intended as a convenient summary of the observations 

on the surveillance specimens that we believe are pertinent to the inter- 

granular surface cracking phenomenon. Discussion and interpretations will 

come later, after the descriptions of the observations on MSRE components. 
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Fig. 57. Photomicrographs of Unstressed INOR-8 ( H e a t  5085) Control 
and I r r a d i a t e d  Samples. 

I 

I 

Fig. 58. Photomicrograph o f  INOR-8 (Heat 5085) Rod t h a t  w a s  Annealed 
1 h r  a t  1177OC, Cen te r l e s s  Ground 5.2 m i l s ,  and Annealed 4370 h r  a t  65OOC 
i n  Argon. 500x. Etchant :  g l y c e r i a  r eg ia .  
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INOR-8 specimens exposed t o  f u e l  s a l t  f o r  more than  1000 h r  b e f o r e  

t h e  beginning of power o p e r a t i o n  showed no i n t e r g r a n u l a r  s u r f a c e  c racking .  

All specimens exposed t h e r e a f t e r  i n  the c o r e  f o r  p e r i o d s  ranging from 

2500 t o  19,000 h r  d i d  show i n t e r g r a n u l a r  s u r f a c e  c racks  a f t e r  be ing  

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

mens from the f i r s t  se t  of c o r e  s u r v e i l l a n c e  specimens (exposed f o r  2500 

h r  a f t e r  t h e  beginning of power o p e r a t i o n ) ,  b u t  specimens from a l l  a r r a y s  

removed la te r  d i d  show some cracks o r  i n c i p i e n t  cracks i n  t h e  u n s t r a i n e d ,  

as-polished c o n d i t i o n ,  

No s u r f a c e  c racks  were v i s i b l e  i n  unstrained spec i -  

I n  c o n t r a s t  t o  the c o r e  specimens,  -specimens exposed t o  sa l t  i n  t h e  

c o n t r o l  f a c i l i t y  f o r  equal  t i m e s  a t  h i g h  temperature  and then t e s t e d  i n  

t e n s i o n  showed only a few s u r f a c e  c racks .  Specimens exposed t o  t h e  c e l l  

atmosphere developed a n  oxid ized  l a y e r ,  which cracked upon be ing  s t r a i n e d ,  

b u t  few o r  n o , c r a c k s  extended deeper  than t h e  oxide l a y e r .  

The s e v e r i t y  of s u r f a c e  c racking  i n  c o r e  and c o n t r o l  specimens of 

MSRE vessel h e a t s  exposed dur ing  v a r i o u s  p e r i o d s  of t i m e  was measured as 

fol lows.  Photomicrographs were made of po l i shed  l o n g i t u d i n a l  s e c t i o n s  of 

specimens of heats 5065 and 5085 t h a t  had been f r a c t u r e d  i n  t e n s i o n .  

Cracks v i s i b l e  a long  t h e  edges of t h e  gage p o r t i o n s  of t h e  specimens were 

counted, and t h e  average and m a x i m u m  depths  w e r e  determined. Table  7 

g i v e s  t h e  observed c r a c k  f requencies  (number p e r  i n c h  of gage l e n g t h )  and 

depths  . 
We s a w  very e v i d e n t  d i f f e r e n c e s  between d i f f e r e n t  h e a t s  i n  t h e  de- 

gree  of s u r f a c e  c racking .  S t r a i n e d  specimens of h e a t  5065 had more c racks  

than d i d  specimens of heat 5085 exposed s imul taneous ly ,  b u t  average depths  

w e r e  no t  very d i f f e r e n t .  (See Table  7 . )  S t a t i s t i c s  w e r e  not  ga thered  

on specimens of  modified heats, b u t  t h e  photomicrographs of s t r a i n e d  

specimens show c r a c k  f requencies  and depths  comparable t o  those i n  spec i -  

mens of h e a t  5065. S t r a p s  and a f o i l  of d i f f e r e n t  s t a n d a r d  h e a t s  showed 

more cracks than  w e r e  v i s i b l e  i n  u n s t r a i n e d  specimens of h e a t s  5065 and 

5085. 

The s u r f a c e s  of  specimens exposed dur ing  the f i r s t  p a r t  of t h e  233U 

o p e r a t i o n  were n o t i c e a b l y  more d i s c o l o r e d  than  t h e  s u r f a c e s  of specimens 

exposed only d u r i n g  t h e  235U o p e r a t i o n .  Presumably t h i s  w a s  evidence of 

c 



Table 7 .  Crack Formation i n  Has te l loy  N S u r v e i l l a n c e  Samples  
S t r a i n e d  t o  F a i l u r e  a t  25OC 

Sample D e s c r i p t i o n  T i m e  a t  High Temperaturea ( h r )  Crack Count Depth (mi l s )  
To ta l  With FPb Counted ( i n .  -1) Av Max 

Con t ro l ,  Heat 5085 5,550 2,550 
Heat 5085 5,550 2,550 

Con t ro l ,  h e a t  5085 11,933 11,600 
Heat 5085 11,933 11,600 

Con t ro l ,  Heat 5065 ' 11,933 11,600 
Heat 5065 11,933 11,600 

Con t ro l ,  Heat 5085 19,136 18,800 
Heat 5085 19,136 18,800 
Heat 5085 19,136 18,800 

Con t ro l ,  Heat 5065 19,136 18,800 
Heat 5065 19,136 18,800 

1 1 5.7  5.7 
2 4  19 2.5 8 .8  

0 
1 7 8  134 1.9 6 .3  

3 3 1 . 0  2.0 
277 2 30 1.8 3.8 

4 
213 
140 

3 
2 40' 

3 
176 
146 

3 
229' 

1 . 5  2 .8  
5.0 7.OC 
3 .8  8 .8  

2.5 4.0 
5 . 0  ' 7.5 

a T i m e  logged above 500°C. A l l  w a s  a t  650 f 10°C wi th  t h e  excep t ion  of 100 h r  a t  760°C 
i n  10/65 ,  about 750 h r  a t  500-600°C i n  2-3/66 and 500 h r  a t  630°C i n  12/67-2/68. 

b T i m e  above 5OO0C a f t e r  exposure of specimen t o  f u e l  s a l t  con ta in ing  f r e s h  f i s s i o n  prod- 
u c t s .  

C One c r a c k  t h a t  may n o t  be s u r f a c e  connected and probably had a d i f f e r e n t  cause w a s  15 
mils deep, n e x t  l a r g e s t  was 7 mils. 

c 
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t h e  r e l a t i v e l y  more o x i d i z i n g  c o n d i t i o n  of t h e  s a l t  fo l lowing  t h e  pro- 

ces s ing .  It a l s o  i n d i c a t e s  t h e  importance of r ecogn iz ing  t h a t  c o r r o s i o n  

(and p o s s i b l y  t h e  s u r f a c e  c racking)  w a s  no t  p r o p o r t i o n a l  t o  t i m e .  The 

f l u c t u a t i o n  i n  t h e  c o n c e n t r a t i o n  of chromium i n  t h e  f u e l  sa l t  (Fig.  5) 
i s  f u r t h e r  evidence of t h i s  f a c t .  

Aging a t  h igh  tempera ture  caused %C-type c a r b i d e  t o  p r e c i p i t a t e  

throughout specimens of  h e a t s  5065 and 5085. I r r a d i a t i o n  enhanced t h i s  

process .  The i n c r e a s e d  amounts of i n t e r g r a n u l a r  Mg C (which is  b r i t t l e  

a t  room tempera ture)  w e r e  a t t ended  by r educ t ions  i n  t h e  f r a c t u r e  s t r a i n s  

and u l t i m a t e  stresses a t  25°C and a s h i f t  i n  t h e  n a t u r e  of t h e  f r a c t u r e s  

a t  25°C from l a r g e l y  t r a n s g r a n u l a r  t o  more n e a r l y  i n t e r g r a n u l a r .  

changes were observed i n  t h e  s u r v e i l l a n c e  specimens from t h e  c o r e  and t h e  

c e l l  and i n  t h e  c o n t r o l  specimens,  a l though t h e  changes were g r e a t e r  i n  

t h e  s u r v e i l l a n c e  specimens. L i t t l e  o r  no coa r se  MgC p r e c i p i t a t e  formed 

i n  specimens of modified compositions,  s i n c e  t h e  mod i f i ca t ions  w e r e  t a i -  

l o r e d  t o  produce f i n e  c a r b i d e  of t h e  MC type .  

These 

A l l  aged INOR-8 specimens showed nea r  t h e  s u r f a c e  a l a y e r  t h a t  e t ched  

more dark ly .  The amount of t h i s  modified l a y e r  d i d  n o t  vary  sys t ema t i -  

c a l l y  wi th  t i m e  o r  tempera ture .  Experiments produced e-:idence t h a t  t h e  

e f f e c t  w a s  l i k e l y  due t o  co ld  work from machining, caus ing  ca rb ide  t o  

p r e c i p i t a t e  more r e a d i l y  nea r  t h e  s u r f a c e .  

EXAMINATION OF MSRE COMPONENTS 

A major o b j e c t i v e  of t h e  p o s t o p e r a t i o n  examination of t h e  MSREI9 y 2 O  

w a s  t o  supplement t h e  f i n d i n g s  on t h e  INOR-8 s u r v e i l l a n c e  specimens by 

examining p i e c e s  of INOR-8 from d i f f e r e n t  p a r t s  of t h e  f u e l  system. A l l  

p a r t s  had been a t  h igh  temperature f o r  31,000 h r  and i n  con tac t  w i t h  f u e l  

sa l t  f o r  21,000 h r  (about 1 .5  t i m e s  as long  as any s u r v e i l l a n c e  specimen).  

Otherwise t h e  cond i t ions  of exposure w e r e . q u i t e  v a r i e d .  

1. A c o n t r o l  rod thimble (which had s e e n  t h e  h i g h e s t  neut ron  f luence  

of any INOR-8 eve r  examined) o f f e r e d  t h r e e  k inds  of s u r f a c e  exposure on 

t h e  same p iece :  

f a c e  exposed t o  flowing f u e l  s a l t ,  and o u t s i d e  s u r f a c e  t h a t  had been 

t h e  i n s i d e  exposed t o  N2 + 2% 0 2  a t  650"C, o u t s i d e  s u r -  

under a l o o s e - f i t t i n g  INOR-8 s l e e v e .  
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2. Heat exchanger tubes  had been exposed t o  f u e l  s a l t  on t h e  out-  

s i d e  and coolan t  ' sa l t  on the  i n s i d e .  

3. The hea t  exchanger s h e l l  had been exposed t o  f u e l  s a l t  on one 

s i d e ,  c e l l  atmosphere on t h e  o t h e r .  

4 .  The sampler cage and mist s h i e l d  i n  t h e  pump bowl extended from 

beneath the s u r f a c e  of t h e  s a l t  pool ,  through t h e  s u r f a c e  (where c e r t a i n  

classes of f i s s i o n  products  tended t o  concen t r a t e )  i n t o  a gas space .  

The major p a r t  of t h e  examination e f f o r t  w a s  on de te rmina t ions  of 

t h e  amount and n a t u r e  of d e p o s i t s  and metal lography t o  r e v e a l  evidence 

of co r ros ion  and s u r f a c e  c racking .  Although t h e  p i eces  were gene ra l ly  

of awkward shapes ,  some t e n s i l e  and bend tests were run ,  and t h e  examina- 

t i o n  of t h e  s t r a i n e d  p i e c e s  proved t o  b e  most i n t e r e s t i n g .  

Cont ro l  Rod Thimble 

The MSRE used t h r e e  c o n t r o l  rods21 . f a b r i c a t e d  of Gd2Og and A 1 2 0 3  

canned i n  Inconel  600. The c o n t r o l  rods opera ted  i n s i d e  INOR-8 thimbles  

made of 2-in.-OD x 0.065-in.-wall tub ing .  The assembly b e f o r e  i n s e r t i o n  

i n  t h e  MSRE is shown i n  Fig.  59. A f t e r  be ing  i n  service f o r  s e v e r a l  

yea r s  (above 5OOOC f o r  30,807 h r ) ,  t h e  lower p o r t i o n  of c o n t r o l  rod 

thimble 3 w a s  severed  by e lec t r ic  arc c u t t i n g  and moved t o  t h e  h o t  c e l l s  

f o r  examination. F igu re  60 shows t h e  e l e c t r i c  arc c u t  a t  t h e  l e f t  (about 

a t  t h e  midpoint of t h e  c o r e ) ,  t h e  space r  s l e e v e s ,  and t h e  end closure 

( l o c a t e d  a t  the  bottom of t h e  c o r e ) .  The thimble w a s  made of h e a t  Y-8487, 

and the  space r  s l e e v e s  w e r e  made of h e a t  5060 (see Table  1 f o r  chemical 

composi t ions) .  

' The f i r s t  c u t  w a s  made through t h e  s l e e v e  and thimble n e a r e s t  t he  

The s p a c e r  s l e e v e  had been machined wi th  r i b s  0.100 e l e c t r i c  arc c u t .  

i n .  high and 0.125 i n .  wide t o  p o s i t i o n  i t  r e l a t i v e  t o  t h e  g r a p h i t e  

moderator.  The s l e e v e  had fou r  d r i l l e d  ho le s  through which weld beads 

were depso i t ed  on t h e  thimble t o  ho ld  t h e  s l e e v e  i n  p l ace .  According 

t o  the  shop drawings,  t h e  minimum and maximum d i a m e t r a l  c l ea rances  be- 

tween the  thimble and t h e  sleeve were 0.000 and 0.015 i n . ,  r e s p e c t i v e l y .  

Thus salt would l i k e l y  e n t e r  t h i s  annular  r eg ion  and b e  i n  c o n t a c t  w i th  

most of t h e  metal s u r f a c e s .  
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Fig.  5 9 .  Contro l  Rod Assembly b e f o r e  I n s e r t i o n  i n  t h e  MSRE. 

Fig. 60. P o r t i o n  of Cont ro l  Rod Thimble t h a t  w a s  Examined A f t e r  
)pe ra t ion  of MSRE w a s  Terminated. The thimble is made of  2-in-OD x 0.065- 
n.-wall  INOR-8 t ub ing  (Heat Y-8487). The e lectr ic  arc c u t  on t h e  l e f t  

wlas n e a r  t h e  c e n t e r  l i n e  of t h e  core .  
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Undefonned Samples 

Samples of t h e  c o n t r o l  rod thimble and t h e  s p a c e r  s l e e v e  were c u t  

and examined t o  determine t h e i r  c o n d i t i o n  a t  t h e  end of service. 

photomicrographs of t h e  i n s i d e  of  the thimble tube  are shown i n  Fig.  61. 

This  s u r f a c e  w a s  ox id ized  t o  a depth of  about  2 mils by t h e  c e l l  environ- 

ment of n i t r o g e n  c o n t a i n i n g  2 t o  5% 02. The o x i d a t i o n  process  modified 

t h e  m i c r o s t r u c t u r e  t o  a d e p t h  of 4 m i l s ,  l i k e l y  due t o  t h e  s e l e c t i v e  re- 

moval of chromium. 

Typica l  

Photomicrographs of one of the weld beads are shown i n  F ig .  62. 

A l l  of t h e  s u r f a c e  shown was exposed t o  f lowing f u e l  s a l t .  Some d i s -  

lodged g r a i n s  are near  t h e  s u r f a c e ,  and g r a i n  boundaries  are v i s i b l e  i n  

t h e  as-pol ished c o n d i t i o n  t o  a depth of 1 t o  1.5 mils. 

Photomicrographs involv ing  t h e  i n t e r f a c e  between t h e  thimble and 

s l e e v e  are shown i n  Fig.  63. F igure  63(a) shows t h e  annular  reg ion  w i t h  

a s e p a r a t i o n  of about 7 mils and some s a l t  p r e s e n t .  Few s u r f a c e  i r r e g u -  

lar i t ies  are v i s i b l e  a t  a magni f ica t ion  of  lOOx, i n d i c a t i n g  t h a t  they 

are cons iderably  below 1 m i l .  F igure  63(b) i s  a 5 0 0 ~  view of t h e  thimble 

and shows some s u r f a c e  cracks t o  a depth of 0 . 3  m i l .  The o u t s i d e  of t h e  

sleeve is shown i n  Fig.  63(c) ;  a few g r a i n  boundaries  t o  a depth of about 

1 mi l  are v i s i b l e .  A d d i t i o n a l  photomicrographs of t h e  sleeve are shown 

i n  F ig .  64. The s l e e v e  m a t e r i a l  does n o t  appear t o  have rece ived  much 

working s i n c e  t h e  c a r b i d e  is very  inhomogeneously d i s t r i b u t e d .  The g r a i n  

s i z e  i s  l a r g e r  than  u s u a l  away from t h e  s t r i n g e r s .  The i n n e r  and o u t e r  

s u r f a c e s  b o t h  have modif ied s t r u c t u r e s .  A h i g h e r  m a g n i f i c a t i o n  v i e w  of 

the i n n e r  s u r f a c e  [Fig.  64(b) ]  shows t h a t  much of t h e  m o d i f i c a t i o n  is  a 

high d e n s i t y  of primary c a r b i d e .  The o u t e r  s u r f a c e  [Fig.  6 4 ( c ) ]  has  a . 
shal low l a y e r  of s m a l l  g r a i n s ,  l i k e l y  due t o  a working o p e r a t i o n .  

A second c u t  w a s  made away from t h e  s l e e v e ,  and t y p i c a l  photomicro- 

graphs are shown i n  Fig.  65. This  p a r t  of t h e  thimble w a s  exposed t o  

flowing sa l t .  Some of t h e  g r a i n  boundaries  are v i s i b l e  i n  t h e  as-pol ished 

c o n d i t i o n  t o  a depth of about 4 mils and t h e r e  i s  some s u r f a c e  modifica- 

t i o n  [Fig.  65 (a ) J .  E tch ing  [Fig.  6 5 ( b ) ]  d e l i n e a t e s  more of t h e  g r a i n  

s t r u c t u r e  and shows t h e  sha l low sur face . .modi f ica t ion .  
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Fig. 61. Photomicrographs of t he  Inne r  Sur face  of t h e  Cont ro l  Thimble 
i n  t h e  As-removed Condition. 
of N2 con ta in ing  2 t o  5% 02. (a) As po l i shed .  (b) Etched. ( c )  Etched, 
t y p i c a l  mic ros t ruc tu re .  Etchant :  Aqua r e g i a .  Reduced 30.5%. 

This  s u r f a c e  w a s  exposed t o  cel l  environment 
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Fig. 62. Photomicrographs of Outer Surface of Control Rod Thimble 
Showing the Weld Deposit Made to  Hold the Spacer Sleeve. 
w a s  exposed to flowing s a l t .  (a) A s  polished. (b) Etched: Aqua regia.  

The w e l d  surface 
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Fig. 63. Photomicrographs of As-polished Surfaces of Control Rod 
Thimble and Sleeve. (a) Annulus between thimble and sleeve. Thimble sur- 
face i s  i n  upper part of picture. (b) Outside surface of control rod thimble, 
showing presence of some sa l t  and shallow surface cracking. 
face of s leeve .  

(c) Outside sur- 
Surface exposed to flowing fue l  salt .  



I 
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. Fig. 65. Photomicrographs of Control Rod Thimble where i t  was Exposed 
Directly to  Flowing Sa l t .  (a) As polished. (b) Etched: Aqua regia. 
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Microprobe scans  w e r e  run  on t h e  thimble samples  t h a t  w e r e  taken 

from under the  s l e e v e  and o u t s i d e  t h e  s l e e v e .  I n  t h e  f i r s t  case the  

thimble w a l l  w a s  exposed t o  almost s t a t i c  f u e l  s a l t ,  and no g r a d i e n t s  i n  

i r o n  and chromium concen t r a t ion  could b e  d e t e c t e d  w i t h i n  t h e  3-pm r eg ion  

of u n c e r t a i n t y  near  t h e  s u r f a c e .  The sample o u t s i d e  t h e  s l e e v e  t h a t  w a s  

exposed t o  flowing f u e l  s a l t  w a s  dep le t ed  i n  chromium t o  a depth of almost 

20 pm and i n  i r o n  t o  a depth of 10 pm (Fig.  6 6 ) .  Thus t h e  amount of 

co r ros ion  t h a t  occur red  v a r i e d  cons iderably  i n  t h e  two r eg ions .  The 

measurements were no t  a c t u a l l y  made, b u t  a similar r e s u l t  l i k e l y  occurred  

f o r  t h e  space r  s l e e v e .  The i n s i d e  s u r f a c e  w a s  exposed t o  a lmost  s t a t i c  

s a l t  and w a s  l i k e l y  not  corroded d e t e c t a b l y .  The o u t s i d e  s u r f a c e  w a s  

exposed t o  flowing sa l t  and l i k e l y  showed i r o n  and chromium d e p l e t i o n .  

Deformed Samples 

The next  s t e p  w a s  t o  deform some of t h e  thimble and t h e  s l e e v e  t o  

determine whether s u r f a c e  c racks  w e r e  formed s i m i l a r  t o  t hose  noted i n  

t h e  s u r v e i l l a n c e  samples. S ince  t h e  product  was t u b u l a r ,  w e  used a r i n g  

test t h a t  is r e l a t i v e l y  quick  and cheap. The f i x t u r e  shown i n  Fig.' 67 

was made by (1) c u t t i n g  5/8 i n .  through a 1- in . - thick carbon steel  p l a t e  

w i th  a 2-in.-diam h o l e  s a w ,  (2) c u t t i n g  ou t  t h e  p a r t i a l l y  c u t  r eg ion  w i t h  

ample c l ea rance  around t h e  h o l e ,  (3 )  c u t t i n g  t h e  p l a t e  i n  two along t h e  

diameter  and removing 1/8 i n .  of material on each s i d e  of t h e  c u t ,  and 

( 4 )  t apping  a 3 / 4  i n .  diam th read  i n t o  t h e  two p i e c e s .  Then r i n g s  1 / 4  

in .  wide were c u t  from t h e  thimble and t h e  s l e e v e .  They f i t  i n t o  t h e  

groove and w e r e  p u l l e d  t o  f a i l u r e  w i t h  t h e  r e s u l t a n t  geometry shown i n  

Fig. 67 .  The i n i t i a l  loading  curves inc lude  s t r a i n  a s s o c i a t e d  wi th  t h e  

r i n g  conforming t o  t h e  geometry of t h e  g r i p ,  so  w e  cannot t e l l  p r e c i s e l y  

how much the  sample is deforming. Thus t h e  y i e l d  s t r e n g t h  and t h e  elonga- 

t i o n  are only r e l a t i v e  numbers, b u t  t h e  u l t i m a t e  t e n s i l e  s t r e n g t h  and 

r educ t ion  i n  area obta ined  from t h e s e  tests are t r u e  va lues .  

t h i s  type of test is d e f i c i e n t  i n  g iv ing  good mechanical p rope r ty  d a t a  

b u t  is s u f f i c i e n t  f o r  deforming t h e  material and observ ing  t h e  inc idence  

of s u r f a c e  c racking .  

Obviously,  
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Fig. 66. E lec t ron  Microprobe Scan of Sample from Cont ro l  Rod Thimble. 
The thimble had been exposed t o  the  fue l  s a l t  f o r  21,040 h r  and had been 
above 5OOOC f o r  30,807 h r .  
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Fig. 67 .  Fixture for Testing Rings of  Control Rod Thimble and Spacer 
Sleeve. A t e s ted  sample is  shown on the l e f t .  

. 
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The t e n s i l e  p r o p e r t i e s  of t h e  r i n g s  are shown i n  Table  8 .  The tes t  

r e s u l t s  show t h e  fol lowing important  f a c t s  : 

1. A l l  of t h e  unannealed specimens of h e a t  Y-8487 t e s t e d  a t  25OC 

have a " y i e l d  stress" of  52,000 t o  61,000 p s i ,  w i t h  t h e s e  va lues  appear ing  

t o  be  random i n  t h e  v a r i a b l e s  involved.  

2 .  A t  25°C t h e  crosshead displacement w a s  about 1 . 2  i n .  f o r  t h e  

u n i r r a d i a t e d  tubing and 0.4 t o  0.5 i n .  f o r  t h e  i r r a d i a t e d  tubing.  Again 

t h e  v a r i a t i o n s  of  0 .4  t o  0.5 i n .  appeared random. 

3 .  The y i e l d  stresses a t  650°C were about e q u i v a l e n t  f o r  i r r a d i a t e d  

and u n i r r a d i a t e d  tubing.  However, t h e  crosshead displacement b e f o r e  

f r a c t u r e  decreased from about 0.4 i n .  t o  0 .1  i n .  a f t e r  i r r a d i a t i o n .  This  

w a s  due t o  embri t t lement  from helium formed from t h e  10B(n,a)7Li transmu- 

t a t i o n .  

4 .  No material is  a v a i l a b l e  of h e a t  5060 ( s l e e v e  m a t e r i a l )  f o r  un- 

i r r a d i a t e d  tests, b u t  t h e  vendor 's  c e r t i f i c a t i o n  s h e e t  showed a y i e l d  

stress of 46;300 p s i ,  an u l t i m a t e  t e n s i l e  stress of 117,000 p s i ,  and a 

f r a c t u r e  s t r a i n  of 52%.  The v a l u e s  t h a t  w e  ob ta ined  show h i g h e r  s t r e n g t h s  

and lower d u c t i l i t y .  

Severa l  of t h e  specimens t h a t  had been s t r a i n e d  were examined metal- 

l o g r a p h i c a l l y  t o  determine t h e  e x t e n t  of c racking  d u r i n g  s t r a i n i n g .  

S e v e r a l  photomicrographs of t h e  c o n t r o l  rod thimble t h a t  w a s  exposed t o  

flowing sa l t  are shown i n  Fig.  6 8 .  The i n s i d e  s u r f a c e  w a s  ox id ized ,  and 

t h e  oxide cracked as t h e  specimen w a s  s t r a i n e d .  The oxide should b e  

b r i t t l e ,  b u t  i t  i s  important  t h a t  t h e s e  c racks  d i d  n o t  p e n e t r a t e  t h e  

metal. The s i d e  exposed t o  t h e  sa l t  e x h i b i t e d  p r o f u s e  i n t e r g r a n u l a r  

c racking .  Almost every g r a i n  boundary cracked,  and t h e  c racks  g e n e r a l l y  

propagated t o  a depth of one g r a i n ,  a l though t h e r e  are several i n s t a n c e s  

where t h e  c rack  depth exceeded a depth  of one g r a i n .  S e v e r a l  photomicro- 

graphs were combined and rephotographed t o  o b t a i n  F ig .  69. ,  This  sample 

had 1 9 2  cracks p e r  i n c h  w i t h  average and maximum depths  of 5.0 and 8.0 

mils, r e s p e c t i v e l y .  Many of  t h e  c racks  shown i n  F ig .  68  and 69 have 

b l u n t  t i p s ,  i n d i c a t i n g  t h a t  they d i d  n o t  propagate  i n t o  t h e  metal as t h e  

specimen w a s  s t r a i n e d .  



Tab le  8. T e n s i l e  Data on Rings From C o n t r o l  Rod Thimble 3 (Heat Y-8487) 

Specimen C o n d i t i o n  P o s t i r r a d i a t i o n  T e s t  Crosshead Yie ld  Ul t imate  Crosshead Reduct ion 
Anneal Temperature  Speed S t  ressa S t r e s s  T r a v e l  i n  Area 

( " 0  ( i n .  /min) ( p s i )  ( p s i )  ( i n . )  (XI 

1 Un i r  r a d i  a t ed 

2 U n i r r a d i a t e d  

3 Un i r r a d i a  t e d  

4 Un i'r r ad i a t  e d 

25 0.05 52,000 114,400 1 . 2 0  44.5 

25 0 .05  56,900 117,500 1.17 46.0 

25 0 .05  

650 0.05 

58,000 124,300 1.18 43.0 

39,100 76,.700 0.37 28.7 

5 U n i r r a d i a t e d  ' 650 0.002 40,700 62,300 0 .20  20.6 

6 I r r a d i a t e d  None 25 0.05 54,400 105,100 0.54 23.2 

7 I r r a d i a t e d  

8 I r r a d i a t e d  

9 I r r a d i a t e d  

10 I r r a d i a t e d  

None 25 0.05 53,300 102,500 0 .51  29.7 

None 25 0.05 60,500 110,800 0.42 28.5 

None 650 0.05 38 , 300 51,200 0.099 12'. 1 

None 6 50 0.002 34 , 200 38,200 0 .061  9.7 

11 I r r a d i a t e d  8 h r  a t  871'C 25 0.05 49,300 100,500 0.36 34.9 

12 I r r a d i a t e d  1 4 1  h r  ,at 871'C 25 0.05 48,700 104,900 0.39 34.4 

13 I r r a d  i a t ed  None 25 0.05 51,700 98,600 0.45 32.9 

1 4  I r r a d i a t e d '  None 25 0.05 42,400 123,000 0.20 18.0 

b 

P 
0 
0 

a 

bLoca ted  unde r  s p a c e r  s l e e v e .  
Based on 0.002 i n .  o f f s e t  of crosshead t r a v e l .  

S p a c e r  s l e e v e ,  Heat 5060. C 
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Fig.  68. Photomicrographs o f  Cont ro l  Rod Thimble Specimen Exposed t o  
Flowing S a l t  and Tested a t  25'C. ( a )  F r a c t u r e  - dark  edge is oxide  on i n n e r  
s u r f a c e  of t ube ,  and c racks  formed on t h e  o u t e r  s u r f a c e ;  e tched .  (b)  Cracks 
i n  o u t e r  s u r f a c e  of tub ing  as pol i shed .  (c). Cracks i n  o u t e r  s u r f a c e  of 
t ub ing  e tched .  E tchan t :  Aqua r e g i a .  Reduced 30.5%. 



Fig. 69. Photomicrographs of  a Deformed Sec t ion  of t h e  Con t ro l  Rod 
Thimble. The f r a c t u r e  is on t h e  l e f t .  The upper s u r f a c e  w a s  i n  c o n t a c t  
w i t h  flowing s a l t  and t h e  lower s u r f a c e  w a s  exposed t o  t h e  ce l l  environ- 
ment of N2 p l u s  2 t o  5% 02. The sample is  about 0.06 i n .  t h i c k .  

I . 
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A s imi l a r  sample w a s  c u t  from t h e  th imble  under t h e  s leeve , ,  where 

the s a l t  access w a s  r e s t r i c t e d .  Photomicrographs of a specimen t e s t e d  

a t  25°C are shown i n  F ig .  70. 

F ig .  68 f o r  a sample t h a t  w a s  exposed t o  f lowing  s a l t .  The composite 

photograph i n  F ig .  7 1  is  q u i t e  similar t o  F ig .  69 of t h e  s a m p l e  exposed 

t o  flowing s a l t .  The sample i n  Fig.  7 1  had 257 cracks p e r  i nch ,  w i th  

average  and maximum depths  of 4.0 and 8.0 mils, r e s p e c t i v e l y .  The accu- 

racy  of our s t a t i s t i c s  and p o s s i b l e  sampling inhomogenities l e a d  us t o  

conclude t h a t  t h e  s e v e r i t y  of c r ack ing  i s  e q u i v a l e n t  i n  t h e  samples  

exposed t o  flowing and almost s t a t i c  s a l t .  Thus flow rate over t h e  

range r ep resen ted  by t h e s e  two sample l o c a t i o n s  does no t  appear t o  b e  

an impor tan t  v a r i a b l e .  

The c racks  are q u i t e  s imilar  t o  those  i n  

The s p a c e r  s l e e v e  gave ano the r  oppor tun i ty  t o  examine whether a 

r e l a t i o n s h i p  e x i s t e d  between s a l t  v e l o c i t y  and cracking .  

graph i n  Fig.  72 shows c racks  on bo th  s i d e s ,  w i th  more be ing  p r e s e n t  i n  

t h e  f i e l d  photographed on t h e  s i d e  where t h e  s a l t  w a s  r a p i d l y  flowing. 

However, t h e  composite photograph i n  Fig.  73 shows t h a t  t h e  c racking  is 

about equ iva len t  on both  s i d e s .  Cracking s t a t i s t i c s  on t h e  s i d e  exposed 

t o ’ r a p i d l y  flowing s a l t  r evea led  178 cracks  p e r  i n c h  w i t h  a maximum depth  

of 7.0 mils. The s i d e  exposed t o  r e s t r i c t e d  s a l t  flow had 202 c racks  

p e r  i nch ,  w i th  a maximum depth of 5.0 mils. ‘The average  depth  w a s  3 . 0  

mils on both  s i d e s .  These obse rva t ions  a g a i n  show t h a t  s a l t  flow ra te  

is not  a s i g n i f i c a n t  f a c t o r  i n  i n t e r g r a n u l a r  c racking .  

The photomicro- 

Important Observa t ions  

The examination of t h e  c o n t r o l  rod th imble  and t h e  thimble s p a c e r  

r evea led  two impor tan t  c h a r a c t e r i s t i c s  of t h e  c racking .  (1) I r r a d i a t i o n  

of the metal i s  n o t  r e s p o n s i b l e  for t h e  c rack ing .  The thimble w a s  i r r a d -  

i a t e d  t o  a peak thermal f luence  of 1 . 9  x 1021 neutrons/cm2. 

a t t e n u a t i o n  a c r o s s  t h e  0.065 i n .  w a l l  of t h e  th imble  would have been very 

s l i g h t ,  bu t  c racks  only formed i n  t h e  metal on t h e  f i e l d  s i d e  (Fig.  6 8 ) .  

Thus, i r r a d i a t i o n  a lone  does n o t  cause t h e  c rack ing ,  b u t  c o n t a c t  w i t h  t h e  

f u e l  sa l t  is r e q u i r e d .  (2) The s e v e r i t y  of c r ack ing  is no t  s e n s i t i v e  t o  

s a l t  flow rate over  t h e  range exper ienced  i n  a f u e l  channel and under a 

s p a c e r  w i th  r e s t r i c t e d  flow. 

The f l u x  
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Fig. 70. Photomicrographs of Control' Rod Thimble Exposed t o  Fuel 
Salt  Under a Spacer Sleeve and Tested a t  25OC. 
fracture. 40x. (b) As-polished v i e w  of cracks. (c) Etched view of 
cracks. Etchant: Aqua regia.  Reduced 30.5% 

(a) As-polished view of 
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Fig.  71. Composite Photograph Showing t h e  Dens i ty  of Cracking Along 
t h e  Edge of  a P o r t i o n  of  t h e  Deformed Cont ro l  Rod Thimble. 
sample is  0.58 i n .  long .  The f r a c t u r e  is on t h e  l e f t ,  t h e  upper s u r f a c e  
was exposed t o  f u e l  s a l t ,  and t h e  lower s u r f a c e  w a s  exposed to t h e  c e l l  
environment of N2 p l u s  2 t o  5% 02. 

9 . 5 ~ .  The 

I 

a 

. 

Fig.  72. 
25OC. As po l i shed .  
s a l t  and t h e  lower s u r f a c e  w a s  exposed t o  r a p i d l y  f lowing f u e l  s a l t .  

Photomicrograph of  a S e c t i o n  of  Spacer  S leeve  Tes ted  a t  
The upper s u r f a c e  w a s  exposed t o  a lmost  s t a t i c  f u e l  
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Primary H e a t  Exchanger 

, The primary h e a t  exchanger w a s  a t  tempera ture  f o r  30,807 h r  and oper- 

a t e d  wi th  f u e l  s a l t  on t h e  s h e l l  s i d e  and coo lan t  s a l t  i n  t h e  tubes .  The 

s h e l l  w a s  16-3/4 i n .  OD x 1 / 2  i n .  w a l l  and cons t ruc t ed  of h e a t  5068. The 

tub ing  w a s  1 / 2  i n .  OD x 0.042 i n .  w a l l  from h e a t  N2-5101 (see Table 1 f o r  

chemical composition).  An o v a l  p i e c e  of t h e  s h e l l  10 x 13 i n .  w a s  c u t  by 

plasma t o r c h  near  the o u t l e t  end of t h e  heat exchanger.  This  same c u t  

severed  a p i e c e  of one tube ,  and p i eces  of f i v e  o t h e r s  were c u t  by an 

a b r a s i v e  wheel. 

The o u t s i d e  of the s h e l l  had a dark  adherent  ox ide ;  t h e  i n s i d e  s u r f a c e s  

were d i s c o l o r e d  s l i g h t l y  and had a t h i n  b lu ish-gray  c o a t i n g  probably 

caused by t h e  plasma c u t t i n g  o p e r a t i o n .  Some of th i s  powder w a s  brushed 

o f f  and found by gamma scanning  t o  c o n t a i n  lo6Ru and 125Sb. 

Photographs of these p a r t s  are shown i n  F igs .  74 and 75. 

Undeformed Samples . 

Photomicrographs of a c r o s s  s e c t i o n  through t h e  o u t e r  s u r f a c e  of t h e  

s h e l l  are shown i n  F ig .  76. The oxide  on t h e  o u t s i d e  s u r f a c e  is t y p i c a l  

of t h a t  observed on INOR-8 a t  t h i s  tempera ture  and ex tends  t o  a depth of 

about 5 mils. 

t h e  g r a i n  boundar ies  nea r  t h e  s u r f a c e  more r a p i d l y  than  those  i n  t h e  i n -  

t e r i o r .  The i n s i d e  s u r f a c e  of t h e  s h e l l  (Fig.  77) shows some s t r u c t u r a l  

E tch ing  a t t a c k s  t h e  metal i n  t h e  oxid ized  l a y e r  and e t c h e s  

mod i f i ca t ions  t o  a depth  of about 1 m i l .  No samples of t h e  s h e l l  were 

deformed. 

Photomicrographs of a t y p i c a l  c r o s s  s e c t i o n  of t h e  h e a t  exchanger 

tub ing  are shown i n  F ig .  78. The o v e r a l l  view shows t h a t  bo th  s i d e s  e t c h  

more r a p i d l y  than  t h e  c e n t e r  t o  a depth of about 7 mils. This  is n o t  un- 

u sua l  f o r  a t u b u l a r  product  and is o f t e n  a t t r i b u t e d  t o  i m p u r i t i e s  ( p r i -  

mar i ly  l u b r i c a n t s )  t h a t  are worked i n t o  t h e  metal s u r f a c e  du r ing  r epea ted  

s t e p s  of deformation and annea l ing .  The h i g h e r  magn i f i ca t ion_v iews  i n  , 

t h e  as-polished c o n d i t i o n  show t h a t  g r a i n  boundary a t t a c k  (o r  c racking)  

occurred  on t h e  s u r f a c e  exposed t o  f u e l  sa l t  (ou te r )  b u t  n o t  on t h e  cool- 

a n t  s i d e  ( i n n e r ) .  The tempera tures  under normal o p e r a t i n g  cond i t ions  

were such t h a t  t h e  f u e l  s a l t  s i d e  (OD) would have been i n  comprps ion .  
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Fig.  73. Composite Photograph Comparing t h e  Dens i ty  of Cracking of 
S ides  of Spacer S leeve  Exposed t o  Almost S t a t i c  S a l t  (bottom) and t o  f lowing 
sal t  ( t o p ) .  llx. The sample is  0.52 i n .  long.  

. 
Fig.  74 .  S e c t i o n  1 0  x 13 i n .  Cut from t h e  Primary Heat Exchanger 

S h e l l .  T h e . p i e c e  w a s  cut w i t h  a plasma t o r c h ,  and t h e  c e n t e r  s t u d  w a s  
used f o r  gu id ing  t h e  to rch .  



108 

R- 54185 

Fig. 75. The 1/2-in.-OD Hastelloy N Tubes from the Primary Heat 
The different  shades arise from a dark f i l m  that is thought Exchanger. 

to  have been deposited when the s h e l l  w a s  being cut.  
deposited on the s i d e  of the tubes facing the s h e l l .  

The f i l m  was 
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Fig. 76. Photomicrographs Showing the Outside Edge of the Primary Heat 
Exchanger Shel l .  
polished, showing the se l ec t ive  oxidation that occurred. 
showing that the metal in the oxidized layer was completely removed. 
with aqua regia.  

This surface was exposed to  2 to  5% 02 in N2. (a) A s  
(b) Etched view 

Etched 
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Fig. 7 7 .  Photomicrographs of the Inside Surface of the Primary Heat 
Exchanger Shell .  The surface was exposed to  fue l  s a l t ,  and the modified 
structure to a depth of about 1 m i l  is apparent. 
Etched with aqua regia.  

(a) As  polished. (b) 
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S i m i l a r  photomicrographs of a l o n g i t u d i n a l  s e c t i o n  o f  t u b i n g  a r e  

shown i n  F ig .  79. The f e a t u r e s  are  q u i t e  s i m i l a r  t o  those  d iscussed  

f o r  Fig.  78. Both f i g u r e s  show some m e t a l l i c  d e p o s i t s  on t h e  o u t s i d e  

s u r f a c e ,  which w a s  exposed t o  f u e l  s a l t .  

s m a l l  and could n o t  b e  analyzed w i t h  much accuracy w i t h  the i n - c e l l  

microprobe. However, they  seemed t o  be  predominately i r o n .  Scanning 

a c r o s s  t h e  tub ing  d e t e c t e d  no c o n c e n t r a t i o n  g r a d i e n t s  of t h e  major 

a l l o y i n g  elements  i n  INOR-8. 

These d e p o s i t s  are extremely 

Deformed Samples 

T e n s i l e  tests w e r e  run  on t h r e e  of t h e  tubes ,  and t h e  r e s u l t s  are 

compared i n  Table  9 w i t h  t h o s e  f o r  as-received tub ing .  The tubes  were 

p u l l e d  i n  t e n s i o n ,  and w e  assumed t h a t ’  t h e  e n t i r e  s e c t i o n  between t h e  

g r i p s  w a s  deforming. The g r i p s  o f f e r  some end r e s t r a i n t ,  s o  our  assump- 

t i o n  is obviously i n  e r r o r ,  and t h e  e r r o r s  are such t h a t  our  y i e l d  stresses 

are h igh  and our f r a c t u r e  s t r a i n s  are low. The u l t i m a t e  stresses and re- 

duct ions  i n  area are u n a f f e c t e d  by t h i s  assumption. The as-received and 

p o s t o p e r a t i o n  tests were r u n  by t h e  same technique ,  s o  t h e  r e s u l t s  should  

be comparable. The l a r g e s t  changes dur ing  service w e r e  r e d u c t i o n s  i n  t h e  

y i e l d  stress, f r a c t u r e  s t r a i n ,  and r e d u c t i o n  i n  area. The t u b i n g  was 

bought i n  t h e  “cold  drawn and annealed“ c o n d i t i o n ,  b u t  such t u b i n g  nor- 

mally is c o l d  worked some d u r i n g  a f i n a l  s t r a i g h t e n i n g  o p e r a t i o n .  The 

reduct ion  i n  y i e l d  s t r e n g t h  d u r i n g  service may have been due t o  annea l ing  

ou t  t h e  e f f e c t s  of t h i s  working. The r e d u c t i o n s  i n  t h e  d u c t i l i t y  parame- 

ters w e r e  l i k e l y  due t o  t h e  p r e c i p i t a t i o n  of c a r b i d e s  a long  the  g r a i n  

boundaries .  

Photomicrographs of one of t h e  tubes  deformed a t  25°C are shown i n  

Fig.  80. Profuse i n t e r g r a n u l a r  c racks  w e r e  formed t o  a depth of about 

5 mils on t h e  s i d e  exposed t o  f u e l  s a l t ,  b u t  none w e r e  formed on t h e  

coolan t  sa l t  s i d e .  E tch ing  a g a i n  revea led  t h e  abnormal e t c h i n g  charac- 

ter is t ics  near  t h e  s u r f a c e ,  b u t  whatever caused t h i s  e t c h i n g  c h a r a c t e r i s -  

t i c  d i d  n o t  r e s u l t  i n  g r a i n  boundary embri t t lement .  

Unstressed and s t r e s s e d  s e c t i o n s  of t u b i n g  were photographed over  

r e l a t i v e l y  l a r g e  d i s t a n c e s  t o  g e t  more a c c u r a t e  s ta t i s t ics  on c r a c k s  



Table 9 .  T e n s i l e  Data on Heat Exchanger Tubes (Heat N2-5101) 

Crosshead Y i e l d  ' U 1  t i m a t  e F r a c t u r e  Reduction 

( i n .  /min) ( " 0  (PS i) Stress .  ( p s i )  (a Area ( X )  
Speed Temperature Stress T e n s i l e  S t r a i n  i n  

Specimen Condition 
_ _ _ _ _ _ _ _ _ ~ ~ ~  ~ 

7 From h e  at exchange r 0.05 650 44,300 67,400 21.3 22.4 

6 From h e a t  exchanger 1 .o 25 66,300 118,000 37.0 20.5 

5 From h e a t  exchanger 0.05 25 64,800 122,000 39.0 29.0 

4 As rece ived  0.05 650 53,900 74,600 40.0 14.5 

2 A s  rece ived  0.05 25 73,000 127,400 5 1 . 1  42.6 

3 A s  rece ived  0.05 25 70,900 126,200 50 .1  40.0 

1 Vendor c e r t i f i c a t i o n  25 58,900 120,700 47.0 
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Fig. 79. Photomicrographs of a Longitudinal Section of an INOR-8 Heat 
Exchanger Tube. (a) Etched with glyceria regia. (b) Inside surface i n  the 
as-polished condition a f ter  exposure to  coolant s a l t .  (c)  Outside surface 
in  the as-polished condition af ter  exposure to  fue l  salt .  Reduced 31%. 
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. Fig.  80. Photomicrographs of a Heat Exchanger Tube Deformed t o  F rac tu re  
a t  25OC.  ( a )  A s  pol i shed .  (b)  Etched wi th  aqua r e g i a .  
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numbers and depths .  A composite photograph of t h e  two samples is shown 

i n  Fig.  81. The cracks  are r e a d i l y  v i s i b l e  i n  t h e  s t r e s s e d  sample b u t  

may n o t  b e  apparent  i n  t h e  u n s t r e s s e d  sample. A h i g h e r  m a g n i f i c a t i o n  

p r i n t  used i n  making t h e  composite i s  shown i n  F ig .  82; t h e  c racks  can 

b e  more e a s i l y  seen .  The s t r e s s e d  sample had 262 cracks  p e r  i n c h  wi th  

an average depth of 5.0 mils. Two counts  were made on t h e  u n s t r e s s e d  

sample. I n  t h e  f i r s t  count on ly  those  f e a t u r e s  t h a t  unequivocal ly  were 

cracks  were counted. This  gave a c rack  count of 228 p e r  i n c h  w i t h  an 

average depth of  2.5 mils. 

t h a t  were p o s s i b l y  c r a c k s  and t h i s  gave a c rack  frequency of 308 p e r  

i nch .  Thus t h e  number of c racks  p r e s e n t  b e f o r e  s t r a i n i n g  w a s  about 

e q u i v a l e n t  t o  t h a t  noted a f t e r  s t r a i n i n g .  S t r a i n i n g  d i d  i n c r e a s e  t h e  

visibZe depth.  

i n i t i a l l y  and only  spread  open f u r t h e r  dur ing  t h e  t e n s i l e  t es t  w a s  ob- 

t a i n e d  from examination of  t h e  sample i n  Fig.  81. The sample l e n g t h  

shown deformed 39% (Table 9 > ,  and t h e  combined wid ths  of t h e  c racks  

account f o r  35% s t r a i n .  Thus, t h e  c racks  widths  very  c l o s e l y  account 

f o r  t h e  t o t a l  s t r a i n  and i n d i c a t e  t h a t  t h e  c racks  formed w'ith l i t t l e  o r  

no deformation and spread  open as t h e  sample w a s  deformed. 

I n  another  count ,  w e  inc luded  some f e a t u r e s  

Some i n d i r e c t  evidence t h a t  t h e  c racks  were p r e s e n t  

Important Observat ions 

The examination of t h e  heat exchanger tubes  r e v e a l e d  t h r e e  very 

important  c h a r a c t e r i s t i c s  of t h e  c racking .  (1) The neut ron  f l u e n c e  

rece ived  by t h e  tub ing  w a s  extremely low, b u t  i n t e r g r a n u l a r  c racks  w e r e  

formed. The c o n t r o l  rod thimble showed t h a t  i r r a d i a t i o n  of the m e t a l  

a lone  w a s  n o t  s u f f i c i e n t  t o  cause c racking  s i n c e  only t h e  s i d e  of t h e  

thimble exposed to f u e l  s a l t  cracked.  Examination of t h e  h e a t  exchanger 

tub ing  sugges ts  t h e  f u r t h e r  conclus ion  t h a t  i r r a d i a t i o n  of t h e  m e t a l  i s  

n o t  a f a c t o r ,  s i n c e  t h e  h e a t  exchanger w a s  exposed t o  a n e g l i g i b l e  f l u -  

ence but  s t i l l  cracked.  (2) Exposure t o  f u e l  sa l t  is  a necessary condi- 

t i o n  f o r  c racking  t o  occur .  

exposed t o  f u e l  s e l t ,  cracked,  and t h e  i n s i d e ,  which w a s  exposed t o  cool- 

a n t  s a l t ,  d i d  n o t  c rack .  (3) The c racks  were p r e s e n t  i n  t h e  as-pol ished 

tub ing  as i t  was removed from t h e  IISRE. S t r a i n i n g  caused t h e  cracks t o  

open wider  without  much p e n e t r a t i o n  i n  l eng th .  

Only t h e  o u t s i d e  of t h e  t u b i n g ,  which w a s  

, 
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STRESSED 

Fig. 81. Composite Photographs of Heat Exchanger Tubing Before and  
A f t e r  S t r e s s i n g .  The width o f  t h e  uns t r e s sed  sample is 0.042 i n .  

Fig.  82. Photomicrograph of Heat Exchanger Tubing i n  t h e  Unstressed 
Condition. 
t h e  o t h e r  w a s  exposed t o  coo lan t  salt.  

The s i d e  w i t h  t h e  small c racks  w a s  exposed t o  f u e l  sa l t  and 
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Pump Bowl P a r t s  

A schematic  view of  t h e  pump i s  shown i n  Fig.  83. The components 

examined were t h e  mist s h i e l d  and the sampler cage.  The s a p l e r  w a s  low- 

e r e d  by a windlass  arrangement i n t o  the sampler cage and w a s  used primar- 

i l y  f o r  tak ing  s a l t  samples f o r  chemical a n a l y s i s .  

provided t o  mimimize t h e  amount of sa l t  s p r a y  t h a t  would reach  t h e  sampler.  

The ver t ica l  sampler cage rods were 114 i n .  diam and made of h e a t  5059. 

The m i s t  s h i e l d  w a s  made of 118-in. s h e e t  of h e a t  5057 (see Table  1 f o r  

chemical a n a l y s i s ) .  

of about 2 i n .  and o u t s i d e  d iameter  of about 3 i n .  The s p i r a l  w a s  about 

1 114 t u r n s ,  and t h e  o u t s i d e  was exposed t o  a g i t a t e d  s a l t  and t h e  i n s i d e  

t o  s a l t  flowing much s lower.  The o u t s i d e  w a s  exposed t o  s a l t  up t o  t h e  

normal l i q u i d  leve l  and t o  s a l t  s p r a y  above t h i s  l e v e l .  The i n s i d e  w a s  

exposed t o  sa l t  up t o  t h e  normal s a l t  l eve l  and p r i m a r i l y  t o  gas above 

t h i s  level .  

The m i s t  s h i e l d  w a s  

The m i s t  s h i e l d  w a s  a s p i r a l  w i t h  a n  i n s i d e  diameter  

The g e n e r a l  appearance of the sampler cage is shown i n  Fig.  8 4 .  The 

sa l t  normally s t a y e d  a t  a leve l  n e a r  t h e  c e n t e r  of t h e  cage,  b u t  t h e  level  

f l u c t u a t e d  s l i g h t l y .  The amount of material depos i ted  on t h e  s u r f a c e  is 

much h i g h e r  below t h e  l i q u i d  i n t e r f a c e  than  above. A g r o s s  .gamma scan  

had a similar p r o f i l e  w i t h  a maximum near  t h e  l i q u i d  i n t e r f a c e .  A 

carbonaceous d e p o s i t  w a s  p r e s e n t  a t  t h e  top  of t h e  sampler .  The mist ’ 

s h i e l d  had some d e p o s i t s ,  and t h e s e  w e r e  h e a v i e r  below t h e  l i q u i d  l e v e l  

and on t h e  o u t e r  s u r f a c e  of t h e  s h i e l d .  

Sampler Cage 

One of t h e  sampler cage rods w a s  examined m e t a l l o g r a p i c a l l y .  Photo- 

micrographs of samples from t h e  vapor and l i q u i d  r e g i o n s  are shown i n  

Fig.  85 and 86, r e s p e c t i v e l y .  There is no i n t e r g r a n u l a r  p e n e t r a t i o n  

v i s i b l e  a t  t h i s  magnt f ica t ion .  A heavy s u r f a c e  d e p o s i t  i s  on t h e  sample 

from t h e  l i q u i d  reg ion .  This  d e p o s i t  w a s  n o t  examined by t h e  e l e c t r o n  

microprobe a n a l y z e r ,  b u t  a s imi l a r  d e p o s i t  on a copper capsule  taken from 
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LUBE OIL BREATHER 

EARING HWSING 

BALL BEARINGS AS WRGE IN 

HAFT SEAL (See Inset1 

SUIELD COOLANT -%AGES 
(In mroiiei wgth Lube O,I 1 

SUIELD PLUG 

GAS PURGE OUT (See lwe?l-, 

XEWN STRIPPER 

Fig. 83. Sec t ion  of MSRE Fuel  Pump wi th  Details of Seve ra l  Areas. The 
mist s h i e l d  and t h e  sampler  cage t h a t  w e r e  examined are shown i n  t h e  lower 
l e f t  i n s e r t  . 

Fig. 84. Sampler Cage. The assembly is 8.5 i n .  h igh .  The sa l t -vapor  
i n t e r f a c e  corresponds w i t h  the  reg ion  of h i g h e s t  material depos i t i on .  
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F i g .  85 .  Photomicrographs of an INOR-8 Rod from the Sampler Assembly 
Located Above the Normal S a l t  Level. 
aqua regia. 

(a) As-polished. (b) Etched with 
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Fig. 86. Photomicrographs of an INOR-8 Rod from the Sampler Assembly. 
Normally located below the s a l t  l e v e l .  (a) As  polished. (b) Etched with 
aqua regia. 
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the  sampler reg ion  w a s  examined. The d e p o s i t  conta ined  some s a l t ,  b u t  had 

reg ions  t h a t  were h igh  i n  t h e  a l l o y i n g  elements i n  INOR-8: N i ,  C r ,  Fey  

and Mo. 

One of t he  sampler cage rods  w a s  p u l l e d  i n  t e n s i o n  a t  25OC. The 

c e r t i f i e d  p r o p e r t i e s  of this material w e r e  a y i e l d  stress of 51,200 p s i ,  

an u l t i m a t e  t e n s i l e  stress of 115,300, and an e l o n g a t i o n  of 51%. The 

measured p r o p e r t i e s  of the sampler cage rod were a y i e l d  stress of 42,500 

p s i ,  an u l t i m a t e  t e n s i l e  stress of 93,400 p s i ,  and an e l o n g a t i o n  of 35.7%. 

The p rope r ty  changes are n o t  l a r g e  and are l i k e l y  due t o  some stress re- 

l i e f  t h a t  decreased  t h e  y i e l d  and u l t i m a t e  stress va lues  and ca rb ide  pre- 

c i p i t a t i o n ,  which reduced t h e  d u c t i l i t y .  

i n  F ig .  87 shows t h a t  t h e  f r a c t u r e  occurred  below t h e  c e n t e r  nea r  t h e  

A composite of t h e  t e s t e d  sample 

average l iqu id-gas  i n t e r f a c e .  One me ta l log raph ic  sample was taken  on t h e  

l i q u i d  s i d e  of t h e  f r a c t u r e .  A composite showing t h e  badly  cracked edges 

is shown i n  Fig. 88. Note t h a t  t h e  c racks  extended t o  a depth  of 1 2  m i l s .  

A h i g h e r  magn i f i ca t ion  view of an area near t h e  f r a c t u r e  shows t h a t  t h e  

c racks  extend i n  excess of 3 g r a i n s  deep and t h a t  s e v e r a l  g r a i n s  have 

f a l l e n  out (Fig.  8 9 ) .  Another me ta l log raph ic  sample w a s  t aken  3 / 4  i n .  

above t h e  f r a c t u r e .  A composite of photographs a long  t h e  edge shows t h a t  

t h e  depth  of c racking  dec reases  w i t h  i n c r e a s i n g  d i s t a n c e  i n t o  t h e  vapor 

reg ion  (Fig.  9 0 ) .  The s e v e r i t y  of c racking  is d i f f e r e n t  on t h e  two edges 

of t h e  rod. Unfo r tuna te ly ,  w e  do no t  know t h e  o r i e n t a t i o n  of t h e  rod 

r e l a t i v e  t o  t h e  sampler and t h e  mist s h i e l d .  

Mist Shield 

Figure  9 1  shows t h e  mist s h i e l d  a f t e r  removal from t h e  MSRE. The 

s h i e l d  has  been s p l i t  t o  r e v e a l  t h e  i n s i d e  s u r f a c e .  Four specimens 

approximately 1 in .  ( v e r t i c a l )  x 1 / 2  i n .  ( c i r c u m f e r e n t i a l )  were c u t  from 

t h e  mist s h i e l d .  The i r  l o c a t i o n s  were (1) o u t s i d e  t h e  s p i r a l  and immersed 

i n  s a l t ,  (2)  o u t s i d e  t h e  s p i r a l  and exposed t o  sa l t  s p r a y ,  (3)  i n s i d e  

t h e  s p i r a l  and immersed i n  s a l t ,  and ( 4 )  i n s i d e  t h e  s p i r a l  and exposed 

p r i m a r i l y  t o  gas .  

us ing  a t h r e e  p o i n t  bend f i x t u r e . 2 2  

Bend tests were performed on t h e s e  specimens a t  25°C 

They were ben t  about a l i n e  paral le l  
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Fig. 87. (a) Tens i l e - t e s t ed  Sampler Cage Rod from Pump Bowl. Rupture 
occurred  n e a r  t h e  average  l iqu id-vapor  i n t e r f a c e .  (b) Photograph of r u p t u r e  
area showing e x t e n s i v e  s u r f a c e  cracking.  Rod d iameter  i s  1 / 4  i n .  

Fig.  88. Sec t ion  of Sample Cage Rod t h a t  w a s  Deformed a t  25OC. 9 . 2 ~ .  
The f r a c t u r e  ( l e f t )  occur red  a t  t h e  sa l t -vapor  i n t e r f a c e .  The rod i s  immersed 
f u r t h e r  i n  t h e  l i q u i d  from l e f t  t o  r i g h t .  The l e n g t h  of  t h e  sample is 0 . 6 3  i n .  
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Fig. 89. Photomicrograph of Deformed Sampler Cage Rod Near the 
Fracture. As-polished. 

Fig. 90. 
Strained a t  25OC. 
The rod progressed further into  the vapor region from l e f t  to  r ight .  
sample length i s  0.72 in .  

Composite of Photomicrographs of Sampler Cage Rod that was 

The 
8.2~. Left end of sample was 3 / 4  i n .  from fracture. 

t 
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Fig. 91. Interior of Mist Shield. Right part of right segment over- 
lapped l e f t  part of segment on le f t .  
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t o  the  1 / 2  i n .  dimension and s o  that the o u t e r  s u r f a c e  was i n  t ens ion .  

The informat ion  ob ta ined  from such a tes t  is a load -de f l ec t ion  curve.  

The equa t ions  normally used t o  conver t  t h i s  t o  a s t r e s s - s t r a i n  curve do 

not t ake  i n t o  account t h e  p l a s t i c  deformation of t h e  p a r t ,  and t h e  stresses 

obta ined  by t h i s  method become p r o g r e s s i v e l y  i n  e r r o r  (too h igh )  a s  t h e  

deformation p rogres ses .  

Table  10 shows the r e s u l t s  of bend tests on t h e  specimens from t h e  

mist s h i e l d .  

those  r epor t ed  f o r  u n i a x i a l  t e n s i o n .  The f r a c t u r e  s t r a i n  i s  t h e  parameter 

of primary i n t e r e s t .  The test of unexposed INOR-8 (hea t  N3-5106) d i d  no t  

f a i l  a f t e r  40.5% s t r a i n  i n  t h e  o u t e r  f i b e r s .  (No material  w a s  a v a i l a b l e  

of h e a t  5075, t h e  material used i n  f a b r i c a t i n g  t h e  m i s t  s h i e l d . )  Although 

a l l  of t h e  samples s t r a i n e d  more than  10% b e f o r e  f a i l u r e ,  t h e  two samples 

from t h e  o u t s i d e  of t h e  s p i r a l  were more b r i t t l e  than  t h e  o t h e r  samples. 

Note that  the y i e l d  and u l t i m a t e  stresses are about double 

The bend samples of t h e  mist s h i e l d  w e r e  examined m e t a l l o g r a p h i c a l l y .  

Photomicrographs of t h e  sample from t h e  i n s i d e  vapor r eg ion  are shown i n  

Fig.  92, and a composite of several  photomicrographs is shown i n  F ig .  93. 

The edge c racks  were i n t e r g r a n u l a r  and about 1 m i l  deep. The photomicro- 

graphs of t h e  sample from t h e  l i q u i d  r eg ion  (Fig.  94) show t h a t  t h e  c racks  

extended t o  a depth of about 8 mils i n  t h e  l i q u i d  r eg ion .  The composite 

photograph i n  F ig .  95 a l s o  shows t h e  i n c r e a s e d  frequency and depth of 

c racking  i n  t h e  l i q u i d  r eg ion .  

The sample from t h e  o u t s i d e  l i q u i d  r eg ion  w a s  q u i t e  s imi l a r  metal- 

l o g r a p h i c a l l y  t o  t h a t  from t h e  i n s i d e  l i q u i d  r eg ion .  Photomicrographs 

of the  fracture and a t y p i c a l  r eg ion  of the t e n s i o n  near the fracture 

are shown i n  F igs .  96 and 97,  r e s p e c t i v e l y .  A composite of s e v e r a l  

photomicrographs i s  shown i n  F ig .  98. Photomicrographs of t h e  o u t s i d e  

vapor (salt sp ray )  bend specimen a t  t h e  f r a c t u r e  and on t h e  t ens ion  s i d e  

nea r  t h e  f r a c t u r e  are shown i n  Figs .  99 and 100, r e s p e c t i v e l y .  The com- 

p o s i t e  of s e v e r a l  photomicrographs i n  F ig .  101 shows t h a t  t h e  c racks  are 

not much deeper nor  more f r equen t  than  i n  t h e  l i q u i d  r eg ions  (compare 

F igs .  95 ,  98, and lOl), b u t  t h e  tendency f o r  g r a i n s  t o  f a l l  o u t  is  much 

g r e a t e r .  This  i s  even more s i g n i f i c a n t  when one n o t e s  t h a t  t h e  s t r a i n  

w a s  ,the least i n  t h e  sample from t h e  o u t s i d e  vapor r e g i o n  (Table 10). . 
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T a b l e  10 .  Bend Tes ts  a t  25°C on P a r t s  of t h e  MSRE M i s t  Shielda 

Specimen 

C Maximum 
Yield T e n s i l e  
Stress Stress S t r a i n  
( p s i >  ( p s i )  (2) Environment 

103 x 103 

S-52 M i s t  s h i e l d  top  i n s i d e  97 269 46 .gd Vapor r e g i o n ,  s h i e l d e d  

S-62 M i s t  s h i e l d  top o u t s i d e  155 224 10.7 

S-60 M i s t  s h i e l d  b o t  tom i n s i d e  1 6 1  292 31.6 

Vapor r e g i o n ,  s a l t  spray 

Liquid r e g i o n ,  s h i e l d e d ,  

d 

d 

s a l t  f low 

S-68 M i s t  s h i e l d  bottom o u t s i d e  60 187 1 7 . 7  Liquid r e g i o n ,  r a p i d  
s a l t  flow 

N3-5106 Unir rad ia ted  c o n t r o l  128 238 40.5 
t e s t ,  118 i n .  t h i c k  

a The m i s t  s h i e l d  w a s  f a b r i c a t e d  of  h e a t  5075 w i t h  c e r t i f i e d  room-temperature p r o p e r t i e s  
of 53,000 p s i  y i e l d  stress, 116,000 p s i  u l t i m a t e  stress, and 49% e l o n g a t i o n .  

bBased on 0.002 i n .  o f f s e t  of crosshead t r a v e l .  
C Maximum t e n s i l e  stress w a s  c o n t r o l l e d  by f r a c t u r e  of  sample o r  by s t r a i n  l i m i t a t i o n  

of test  f i x t u r e .  

dSpecimen broke. 
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r R - 55993 j 
Fig. 92. Photomicrographs of  Bend Specimen of M i s t  Shield from Inside 

Vapor Region. (a) Fracture and tension s i d e ,  as polished. (b) Fracture 
and tension s i d e ,  etched. (c) Tension s i d e ,  etched. Etchant: Aqua regia. 
Reduced 31%. 
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Fig. . Photomicrographs of Bend Specimen of Mist Shield from Inside 
Liquid Region. (a) Fracture and tension s i d e ,  as polished. (b) Fracture 
and tension s i d e ,  etched. (c) Fracture and tension s i d e ,  etched. Etchant: 
Aqua Regia. 



Fig .  95. Composite Phot 
from I n s i d e  Liquid Region of 
s i d e  of t h e  sample.  

Tension S i d e  of a Bend Sample 
Lower Edge i s  no t  t h e  compression 
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Fig. 96. Photomicrographs of the Fracture of a Bend Specimen from 
the Outside Liquid Region of the Mist Shield. (a) 1OOx. (b) 500x. 
Etchant: Lactic acid, HNO3, HC1. 
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Fig. 97. Photomicrographs of the Tension Side Near the Fracture of a 
Bend Specimen from the Outside Liquid Region of the Mist Shield. 
(b) 500x. Etchant: lactic acid, HNO3, HC1. 

(a) 1 0 0 ~ .  
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F i g .  9 9 .  Photomicrographs of the Fracture of a Bend Specimen from 
the Outside Vapor Portion of the Mist Shield. (a) 1OOx. (b) 500x. 
Etchant: Lactic acid, HNO3, HC1. 
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R- 56760 

0 

Fig. 100. Photomicrographs of the Edge Near the Fracture of a Bend 
Specimen from the Outside Vapor Portion of the Mist Shield. 
(b) 500x. Etchant: Lactic acid, HNO3, HC1. 

(a) 1OOx. 
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The reduced d u c t i l i t y  of t h e s e  samples remains unexplained. The 

maximum crack  depth i n  the  l i q u i d  r eg ion  w a s  only 8 mils, and i t  i s  q u i t e  

u n l i k e l y  t h a t  an 8 m i l  r educ t ion  i n  a sample th i ckness  of 1 2 5  mils would 

cause much embr i t t l ement .  The embr i t t l ement  may have been p a r t i a l l y  due 

t o  the  e x t e n s i v e  c a r b i d e  p r e c i p i t a t i o n  shown i n  F igs .  93,  95, 96, 98, 

and 99. However, t h e  o u t s i d e  and i n s i d e  of t h e  s h i e l d  rece ived  i d e n t i c a l  

thermal  t r ea tmen t s ,  b u t  the samples from t h e  o u t s i d e  had lower d u c t i l i t i e s .  

Thus, a t t r i b u t i n g  the embri t t lement  s o l e l y  t o  c a r b i d e  formation does no t  

seem appropr i a t e .  

Important Observat ions 

The only f r e e  s u r f a c e  i n  t h e  primary c i r c u i t  w a s  i n  t h e  pump bowl, 

and t h e r e  appears  t o  have been a c o l l e c t i o n  of material a t  t h e  s u r f a c e .  

V i sua l  obse rva t ion ,  gamma scanning ,  and t h e  e l e c t r o n  microprobe show an 

accumulation of s a l t ,  f i s s i o n  products , .  and c o r r o s i o n  products  a t  t h i s  

s u r f a c e .  Besides  having a f r e e  s u r f a c e ,  t h e  reg ion  around t h e  sampler  

w a s  o f t e n  q u i t e  reducing because of t h e  a d d i t i o n  of be ry l l i um m e t a l  a t  

t h i s  l o c a t i o n .  F luo r ides  of t h e  s t r u c t u r a l  m e t a l s  would have been reduced 

t o  the  metall ic form and accumulated a t  t h e  f r e e  s u r f a c e  o r  depos i ted  on 

nearby metal s u r f a c e s .  Some of t h e  less s t a b l e  f i s s i o n  product  f l u o r i d e s  

would have l i k e l y  r e a c t e d  i n  a similar way. Thus, i t  i s  not  s u r p r i s i n g  

t h a t  t he  i n t e r g r a n u l a r  c racks  are most s e v e r e  nea r  t h e  f r e e  s u r f a c e .  The 

most important  obse rva t ion  r e l a t i v e  t o  t h e  c racking  is  t h a t  i ts  s e v e r i t y  

w a s  much less i n  material exposed p r i m a r i l y  t o  gas .  This  a l lows t h e  con- ’ 

c l u s i o n  t h a t  exposure t o  l i q u i d  sa l t  is necessary  f o r  t h e  c racking  t o  

occur .  

Freeze Valve 105 

Freeze va lve  105 f a i l e d  dur ing  t h e  f i n a l  thermal  c y c l e  involved w i t h  

t e rmina t ing  o p e r a t i o n  of t h e  MSRE. The f a i l u r e  w a s  a t t r i b u t e d  t o  f a t i g u e  

from a m ~ d i f i c a t i o n . ~ ~  

sched. 40 INOR-8 p i p e  (hea t  5094) w i t h  a j a c k e t  f o r  a i r  cool ing .  It w a s  

used t o  i s o l a t e  t h e  d r a i n  tanks and w a s  f rozen  only  when s a l t  w a s  i n  t h e  

This  va lve  c o n s i s t e d  of a s e c t i o n  of 1 1/2- in .  
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d r a i n  tanks.  The l i n e  w a s  f i l l e d  w i t h  salt  from the d r a i n  t a n k s ,  s o  t h e  

f i s s i o n  product c o n c e n t r a t i o n  would have been r e l a t i i ve ly  low. The l i n e  

w a s  f i l l e d  w i t h  sa l t  and above 5OOOC f o r  about 21,000 h r .  

a l s o  s t a t i c  except  when t h e  system w a s  be ing  f i l l e d .  Thus, t h i s  p a r t i c -  

The s a l t  w a s  

u l a r  component was s u b j e c t e d  t o  a unique s e t  of c o n d i t i o n s .  

Rings 3/16 i n .  wide were c u t ,  away from the f l a t t e n e d  p o r t i o n  of t h e  

p ipe .  They were s u b j e c t e d  t o  t h e  r i n g  test desc r ibed  p r e v i o u s l y .  A bend 

specimen and a specimen f o r  chemical a n a l y s i s  w e r e  c u t  from a d j a c e n t  

r eg ions .  The r e s u l t s  of the mechanical p r o p e r t y  tests are g iven  i n  

Table 11. A s  shown i n  F ig .  102 bo th  t h e  bend specimen and t h e  r i n g  

specimens showed some s u r f a c e  c rack ing  when viewed a t  low magn i f i ca t ion .  

A meta l log raph ic  s e c t i o n  of one of t h e  r i n g  specimens i s  shown i n  

F igs .  103 and 104. The f r a c t u r e  and b o t h  edges are v i s i b l e  i n  F ig .  103. 

The oxide i s  on t h e  o u t s i d e  s u r f a c e  t h a t  w a s  exposed t o  a i r  ( top)  and 

sha l low c racks  formed on t h e  s a l t  s i d e .  Typ ica l  edges nea r  t h e  f r a c t u r e  

are shown i n  Fig.  104. The c racks  on t h e  a i r  s i d e  followed t h e  oxide  and 

d i d  not  p e n e t r a t e  f u r t h e r .  The c racks  on t h e  s a l t  s i d e  w e r e  i n t e r g r a n u l a r  

and p e n e t r a t e d  about 1 m i l .  

The most impor tan t  o b s e r v a t i o n  on t h i s  component i s  t h a t  t h e  c rack ing  

w a s  less s e v e r e  under c o n d i t i o n s  where t h e  f i s s i o n  product  concen t r9 t ion  

w a s  less. However, i n t e r g r a n u l a r  c r ack ing  occurred  on t h e  s u r f a c e s  t h a t  

w e r e  exposed t o  f u e l  s a l t .  The c o r r o s i o n  ( s e l e c t i v e  removal of chromium) 

t h a t  occur red  under t h e s e  cond i t ions  should  have been extremely s m a l l  

s i n c e  the  sa l t  w a s  s t a t i c  most of t h e  t i m e .  Thus, c o r r o s i o n  does no t  

seem t o  be  a requirement f o r  i n t e r g r a n u l a r  c r ack ing  a l though i t  may ac- 

c e l e r a t e  t h e  p r o c e s s . .  

EXAMINATION OF INOR-8 FROM IN-REACTOR LOOPS 

The obse rva t ion  of i n t e r g r a n u l a r  c r ack ing  i n  t h e  MSRE.caused us t o  

reexamine the  a v a i l a b l e  r e s u l t s  on t h r e e  i n - r e a c t o r  l oops .  

loops were run by Trauger and C ~ n l i n ~ ~ , ~ ~  i n  1959, b u t  the material from 

Two pumped 

these  loops had been d i sca rded  and only the r e p o r t s  and photomicrographs 

remained f o r  examination. A more r e c e n t  thermal  convec t ion  loop w a s  run 
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Table 11. R e s u l t s  of Mechanical P rope r ty  Tests on Specimens From Freeze Valve 105 
(Heat 5094 a t  2 5 O C  and a Deformation Rate of 0.05 in . /min  

Yie ld  U1 t imate Crosshead Re duc t  i on 
S t r e s s  T e n s i l e  Stress Trave l  i n  Area 

Type of T e s t  ( P s i )  ( p s i )  ( i n . )  (XI 

Vendor 's ,  t e n s i l e  45,800 106,800 52.6 

Ring, t e n s i l e  45,800 89,700 0.72 25 

Ring, t e n s i l e  48,900 90,100 0.59 29 

Ring, t e n s i l e  41,900 90,300 0.73 37 

Wall segment, bend 71,300 0.41 33a 

P 
w 
W 

%laximum s t r a i n  i n  o u t e r  f i b e r s .  
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Fig.  101. Composite of  S e v e r a l  Photomicrographs o f  a Bend Specimen 
From t h e  Outside Vapor Region of  t h e  M i s t  Sh ie ld .  Top p o r t i o n  is t h e  
t e n s i o n  s i d e  and t h e  lower p a r t  is t h e  compression s i d e .  15x. 

Fig.  102. 
Deformation a t  25OC. 
Note s u r f a c e  cracks n e a r  t h e  f r a c t u r e .  4x (b) Sur face  of  bend specimen. 
Note some cracks  on s u r f a c e  and edge c racks .  7x. Reduced 18.5%. 

The Sur faces  Exposed t o  S a l t  i n  Freeze Valve 105 A f t e r  
(a) F r a c t u r e  of r i n g  specimen p u l l e d  i n  t ens ion .  

. 
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Fig. 103. Photomicrographs of the Fracture of a Ring Specimen from 
eeze Valve 105 that was Deformed a t  25°C. (a) A s  polished. (b) Etchant: 
c t i c  acid, HNO3, HC1.  40x .  Reduced 29.5%. 
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Fig. 104. Photomicrographs Near the Fracture of a Ring Sample from 

(c) Edge exposed t o  s a l t ,  etched 
Freeze Valve 105 Deformed at  25OC. 
(b) Edge exposed t o  s a l t ,  as  polished. 
with l a c t i c  acid, HNO3, HC1.  

(a) Edge exposed t o  a i r ,  as polished. 

Reduced 30%. 
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by Compere e t  a1.,,26 and some of t h e  p i e c e s  were s t i l l  a v a i l a b l e  and t h e i r  

l o c a t i o n  i n  t h e  loop i d e n t i f i e d .  Some samples of t h e s e  p i eces  were.de- 

formed and examined m e t a l l o g r a p h i c a l l y .  

PumD LOODS 

Trauger and Conlin r a n  two INOR-8 pump loops  i n  t h e  MTR.24,25 
opera ted  a t  a peak tempera ture  of 704°C a t  an average  power d e n s i t y  of 

66 W/cm3. 

(62-37-1 mole W). 
and opera ted  f o r  638 h r .  

of 3100 and ope ra t ed  f o r  766 h r .  The o p e r a t i o n  of bo th  loops w a s  termin- 

These 

The loops  both  conta ined  sa l t  of composition7 LiF-BeFz-UFh 

The f i r s t  loop  r an  a t  a peak Reynolds number of 4100 

The second loop had a peak Reynolds number 

a t e d  by l e a k s  i n  t h e  h e a t  exchanger. A d e t a i l e d  me ta l log raph ic  examin- 

a t i o n  w a s  made of t h e  f i r s t  The loop had a nose cone t h a t  w a s  

c l o s e s t  t o  t h e  r e a c t o r ,  and i t  w a s  h e r e  t h a t  t h e  type  of a t t a c k  shown 

i n  F ig .  105 w a s  no ted .  The a t t a c k  is a c t u a l l y  a s u r f a c e  roughening i n  

which g r a i n s  were removed from t h e  i n s i d e  of t h e  INOR-8 tub ing .  The 

second loop d i d  no t  show t h i s  t ype  of a t t a c k . 2 8  

exchanger w a s  no t  l o c a t e d  i n  e i t h e r  loop. 

The l e a k  i n  t h e  h e a t  

The f i s s i o n  d e n s i t y  i n  t h e s e  loops  w a s  66 W/cm3, wi th’  s a l t  volumes 

One of t h e  f i s s i o n  of 135 em3 and s u r f a c e  areas of about 650 cm2 each. 

products  t h a t  w i l l  be  d i scussed  f u r t h e r  i s  t e l l u r i u m ,  and a comparison 

of t h e  amount produced i n  t h e s e  loops wi th  t h a t  produced i n  t h e  MSRE i s  

u s e f u l .  
* 

m e t a l  s u r f a c e  area i n  t h e  MSRE and only 0 . 2  x 1 0 l 7  atoms/cm2 i n  t h e s e  two 

loops .  The t i m e  a t  tempera ture  w a s  a l s o  much s m a l l e r  f o r  t h e s e  loops than  

f o r  even t h e  f i r s t  group of s u r v e i l l a n c e  specimens from t h e  MSRE, i n  which 

c racking  w a s  h a r d l y  d e t e c t a b l e  (F ig .  1 2 ) .  

The uneven i n n e r  s u r f a c e  of t h e  loop  tub ing  may o r  may no t  have been 

About 1 . 4  x 1017 atoms of  Te l lur ium were produced p e r  u n i t  of 

due t o  the  same phenomenon t h a t  caused t h e  i n t e r g r a n u l a r , c r a c k i n g  i n  t h e  

MSRE. Note i n  F ig .  105 t h a t  t h e  material w a s  removed i n  increments of 

s i n g l e  g r a i n s .  

t h a t  had no t  been completely removed. 

a l s o  not very a c c e p t a b l e  s i n c e  t h e  peak v e l o c i t y  w a s  only about 1 f t / s e c .  

However, t h e r e  is no evidence of p a r t i a l l y  cracked g r a i n s  

The e x p l a n a t i o n  of c a v i t a t i o n  is 
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R - 56089 

Fig. 105. Inside Tube Wall of INOR-8 from In-pile Coop MTR 44-1. 
The coating is nickel plating used for edge preservation. 
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Being a b l e  t o  deform a p i e c e  of t h e  tub ing  and then  examine it  f o r  c racks  

should  be e n l i g h t e n i n g ,  bu t  no material from e i t h e r  loop  remains. Thus, 

t h e  obse rva t ions  on t h e s e  loops  are n o t  very  h e l p f u l  i n  t h e  p re sen t  anal- 

y s i s .  

Thermal Convection Loop 

A more r e c e n t  i n - r e a c t o r  thermal convection loop  w a s  run by Compere 

e t  a1.26 

o p e r a t i n g  s t a t i s t i c s  are given i n  Table  12. The loop  w a s  cons t ruc t ed  of 

INOR-8, conta ined  s a l t  of compostiion 7LiF-BeF2-ZrF~-UF~(65.3-28.2-4.8-1.7 

mole %), and had a g r a p h i t e  r eg ion  where power d e n s i t i e s  of 150 W/cm3 of 

sa l t  were a t t a i n e d .  The loop  had maximum and minimum o p e r a t i n g  tempera-  

t u r e s  of 720 and 545OC, r e s p e c t i v e l y .  

p o r t i o n  a f t e r  1366 h r  of nuc lea r  o p e r a t i o n .  The f a i l u r e  (Fig.  107) is  

q u i t e  t y p i c a l  of high-temperature f a i l u r e s  noted p rev ious ly  i n  t h i s  ma- 

t e r ia l  a f t e r  i r r a d i a t i ~ n . ~ - ~  

c racks  except very nea r  t h e  p o i n t  of f a i l u r e .  

A schemat ic  of t h e  loop is  shown i n  F ig .  106,  and t h e  p e r t i n e n t  

The loop  f a i l e d  a t  t h e  h o t t e s t  

Note t h a t  t h e  i n s i d e  s u r f a c e  i s  f r e e  of 

Two p ieces  of t h e  loop were r e t r i e v e d  and t e s t e d .  One sample w a s  

from t h e  f l a t  s h e e t  used t o  f a b r i c a t e  t h e  top  of t h e  ' 'core sec t ion ' '  where 

t h e  g r a p h i t e  w a s  l o c a t e d .  A s m a l l  s h e e t  w a s  c u t ,  ben t  so  t h a t  t h e  su r -  

f a c e  exposed t o  t h e  f u e l  s a l t  w a s  i n  t e n s i o n ,  and examined metallograph- 

i c a l l y .  A t y p i c a l  photomicrograph is  shown i n  F ig .  108. Sur face  c racks  

w e r e  very i n f r e q u e n t  and extended t o  a maximum depth  of 0 .5  m i l .  

A p i e c e  of tub ing  w a s  a v a i l a b l e  'from t h e  c o l d e s t  s e c t i o n ,  and i t  

' w a s  deformed by c rush ing  i n  a t e n s i l e  machine. A t y p i c a l  view of t h e  

i n s i d e  s u r f a c e  i s  shown i n  F ig .  109. Cracks occurred  a long  almost every 

g r a i n  boundary, b u t  they only extended t o  a maximum depth of 1 m i l .  

The amount of t e l l u r i u m  produced i n  t h i s  loop  p e r  u n i t  area of metal 

s u r f a c e  w a s  4.2. x 10l6 atoms/cm2 ( r e f e r e n c e  29 ) ,  compared w i t h  1 . 4  x 1017 

atoms/cm2 i n  t h e  MSRE. Thus, t h e  amount of t e l l u r i u m  was one-fourth t h a t  

i n  t h e  test  loop ,  b u t  t h e  system w a s  above 400°C only 937 h r  when f i s s i o n  

products  were p r e s e n t .  

. 



Table  12. Summary of Operat ing Per iods  f o r  In-Reactor Molten-Salt Loop 2 

Operat ing Per iod  (h r )  

T o t a l  I r r a d i a t i o n  F u l l  Power 
Dose Equiva len t  

Out-o f -Reac t o r  

Flush 

Solven t S a1 t 

77.8 

171.9 

In-Reac t o r  

P r e i r r a d i a t i o n  73.7 

S o l v e n t  S a l t  343.8 339.5 . 136.0 

Fueled s a l t  1101.9 937.4 547.0 . 

Retrac ted- fue l  removala 435.0 428.3 11.2 

T o t a l  2204.1 1705.2 694.2 

%ain ta ined  a t  350 t o  400°C ( f rozen)  except  d u r i n g  sal t - removal  o p e r a t i o n s  
and f i s s i o n  product  l e a k  i n v e s t i g a t i o n s .  
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SALT SAMPLE LINE/ 

Fig. 106. Diagram of Molten-Salt In-Reactor Loop 2. 

Fig. 107. Photomicrograph of a Cross Section Showing the Inner 
Located Surface and Crack in Core Outlet Pipe of In-Reactor Loop 2. 

on top side of tubing. Etchant: Aqua regia. 
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Fig. 108. 
Operated at 720OC. 

Bend Specimen from Section of In-Reactor Loop Which 
The tension side was exposed to the fuel salt. 

Fig. 109. Tension Side of Crushed Tubing from Coldest Part of 
In-Reactor Loop, Which Operated at 545OC. 
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Summary of Observa t ions  on In-Reactor Loops 

The loops j u s t  d i scussed  w e r e  exposed t o  f i s s i o n  product concentra- 

t i o n s  much lower than  t h o s e  observed i n  t h e  MSRE. The t i m e  a t  tempera- 

t u r e  a f t e r  f i s s i o n  p roduc t s  were produced w a s  a l s o  much less than  f o r  t h e  

E R E .  The loop  t i m e s  were a l l  less than  1000 h r ,  and t h e  f i r s t  group 

of MSRE s u r v e i l l a n c e  samples w a s  removed a f t e r  2550 h r  exposure (Table 

3) t o  f i s s i o n  products  a t  e l e v a t e d  tempera tures .  The number of c r acks  i n  

t h i s  f i r s t  group of s u r v e i l l a n c e  samples w a s  q u i t e  s m a l l  (Fig.  1 2 ,  Table 

7 ) .  Thus, i t  is  q u e s t i o n a b l e  whether t h e s e  loops  had adequate exposure 

t o  cause d e t e c t a b l e  c racking .  

The loops run by Trauger and Conlin had some reg ions  from which 

g r a i n s  w e r e  removed, b u t  no i n t e r g r a n u l a r  c r acks  were v i s i b l e .  S t r a i n e d  

samples of Compere's loop had sha l low i n t e r g r a n u l a r  c r acks  s imi l a r  t o  

those  noted i n  samples from t h e  MSRE, p a r t i c u l a r l y  t h e  sample exposed 

a t  545°C (Fig.  109). 

CHEMICAL ANALYSES OF METAL REMOVED FROM THE MSRE 

We found t h e  e l e c t r o n  microprobe ana lyze r  t o  be  u s e f u l  f o r  measuring 

chromium g r a d i e n t s  i n  INOR-8, b u t  w e  were no t  s u c c e s s f u l  i n  l o c a t i n g  any 

f i s s i o n  products .  W e  then  used t h e  technique  of e l e c t r o l y t i c a l l y  removing 

s u r f a c e  l a y e r s  and ana lyz ing  t h e  s o l u t i o n s .  S p e c i f i c a l l y ,  t he  method 

involved  a methanol-30% HNO3 s o l u t i o n  a t  -15 t o  -2O"C, a p la t inum ca thode ,  

and the specimen as the anode. T h e  e lec t r ic  p o t e n t i a l  w a s  6 V, a l e v e l  

t h a t  had been shown by l a b o r a t o r y  experiments t o  p o l i s h  r a t h e r  than  e t c h .  

The s o l u t i o n s  w e r e  analyzed by two methods. The concen t r a t ions  of t h e  

s t a b l e  elements w e r e  ob ta ined  by evapora t ing  2 c c  of t h e  s o l u t i o n  i n t o  

a m a s s  spec t romete r  and then  ana lyz ing  t h e  vapor by mass numbers. 

Numerous exper imenta l  d i f f i c u l t i e s  were encountered i n  t a k i n g  t h e  

samples. Sur face  d e p o s i t s  (formed i n  t h e  pump bowl) and t h i n  oxide  f i l m s  

(found on many p a r t s  from t h e  co re )  a c t e d  as i n h i b i t o r s  and made t h e  

methanol-30% HNO3 s o l u t i o n  a t t a c k  nonuniformly o r  no t  a t  a l l .  

u s u a l l y  had t o  be inc reased  t o  a t t a c k  t h e s e  s u r f a c e  b a r r i e r s .  Thus t h e  

The v o l t a g e  
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removal was  n o t  uniform on most samples u n t i l  a few mils had been removed. 

A second problem w a s  i n  sample  p r e p a r a t i o n .  The round geometry of t h e  

s u r v e i l l a n c e  sample and t h e  h e a t  exchanger tube  w a s  d e s i r a b l e ,  b u t  s t r i p s  

had t o  be c u t  from components such as t h e  c o n t r o l  rod th imble  and t h e  

mis t  s h i e l d .  We were n o t  s u c c e s s f u l  i n  masking t h e  s u r f a c e s  n o t  exposed 

t o  f u e l  s a l t ,  s o  t h e  r a t i o s  of f i s s i o n  product  c o n c e n t r a t i o n  t o  t h a t  

of n i c k e l  are lower than  would have been ob ta ined  had a l l  t h e  s u r f a c e s  

been exposed t o  f i s s i o n  products .  

Two of t h e  b e t t e r  p r o f i l e s  are shown i n  F ig .  110 and 111. The sample 

i n  Fig.  110 w a s  a segment of h e a t  exchanger tub ing .  Epoxy w a s  cast  in-  

s i d e  t o  mask the  s u r f a c e  t h a t  w a s  exposed t o  coo lan t  s a l t .  The sample i n  

Fig.  111 w a s  a s u r v e i l l a n c e  sample. W e  made d i a m e t r a l  measurements wi th  

a micrometer, bu t  t h e s e  were n o t  very  a c c u r a t e .  W e  a c t u a l l y  obta ined  t h e  

depth  measurements by c a l c u l a t i o n  from t h e  measured n i c k e l  concen t r a t ions  

us ing  t h e  supplemental  knowledge t h a t  t h e  a l l o y  w a s  70% N i  and t h a t  t h e  

volume of t h e  s o l u t i o n  w a s  140 cc .  

Compere compared t h e  amounts of f i s s i o n  products  t h a t  w e  a c t u a l l y  

found w i t h  t h e  t o t a l  i nven to ry  i n  t h e  MSRE. H e  assumed t h a t  t h e  f i s s i o n  

products  were depos i t ed  uniformly on t h e  t o t a l  system metal area of 

7.9 x l o 5  cm2.  

d e p o s i t i o n  area t o  2 . 3  x l o 6  cm2.) The r e s u l t s  of t h i s  t ype  of a n a l y s i s  

are summarized i n  Table  1 3  f o r  t h e  most h i g h l y  concen t r a t ed  f i s s i o n  pro- 

duc t s .  The va r ious  samples are l i s t e d  i n  t h e  o r d e r  t h a t  they would occur 

around t h e  primary c i r c u i t ,  beginning  a t  t h e  bottom of t h e  co re  and pro- 

g r e s s i n g  up through t h e  c o r e ,  through t h e  pump, i n t o  t h e  h e a t  exchanger,  

and back t o  t h e  co re .  The va lues  f o r  t h e  second sample should b e  q u i t e  

low because of the sha l low sampling, and t h e  samples from t h e  s u r v e i l l a n c e  

specimen and the  h e a t  exchanger tube  should  y i e l d  t h e  most a c c u r a t e  d a t e .  

( I n c l u s i o n  of t h e  g r a p h i t e  s u r f a c e  area i n c r e a s e s  the  

However, t h e r e  seem t o  b e  many i n c o n s i s t e n c i e s  and no s y s t e m a t i c  v a r i a t i o n  

of the elements around t h e  c i r c u i t .  

One of t h e  most i n t e r e s t i n g  sets of c h e m i c a 1 , r e s u l t s  w a s  ob ta ined  

from a s u r v e i l l a n c e  sample of h e a t  5058 from t h e  f o u r t h  group. The 

sample w a s  ox id ized  f o r  a few hours i n  a i r  a t  65OOC b e f o r e  be ing  s t r a i n e d .  

A very t h i n ’ o x i d e  f i l m  w a s  formed and should  have a c t e d  as a b a r r i e r  t o  
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Fig. 110. Concentration Profiles from the Fuel Side of a MSRE Heat 
Exchanger Tube. Arrows indicate that analytical values were reported as 
being less than the indicated point. 
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F ig .  111. Concent ra t ion  P r o f i l e s  from a S u r v e i l l a n c e  Sample Exposed 
i n  t h e  MSRE f o r  19,136 h r .  
r epor t ed  as being less than  t h e  i n d i c a t e d  p o i n t .  

Arrows i n d i c a t e  t h a t  a n a l y t i c a l  va lues  were 



I . 1 

Table 1 3 .  Concentrat ions of S e v e r a l  F i s s i o n  Products  on t h e  Surfaces  
of Has te l loy  N ,  Compared w i t h  t h e  T o t a l  Inventory 

Depth of 

( m i l s )  
Sample Location P e n e t r a t i o n  Concentrat ion of Nuclide Compared. w i t h  Inventory 

1 2 7 ~ ~  1 3 4 ~ ~  125Sb l o  3Ru lo6Ru 9 5Nb "Tc 

, 
P 
ul Contro l  rod thimble (bottom) 2 . 4  0 . 4 3  0 . 8 4  0.85 0 . 4 0  0 .13 '  0 .37  0 .32  I*, 

Contro l  rod  thimble (middle) 0 . 1  . 0 . 1 4  0 . 2 4  0 .35  0.15 0.11  0.26  0.19 

S u r v e i l l a n c e  specimen 3 . 5  0.001 0 . 3 5  1 .04  0 .006 0.087 0 . 0 0 6  0.30 

Mist s h i e l d  o u t s i d e ,  l i q u i d  ' 6 . 0  0 . 2 3  0.035 0 . 7 4  0.069 0.10 0.067 0 .19  

Heat exchanger s h e l l  4.2 0 . 3 5  0.017 0 . 6 8  0 .027 0 .05  0.085 0.27 

Heat exchanger tube  4.3  0 . 6 7  0.006 1 .13  0 . 0 2 8  0 .14  0 .070 0 .31  
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chemical d i s s o l u t i o n .  The sample w a s  deformed about halfway t o  f a i l u r e ,  

and two e l e c t r o l y t i c  d i s s o l u t i o n s  w e r e  made. The material should  have 

been s e l e c t i v e l y  removed from t h e  reg ions  t h a t  w e r e  f r e s h l y  cracked s i n c e  

these  s u r f a c e s  were not  ox id i zed .  The s o l u t i o n s  were ana lyzed ,  and the  

r e s u l t s  d iv ided  by t h e  n i c k e l  con ten t .  S i g n i f i c a n t  enr ichments  were 

found i n  T e ,  C e ,  Sb, S r ,  and C s .  These s o l u t i o n s  w e r e  analyzed f o r  sev- 

eral o t h e r  e lements  t h a t  had no t  been determined p rev ious ly .  Uranium-235 

w a s  p re sen t  a t  a concen t r a t ion  of 37 x i n  t h e  second l a y e r .  These 

concen t r a t ions  correspond t o  26 and 7 ppm, r e s p e c t i v e l y .  Determinat ions 

were made of A 1  (0 .23) ,  B (0.01), Co (0 .23) ,  K (0 .05) ,  N a  ( 1 . 2 ) ,  P (0 .23) ,  

V (0 .23) ,  and S ( 1 . 2 )  w i th  t h e  amounts shown i n  p a r e n t h e s i s  be ing  the  

concen t r a t ions  i n  pe rcen t  found i n  t h e  o u t e r  l a y e r .  The i n n e r  l a y e r  

showed very l i t t l e  change. 

anol-30% HNO3 had extremely low l e v e l s  of t h e  e lements ,  and w e  know of 

Samples of d i s t i l l e d  water and unused meth- 

no source  of contaminat ion i n  t h e  sampling o p e r a t i o n .  

The high concen t r a t ions  of s u l f u r  and phosphorus are indeed reasons 

f o r  concern,  s i n c e  t h e s e  elements  are known t o  e m b r i t t l e  nickel-base 

a l l o y s .  30 

pump o i l  i n l eakage  w a s  27 g and t h a t  t h e  i n i t i a l  f u e l  charge conta ined  

25 ppm S o r  a maximum of  24 g. 

may have concent ra ted  along t h e  g r a i n  boundar ies .  The s u l f u r  (and t h e  

o t h e r  e lements)  a l s o  could have been i m p u r i t i e s  i n  t h e  INOR-8 and segre-  

gated i n  the  g r a i n  boundaries  du r ing  t h e  long exposure a t  650°C. 

Haubenreich c a l c u l a t e d  t h a t  t h e  t o t a l  s u l f u r  in t roduced  by 

Thus, s u l f u r  w a s  i n  t h e  system and i t  

Another group of specimens was c o l l e c t e d ,  and a d i f f e r e n t  approach 

w a s  taken t o  the  a n a l y s i s  of t h e  concen t r a t ion  of f i s s i o n  products .  

samples w e r e  f i r s t  exposed t o  a s o l u t i o n  of Versene, b o r i c  a c i d ,  and 

c i t r i c  ac id .  As shown i n  Table  14 t h i s  s o l u t i o n  is  not  very  aggres s ive  

toward the  metal and very small weight  changes were noted .  Thus, t h i s  

s o l u t i o n  should be  enr iched  i n  t h e  material t h a t  w a s  on o r  very near  

t he  s u r f a c e  of t he  metal. 

a s e p a r a t e  s o l u t i o n .  Both s o l u t i o n s  were counted f o r  v a r i o u s  f i s s i o n  

products ,  and the  r e s u l t s  are given i n  Table  14 .  Seve ra l  obse rva t ions  

can be made from t h e s e  d a t a .  

These 

The sample was then completely d i s so lved  i n  
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Table 14. Concent ra t ions  of F i s s ion  Products  Found on Seve ra l  Samples From t h e  MSREaSb 
~~ 

Sur face  Weight Weight Sur face  Concent ra t ion  (atomsIcm2) 
Sample Desc r ip t ion  Area Before Af t e r  

(cm2) Leaching Leaching 127mTe 125Sb " ~ r  137cs 1 3 4 c s  44 ~e lo6Ru 99 Tc 
( 9) ( 9) 

Spacer s l e e v e ,  smooth 

Space s l e e v e ,  w i t h  r i b  

Thimble under s p a c e r  

Thimble under s p a c e r  

Thimble, b a r e  

Thimble, b a r e  

F o i l  on f o u r t h  group 
s u r v e i l l a n c e  

S t r a p  on f o u r t h  group 
s u r v e i l l a n c e  

Freeze  v a l v e  105 

Concent ra t ion  a t  end 
of ope ra t ion  

12.2 

8.4 

6 .6  

6 . 3  

4 .5  

6 . 1  

1.2 

1 . 3  

6.2 

2.45489 2.44200 

5.36317 5.33873 

3.80443 3.78641 

3.65780 3.64322 

2.59565 2.59272 

3.55622 3.55265 

0.02047 0.02012 

0.11191 0.11178 

10.2255 

3.5 x 1011 1.5 x i o 1 3  2.0 x 1014 5.5 1013 
9 .6  x 1o12 4.6 x 1014 2 . 1  x 1014 <4 .8  1014 
2.2 x 4.0 x 1013 3.3 1014 5.0 1013 
2.7 x 1013 < i . 5  x 1015 5.8 lo1 '+ ~ 3 . 5  101% 
3 . 1  x l o l l  1.8 x 1013 3.6 x 1014 7.5 1013 
5.9 x 1012 < 3  x 101% 1 .8  x 1014 < 2  1015 
3.2 x 1011 1 . 4  x 1014 3.6 x lo1% 3.0 1013 
4.2 x 1o12 <9 x 1014 1 . 7  x 1014 < 3  1015 
3.6 x l o l l  4 x 1013 7.5 x 1013 3.9 1013 
1 .8  x 1013 C1.5 1015 1 . 4  1014 '1 1015 
1 . 5  x l o l l  3.7 x 1 0 ' 3  5.9 x 1013 4 . 0  1013 
1 . 6  x 1013 <2 x 1015 1.1 x 1014 <8 1015 
9 . 3  x l o l l  5 . 6  1013 1.1 1013 2.6 1013 
1 . 6  x 1013 < 7  1014 2 .8  x 1013 2.6  1015 

4.9 x l o l l  2.2 1014 2.6 1013 3 1014 

6.0 x io9  7.5 l o l l  2.6 x 1013 4 . 1  1013 
2.0 x 1011 9 . 1  x 1012 1.0 x 1012 5.9 x 1012  
8.9 x 1014 1 . 4  x 1014 2.5 x 10" 1 . 8  lo1? 

1 . 6  x 1 0 l 1  1.6 x 1013 6.4 x lo1' 4.0 x 1 0 l 2  

6 .6  x 1 0 l 1  8.9 x 1 0 l 1  C 1 .6  x 10l6  
< 5  x 1013 3 . 1  101% 9.4 1016 

1.8 x 1 0 l 1  1.8 x 10l2 C 2.3 x 10l6  
<1 1013 < 5  1013 6.7 1014 2.4 1017 

< 2  1013 <1 1014 <2 1014 2.2 1017 
1 . 5  x 10'' 1 . 3  x 1 0 l 2  C 1 .0  x 1016 

1014 <1 1014 < 3  1014 1.9  1017 

2 . 1  x 1 0 l 1  1 . 7  x lo1' 8.6 x lo1' 1.7 x 10l6  

7 .8  x 1 0 l 1  <5.9 x 10l1 6.9 x lo1' 4.2 x 1015 
<6 x 1013 < 3  1014 1.1 1017 

<i 1013 < 5  1014 9.4 1o16 
<5 x 10" 4.9 1013 1 1016 
<I 1013 a 1015 2.7 1014 1 1016 

4.8 x 10l1 2.7 x 1 0 l 1  6.4 x 1 0 l 2  2 x 1015 

<2 x 1011 1.1 1013 4 1015 
<2  1013 . x 1013 9.4 x 2.4  1016  

<9 x 1010 6 x lo1 '  8 .6  x 6 x 1014 
< 5  x 1010 6 x lo1' 7.3 x 1 0 l 2  5 x 1014 

6.6 x 1 0 l 6  4.7 x lo1 '  2.7 x 1017 

aSamples counted  about  2 yea r s  a f t e r  end of  MSRE o p e r a t i o n .  The f o i l  and s t r a p  samples were removed 6 months be fo re  ope ra t ion  was te rmina ted .  The 
h a l f - l i v e s  were 109 days  f o r  127mTe, 2.7 yea r s  f o r  lZ5Sb, 28 yea r s  f o r  9 0 S r ,  30 y e a r s  f o r  1 3 7 C s ,  2.3 yea r s  f o r  1 3 % C s ,  284 days f o r  144Ce, 1 y e a r  f o r  
'O'Ru, 5 x l o 5  y e a r s  f o r  99Tc. 

bThe samples  were f i r s t  leached i n  a s o l u t i o n  of  Versene, b o r i c  a c i d ,  and c i t r i c  a c i d .  This  s o l u t i o n  was ana lyzed ,  and t h e  f i r s t  number under qach 
i s o t o p e  i s  t h e  r e s u l t .  
sample.  

The remainder of t h e  sample was d i s so lved  and t h e  second number under each i s o t o p e  i s  t h e  a n a l y t i c a l  r e s u l t  on t h e  d i s so lved  

'Present i n  p a r t i c u l a t e  form, bu t  n o t  i n  s o l u t i o n .  
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1. Generally t h e  c o n c e n t r a t i o n  of f i s s i o n  p roduc t s  p e r  u n i t  s u r f a c e  

area exposed t o  f u e l  s a l t  is g r e a t e r  i n  t h e  metal than  nea r  t h e  s u r f a c e .  

However, t h e  ' d i f f e r e n c e  v a r i e s  cons ide rab ly  f o r  d i f f e r e n t  i s o t o p e s .  For 

example, t h e  127Te concen t r a t ion  i s  about two o r d e r s  of magnitude h i g h e r  

i n  t h e  metal than on t h e  s u r f a c e ,  whereas 'OSr i s  only s l i g h t l y  concen- 

t r a t e d  beneath t h e  s u r f a c e .  

2 .  The thimble samples t h a t  w e r e  exposed t o  flowing sa l t  (desig- 

na ted  "bare" i n  Table  13) and those  t h a t  were covered by a s p a c e r  allow 

some comparison of t h e  e f f e c t s  of flow rate  on t h e  d e p o s i t i o n  of f i s s i o n  

p roduc t s .  The sample exposed t o  r e s t r i c t e d  s a l t  flow c o n s i s t e n t l y  has  

a lower concen t r a t ion  of f i s s i o n  p roduc t s ,  b u t  only by a f a c t o r  of 4 o r  

less. 

3. Freeze  v a l v e  105 (FV 105) had a lower c o n c e n t r a t i o n  of f i s s i o n  

products .  This  w a s  expected because of i t s  o p e r a t i n g  c o n d i t i o n s  (p. 30b) 

and i s  c o n s i s t e n t  w i t h  t h e  obse rva t ion  t h a t  i n t e r g r a n u l a r  c r ack ing  w a s  

less s e v e r e  i n  t h i s  component (Table 7 ) .  

4. With due c o n s i d e r a t i o n  of t h e  h a l f  l i v e s ,  a p p r e c i a b l e  f r a c t i o n s  

of t h e  t o t a l  i nven to ry  of 127Te,  125Sb, '06Ru, and "Tc are p r e s e n t  on 

t h e  metal s u r f a c e s .  Th i s  g e n e r a l l y  ag rees  w i t h  t h e  i n d i c a t i o n s  of 

t h e  d a t a  i n  Table 13 except f o r  t h e  behavior  of 134Cs. 

incrementa l  d i s s o l u t i o n  d a t a  i n  Table  1 3  i n d i c a t e  t h a t  l a r g e  amounts 

of 134Cs w e r e  p r e s e n t ,  whereas t h e  d a t a  i n  Table  1 4  do n o t  suppor t  t h i s  

obse rva t ion .  

, Some of t h e  

These r e s u l t s  are i n t e r e s t i n g  bu t  must be  viewed w i t h  r e s e r v a t i o n s .  

The technique  of e l e c t r o l y t i c a l l y  removing s e c t i o n s  i n  t h e  h o t  c e l l s  

has  not  been used p rev ious ly  ( t o  ou r  knowledge) a t  O W L ,  and numerous 

exper imenta l  d i f f i c u l t i e s  a r o s e .  Uneven removal of material  and d e t e r i -  

o r a t i o n  of c o n t a c t s ,  l e a d s ,  e t c .  were some of t h e  main problems. The 

r e s u l t s  f o r  r a d i o a c t i v e  s p e c i e s  were ob ta ined  by proven methods. However, 

t h e  l e v e l  of gamma r a d i a t i o n  from 6oCo o f t e n  masked t h e  a c t i v i t y  from 

elements of i n t e r e s t .  The technique  of evapora t ing  2 m l  of t h e  s o l u t i o n  

i n t o  t h e  mass spec t rog raph  i s  n o t  new, b u t  t h e  complexity of t h e  s p e c t r a  

p re sen ted  caused many problems i n  i n t e r p r e t a t i o n .  The d i f f e r e n t  s p e c i e s  

are i d e n t i f i e d  only by mass number by t h i s  method, and t h e  presence  of 
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t h e  a l l o y i n g  elements  i n  INOR-8, numerous f i s s i o n  p r o d u c t s ,  c o n s t i t u e n t s  

of t h e  s a l t ,  and p o s s i b l e  compounds between t h e s e  elements  and t h e  elec- 

t r o l y t i c  s o l u t i o n  made i t  d i f f i c u l t  t o  i n t e r p r e t  t h e  p a t t e r n s .  

The method used t o  o b t a i n  the d a t a  i n  Table  1 4  involved only radio-  

chemistry and d i s s o l u t i o n  techniques  t h a t  were b e t t e r  e s t a b l i s h e d .  How- 

ever, t h e  chemical r e a c t i v i t y  of  t h e  f i r s t  s o l u t i o n  ( leach)  w i t h  t h e  

s u r f a c e  material leaves an u n c e r t a i n i t y  whether t h e  m a t e r i a l s  removed 

w e r e  simply s a l t  r e s i d u e s  o r  s m a l l  amounts of the m e t a l .  The s u r f a c e  

areas were u n c e r t a i n  i n  most cases because of t h e  complex geometry. 

With t h e  q u a l i f i c a t i o n s  t h a t  have been made t h e  chemical a n a l y s e s  

i n d i c a t e  s e v e r a l  important  p o i n t s .  

1. S e v e r a l  of t h e  f i s s i o n  products  p e n e t r a t e d  t h e  metal t o  depths  

of a few mils (F igs .  110 and 111). 

2 .  The f i s s i o n  products  T e ,  C e ,  Sb, S r ,  and C s  were concent ra ted  

i n  t h e  cracked reg ions  of  a s t r a i n e d  s u r v e i l l a n c e  specimen. S u l f u r  and 

phosphorous were a l s o  concent ra ted  i n  t h e s e  same r e g i o n s .  It is  p o s s i b l e  

t h a t  t h e  s e g r e g a t i o n  of s u l f u r  and phosphorus t o  t h e  g r a i n  boundaries  i n  

t h i s  a l l o y  is  a normal phenomenon. 

3 .  S i g n i f i c a n t  f r a c t i o n s  of t h e  t o t a l  amounts of T e ,  Sb, Ru, and 

T c  w e r e  depos i ted  on t h e  m e t a l  s u r f a c e s .  

These experiments were good i n t r o d u c t i o n s  t o  t h e  types  of s t u d i e s  

t h a t  could b e  performed. More work w a s  needed t o  develop confidence i n  

them, but  t e r m i n a t i o n  of o p e r a t i o n  of t h e  MSRE s topped our  b e s t  s o u r c e  

of experimental  material. T h e  f u l l '  s i g n i f i c a n c e  of t h e  c racking  problem 

w a s  only f u l l y  r e a l i z e d  i n  t h e  p o s t o p e r a t i o n  examination of  t h e  MSRE. 

DISCUSSION OF OBSERVATIONS ON INOR-8 FROM 
THE MSRE AND IN-REACTOR LOOPS 

Suukary of Observat ions 

Observat ions have been presented  on t h r e e  b a s i c  t y p e s  of samples. 

The f i r s t  samples w e r e  t h e  s u r v e i l l a n c e  samples t h a t  were p r e s e n t  i n  t h e  

MSRE p r i m a r i l y  f o r  t h e  purpose of fol lowing t h e  c o r r o s i o n  and r a d i a t i o n  
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damage t o  the  metal. The second set of s a m p l e s  c o n s i s t e d  of s e v e r a l  

components from t h e  MSRE t h a t  were removed f o r  examination a f t e r  termi- 

n a t i o n  of i t s  ope ra t ion .  The t h i r d  set of samples came f rom. in - reac to r  

pump and thermal convect ion loops.  Seve ra l  important  obse rva t ions  were 

made and these  w i l l  b e  d i scussed .  -These  obse rva t ions  w i l l  t hen  be  used 

' t o  propose some mechanisms t h a t  may be r e s p o n s i b l e  f o r  t h e  c racking .  

The s u r v e i l l a n c e  samples inc luded  two h e a t s  of material t h a t  w e r e  

c a r r i e d  throughout t h e  program and removed p e r i o d i c a l l y  f o r  examination 

and t e s t i n g .  The samples were u s u a l l y  s l i g h t l y  d i s c o l o r e d ,  b u t  t h e r e  

w a s  no evidence of co r ros ion  beyond t h e  slow rate  of chromium removal, 

i n d i c a t e d  by the  a n a l y s i s  of t h e  sa l t  t o  be  equ iva len t  t o  removing a l l  

t h e  chromium t o  a depth of only 0.4 mil  o r  by t h e  microprobe t o  be  a 

concen t r a t ion  g r a d i e n t  i n  t h e  th imble  ex tending  t o  a depth of 20 pm 

(0.8 m i l ) .  

formed t o  depths  of a few mils. The frequency of c racking  inc reased  wi th  

t i m e ,  b u t  t he  maximum depth d i d  no t  i n c r e a s e  d e t e c t a b l y  (Table  7 ) .  

When t h e  samples were deformed a t  25OC, i n t e r g r a n u l a r  c racks  

Examination of s e v e r a l  components showed t h a t  sha l low i n t e r g r a n u l a r  

c r acks  were p r e s e n t  i n  a l l  materials that  had been exposed t o  f u e l  s a l t .  

The s ta t i s t ics  on t h e  number and depth  of c r acks  are given i n  Table  15 

along wi th  t h e  tellumium concen t r a t ions  based on t h e  chemical ana lyses  

i n  Table  1 4 .  Very t h i n  s u r f a c e  c racks  were o f t e n  noted when t h e  va r ious  

components were removed from t h e  MSRE. This  w a s  p a r t i c u l a r l y  t r u e  of t h e  

h e a t  exchanger tubing.  Samples from t h e  pump bowl where t h e r e  w a s  a 

l i q u i d  i n t e r f a c e  gave an oppor tun i ty  t o  observe  t h e  dec rease  i n  c rack  

s e v e r i t y  i n  t r a v e r s i n g  from t h e  l i q u i d  t o  t h e  gas reg ion .  All of t h e  

s u r f a c e s  t h a t  were exposed t o  f u e l  s a l t  were coa ted  wi th  f i s s i o n  products .  

E l e c t r o l y t i c  s e c t i o n i n g  showed t h a t  t h e  f i s s i o n  products  p e n e t r a t e d  a ' 

few mils i n t o  the  metal, b u t  i t  i s  n o t  d e f i n i t e  whether  they had d i f f u s e d  

i n t o  t h e  m e t a l  o r  whether  they had p l a t e d  on t h i n  i n t e r g r a n u l a r  c racks .  

Chemical ana lyses  on a sample t h a t  w a s  ox id ized  t o  p a s s i v a t e  t h e  s u r f a c e  

and s t r a i n e d  t o  expose t h e  reactive cracked reg ions  showed t h a t  t h e  

cracked reg ions  were en r i ched  i n  T e ,  C e ,  Sb, S r ,  C s ,  S ,  and P. The only 

sample t h a t  showed a d e f i n i t e  dependence of c rack  s e v e r i t y  on f i s s i o n  
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Table 15. Crack Formation i n  Various Samples from t h e  MSRE S t r a i n e d  a t  25OC 
(>5OO0C f o r  30,807 h r  and Exposed t o  F i s s i o n  Products  24,500 h r )  

Cracks Depth (mi l s )  
Sample Descr ip t ion  Counted Per  I n c h '  Av M a x  

127Yea 
A t  oms / cm2. 

b T o t a l  T e  
Atoms /cm2 

Exp os  e d t h  imb 1 e 

Thimble under s p a c e r  sleeve 

Thimble s p a c e r ,  Outer Sur face  

Thiinb l e  s p a c e r ,  I n n e r  Surf ace 

Mist s h i e l d ,  i n s i d e  vapor 

M i s t  s h i e l d ,  i n s i d e  l i q u i d  

M i s t  s h i e l d ,  o u t s i d e  vapor 

M i s t  s h i e l d ,  o u t s i d e  l i q u i d  

Sampler cage rod,  vapor 

Sampler cage rod,  vapor 

Sampler cage rod ,  l i q u i d  

Sampler cage rod, l i q u i d  

Freeze valve 105 

. _  9 1  

148 

88 

10 6 

47 

33 . ;  

80 . 

54 

100 

170 

102 

131 

131 

19 2 

25 7 

178 

202 

19 2 

150 

363 

300 

143 

237 

165 

238 

2 40 

5.0 

4 .O 

3.0 

3.0 

1 .o 
4.0 

4 .O 

3.0 

2.5 

3.2 

3.7 

7.5 

0.75 

x 1015 x 1017 

2.9,2.9 8.0 1.8,1.8 

8.0 . .  0.59 , O .  46 0.95,O. 74 

5.0 7 - 0  1 
2 .o 
6.5 

5.0 

5.0' 

5 .0  

10.0 

10.0 

12.5 

1 .0 ,2 .8  1.6.4.5 

1 . 5  0.04 0.06 

0.55 0.89 

~ ~~ 

%easured. 

bCalcula ted  from measured 127mTe, r e l a t i v e  i s o t o p i c  r a t i o s ,  and h a l f  l i f e  of  127mTe. 
C One crack  was 12 mils deep, n e x t  l a r g e s t  w a s  5 mils. 
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product  concen t r a t ion  w a s  t h e  one from FV 105. The f i s s i o n  product  con- 

c e n t r a t i o n s  were gene ra l ly  less than  on t h e  o t h e r  samples by an o r d e r  of 

magnitude (Table 14 )  and the  c racks  w e r e  very sha l low (Fig .  104) .  

P o s s i b l e  Mechanisms 

These obse rva t ions  raise s e v e r a l  impor tan t  ques t ions  i n c l u d i n g  the  

cause of t he  c racking  and how r a p i d l y  t h e s e  c racks  propagate .  Unfortu- 

n a t e l y ,  t h e  informat ion  obta ined  from t h e  MSRE and t h e  i n - r e a c t o r  loops 

is only s u f f i c i e n t  t o  a l low s p e c u l a t i o n  on t h e s e  q u e s t i o n s ,  and f u r t h e r  

experiments such as those  summarized i n  t h e  next  s e c t i o n  w i l l  b e  r equ i r ed  

f o r  complete eva lua t ion .  

The f i r s t  mechanism t h a t  must b e  cons idered  i s  t h a t  t h e  c rack ing  i s  

due t o  some form of co r ros ion .  The most l i k e l y  form of c o r r o s i o n  under 

the  MSRE o p e r a t i n g  cond i t ions  would b e  t h e  s e l e c t i v e  removal of chromium 

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

2UF1+(salt)  + Cr(meta1) * C r F z ( s a l t )  + 2UF3 ( sa l t )  .* 
Some i m p u r i t i e s  i n  the  s a l t ,  p a r t i c u l a r l y  a t  t h e  beginning  of o p e r a t i o n  

wi th  2 3 3 U ,  would have removed chromium from t h e  metal by r e a c t i o n s  such 

as 

FeF2 ( s a l t )  + Cr(meta1) * CrF2 ( s a l t )  + Fe(depos i ted)  

NiF2(sa l t )  + Cr(meta1) * CrF2 ( s a l t )  + Ni(depos i ted)  

The n e t  r e s u l t  of a l l  of t h e  co r ros ion  r e a c t i o n s  is  t h a t  chromium 

i s  s e l e c t i v e l y  removed from t h e  m e t a l .  This  process  is  c o n t r o l l e d  by 

the  d i f f u s i o n  of chromium t o  t h e  s u r f a c e  of t h e  m e t a l ,  where i t  is a v a i l -  

a b l e  f o r  r e a c t i o n .  

i n  INOR-8, and h i s  measurements can be  used t o  c a l c u l a t e  t h e  depth t o  which 

DeVan31 measured t h e  rate of d i f f u s i o n  of  chromium 

*It is u n l i k e l y  t h a t  t h e  s a l t  w a s  eve r  o x i d i z i n g  enough t o  form 
f l u o r i d e s  of N i  and Mo. Even i f  t h i s  had occurred ,  metal would be  
uniformly removed. As t h e  sa l t  becaple less o x i d i z i n g ,  t h e  less s t a b l e  
f l u o r i d e s  of N i ,  M o ,  and Fe would react w i t h  C r  i n  t h e  a l l o y .  It is 
l i k e l y  t h a t  t h e  C r  would r e s i d e  i n  t h e  s a l t  as CrF2 and t h a t  t h e  o t h e r  
metals would be depos i t ed  i n  t h e  metall ic form.) 
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chromium could  have been removed. The most extreme case  would occur  when 

. 

t h e  chromium concen t r a t ion  a t  t h e  s u r f a c e  w a s  maintained a t  zero  s o  t h a t  

t h e  d r i v i n g  f o r c e  f o r  chromium d i f f u s i o n  toward the  s u r f a c e  would be  a 

maximum. 

assumption of zero  s u r f a c e  concen t r a t ion  and t h e  measured d i f f u s i o n  co- 

e f f i c i e n t  of 1.5 x 

The measured chromium p r o f i l e  f o r  t h e  thimble (F ig .  66) showed d e p l e t i o n  

t o  a depth of only 0.8 m i l  (0.0008 i n . )  which is  somewhat less than t h e  

c a l c u l a t e d  d e p l e t i o n  depth shown i n  F ig .  1 1 2 .  However, t h e  assumption 

of zero  concen t r a t ion  of chromium used i n  c a l c u l a t i n g  t h e  curves i n  Fig.  

1 1 2  is too s e v e r e ,  and i t  is  r easonab le  t h a t  t h e  measured chromium deple-  

t i o n  p r o f i l e s  would b e  less than those  c a l c u l a t e d .  The rate of  d i f f u s i o n  

a long  g r a i n  boundar ies ,  as w e  w i l l  d i s c u s s  more i n  d e t a i l  la ter ,  is  more 

r a p i d  than through t h e  g r a i n s .  Thus, t h e  depth of chromium d e p l e t i o n  

along the  g r a i n  boundaries  could be  much g r e a t e r  than t h e  0.8 m i l  measured 

w i t h i n  the  g r a i n s .  

The c a l c u l a t e d  chromium concen t r a t ion  p r o f i l e s  based on t h e  

cm2/sec are shown i n  Fig.  1 1 2  f o r  va r ious  t i m e s .  

The ev idence  t h a t  has  j u s t  been examined shows t h a t  t h e  chromium 
. .  

could be dep le t ed  along t h e  g r a i n  boundaries  t o  depths  approaching those  

of t he  observed c racks .  However, two s i g n i f i c a n t  p i eces  of evidence sug- 

g e s t  t h a t  chromium d e p l e t i o n  a lone  does no t  cause t h e  c racking .  F i r s t ,  

thousands of hours of loop co r ros ion  tests w e r e  run  involv ing  s e v e r a l  

f l u o r i d e  salts  and INOR-8, wi th  no i n t e r g r a n u l a r  c r acks  be ing  ob- 

se rved .  32 ’ 
d e p l e t i o n  could not  be  d e t e c t e d  i n  samples from t h e  MSRE h e a t  exchanger 

and i n  the  s e c t i o n  of t h e  c o n t r o l  rod thimble under a s p a c e r  s l e e v e .  

However, t h e s e  samples w e r e  cracked as s e v e r e l y  as those  ( e . g . ,  t h e  b a r e  

c o n t r o l  rod th imble)  i n  which chromium d e p l e t i o n  w a s  d e t e c t a b l e  (Table 15) .  

Thus, i t  seems u n l i k e l y  t h a t  chromium d e p l e t i o n  a lone  can account f o r  t h e  

observed cracking .  

’ 34 The second and most convincing ev idence  is  t h a t  chromium 

Another mechanism t o  b e  considered is  t h e  d i f f u s i o n  of some e lement (s )  

i n t o  the  material, p r e f e r e n t i a l l y  a long  t h e  g r a i n  boundar ies .  A r e a c t i o n  

of t h i s  type  could cause (1) t h e  formation of a compound t h a t  is  very 

b r i t t l e ,  o r  (2) a change i n  composition a long  t h e  g r a i n  boundaries  s o  

t h a t  they are l i q u i d ,  o r  s o l i d  b u t  very weak. Some deformation would 

l i k e l y  be needed t o  form t h e  c racks  i n  a l l  cases .  
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It is extremely impor tan t  t h a t  t h e  element(s)  r e s p o n s i b l e  f o r  t h e  

c racking  be i d e n t i f i e d  and t h e  mechanism determined.  Examination of t h e  

a n a l y t i c a l  d a t a  i n  Tables  13 and 14  shows t h a t  a l l  of t h e  f i s s i o n  products  

w i th  s u f f i c i e n t  h a l f - l i v e s  t o  b e  d e t e c t a b l e  a f t e r  2 y e a r s  were p r e s e n t .  

The d a t a  on t h e  sample t h a t  w a s  p reoxid ized  show enrichments  i n  s e v e r a l  

f i s s i o n  products  as w e l l  as s u l f e r  and phosphorus. These d a t a  o f f e r  some 

i n d i c a t i o n  of t h e  elements  t h a t  are p r e s e n t ,  b u t  t h e  d e t e c t i o n  l i m i t s  on 

t h e  nonradioac t ive  elements  w e r e  no t  s u f f i c i e n t l y  low t o  ensure  t h a t  

some of t h e  s t a b l e  f i s s i o n  products  w e r e  no t  p r e s e n t  i n  even l a r g e r  con- 

c e n t r a t i o n s  than  t h e  r a d i o a c t i v e  elements .  

Thus, i t  seemed p r o f i t a b l e  t o  look  a t  a l l  of t h e  elements  i n  t h e  

f i s s i o n  spectrum wi th  s u f f i c i e n t  h a l f - l i f e  t o  d i f f u s e  i n t o  t h e  m e t a l .  

P o s s i b l e  e f f e c t s  of t h e s e  elements’ on INOR-8 are l i s t e d  i n  Table  16. 

Many f a c t o r s  may be  impor t an t ,  b u t  only t h e  informat ion  t h a t  w e  f e l t  

t o  be  most r e l e v a n t  has  been inc luded .  Bieber  and Decker35 have summa- 

r i z e d  the  obse rva t ions  on pure N i  and Wood and have examined t h e  

e f f e c t s  of s e v e r a l  e lements  on r e l a t i v e l y  complex niobium-base a l l o y s .  

The thermodynamic p r o p e r t i e s  and t h e  behavior  i n  t h e  s a l t  have been 

accumulated by W .  R. G r i m e s  e t  a137 from t h e  l i t e r a t u r e ,  r e s e a r c h ,  and 

s t u d i e s  of the  MSRE. Seve ra l  p i eces  of in format ion  are a v a i l a b l e  from 

our  c u r r e n t  r e sea rch  and w i l l  be  summarized i n  t h e  next  s e c t i o n .  

The elements s u l f u r  and selenium have d e t r i m e n t a l  e f f e c t s  under 

some tests c o n d i t i o n s ,  b u t  T e  has  had a more pronounced e f f e c t  i n  a l l  

types  of tests run  t o  d a t e .  These t h r e e  elements  form r e l a t i v e l y  un- 

s table  f l u o r i d e s  and would l i k e l y  b e  depos i t ed  on the  m e t a l  and g r a p h i t e  

s u r f a c e s .  Also A s ,  Sb, and S r  would b e  depos i t ed ,  b u t  no d e l e t e r i o u s  

e f f e c t s  of t h e s e  elements  on t h e  mechanical p r o p e r t i e s  of n i c k e l  a l l o y s  

have been noted.  

s a l t ,  depending on t h e  ox ida t ion  s t a t e  of t h e  s a l t .  

ments are r epor t ed  t o  b e  i n s o l u b l e  i n  n i c k e l  and w e  have no t  observed 

any d e l e t e r i o u s  e f f e c t s  i n  our  test .  Although Ru, T c ,  Mo, and Rh should  

Zinc and cadmium may be  depos i t ed  o r  p re sen t  i n  t h e  

Both of t h e s e  ele- 

be  depos i t ed ,  w e  have seen  no d e l e t e r i o u s  e f f e c t s  i n  ou r  tests. Since  

Z r ,  S r ,  C s ,  and C e  form very s t a b l e  f l u o r i d e s ,  they should remain i n  t h e  

s a l t .  We have no ev idence ,  p o s i t i v e  o r  n e g a t i v e ,  on t h e  e f f e c t s  of s t r o n -  

t ium and cesium on t h e  mechanical behav io r ,  b u t  w e  p r e s e n t l y  f e e l  t h a t  



Table  1 6 .  P o s s i b l e  E f f e c t s  of  S e v e r a l  Elements  on t h e  Cracking  o f  H a s t e l l o y  N a  

F ree  Energy 
E f f e c t  on E f f e c t  on of  Formation Expected E f f e c t  on E f f e c t  on M e l t i n g  Concent ra ted  Vapor and 

Element P o i n t  Near Cracks E l e c t r o p l a t e d  T e n s i l e  P r o p e r t i e s  Creep Pr 'oper t ies  T e n s i l e  P r o p e r t i e s  Creep P r o p e r t i e s  of  F l u o r i d e  Loca t ion  Overa l l  
("C) Spe cimensb of Nicke lC on Nicke l  Al loyd  of H a s t e l l o y  N b  of  H a s t e l l o y  N b  a t  1000°K o f  Rat ing  

(kca l /mole  F)e Element 

S 

Se 

Te 

As 

Sb 

Sn 

Zn 

,Cd 

Ru 

Tc 

Nb 

Z r  

Mo 

Sr 

cs 
Ce 

Rh 

119 

217 

450 

817 

630 

232 

420 

32 1 
2500 

2130 

2 4 6 6  

1852 

2610.  

768 

29 

80 4 

1966 

+ 

+ 
+ 

- -  
+ 
+ 

+ 
- 
+ 
+ 
+ 
+ 
+ 

+ 
- 
+ 

+ 
+ 
- 
+ 
+ 
+ 

+ 
+ 
+ 
f 

+ 

+ 
+ 

- 
- 
- 

+ 
+ 
+ 

+ 
+ 
+ 
+ .  
+ 

+ 
+ 

-34 

-2 7 

-39 

-62 

-55 . 
-60 

-68 

-64 

- 5 1  

-46 

-70 

-99 

-57 

-125 

-106 

-120 

-42 

Depos i tedf  - 
Deposi ted - 
Depos i ted  - - 
Deposi ted + 
Deposi ted + 
Deposi ted + 

g 

g + 
Deposi ted fc 

Deposi ted fc 

f4 +t 

S a l t  + 
Deposi ted fc 

S a l t  

S a l t  

S a l t  + 
Deposi ted + 

aThe symbols used i n  t h i s  t a b l e  should  be  i n t e r p r e t e d  i n  t h e  f o l l o w i n g  way: 

b R e s u l t s  of c u r r e n t  r e s e a r c h .  

' C . , G .  Bieber  and R. F. Decker ,  "The Mel t ing  of  Mal leable  Nicke l  and Nicke l  A l l o y s , "  Trans. A I M  3, 629 ( 1 9 6 1 ) .  

dD. R. Wood and R.  M. Cook, " E f f e c t s  of  Trace  Contents  of Impur i ty  Elements on the  Creep-Rupture P r o p e r t i e s  of Nickel-Base Elements," MetaZlurgia 

e P r i v a t e  communicat ion,  W. R. Grimes, OWL. 

fMay appear  as 142s i f  HF c o n c e n t r a t i o n  of m e l t  is a p p r e c i a b l e .  

gMay appear  i n  s a l t  i f  s a l t  mix ture  i s  s u f f i c i e n t l y  o x i d i z i n g .  

A 'I+" r e f e r s  t o  good b e h a v i o r  and a "-" i n d i c a t e s  d e t r i m e n t a l  e f f e c t s .  

- 7 ,  1 0 9 ,  ( 1 9 6 3 ) .  

, . 
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. t h e s e  elements w i l l  s t a y  i n  t h e  s a l t  and no t  e n t e r  t h e  metal. Zirconium 

and cerium do not  have adverse  e f f e c t s  when added t o  INOR-8. Niobium 

can be i n  t h e  s a l t  o r  depos i t ed ,  bu t  i t  has  very f avorab le  e f f e c t s  on t h e  

mechanical p r o p e r t i e s .  Thus, a l though some e x p l o r a t o r y  work remains,  i t  

appears  t h a t  t h e  c rack ing  could b e  caused by t h e  inward d i f f u s i o n  of ele- 

ments of t h e  S ,  S e ,  T e  f ami ly ,  w i t h  t e l l u r i u m  having  t h e  most adverse  

e f f e c t s  i n  t h e  experiments run  t o  d a t e .  Our s t u d i e s  have concent ra ted  

on T e  on t h e  b a s i s  t h a t  T e  has  had t h e  most adverse  e f f e c t s .  Because 

t h e s e  elements a l l  behave s i m i l a r l y ,  an unders tanding  of how t e l l u r i u m  

causes c racking  should  l e a d  t o  an unders tanding  of t h e  r o l e  of t h e  o t h e r  

elements i n  t h e  c rack ing .p rocess  as w e l l .  

POST-MSRE STUDIES 

S ince  t h e  s u r v e i l l a n c e  samples and p a r t s  of t h e  MSRE were examined, 

numerous l a b o r a t o r y  experiments have been conducted i n  an  e f f o r t  t o  b e t t e r  

understand t h e  cause  of t h e  c racking  and i t s  e f f e c t s  on t h e  o p e r a t i o n  of 

a r e a c t o r .  Most of our  work has  concen t r a t ed  on t h e  f i s s i o n  product  

t e l l u r i u m ,  and t h e  r a t i o n a l e  f o r  t h i s  cho ice  w a s  d i scussed  i n  t h e  prev ious  

s e c t i o n .  The experiments f a l l  i n t o  t h e  g e n e r a l  c a t e g o r i e s  of (1) c o r r o s i o n  

i n  s a l t ,  (2)  exposure t o  s e v e r a l  f i s s i o n  p roduc t s  t o  compare t h e  tendencies  

t o  produce c r a c k s ,  (3)  d i f f u s i o n  of T e ,  and ( 4 )  experiments w i th  an a p p l i e d  

stress. 

an e f f o r t  t o  b e t t e r  understand t h e  c rack ing  phenomenon and t o  f i n d  a mate- 

r i a l  t h a t  is more r e s i s t a n t  t o  c racking .  These experiments are con t inu ing  

and only t h e  most impor tan t  f i n d i n g s  w i l l  be summarized i n  t h i s  r e p o r t .  

, 

These experiments have involved materials o t h e r  than INOR-8 i n  

Co r r o s  ion' Experiments 

Arguments have a l r eady  been p resen ted  t h a t  i n d i c a t e  our b e l i e f  t h a t  

t h e  i n t e r g r a n u l a r  c r ack ing  i n  t h e  MSRE could no t  have been due s o l e l y  t o  

chromium d e p l e t i o n .  

t i o n  loop con ta in ing  a f u e l  s a l t  had opera ted  f o r  about 30,000 h r  w i t h  a 

very  low c o r r o s i o n  rate. 

c reased  by two a d d i t i o n s  of 500 ppm FeF2, and t h e  specimens were examined 

We d i d  run  one f u r t h e r  experiment.  A thermal convec- 

The ox ida t ion  p o t e n t i a l  of t h e  s a l t  w a s  i n -  
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p e r i o d i c a l l y .  

boundary a t t a c k  occur red ,  b u t  t h e  g r a i n  boundar ies  d i d  n o t  c r ack  when t h e  

c o r r o s i o n  samples from t h e  loop  were deformed. 

The c o r r o s i o n  ra te  inc reased  and some s e l e c t i v e  g r a i n  

Thus, we conclude t h a t  c o r r o s i o n  a l o n e  cannot account f o r  t h e  ob- 

se rved  cracking .  However, chromium d e p l e t i o n  by c o r r o s i o n  could  make t h e  

material more s u s c e p t i b l e  t o  c rack ing  by t h e  inward d i f f u s i o n  of f i s s i o n  

p roduc t s ,  and t h i s  w i l l  b e  d i s c u s s e d . l a t e r  i n  more d e t a i l .  

Exposure t o  F i s s i o n  Products  

Three types  of experiments have been run  i n  which samples are exposed 

t o  f i s s i o n  products :  (1) exposure of mechanical p rope r ty  samples t o  vapors 

of f i s s i o n  p roduc t s ,  (2) e l e c t r o p l a t i n g  t e l l u r i u m  on mechanical p rope r ty  

samples,  and (3)  s tudy ing  t h e  mechanical p r o p e r t i e s  of a l l o y s  t h a t  c o n t a i n  

small a l l o y i n g  a d d i t i o n s  of the f i s s i o n  p roduc t s .  S u l f u r  h a s  been inc luded  

i n  t h i s  work even though i t  is no t  a f i s s i o n  p roduc t ,  s i n c e  i t  i s  i n t r o -  

duced i n  a r e a c t o r  by l u b r i c a n t  i n l eakage  and is repu ted  t o  b e  d e t r i m e n t a l  

t o  n icke l -base  a l l o y s .  

The experiments w i t h  f i s s i o n  product  vapors have inc luded  S ,  Se,  T e ,  

12, As, Sb,  and Cd. These materials have s u f f i c i e n t  vapor p r e s s u r e  a t  

650°C t o  t r a n s p o r t  t o  mechanical p r o p e r t y  samples.  

annealed i n  a q u a r t z  capsu le  w i t h  each f i s s i o n  product  f o r  v a r i o u s  t i m e s  

a t  650°C, deformed a t  25"C, and s e c t i o n e d  f o r  me ta l log raph ic  examination. 

The samples were 

Examination of t h e  samples exposed i n  t h i s  way h a s  r evea led  s e v e r a l  

impor tan t  f a c t s .  c 

. .  ., 
1. Of t h e  samples of INOR-8,  t ype  304L s t a i n l e s s  s teel ,  and n i cke l -  

200 exposed t o  a l l  seven  elements f o r  2000 h r  a t  650°C, only  INOR-8 and 

n i cke l .  200 exposed t o  t e l l u r i u m  had i n t e r g r a n u l a r  c r acks  a f t e r  deformation 

a t  25°C. 

2. The c racks  produced i n  INOR-8  by exposure t o  t e l l u r i u m  look  q u i t e  

similar t o  those  formed i n  t h e  material from t h e  MSRE (Fig.  113). 

3. Exposure t o  t e l l u r i u m  ove r  t h e  tempera ture  range of 550 t o  700°C 

and c o n c e n t r a t i o n  range of two o r d e r s  of magnitude showed t h a t  t h e  s e v e r i t y  

of c r ack ing  i n  INOR-8 and n i c k e l  200 i n c r e a s e d  w i t h  i n c r e a s i n g  tempera ture  

and t e l l u r i u m  concen t r a t ion .  Type 304L s t a i n l e s s  s teel  d i d  n o t  c rack  

under any of t h e  c o n d i t i o n s  i n v e s t i g a t e d .  
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MSRE Thimble - 31,000 hr in Fuel Salt at 650°C 

Vapor Plated with 5.4 x 10l8 atoms/cm2 of Te 
Annealed 1000 hr at 650°C 

Fig. 113. Samples of INOR-8 Strained to Failure at 25°C. The 
upper photograph was made of a piece of the MSRE thimble. 
side was exposed to fuel salt and cracked when strained. The lower 
side was exposed to the cell environment and the oxide that formed 
cracked during straining. 

The lower specimen was exposed to tellurium vapor on both sides 
and deformed. The cracks are similar to those formed on the surface 
of the upper sample that had been exposed to fuel salt. 

The upper 
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4 .  Inconel  600 and a h e a t  of INOR-8 modified wi th  2% T i  showed less 

seve re  c racking  than  INOR-8 under similar exposure c o n d i t i o n s .  

About 60 commercial a l l o y s  have been e l e c t r o p l a t e d  w i t h  t e l l u r i u m  t o  

compare t h e  r e l a t i v e  tendencies  t o  form i n t e r g r a n u l a r  c r acks .  One s e t  of 

samples w a s  annealed f o r  1000 h r  a t  65OOC and t h e  o t h e r  set w a s  annealed 

200 h r  a t  700OC. The materials inc luded  cons i s t ed  of (1) i r o n  and sever -  

a l  s t a i n l e s s  steels,  (2)  n i c k e l  and s e v e r a l  n icke l -base  a l l o y s ,  (3) copper 

and monel, ( 4 )  two cobal t -base a l l o y s ,  and (5) s e v e r a l  h e a t s  of INOR-8 

wi th  modified chemical composi t ions.  

welded i n  a metal capsu le ,  evacuated and b a c k f i l l e d  wi th  argon,  and 

welded c losed .  The environment w a s  impure enough t h a t  some oxides  w e r e  

de t ec t ed  by x r a y s ,  and t h e  r e s u l t s  may be in f luenced  by t h e  presence 

of t he  oxide.  The samples  were deformed a t  25°C and examined metal- 

l o g r a p h i c a l l y  t o  determine whether c racks  were p r e s e n t .  

The samples were e l e c t r o p l a t e d ,  

The r e s u l t s  of t h e  two experiments  were q u i t e  c o n s i s t e n t  and several 

important  observa t ions  were made. 

1. Cracks d id  not  form i n  any of  t h e  i ron-base a l loys . .  

2. Nicke l ,  Has t e l loy  B (1% Maximum C r ) ,  Has t e l loy  W (5% C r ) ,  and 

INOR-8 (7% Cr) formed c racks ,  b u t  s e v e r a l  a l l o y s  con ta in ing  15% o r  more 

C r  d id  not  c rack  (e .g . ,  Inconel  600, Has te l loy  C y  and Has te l loy  X). 
3 .  Copper and Monel d id  not  c rack .  

4 .  The two cobal t -base a l l o y s  conta ined  about 20% C r  and d i d  no t  

crack.  

5 .  Severa l  of t h e  modif ied h e a t s  of INOR-8 cracked less s e v e r l y  

than the  s t anda rd  a l l o y .  The b e t t e r  a l l o y s  seemed t o  c o n t a i n  more niobium, 

al though t h e r e  were u s u a l l y  o t h e r  a d d i t i o n s  a l s o .  Two a l l o y s  con ta in ing  

2% Nb d id  not  have any cracks .  

The r e s u l t s  of t h e  two types  of experiments ,  one exposing t h e  mater- 

i a l  t o  f i s s i o n  product  vapors  and t h e  o t h e r  t o  e l e c t r o p l a t e d  ' t e l l u r ium,  

gene ra l ly  agree .  Not a l l  of t h e  a l l o y s  have been t e s t e d  by both  methods. 

S m a l l  m e l t s  have been made con ta in ing  nominal a d d i t i o n s  of 0.01% 

each of S ,  Se, T e ,  S r ,  T c ,  Ru, Sn, Sb, and A s .  Tests on t h e s e  a l l o y s  

show no measurable e f f e c t s  on t h e i r  mechanical p r o p e r t i e s  a t  25OC. I n  
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. 

. 

c reep  tes ts  a t  65OOC only S ,  S e ,  and T e  have d e l e t e r i o u s  e f f e c t s .  These 

elements reduce t h e  r u p t u r e  l i f e  and t h e  f r a c t u r e  s t r a i n .  Alloys con- 

t a i n i n g  s u l f u r  and t e l l u r i u m  have been made w i t h  and wi thou t  chromium. 

The e f f e c t s  of s u l f u r  and t e l l u r i u m  are more d e l e t e r i o u s  when chromium 

is not  p r e s e n t .  This  sugges t s  a p o s s i b l e  t i e  between co r ros ion  by se- 

l e c t i v e  chromium removal and i n t e r g r a n u l a r  c r ack ing  due t o  t e l l u r i u m .  

The reg ions  dep le t ed  i n  chromium should  b e  much less t o l e r a n t  of  tel- 

lur ium than those  con ta in ing  chromium. 

Di f fus ion  of T e  

The rate of d i f f u s i o n  of t e l l u r i u m  i n  INOR-,, n i cke  200, and type  

304L s t a i n l e s s  steel  has  been measured. 

s m a l l  i n  some samples,  b u t  t h e  d a t a  g e n e r a l l y  g i v e  t h e  bu lk  and g r a i n  

boundary d i f f u s i o n  c o e f f i c i e n t s  a t  65OOC and 76OOC a c c u r a t e l y  enough t o  

make p r e d i c t i o n s  of t h e  depth  of p e n e t r a t i o n  i n  s e r v i c e .  The depth  w a s  

very  shallow i n  type  304L s t a i n l e s s  s teel ,  a t  least  t w i c e  as deep i n  

INOR-8, and many t i m e s  g r e a t e r  i n  n i c k e l  200. 

The p e n e t r a t i o n  depths  w e r e  q u i t e  

The F i s h e r  model f o r  g r a i n  boundary d i f f u s i o n  relates t h e  depth  of 

p e n e t r a t i o n  t o  t h e  d i f f u s i o n  t i m e  t o  t h e  one-fourth power.38 Thus, t h e  

i n c r e a s e  i n  the  depth  of p e n e t r a t i o n  f o r  a system a t  tempera ture  f o r  30 

yea r s  (an MSBR) i s  only 1.8 t i m e s  as g r e a t  as t h a t  f o r  a system a t  t e m -  

p e r a t u r e s  f o r  t h r e e  y e a r s  ( t h e  E R E ) .  However, t h e s e  c a l c u l a t e d  va lues  

are lower l i m i t s  and make no allowance f o r  t h e  d i f f u s i o n  f r o n t  advancing 

as i n t e r g r a n u l a r  c r acks  form and propagate.  

Experiments w i t h  an Applied S t r e s s  

. 

Severa l  types  of experiments w i t h  a n  a p p l i e d  stress have been run .  

One i s  a s t a n d a r d  c reep  test w i t h  t h e  sample  i n  an environment of argon 

and t e l l u r i u m .  

where i t  w i l l  have a vapor p r e s s u r e  of  aobut 0 .5  t o r r .  

badly  a t  65OOC a t  r e l a t i v e l y  h igh  stress l e v e l s .  The c racks  extend 35 

mils, compared w i t h  about 5 mils i n  t h e  tests t h a t  were s t r e s s e d  a f t e r  t h e  

The t e l l u r i u m  is p rep laced  i n  a q u a r t z  v i a l  a t  a l o c a t i o n  

INOR-8 c r acks  very  

. ,  
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exposure t o  t e l lu r ium.  

p rogres s  s e v e r a l  thousand hours .  Type 304L s t a i n l e s s  s teel ,  nickel-200,  

and Inconel  600 have been i n  test s e v e r a l  thousand hour s ,  b u t  have not  

been examined m e t a l l o g r a p h i c a l l y .  

Tests nea r  reasonable  des ign  stresses have been i n  

The r e a c t i o n  products  of  t e l l u r i u m  w i t h  

nickel-200 and I N O R - 8  are b a s i c a l l y  n i c k e l  t e l l u r i d e s ,  b u t  t h e  only  d e t e c t -  

a b l e  product  on s ta in less  steel is  an oxide of t h e  Fe304 type .  

Tube b u r s t  tests of I N O R - 8  were run  w i t h  t h e  o u t s i d e  of t h e  tubes  

i n  hel ium o r  s a l t  environments.  

w i th  t e l l u r i u m  be fo re  t e s t i n g .  The test environment had no d e t e c t a b l e  

e f f e c t ,  bu t  t h e  tubes  p l a t e d  w i t h  t e l l u r i u m  f a i l e d  i n  s h o r t e r  t i m e s  than  

those  not  p l a t e d .  

c racks  about 10 mils deep a long  almost every g r a i n  boundary of t h e  p l a t e d  

specimens. Some of t h e  s t a i n l e s s  steel tubes  are s t i l l  i n  t es t ,  b u t  t h e  

Some of t h e  tubes  were e l e c t r o p l a t e d  

Meta l lographic  examinat ion r evea led  i n t e r g r a n u l a r  

rup tu re  l i v e s  of those  t h a t  have f a i l e d  are e q u i v a l e n t  f o r  p l a t e d  and 

unpla ted  specimens. 

The o t h e r  type of s t r e s s e d  test t h a t  has  been run  is one w i t h  con- 

t r o l l e d  s t r a i n  l i m i t s .  Thermal stresses commonly occur  i n  components 

such as h e a t  exchangers where h igh  h e a t  f l u x e s  develop and t r a n s i e n t s  

are f r equen t .  Thermal s t r a i n s  of +0.3% are a n t i c i p a t e d  f o r  MSBR h e a t  

exchangers.  Our f i r s t  test has  u t i l i z e d  a Te-plated Has te l loy  N spec i -  

men s t r a i n e d  between limits of 20.16%. The r u p t u r e  l i f e  w a s  s h o r t e r  . 

than  a n t i c i p a t e d  on t h e  b a s i s  of tests w i t h  t e l l u r i u m ,  and numerour i n t e r -  

g ranu la r  c racks  were p r e s e n t  on t h e  o u t s i d e  where t h e  t e l l u r i u m  was p l a t e d .  

SUMMARY 

These tests show t h e  t e l l u r i u m  causes  t h e  formation of i n t e r g r a n u l a r  

c racks  i n  I N O R - 8  and t h a t  t h e s e  c racks  are deeper  i f  t h e  material i s  

s t r e s s e d  and exposed t o  t e l l u r i u m  s imul taneous ly  than  they would be  i f  

t h e  material were exposed t o  t e l l u r i u m  and then  s t r e s s e d .  Although t h e  

d i f f u s i o n  ra te  of t e l l u r i u m  i n  I N O R - 8  has  been 

stress i n  a c c e l e r a t i n g  c rack  propagat ion  makes 

of ques t ionab le  va lue  i n  e s t i m a t i n g  t h e  e x t e n t  

Only elements of t h e  S ,  Se,  and T e  family 

g ranu la r .  c racking  i n  I N O R - 8 .  

measured, t h e  r o l e  of 

t h e  d i f f u s i o n  measurements 

of c r ack ing  i n  s e r v i c e .  

were found t o  cause i n t e r -  
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Explora tory  experiments i n d i c a t e  t h a t  s e v e r a l  materials are more 

r e s i s t a n t  t o  i n t e r g r a n u l a r  c racking  than  INOR-8.  Iron-base a l l o y s ,  

copper,  and Monel seem completely r e s i s t a n t .  Nickel- o r  cobalt-base 

a l l o y s  wi th  about 20% C r  seem r e s i s t a n t ,  b u t  t h e  r e s u l t s  f o r  a l l o y s  such 

as Inconel  600 wi th  15% C r  are inconc lus ive .  Some modified compositions 

. of INOR-8 have e x h i b i t e d  improved r e s i s t a n c e  t o  c racking .  

The INOR-8 from t h e  MSRE, which had been exposed t o  f u e l  s a l t ,  w a s  

noted t o  con ta in  i n t e r g r a n u l a r  c racks  t o  depths  of a few m i l s .  These 

c racks  w e r e  v i s i b l e  i n  some materials i n  as -pol i shed  me ta l log raph ic  sec- 

t i o n s  as they w e r e  removed from t h e  MSRE. When t h e  samples  were deformed 

a t  room tempera ture ,  t h e  c racks  became more v i s i b l e  b u t  s t i l l  reached a 

l i m i t i n g  depth of about 10 m i l s .  The s e v e r i t y  of c r ack ing  could no t  b e  

r e l a t e d  wi th  t h e  amount of chromium removal b u t  w a s  most s e v e r e  a t  t h e  

l i q u i d  i n t e r f a c e  i n  t h e  pump bowl and least s e v e r e  i n  reg ions  of t h e  

pump bowl exposed t o  gas .  Samples were s e c t i o n e d  e l e c t r o c h e m i c a l l y ,  and 

some f i s s i o n  products  w e r e  found t o  depths  of s e v e r a l  m i l s ,  a l though i t  

w a s  no t  c l e a r  whether t h e  f i s s i o n  products  had d i f f u s e d  through t h e  metal 

t o  t h e s e  depths  o r  simply p l a t e d  on t h e  s u r f a c e s  of c racks  t h a t  a l r eady  

8 

e x i s t e d  . 
Not be ing  a b l e  t o  re la te  t h e  i n t e r g r a n u l a r  c r ack ing  t o  co r ros ion  

(chromium leach ing)  i n  e i t h e r  t h e  MSRE o r  i n  l a b o r a t o r y  experiments,  

w e  i n v e s t i g a t e d  t h e  p o s s i b l e  e f f e c t s  of f i s s i o n  products  on t h e  material. 

The MSRE had been s h u t  down and t h e  work w a s  cont inued  i n  l a b o r a t o r y  ex- 

periments.  This  work inc luded  t h e  exposure of INOR-8 t o  s m a l l  amounts 

of vapor o r  e l e c t r o p l a t e d  f i s s i o n  p roduc t s ,  t h e  s tudy  of s e v e r a l  a l l o y s  

w i t h  f i s s i o n  products  added, experiments w i t h  t e l l u r i u m  and an a p p l i e d '  

stress p resen t  s imul t aneous ly ,  and t h e  measurement of  t h e  d i f f u s i o n  of 

t e l l u r i u m  i n  INOR-8. These experiments have shown c l e a r l y  t h a t  of t h e  

many elements t e s t e d ,  only t e l l u r i u m  caused i n t e r g r a n u l a r  c racking  s i m -  

i l a r  t o  t h a t  noted i n  samples from t h e  MSRE. 

Severa l  o t h e r  materials were a l s o  inc luded  i n  t h e s e  experiements t o  

determine whether they  might be  more r e s i s t a n t  t o  embr i t t l ement  by t e l l u -  

rium. Seve ra l  a l l o y s ,  i nc lud ing  300 and 400 series s t a i n l e s s  steels, 

cobal t -  and n icke l -base  a l l o y s  con ta in ing  more than  15% C e ,  copper,  Monel, 
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and some modified compositions of INOR-8 are resistant to cracking in the 

tests run to date. Further work will be necessary to show unequivocally 

that these materials resist cracking in nuclear environments, including 

in-reactor capsule tests .' 

. 
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