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*' 
A program i s  current ly  underway a t  PNL t o  develop the  data needed t o  

J 

. . 
l icense  g " ~ r ~ 2  fo r  heat source applications,  A major portion of the program 

involves determining the  compatibility of g " ~ r ~ 2  with containment materials  

a t  elevated temperatures. The compatibil i ty s tudies  a r e  divided in to  two 

phases: an i n i t i a l  s e r i e s  of short-term scouting t e s t s  l as t ing  up t o  

4400 hr i n  which a number of containment materials  were evaluated', and a 

subsequent s e r i e s  of long-term t e s t s  in  which the three  best containment 

materials  iden t i f i ed  in the  short-term t e s t s  wil l  be tes ted f o r  up t o  

30,000 hr w i t h  W E S F - ~ ~ O ~ U C ~ ~ ~ ~ S ~ F ~ .  This repor t  summarizes the r e su l t s  of 

the f i r s t  phase t e s t s .  

The short-term t e s t s  were carried-out a t  temperatures of 800, 1000 and 

1100°C f o r  1500 and 4400 h r  using both radioactive and nonradioactive stron- 
t i u m  f luor ide .  Nine potential.  containment materials  were evaluated i n  the  
t e s t s :  two refractory metals (tungsten and TZM); two cobal t  base a l loys  

(Haynes Al.loy 25 and Haynes Alloy 188); and f i v e  nickel base a l loys  

( ~ a s t e l l o y  C-276, Hastelloy X, Hastelloy N y  Inconel 600 and Inconel 625). 

Test r e su l t s  show t h a t  both of the refractor-y metals a r e  very r e s i s t a n t  

t o  f luor ide  a t t ack ;  and tungsten and TZM specimens exposed t o  9 0 ~ r ~ 2  exhibited 

l i t t l e  o r  no a t tack.  Haynes Alloy 25 was t he  best  of the  Ni-and Co-base 

a l loys ,  but a t tack up t o  a depth of 0.004 in .  was observed in  some Haynes 

A1 loy 25 specimens exposed t o  9 0 ~ r ~ 2 . '  

Based on the  r e s u l t s  of the short-term compatibil i ty t e s t s  and several 

o the r ' f a c to r s ,  TZM, Haynes Alloy 25 and Hastelloy C-276,,the present WESF 

, cipsule  mater ia l ,  were selected f o r  long-term tes t ing  with g o ~ r ~ 2 .  
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THE CONTAINMENT OF 'OsrF2 AT 800 TO 1100°C 

PRELIMINARY RESULTS 

1.0 INTRODUCTION 

As p a r t  o f  the  waste management program a t  t he  Energy Research Develop- 

ment Admin i s t ra t i on ' s  (ERDA) Richland Operations complex, s t ron t i um i s  

separated from the  h igh - leve l  nuclear  fuel  reprocessing waste, converted t o  

the  f l u o r i d e ,  and doubly encapsulated i n  small h i g h - i n t e g r i t y  conta iners  

f o r  subsequent long-term storage under water. The f l u o r i d e  conversion, 

enca.psulation and s.torage takes p lace i n  the  Waste Encapsulat ion and Storage 

F a c i 1 i . t ~  (WESF), which i s  operated fo r  ERDA by the  A t l a n t i c  R i c h f i e l d  

Hanford Company (ARHCO) . 
The WESF ''srF2 capsules are  approximately 2-518 i n .  diameter by 20 i n .  

long. When f i l l e d  w i t h  fuel -grade s t ron t i um f l u o r i d e  o f  50 t o  55% 

i s o t o p i c  content,  the  capsules con ta in  i n i t i a l l y  about 150,000 C i  o f  90~ r .  

Th is  i s  equ iva len t  t o  a thermal ou tpu t  of about 1 kW/capsule. The dens i t y  

o f  t he  f l u o r i d e  i n  t he  capsule i s  approximately 75% of the  t h e o r e t i c a l  den- 
3 s i t y  and the power dens i t y  i s  approximately 1.1 Wlcm . 

The encapsulated s t ron t i um f l u o r i d e  represents an economical source o f  

i f  the WESF capsule can be l i censed  f o r  heat source app l i ca t i ons  under 

a n t i c i p a t e d  use cond i t ions .  Possib le a p p l i c a t i o n s  f o r  "srF2 heat sources 

' inc lude:  e l e c t r i c  power product ion  us ing  s t a t i c  and dynamic conversion 

systems, and' heat ing  o f  water and sewage systems i n  c o l d  regions.  

The St ron t ium Heat Source ~eve lopment  Program was s t a r t e d  a t  the  P a c i f i c  

Northwest Laboratory (PNL) i n  1973' t o  develop the  i n fo rma t ion  needed t o  per -  

m i t  1 i cens ing  o f  " S ~ F ~  sources, and more s p e c i f i c a l l y  the  WESF 'OsrF2 cap- 

sules, f o r  heat source app l i ca t i ons .  The program was sponsored, i n i t i a l l y  by 

the  f0rme.r Atomic Energy Commission ' s D i v i s i o n  o f  App l ied  Techno1 ogy (DAT) 

and subsequently by ERDA1s D i v i s i o n  of space Nuclear Systems (SNS). 



It was apparent a t  t he  s t a r t  of the  Stront ium Heat Source Development 

Program t h a t  considerable i n fo rma t ionw8s  needed before g o ~ r ~ q  sources could 

be 1 icensed. The program p lan  c a l l  s f o r  research s tud ies  extending i n t o  

FY-1980. The major areas o f .  research . inc lude:  

The. chemical and m e t a l l u r g i c a l  c o m p a t i b i l i t y  o f  containment ma te r ia l s  

w i t h  9 0 ~ r ~ 2  a t  e levated 'temperatures, 

Chemical and, phys ica l  p roper t i es  of g o ~ r ~ 2 ,  and the  e f fec ts  o f  i m p u r i t i e s  

, . on these proper t ies ,  

~ecessar -y  capsule proper ty  data. such as mechanical s t rength  and r e s i s -  

, t a n c e - t o  ex te rna l  corros ion.  

L icens ing o f  the  ' O S ~ F *  heat sources w i l l  r equ i re  assurance o f  conto in-  

ment o f  t he  9 0 ~ r ~ 2  dur ing  the  se rv i ce  l i f e  of t he  so'urce. The s e r v i c e  1 i f e  

can be r e l a t i v e l y  sho r t  i f  the  source i s ,  guaranteed r e t r i e v a b l e .  For 'the 

cases where the. source i s  i r r e t r i e v a b l e ,  o r  t he  more p r a c t i c a l  cases where 

r e t r i e v a b i l i t y  cannot be guaranteed, assurance must be provided t h a t  the  

g o ~ r ~ p  i s  adequately contained , u n t i l  t h e  decays t o  a n e g l i g i b l e  l e v e l .  

Since t h e  'OSr has a h a l f - l i f e  o f  approximately 29 years, a l a r g e  heat 

source would r e q u i r e  a .de.cay pe r iod  of several hundred years f o r  t he  

content.t.0 reach a n e g l i g i b l e  l e v e l .  Assurance o f  adequate cont,ainment o f  

t he  f o r  such an extended pe r iod  can on ly  be provided by adequate knowl- 

edge o f  the  k i n e t i c s  o f  t he  reac t ions  which occur between t h e  g o ~ r ~ 2  and the 

containment m a t e r i a l  a t  the  source temperature. 

A t  t he  t i m e '  t he  program was i n i t i a t e d  there  was on ly  a l i m i t e d  amount 

o f  da ta  a v a i l a b l e  on the  c o m p a t i b i l i t y  o f  'OSrFp w i t h  containment mater ia ls .  

The M a r t i n  M a r i e t t a  Corpprat ion evaluated the  compati b i  1 i t y  o f  nonradioact ive 

SrF2 w i t h  var ious ma te r ia l s  at925OC f o r  per iods up t o  19 months. ('I As 

p a r t  of t h e  research program t o  develop the  WESF process, PNL evaluated the  

c o m p a t i b i l i t y  o f  g o ~ r ~ 2  w i t h  var idus Containment ma te r ia l s  a t  400eC f o r  up 

t o  1 year,. and nonradioact ive srF2 w i t h  t h e  same mate r ia l s  a t 4 0 0  and 800°C 

f o r  up tb 3 years. ' Based on in fo rmat ion  developed i n  t h e  study, Haste l loy  

C-276 has se lec ted as t h e  containment ma te r ia l  f o r  the  " S ~ F ~  a t  WESF. The ' 



data developed i n  these s tud ies  was no t  s u f f i c i e n t ,  however, t o  permi t  

l i c e n s i n g  o f  ' O S ~ F *  sources f o r  e levated temperature use. Much more informa- 

t i o n  was needed, p a r t i c u l a r l y  w i t h  regard t o  the  e f f e c t s  o f  i m p u r i t i e s  and 

decay products on the  c o m p a t i b i l i t y  o f  ' O S ~ F ~  w i t h  containment ma te r i a l s ,  and 

the  e f f e c t s  o f  f l u o r i d e  a t t a c k  on the  mechanical p rope r t i es  o f  the  containment 

ma te r i a l s .  Therefore, a major p o r t i o n  of the  Stront ium Heat Source Development 

Program i s  devoted t o  ob ta in ing  the  requ i red  c o m p a t i b i l i t y  data. For reasons 

t o  be discussed l a t e r ,  t he  c o m p a t i b i l i t y  s tud ies  a re  d i v i d e d  i n t o  two phases: 

a  se r ies  o f  shor t - term scout ing  s tud ies  l a s t i n g  up t o  4400 hr ,  and longer-  

term t e s t s  l a s t i n g  up t o  30,000 hr .  Th is  r e p o r t  summarizes the  r e s u l t s  o f  

t he  shor t - te rm scout ing  tes ts .  



2.0 . SUMMARY 

I 
4 

a A program i s  c u r r e n t l y  underway a t  PNL t o  develop the  i n fo rma t ion  . . 

4 requ i red  t o  1  icense g " ~ r ~ 2  f o r  heat source app l i ca t i ons .  Primary emphasis 

i s  on t h e  9 0 ~ r ~ 2  produced by ARHCO a t  WESF. One area where a d d i t i o n a l  data 

i s  needed i s  the  c o m p a t i b i l i t y  o f  g o ~ r ~ p  w i t h  containment ma te r i a l s  a t  e l e -  

vated temperatures. A major p o r t i o n  o f  t he  PNL program i s  devoted t o  

ob ta in ing  the  requ i red  c o m p a t i b i l i t y  data. The g o ~ r ~ 2  compatibi  1  i t y  s tud ies  

a r e  d i v i d e d  i n t o  two phases: an i n i t i a l  se r i es  o f  shor t - term scout ing  t e s t s  

l a s t i n g  1500 and 4400 h r  fol lowed by a  se r ies  o f  long- term t e s t s  l a s t i n g  up 

t o  30,000 hr.  The o b j e c t i v e  o f  the  shor t - te rm scout ing  t e s t s  a re  twofo ld :  

1. To evaluate a  number o f  p o t e n t i a l  containment ma te r i a l s  and s e l e c t  the  

bes t  t h ree  f o r  long-term t e s t i n g .  
. . 

2. Evaluate the  e f f e c t s  o f  i m p u r i t i e s  on g o ~ r ~ 2  c o m p a t i b i l i t y ,  and thus 

determine i f  a d d i t i o n a l  p u r i f i c a t i o n  steps a r e  requ i red  i n  t h e  WESF 

process t o  remove harmful i m p u r i t i e s  before the  9 0 ~ r ~ 2  can be used i n  

heat source serv ice.  

Four d i f f e r e n t  grades o f  s t ron t i um f l u o r i d e  were used i n  t h e  sho r t -  

term t e s t s :  

H igh -pu r i t y  nonrad ioac t ive  SrF2 con ta in ing  l e s s  than 0.1 w t %  t o t a l  

i m p u r i t i e s ,  

WESF-grade g o ~ r ~ 2 ,  con ta in ing  ~ 4 . 5  w t %  c a t i o n i c  i m p u r i t i e s ,  prepared 

by PNL us ing  the  WESF f lowsheet and s o l u t i o n  obta ined from ARHCO, 

High-pur i  t y  90~r~,, conta in ing  $1.9 w t %  c a t i o n i c  i m p u r i t i e s ,  prepared 
L 

by PNL, 

H igh -pu r i t y  nonrad ioac t ive  SrF2 con ta in ing  c o n t r o l l e d  l e v e l s  o f  added 

i m p u r i t i e s .  

Each grade o f  SrF2 was evaluated w i t h  n ine  d i f f e r e n t  containment m a t e r i a l s :  

two r e f r a c t o r y  meta ls  ( tungsten and TZM) ; two cobal t-base a1 l o y s  (Haynes 

A l l o y  25 and Haynes A l l o y  188); and f i v e  n ickel -base a l l o y s  (Haste1 l o y  C-276, 

Has te l l oy  X, Has te l l oy  N, Inconel  600 and Inconel  625). The t e s t s  l a s t e d  

1500 and 4400 hr.  



The t e s t s  w i t h  the  SrF2 conta in ing  added i m p u r i t i e s  were c a r r i e d o u t  a t  

' 1000°C, wh i l e  t h e  o the r  grades of SrF2 were tes ted  a t  800, 1000 and l l O O ° C .  I 

The couple t e s t  c o n f i g u r a t i o n  u t i l i z e d  a  t e s t  specimen o f  the  containment 

ma te r ia l ,  0.5 i n .  OD x  3/8 i n .  t h i c k ,  bu r ied  i n ' S r F 2  w i t h i n  a  capsule o f  the  - 
same m a t e r i a l  as t h e  t e s t  specimen. Couple i n t e r a c t i o n  was determined by 

examinat ion o f  t h e  t e s t  specimen using metal lographic techniques, scanning 

e lectron.microscopy and e lec t ron  microprobe analys is .  Only c o m p a t i b i l i t y  

data was obta ined from the  tes ts .  No attempt was made t o  ob ta in  mechanical 

p roper t y  data from t h e  t e s t  specimens', except f o r  a  l i m i t e d  number o f  micro-  

hardness measurements.. . 

I n  ana lyz ing  the  var ious  t e s t  specimens i t  was found t h a t  t he  metal 

a t t a c k  observed cou ld  be d i v ided  i n t o  two general types: 

1. Chemical a t t a c k  of t he  specimen which could be d i r e c t l y  a t t r i b u t e d  t o  

r e a c t i o n  w i t h  the  f l uo r ide ,  and inc ludes such mechanisms as g r a i n  

, boundary a t t a c k  ( i n te rg ranu l  a r  penet ra t ion) ,  p i  t t in ,g ,  subsurface vo id  

format ion and surface d i sso lu t i on ,  

2. M i c r o s t r u c t u r a l  changes i n  t h e  metal which are not  due t o  thermal aging. 

Typ ica l  . . l y  t h i s  i nvo lves  the  disappearance o f  normal a1 l o y  p r e c i p i t a t e s ,  

t h e  fo rmat ion  o f  abnormal p rec ip i ta tes ,o r  marked changes i n  g r a i n  s ize .  

Contro l  specimens were tes ted a t  each se t  o f  cond i t ions  t o  d i s t i n g u i s h  

between m ic ros t ruc tu ra l  changes which resu'l t ed  from thermal aging and 

those which r e s u l t e d  from i n t e r a c t i o n  w i t h  t h e  f l u o r i d e .  

Both types o f  a t t a c k  were found i n  most of t he  t e s t  specimens. I n  general, 

mic ros . t ruc tura l  changes occurred t o  g rea te r  depths i n  the  metals than d i d  

chemical a t tack .  

Based on an o v e r a l l  eva luat ion  o f  t he  short - term c o m p a t i b i l i t y  t e s t  

da ta  t h e  f o l l o w i n g  conclusions can be reached w i t h  regard t o  the  containment 

o f  ' O S ~ F ~  a t  800 t o  11 OO°C: 

The r e f r a c t o r y  metals tungsten and TZM provide ;he greates t  res is tance 

. t o  f l u o r i d e  a t tack  o f  a l l  t h e  ma te r ia l s  tested.  I n  most o f  t he  r e f r a c -  

t o r y  metal couples 1  i t t l e '  o r  no a t t a c k  of t he  t e s t  specimens could be 



detected. Overa l l  tungsten i s  s l i g h t l y  more r e s i s t a n t  t o  a t t a c k  than 

the  TZM.   ow ever tungsten s u f f e r s  a  number o f  disadvantages no t  

r e l a t e d  t o  c o m p a t i b i l i t y ,  and a t  the  present  t ime, o f  t he  two, TZM i s  

t he  p re fe r red  containment ma te r i a l  f o r  ' 'S~F~, .  

Haynes A l l o y  25 was the  most r e s i s t a n t  t o  f l u o r i d e  a t t a c k  o f  the seven 

N i -  and Co-base a l l o y s  tested.  However, t he  Haynes A l l o y  25 e x h i b i t e d  

considerably more a t t a c k  than the  equ iva len t  r e f r a c t o r y  metal specimens. 

Chemical a t t a c k  was observed t o  a  depth of up t o  0.002 i n .  i n  some 

Haynes A1 1  oy 25 specimens exposed t o  ' O S ~ F ~ ,  whi 1  e  m i  c r o s t r u c t u r a l  

changes occurred t o  a  depth o f  0.004 i n .  i n  some specimens. 

The o the r  s i x  N i -  and Co-base a l l o y s  were s i g n i f i c a n t l y  l e s s  r e s i s t a n t  

t o  f l u o r i d e  a t t a c k  than the  Haynes A l l o y  25. Inconel  600, Has te l l oy  X 

and Has te l l oy  C-276 appear t o  be about equal i n  t h e i r  res i s tance  t o  

f l u o r i d e  a t tack ,  w h i l e  t he  o the r  th ree  a-1 loys, Haste1 l o y  N, Haynes 

A l l o y  188 and Inconel  625, a re  l ess  r e s i s t a n t  t o  a t tack .  
9  0  I n  general, g rea te r  a t t a c k  was observed i n  t he  couples con ta in ing  . SrF2 

than i n  t he  couples con ta in ing  nonrad ioac t ive  SrF2. 

I n  most cases, chemical a t t a c k  of t he  t e s t  specimens d i d  .not increase 

apprec iab ly  w i t h  i nc reas ing  exposure temperature t o  l l O O ° C ,  and the re  

were instances where the  a t t a c k  was l ess  a t  t he  h igher  temperatures. 

M i c r o s t r u c t u r a l  changes due t o  f l u o r i d e  a t t a c k  were genera l l y  g rea te r  

a t  t he  h igher  temperatures. 

The r a t e  o f  metal a t t a c k  appeared t o  decrease w i t h  t ime, b u t  t he re  

was i n s u f f i c i e n t  data t o  p r e d i c t  the  shapes of t he  r a t e  curves. 

A  number of i m p u r i t i e s  were found t o  have a  ser ious  adverse e f f e c t  on 

SrF2 c o m p a t i b i l i t y .  The presence o f  S r O  i n  t he  f l u o r i d e  r e s u l t e d  i n  

ex tens ive  chemical a t t a c k  o f  t h e  N i -  and Co-base a l l o y s ,  b u t  had l i t t l e  

e f f e c t  on t h e  tungsten and TZM. F luor ides  o f  m u l t i v a l e n t  ca t ions ,  such 

as Fe and Cu, genera l l y  caused increased chemical a t t a c k  o t  the  con- 

tainment m a t e r i a l s  tested.  They a l so  increased t h e  depth o f  metal  

a f f e c t e d  by changes i n  t h e  mic ros t ruc ture .  Su rp r i s i ng l y ,  water and 

n i t r a t e  i o n  had l i t t l e  e f f e c t  on the  c o m p a t i b i l i t y  o f  SrF2. For tunate ly ,  



the impuri t i e s  which ser ious ly  a f f e c t  ' O S ~ F ~  compatibi 1 i t y  are present 

on ly  i n  low concentrat ions i n  the WESF ' O S ~ F ~ .  It does not  appear t ha t  I? 

i t  w i  11 be necessary t o  develop new o r  improved p u r i f i c a t i o n  procedures 

f o r  the present WESF' process t o  reduce o r  remove these impur i t ies .  L 

* 
.Based p r i m a r i l y  on the resu l t s  o'f the short-term compatibi 1 i t y  tes ts ,  

as we l l  as several other factors,  TZM, Haynes A l l oy  25 and Hastel loy C-276 

were the three containment mater ia ls  selected f o r  long-term test ing,  w i t h  

,Inconel 600 and Hastel loy X as possible al ternates.  Tungsten was not  

selected because of the d i f f i c u l t i e s  involved i n  qsing i t  i n  the WESF 

:opera t 1 on. 



3.0 WESF PROCESS 

A bas ic  o b j e c t i v e  o f  the  St ron t ium Heat Source Development Program i s  

t o  develop the  data needed t o  l i c e n s e  the  WESF ' O S ~ F ~  capsu'le for heat source 

app l i ca t i ons .  .The WESF process i s  sub jec t  t o  c e r t a i n  mod i f i ca t i ons  and 

changes t h a t  can improve the  u t i  1  i t y  of t he  ''S~F capsule . . asg a heat source. ' 

The.' compati b i  1  i ty t e s t i n g  .program i .s  in tended to' p rov ide  n o t  on l y  bas ic  com- 
90 p a t i b i l i t y  data on . SrF2 b u t  a l s o  t o  i n d i c a t e  what changes i n  t he  WESF pro-  

cess may be necessary o r  des i rab le  t o  improve the  WESF ' O S ~ F ~  capsule as a 

heat source. 

The f lowsheet  f o r  recovery o f  s t ron t i um from f u e l  reprocessing waste, 

conversion t o  the  f l u o r i d e ,  and subsequent encapsulat ion o f  the  f l u o r i d e  i s  

shown i n  F igure  1. I n  t he  process, s t r o n t i i m  i s  separated from c u r r e n t  

Purex a c i d  waste (CAW) o r  Purex a c i d  sludge (PAS) by so lvent  e x t r a c t i o n  

us ing  d i  -2-ethy l  -hexylphosphoric a c i d  (HDEHP) , tri b u t y l  phosphate (TBP) and 

normal p a r a f f i n  hydrocarbon (NPH). The s t ron t i um i s  s t r i p p e d  from the  

organ ic  phase w i t h  d i l u t e  n i t r i c  ac id.  The s t ron t i um i s  p u r i f i e d  by a 

se r ies  o f  s u l f a t e  and hydroxide p r e c i p i t a t i o n  steps and s to red  as s t ron t i um 

n i t r a t e  i n  d i l u t e  n i t r i c  ac id.  The fo rego ing  operat ions take p lace i n  

B-Plant. Subsequent operat ions take  p lace i n  WESF. - Both p l a n t s  a re  

operated f o r  ERDA by ARHCO. 
. .  , 

. . 
- The p u r i f i e d  s t ron t i um n i t r a t e  s o l u t i o n  serves. as feed t o  the  WESF 

process. A l l  steps i n  t h e  WESF process.are batch operat ions.  A g iven volume 

o f  s t ron t i um feed s o l u t i o n  ( con ta in ing  3 t o  4 k g ' o f  Sr )  i s  n e u t r a l i z e d  t o  

pH 8 t o  9 w i t h  sodium hydroxide so lu t i on .  S o l i d  sodium f l u o r i d e  i s  added t o  

the  s o l u t i o n  t o  p r e c i p i t a t e  s t ron t i um f l u o r i d e .  The r e s u l t i n g  s l u r r y  i s  

d iges ted  a t  80°C w i t h  a i r  sparg ing and t h e n f i l t e r e d .  The  SrF2 f i l t e r  cake 

i s  washed wi th ' .water ,  t r a n s f e r r e d  t o  furnace. boats, and f i r e d  a t  l l O O ° C  i n  

argon f o r  several  hours. A f t e r  coo l ing ,  the  SrF2 i s  removed from the  boats 

and crushed t o  -1/2 i n .  granules. The pu l ve r i zed  SrF2 i s  loaded i n t o  a 

Has te l l oy  C-276 i n n e r  capsule us ing  impact conso l i da t i on  (pneumatic impact ion)  

which i s  e s s e n t i a l l y  a c o l d  press ing  operat ion.  The loaded capsule i s  c losed 
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by tungsten i n e r t  gas (TIG) welding a l i d  i n  place, l eak  checked, and decon- 
2, 

0 
taminated. The cleaned i n n e r  capsule i s  then sealed i n  an ou te r  capsule o f  

Has te l l oy  ~ - 2 7 6 ( ~ )  by TIG welding. I n t e g r i t y  o f  t he  gu te r  capsule weld i s  
4 

checked us ing  u 1 t r a s o n . i ~  techniques. The capsule i s  then weighed and the  

heat ou tpu t  determined i n  a c a l o r i m e t e r , a f t e r  which the  capsule i s  sent  t o  

the storage basi.n f o r  storage under water.. 

The composit ion o f  the  SrF2 i s  determined by ana lys i s  o f  samples from 

each batch. The SrF2 content  o f  each capsule i s  determined from weight 

measurements on the  capsule. The "5, content  of t he  capsule i s  determined 

from the  ca lo r ime te r  measurements and i s o t o p i c  ana lys i s  o f  the  f l u o r i d e  

samples. P e r t i n e n t  data on a t y p i c a l  WESF ' O S ~ F ~  capsule conta in ing  f u e l  

grade g o ~ k ~ 2  o f  50 t o  55% i s o t o p i c  content  a re  g iven i n  Table 1. 

TABLE 1. Data on the  WESF capsule 

S t r o n t i  um F luor ide :  . 1. P u r i t y  ~ 9 5 %  

2. l sotop ic  content  - 50 t o  55% 

3. ' Densi ty  ~ 7 5 %  o f  t h e o r e t i c a l  dens i t y  

4. Power dens i t y  ~ 1 . 1  W/cm 3 

5. ~ o a d i n ~  ~150 ,000  C i  

Capsule Data : Inner  Outer 

1. M a t e r i a l  Haste1 l o y  C-276 Haste1 1 oy C-276 

2. I nne r  Diameter 2.010 i n .  2.385 i n .  

3. Outer Diameter 2.250 i n .  2.625 i n .  

4. Length 19.050 i n .  20.100 i n .  
1 

I n  eva lua t i ng  the  p o t e n t i a l  use o f  t he  WESF ' O S ~ F ~  capsule as a heat 

t source, t he re  are several aspects o f  the  WESF encapsulat ion process which 

( a )  Plans c a l l  f o r  t h e  ou te r  capsule ma te r ia l  t o  be changed t o  316L s t a i n -  
I 
.- l e s s  s t e e l  as soon as t h e  c u r r e n t  s tock  o f  Has te l l oy  C-276 capsules i s  

consumed. 



should be considered. These invo lve  process operat ions where modi f i ca t ions  

o r  changes may be poss ib le  t o  improve the  p o t e n t i a l  usefulness o f  the  WESF 

'OSrF2 capsule: 

1. Cer ta in  mod i f i ca t i ons  i n  the  capsule design may be poss ib le  which w i l l  

make the  WESF ' O S ~ F *  capsule more a t t r a c t i v e  f o r  heat source app l ica-  

t i o n s  w i thout  adversely a f fec t ing  t h e  encapsulat ion process. Possib le 

mod i f i ca t i ons  inc lude:  

a .  changes i n  the  encapsulat ing mater ia l - -bo th  the  i nne r  and outer  

capsules, 

nominal changes i n  capsule dimensions (wa l l  thickness, length,  e t c .  ) , 
changes i n  t h e  capsule end cap design, 

f i l l i n g  the  gap between the  i nne r  and outer  capsules w i t h  hel ium t o  

improve heat t r a n s f e r .  

A change i n  t h e  i n n e r  capsule ma te r ia l  may be requ i red  i f  the  Haste l loy  

. ' C-276 shows excessive a t t a c k  by the  s t ron t ium f l u o r i d e  a t  a n t i c i p a t e d  
,- 

heat source opera t ing  temperatures. 

2. The composit ion o f  t he  WESF produced 'OSrF2 may vary between batches 

depending on the  source o f  t he  feed mater ia l .  Stront ium feed so lu t i ons  

. . 
obta ined from d i f f e r e n t  sources such as d i f f e r e n t  waste tanks, can 

con ta in  - va ry ing  am0unt.s of i m p ~ ~ r i t i e s  which can, i n  tu rn ,  a f fec t  t he  

composit ion of t he  f l u o r i d e  product. The composit ion o f  a t y p i c a l  feed 

s o l u t i o n  i s  g iven i n  Table 2. While the  types of i m p u r i t i e s  present i n  

t h e  var ious batches o f  feed do no t  vary s i g n i f i c a n t l y ,  t h e  concentra- 

t i o n  of t he  i m p u r i t i e s  can vary over a. considerable range. The pro- 

cesses used t o  p ~ ~ r i f y  the  s t ron t i um feed s o l u t i o n  are  on ly  p a r t i a l l y  

e f f e c t i v e ,  and some o f  the  i m p u r i t i e s  i n  t h e  feed p r e c i p i t a t e  w i t h  t h e  

s t ron t i um f l u o r i d e .  I m p u r i t i e s  which can be present j n  the WESF 9OSrp 
2 ' 

as encapsulated, and t h e i r  probable forms and concentrat ion ranges are  

shown i n  Table 3. The presence o f  i m p u r i t i e s  i n  the  ' O S ~ F ~  can af fect  
. . 

i t s  c o m p a t i b i l i t y  w i t h  containment ma te r ia l s  a t  h igh  temperature. A 

knowledge o f  t h e  e f f e c t s  o f  t he  i m p u r i t i e s  On c o m p a t i b i l i t y  i s  des i rab le ,  



TABLE 2. composit ion o f  a Typ ica l  Feed S o l u t i o n  

Concentrat ion 
(molar)  

0.29 

0.16 

0.57 . 

3.4 

<O .00004 

<0.0014 

0.001 2 

0.0018 

0.00005 

0.0003 

0.00002 

0.0002 

Rare Ear ths 0.002 

S i 0.0012 

Zr Var iab le  (decay product) 



TABLE 3. Probable Impurities in WESF 'OS~F~ . 

Concentration Range 
Impurity (wt%) Probabl e Form 

0 <O. 05 
Ph t0.2 
, ( a )  : 4.0 

S i <O. 02 

Zr Variable (decay product) 

(a) Rare earths 



espec ia l l y  f o r  those i m p u r i t i e s  which are  present i n  h igh  concentra- 

t i o n s ,  undergo valence changes o r  form e a s i l y  reduced f l u o r i d e s .  I f  

c e r t a i n  i m p u r i t i e s  are found t o  be de le te r ious  t o  ' O S ~ F ~  compati b i  1 i t y ,  

the i ' r  removal from the f l u o r i d e  should be considered. Inc lus ion  o f  

a d d i t i o n a l  p u r i f i c a t i o n  steps i n  the WESF process t o  remove harmful 

i m p u r i t i e s  may be poss ib le  i f  deemed necessary. 

3. The ' O S ~ F ~  i s  loaded i n t o  t h e  i nne r  capsule by impact conso l ida t ion  

using a pneumatic impactor, and i s  e s s e n t i a l l y  a c o l d  pressing opera- 

t i o n .  Th is  method o f  load ing produces several e f f e c t s  i n  t h e  loaded 

capsule.. The load ing opera t ion  st resses t h e  capsule wa l l  and, because 

t h e  s t ron t ium f l u o r i d e  does no t  f l o w  r e a d i l y  under pressure, can 

r e s u l t  i n  damage t o  the  i nne r  capsule sur face and some d i s t o r t i o n  o f  

t he  capsule. As a r e s u l t ,  p o t e n t i a l  containment ma te r ia l s  a re  l i m i t e d  

t o  those t h a t  can wi thstand the  r i g o r s  o f  t he  load ing operat ion.  This 

e l im inates  from considerat i 'on as containment ma te r ia l s  a number o f  

ma te r ia l s  and concepts which could poss ib l y  provide adequate compati- 

b i l  i t y  w i t h  t h e  f l u o r i d e  a t  heat source opera t ing  temperatures. These 

inc lude  vapor deposited metal o r  ceramic f i l m s ,  t h i n  metal l i n e r s  and 

b r i t t l e  ma te r ia l s .  

When t h e  ' O S ~ F *  i s  pressed i n t o  t h e  Haste l loy  C-276 capsule the re  i s  

i n t i m a t e  contac t  between t h e  f l u o r i d e  and t h e  i nne r  sur face o f  t he  

capsule. This d i f f e r s  from most heat sources i n  which the  f u e l  i s  

p e l l e t i z e d  and s l i pped  i n t o  t h e  containment vessel.  The increased 

contac t  observed i n  t h e  WESF capsules could r e s u l t  i n  g reater  f l u o r i d e -  

, c l a d  i n t e r a c t i o n  than would be observed i n  capsules conta in ing  f l u o r i d e  

pel  1 e ts .  

The load ing equipment a v a i l a b l e  a t  WESF l i m i t s  t h e  f l u o r i d e  dens i t y  

t h a t  can be ach ieved ' i n  t h e  capsule t o  about 75% o f  t h e o r e t i c a l  

dens i ty .  It would be necessary t o  go t o  a d i f f e r e n t  method of load-  

i n g  t o  achieve h igher f l u o r i d e  dens i t i es .  



4. Much o f  t h e  h igh- leve l  reprocessing wastes a t  Hanford have been stored 

f o r  many years. The i s o t o p i c  content  of these wastes can vary 

from as low as 25 t o  30% t o  a maximum o f  g reater  than 50% depending on 

how long t h e  wastes have been stored. The s t ron t ium c u r r e n t l y  being 

processed a t  WESF has an i s o t o p i c  content  of 25 t o  30%. Process- 

i n g  o f  fuel -grade s t ron t i um i s  n o t  scheduled t o  s t a r t  u n t i l  t h e  second 

quar te r  o f  FY-1976. 



4.0 THEORETICAL ANALYSIS OF ' O S ~ F ~  COMPATIBILITY 

- The poss ib le  reac t i ons  which can occur between a  rad io i so tope  f u e l ,  

such as 'OSrF2, and a  containment ma te r i a l  can be p red i c ted  on t h e  basis  o f  - 
thermodynamic considerat ions.  ~ a l  cu l  a t i o n  of t he  G i  bbs f r e e  energy o f  

5 

r e a c t i o n  ( A G ~ )  can prov ide  an est imate of t h e  p o t e n t i a l  f o r  a  g iven r e a c t i o n  

t o  occur (bu t  prov ides no i n fo rma t ion  on r e a c t i o n  k i n e t i c s ) .  Therefore, a  

thermodynamic ana lys i s  o f  p o t e n t i a l  ' O s r ~ ~ - c 6 n t a i n e r  react ions,  can prov ide  

usefu l  i n fo rma t ion  t o  he lp  i n  s e l e c t i n g  p o t e n t i a l  containment m a t e r i a l s  f o r  

c o m p a t i b i l i t y  t e s t i n g .  For the.thermodynamic ana lys i s  t o  be o f  r e a l  value, 

however, i t  i s  necessary t h a t  a l l  p o t e n t i a l  reac t i ons  be evaluated. This  

requ i res  t h a t  a l l  e x i s t i n g  and p o t e n t i a l  compounds i n  the  systems be i d e n t i -  

f i e d  and t h a t  thermochemical data be a v a i l a b l e  f o r  a1 1  compounds. Carry ing 

ou t  a  r i go rous  thermodynamic ana lys i s  can be a  r e l a t i v e l y  easy task  f o r  a  

simple system which i nvo l ves  o n l y  a  few components, b u t  can be extremely 

d i f f i c u l t  o r  impossib le f o r  very.  complex systems. Unfor tunate ly  p resen t l y  

conceived systems con ta in ing  WESF 'OSrF2 fa1 1 s  i n t o  t h e  l a t t e r  category. 

I n  at tempt ing a  thermodynamic ana lys i s  o f  any system con ta in ing  'OSrF2 

i t  i s  necessary t o  know what s t ron t i um compounds can e x i s t  i n  t h e  system. 

Stront ium i s  repor ted  t o  form two f l u o r i d e s :  SrF and SrF2. The mono- 

f l u o r i d e ,  SrF, i s  repor ted  t o  form o n l y  a t  h igh  temperatures i n  t h e  gas 

phase, and should n o t  be s t a b l e  a t  t h e  temperatures encountered i n  a  'OSrF2 

heat source (<1200°C). Therefore, SrF need n o t  be considered i n  any 

. t h e o r e t i c a l  ana lys i s  o f  'OSrF2 containment. S t ron t ium f l u o r i d e ,  SrF2, i s  

one o f  t h e  most s t a b l e  f l u o r i d e s  (and compounds) known, having a  repor ted  

f r e e  energy o f  fo rmat ion  ( A G ~ )  o f  approximately -136 and -116 kcal lg-atom 

o f  f l u o r i n e  a t  25 and 1200°C, respec t i ve l y .  Only t h e  f l u o r i d e s  o f  l i t h i u m ,  

ca l  cium.and barium (and poss ib l y  some r a r e  ear ths)  possess s i m i l a r  s t a b i l  i - 
t i e s .  The f r e e  energies o f  fo rmat ion  a t  25OC f o r  a  number o f  s imple 

f l u o r i d e s  a r e  g iven i n  Table 4. Most o f  t he  AG; values g iven i n  t he  t a b l e  

were est imated by var ious  t h e o r e t i c a l  techniques and a r e  n o t  ,based on 

experimental measurements. The accuracy o f  t h e  f r e e  energy data i s  sub jec t  



TABLE 4. Free Energy o f  Formation o f  Some F luo r i des  (a  1 
a t  25°C ( i n  kcal/g-atom o f  f l u o r i n e )  

F l u o r i d e  ( b )  

AgF 
A1 F3 

AsF3 

AuF3 

BF3 
BaF2 

BeF2 

BiF3 

CF4 
Cara 

CdF2. 

CeF3 , 

CoF2 

CrF2 

CsF 

CuF2 

0yF3 . 
ErF3 

EuF2 

FeF2 

GaF3 

GdF3 

GeF2 

HF 

HfF3 

HOF3 

InF3 

I r F 4  

KF 

LaF3 
L i F  

. . 

LuF3 

MgF2 
MoF5 

NaF 

F l u o r i d e  ( b )  

NbF5 

NdF3 

NiF2 

OsF2 

FF3 

PbF, 

PtF3 

RbF 

ReF3 

RhF2. 

RuF5 

sF6 
SbF3 

ScF3 

SeF6 

S i F4 

SmF3 

SnF, 

SrF2 

T6F2 
TBF3 

TeFs 

ThFq 

T iF3  

T I  F 

TmFS 

UF3 

vF3 

WF4 

YF3 
YbF3 

ZnF2 

ZrF4 

(4 )  (a )  Most o f  t h  va lues were taken f rom Rosenqv's , ( 3 )  Glassner, 
Smithel  1s ,751 and Kubaschewski and Evans. l 6 j  

( b )  Only t h e  most g t a b l e  f l u o r i d e ,  a t  25'C o f  each element i s  1 i s t e d .  
( c )  Most of t h e  A G ~  va lues g i ven  were es t imated by  t h e o r e t i c a l  

techniques and a r e  n o t  based on exper imenta l  measurements. 



t o  quest ion and the  values g iven i n  Table 4 have been rounded o f f  t o  t he  
O) 

nearest  whole number. Stront ium i s  repor ted  t o  form o n l y  a  few complex 

f l u o r i d e s ,  such as SrSiF6 and SrPbF6 and a  l i m i t e d  number o f  i n t e r m e t a l l i c  

compounds. Very l i t t l e  thermochemical data a r e  a v a i l a b l e  on the  i n t e r -  
- m e t a l l i c s  o r  complex f l u o r i d e s  which do e x i s t .  The l i m i t e d  data a v a i l a b l e  

i n d i c a t e  t h a t  s t ron t i um has very  low s o l u b i l i t y  i n  most metals.  

Because s t ron t i um f l u o r i d e  i s  extremely s table,  t he  pure compound 

should be r e l a t i v e l y  unreac t ive  w i t h  p o t e n t i a l  containment ma te r i a l s .  

React ive metals such as L i ,  Ca and Ba and the  i n d i v i d u a l  r a r e  ear ths  metals 

a r e  n o t  considered as p r a c t i c a l  containment ma te r i a l s .  Reactions o f  t he  

type, 
aSrF2 + M . aSr + MFZa (1 )  

where M i s  any metal,  should be thermodynamically unfavorable up t o  a t  

l e a s t  1200°C assuming.a c losed system and a l l  condensed phases a t  u n i t  

a c t i v i t y .  D i s s o l u t i o n  o f  t h e  s t ron t i um metal i n  M cou ld  reduce the  

a c t i v i t y  o f  t he  st ront ium. However, i t  appears q u i t e  u n l i k e l y  t h a t  the  

s o l u b i l i t y  o f  s t ron t i um i n  the  containment m a t e r i a l s  o f  i n t e r e s t  would be 

s u f f i c i e n t  t o  reduce t h e  a c t i v i t y .  

Since t h e  monof luor ide i s  n o t  s t a b l e  a t  t he  cond i t i ons  under considera- 

t i o n ,  reac t i ons  o f  t h e  type shown i n  Equation (2 )  need n o t  be considered. 

S t ron t ium does form some complex f l u o r i d e s  but  i n  every case t h e  s t ron t i um 

has an o x i d a t i o n  s t a t e  o f  +2. Therefore reac t i ons  o f  t h e  type i n  Equation (3 )  

a re  n o t  poss ib le .  

aSrF2 + bM - SraMbFZa (3 )  

However, i t  i s  poss ib le  t h a t  reac t i ons  as shown i n  Equation (4') could occur 

(us ing  ' ~ i  as an example) . 

Unfor tunate ly  thermochemical data f o r  the  complex f l u o r i d e s  a r e  n o t  

ava i lab le . .  To make Equation ( 4 )  thermodynamical l y  favorab l  e  a t  25OC t h e  



f ree energy o f  fo rmat ion  o f .  t he  SrSiFs would have t o  be a t  l e a s t  -138 k c a l l  

g-atom o f  f l u o r i n e ,  which appears un l  i kely .  However, t he  possi b i l  i ty  o'f 

reac t i ons  s i m i l a r  t o  Equat ion , (4)  occur r ing  must be considered, and t h e  

more negat ive t h e  f r e e  energy o f  fo rmat ion  o f  t h e  metal f l u o r i d e  ( i . . ,  s iF4)  

t h e  m o r e . l i k e l y  t h e  r e a c t i o n  i s  t o  be thermodynamically favorable. 

- The p o s s i b i l i t y  o f  reac t iqns  i n v o l v i n g  the  formation of in termeta l  1  i c  

compounds o f  s t ron t i um must be considered. 

aSrF2 + bM -.--.-- b .sr,Mb-l I MFZa (5  

For Equation (5)  t o  be thermodynamically favorab le  ' the  f r e e  energy o f  fprma- 

t i o n  of t h e  i n t e r m e t a l l i c  compound must be s u f f i c i e n t l y  negat ive t o  overcome 

the  .d i f f e rence  i n  f r e e  energies o f  format ion o f  SrF2 and t h e  metal f l u o r i d e .  

Therefore, t he  more negat ive  AG; f o r  t h e  metal f l u o r i d e  i s  t h e  l e s s  negat ive 

. AG; f o r  t h e  i n t e r m e t a l l  i c  compound has t o  be t o  make t h e  r e a c t i o n  favorable.  

Magnesium forms a  very s t a b l e  f l u o r i d e  and i s  one o f  t h e  few metals which 

i s  repo r ted  t o  form i n t e r m e t a l l i c  compounds w i t h  ~ t r o n t i u m . ' ~ )  One can 

pos tu la te  the  r e a c t i o n  

SrF2 + 3Mg ---N MgpSr + MgF2 (6) 

For tqua t ion  ( 6 )  t o  be e n e r g e t i c a l l y  favorab le  a t  25'C the  f ree energy o f  

fo rmat ion  o f  Mg2Sr would have t o  be more negat ive than -20 kcal lmole.  The 

AG; f o r  MgZSr has n o t  bccn rcpor ted  i n  t h e  l i t e r a t u r e .  The heat ol: roimd- 

t i o n  o f  Mg2Sr i s  repor ted  t o  be o n l y  -5.1 k ~ a l / m o l e , ( ~ )  and i t  i s  extremely 

un l  i k e l y  . . t h a t  AG; could approach -20 kca l  /mole. Therefore, Equation (6 )  

should be thermodynamical 1  y  unfavorable. 

It . i s  t h e o r e t i c a l l y  p ~ s s i b l e  t h a t  components o f  t he  metal p h a ~  cni.!lrl 

d i s s o l v e  i n .  t he  sol  i d  s t ron t i um f l uo r ide .  However, 1  i t t l e  i s  known o f  

metal s o l u b i l i t y  i n  t h e  f l u o r i d e ,  and i t  i s  d i f f i c u l t  t o  p r e d i c t  i f  measur- 

a b l e  metal d i s s o l u t i o n  could occur below the  me l t i ng  p o i n t  o f  t h e  f l u o r i d e .  

I n  d iscuss ing Equations (1)  through (5)  i t  was assumed t h a t  t he  

reac tan t  M was present a t  u n i t  a c t i v i t y  (as a  separate and d i s c r e t e  phase). 



I f  M i s  t he  c o n s t i t u e n t  o f  an a l l o y ,  and i s  present  i n  s o l i d  s o l u t i o n  o r  as 

a  compound ( i  .e., carbide, i n te rme ta l  1  i c  compounds, e t c .  ) , then the  reac t i ons  

would be thermodynamically l e s s  favorab le  because o f  t he  f r e e  energy asso- 

c i a t e d  w i t h  compound fo rmat ion  o r  s o l i d  so lu t i on .  

I n  ana lyz ing  a  system con ta in ing  i t  i s  necessary t o  consider  

t h e  decay products formed. 

The e q u i l i b r i u m  q u a n t i t y  o f  i n  t h e  system i s  very small and can be 

ignored. Z i  r con i  um d i  f l  uo r ide  (ZrF2) has been repor ted  i n  the  1  i t e r a t u r e  ( 7 )  

but i s  sa id  t o  d i sp ropo r t i ona te  a t  e levated temperatures. 

It i s  impossib le t o  d e f i n e  a t  t h i s  t ime what t h e  decay products would be 

i n  a  system he ld  a t  e levated temperatures. Any ZrF2 present should 

d ispropor t ionate ,  b u t  t h i s  has .not been demonstrated exper imenta l ly .  Any 

t h e o r e t i c a l  ana lys i s  o f  a  system should, there fore ,  consider  ZrF2, 
- 

ZrF4 and z i rconium metal as poss ib le  decay products. It i s  poss ib le  t h a t  

t he  ZrF2 o r  ZrF4 cou ld  r e a c t  w i t h  t h e  ' O S ~ F ~  t o  form a  complex f l u o r i d e ,  

bu t  no complex f l u o r i d e s  con ta in ing  S r  and Z r  have been repor ted.  The ZrF2 

and ZrF4 a r e  thermodynamically l e s s  s t a b l e  than t h e  SrF2. Therefore, 

reac t i ons  o f  t he  types shown i n  Equations (1)  through ( 5 )  i n v o l v i n g  t h e  

z i rconium f l u o r i d e s  and. containment m a t e r i a l s  a r e  more l i k e l y  t o  be thermo- 

dynamical ly  favorab le  than the  equ iva len t  reac t i ons  i n v o l v i n g  SrF2. 

WESF-produced ' O S ~ F ~  can con ta in  a  g rea t  many i m p u r i t i e s  (see Table 3 ) .  

The ava i  1  ab le  a n a l y t i c a l  data i d e n t i f y  o n l y  t h e  elemental cons t i t uen ts  and 

n o t  t h e  chemical compounds. The data i nd i ca te ,  however, t h a t  t he  c a t i o n i c  

i m p u r i t i e s  a r e  present  p r i m a r i l y  as f l u o r i d e s .  It can be assumed t h a t  t he  

. i m p u r i t i e s  a r e  present  as simple f l u o r i d e s  b u t  t h i s  has no t  been demon- 

s t rated e ~ ~ e r i m ~ n t a l l y ,  and X-ray d i f f r a c t i o n  f o r  nonrad ioac t ive  

SrF2 prepared by LLe WESF f lowsheet 8nd con ta in ing  t h c  ra  mc elemental 

i m p u r i t i e s  were f a r  t oo  complex t o  i n t e r p r e t .  It i s  l i k e l y ,  however, t h a t  



. some o r  a l ' l  , o f  the impur i t y  f l uo r i des  a re  present as sol  i d  so lu t ions o r  

compl ex f 1  uorides w i t h  the  g o ~ r ~ 2 ,  ZrF2, ZrF4 o r  each other.  Without know- 

i n g  the chemical compounds present i t  i s  impossible t o  analyze the system 

r igo rous ly .  I f  one assumes the impur i t y  f l uo r i des  a re  present as simple 

f l uo r ides  o f  u n i t  a c t i v i t y '  then the po ten t i a l  f o r  react ions between the 

impur i t y  f l uo r i des  and containment mater ia ls  can be estimated. By r e f e r r i n g  

t o  Table 4  i t  can be seen t h a t  most o f  the impur i t y  f l uo r i des  are  much less  

s tab le  than SrF2, and react ions o f  the  types shown i n  Equations (1 ) through 

( 5 )  i n vo l v i ng  the  less  s tab le  impur i t y  f l uo r i des  a re  more l i k e l y  t o  be 

thermodynamical,~ly favorable than those invo lv ing  SrFp. The overa l l  ne t  

ef fect  i s  fo r  most i m p u r i t i e s  t o  increase the p o s s i b i l i t y  o f  a t tack  o f  the 

containment mater ia l .  . . 

The ZrFp and zirconium metal, which may be present as decay products. 

r ep re i en t  f a i r l y  st rong reducing agents. The possi b i  1  i t y  o f  react ions 

between t he  ZrF2 o r  zirconium metal and the less  s t ah l s  impur i ty  f l uo r ides  

must be considered. Equations (9)  through (12) a re  t yp i ca l  o f  the types o f  

react ions which .may be possible. 

. . ZrFp + MF2 - ZrF4 + M 

2Zr + 2MF2 --+ ZrF + ZrM2 4 (1 2) 

The metals formed by reduct ion o f  the f l uo r i des . cou ld  i n  t u r n  r eac t  w i t h  

the containment mate r ia l  t o  form sol  i d  so lu t ions o r  intermeta 1 l i c  compounds. 

S i m i l a r l y  the zirconium metal could r eac t  d i r e c t l y  w i t h  the containment 

mate r ia l .  

The ' O S ~ F ~  contains a  small amount o f  oxygen ( 4 0 8  pprn). The a n a l y t i -  

ca l  data show most o f  the oxygen i s  present as water. However, small 

amounts of metal oxides may be present. Therefore, any thermodynamic 

analysis o f  a  system should inc lude po ten t ia l  react ions invo lv ing  



water and the  metal oxides. The ZrF2 o r  z i rconium metal,  as i t  forms, 

cou ld  r e a c t  w i t h  t h e  water and l e s s  s t a b l e  metal oxides, and these reac t i ons  

must be considered as we1 1 . 
From the  above d iscussion i t  can be seen t h a t  any WESF g o ~ r ~ q - c o n t a i n e r  

system is extremely complex, e s p e c i a l l y  i f  the  conta iner  ma te r i a l  i s  a N i -  

o r  Co-base a l l o y ,  most o f  which have a l a r g e  number o f  cons t i t uen ts .  b l i -  

and Co-base a l l o y s  i n  t h e  s o l u t i o n  heat - t rea ted  form have t h e i r  cons t i t uen ts  

present  p r i m a r i l y  i n  s o l i d  so lu t i on .  Thermal aging o f  t h e  a l l o y ,  as would 

occur w i t h  a ' O S ~ F ~  heat source, produces reac t i ons  which r e s u l t  i n  com- 

pound fo rmat ion  (carbides, in te rmeta l  1 i c s ,  e t ~ .  ) . The compounds formed i n  

a g iven a l l o y  can vary w i t h  aging t ime and temperature. 

The complexi ty  o f  any WESF g o ~ r ~ 2  system combined w i t h  the  l a c k  o f  

thermochemical data on ' the complex f l u o r i d e s ,  i n te rme ta l  1 i c s ,  carb ides,  

e t c .  makes a r i go rous  thermodynamic ana lys i s  o f  any WESF 9 0 ~ r ~ 2 - c o n t a i n e r  

system impossib le a t  t he  present  t ime. By making a number o f  s i m p l i f y i n g  

assumptions i t  i s  poss ib le  t o  c a r r y  ou t  an elementary thermodynamic 

ana lys i s  o f  WESF ' O S ~ F ~  containment. Such an ana lys i s  i s  o f  1 i m i  t ed  value 

i n  s e l e c t i n g  p o t e n t i a l  containment m a t e r i a l s  f o r  c o m p a t i b i l i t y  t e s t i n g ,  

b u t  can be o f  use as an a i d  i n  i n t e r p r e t i n g  the  c o m p a t i b i l i t y  t e s t  r e s u l t s .  

Nine containment m a t e r i a l s  were evaluated i n  t h e  shor t - te rm compati- 

' b i l i t y  t e s t s :  two r e f r a c t o r y  metals,  two cobalt-base a l l o y s  and f i v e  n i c k e l -  

base a l l o y s .  An elementary thermodynamic ana lys i s  was performed on each o f  

t h e  container-WESF ' O S ~ F ~  systems, and i s  presented i n  t h e  Appendix. The 

reac t i ons  p red i c ted  by t h e  thermodynamic c a l c u l a t i o n s  were conf irmed i n  a 

general way by t h e  experimental r e s u l t s .  However, i t  i s  apparent t h a t  

because o f  t he  s i m p l i f y i n g  assumptions requ i red ,  t h e  thermodynamic ana lys i s  

does n o t  present  a t r u e  p i c t u r e  o f  t h e  reac t i ons  invo lved i n  t he  WESF 'OsrF2- 

conta iner  systems. 



5.0 OBJECTIVES 

- 
The shor t - term c o m p a t i b i l i t y  t e s t s  represent  t h e  f i r s t  phase o f  a  com- 

p a t i  b i l  i ty  program t h a t  i s  intended t o  i d e n t i f y  containment ma te r i a l  s  f o r  
-, ' O S ~ F ~  t h a t  w i l l  permi t  i t s  use i n  heat source app l i ca t i ons .  The p r i n c i p a l  

e f f o r t  i s  d i r e c t e d  a t  developing the  data requ i red  t o  1  icense WESF-produced 

' O S ~ F ~  and t h e  WESF capsule. The bas ic  ob jec t i ves  o f  t h e  shor t - term t e s t s  

were two fo ld  : 

To evaluate a  v a r i e t y  o f  p o t e n t i a l  containment ma te r i a l s  w i t h  s t ron t i um 

f l u o r i d e  i n  a  se r ies  o f  shor t - term scout ing  t e s t s  and develop s u f f i -  

c i e n t  data t o  a l l o w  s e l e c t i o n  o f  t he  2  o r  3 .  best  m a t e r i a l s  f o r  long-  

term c o m p a t i b i l i t y  t e s t i n g ,  

To evaluate the  e f f e c t s  o f  i m p u r i t i e s  on t h e  c o m p a t i b i l i t y  o f  s t ron t i um 

f l u o r i d e  w i t h  containment m a t e r i a l s  and determine i f  a d d i t i o n a l  p u r i f i -  

c a t i o n  steps a r e  needed i n  t h e  WESF process t o  produce a  f l u o r i d e  

product  t h a t  can be adequately conta ined i n  heat source app l i ca t i ons .  

C o m p a t i b i l i t y  t e s t i n g  can be very c o s t l y  and t ime consuming, e s p e c i a l l y  

when h i g h l y  r a d i o a c t i v e  m a t e r i a l s  such as ' a re  involved.  Much o f  t he  

c o s t  i s  d i r e c t l y  r e l a t e d  t o  ana lys i s  .and eva lua t i on  o f  t he  t e s t  couples. 

Because o f  t h e  cos ts  involved,  t he  number o f  couples t h a t  cou ld  be tes ted  

was l i m i t e d .  I n  designing the  experimental  t e s t s  t o  accomplish the  objec-  

t i v e s  l i s t e d  above, two bas ic  approaches were considered: t o  t e s t  a  small 

number o f  couples over a  l i m i t e d  range o f  cond i t i ons  and analyze each very 

thoroughly, o r  t e s t  a  l a r g e  number o f  couples over a  wide range o f  condi -  

t i o n s  and reduce the  a n a l y t i c a l  e f f o r t  devoted t o  each couple. The approach 

se lec ted  was t o  t e s t  a  l a r g e  number o f  couples and r e l y  p r i m a r i l y  on 

metal l og raph ic  examination' ( o p t i c a l  microscopy) t o  eval uate f l  uor ide-  

metal i n t e r a c t i o n .  



6.0 EXPERIMENTAL 

6.1 TEST PARAMETERS 

The shor t - term c o m p a t i b i l i t y  t e s t s  were designed t o  accomplish t h e  

ob jec t i ves  s e t  f o r t h  i n  Sect ion 5.0. The experimental cond i t i ons  f o r  t he  

t e s t s  a r e  summarized i n  Table 5. The bases used i n  s e l e c t i n g  the  t e s t  

cond i t i ons  a r e  discussed below. The shor t - te rm t e s t s  were d i v i d e d  i n t o  

f o u r  se r i es  o f  t e s t s  each us ing  a  d i f f e r e n t  grade o f  SrF2 p lus  a  f i f t h  

se r i es  i n v o l v i n g  the  t e s t i n g  o f  re fe rence specimens w i thou t  SrF2 present.  

The f o u r  grades o f  s t ron t i um f l u o r i d e  were used i n  the  t e s t s  t o  de te r -  

mine the  e f f e c t s  o f  i m p u r i t i e s ,  r a d i a t i o n  and decay products on ' the com- 

p a t i b i l i t y  o f  SrF2 w i t h  containment ma te r i a l s .  (Descr ip t ions  o f  t he  f o u r  

grades o f  f l u o r i d e  a r e  g iven i n  Sect ion 6.2.2. ) High-pur i  t y  nonrad ioac t ive  

SrF2 ( con ta in ing  <I000 ppm t o t a l  i m p u r i t i e s )  was tes ted  as a  reference 

aga ins t  which the  o the r  f l u o r i d e  composit ions could be compared. Dup l ica te  

couples con ta in ing  the  h i g h - p u r i t y  SrF2 were tes ted  f o r  each s e t  o f  

cond i t ions .  

Mixtures o f  h i g h - p u r i t y  nonrad ioac t ive  SrF2 w i t h  c o n t r o l l e d  l e v e l s  o f  

added i m p u r i t i e s  were tes ted  t o  determine t h e  e f f e c t s  o f  s p e c i f i c  i m p u r i t i e s  

on SrF2 c o m p a t i b i l i t y .  The f l u o r i d e - i m p u r i t y  mix tures  used i n  t h e  t e s t s  

a re  shown i n  Table 6. Se lec t i on  o f  t h e  i m p u r i t i e s  t o  be s tud ied  was based 

on ana lys i s  o f  ' O S ~ F ~  prepared by the  WESF f lowsheet a t  PNL us ing  a  t y p i c a l  

' O S ~  feed s o l u t i o n  obta ined from ARHCO (WESF-produced ' O S ~ F ~  was n o t  a v a i l  - 
ab le  when the  t e s t s  were s t a r t e d ) .  The concentrat ions o f  i m p u r i t i e s  used 

i n  the  t e s t  mix tu res  were greater  than those expected i n  t he  WESF ' O S ~ F ~  

i n  o rder  t o  acce lera te  poss ib le  e f f e c t s .  It was impossib le t o  t e s t  a l l  o f  

t he  i m p u r i t i e s  expected i n  t h e  WESF ' O S ~ F ~  because o f  t h e  g rea t  many t e s t  

couples requ i red .  The t e s t s  were l i m i t e d  t o  those i m p u r i t i e s  which should 

be present  i n  t h e  WESF ' O S ~ F  i n  l a r g e  concentrat ions,  such as Na, Ca, and 2 
Ba, and those i m p u r i t i e s  which thermodynamic c a l c u l a t i o n s  i n d i c a t e d  should 

'be e s p e c i a l l y  troublesome, such as Cu, Fe, and Mn. The t e s t s  w i t h  f l u o r i d e -  

i m p u r i t y  mix tures  were c a r r i e d  ou t  a t  o n l y  one temperature, 1000°C. S ing le  



TABLE 5. Experimental Condi t ions f o r  t he  Short-Term 
Compati b i  1 i ty  Tests 

1. Grades of Stront ium F luo r ide  Tested 

a. High-puri  ty  nonradioact ive SrF2 ( < I  000 ppm i m p u r i t i e s )  

b. WESF-grade ' O S ~ F ~  ($4.5 w t %  i m p u r i t i e s )  

c. High-p.uri ty (21.9 w t %  i m p u r i t i e s )  

d. H igh -pu r i t y  nonradioact ive SrF2 w i t h  c o n t r o l l e d  l e v e l s  o f  added 

i m p u r i t i e s  

2. Containment Materials Evaluated 

a. Has te l l oy  C-276 d. Haynes . A1 1 oy 25 g. Inconel 625 

b. l : laste l loy X e. Haynes A1 1 oy I 8 8  h. TZM 

c. Has te l l oy  N f. Inconel 600 i. Tungsten 

3. Test  Temperatures 

a. 800°C (1472°F) 

b. 1000°C (1832°F) 

c. l l O O ° C  (2012°F) 

4. Tes t  Dura t ion  

a. 1500 h r  ($2 months) 

b. 4400 h r  (%6 mnnths) 

5. Meta l  Surtace t o  Fuel Volume Ra t io  

a . .  4.5 cm-l 

6. Nuniber o f  Couples Tested 

a. High-pur i  ty nonradioact ive SrF dupl i c a t e  couples f o r  each 
2- 

s e t  o f  cotidi Lions (108 couples) 

b. WESF ' O S ~ F ~  (54 couples) 

c. H igh -pu r i  t y  ' O S ~ F ~  (51 couplns) 

d. H igh -pu r i t y  nonradioact ive SrF2 w i t h  c o n t r o l l e d  l e v e l s  o f  added 

' .  i m p u r i t i e s  (21 6 couples,) 

e. Reference metal samples tes ted  a t  800, 1000 and 1 100°C 

. . (27 t o t a l )  



TABLE 6. Compositions o f  SrF2- Impur i ty  Mix tu res  Used i n  
t h e  Short-Term C o m p a t i b i l i t y  Tests 

composit ion 

1. ~ r + ~  (as SrF2) ( a )  

~ a +  (as NaF) 

2. ~ r + ~  (as SrF2) 

~ a + ~  (as CaF2) 

M ~ + ~  (as M9F2) 

~ a + ~  (as BaF2) 

3. ~ r + ~  ( a s  S r F i )  

(as MnF2) 

, 4. ~ r + ~  (as SrF2) 

~ b + ~  (as PbF2) 

5. ~ r+ '  (as SrF2) 

C U + ~  (as CuF2) 

6. ~ r + ~  (as SrF2) 

~ e + ~  (as FeF3) 

7. ~ r + ~  (as SrF,) 
L 

A I + ~  (as AIF~) 

9. ~ r + ~  (as SrF2) - 
NO3 [as Sr(NO3l21 

(a )  H igh-pur i  t y  nonrad ioac t ive  SrF , con ta in ing  <I000 ppm 
t o t a l  i m p u r i t i e s ,  used i n  p r e p i r i n g  t h e  mix tu res .  

. 6-3 



couples were tes ted f o r  each se t  of condi t ions except for  the f l u o r i d e  mix- 

tu res .  conta in ing water o r  n i t r a t e  where dupl i c a t e  coup1 es were tested. 

~ i ~ h - ~ u r i t ~  ''srF2 was tes ted t o  estimate the e f f ec t s ,  o f  r ad ia t i on  and 

decay product bui ldup on the c o m p a t i b i l i t y o f  SrF2 w i t h  containment mate- 

r ia l ' s .  The f l u o r i d e  had a i so top ic  content o f  55%. unfor tunately the 

h igh-pur i ty  'OSrF2 contained about 1.9 w t %  impurit ies,, p r inc ipa l  l y  ~ a ,  t h a t  

could have a f fec ted  the r e s u l t s  obtained, making i t  d i f f i c u l t  t o  estimate 

the e f f ec t s  o f  r ad ia t i on  and decay products o r  compat ib i l i t y .  Single 

couples contain ing h i gh -pu r i t y  90~r~p  were tested f o r  each se t  o f  condit ions. 

WESF-grade ' O S ~ F *  was tested t o  a1 low an ea r l y  evaluat ion o f  the poten- 

t i a l  problems expected i n  contain ing 'OsrF2 which contains s i g n i f i c a n t  

amounts o f  process impu r i t i es  as wel l  as decay products. The 90~ r  iso top ic  

content o f  the f l u o r i d e  was 55%. The ' O S ~ F ~  was prepared by the WESF f low- 

sheet using t yp i ca l  ' O S ~  feed so lu t i on  obtained from ARHCO. It would have 

been  h i gh l y  des i rab le  t o  use WESF-produced' 'OsrF2 but  the p l an t  had not  y e t  

s ta r ted  up when the t es t s  were i n i t i a t e d .  Single couples were tested f o r  

each s e t  o f  condi t ions . 
The containment mater ia ls  tes ted were l i m i t e d  t o  nine: tungsten, TZM, 

Haynes A l l oy  25, Haynes Al loy188,Hastel loy C-276, Hastel loy X, Hastel loy N, 

Inconel 600 and Inconel 625. Select ion o f  the spec i f i c  mater ia ls  t o  be 

tes ted was based on several factors inc lud ing  : thermodynamic considerations, 

r e s u l t s  o f  p r i o r  SrF2 compa t i b i l i t y  studies and adap tab i l i t y  o f  the mate- 

r i a l s  t o  the WESF process. A de ta i led  descr ip t ion  o f  the se lec t ion process 

i s  given i n  Section 6.2.3. 

The t es t s  were ca r r i ed  out  a t  temperatures o f  800, 1000 and 1100°C. 

When the program was star ted,  a review o f  po ten t ia l  app l ica t ions f o r  'OsrF2 

heat sources was made. This review ind icated t h a t  g o ~ r ~ 2  could be used 

w i t h  both s t a t i c  and dynamic conversion systems. Advanced concepts f o r  

both types o f  systems c a l l  ed f o r  capsul e-fuel i n t e r f ace  temperatures, under 

normal operat ing condi t ions,  i n  the range o f  800 t o  1000°C, and temperatures 
. - 

up t o  l l O O ° C  under accident condi t ions.  The t e s t  temperatures were selected 

t o  bracket the range o f  expected capsule operating and accident temperatures. . 



The t e s t s  were conducted f o r  1500 and 4400 h r .  It was f e l t  t h a t  

4400 h r  was the  sho r tes t  t e s t  pe r iod  t h a t  would.provide a  reasonable com- 

par ison o f  t h e  var ious containment mater ia ls ,  and a l l o w  a  v a l i d  eva luat ion  

o f  t h e  e f f e c t s  o f  ' i m p u r i t i e s  on c o m p a t i b i l i t y .  Two t ime per iods were used 

t o  ob ta in  p re l im ina ry  est imates o f  r e a c t i o n  k i n e t i c s  and t h e  forms o f  t he  

r a t e  equations. 

An important  v a r i a b l e  i n  the  design o f  any c o m p a t i b i l i t y  t e s t  couple 

i s  the  r a t i o  o f  exposed conta iner  ma te r ia l  sur face t o  t h e  core ma te r ia l  

volume (S/V). The WESF capsule has a surface t o  volume r a t i o  o f  about 

0.83 cm" . It was imprac t i ca l  t o  reproduce t h i s  value i n  t h e  short- term 

c o m p a t i b i l i t y  t e s t  couples because o f  t h e  many coupl'es required.  The 

couple design used f o r  t h e  t e s t s  had a  S/V r a t i o  o f  4.5 cm-' and t h i s  was 

n o t  var ied.  The e f f e c t  o f  v a r y i ~ g  the  S/V r a t i o  on c o m p a t i b i l i t y  w i l l  be 

evaluated i n  t h e  long-term t e s t s .  

I n  a d d i t i o n  t o  t h e  f l u o r i d e  coupl es, i n d i v i d u a l  metal con t ro l  samples 

were tes ted  a t  each temperature t o  determine the  e f f e c t  o f  t ime and tempera- 

t u r e  on t h e  micros t ruc tures  o f  t h e  containment materials. .  The samples were 

tes ted  w i thout  SrFp present and served as references t o  compare w i t h  the  

metal specimens from the  f l u o r i d e  coupl es. 

Overal l ,  a  t o t a l  o f  432 f l u o r i d e  couples were used i n  the .shor t - te rm 

t e s t s  i n c l u d i n g  108 coupl es conta in ing  " O S ~ F ~ .  

6.2 PREPARATION OF TEST COUPLES 

. * The procedures used i n  prepar ing t h e  c o m p a t i b i l i t y  t e s t  couples .were 

designed t o  d u p l i c a t e  t h e  WESF process as c lose as reasonably possib le.  

The s t ron t ium f l u o r i d e  used i n  the  t e s t s  was prepared us ing  the  WESF f low-  

sheet. .The r a d i o a c t i v e  f l u o r i d e  was prepared from a  p a r t i a l l y  p u r i f i e d  

9 0 ~ r  s o l u t i o n  obtained from ARHCO, w h i c h  was t y p i c a l  o f  t he  feed t o  the  

WESF operat ion.  While t h e  design o f  t h e  t e s t  couples d i f f e r e d  s u b s t a n t i a l l y  

from t h e  WESF capsule, t h e  procedures used i n  load ing and welding the  

couples were s i m i l a r  t o  those used a t  WESF. A l l  operat ions i n v o l v i n g  

r a d i o a c t i v e  f l u o r i d e  were c a r r i e d  o u t  i n  h o t  , c e l l s .  



6.2.1 Couple Fabr icat ion 

The design o f  the couples used i n  the short-term compat ib i l i t y  t es t s  
' 

i s  shown i n  Figure 2. Bas ica l l y  the couple consists of a small metal t e s t  

specimen packed i n  stront ium f luo r ide  w i t h i n  a metal capsule. The oapsule 

and t e s t  .specimen are t h e  same mater ia l .  A1 1 metal components o f  the 

couples were.machined from bar stock.. A l l  t e s t  specimens, o f  a given 

mater ia l ,  t ha t  were used i n  the t es t s  were prepared from a s ing le  l o t  o f  

mater ia l  which was we1 1 -characterized as t o  chemical composition and physi- 

ca l  propert ies.  Each t e s t  specimen was 112 i n .  diameter and approximately 

318 i n .  th i ck .  The f l a t  faces of each specimen were ground and pol ished 

t o  a metal lographic f i n i s h  using 0.3 micron ( p )  alumina f o r  the f i n a l  

pol  ish .  A f te r  f ab r i ca t i on  the metal components o f  the couples were cleaned 

i n  an u l  t i ason ic  bath using t r ich loroethy lene,  washed w i t h  acetone, d r ied  

i n  a i r  and stored i n  sealed containers u n t i l  needed. 

Strontium f l u o r i d e  was loaded i n t o  the t e s t  capsules by step pressing 

using a hydraul ic  press. The procedure used w i t h  the nonradioactive SrFp 

was as fo l lows: 

The components o f  the couples were placed i n  a small argon 

atmosphere gioved box which surrounded the ram o f  a hydraul ic  press. 

'The capsule t o  be loaded was pressed i n t o  a hqrdened s tee l  d i e  block. 

A small amount. of SrFp ( 4  t o  5 g)  was placed i n  the capsule and com- 

pacted using a s tee l  plunger (Figure 3) .  The plunger was removed and 

a second increment o f  SrFZ added t o  the capsule and compacted. The 

t e s t  specimen was placed on top of the f l u o r i d e  layer  and centered t o  

prevent contact  w i t h  the capsule wal l .  Addi t ional  f l u o r i d e  was added 

and compacted i n  4 t o  5 g increments u n t i l  the capsule was f i l l e d  t o  

the desired l e v e l .  The capsule l i d  was pressed i n t o  place and the 

capsule ejected f rom the d i e  block. The capsule was then t ransfer red 

i n  a sealed container t o  an argon atmosphere welding box where i t was 

closed. by T I G  welding the 1 i d  i n  place. Using t h i s  procedure the 

vo id  space i n  the capsule was f i l l e d  w i t h  argon. 



NOTES: 1. CAPSULE, L I  D AND TEST SPEC I MEN ARE SAME MATERIAL 

2. METAL.COMPONENTS MACH I NED FROM BAR STOCK 

3. FLAT FACES OF TEST SPECIMENS POL1 SHED TO METALLOGRAPHIC 
F l  N l  SH 

4. SrF2 STEP PRESSED I NTO CAPSULE 

FIGURE 2. Design o f  t he  C o m p a t i b i l i t y  Couples Used i n  t h e  
Short-Term Tests 
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FIGURE 3. Equipment f o r  Loading SrF2 Into the T ~ s t  Capsules 



A s i m i l a r  procedure was used t o  f a b r i c a t e  the  r a d i o a c t i v e  couples except 

t h e  l oad ing  and welding operat ions were c a r r i e d  o u t  i n  air-atmosphere h o t  

c e l l  s. A small press constructed '  from a hyd rau l i c  j ack  was used t o  compact 

t h e  f l u o r i d e .  The capsules were sealed by TIG welding. Since t h e  r a d i o -  

a c t i v e  couples were assembled i n  an a i r  atmosphere, t h e  v o i d  space i n  t he  

capsule was f i l l  e d  w i  t h  ai.r. - The d i f f e r e n c e  i n  i n t e r n a l  atmosphere between 

t h e  r a d i o a c t i v e  and nonrad ioac t ive  coup1 e might  have some e f f e c t  on t h e  

metal a t t a c k  b u t  t he  e f f e c t  should be very s l i g h t .  

I n  t h e  load ing  operatio'ns the  f l u o r i d e  was compacted t o  a dens i t y  o f  

about 75% o f  t h e o r e t i c a l  densi ty ,  approx imate ly  t h e  d e n s i t y  o f  t he  9 0 ~ r ~ 2  

i n  t h e  WESF capsules. A pressure o f  9-10 TSI was s u f f i c i e n t  t o  g i v e  the  

des i red  f l u o r i d e  dens i ty .  .. . . . . 

Tes t ing  o f  t h e  couples was c a r r i e d  o u t  i n . a i r  atmosphere m u f f l e  , 

furnaces. To p r o t e c t  t h e  couples from ex terna l  o x i d a t i o n  du r ing  t e s t i n g  

they were sealed i n  p r o t e c t i v e  j acke ts  o f  Inconel 600 as shown i n  F igure  4. 

Each j a c k e t  con'tained up t o  e igh t ,  couples. Alumina tubes and spacers were 

used t o  prevent contac t  between.the couples and the  Inconel 600. 

6.2.2 Preparat ion o f  Stront ium F luo r ide  

Four grades o f  s t ron t i um f l u o r i d e  were used i n  the  shor t - term com- 

p a t i b i l i t y  t e s t s :  

H igh -pu r i t y  nonrad ioac t ive  SrF2 con ta in ing  l e s s  than 1000 ppm t o t a l  

i m p ~ r r i  t i e s ,  

WESF-grade ' O S ~ F *  con ta in ing  approximately '  4.5 w t %  c a t i o n  i m p u r i t i e s ,  

~ i ~ h - ~ u r i i ~ '  ' O S ~ F ~  c o i t a i n i  ng approximately 1.9 w t %  c a t i o n  i m p u r i t i e s ,  

H igh -pu r i t y  nonrad ioac t ive  SrF2 w i t h  c o n t r o l l e d  l e v e l s  o f  added 
. , 

i m p u r i t i e s .  

The h i g h - p u r i t y  nonrad ioac t ive  SrFp was prepared from reagent-grade s t ron -  

t i um n i t r a t e  by a procedure appruxi lnat ing the WESF f lowsheet :  
' 

St ront ium n i t r a t e  was ' d i sso l ved  i n  d i s t i l l e d  water and t h e  pH o f  

the  s o l u t i o n  r a i s e d  t o  9 us ing  reagent-grade sodium hydroxide. Any 
1 . I  
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s o l i d s  t h a t  formed were removed by f i l t r a t i o n  a f t e r  which reagent-grade 

s o l i d  sodium f l u o r i d e  was added t o  p r e c i p i t a t e  SrF2. A f t e r  d i g e s t i n g  

f o r  1 h r  a t  80°C, t h e  s l u r r y  was f i l t e r e d  and t h e  cake washed thoroughly 

w i t h  b o i l i n g  d i s t i l l e d  water. The SrF2 cake was vacuum d r i e d  a t  140°C, 

b a l l  -mi l  l e d  t o  -100 mesh and f i r e d  i n  a1 umina t r a y s  a t  1 100°C f o r  16 h r  

i n  an a i r  atmosphere. A f t e r  coo l ing ,  t he  SrF2 was b a l l - m i l l e d  t o  

-100 mesh and sealed i n  p l a s t i c  b o t t l e s  u n t i l  needed. 

The h i g h - p u r i t y  f l u o r i d e  was prepared i n  several batches and the  batches 

combined and thoroughly blended. I 

The h i g h - p u r i t y  SrF2 was analyzed by several methods i n c l u d i n g  spark 

source mass spectroscopy, emi ss ion  spectroscopy, 'neutron a c t i v a t i o n ,  f lame 

photometry, atomic absorp t ion  and wet chemistry.  The r e s u l t s  obta ined a r e  

shown i n  Tab1 e 7. The ma te r ia l  was found t o  . con ta in  l e s s  than 1000 ppm 

t o t a l  i m p u r i t i e s  w i t h  sodium (300 ppm) and calc ium (220 ppm) being the  

p r i n c i p a l  i m p u r i t i e s .  The oxygen content  was 50 ppm, and the  data showed 

the  bu l k  o f  t he  oxygen was present  as water. 

The WESF-grade ' O S ~ F ~  was prepared by PNL us ing s o l u t i o n  obta ined 

from ARHCO. The ana lys i s  o f  t h e  'OSr s o l u t i o n  i s  g iven i n  Table 8. The 

'Osr i s o t o p i c  content  o f  t h e  feed was 55.1%. The f l u o r i d e  was prepared 

us ing  the  same procedure used i n  p repar ing  the  h i g h - p u r i t y  nonrad ioac t ive  

SrF2. The f l u o r i d e  was prepared i n  18 batches and the  batches were com- 

bined and blended. The product  was analyzed by emission spectroscopy, 

atomic absorpt ion,  f lame photometry and wet ch.emistry, and t h e  r e s u l t s  

obta ined a r e  shown i n  Table 9. Un fo r tuna te l y  methods were n o t  a v a i l a b l e  

f o r  ana lyz ing  f o r  anion i m p u r i t i e s  i n  9 0 ~ r ~ 2 .  On a c a t i o n  bas is  t he  WESF- 

grade ''SrF2 conta ined about 4.5 w t %  i m p u r i t i e s .  Sodium and r a r e  ear ths  

were t h e  major i m p u r i t i e s .  

H igh -pu r i t y  g o ~ r ~ 2  was prepared from the  same s o l u t i o n  used t o  prepare 
9 0 the  WESF-grade SrFp The S r  s o l u t i o n  was p u r i f i e d  by chromatographic i o n  

exchange p r i o r  t o  p repara t ion  o f  t h e  f l u o r i d e .  The procedure used i n  prepar ing 

the  h i g h - p u r i t y  " S ~ F ~  was i d e n t i c a l  t o  t h a t  used i n  p repar ing  t h e  WESF-grade 

g o ~ r ~ Z .  The ana lys i s  o f  t h e  h i g h - p u r i t y  ''SrF2 i s  g iven i n  Table 10. Cat ion 

i m p u r i t i e s  i n  t he  ma te r ia l  amounted t o  1.9 w t %  w i t h  sodium being the  p r i n c i p a l  

impur i t y .  



TABLE 7. Analys is  o f  Nonradioact ive SrF2 Used 
i n  the  Short-Term Compati b i  1 i ty ~ e s t s ( ~ )  

E l  ement 

H 

L i 

Concentrat ion 
(ppm) 

7 

1 

Concentrat ion Concentrat ion 
E l  ement ( ppm) Element (ppm) 

Ga N D Nd N D 

(a)  Values g iven a r e  the  average values from the ana lys is  o f  t h ree  
separate samples (us ing two o r  more procedures fo r  most elements). 

ND ind i ca tes  element i s  below t h e  detec tab le  l i m i t .  I n  most cases 
t h e  detec tab le  l i m i t  i s  <1 ppm. 



,-, 
TABLE 8. cornpo&i t i o n  of 'Osr Feed Solut ion 

Total .S r  - - 16.2 g / l  
9 0 

S r  - - 8.93 g / l  

H+ - - 0.7M - - 
N03 

- - 2.5M - 

Iso topic  Analysis: 
8 4 

S r  - - 0.10 atom % 
8 6 

S r  - - 0.57 
8 7 

S r  - - 0.40 
8 8 

S r - - 43.80 
9 0 

S r  - 55.10 

Impurity Analysis: 

E l  emen t Mol es/Mol e S r  

( a )  Rare Earths 



TABLE 9. Analysis o f  WESF-Grade ' O S ~ F ~  Used i n  the Short-Term 
Cornpati b i  1 i t y  Tests 

Concentration Concentration 
Element (wt%) Element (wt%) 

A 1 <0.01 M n <0.01 

(a) ND - no t  detected (the' detectable 1 i m i t  f o r  most elements 
~0 .01%)  

(b)  RE - r a r e  earths 

TABLE 10. Analysis o f  High-Puri ty ''s~F* Used i n  the Short-Term 
Compat i b i  l 1 ty  Tests 

Element 

A 1 

00. 

C a 

Concentration 
(wt%) 

0.25 

0.002 

0.006 

~l ement 

M n 

N d 

N i 

Concentration 
(wt%) 

0.0005 

(a) NO - not  ddtected ( the  detectable l i m i t  f o r  most elements 
QO.Ol%) 

. . (b) RE - r a r e  earths 



High -pu r i t y  nonrad ioac t ive  SrF2 con ta in ing  c o n t r o l l e d  l e v e l s  o f  added 

i m p u r i t i e s  was prepared us ing  the  h i g h - p u r i t y  SrF2 described above. The . 
requ i red  composit ion was .prepared by combining t h e  h i g h - p u r i t y  SrF2 w i t h  

the  appropr ia te  amount o f  i m p u r i t y  f l u o r i d e .  The f l u o r i d e  m ix tu re  was then 
-. b a l l  - m i  1  l.ed f o r  several hours t o  i nsu re  thorough b lending.  

A d i f f e r e n t  procedure was used t o  prepare the  m ix tu re  con ta in ing  water. 

The water was added t o  t h e  t e s t  couples as the  h i g h - p u r i t y  SrF2 was being 

compacted i n t o  t h e  capsule. F i r s t  a s m a l l  weighed amount o f  SrF2 was 

pressed i n t o  t h e  capsule (see Sect ion 6.2.1 ).   hen a known volume o f  water, 

s u f f i c i e n t  t o  g i v e  the,desired.concentration-, was added ' t o  the  capsule 

us ing  a m ic rop ipe t te .  A second' increment' o f  SrF* was compacted i n t o  t h e  

.capsule. The t e s t  specimen was i n s e r t e d  and the  r e s t  o f  t he  SrF2 added. 

The capsule 1 i d  was pressed i n  p lace  and the  capsule sealed by TIG welding. 

Analys is  o f  f l u o r i d e  f rom 'a  welded coup le  i n d i c a t e d  tha t ,  w i t h i n  exper i -  

mental e r ro r ,  l i t t l e  o r  no water was l o s t  du r ing  the  l oad ing  and welding 

opera t ion .  

6.2.3 Containment Ma te r i a l s  

The n ine  containment ma te r i a l s  evaluated i n  t he  shor t - te rm c o m p a t i b i l i t y  

t e s t ,  and t h e i r  composit ions, a r e  l i s t e d  i n  Table 11. For a g iven a l l o y  

t h e  concent ra t ion  o f  a s p e c i f i c  component can vary s i g n i f i d a n t l y  from one 

a l l o y  heat t o  another. The composit ions g iven i n  Table 11 a re  f o r  t h e  t e s t  

specimens a l l  o f  which, f o r  a g iven ma te r ia l ,  were prepared from a s i n g l e  

heat.  The t e s t  capsules and l i d s  were machined from d i f f e r e n t t h e a t s  o f  

m a t e r i a l s  and t h e i r  composit ions v a r i e d  somewhat from those g iven i n  

Table 11. 

Se lec t i on  o f  t h e  containment m a t e r i a l s  t o  be- evaluated i n  t he  sho r t -  

term compati b i  1  i ty  t e s t s  represented a c r i t i c a l  dec i s ion  p o i n t  i ,n t h e  

St ron t ium Heat Source Development Program. Cost cons idera t ions  prevented 

t h e  t e s t i n g  o f  a wide v a r i e t y  o f  ma te r i a l s ,  and t ime cons idera t ions  made i t  

impera t ive  t h a t  t he  m a t e r i a l s  se lec ted  f o r  shor t - term t e s t i n g  prov ided t h e  

maximum p o s s i b i l i t y  o f  ach iev ing  t h e  program ob jec t i ves .  To be s u i t a b l e  



TABLE 1 1 .  chemical Composition of Containment Mat2rial s 
Eva1 uatej in the Short-Term Compati'til i t y  ~ e s t s  (a) 

Composition, wt% 
i l as te l  l o y  C-27E Hastel.10~ X Has te l l oy  N thyies Al loy 25 Haynes A l l o y  183 Inconel 6CO Inconel 625 TZM Tungsten 

ASP-5754 PSM 57590 Hot F in is l ied ASM-5666 Wrought Bar 
So lu t ion  Heat So lu t ion  k a t  So lu t ion  +eat So lu t ion  Heat Solut ior i  Heat P ick led  atid Hot F in ished Stress Releived 

Element r rea ted  a t  2100'F Treatec a t  1351°= Treated a t  7-65OF Treated Treeted a t  210OoF 4nnealed and Annealed 3/4 h r  a t  2300°F Arc Cast 

(a)  Compositions l i s t e d  a re  as g iven i n  tk S e r t i f i e d  Repor-. o f  Chemical Analys is  suppl ied w i t h  each l o t  o f  me te r ia l  



as a  containment ma te r i a l  f o r  'OS~F, i n  heat source app l i ca t i ons ,  a  ma te r i a l  
L 

. . 

should no t  o n l y  be compatible w i t h  the  ' O S ~ F ~  under source opera t ing  condi-  

t i o n s  b u t  p rov ide  o the r  source requirements as w e l l .  These can i nc lude  

such requirements as o x i d a t i o n  res is tance,  seawater co r ros ion  res i s tance  

and good h igh  temperature s t reng th  c h a r a c t e r i s t i c s .  I n  add i t i on ,  t he  mate- 

r i a l  should be adaptable f o r  use i n  t he  WESF process which requ i res  l oad ing  

o f  t h e  capsule by impact conso l ida t ion .  Containment m a t e r i a l s  which best  

meet t he  f l u o r i d e  c o m p a t i b i l i t y  requirement may no t  p rov ide  o the r  source 

and/or W E S F - ~ ~ O C ~ S S  requirements. Since t h e  g o ~ r ~ 2 ,  w i l l  be doubly encap- 

sulated. cons idera t ion  can be g iven t o  t h e  use o f  d i s s i m i l a r  ma te r i a l s  f o r  

t h e  i nne r  and ou te r  capsules; t h e  i nne r  capsule ma te r ia l  t o  p rov ide  f l u o r i d e  

c o m p a t i b i l i t y  and WESF process needs and the  ou te r  ma te r i a l  t o  p rov ide  o ther  

source requirements. I n  s e l e c t i n g  the  m a t e r i a l s  f o r  eva lua t i on  i n  t h e  

shor t - term scout ing  t e s t s ,  there fore ,  pr imary emphasis was placed on f l u o r i d e  

compati b i  1  i ty  and adaptabi 1  i ty t o  the  WESF process. 

Se lec t i on  o f  t h e  ma te r ia l s  t o  be tes ted  from t h e  many p o t e n t i a l  candi -  

dates was based on a  rev iew o f  t he  f o l l o w i n g  cons idera t ions :  

An elementary thermodynamic ana lys i s  o f  SrF2 containment, 

Resul ts  obta ined i n  e a r l i e r  SrF2 c o m p a t i b i l i t y  programs a t  t he  M a r t i n  

CO.( ' )  and PNL, (2)  

Other experimental programs i n v o l v i n g  metal f l u o r i d e s  a t  h igh  tempera- 

t u res  i n c l u d i n g  the  Molten S a l t  Reactor Program a t  ORNL, the  f l u o r i d e  

v o l a t i l i t y  programs a t  ORNL, ANL and BMI, and miscel laneous e l e c t r o l y t i c  

s tud ies  i n v o l v i n g  fused f l u o r i d e  s a l t s ,  

A d a p t a b i l i t y  o f  t h e  containment ma te r i a l  t o  t h e  WESF process, 

P o t e n t i a l  heat source opera t ing  requirements ( i  .e., temperature, e t c .  ) , 
Probable 1  icens ing  requirements ( i  .e., IAEA Safe ty  Ser ies No. 33, 

10 CFR Par ts  20 and 71 ) . 

L 

A f t e r  eva lua t i ng  t h e  var ious  f a c t o r s  involved,  t h e  n ine  m a t e r i a l s  

1 i s t e d  i n  Table 11 were se lec ted  f o r  t e s t i n g .  An t i c i pa ted  c o m p a t i b i l i t y  

w i t h  9 0 ~ r ~ 2  was the  p r i n c i p a l  bas is  f o r  s e l e c t i n g  t h e  n ine  ma te r ia l s ,  and 

A. 



. . 

,' i n  some instances overrode o the r  considerat ions.  For example, previous work 

has shown Haynes A l l o y  25 i s ' c o m p a t i b l e  w i t h  S ~ F ~  a t  400 t o  900°C, and i t  

was selected f o r  t e s t i n g  even though thermal aging reac t i ons  i n  t h e  a l l o y  

a t  650 t o  900°C g r e a t l y  reduce i t s  impact s t reng th  and d u c t i l i t y .  (8,9) A 
. . number o f  o ther  ma te r ia l s  were considered f o r  t e s t i n g  b u t  were r e j e c t e d  f o r  

. . var ious reasons. ~ x a m ~ l e s  o f  t h e  types of ma te r ia l s  considered and r e j e c t e d  

a r e  g iven i n  Table 12. 
. . . . 

IABLE 12. Potential Containment Mdlermlil ' ls Consldered 
f o r  Test S I I ~  drld Rejected 

31 6L Sta in less  Steel  

Haste1 l o y  B 

Has te l l oy  F 

Haste1 l o y  S 

Has te l l oy  T 

Haynes ' 1  52 

Inconel 601 

lnconel  617' 
Inconel  713 

lnconel  X-750 

Inco loy  800 

Inco loy  825 

TD Nickel  

TD N i C r  

N-155 

Rene 41 

Rene Y 

Waspal l o y  

Nichrnme 5 

Nio-0-Nel 185 

Mu1 t i m e t  

Vanadium 

Col umbi urn 
Tanta l  UIII 

Ta-1 OW 

T-111 

Molybdenum 

Mo-50% Re 

W-25% Re 

Graphi te 

6 . 3  COUPLE TESTING 

A l l  o f  t h e  short - term c o m p a t i b i l i t y  t e s t s  were c a r r i e d  o u t  i n  res is tance 

heated a i  r-atmosphere muff1 e furnaces. Several furnaces were requ i red  

because o f  the  large number o f  couplcs t o  be tested,  lhe d i f f e r e n t  tempera- 

t u r ~  requirements, dud t h e  need t o  t e s t  both r a d i o a c t i v e  and nonradioact ive 

couples. Each furnace was equipped w i t h  a so l  i d - s t a t e  p ropor t i on ing  con- 

t r o l l e r  and P l a t i n e l  I 1  thermocouple capable o f  main ta in ing  the  temperature 

w i t h i n  +Z°C of t h e  s e t  p o i n t .  I n  add i t i on ,  each furnace was equipped w l t h  

a second c a l i b r a t e d  thermocouple, e i t h e r  P l a t i n e l  I 1  o r  Pt/Pt-13% Rh, which 



was monitored cont inuous ly  w i t h  a s t r i p  c h a r t  recorder  and p e r i o d i c a l l y  

w i t h  a d i g i t a l  m i l l i v o l t m e t e r .  The second thermocouple was pos i t i oned  i n  

approximately t h e  same l o c a t i o n  i n  t he  furnace chamber as the  c o n t r o l l e r  

thermocouple. Each c o n t r o l l e r  was equipped w i t h  thermocouple break pro-  

t e c t i o n  t o  t u r n  o f f  t he  power i f  t h e  c o n t r o l  thermocouple f a i l e d .  

P r i o r  t o  use, t h e  temperature p r o f i l e  i n  each furnace chamber was 

measured us ing  a c a l i b r a t e d  P l a t i n e l  I 1  thermocouple. A t  a c o n t r o l  tem- 

pera ture  o f  1100°C the  maximum dev ia t i ons  observed were +5"C and -12°C. 

A t  800 and 1 0 0 0 " ~  the  dev ia t i ons  were s l i g h t l y  less .  

I n  t e s t i n g  couples con ta in ing  r a d i o a c t i v e  compounds t h e  problem e x i s t s  

o f  determin ing the  ac tua l  t e s t  specimen-compound i n t e r f a c e  temperature. 

This  temperature can be s u b s t a n t i a l l y  above the  furnace temperature depend- 

i n g  on t h e  design and heat ou tpu t  o f  t h e  couple. Use o f  a p r o t e c t i v e  

j a c k e t  serves t o  increase the  temperature d i f ference.  Heat t r a n s f e r  ca lcu-  

l a t i o n s  showed the  furnace c o n t r o l  temperatures should be 762, 972 and 

1077OC t o  g i v e ' t h e  des i red  average i n t e r f a c e  temperatures o f  800, 1000 

and 1100°C. 

Few d i f f i c u l t i e s  were encountered du r ing  the  var ious  shor t - term t e s t s .  

A c o n t r o l  thermocouple f a i l e d  du r ing  the  l l O O ° C  t e s t s  w i t h  h i g h - p u r i t y  

' O S ~ F ~  and had t o  be replaced. Downtime was approximately 36 h r .  A more 

ser ious problem occurred i n  t h e  1500-hr t e s t s  w i t h  nonrad ioac t ive  SrF2 

con ta in ing  added i m p u r i t i e s .  On t h e  day the  t e s t s  were t o  be terminated a 

furnace c o n t r o l l e r  f a i l u r e  a l lowed some o f  t h e  couples t o  overheat t o  

approximately 1 2 0 0 " ~  f o r  about 4 h r .  The e f f e c t s  o f  overheat ing on t h e  

t e s t  couples i s  discussed i n  Sect ion 7.1.4. The temperature excurs ion 

occurred due t o  f a i l u r e  o f  two separate systems i n  the  c o n t r o l l e r .  The 

SCR power module f a i l e d ,  a l l ow ing  cont inuous power i npu t ,  and a t  t he  same 

t ime the  overtemperature c o n t r o l  sw i t ch  f a i l e d .  To prevent  s i m i l a r  i n c i -  

dents i n  o the r  t e s t s ,  each furnace was equipped w i t h  a second overtemperature 

swi tch.  The swi tch  operated o f f  t h e  s t r i p - c h a r t  recorder  used t o  mon i to r  

t he  furnace temperature and was separated from the  furnace c o n t r o l l e r .  The 

switches were s e t  up t o  shut  o f f  power t o  the  furnace i f  t h e  temperature 

exceeded a predetermined 1 eve1 . 



6.4 COUPLE EVALUATION 

When a se r ies  o f  t e s t s  was completed t h e  c'ouples were cooled and 

removed from t h e i r  p r o t e c t i v e  jacket .  Each couple was examined f o r  s igns 

o f  ex terna l  o x i d a t i o n  and then sect ioned us ing an abrasive saw, tak ing  care 

n o t  t o  damage t h e  t e s t  specimen. The SrF2 and t e s t  specimen were removed 

from t h e  capsule and separated. I n  almost every case some SrF2 adhered t o  

t h e  t e s t  specimen and could not  be removed completely w i thout  damage t o  t h e  

specimen surface. The problem was e s p e c i a l l y  severe w i t h  t h ~  r a d i o a c t i v e  

f.1 u o r i  de. 
> 

v 

T l ~ t i  r~urrr;dd~luactlve t e s t  -specimens were' sect ioned l o n g i t u d i n a l l y  and 

one h a l f  was mounted i n  p l a s t i c  f o r  subsequent examination. The rad ioac t i ve  

specimens were mounted on edge i n  p l a s t i c  and ground t o  t h e  midpoint  f o r  

examination. With some couples the  capsule was sect ioned and a p o r t i o n  

showing the  weld area was mounted i n  p l a s t i c  f o r  metal lographic examination. 

A t tack  of t h e  nonrad ioac t ive  t e s t  specimens was eval uated us ing  

o p t i c a l  microscopy, scanning e lec t ron  microscopy (SEM) and e l e c t r o n  micro-  

probe ana lys i s  (EM). Microhardness measurements were obtained on some o f  

t h e  t e s t  specimens. A t tack  o f  t h e  r a d i o a c t i v e  t e s t  specimens was evaluated 

p r i m a r i l y  by o p t i c a l  microscopy. 

I n 1  t l a l l y  i t  was hoped t h a t  add i t i ona l  data on f luor ide-meta l  i n t e r -  

a c t i o n  could be obta ined by chemical analyses of t he  SrFe and t e s t  specimens 

and by dimensional and weight  changes o f  t h e  t e s t  specimens, bu t  these hopes 

proved t o  be unwarranted. Chemical ana lys i s  o f  t h e  SrFp and metal specimens 

by var ious techniques provided 1 i ttl e usefu l  in fo rmat ion .  Any changes i n  

composit ion observed were always l e s s  than t h e  p rec i s ion  o f  t h e  a n a l y t i c a l  

procedures used. The use o f  X-ra.y d i f f r a c t i o n  t o  i d e n t i f y  r e a c t i o n  products 

was a l s o  unsuccessful and was abandoned. Weight and dimensional changes o f  

t h e  t e s t  specimens were o f  l i t t l e  value. Stront ium f l u o r i d e  adhering t o  

t h e  metal specimens made weight changes meaningless, and attempts t o  remove 

t h e  f l u o r i d e  w i thou t  a f f e c t i n g  the  metal sur face were unsuccessful. It was 



a l s o  found t h a t  when the  SrF2 was step-pressed i n t o  t h e  t e s t  capsule dur ing  

t h e  load ing operat ion,  some d i s t o r t i o n  o f  t he  t e s t  specimen resu l ted .  This 

d i s t o r t i o n  made any subsequent dimensional measurements on the  t e s t  speci -  
- .  

mens o f  1 i . t t l e  value. 



RESULTS AND DISCUSSION 

Evaluation o f  metal-f luoride in teract ion i n  a given couple was based 

on examination o f  the metal t e s t  specimen. Metal attack was determined 

from the specimen photomicrographs and electron microprobe data. It was 

d i f f i c u l t  t o  obtain an exact measure o f  the metal attack from the micro- 

graphs and microprobe data, and the resu l ts  presented i n  the following 

tables are estimates o f  the depth o f  metal affected. I n  most couples the 

metal at tack was nonuniform. The micrographs and electron microprobe data 

were obtained from those areas o f  the t e s t  specimens showing maximum 

attack, and the data reported i n  the tables represent, i n  each case, the 

, maximum attack observed. 

Various types o f  metal attack were observed i n  the d i f f e r e n t  t e s t  

couples, and usual ly two o r  more types were found i n  each couple. I n  

general, however, the attack mechanisms can be divided i n t o  two basic types. 

Two estimates o f  metal attack are reported f o r  each couple, one f o r  each 

type o f  attack. Although the nomenclature may be misleading the two types 

o f  attack have been designated as: chemical attack, and changes i n  speci- 

men microstructure. While the two types o f  attack are probably i n t e r -  

dependent, there was i nsu f f i c i en t  analy t ica l  data avai lable t o  i d e n t i f y  

the interrelat ionships. 

Chemical at tack i s  defined as those attack mechanisms which are 

d i r e c t l y  a t t r ibu tab le  l o  attack o f  the specimen by the f l uo r ide  and includes 

such mechanisms as grain boundary attack ( intergranular penetration), 

p i t t i ng ,  subsurface void formation and general ized attack o f  the metal 

surface. It can also include select ive d issolut ion o f  a l l o y  components i n  

the s o l i d  f l uo r ide  phase. Typical examples o f  chemical at tack are shown 

i n  Figure 5. Changes i n  microstructure are defined as those affected areas 

where the specimen rnor-phology d i f fe rs  s ign i f i can t l y  from tha t  ~f the bulk 

o f  the specimen and from the reference specimen; and can consist  o f  various 

s t ructura l  changes such as the disappearance o f  normal a1 l o y  prec ip i ta tes , 
the formation o f  abnormal precipitates,and marked changes i n  gra in s i te .  



FIGURE 5. Typical Examples of Chemical Attack 



Typical examples of microstructural changes are shown in Figure 6. In the 
Hastelloy C-276 specimen, which had contacted SrF2 containing FeF3, there 

is a surface laysr several mils thick where the normal a1 loy precipitates 

have almost compl etely disappeared. The Inconel 625 specimen exposed to 
SrF2-CuF2 has a surface layer where the normal a1 loy precipitates have 
largely disappeared. However, the specimen also contains a much narrower 
surface layer where abnormal precipitates are present as discrete globular 

inclusions. 

The effect of microstructural changes on the usefulness of a given 
alloy as a containment material for 'OS~F~ is difficult to assess without 

mechanical property data such as tensile strength, toughness and ductility. 
Chemical attack of the alloy will definitely decrease the usefulness of a 

given alloy. This may not necessarily be the case with microstructural 
changes , however. The disappearance of normal a1 1 oy precipitates may 
increase the ductility and toughness of the affected zone, while the forma- 
tion of abnormal precipitates could reduce toughness and ductility. 

7.1 RESULTS 

The short-term compatibility tests were divided into four series of 
tests each using a different grade of strontium fluoride. A great deal of 
experimental data was obtained from the tests. Providing a comprehensive 
and meaningful evaluation of the data requires considerable effort. . To 
simplify the presentation the basic experimental data and general analyses 
of the results are provided in this section, while the specifics of the 

individual metal -fluoride systems are discussed in Section 7.2. 

7.1.1 High-Purity Nonradioactive SrF2 

The metal attack found in coup1 es containing high-puri ty nonradio- 
sctive strontium fluoride is sumnarized in Table 13. Several conclusions 

Ire apparent from the test data: 



FIGURE 6. Typical Examples o f  Changes i n  Specimen Microstructure 



M a t e r i a l  
Tested 

Haste1 l o y  C-276 

Haste1 l o y  X 

Has te l l oy  N 

Haynes A1 l o y  25 

Haynes A1 1 oy 188 

Inconel 600 

Inconel  625 - 

TZM 

Tungsten 

Metal A t tack  Observed i n  Coup1 es Conta in ing 
H igh-Pur i ty  Nonradioact ive SrF2 

Test  
Temperature 

("C) 

Depth o f  Metal A f fec ted ,  m i l s  
Change i n  

Chemical A t tack  M ic ros t ruc tu re  
1500 h r  4400 h r  1500 h r  4400 hr  

1 2 1 1 
4 7 1 2 
6 8 0 2 

1 < 1 2 2 
1 1 2 1 
2 1 1 4 

1 4 2 5 
3 ' 3  5 5 

< 1 1 5 6 

<<I 1 < 1 < 1 
<<I 1 < 1 1 
<< 1 1 1 2 

2 1 2 2 
2 3 0 0 
2 4 1 1 

0 < 1 3 6 
< 1 < 1 5 7 
< 1 1 0 4 

1 1 1 2 
. 3  3 .  4 4 

2 3 0 0 

0 0 0 <1 
0 0 0 < 1 
0 0 0 < 1 

0 0 . O  < 1 
0 0 0 < 1 
0 0 0 < 1 



The r e f r a c t o r y  metals, tungsten and TZM, provide the  greates t  r e s i s -  

tance t o  a t t a c k  by the '  h igh-pur i  t y  nonradioact ive SrF2. There was no 

evidence o f  chemical a t t a c k  i n  any of t h e  r e f r a c t o r y  metal couples and 

o n l y  s l i g h t  i n d i c a t i o n s  o f  m ic ros t ruc tu ra l  changes. 

~ t t a c k  va r ied  considerably between t h e  var ious N i -  and Co-base a l l o y s  

w i t h  Haynes A l l o y  25 showing t h e  l e a s t  a t tack .  S u r p r i s i n g l y  t h e  Haynes 

A l l o y  188, which i s  q u i t e  s i m i l a r  t o  Haynes A l l o y  25 i n  chemical com- 

pos i t i on ,  showed considerably more a t t a c k  than t h e  l a t t e r  a l l o y .  

Except f o r  Has te l l oy  C-276, metal a t tack  d i d  no t  increase s u b s t a n t i a l l y  

w i t h  increas ing exposure temperature. I n  t h e  case o f  Haste1 loy .  N the  

chemical a t t a c k  was l e s s  a t  1100°C than a t  t h e  lower temperature. 

There were several instances where m ic ros t ruc tu ra l  changes were l ess  

a t  11 00°C than a t  t he  lower temperatures. Th is  i s  proba'bly because 

d i s s o l u t i o n  o f  p r e c i p i t a t e s  occurs i n  many N i -  and Co-base a l l o y s  a t  

temperatures above about 1000°C. . . 

Although t h e  number of data p o i n t s  a re  l i m i t e d ,  t h e  o v e r a l l  r e s u l t s  

. i n d i c a t e  t h a t  t h e  r a t e  of metal a t t a c k  by t h e  f l u o r i d e  decreases w i t h  

t ime. 

Microhardness measurements were obta ined on the  1500-hr t e s t  specimens 

and on the  re ference samples. The measurements were taken a t  25 u (%I m i l  ) 

increments from t h e  edge o f  t h e  specimen. The hardness data a re  g iven i n  

Table 14. The data show a  general so f ten ing  o f  t he  a l l o y s  w i t h  increased 

exposure temperature. The e f f e c t s  o f  SrFp a t t a c k  on hardness appear t o  be 
. -  q u i t e  complex and a r e  d i f f i c u l t  t o  i n t e r p r e t .  These e f f e c t s  a re  covered. 

i n  more' d e t a i l  i n  t h e  d iscuss ion o f  t h e  i n d i v i d u a l  a l l o y  systems. Micro- 

hardness measurements were obta ined on some o f  t h e  4400-hr t e s t  specimens, 

and t h e ' r e s u l t s  were very s i m i l a r  t o  those obtained w i t h  the  1500-hr 

specimens. 

Overa l l ,  t h e  microhardness measurements provided r e l a t i v e l y  l i t t l e  

in format ion,  and hardness data were n o t  obta ined i n  t h e  o the r  se r ies  o f  

t e s t s .  



TABLE 14. Microhardness Measurements on Metal Specimens Exposed t o  High- 
P u r i t y  Nonradioact ive Stront ium F l u o r i d e  f o r  1500 h r  

A1 1  oy 

Haste1 1  oy C-276 

As Received 
Contro l  8 0 0 " ~  (a )  
Cont ro l  1000°C 
Cont ro l  11 00°C 
Sample 800°C 
Sample 1000°C 
Sample 1100°C 

Haste1 l o y  X 

As Received 
Cont ro l  800°C 
Contro l  1000°C 
Cont ro l  11 00°C 
Sample 800°C 
Sample 1000°C 
Sampl e  1  1  00°C 

Has te l l oy  N 

As Received 
Contro l  800°C 
Contro l  1000°C 
Cont ro l  11 00°C 
Sample 800°C 
Sample 1000°C 
Sample 11 00°C 

Haynes A1 l o y  25 

As Received 
Contro l  800°C 
Contro l  1000°C 
Cont ro l  11 00°C 
Sample 800°C 
Sample 1000°C 
Sampl e  1  1  00°C 

Haynes A1 l o y  188 

As Received 
Contro l  800°C 
Contro l  1000°C 
Contro l  11 00°C 
Sample 800°C 
Sample 1  000°C 
Sample 11 00°C 

Microhardness DPHN (Average) 
1  m i l  2  m i l  3 m i l  4  m i l  

. (a) Cont ro l  specimens t e s t e d  a t  temperature w i t h o u t  SrFq. 

7  -7 



TABLE 14 (Contd) 

Microhardness DPHN (Average) 
A1 l o y  l m i l  2 m i l  3 m i l  4 m i l  

Inconel 600 

As Received 205 209 21 7 221 
Contro l  800°C 2 02 21 0 2 09 21 7 
Control  1 000°C 134 159 159 164 
Contro l  11 00°C 157 161 161 163 
Sample 800°C 176 181 182 193 
Sampl e 1000°C 138 142 150 146 
Sample 1100°C 1 46 1 58 161 150 

Inconel 625 

As Reccivcd 343 322 304 28 5 
Contro l  800°C 336 335 3 48 339 
Contro l  1 000°C 228 238 21 7 21 7 
Contro l  11 00°C 190 195 2 04 205 
Sample 800°C 339 366 373 354 
Sampl e 1000°C 203 21 7 230 228 
Sampl e 1 1 00°C 178 1 96 195 195 

TZM - 
As Received 264 272 28 1 270 
Control  800°C 309 325 3 06 31 4 
Cotitr.01 1000°C --- --- - - - - - - 
Contro l  11 00°C 271 270 279 283 
Sample 800°C 31 1 302 3 02 290 
Sample 1000°C 297 3 02 302 302 
Sample 1100°C 31 9 31 1 2 98 292 

Tungsten 

As Received 420 429 437 437 
Curl Lr-ol 800'C 390 397 390 394 
Control  1 000°C 459 459 464 473 
Contro l  11 00°C 44 6 468 454 4 54 
Sample 800nC 468 459 4/3 468 
Sample 1 000°C 383 41 3 425 425 
Sample 1100°C 423 397 394 425 



C o m p a t i b i l i t y  data obta ined w i t h  t he  couples con ta in ing  h i g h - p u r i t y  

g o ~ r ~ 2  a r e  summarized i n  Table 15. I n  general ,  t he  r e s u l t s  conf i rm those 

obta ined w i t h  t h e  h i g h - p u r i t y  nonrad ioac t ive  SrF2. One troublesome f a c t o r  

was encountered w i t h  t h e  h igh-pur i  ty 9 0 ~ r ~ 2  coupl es. There were several  

instances where t h e  1500-hr t e s t  specimens e x h i b i t e d  more a t t a c k  than t h e  

equ iva len t  4400-hr t e s t  specimens. Th is  phenomenon was n o t  observed 

n e a r l y  as. o f t e n  i n  t h e  o t h e r  se r i es  of t e s t s .  Several impor tan t  conclus ions 

can be reached f rom t h e  r e s u i  t s  ob ta ined w i t h  h igh -pu r i  t y  'OsrF2: 

Tungsten and TZM prov ide  the  g rea tes t  res i s tance  t o  a t t a c k  w h i l e  

Haynes 25 i s . t h e  bes t  o f  t h e  N i -  and Co-base a l l o y s .  

Inc reas ing  the  exposure temperature has r e l a t i v e l y  l i t t l e  o v e r a l l  

e f f e c t  on metal a t t ack ,  and t h e r e  were several  instances where a t t a c k  

by the  h i g h - p u r i t y  'OsrF2 was l e s s  a t  l l O O ° C  than a t  lower temperatures. 

The r a t e  o f  metal a t t a c k  decreased w i t h  t ime. 

On an o v e r a l l  bas is  t he re  was cons iderab ly  more metal  a t t a c k  i n  t h e  

coupl es con ta in ing  h igh -pu r i  t y  ' O S ~ F ~  than i n  those con ta in ing  t h e  

h i g h - p u r i t y  nonrad ioac t ive  SrF,. Among t h e  N i -  and Co-base a l l o y s ,  
L 

m i c r o s t r u c t u r a l  changes occurred t o  much g rea te r  depths i n  t h e  ''srF2 

couples than i n  t he  equ iva len t  nonrad ioac t ive  couples. Wi th t h e  

l i m i t e d  da ta  a v a i l a b l e ,  i t  i s  impossib le t o  determine i f  t h e  increased 

a t t a c k  found i n  t h e  'OsrF2 couples i s  due t o  r a d i a t i o n  e f f e c t s  o r  t he  

presence o f  i m p u r i t i e s  and decay products.  However, i n d i c a t i o n s  a r e  

t h a t  i n  most cases t h e  increased a t t a c k  i s  due p r i m a r i l y  t o  t he  impur i -  

t i e s  and decay products.  

7 . 1 . 3  WESF-Grade ''srF2 

The r e s u l t s  bb ta ined w i t h  couples con ta in ing  WESF-grade a r e  

presented i n  Table 16. I n  general ' t h e  r e s u l t s  con f i rm  those obta ined w i t h  

t h e  h igh-pur i  t y  f l u o r i d e s .  A1 though t h e  WESF-grade 'OSrF2 conta ins  sub- 

s t a n t i a l  l y  more impur i  t i e s  than t h e  h igh -pu r i  t y  O0srF2, t h e  o v e r a l l  metal  

a t t a c k  was.not  apprec iab ly  g rea te r .  I n  t he  case o f  Has te l l oy  C-276 both 



TABLE 15. Metal At tack i n  Couples Containing High-Puri t y  ' O S ~ F ~  

Test 
Depth o f  Metal Affected, m i l s  

Chanqe i n  
Mater ia l  ' Temperature Chemical At tack ~ i c r o s t r u c t u r e  - .  

Tested ("C) 1500 hr  4400 h r  f 500 h r  4400 h r  

Haste.1 l o y  6-276 ' 800 4 2 6 6 
1000 2 4 5. 15 
1100 4 6 12 6 

. Hastel loy X 800 1 2 5 5 
1 000 2 4 10 15 
1100 5 4 2 0 2 2 

H a s t e l l ~ y  N Xfln 
1000 
1100 

Haynes A1 l o y  25 800 
1 000 
1100 

Haynes A1 l o y  188 800 
1 000 
1100 

Inconel 600 800 
1000 
1100 

lnconel 625 800 
1 000 
1100 

TZM 800 
1000 
1100 

Tungsten 800 
loo0 
1100 

(a)  Three t e s t  specimens were inadver ten t l y  destroyed before examination. 



TABLE 16. Metal  A t tack  i n  Couples C o n t i i  n i ng  WESF-Grade ' O S ~ F ~  

Test  
Depth o f  Metal A f fec ted ,  m i l s  

Chanqe i n  
Ma te r i a l  Temperature Chemical A t tack  ~ i c r o s t r u c  t u r e  

Tested ' ("C) 1500 h r  4400 h r  1500 h r  4400 h r  

Has te l l oy  X 

Has te l l oy  N 

Haynes A1 l o y  25 

Haynes A1 1 oy 188 

Inconel  600 

Inconel  625 

TZM 

Tungsten 

( a )  Test  specimen i n a d v e r t e n t l y  destroyed before examination. 



chemical a t tack and microst ruc tura l  changes were less i n  the WESF-grade 

' O S ~ F ~  couples than i n  the h igh-pur i ty  ' O S ~ F ~  couples. Again tungsten and 

TZM were attacked l e a s t  by the f luo r ide ,  and Haynes A l loy  25 was the best 

o f  the  N i -  .and Co-base a l loys .  Metal a t tack d i d  not. increase appreciably 

w i t h  temperature above 1000°C, and the r a t e  o f  a t tack appeared t o  decrease 

w i t h  time. 

Nonradioactive SrF2 w i t h  Added Impur i t ies  

The r e s u l t s  obtained w i t h  couples contain ing h igh-pur i ty  nonradioactive 

SrF2 w i t h  con t ro l led  l eve l s  o f  added impur i t i es  are presented i n  Table 17. 

I n  the 1500-l~r t e s t s  a r~umber o f  couples were acc identa l ly  overheated t o  

apprdxirnately 1200°C fo r  about 4 h r  on the day the t es t s  were t o  be termi-  

nated. Results obtained w i t h  the overheated couples are  ind icated w i t h  an 

(a)  i n  Table 17. The overheating producedmarked changes i n  the micro- 

s t ruc tures o f  the N i -  and Co-base a l loys ,  such as very la rge  g ra in  s i ze  and 

d i sso lu t i on  o f  prec ip i ta tes ,  which made i t  impossible . t o  evaluate the e f f e c t  

o f  st ront ium f l u o r i d e  on the microstructure.  Overheating the couples f o r  

a per iod o f  on ly  4 h r a t  the end o f  a  1500-hr t e s t  would not  be expected t o  

increase the chemical a t tack o f  the t e s t  specimens s i gn i f i can t l y .  However, 

the overheating d i d  make i t d i f f i c u l t  t o  est imate the degree o f  chemical 
. a t t a c k . o f  the N i -  and Co-base a l l oys  because o f  the marked changes i n  the 

microst ruc ture  o f  the specimens. The values given i n  Table 17 f o r  chemical 

a t tack  o f  the overheated specimens are, a t  best, rough approximations o f  

the  depth o f  metal 'af fected.  

Several f a c t s  a re  apparent from a review of the data presented i n  

Table 17: 

On an overa l l  basis the additi 'on o f  impur i t i es  t o  h igh-pur i ty  nonradio- 

ac t i ve  SrFe increased metal at tack.  w i t h  changes i n  the microstructure 

o f  the N i -  and Co-base a l l oys  being espec ia l ly  sens i t i ve  t o  the 

presence o f  impurr t ies  i n  the SrFz. 



TABLE 17. Metal A t tack  i n  Coup1 es Conta in ing SrFp-Impuri t y  
Mix tu res  a t  1000°C 

Depth o f  Meta l  A f fec ted ,  m i l s  
Chanae i n  a -  ... 

M a t e r i a l  . I m p u r i t y ,  Chemical A t t a c k  M i c r o s t r u c t u r e  
Tested Added' . 1500 h r  , 4400 h r  1500 h r  4400 h r  

H a s t e l l o y  C-276 NaF ' 

MnF2 
PbF2 
CuF2- 
FeF3 
A1 F3 
(Ca-Ba-Mg)F2 
SrO 
Sr(N03)2 
"20 

H a s t e l l o y  X , Na F 
MnF2 
PbF2 
CuF2 . . 

FeF3 
A1 F3 
(Ca-Ba-Mg)F2 
SrO 

Haste1 l o y  N NaF . 2 2 10  10 
MnF2 2 : 3 2 5 
pbF2 . 3 3 .. 6 8 
CuF2 3(a)  4 - 20 
FeF3 6(a)  8 - 15 
A1 F3 < 1 1 3 10 
(Ca-Ba-Mg)F2 < 1 1 3 ' 4 
SrO 25 35 ' . 28 3 5 
Sr(N03)2 : 2 ( a )  2 - 15 
'420 2 1 5 5 

Haynes A1 l o y  25 NaF . . ,  <1 1 3 2 
MnF2 , . < l  (a )  . <1 - 3 
PbF2 . . (1 1 4 3 
CuF2 2 (a 1: - 18 
FeF3 2 (a 3 - 20 
~1 ~3 < 1 < 1 3 4 
(Ca-Ba-Mg)F2 . <1 1 2 1 .. . 
SrO . 5 7 0 3 
Sr(N03)2 . 1 (a )  2 - 0 
'42 ) 1 1 0 0 

Haynes A l l o y  188 NaF ' . <1 1 -. 0 3 
MnF2 : < l  (a )  1 - 5 
PbF2 1 2 .  5 4 
CuF2 1 (a )  2 . .; - , 13 
FeF3 ; 2(a)  1 .  - 7 

( a )  I n d i c a t e s  couples a c c i d e n t a l l y  overheated t o  1200°C f o r  about 4 hc. 
- ;No meaningful es t ima te  o f  changes p o s s i b l e  because o f  overheat ing.  



TABLE 17. . ( c o n t d )  . . 

Ma te r i a l  Impuri  t y  i 
Tested Added 

Haynes A1 l o y  188 A1 F3 
(cont inued) (Ca-Ba-Mg)F2 

SrO 

Tnconel 600 NaF . 

MnF7 
PbFi 
CilFz 
FeF3 
A1 F3 
(CaiBa-Mg)Fi 
SrO 
Sr(N03I2 
H20 

Inconef 625 

TZM 

Tungsten 

NaF 
MnF2 
PbF2 
CuF2 
FeF3 
A1 F3 
(Ca-Ba-Mg)F2 
SrO 
Sr(N03I2 
H20 
Na F 
MnF2 
PbF2 
CuF2 
FeF3 
A1 F3 
(Ca-Ba-Mg)Fz 
SrO 
Sr(N03)2 
H20 

NaF 
MnF? 
PbF2 
cup2 
FeF3 
AI ~3 
(Ca-Ba-Mg)F2 
SrO 
Sr(N0312 
H20 

Depth o f  Metal Af fected,  m i l s  
Change i n  

Chemical A t tack  ~ i c r o s t r u c t u r e  
1500 h r  4400 h r  1500 h r  .4400 h r  

.el (a) 
(a) 

<1 
2(a) 
2 (a 

<<I 
<<I  

1 
< < I  (a) 
<1 

- 

(a )  Ind ica tes  couples acc i den ta l l y  overheated t o  1200°C f o r  about 4 h r .  
- No meaningful est imate o f  changes. poss i b l e  because o f  overheat ing. 



On an i n d i v i d u a l  basis ,  SrO,  copper (Cu) and i r o n  (Fe) caused the  most 

marked increase i n  metal a t t a c k  by S r F 2  The a d d i t i o n  of S r O  t o  the 

f l u o r i d e  r e s u l t e d  i n  a  l a r g e  increase i n  chemical a t tack  o f  a l l  the  

N i -  and Co-base a l l o y s ,  w h i l e  the a d d i t i o n  o f  copper and i r o n  r e s u l t e d  

i n  subs tan t i a l  increases i n  the  depth of metal e x h i b i t i n g  m i c r o s t r u c t u r a l  

changes. The presence of copper o r  i r o n  a l so  increased the  chemical 

a t t a c k  o f  TZM s e v e r a l f o l d  and tungsten t o  a  l esse r  degree. 

The presence o f  n i t r a t e  i o n  o r  water i n  t h e  f l u o r i d e  had a  s u p r i s i n g l y  

smal l  e f f e c t  on metal a t tack .  Th is  may be because both n i t r a t e  and , 

water were added t o  the  f l u o r i d e  i n  comparat ively small concentrat ions.  

On an o v e r a l l  bas is  tungsten prov ided the  greatest res i s tance  t o  a t tack  

b y  the  f l u o r i d e - i m p u r i t y  mixtures.  TZM was almost as good except when 

copper o r  i r o n  was present  i n  the f l u o r i d e .  

O f  the  N i -  and Co-base a l l oys ,  i t  was d i f f i c u l t  t o  s e l e c t  one as pro-  

v i d i n g  the  best  o v e r a l l  res is tance t o  the  f l u o r i d e - i m p u r i t y  mixtures.  

Haynes A l l o y  25 and Has te l l oy  C-276 probably prov ided the  bes t  o v e r a l l  

r es i s tance  t o  chemical a t tack ,  b u t  they su f fe red  as badly as the  o ther  

N i -  and Co-base a l l o y s  from changes i n  m ic ros t ruc tu re .  . As was the  case w i t h  the  o the r  se r i es  o f  tes ts ,  t he  r a t e  o f  metal  a t tack  

appeared t o  decrease w i t h  t ime. 

7.2 DISCUSSION 

The data presented i n  the  prev ious sec t i on  show the  ex ten t  o f  metal  

a t tack  observed i n  the  var ious  t e s t  couples. The data prov ide  no i n d i c a t i o n  

however, o f  t he  a t t a c k  mechanism(s) i nvo l ved  i n  the  d i f f e r e n t  couples. I n  

the  f o l l o w i n g  sec t ions  each m e t a l - f l u o r i d e  system i s  discussed i n d i v i d u a l l y ,  

and an at tempt has been made t o  i n t e r p r e t  t he  a v a i l a b l e  data and i d e n t i f y  

the a t t a c k  mechanisms whenever poss ib le .  Unfor tunate ly  t he  systems invo lved 

are  q u i t e  complex, and w i t h  the  l i m i t e d  amount of a n a l y t i c a l  data ava i l ab le ,  

i t  i s  very d i f f i c u l t  t o  d e f i n e  the  reac t i ons  t a k i n g  p lace i n  t he  var ious 

couples i n  more than q u a l i t a t i v e  terms. I n  many instances i n t e r p r e t a t i o n  



o f  the  metal lograph ic  data i s  d i f f i c u l t ,  and conclusions reached w i t h  regard 

t o  a t t a c k  mechanisms and m ic ros t ruc tu ra l  charges are  t e n t a t i v e .  For t h i s  rea- 

son micrographs o f  many o f ,  t he  t e s t  specimens have been inc luded i n  the  repor t .  

The tungsten t e s t  specimens were fabr ica ted from arc-cast  rod, except 

f o r  a few which were prepared from wrought bar. The l a t t e r  specimens were 

tes ted  t o  determine if there  was a s i g n i f i c a n t  d i f fe rence i n  SrF2 compati- 

h i l i t y .  between the  two types of tungsten. The arc-castt 'ungsten,as . 

received from the.vendor,  had a very l a rge  g r a l n  s i z e  which con t r i bu ted  t o  

the  b r i t t l e n e s s  o f  t he  ma te r ia l .  Microscopic examination showed the  pres- 

ence o f  microcracks throughout the  s t r u c t u r e  of the  arc-cast  material,. The 

wrought tungsten had a smal ler  g ra in  size, no apparent microcracks and, n o t  

sup r i s ing l y ,  appeared t o  be much less  b r i t t l e  than the  arc-cast ma te r ia l s .  

Photomicrographs o f  t he  two types of tungsten, as received from the vendor, 

' a re  shown i n  F igure  7. 

The arc-cast  tungsten' was s u f f i c i e n t l y  b r i t t l e  t h a t  when the  t e s t  

couples were f a b r i c a t e d  some o f  t he  t e s t  specimens f r a c t u r e d  o r  cracked 

du r ing  the  load ing bpera t ion .  Th is  problem was n o t  observed w i t h  t.pst. 

specimens f a b r i c a t e d  from the wrought tungsten. 

Aging of tungsten specimens a t  temperatures up t o  1100°C produced no 

s i g n i f i c a n t  change i n  the  micros t ruc ture .  Very s l i g h t  bu l k  p r e c i p i t a t i o n  

was ev ident  a t  800°C w i t h  very l i t t l e  change up t o  l l O O ° C .  Grain s i z e  

s t a b i l i t y  was e x c e l l e n t  w i t h  no appreciable increase i n  g ra in  s i z e  w i t h  

e i t h e r  the arc-cast  o r  wrought specimens. Very h igh  magni f i ca t ion  photo- 

micrographs (3000X) i nd i ca ted  some extremely small voids t o  a depth o f  

about 3 m i l s  i n  the  arc-cast  specimens heated t o  1000 and l l O O ° C ,  wh i l e  

hardness measurements i n d i c a t e d  a s l i g h t  hardening compared t o  the  "as 

received" ma te r ia l .  The p o r o s i t y  may be due t o  the  I.oss o f  impur i t y  species 

from the  metal.  



FIGURE 7. Microstructure ' b f  ~ & k a s t  &rid &ugti% 'fT$Q&@fi ' 
Specimens As Received from the Vendor 



A l l  o f  the compa t i b i l i t y  r esu l t s  ind ica te  t h a t  tungsten i s  qu i t e  

r e s i s t a n t  t o  a t tack by stront ium f luo r ide  a t  temperatures up t o  1  100°C, 

being f a r  b e t t e r  i n  t h i s  regard than the Ni -  and Co-base a l loys  tested and 

s l i g h t l y  b e t t e r  than TZM. Where a t tack of the t e s t  specimens d i d  occur i t  

usua l l y  consisted o f  chemical at tack,  and there were on ly  s l i g h t  i nd ica t ions  

o f  changes i n  microstructure.  Photomicrographs of t yp i ca l  tungsten speci- 

mens t h a t  had been tes ted w i t h  the d i f fe ren t  grades o f  st ront ium f l u o r i d e  

are shown i n  Figure 8. The only a t tack observed i n  the couples contain ing 

h igh-pur i t y  nonradioactive SrFp was a very s l i g h t  change i n  microstructure 

a t  the specimen surface i n  couples tested f o r  4400 hr.  S l i g h t l y  greater 

a t tack  was found i n  the couples contain ing WESF-grade o r  high-puri  t y  ' O S ~ F ~ .  

Chemical a t tack predominated w i t h  l i t t l e  evidence o f  changes i n  microstruc- 

ture.  There was some evidence of p i t t i n g  and g ra in  boundary at tack.  There 
was l i t t l e  d iscern ib le  d i f fe rence  between the two grades o f  ' O S ~ F ~  i n  t h e i r  

a t tack  of the tungsten. 

I n  the t es t s  w i t h  SrF2-impurity mixtures, only copper appeared t o  

increase the metal a t tack  s i g n i f i c a n t l y .  Attack by the other f luor ide-  

impur i t y  mixtures was s i m i l a r  t o  t h a t  observed i n  the ' O S ~ F ~  couples. I n  

the couples contain ing copper, the a t tack was markedly greater w i t h  p i t t i n g  

and g ra in  boundary a t tack  predominating. t l ectron microprobe data i ndi  - 
cated some d i t f us i on  o f  copper i n t o  the grain boundaries o f  the tungsten. 

Based on elementary thermodynamic considerat ions (see Section 11.0), i t  

i s  pred ic ted t h a t  tungsten would be compatible w i t h  a l l  o f  the f l uo r i des  i n  

the WESF ' O S ~ F ~  except those of copper and Fe( I I1 ) .  The experimental data 

confirmed the pred ic ted react ion o f  tungsten w i t h  CuF2, bu t  the predicted 

reac t ion  w i t h  FeF3 was no t  observed experimental ly. There are several pos- 

s i b l e  explanations of why the  tungsten and FeF3 d i d  no t  reac t  t o  a  s i g n i f i -  

cant  degree i n  the t e s t  couples: 
The thermodynamic ca lcu la t ions  a re  i nco r rec t  and a react ion i s  not  

t o  be expected, 

The r a t e  o f  the chemical reac t ion  i s  very slow, 

The reac t ion  i s  l i m i t e d  by d i f f u s i o n  mechanisms. 



FIGURE 8. Tungsten Specimens After Exposure t o  D i f f e r e n t  
Grades o f  Strontium Fluoride 



While the resu l t s  show t h a t  tungsten provides the greatest resistance 

t o  f l u o r i d e  a t tack  o f  a l l  the  mater ia ls tested, other considerations a f f e c t  

i t s  usefulness as a containment mater ia l  f o r  ' O S ~ F ~ .  L i ke  a1 1 re f rac to ry  

metals, tungsten has poor ox idat ion resistance a t  h igh temperatures. Up t o  

600 t o  700°C an oxide coat ing (NO3), which i s  f a i r l y  protect ive,  forms on 

tungsten. Above 700°C sca l ing o f  the p ro tec t i ve  oxide layer  occurs and 

ox idat ion increases. A t  s t i l l  higher temperatures the W03 vaporizes and 

me1 t s  and ox idat ion o f  the  tungsten increases d ras t i ca l  l y  . Tungsten i s  

d i f f i c u l t  t o  fabr i ca te  and weld, and has a r e l a t i v e l y  high d u c t i l e - b r i t t l e  

transi t inn  t~mperature,  The exact temperature depends on metal pur i t y ,  
microstructure and deformation rate.  Tungsten provides good seawater cor- 

ros ion resistance and possesses good strength a t  h igh temperatures, but i s  

qu i t e  sens i t ive  t o  impact' loads. The thermal conduct iv i ty  o f  tungsten i s  

much higher than t h a t  o f  t he  N9- and Co-base a l loys,  and i t s  greater densi ty 

provides subs tan t ia l l y  more sh ie ld ing f o r  a given thickness o f  mater ia l .  

7.2.2 TZM-SrFZ 

The TZM t e s t  specimens were fabr icated from wrought bar which had been 

s t ress re l ieved  a t  2300°F f o r  314 hr. Photomicrographs o f  the "as received" 

mater ia l  showed a h igh ly  elongated g ra in  s t ruc tu re  t yp i ca l  o f  wrought mate- 

r i a l s  (Figure 9). Exposure t o  temperatures up t o  1100°C f o r  periods up t o  

4400 h r  produced no s i g n i f i c a n t  change i n  the rnicrostr~uctui.e (Figure 9). 

No g ra in  growth was apparent i n  any o f  the specimens except possibly a 

s l i g h t  amount i n  specimens heated f o r  4400 h r  a t  1100°C. No g ra in  boundary 

p r e c i p i t a t i o n  occurred dur ing aging a t  any temperature, and on ly  s l  i g h t  

very f i ne  bulk p r e c i p i t a t i o n  was apparent. Overal l ,  hardness appeared t o  

increase s l i g h t l y  when the  mater ia l  was heated a t  800°C and then decreased 

s l  i g h t l y  a t  higher temperatures. 

TZM i s  easier t o  fabr i ca te  and weld than tungsten, and i t s  duc t i l e -  

b r i t t l e  t r a n s i t i o n  temperature i s  much lower. TZM possesses good high 

temperature strength charac te r i s t i cs  but  suf fers  from low d u c t i l i t y  a t  low 

temperatures. Welding normally ra ises the d u c t i l e - b r i t t l e  t r a n s i t i o n  



FIGURE 9.  Effect of Temperature on the Microstructure of TZM 



temperature o f  TZM and close control of the welding operation i s  required. 

The thermal conduct iv i ty o f  TZM approaches tha t  o f  tungsten, but i t  provides 

much less shielding f o r  a given thickness. Like tungsten, TZM has poor 

oxidat ion resistance. A t  temperatures above about 550 t o  600°C the oxide 

v o l a t i l i z e s  resu l t ing  i n  very high oxidat ion rates. 

Resistance o f  the TZM t o  attack by the strontium f luor ide  approaches 

tha t  o f  tungsten. Very l i t t l e  react ion was observed i n  the t e s t  couples 

containing high-purl t y  nonradioactive SrF2. Electron m i  croprobe data i ndi - 
cated a s l i g h t  increase i n  t i tanium concentration i n  a very t h i n  layer  a t  

the surface o f  specimens tested f o r  4400 hr. Metal attack was s l i g h t l y  

greater i n  coup1 es exposed t o  high-puri t y  and WESF-grade ' O S ~ F ~ .  Only 

chemical at tack was observed i n  the couples containing ' O S ~ F ~ ,  and there 

was no evidence o f  microstructural changes i n  any o f  the t e s t  specimens. 

Typical examples o f  chemical attack by the ' O S ~ F ~  are given i n  Figure 10. 
I n  most cases the in te rac t ion  consisted o f  a general d issolut ion o f  the 

metal surfaces wi th  p i t t i n g  and some grain boundary attack. 

I n  the tes ts  w i th  the SrF2-impurity mixtures only s l i g h t  metal at tack 

was observed except f o r  the mixtures containing copper and i ron. I n  the 

l a t t e r  cases the attack was several times greater than was observed i n  the 

other TZM couples (Figure I I ) . When copper o r  i r o n  was present i n  the SrF2 

there was extensive chemical at tack o f  the TZM wi th heavy p i t t i n g ,  gra in 

boundary at tack and subsurface void formation. From the micrographs it 

appears t h a t  some rec rys ta l l i za t i on  o f  molybdenum has occurred a t  the sur- 

face o f  the specimens. El ectron microprobe data showed extensive d i  Pfus i on 

o f  i r o n  o r  copper i n t o  the a l l o y  grains and along the grain boundaries. The 

data ind icate the copper and i r o n  were reduced t o  the f ree  metals which then 
d i f fused i n t o  the  a1 loy. The presence o f  the impuri ty could account f o r  the 

apparent recrysta l  1 i t a t i o n  o f  the molybdenum. Much 1 ess attack was observed 

i n  the couples containing the other f luor ide- impuri ty mixtures. Where 

attack d i d  occur i t  normally involved p i t t i n g  and gra in boundary attack. 



FIGURE 10. TZM specimens Exposed to ' O S ~ F ~  



(a) SrFi - NaF 

4400 Hou t's 
bl SrF2 - SrO 

4400 Hours 

t) SrFp - CuF2 

4400 Huu r 5 

FIGURE 1 1 .  TZM Specimens Exposed to SrFp-Impurity Mixtures at 1000°C 



I n  none o f  the couples was there an ind ica t ion  o f  react ion between the 

TZM and SrF2. Attack which was observed i n  the various TZM couples could 

J be a t t r i b u t e d  t o  the presence o f  less s tab le  f l u o r i d e  impur i t ies  i n  the 
S rF2  The thermodynamic analysis o f  the  TZM-WESF ' O S ~ F ~  system indicated 

t h a t  the components o f  the TZM would no t  reac t  w i t h  S ~ F *  but should reac t  
i wi th  the less s tab le  f luo r ides  such as CuF2, FeF3 and PbF2. I n  general 

the experimental data conf i rm the theoret ica l  calculat ions,  a1 though there 

i s  i n s u f f i c i e n t  data t o  show if the molybdenum i n  the TZM reacted w i th  the 

less s tab le  f luo r ides  o r  i f  only the zirconium and t i tan ium reacted. 

7.2.3 Haynes A1 l o y  25-SrF2 

The Haynes A l loy  25 t e s t  specimens were fabr icated from bar stock 

which had been so lu t ion  heat-treated (per ASM 57590). Microstructure' o f  

the "as received" mater ia l  was t yp i ca l  o f  the so lu t ion  heat-treated a1 1 oy 

showing scattered carbides not taken i n t o  so lu t ion  and annealing twins i n  

the grains (Figure 12a). Aging o f  the a l l o y  a t  800°C f o r  up t o  4400 h r  

produced continuous prec ip i ta tes along the g ra in  boundaries, loca l i zed  

p rec ip i ta tes  on tw in  boundaries and heavy bul k  p rec ip i t a t i on  (Figure 12b). 

From e l  ectron microprobe data and the photomicrographs the  p rec ip i ta tes  

appear t o  cons is t  p r ima r i l y  o f  M6C carbide phase ( W ,  C r ,  Co) and Laves 

phase [ ( C O ) ~  (W, Cr)] w i t h  some M23C6 carbide phase. The microprobe data 

a lso ind icated the presence of a  s i g n i f i c a n t  quant i ty  of molybdenum (up t o  

1.8%) i n  the  carbide and Laves phase; molybdenum i s  not  reported as a  con- 

s t i t u e n t  o f  the a l l o y  by the manufacturer. Aging a t  1000°C produced M6C 

and some MZ3C6 carbides i n  the g ra in  boundaries. along tw in  houndaries 

and i n  the  g ra in  matrices; the Laves phase i s  more abundant (Figure 12c). 

Aging a t  l l O O ° C  resu l ted i n  the disappearance o f  the twins and d isso lu t ion  

of most o f  the carbide phases, but the Laves phase remained (Figure 12d). 

Grain s ize  s t a b i l i t y  o f  the Haynes A l loy  25 was excel lent, and there 

was 1 i t t l  e evidence o f  g ra in  growth i n  samples aged up t o  4400 h r  a t  11 OO°C. 

I Hardness o f  the a1 1 oy increased w i t h  aging temperature up t o  1  OBO°C and 

then decreased markedly a t  l l O O ° C .  
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Aging o f  Haynes A1 l o y  25 i n  the temperature range o f  650 t o  900°C 
* resu l t s  i n  a severe loss o f  toughness and d u c t i l  i ty . (8 '9)  Typ ica l l y  the 

a notch impact energy a t  25OC decreases from 70 f t - 1  b t o  less than 10 f t - 1  b 

when the  a1 l o y  i s  aged a t  800°C f o r  100 hr. The loss of toughness and 

d u c t i l i t y  i s  reported t o  be due t o  the presence o f  the iaves and carbide 

phases. (9) 

Haynes A1 l o y  25 showed the greatest  overa l l  resistance t o  f l u o r i d e  

at tack o f  any o f  the other N i -  and Co-base a l l oys  tested but was considerably 
less res i s tan t  than tungsten o r  TZM. Only s l i g h t  a t tack o f  the a l l o y  was 

found i n  the  couples containing h igh-pur i ty  nonradioactive SrF2. The leve l  

o f  a t tack d i d  not  increase s i g n i f i c a n t l y  w i th  increasing exposure temperature. 

Chemical a t tack d i d  no t  exceed 1 m i l  and consisted o f  p i t t i n g  and g ra in  

boundary at tack,  w i t h  l i m i t e d  subsurface void formation i n  the specimens 

tested a t  l l O O ° C  (Figure 13). There was no i nd i ca t i on  o f  stront ium d i f -  

fus ion i n t o  the g ra in  boundaries o r  matrices, but  some stront ium was found 

i n  the voids. High magni f icat ion photomicrographs (3000X) reveal ed very 

f i n e  poros i t y  t o  a depth o f  1 m i l  i n  the l l O O ° C  specimens which was not 

present i n  specimens tested a t  lower temperatures. Electron microprobe 

data ind icated a deplet ion o f  Laves phase t o  a depth o f  up t o  2 m i l s  i n  a l l  

specimens exposed t o  the high-pur i ty nonradioactive SrF2. This deplet ion 

i s  no t  r e a d i l y  apparent i n  the photomicrographs. 

Tests w i t h  WESF-grade and high-puri ty ' O S ~ F ~  produced s i g n i f i c a n t l y  

more at tack o f  the Haynes A l l oy  25 than the nonradioactive SrF2. Chemical 

a t tack increased on ly  s l i g h t l y ,  but  there was a marked increase i n  the  

depth o f  metal a f fec ted by changes i n  microstructure. 

Photomicrographs o f  Haynes A l l oy  25 specimens exposed t o  ' O S ~ F ~  are 

shown i n  Figure 14. Specimens exposed t o  the rad ioact ive f l u o r i d e  exhibi ted 

a general d isso lu t ion  o f  the metal surface w i t h  some gra in  boundary a t tack 

and p i t t i n g .  Chemical a t tack appeared t o  increase s l i g h t l y  w i t h  increasing 

exposure temperature. The depth o f  metal a f fec ted by m i  c ros t ruc tu ra l  

changes d i d  not  appear t o  increase t o  any marked degree w i t h  increasing 
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FIGURE 13. Haynes Alloy 25 Specimens Exposed to High-Purity 
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FIGURE 14. Haynes Al loy 25 Specimens Exposed t o  " s ~ F ~  



temperature. Two d i f f e r e n t  e f f ec t s  were apparent. Most of the specimens 

exposed t o  ' O S ~ F ~  exh ib i ted a  t h i n  surface layer  where normal a l l o y  pre- 

c i p i t a t e s  were l a r g e l y  depleted. The af fected layers a lso contained la rge  

d isc re te  spheroidal p rec ip i ta tes  which were not  found i n  the body o f  the 

t e s t  specimens o r  i n  the  reference specimens. The nature o f  the spheroidal 

p rec ip i ta tes  was not  determined. 

The t es t s  w i t h  SrF2-impurity mixtures showed t h a t  only two o f  the 

impur i t i es  increased the chemical a t tack o f  the Haynes A l loy  25 s i g n i f i -  

cant ly,  but  most o f  them produced changes i n  the a l l o y  microstructure. The 

add i t i on  o f  S r O  t o  the SrFZ g rea t l y  increased the chemical at tack w i th  the 

t e s t  specimens exh ib i t i ng  g ra in  boundary a t tack and subsurface void forma- 

t i o n  t o  a  depth o f  several m i l s  (Figure 15a). Microprobe data showed 

d i f f u s i o n  o f  stront ium along the g ra in  boundaries and a high concentration 

o f  stront ium along the edges o f  the subsurface voids. The data ind ica te  

the  a t tack  i s  probably due t o  react ions between the S r O  and carbide pre- 

c i p i t a t e s  i n  the g ra in  boundaries. The add i t ion  o f  FeF3 t o  SrF2 a lso 

increased the chemical a t tack (Figure 15b) but less  so than the SrO. Speci- 

mens exposed t o  SrF2-FeF3 exh ib i ted a  general d i sso lu t i on  o f  the metal sur- 

face w i t h  g ra in  boundary a t tack and heavy subsurface vo id  formation. 

Microprobe data showed i r o n  d i f f u s i o n  i n t o  the a l l o y  (Figure 16b) and a 

decrease i n  the coba l t  concentrations a t  the surface o f  the specimen 

(Figure 16f) .  None o f  the o ther  impur i t i es  added t o  the SrF2 increased 

the  chemical a t tack t o  any degree except possibly the n i t r a t e  ion. Four 

couples were tested w i t h  the  SrF?-Sr(N03)? mixture a t  1000°C and only one 

showed increased chemical a t tack compared t o  the SrF2 wi thout n i t r a t e  

present. 

The add i t ion  o f  impur i t i es  t o  the h igh-pur i ty  nonradioactive SrF2 

genera l ly  resu l ted i n  the formation o f  p rec ip i ta tes  not normally found i n  

Haynes A l loy  25. Copper and i r o n  were espec ia l ly  bad i n  t h i s  regard, and 

abnormal p rec ip i ta tes  were observed t o  depths o f  18 t o  20 m i l s  i n  specimens 

exposed t o  SrF2 containing FeF3 o r  CuF2 f o r  4400 h r  a t  1000°C (Figure 15b-c). 
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I n  the case o f  specimens exposed t o  FeF3, e lect ron microprobe data showed 

these p rec ip i ta tes  t o  be composed p r ima r i l y  o f  chromium and manganese 

(Figure 16), whi le  the p rec ip i ta tes  i n  the specimens exposed t o  CuF2-SrF2 

were high i n  chromium and tungsten. The microprobe data a lso showed copper 

had d i f fused  i n t o  the g ra in  boundaries and matrices as had the i ron.  

Specimens exposed t o  the other  impur i t y - f luo r ide  mixtures a lso exhibi ted 

abnormal prec ip i ta tes.  (For exampl e, Figure 15d shows a t e s t  specimen exposed 

t o  SrF2-pbF2.) However, there was no ind ica t ion  o f  d i f f u s i o n  o f  the ca t ion  

associated w i t h  the impur i ty  f l u o r i d e  i n t o  any o f  the t e s t  specimens, except 

those exposed t o  CuF2 and FeF3 Microprobe data indicated no abnormali t ies 

i n  the  composition o f  the Haynes A l l oy  25, and the composition o f  the 

abnormal p rec ip i ta tes  could not  be i den t i f i ed .  

The theoret ica l  analysis o f  the  Haynes A l loy  2 5 - ' O ~ r ~ ~  system pre- 

d ic ted  t h a t  the  a l l o y  should be res i s tan t  t o  a t tack by pure SrF2, but  t h a t  

the  a l l o y  should reac t  w i t h  some impur i t i es  i n  the ' O S ~ F ~  such as CuF2 and 

FeF3. The experimental r esu l t s  tended t o  conf i rm these predict ions,  

a1 though the ca lcu la t ion  would lead one t o  expect more at tack o f  the a l l o y  

by the WESF-grade than was ac tua l l y  observed. The resu l t s  do show 

t h a t  the presence o f  less s tab le  f luor ides,  such as CuF2 and FeF3, i n  the 

SrF2 does increase at tack o f  the a l l o y  as predicted. 

I n  add i t ion  t o  providing considerable resistance t o  a t tack by strontium 

f luo r ide ,  Haynes A l loy  25 possesses ce r ta i n  other features, such as good 

ox idat ion resistance and good seawater corrosion resistance, which make i t  

a desirable containment f o r  the f luo r ide .  However, the  po ten t ia l  usefulness 

o f  Haynes A l loy  25 as a  containment mater ia l  f o r  ' O S ~ F ~  i s  severely 1  imi ted 

by the aging e f f ec t s  observed when the  a l l o y  i s  heated t o  temperatures i n  

the range o f  650 t o  900°C. 

Haynes A1 1 oy 1  88-SrF2 

The Haynes Allny 188 t e s t  specimens were prepared from bar stock which 

had been so lu t ion  heat-treated a t  2100°F. The a l l o y  i s  a  modi f icat ion o f  

Haynes A1 l o y  25 w i t h  increased n icke l  content f o r  s t ruc tu ra l  s t a b i l i z a t i o n  



and the addit ion o f  a small amount o f  lanthanum t o  provide improved oxida- 

t i o n  resistance. The microstructure o f  the "as received'' material was 

typ ica l  o f  t ha t  o f  the so lut ion heat-treated a l l o y  showing some M6C carbide * 

phase prec ip i ta te  (Figure 17). Aging response o f  the Haynes Al loy 188 was 
a 

s imi la r  to tha t  o f  Haynes Al loy 25, although prec ip i ta te  formation was 

generally less (Figure 17). Thermal aging a t  800°C resul ted i n  continuous a 

gra in boundary preci p i  tates (Mz3C6 and M6C) and moderate bul k p rec ip i ta t ion  

w i th  a l i m i t e d  amount o f  Laves phase. A t  1000°C the prec ip i ta t ion  was less, 

w i th  some M6C, and MZ3C6 carbides and Laves phase present. Aping a t  1 10n°C 

resul ted i n  fu r ther  d issolut ion o f  the carbide precipi tates. 

Grain s ize  of the "as received" a l l o y  was smaller than tha t  o f  the 

llaynes Al lay 25. Gr*airr s i r e  s l d b l l i t y  was excellent up t o  lUUUoU but some 
gra in growth occurred a t  l l O O ° C .  Hardness readings f o r  the Haynes Al loy 188 

were consistent ly less than f o r  the Haynes Al loy 25. Hardness of the aged 

material increased w i th  exposure temperature up t o  1 OOO°C but decreased 

sharply a t  l lOO°C .  

Work a t  ORNL(') showed tha t  Haynes Al loy 188 suffers a loss of tough- 

ness and d u c t i l  i t y  s imi la r  t o  Haynes A1 l o y  25 when aged a t  650 t o  900°C. 

The reduced toughness and d u c t i l i t y  w i th  thermal aging i s  a t t r ibu ted  t o  the 

formation o f  both carbide and Laves phases. 

The Haynes A1 l o y  1 8 8  provided s ign i f i can t ly  less resistance t o  f l uo r ide  

attack than the Haynes A1 l o y  25. Exposure t o  high-puri ty nonradioactive 

SrF2 produced local ized p i t t i n g  and gra in boundary at tack w i th  some sub- 

surface void formation (Figure 18). The leve l  of attack appeared t o  increase 

w i th  temperature, especial l y  w i th  the 4400-hr coup1 es. Examination o f  the 

t e s t  specimens wi th  the scanning electron microscope revealed the presence 

o f  very f i n e  voids t o  depths up t o  4 mils which were not present i n  the 

thermally aged reference specimen., The f ine voids could not be detected 

i n  the low magnif ication (1 00 and 500X) photomicrographs. Grain boundary 

at tack i n  the 1000 and l l O O ° C  couples was very local ized and occurred t o  

depths o f  3 t o  4 mils. Microprobe data indicated the attack occurred i n  

areas having high concentrations of Laves phase. No d i f fus ion  o f  strontium 

i n t o  the a l l o y  was found although some strontium was found i n  the voids. 



FIGURE 17. Microstructure o f  Haynes Alloy 188 



FIGURE 18. Haynes Alloy 188 Specimens Exposed to High-Purity 
Nonradioactive SrF2 



Exposure o f  the Haynes A l loy  188 t o  WESF-grade and h igh-pur i ty  g o ~ r ~ 2  

increased the chemical a t tack on ly  s l i g h t l y  as compared t o  the nonradio- 

ac t i ve  SrF2, but  the depth o f  metal a f fec ted by microstructural  changes 

was g rea t l y  increased. Overal l ,  greater a l l o y  a t tack was found i n  the 

coupl es containing high-puri t y  ' O S ~ F ~  than i n  the WESF-grade 9 0 ~ r ~ 2  coupl es . 
The leve l  o f  metal a t tack appeared t o  be less a t  l l O O ° C  than a t  the lower 

temperatures and the type o f  a t tack observed appeared t o  vary w i t h  tempera- 

tu re  (Figure 19). Test specimens exposed t o  WESF-grade and high-pur i ty 

g o ~ r ~ 2  a t  800°C exh ib i ted a  general d isso lu t ion  o f  the metal surface w i th  

extensive g ra in  boundary a t tack and a deplet ion o f  normal a1 l o y  p rec ip i ta tes  

t o  a  considerable depth. Exposure t o  the rad ioact ive f luo r ides  a t  1000°C 

resu l ted i n  heavy g ra in  boundary a t tack and subsurface vo id  formation but  

without the  general surface d isso lu t ion  observed i n  the 800°C specimens. 

Abnormal p rec ip i ta tes  were found t o  depths up t o  10 t o  12 m i l s  i n  the 

1 OOO°C- specimens. A t  11 OO°C metal a t tack was reduced somewhat from t h a t  

found a t  the lower temperatures. Grain boundary a t tack was less; there was 

l i t t l e  evidence o f  subsurface void formation; and the  abnormal p rec ip i ta tes  

found i n  the 1000°C specimens were much less apparent. There was a t h i n  

layer  (%2 m i l s  t h i ck )  a t  the metal surface which appeared t o  have a very 

high concentrat ion o f  f i n e l y  dispersed Laves phase. Below t h i s  was a layer  

several m i l s  t h i c k  i n  which the normal a l l o y  p rec ip i ta tes  were depleted. 

The add i t ion  o f  impur i t i es  t o  high-puri ty  nonradioactive SrF2 produced 

anomalous resu l t s .  I n  general chemical a t tack was reduced, except f o r  the  

case o f  SrO, wh i le  the microst ructura l  changes were somewhat greater as 

compared t o  the h igh-pur i ty  SrF2. As was t he  case w i t h  Haynes A l loy  25, 

the add i t ion  o f  SrO t o  the  SrF2 g rea t l y  accelerated the  at tack o f  the  

Haynes A l loy  188. Grain boundary a t tack and subsurface vo id  formation were 

evident t o  depths o f  20 m i l s  (Figure 20a). Microprobe data indicated no 

d i f f u s i o n  o f  stront ium i n t o  the a l loy ,  but  d i d  show a disappearance o f  

normal in t ragranular  p rec ip i ta tes  i n  the  a f fec ted  zone. 

The add i t ion  o f  r e l a t i v e l y  s tab le  f l uo r i des  such as NaF, (Ba, Ca, Mg)F2 

and AIFB t o  the  SrF2 reduced the chemical a t tack s i g n i f i c a n t l y  (Figure 20b), 
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and resul ted i n  a large reduction of normal a l l o y  precipi tates t o  a depth 

o f  3 t o  4 mils. Even the addit ion of less stable f luor ides such as CuF2, 

MnF2 and FeF3 t o  the SrF2 d id  not increase the chemical attack but d id  

increase the e f fec ts  on the microstructure. Figure 20c shows a Haynes 

A l loy  188. specimen exposed t o  SrF2-FeF3 for 4400 hr. Only s l i g h t  chemical 

at tack i s  apparent but abnormal precipi tates are apparent t o  a depth o f  

about 7 m i l s  and the normal precipi tates are la rge ly  depleted i n  the same 

zone. Microprobe data indicated the abnormal precipi tates were high i n  

manganese, chromium and nickel .  A high concentratisr~ o f  i r o n  was found a t  

the surface o f  the specimen which decreased t o  the h111 k concentration over 

a zone approximately 5 mi ls  wide. 

Additions o f  water and n i t r a t e  i on  t o  the high-purity SrF2 also reduced 

the chemical at tack o f  the Haynes Al loy 188. S l igh t  p i t t i n g  was observed 

i n  specimens exposed t o  n i t r a t e  (Figure 20d) o r  water, but the attack was 

minimal. Some disappearance o f  a l l o y  precipi tates occurred over a narrow 

zone below the metal surface. 

Overall, the resu l ts  obtained w i th  Haynes A1 l o y  188 are d i f f i c u l t  t o  

explain. The data show tha t  addit ions o f  impuri t ies t o  high-purity non- 

radioact ive SrF2, w i th  one exception, reduced the chemical attack o f  the 

a l loy.  S imi la r ly  less chemical at tack was found i n  specimens exposed t o  
WESF-grade " s ~ F ~  compared t o  specimens exposed t o  h i  gh-puri t y  ''S~F,. L No 

reasonable explanations f o r  these resu l ts  have been found. 

The theoret ical  analysis o f  the Haynes Al loy 188-YESF ' O S ~ F ~  system 

indicated the a1 l o y  should be qu i te  s imi la r  t o  Haynes A1 10y 25 i n  i t s  

resistance t o  f l u o r i d e  attack, except f o r  the presence o f  lanthanum. The 

thermodynamic calculat ions showed the lanthanum should be a strong reducing 

agent and could react w i th  many o f  the impuri t ies i n  the WESF ' O S ~ F ~ .  

Whlle the experimental resu l t s  show tha t  the a l l o y  i s  less res is tant  t o  

f l u o r i d e  attack than the Haynes Al loy 25, none o f  the data indicated tha t  

the presence o f  lanthanum was a cause o f  the increased reac t i v i t y .  



The tes t i ng  o f  Haynes A l loy  188 as a containment mater ia l  f o r  SrF2 was 

o r i g i na l  l y  undertaken because i t  was reported t o  have improved thermal 

aging propert ies compared t o  Haynes A l loy  25. The recent r esu l t s  obtained 

a t  ORNL show t h a t  the  a1 Joy su f fe rs  the same detr imental thermal aging 

e f f ec t s  as Haynes A l l oy  25. This combined w i t h  i t s  reduced resistance t o  

f l u o r i d e  at tack makes the a l l o y  a less  acceptable container mater ia l  f o r  

' O S ~ F ~  than the Haynes A1 l o y  25. 

7.2.5 Haste1 l o y  C-276-SrF2 

The Hastel loy C-276 t e s t  specimens were fabr icated from wrought bar 

stock t h a t  had been so lu t ion  heat-treated a t  2100°F and rap id l y  quenched. 

The microstructure o f  the "as received" a l l o y  i s  shown i n  Figure 21a. 

There i s  very l i t t l e  i nd i ca t i on  of p rec ip i ta ted  second phases, w i t h  anneal- 

i n g  twins being the predominate feature. Grain s ize  i s  r e l a t i v e l y  large.  

Thermal aging a t  800°C produced continuous g ra in  boundary p rec ip i t a t i on  

and heavy bulk p r e c i p i t a t i o n  (Figure 21 b). The p rec ip i ta tes  appear t o  be 

predominantly carbide phase w i t h  possibly some mu phase [(F~,CO)~(MO,W)~] 

present. Microprobe data show the p rec ip i ta tes  t o  be enriched i n  molybdenum, 

tungsten and chromium w i t h  the molybdenum concentrat ion o f  the matr ix  being 

sharply reduced from the nominal concentrat ion (8 t o  10% versus a nominal 

16%). Aging a t  1000°C resu l ted i n  less p rec ip i t a te  formation, and the  

composition o f  the p rec ip i ta tes  was more i nd i ca t i ve  o f  a M6C type carbide 

(Figure 21 c )  . Again the 'p rec ip i ta tes  were enriched i n  molybdenum and the 

concentrat ion o f  molybdenum i n  the mat r i x  was reduced t o  8 t o  10%. When 

the  a1 l o y  was aged a t  11 OO°C fnr 1500 h r  i t  was found t h a t  very 1 i t t l e  

p rec ip i t a te  forr,iztion occurred (Figure 21d). Aging f o r  4400 hr, however, 

resu l ted i n  s i g n i f i c a n t  p rec ip i t a te  formation, but  less  than occurred a t  

1000°C (Figure 21e). The p rec ip i ta tes  appear t o  be M6C type carbide phase. 

Grain s ize  s t a b i l i t y  a t  800 and 1000°C was excel lent, but  considerable 

g ra in  growth occurred a t  l l O O ° C .  Hardness o f  the "as received" mater ia l  

was higher than expected f o r  the so lu t ion  heat-treated mater ia l .  The hard- 

ness may have resu l ted from preparation o f  the  t e s t  specimen, since the 
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FIGURE 21. Effect of Thermal Aging on the Microstructure o f  Hmstelloy C-276 



hardness decrease was substant ia l  from the surface toward the  center o f  

the specimen. Aging a t  800°C increased the hardness wh i le  aging a t  the 

higher temperatures decreased the hardness. 

Exposure o f  Haste1 1 oy C-276 t o  high-purl t y  nonradioactive SrF2 resu l ted 

i n  extensive metal at tack which increased sharply w i th  increased exposure 

temperature (Figure 22). Grain boundary a t tack and subsurface void forma- 

t i o n  were the predominant forms o f  a t tack a t  a l l  temperatures. Changes i n  

microstructure were less extensive, although some abnormal p rec ip i ta tes  

were present i n  the various specimens tested. These p rec ip i ta tes  were high 

i n  chromium and n icke l .  Electron microprobe data showed extensive d i f f u s i o n  

o f  stront ium along the af fec ted g ra in  boundaries, and a t h i n  surface layer  

where stront ium had d i f fused  i n t o  the a l l o y  matrix. The mechanism o f  the 

g ra in  boundary a t tack has not been f u l l y  i d e n t i f i e d  but  appears t o  invo lve 

react ion(s)  o f  SrF2 w i t h  (Mo,W,Cr) carbide i n  the g ra in  boundaries. Expo- 

sure o f  the Hastel loy C-276 t o  the h igh-pur i ty  nonradioactive stront ium 

f l u o r i d e  had no noticeable e f f e c t  on the hardness o f  the a l loy .  

Haste1 l o y  C-276 exposed t o  WESF-grade o r  h igh-pur i ty  ' O S ~ F ~  exh ib i ted 

1 ess chemical a t tack than the specimens exposed t o  high-puri ty  nonradio- 

ac t i ve  SrF2. However, changes i n  the microstructure occurred t o  much 

greater depths. Overall, less chemical a t tack was observed i n  the WESF- 

grade IH)srF2 couples than i n  the couples containing high-puri ty  'OsrF2. 

Specimens exposed t o  the rad ioact ive stront ium f l u o r i d e  suf fered general 

surface d isso lu t ion  w i t h  some gra in  boundary a t tack and subsurface void 

formation (Figure 23). Grain boundary a t tack was f a r  less than t h a t  fauna 

i n  the  nonradioactive couples espec ia l ly  a t  the higher temperatures. 

Abnormal p rec ip i ta tes  were found i n  a1 1 specimens but  were more extensive 

a t  the  higher temperatures. The nature o f  the p rec ip i ta tes  was no t  deter- 

mined. The e f f e c t  o f  temperatures on metal a t tack was much 1 ess pronounced 

w i t h  the rad ioact ive f l u o r i d e  than w i t h  the nonradioactive SrF2. 

With one exception, the add i t ion  o f  impur i t ies  t o  the high-pur i ty non- 

rad ioact ive SrF2 reduced the chemical a t tack o f  the Hastel loy C-276. The 
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FIGURE 23. Hastelloy C-276 Specimens Exposed to 'OS~F~ 



g ra in  boundary a t tack  and void formation t h a t  was so extensive i n  couples 

containing h igh-pur i ty  nonradioactive SrF2 was far  less  prevalent i n  the 

coup1 es containing the SrF2-impuri ty mixtures, except when S r O  was present. 

However, the add i t ion  o f  impur i t i es  d i d  serve t o  increase the depth o f  

metal affected by changes i n  microstructure. Typical examples o f  Haste1 l o y  

C-276 specimens exposed t o  SrF2-impurity mixtures are shown i n  Figure 24. 

In several o f  the photomicrographs what appear t o  be voids are ac tua l l y  

prec ip i ta tes.  These p rec ip i ta tes  have not  been f u l l y  i d e n t i f i e d  but  i n  

almost every case they are high i n  chromium and n icke l .  Microprobe data 

ind icated there was l i t t l e  d i f fus ion  of Sr i n t o  the specimens, except f o r  

the  couple containing SrO. There was no evidence o f  d i f f u s i o n  o f  ca t ion  

impur i t i es  i n t o  the Hastel loy C-276 except when i r o n  o r  copper was present 

i n  the  f luo r ide .  When copper o r  i r o n  was present there was s i gn i f i can t  

d i f f u s i o n  . in to  the  a l l o y  matr ix  but  no t  along g ra in  boundaries. Strontium 
oxide was extremely cor ros ive t o  the a l loy ,  and g ra in  boundary a t tack and 

void formation occurred t o  a depth o f  10 t o  12 mi ls .  Microprobe data i n d i -  

cated extensive d i f f u s i o n  o f  stront ium along the g ra in  boundaries. 

There i s  no ready explanation of why the presence o f  impur i t ies  (except 

SrO) i n  the SrF2 reduced the chemical a t tack o f  the Hastel loy C-276. How- 

ever, a s im i l a r  e f fec t  was observed w i t h  the Haynes A l l oy  188. Based on 

thermodynamic considerations only, one would p red i c t  t h a t  Haste1 l o y  C-276 

should be s im i l a r  t o  Haynes A l loy  25 and Haynes A l l oy  188 i n  i t s  resistance 

t o  f l u o r i d e  at tack.  It i s  obvious from the data t h a t  Haynes A l loy  25 pro- 

vides f a r  more resistance t o  at tack than t he  other two a l lays.  The basis 

f o r  t he  greater resistance of the  Haynes A l l oy  25 has no t  been i den t i f i ed .  

Hastel loy C-276 has a number o f  features,which makes i t  an a t t r a c t i v e  

container mater ia l  f o r  g o ~ r ~ p ,  exclusive o f  f l u o r i d e  compat ib i l i ty .  It i s  

extreme1 y res i s tan t  t o  seawater corrosion, i s  qu i t e  res i s tan t  t o  ax i  da t i o n  

up t o  1000°C, has f a i r  h igh temperature strength propert ies, and su f fe rs  

l ess  from thermal aging e f f ec t s  than t he  two Haynes a l loys.  The Hastel loy 

C-276 i s  a lso f a i r l y  easy t o  fabr i ca te  and weld. Against these advantages 

must be balanced i t s  f a i r l y  poor resistance t o  a t tack by the " S ~ F ~ .  



FIGURE 24. Haste1 loy C-276 Specimens Exposed to SrF2-Impurity 
Mixtures at 1000°C for 4400 hr 



7.2.6 Hastel loy X-SrF2 

The Hastel loy X t e s t  specimens were fabricated from bar stock which 

had been so lu t ion  heat-treated a t  1950°F (per ASM 5754). The microstructure 

o f  the "as receivedM mater ia l  i s  t yp ica l  of the so lu t ion  heat-treated a1 l o y  

w i t h  carbide phase p rec ip i ta tes  i n  t he  g ra in  matrices (Figure 25a). Thermal 

aging a t  800°C produced continuous g ra in  boundary and heavy bul k prec ip i ta tes,  

p r i n c i p a l l y  M6C carbide phase w i th  possibly some sigma phase (Figure 25b). 

Microprobe data show the  carbide phase t o  be very high i n  molybdenum 

and tungsten. As a r e s u l t  the molybdenum and tungsten concentrations o f  the 

a l l o y  matr ix  a re  considerably less than the nominal concentrations. Aging 
a t  1000°C resu l ted i n  l ess  p rec ip i t a te  formation, w i t h  only the M6C carbide 

phase present. Much o f  the  f i n e l y  dispersed p rec ip i ta tes  found i n  the gra in  

mat r i x  o f  mater ia l  aged a t  800°C are no longer present (Figure 25c). Aging 
a t  l l O O ° C  resu l ted i n  even less  p rec ip i t a te  formation than was observed i n  

the "as receivedn mater ia l  ( ~ i g u r e  25d). Microprobe data ind ica te  t h a t  the 

p rec ip i ta tes  a re  probably M6C carbides which are high i n  molybdenum and 

tungsten. 

Grain s ize  s t a b i l  i t y  o f  the  Hastel loy X was good up t o  1000°C, but 

some gra in  growth occurred a t  11 OO°C. Thermal aging a t  800°C increased the 

hardness o f  the  a l l o y  about 50 DPHN un i ts .  Aging a t  higher temperatures 

decreased the hardness, and a t  l l O O ° C  the hardness was less than t h a t  o f  

the "as received" a1 1 oy. 

Resistance o f  the Hastel loy X t o  f l u o r i d e  at tack was less than t h a t  

o f  Haynes A l loy  25. Exposure t o  h igh-pur i ty  nonradioactive SrFp resu l ted 

i n  l i m i t e d  metal a t tack which appeared t o  increase s l i g h t l y  w i t h  exposure 

temperature. Each specimen showed evidence o f  surface d isso lu t ion  w i t h  

some g ra in  boundary a t tack and p i t t i n g  (Figure 26). Microprobe data showed 

no evidence o f  stront ium d i f f u s i o n  i n t o  the  a l loy .  Both the electron micro- 

graphs and microprobe data indicated a reac t ion  zone up t o  4 m i l s  t h i c k  a t  

the  surface o f  each specimen which was depleted i n  the normal carbide pre- 

c i p i t a tes .  I n  the  specimens tested a t  1000 and l l O O ° C  there was a narrow 
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FIGURE 25. The E f f ec t  o f  Thermal Aging on the Microstructure 
o f  Haste1 l o y  X 



FIGURE 26. Hastelloy X Specimens Tested with High-Purity 
Nonradioactive SrFp 



band < I  m i l  t h i c k  j u s t  below the surface which contained a f i n e l y  dispersed 

p rec ip i t a te  t h a t  was very high i n  chromium and i r o n  and may have been sigma 

phase (Figure 26d). Exposure t o  the h igh-pur i ty  SrF2 d i d  not  a f f e c t  the 

hardness o f  the Hastel loy X except possibly t o  increase the hardness s l i g h t l y  

a t  11 OO°C. compared t o  the reference specimen. 

Testing o f  the Hastel loy X w i t h  the high-pur i ty and WESF-grade ' O S ~ F ~  

resu l ted i n  subs tan t ia l l y  more metal a t tack than was observed w i t h  the non- 

rad ioact ive SrF2. Overall, specimens exposed t o  the h igh-pur i ty  ' O S ~ F ~  

exhibi ted more at tack than those tested w i th  the WESF-grade ' O S ~ F ~ ,  a1 though 

the types o f  a t tack were qu i t e  s im i l a r  (Figure 27). Surface dissolut ion,  

g ra in  boundary a t tack and subsurface void formation were found i n  a11 speci- 

mens. Changes i n  the microstructure were a lso apparent i n  a l l  specimens, 

espec ia l ly  those exposed t o  the high-puri ty  ' O S ~ F ~ .  Dissolut ion o f  normal 

a l l o y  p rec ip i ta tes  occurred i n  a l l  samples and reached a depth o f  20 m i l s  

i n  samples exposed t o  high-pur i ty ' O S ~ F ~  a t  1 100°C. Heavy d isc re te  pre- 

c i p i t a t e s  were found i n  the g ra in  boundaries of a l l  specimens t o  depths up 

t o  12 t o  13 mi ls .  The p rec ip i ta tes  were not characterized but d i d  not  

appear t o  be carbides. I n  each of the samples tested a t  l l O O ° C  there was a 

zone a t  the surface about 10 t o  12 m i l s  t h i c k  where the average g ra in  s ize  

was less than t h a t  o f  the bulk mater ia l .  A comparison w i t h  the "as received" 

mater ia l  showed t h a t  1 i t t l e  g ra in  growth had occurred i n  the af fec ted zone, 

probably because o f  the s t a b i l i z i n g  in f luence o f  the p rec ip i ta tes  present. 

Exposure o f  Hastel loy X t o  the SrF2-impurity mixtures produced no 

s i g n i f i c a n t  increase i n  chemical a t tack  compared t o  the SrFe alone. except 

when SrO o r  FeF3 was present. However, the presence o f  impur i t ies  d i d  

r e s u l t  i n  s i g n i f i c a n t  changes i n  the microstructure o f  the a l l oy .  A l l  o f  

the specimens exposed t o  the SrF2-impurity mixtures suf fered some surface 

d isso lu t ion  and g ra in  boundary attack. Subsurface voids were present i n  

most o f  the  specimens. Typical examples o f  specimens exposed t o  the f luo r ide-  

impur i ty  mixtures are shown i n  Figure 28. The only specimens sh~w ing  exten- 

s i ve  chemical a t tack were those exposed t o  SrF2 containing FeF3 o r  SrO. 



FIGURE 27. Hastelloy X Specimens Exposed t o  'OS~F~ 



FIGURE 28. Hastelloy X Specimens Exposed to SrFp-Impurity 
Mixtures at 1000°C for 4400 hr 



The presence o f  S r O  produced extensive g ra in  boundary a t tack (Figure 28a). 

Microprobe data showed a d i f f u s i o n  o f  stront ium i n t o  the g ra in  boundaries 

and g ra in  matrices, and a deplet ion o f  chromium and n icke l  i n  the matr ix  
adjacent t o  the a f fec ted  areas. Normal a l l o y  p rec ip i ta tes  had almost com- 

p l e t e l y  disappeared i n  the react ion zone. Surface d isso lu t ion  was exten- 

s i ve  i n  the  specimens exposed t o  SrF2-FeF3, but  less g ra in  boundary at tack 

was found (Figure 28b). There was a surface layer  where the normal a l l o y  

p rec ip i ta tes  were g rea t l y  reduced and a much wider zone where heavy d isc re te  

g lobular  p rec ip i ta tes  had formed. Microprobe data showed an i r o n  concen- 

t r a t i o n  gradient  across the a f fec ted  zone. Analysis o f  the globular pre- 

c i p i t a t e s  showed them tn  h? high i n  chromium and i r o n  w i th  a composition 

s i m i l a r  t o  the FeCr sigma phase, although the presence o f  the sigma phase 

does not  seem 1 i ke ly  i n  specimens aged a t  1000°C. The disappearance o f  

normal p rec ip i ta tes  and appearance o f  abnormal p rec ip i ta tes  were observed 

i n  the  other specimens exposed t o  SrF2-impurity mixtures but  the a f fec ted 

zone was much l ess  than t h a t  found i n  couples containing FeF3 Analysis o f  

the  abnormal p rec ip i ta tes  i n  the various specimens showed them t o  be high 

i n  chromium and i ron .  No d i f f u s i o n  o f  the  ca t ion  impur i ty  i n t o  the a l l o y  

was found except when copper o r  i r o n  were present. 

I he thermodynamic analysis o f  the Hastel l  oy X-WESF ' O S ~ F ~  system i n d i  - 
cated the  a l l o y  should be s i m i l a r  t o  the other  N i -  and Co-base a l l oys  i n  

i t s  resistance t o  f l u o r i d e  attack. Again there was no obvious reason 'why 

the  Hastel loy X was less  res i s tan t  t o  a t tack than the Haynes A l loy  25. 

Hastel loy X provides good resistance t o  seawater corrosion and good 

ox ida t ion  resistance up t o  1000°C. It has f a i r  h igh temperature strength 

character is t ics ,  but  the  e f fec ts  o f  thermal aging on i t s  mechanical proper- 

t i e s  have no t  been completely defined. Fab r i cab i l i t y  and we ldab i l i t y  o f  

the  a l l o y  i s  good. 

7.2.7 Hastel loy N-SrF2 

The Hastel loy N t e s t  specimens were fabr icated from mater ia l  t h a t  had 

been so lu t i on  heat-treated a t  2165OF and water quenched. The microstructure 



o f  the "as received" mater ia l  i s  shown i n  Figure 29a. The scattered g ra in  

boundary and matr ix  p rec ip i ta tes  appear t o  be carbides of the M6C and 

possibly M2C types. Microprobe data show the p rec ip i ta tes  are very high i n  

molybdenum w i t h  a  lesser amount o f  chromium. Thermal aging a t  800°C 

resu l ted . in continuous g ra in  boundary p rec ip i t a t i on  and a moderate increase 

i n  bulk p rec ip i t a t i on  (Figure 29b). The data ind ica te  the p rec ip i ta tes  are 

p r i n c i p a l l y  M6C carbide phase w i t h  molybdenum the predominant component. 

Specimens aged a t  1000 and 1100°C no longer exh ib i ted the continuous g ra in  

boundary p rec ip i ta t ion ,  but  bulk p rec ip i t a t i on  was s im i l a r  t o  t h a t  a t  800°C 

(Figure 29c-d) . 

Grain s ize  s t a b i l i t y  was good a t  800°C, but  se lec t i ve  g ra in  growth 

occurred a t  1000°C and increased s t i l l  f u r t he r  a t  l l O O ° C .  Hardness o f  the 

"as received" mater ia l  was higher than expected f o r  the so lu t ion  heat- 

t reated a1 1 oy. The hardness decreased w i t h  increasing exposure temperature, 

and a t  1000°C and above the hardness was t yp i ca l  o f  the so lu t ion  annealed 

a l l oy .  

Since Hastel loy N was developed a t  ORNL as a container mater ia l  f o r  

rnol ten f l u o r i d e  s a l t s  i n  the MSRE program, i t  was expected t o  be res i s tan t  

t o  a t tack  by the stront ium f luo r ide .  However, t h i s  was not the  case. Over- 

a l l ,  the Hastel loy N was less res i s tan t  t o  a t tack by the various grades o f  

stront ium f l u o r i d e  than any o f  the o ther  containment mater ia ls tested. 

Exposure t o  the high-purl ty  nonradioactive SrF2 produced some unusual 

r esu l t s  i n  t h a t  the chemical a t tack o f  the Haste1 l o y  N decreased sharply 

w i t h  increasing temperature (Figure 30). Specimens tested a t  800°C exhibi ted 

heavy g ra in  boundary a t tack and subsurface vo id  formation, whi le  the normal 

a1 l o y  p rec ip i ta tes  were l a rge l y  depleted i n  the af fec ted zone. A t  1000°C 

the g ra in  boundary a t tack was reduced and there was 1 i t t l e  subsurface void 

formation. Dissolut ion o f  normal a l l o y  p rec ip i ta tes  was s im i l a r  t o  t ha t  

observed a t  800°C. A t  1100°C there was no evidence o f  g ra in  boundary 

a t tack and on ly  s l i g h t  subsurface void formation. Disso lu t ion o f  normal 
v 

a l l o y  p rec ip i ta tes  occurred a t  the specimen surface, and was accompanied 



FIGURE 29. Ef fects  o f  Thermal Aging on the Microstructure 
o f  Hastelloy N 



FIGURE 30. Hastelloy N Specimens Exposed to High-Purity 
Nonradioactive SrF2 



by the appearance of unidentified precipitates, which were high in chromium

and iron, in the grain matrices.  Grain boundary attack and subsurface void

formation of the Hastelloy N specimens could be attributed directly to the

presence of the carbide grain boundary precipitates.  Some diffusion of
strontium into the grain boundaries was observed in those specimens in

which grain boundary precipitates were present (800 and 1000°C), but not in

specimens where the grain boundary precipitates were absent (1100°C).

Exposure to the radioactive strontium fluoride resulted in increased

metal attack compared to the nonradioactive SrF2' but the attack mechanisms

were similar.  Specimens tested at 800°C suffered heavy grain boundary

attack, while those exposed at the higher temperatures exhibited general

surface dissolution and subsurface void formation but much less grain

boundary attack (Figure 31).  Isolated voids occurred to considerable depth

in the 1000 and 1100°C specimens, as did the dissolution of normal alloy

precipitates.  Maximum attack was observed in the specimens exposed at

10000(.                                              1

The addition of impurities to high-purity nonradioactive SrF2 did not

appreciably increase the chemical attack of the Hastelloy N except when SrO

or FeF3 was present.  In fact some. impurities appeared to decrease the

chemical attack [i.e., Al F3' (Ba,Ca,Mg)F2' H201.\ A number of the impurities

produced substantial changes in the microstructure of the alloy, typically
the dissolution of normal alloy precipitates and the appearance of abnormal

precipitates.  Typical examples of Hastelloy N specimens exposed to SrF2-

impurity mixtures are shown in Figure 32.  What appear to be voids in

several of the photomicrographs are actually discrete globular precipitates.

Strontium oxide was extremely corrosive to the Hastelloy N resulting in

very heavy grain boundary attack.  Microprobe data indicated extensive

diffusion of strontium along the grain boundaries.  The addition of FeF3

to the SrF2 also ptoduced heavy grain boundary attack as well as subsurface

void formation.  Microprobe data showed some diffusion of iron into the

grain boundaries and grain matrices but little or no diffusion of strontium

7-58
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FIGURE 31,. Hastelloy N Specfmens Exposed to ' O S ~ F ~  



FIGURE 3Z2. Hastell@y N Spectmens Exposed to SrF2-Impurfty 
MCxtures a t  1100°C for 4400 hr 



i n t o  the a l loy .  There was no ind ica t ion  i n  the other specimens o f  d i f f u s i o n  

o f  the ca t ion  impur i ty  i n t o  the a l loy ,  but  s l i g h t  d i f f u s i o n  o f  stront ium 

was found. Analysis o f  the  d isc re te  globular p rec ip i ta tes  found i n  the 

various specimens showed them t o  be high i n  chromium and i ron,  approximating 

the sigma. phase i n  composition. 

. The Hastel loy N su f fe rs  a  loss o f  impact strength and d u c t i l i t y  upon 

thermal a  i n g  a t  650 t o  900°C, although t o  a  lesser  extent  than the Haynes 

A l l oy  25. I t s  resistance t o  ox idat ion and seawater corrosion i s  less 

than t h a t  o f  some o f  the other Ni-base a l loys,  such as Hastel loy C-276 and 

Hastel loy X. These facts,  combined w i t h  i t s  poor c m b a t i b i l i t y  w i th  90~ r~2 ,  

make the Hastel loy N a  poor choice as the containment mater ia l  f o r  ' O S ~ F ~ .  

7.2.8 Inconel 600-SrF2 

The Inconel 600 t e s t  specimens were fabr icated from hot  r o l l ed ,  p ick led 

and annealed bar stock. Microstructure o f  the ''as received" mater ia l  i s  

presented i n  Figure 33a and shows a very f i n e  g ra in  s t ruc tu re  w i t h  occa- 

s ional  d isc re te  p rec ip i ta tes  o f  t i tan ium n i t r i d e ,  t i tan ium carbide (o r  

cyanoni t r ide) and chromium carbide (probably Cr7C3). While the c e r t i f i e d  

repor t  o f  chemical analysis f o r  the l o t  o f  Inconel 600 used i n  the t es t s  

and the manufacturer's brochures do no t  l i s t  t i t an ium as a component o f  the 

a l loy ,  the  a l l o y  does contain a  s l i g h t  amount o f  t i tan ium which usual ly  i s  

present as d isc re te  carbide o r  n i t r i d e  inclusions.  Thermal aging a t  800°C 

produced some bulk  p rec ip i ta t ion ,  Cr7C3 and CrZ3C6, but  very l i t t l e  g ra in  

boundary p rec ip i t a t i on  (Figure 33b). A t  1  OOO°C g ra in  boundary p rec ip i t a t i on  

increased, but  bu lk  p rec ip i t a t i on  was less than a t  800°C (Figure 33c). A t  

1  100°C both the g ra in  boundary and bu lk  p rec ip i ta tes  are much less  apparent, 

except f o r  the t i tan ium n i t r ide -cyanon i t r ide  inc lus ions which were s tab le  
a t  a1 1 temperatures (Figure 33d). A t  temperatures above 800°C, Cr7C3 i s  

the predominant carbide phase. 

Grain s ize  s t a b i l i t y  o f  the Inconel 600 was the worst o f  a l l  the  N i -  

and Co-base a l l oys  tested. Aging a t  800°C produced on ly  a  s l i g h t  increase 

i n  g ra in  size, but  very la rge  g ra in  growth occurred a t  1000 and 1100°C. 
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The hardness o f  the a l l o y  decreased wi th  increasing exposure temperature. 

The hardness o f  the reference specimens was lowest a t  the specimen surface 

- and increased toward the center. 

- The Inconel 600 was qu i te  res is tan t  t o  chemical attack by the strontium 

. fluoride,' but changes i n  the microstructure were apparent t o  considerable 

depths i n  most t e s t  specimens. Exposure t o  the high-puri t y  nonradioactive 

SrF2 produced only s l i g h t  chemical attack which d id  not increase s i g n i f i -  

cant ly  w i th  temperature (Figure 34). A t  800°C there was some surface d is-  

so lut ion wi th  s l i g h t  gra in boundary attack. A t  1000 and 1100°C the grain 

boundary at tack increased s l i g h t l y  but surface d issolut ion was about the 

same. The specimens tested a t  1000 and 1100°C a1 1 exhibited a very t h i n  

surface layer  1 t o  2 mi ls  wide where the average gra in size was much smaller 

than i n  the body o f  the specimens. The specimens tested a t  the various 

temperatures a1 1 exhibited a surface layer  where normal a1 l o y  bulk prec ip i -  

tates were 1 argely d i  ssol ved but t ha t  contained f i n e l y  dispersed i r regu lar  

precipi tates high i n  i r o n  and chromium. The microprobe data showed no 

evidence o f  strontium d i f f us ion  i n t o  the a l l o y  grain boundaries o r  matrix. 

Exposure t o  the SrF2 appeared t o  cause a s l i g h t  decrease i n  specimen hard- 

ness, especial ly a t  800°C. 

Exposure of Inconel 600 t o  the WESF-grade and high-pur i ty ')OsrFp 

resul ted i n  substant ial ly more attack than was observed w i th  the nonradio- 

act ive SrF2, but the amount o f  attack d id  not increase s ign i f i can t ly  wi th  

temperature. The attack mechanisms appeared t o  be s imi la r  t o  those found 

i n  the nonradioactive couples (Figure 35). Specimens exposed a t  8flf1°C 

suffered a general gra in boundary attack. A t  1000 and 1100°C gra in boundary 

attack was great ly  reduced, but there was some subsurface void formation 

and surface dissolution. Every specimen exposed t o  9 0 ~ r ~ 2  exhibited a 

surface react ion zone up t o  20 mi ls  deep where the normal a l l o y  prec ip i -  

tates were depleted and other prec ip i ta tes had formed. I n  addition, the 

specimens exposed a t  1000 and 11 00°C exhibited a t h i n  surface layer  where 

the average gra in s ize was great ly  reduced compared t o  the body o f  the 

specimen. 



FIGURE 34. Inconel 600 Specimens Exposed to High-Purity 
Nonradioactive SrFp 



FIGURE 35. 1Gonel - 500 . Specimens Exposed to ' O S ~ F ~  _ I +  - 



The add i t ion  o f  impur i t i es  t o  the h igh-pur i ty  nonradioactive SrF2 d i d  

not  increase the chemical a t tack o f  Inconel 600 except when the t e s t  mixture 

contained SrO, FeF3 o r  CuF2 (Figure 36). As was the case w i t h  the other 

N i -  and Co-base al loys,  the addi t ion o f  S r O  t o  the SrF2 g rea t l y  increased 

the  at tack o f  the  Inconel 600 r e s u l t i n g  i n  extensive gra in  boundary pene- 

t r a t i on .  Microprobe data showed extensive di f fusion o f  strontium i n t o  the 

g ra in  boundaries. Test specimens exposed t o  SrF2 containing FeF3 o r  CuF2 

exh ib i ted extensive subsurface void formation. Analyt ical  data showed 

d i f f u s i o n  o f  copper o r  i r o n  i n t o  the  a l l o y  matrix. The voids are probably 

due t o  g ra in  boundary at tack,  although the photomicrographs g ive l i t t l e  

i nd i ca t i on  o f  such at tack.  Changes i n  microstructure were apparent i n  most 

specimens exposed t o  the impurity-SrF2 mixtures but  changes var ied depending 

on the impur i ty  involved. Disso lu t ion o f  normal prec ip i ta tes,  changes i n  

g ra in  size, and appearance o f  un iden t i f i ed  p rec ip i ta tes  were a l l  found i n  

varying degrees i n  the  various specimens. I n  a l l  cases the un iden t i f i ed  

p rec ip i ta tes  were high i n  i r o n  and chromium. 

Inconel 600 i s  very res i s tqn t  t o  ox idat ion up t o  1000°C and i s  eas i l y  

fabr icated and welded. Because i t  can su f f e r  p i t t i n g  when exposed t o  stag- 

nant seawater, Inconel 600 i s  r a r e l y  used i p  seawater appl icat ions,  Although 

the strength o f  Inconel 600 i s  not  as great as some o f  the other N i -  and 

Co-base a l l oys  i t  appears t o  su f f e r  less  from thermal aging e f fec ts  than 

many o f  the  a l loys.  

Inconel 625-SrF2 

The Inconel 625 t e s t  specimens were prepared from hot  r o l l e d  and 

annealed (1950°F) bar stock. The "as received" mater ia l  was a f i n e  grained 

mater ia l  w i t h  carbide p rec ip i ta tes  i n  the  g ra in  boundaries and d isc re te  

inc lus ions o f  t i tanium, probably as n i t r i d e  o r  cyanoni t r ide (Figure 37a) .  

The g ra in  boundary p rec ip i ta tes  are r i c h  i n  molybdenum and columbium and 

are probably MC and M6C carbides and possibly Ni3Cb. Thermal aging a t  800°C 

increased the g ra in  boundary and bulk p rec ip i ta tes  which appear t o  be molyb- 

denum, niobium and chromium carbides (Figure 37b). Aging a t  1000 and 11 00°C 



(a! SrF2+ SrO tc) SrF2 + PbF2 



FIGURE 37. The Effect  o f  Thermal Aging on the Microstructure 
on Inconel 625 



resu l ted i n  the d isso lu t ion  o f  most o f  the p rec ip i ta tes  except f o r  the 

t i tan ium inc lus ions (Figure 37c-d). Very 1 i t t l e  g ra in  growth was observed 

L 
i n  the specimens aged a t  800°C, bu t  extensive g ra in  growth occurred a t  the 

higher temperatures. Hardness o f  the  "as received" mater ia l  was higher 

than normal f o r  the annealed a l l o y  and decreased from the surface toward 
. the center o f  the specimen. Aging a t  800°C increased the overa l l  hardness. 

Aging a t  1000 and 1100°C decreased the hardness t o  the range expected o f  

the annealed a l l oy .  

The Inconel 625 was less  res i s t an t  t o  f l u o r i d e  a t tack than the 

Inconel 600. Exposure t o  h igh-pur i ty  nonradioactive S rF2  resu l ted i n  

moderate chemical a t tack on the Inconel 625, but  had on ly  l i m i t e d  e f f e c t  on 

the a1 1 oy microst ruc ture  (Figure 38). Specimens tested a t  800°C suffered 

l i m i t e d  g ra i n  boundary a t tack and some d i sso lu t i on  o f  normal a l l o y  p rec ip i -  

tates. Specimens exposed a t  1000°C suf fered extensive g ra i n  boundary 

a t tack and subsurface void formation t o  a depth o f  3 mi ls ,  whi le  d isso lu-  

t i o n  o f  normal a l l o y  p rec ip i ta tes  occurred t o  a depth o f  4 m i l s .  At  1100°C 

g ra in  boundary a t tack was less extensive, bu t  subsurface void formation 

increased. Microporosi ty not  v i s i b l e  i n  the low magni f ica t ion photomicro- 

graphs occurred t o  a depth o f  3 m i l s .  No changes i n  microst ruc ture  were 

apparent i n  the 1100°C specimens. There was no evidence o f  st ront ium d i f -  

fusion i n t o  the g ra i n  boundaries and g ra i n  matr ices o f  the a l l o y .  Micro- 

probe data d i d  show, however, a h igh chromium concentrat ion i n  the  a l l o y  

matr ix  near the voids i n  the 1000 and 1100°C specimens. Exposure t o  the 

f l u o r i d e  d i d  no t  have a s i g n i f i c a n t  e f f e c t  on the hardness o f  the a l l oy .  

Exposure t o  the  WESF-grade and h igh-pur i ty  ' O S ~ F ~  resu l ted i n  increased 

at tack o f  the Inconel 625 as compared t o  the nonradioactive SrF2, espec ia l ly  

w i t h  regard t o  e f f ec t s  on the microstructure.  Overal l ,  the WESF-grade 

' O S ~ F ~  appeared t o  be more cor ros ive than the h igh-pur i ty  ' O S ~ F ~  (Figure 39). 

Specimens exposed t o  the ' O S ~ F ~  a t  800°C suf fered extensive g ra in  boundary 

a t tack and subsurface voi'd formation. A t  1000 and 1100°C q ra in  boundary 

a t tack  was apparently much less  but  subsurface void formation was substan- 

t i a l l y  greater. However, the void format ion was probably due t o  g ra i n  



FIGURE 38. Inconel 625 Specimens Exposed to High-Puri ty 
Nonradioactive SrFp 



FIGURE 39. Ineonel 625 Specimens Exposed to ' O S ~ F *  
for 4400 hr 



boundary at tack which was not v isua l l y  i den t i f i ab le  from the photomicro- 

graphs. Changes i n  microstructure were extensive i n  the 1000 and l l O O ° C  

t e s t  specimens. Dissolut ion o f  normal a l l oy  precipi tates occurred up t o  a 

depth o f  20 mils, whi le unident i f ied discrete globular precipi tates occurred 

up t o  a depth o f  5 mils. I n  Figure 39b, c, and e what appear t o  be voids 

are ac tua l l y  a mixture o f  voids and the unident i f ied precipi tates. 

Exposure o f  the Inconel 625 t o  the SrF2-impurity mixtures resulted i n  

increased changes i n  the a l l o y  microstructure (compared t o  SrF2 alone), but 

had 1 i t t l e  ef fect  on the chemical attack (except where S r O  was present). 

I n  some cases the addi t ion o f  impuri t ies such as NaF and AlF3 t o  the SrFp 

appeared t o  decrease chemical attack. As was the case w i th  the other N i -  

and Co-base a l loys  the addi t ion o f  S r O  t o  the SrF2 resul ted i n  extensive 

gra in boundary attack. A l l  o f  the specimens exposed t o  the SrF2-impurity 

mixtures exhibi ted a surface 1 ayer where normal a1 1 oy precipi tates were 

depleted and a much narrower zone where unident i f ied prec ip i ta tes were 

present. I n  each case microprobe data show tha t  the abnormal precipi tates 

were high i n  chromium and i ron. 

Inconel 625 provides good oxidat ion resistance up t o  1000°C and i s  

very res is tan t  t o  seawater corrosion. The a l l o y  i s  eas i ly  worked and 

welded. The strength character is t ics  o f  the a l l o y  are superior t o  those 

o f  Inconel 600, but the e f fec ts  o r  thermal aging on the mcchanica l proper- 

t i e s  o f  Inconel 625 have not been we1 1 defined. 

7.2.10 Effects o f  Welding on Compatibi l i ty 

The weld areas o f  a number o f  t e s t  capsules were examined t o  see I f  

attack o f  the weld metal had occurred. I n  the couple design used there i s  

no d i r e c t  contact between the weld metal and the compacted strontium 

f luor ide.  It was possible, however, f o r  strontium f luor ide  parLicles t o  

penetrate the space between the capsule wall and l i d  and approach the weld 

zone. I n  addit ion, the p o s s i b i l i t y  o f  gas-metal reactions ex is ts  which 

could lead t o  at tack o f  the weld metal, while temperature gradients could 

lead t o  d i f f us ion  o f  reactants t o  the weld area. 



I n  general, metal a t tack i n  the weld areas was found t o  be much less 

than t h a t  observed w i t h  the t e s t  specimens. Figure 40 shows the  weld areas 

o f  a  number o f  capsules t ha t  contained h igh-pur i ty  nonradioactive SrF2. - 
There i s  very l i m i t e d  a t tack o f  the weld metal by the  h igh-pur i ty  SrF2. 

The on ly  case where extensive a t tack of the weld metal was apparent was i n  

. the couples contain ing CuF2 o r  FeF3 as impur i t i es  i n  the SrF2 (Figure 41). 

I n  each case the a t tack mechanism was s im i l a r  t o  t h a t  observed w i t h  the 

equivalent  t e s t  specimens. The notches observed i n  the Haynes A l loy  25 

specimen shown i n  Figure 41 are the r e s u l t  of machining ra the r  than a t tack.  

The Ni -  and Co-base a l l o y  capsules contain ing the SrF2-SrO mixture 

showed l i t t l e  evidence o f  weld metal a t tack.  This i s  su rp r i s ing  considering 

the extensive a t tack o f  the t e s t  specimens exposed t o  the SrF2-SrO mixture. 

The r e s u l t s  i nd i ca te  there was l i t t l e  movement o r  d i f f u s i o n  o f  the S r O  i n  

the t e s t  couples, whereas considerable movement o f  the CuF2 o r  FeF3 must 

have occurred. 



FIGURE 40. We1 ded Specimens a f t e r  Exposure to H i  gh-Fur4 t y  
Nonradioactive SrFp fo r  4400 h r  



FIGURE 41 . Welded Specimens Exposed to SrFp-Impuri ty 
Mixtures a t  1000°C for 4400 hr 



8.0 CONCLUSIONS 

S u f f i c i e n t  da ta  were ob ta ined  from t h e  sho r t - t e rm  c o m p a t i b i l i t y  t e s t s  

t o  accompl ish t h e  o b j e c t i v e s  s e t  f o r t h  i n  Sec t ion  5.0. Based on t he  o v e r a l l  

r e s u l t s ,  t h r e e  containment m a t e r i a l s  were i d e n t i f i e d  as t he  pr ime candidates 

f o r  long- te rm c o m p a t i b i l i t y  t e s t i n g .  They a r e  Haynes A1  l o y  25, TZM and 

H a s t e l l o y  C-276, w i t h  Incone l  600 and H a s t e l l o y  X as p o s s i b l e  a l t e r n a t e s .  

S e l e c t i o n  o f  t h r e e  cand ia tes  was based on t h e  f o l l o w i n g  cons ide ra t i ons :  

O f  a l l  t h e  containment m a t e r i a l s  eva luated,  tungs ten  was t h e  most 

compat ib le  w i t h  t h e  va r i ous  grades of  s t r o n t i u m  f l u o r i d e  a t  800 t o  

1100°C. Chemical a t t a c k  of t he  tungsten was very  s l i g h t .  The o n l y  

tungsten specimens e x h i b i t i n g  s i g n i f i c a n t  chemical a t t a c k  were those 

exposed t o  SrF2 c o n t a i n i n g  CuF2 as an i m p u r i t y .  Exposure t o  t h e  

f l u o r i d e  had a lmost  no e f f e c t  on t h e  m i c r o s t r u c t u r e  of t he  tungsten.  

No d i f fe rence  i n  c o m p a t i b i l i t y  w i t h  t h e  f l u o r i d e  cou ld  be de tec ted  

' between t h e  wrought and a r c  c a s t  tungs ten  specimens. 

Other  p r o p e r t i e s  o f  tungsten, such as i t s  poor o x i d a t i o n  r e s i s t a n c e  and 

d i f f i c u l t i e s  i n  f a b r i c a t i o n  and weld ing,  reduce i t s  use fu lness  as a  - 

con ta ine r  m a t e r i a l  f o r  ' O S ~ F ~ .  Because o f  i t s  many 1  i m i t a t i o n s  tungs ten  

i s  n o t  cons idered t o  be a  p r a c t i c a l  m a t e r i a l  t o  use i n  t h e  WESF process 

t o  c a n t a i n  t h e  ' O S ~ F ~ ,  and i t  was n o t  se lec ted  as one o f  t he  m a t e r i a l s  

t o  be eva lua ted  i n  t h e  long- term c o m p a t i b i l i t y  t e s t s .  However, tungsten 

can be cons idered as a  p o t e n t i a l  c o n t a i n e r  m a t e r i a l  f o r  ' O S ~ F ~  i n  

spec ia l  a p p l i c a t i o n s .  

TZM i s  a lmos t  as r e s i s t a n t  t o  a t t a c k  by s t r o n t i u m  f l u o r i d e  as tungsten.  

Chemical a t t a c k  of  t h e  TZM specimens was minimal except  when exposed 

t o  s t r o n t i u m  f l u o r i d e  c o n t a i n i n g  CuF2 o r  FeF3. No s i g n i f i c a n t  e f f e c t  

on t h e  m i c r o s t r u c t u r e  was observed excep t  i n  t h e  specimens exposed t o  

SrF2 c o n t a i n i n g  CuF2 o r  FeFT 

TZM suf fers  some of t h e  same disadvantages as tungsten,  such as poor  

o x i d a t i o n  res i s tance .  However, TZM i s  more e a s i l y  f a b r i c a t e d  and 

welded than  tungs ten  and can p robab ly  be adapted f o r  use i n  t h e  WESF 



process t o  conta in  t h e  ' O S ~ F ~ .  Th is  would i nvo lve  using TZM f o r  the  

i n n e r  capsule and a  d i f f e r e n t  ma te r ia l  t h a t  i s  ox ida t i on  r e s i s t a n t  f o r  

t he  ou te r  capsule. Because t h e  TZM i s  compatible w i t h  ' O S ~ F ~  and 

because i t  .can 'probably be used i n  the  WESF process, i t  was selected 

as one o f  t he  m a t e r i a l s  t o  be evaluated i n  the  long-term tes ts .  

Of  the  seven N i -  and' CO-base a1 loys  tested, Haynes A1 l o y  25 was the  

most r e s i s t a n t  t o  f l u o r i d e  a t tack .  On an o v e r a l l  basis, both chemical 

a t t a c k  and changes i n  micros t ruc ture  were much.less w i t h  the  Haynes , 

A1 l o y  25 specilller~s Lhan w i  t h  t h e  o ther  N i -  and C.o-base. ai ' loys. . However, 

t he  Haynea A l l o y  26 spccimcns s u f f c r c d  considerably more a t t a c k  than 

t h e  tungsten and TZM' specimens. 

Haynes A l l o y  25 suf fers a  ser ious 'loss of toughness and d u c t i l i t y  -when 

the rma l l y  aged a t .  650 t o  900°C, which reduces i t s  usefulness as a  con- 

t a i n e r  ma te r ia l  f o r  ' O S ~ F ~  i n  heat source app l ica t ions .  However, t he  

a1 l o y  can be considered f o r  use when t h e  ' O S ~ F ~  i s  doubly encapsulated. 

The Haynes A l l o y  25 can be used fo r  t he  i nne r  capsule t o  prov ide  g o ~ r ~ Z  

c o m p a t i b i l i t y ,  and a  d i f f e r e n t  ma te r ia l  used f o r  the  outer  capsule t o  

prov ide  t h e  needed s t reng th  requirements. I n  add i t i on ,  t he  a l l o y  can 

be used i n  the  WESF product ion operat ion w i t h  a  minimum of development 

e f f o r t .  Based on t h e  above cons idera t ion  Haynes A l l o y  25 was selected 

as one o f  the mate r ia l s  t o  be evaluated i n  Ltle lur~y- terre co rnpa t ib l l i t y  

t e s t s .  

The o the r  s i x  N i -  and Co-base a l l o y s  were much less  r e s i s t a n t  t o  f l u o r i d e  

a t t a c k  than the  Haynes A l l o y  25. Ranking the  s i x  i n  order  o f  t h e i r  

res is tance t o  f l u o r i d e  a t tack  i s  d i f f i c u l t  because the  rank ing would 

vary  depending on the  grade of s t ron t ium f l u o r i d e  being considered. 

Overa l l ,  t he  Inconel 600, Haste l loy  C-276 and Haste l loy  X appear t o  be 

about equal i t1  the i r .  r.es.isldrlct! l u  f l u u r i d c  a t tack ;  wh i l e  the  o ther  

th ree  a l l oys ,  Haynes A l l o y  188, Inconel 625 and Haste l loy  N,are sub- 
' 

s t a n t i a l l y  l e s s  r e s i s t a n t  t o  a t tack .  



Because H a s t e l l o y  C-276 possesses many a t t r a c t i v e  p r o p e r t i e s ,  such as 

good o x i d a t i o n  r e s i s t a n c e  and excel  l e n t  seawater c o r r o s i o n  res i s tance ,  

and s i nce  i t  i s  c u r r e n t l y  be ing  used a t  WESF t o  c o n t a i n  t h e  9 0 ~ r ~ 2 ,  i t  

was se lec ted  as t h e  t h i r d  containment m a t e r i a l  t o  be eva lua ted  i n  t he  

long- te rm c o m p a t i b i l i t y  t e s t s .  Incone l  600 and H a s t e l l o y  X a l s o  possess 

c e r t a i n  d e s i r a b l e  p r o p e r t i e s  and should be cons idered as p o s s i b l e  a l t e r -  

nates t o  H a s t e l l o y  C-276. 

Ove ra l l ,  t h e  exper imenta l  r e s u l t s  show t h a t  t he  i m p u r i t i e s  t h a t  a re  

no rma l l y  p resen t  i n  t he  WESF ' O S ~ F ~  i n  h i g h  concen t ra t i on ,  i . e. , Na, Ca, Ba, 

have r e l a t i v e l y  l i t t l e  e f f e c t  on t h e  c o m p a t i b i l i t y  o f  t h e  s t r o n t i u m  f l u o r i d e  

w i t h  t h e  containment m a t e r i a l s  a t  800 t o  l l O O ° C .  The r e s u l t s  a l s o  show t h a t  

c e r t a i n  i m p u r i t i e s  can have a  se r i ous  adverse e f f e c t  on s t r o n t i u m  f l u o r i d e  

c o m p a t i b i l i t y .  SrO, f o r  example, when p resen t  i n  t h e  SrF2 produces exten-  

s i v e  chemical a t t a c k  o f  t h e  N i -  and Co-base a l l o y s .  F l u o r i d e s  o f  t h e  m u l t i -  

v a l e n t  ca t i ons ,  such as Cu and Fe, g e n e r a l l y  cause inc reased  chemical a t t a c k  

o f  t h e  containment m a t e r i a l s  t es ted .  They a l s o  produce s u b s t a n t i a l  m i c ro -  

s t r u c t u r a l  changes i n  t h e  N i -  and Co-base a l l o y s .  Water and n i t r a t e  i o n  had 

a  s u p r i s i n g l y  smal l  e f f e c t  on c o m p a t i b i l i t y ,  p o s s i b l y  because they  were 

p resen t  i n  low concent ra t ions .  Fo r tuna te l y ,  t h e  i m p u r i t i e s  which were 

shown t o  have an adverse e f f ec t  on c o m p a t i b i l i t y  a r e  no rma l l y  p resen t  i n  

t h e  WESF ' O S ~ F  i n  low concent ra t ions .  It does n o t  appear l i k e l y  t h a t  2 
a d d i t i o n a l  p u r i f i c a t i o n  s teps w i l l  be needed i n  t h e  WESF process t o  improve 

t h e  q u a l i t y  o f  t he  ' O S ~ F ~  product .  However, c l o s e  c o n t r o l  o f  t h e  p u r i f i c a -  

t i o n  s teps and o t h e r  process ope ra t i ons  w i l l  be needed t o  i n s u r e  t h a t  t he  

harmfu l  i m p u r i t i e s  a r e  reduced t o  t h e  lowes t  p r a c t i c a l  l e v e l s .  

I n  a d d i t i o n  t o  t h e  f o rego ing  t h e r e  a r e  a  number o f  o t h e r  conc lus ions  

t h a t  can be reached f rom t h e  t e s t  data:  

I n  genera l  meta l  a t t a c k  was g r e a t e r  i n  t h e  couples c o n t a i n i n g  ' O S ~ F ~  

t k a r ~  'Irl L t ~ e  equ i v d l t l r ~ t  couples c o n t a i n i n g  high-pu1-i ty nonradioactive 

SrF2. Changes i n  t h e  m i c r o s t r u c t u r e  inc reased  t o  a  g r e a t e r  degree 

than  d i d  t h e  chemical a t t a c k .  The inc reased  a t t a c k  p robab ly  r e s u l t e d  

f rom i m p u r i t i e s  and decay p roduc ts  i n  t h e  9 0 ~ r ~ 2 ,  and n o t  from t h e  

r a d i a t i o n .  



a Overal l ,  chemical a t t a c k  pf the  t e s t  'specimens d i d  n o t  increase 

appreciably w i t h  increas ing exposure temperatures t o  l l O O ° C ,  and' there  

were instances where the  a t t a c k  was less  a t  t he  h igher  temperatures. 

M ic ros t ruc tu ra l  changes were genera l l y  g rea te r  a t  t he  h igher  temperatures. 

The slope o f  t h e  r a t e  curves could n o t  be pred ic ted from-the l i m i t e d  

data ava i l ab le ,  b u t  i n  almost every case the  r a t e  of metal - a t t a c k  
. . appeared t o  decrease w i t h  increas ing exposure time. . 

e' As a  general r u l e ,  t h e  presence of i m p u r i t i e s  i n  the  SrFe produced 

s i g n i f i c a n t  changes i n  t h e  micro 's t ructure o f  t h e  N i -  and Co-base a1 l a y  
. . 

specimens, ~ I I J  Ltle l ~ ~ l ~ r u ~ t r u c t u r a l  changes afPected the  specimens t o  , 

g rea te r  depths than d i d  the  chemical at tack.  

. . While i t  was impossib le t o  i d e n t i f y  the  reac t ions  producing t h e  chemical 

a t t a c k  o f  t he  N i -  and Co-base a l l oys ,  i n  most cases they invo lved the  

p r e c i p i t a t e s  i n  t h e  a l l o y  g r a i n  boundaries. Th is  could be one poss ib le  

explanat ion why the  chemical a t tack  of-the a l l o y s  d i d  n o t  increase sub- 

s t a n t i a l l y  above 800°C, s ince less  p r e c i p i t a t e s  formed a t  the  h igher  

. t e s t  temperatures. . . 
' 

Tn order  t o  prov ide  r e l i a b l e  estimates o f  long-term metal a t t d c k  ill 

" ~ r t ~  heat sources ,  add i t i ona l .  data w i l l  be needed. The k i n e t i c s  o f  t h e  

reac t ions  invo lved i n  metal a t t a c k  w i l l  have t o  be determined and the  

r e a c t i o n  mechanisms i d e n t i f i e d .  The ef fects o f  f l u o r i d e  a t tack  on the 

mechanical p roper t i es  o f  t he  conta iner  ma te r ia l s  w i l l  a l so  have t o  be deter -  

mined. The long-term compat ib l i t y  tes'ts, which are  the  second phase o f  t h i s  

program are designed t o  supply the  needed informat ion.  Tho t e s t s  w i  11 b e  

c a r r i e d  o u t  us ing  fuel -grade ' ' s ~ F ~  produced a t  WESF. TZM, Haynes A l l o y  25 

and Has te l l oy  C-276 w i l l  be evaluated i n  the  t e s t s  which w i l l  l a s t  up t o  . 

30,000 hr .  Tes t  temperatures w f  11 be 600, 800 and 1000°C. Tens i le  and 

Charpy specilrlerts w i l l  be tes ted  to .determine the  e f f e c t s  o f  f l u o r i d e  a t tack  

on the  mechanical p roper t i es  of t h e  a l l oys .  The e f f e c t  o f  vary ing  the  t e s t  

coup'les sur face t o  volume r a t i o  (S/V) w i l l  a l so  be inves t iga ted.  I n  add i t i on ,  - 
. a  more d e t a i l e d  thermodynamic ana lys i s  of t he  th ree WESF g o ~ r ~ 2 - a l l o ~  systems 

i s  being c a r r i e d  o u t  by D r .  Car l  Alexander and h i s  associates a t  B a t t e l l e -  
-4 

Col umbus. 
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11.0 APPENDIX 

11.1 THERMODYNAMIC ANALYSIS OF WESF 9 0 ~ r ~ 2 - ~ ~ ~ ~ ~ ~ 1 4 ~ ~  SYSTEMS 

As d iscussed i n  Sec t ion  4.0, an at tempt  was made t o  p r e d i c t ,  on t he  

bas i s  o f  ,thermodynamic cons idera t ions ,  t h e  p o s s i b l e  r e a c t i o n s  t h a t  m igh t  

occur  between WESF-produced ' O S ~ F ~  and t he  n i n e  containment m a t e r i a l s  eva lu -  

a ted  i n  t h e  sho r t - t e rm  c o m p a t i b i l i t y  t e s t s .  The p o t e n t i a l  f o r  a  g i ven  reac-  

t i o n  t o  occur  was es t imated  by c a l c u l a t i n g  t h e  Gibbs f r e e  energy o f  r e a c t i o n  

(AGi) over  t h e  temperature range of 25 t o  1200°C. 

Each o f  t he  n i n e  f l u o r i d e - m e t a l  systems t o  be cons idered i s  ext remely  

complex because o f  t h e  many components present .  The WESF g o ~ r ~ 2  con ta ins  

a  g r e a t  many i m p u r i t i e s  as w e l l  as decay p roduc ts .  Each of  t he  seven N i -  and 

Co-base a l l o y s  con ta ins  a t  l e a s t  e i g h t  components. Even t h e  s imp les t  o f  t h e  

n i n e  systems, tungsten-WESF 'OSrF2, con ta ins  a t  1  eas t  24 c o n s t i t u e n t s  which 

must be cons idered i n  a  thermodynamic a n a l y s i s .  

Because o f  t h e  l a r g e  number o f  c o n s t i t u e n t s  i n  each o f  t h e  n i n e  systems 

under cons ide ra t i on ,  a  r i g o r o u s  a n a l y s i s  o f  a g iven  system cou ld  i n v o l v e  

l i t e r a l l y  hundreds o r  thousands o f  p o t e n t i a l  r e a c t i o n s .  Ca r r y i ng  o u t  a  

r i g o r o u s  a n a l y s i s  i s  prevented by two f a c t o r s :  

1. The chemical species p resen t  i n  t h e  WESF have n o t  been i d e n t i -  

f i e d ,  and t h e  compounds formed i n  t h e  N i -  and Co-base a l l o y s  as a  f unc -  

t i o n  o f  t i m e  and temperature a r e  n o t  comple te ly  known. 

2. Thermochemical da ta  a r e  n o t  a v a i l a b l e  f o r  most o f  t he  complex compounds, 

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

t h e  va r i ous  systems. 

I n  o r d e r  t o  analyze each system, i t  was.necessary t o  make a  number o f  

s i m p l i f y i n g  assumptions t o  reduce t h e  r e a c t i o n s  t o  be cons idered t o  those 

i n v o l v i n g  compounds f o r  which thermochemical da ta  a r e  a v a i l a b l e :  

The i m p u r i t i e s  i n  t h e  WESF ' O S ~ F ~  a re  p resen t  as s imp le  compounds o f  

u n i t  a c t i v i t y ;  they  a r e  n o t  p resen t  as complex compounds o r  s o l i d  

s o l u t i o n s  w i t h  t h e  SrF2, decay p roduc ts  o r  each o the r .  



. 
. The decay products a re  ZrF4, ZrF2 and zirconium metal. . The a l l o y s  a re  s o l i d  so lu t ions ,  and there  i s  no compound format ion 

between a l l o y  components a t  temperatures up t o  1200°C. 

The s o l i d  r e a c t i o n  products are  simple f l uo r ides  and oxides o f  u n i t  - 
a c t i v i t y  o r  f r e e  metal.  Complex f luor ides ,  complex oxides, oxy f luor ides  

o r  i n t e r m e t a l l i c  compounds a re  no t  considered t o  be poss ib le  reac t i on  

products. 

There i s  no l i q u i d  phase present up t o  1200°C. 

Each f luor ide-meta l  system i s  assumed t o  be a c losed system, as would 

be the  case w i t h  an operat ing ' O S ~ F ~  heat source. 

The above assumptions preclude the  preserlce o f  c v l ~ ~ p l e x  cvr~~puunds and 

i n t e r m e t a l l i c  compounds i n  the  reac t i on  system. They a l so  preclude the  

exis tence o f  s o l i d  so lu t i ons  o f  f l u o r i d e s  o r  oxides i n  the  systems. A 
s u p e r f i c i a l .  examhat ion  o f  t he  var ious systems w i l l  show t h a t  some o f  the 

assumptions are  on ly  p a r t i a l l y  va l i d .  For example, some components o f  

t he  N i -  and Co-base a l l o y s  do i n t e r a c t  t o  form compounds o f  var ious types, 

such as carbides and i n t e r m e t a l l i c s ,  when the  a l l o y s  are thermal ly  aged. 

The assumptions were necessary, however, t o  a1 low the  thermodynamic ana lys is  

o f  t he  n ine  systems t o  be completed w i t h  the  l e v e l  o f  e f f o r t  t h a t  was possi -  

b le '  w i t h i n  program funding 1 i m i  t a t i ons .  

The i m p u r i t i e s  present  i n  the  WESF ' O S ~ F ~ ,  t h e i r  probable forms, and 

concent ra t ion  ranges are  g iven i n  Table 1A. The c a t i o n i c  i m p u r i t i e s  are 

present  p r i m a r i l y  as f l u o r i d e s .  Since the  WESF ' O S ~ F ~  a l so  conta ins a small 

amount o f  oxygen, some metal oxides may a l so  be present. However, ana lys is  

o f  t he  f l u o r i d e  shows t h a t  the  bu lk  o f  the  oxygen i s  -present as water. 

Therefore, t h e  concent ra t ion  of metal oxides should be very low. For the  

thermodynamic analyses, however, i t  was assumed t h a t  metal oxldes could be 

present  i n  t h e  f l u o r i d e .  

Free energy o f  format ion data or1 the .Fluor.'ides a r ~ d  uxides o f  i n t e r e s t  

i n  t h e  n ine  a l l o y - f l u o r i d e  systems are  g iven i n  Tables 2A and 3A.  The data 

a re  given i n  k i l o c a l o r i e s  per gram atom (kcal/g-atom) o f  anion and were 



TABLE 1A. Probable I m p u r i t i e s  i n  WESF ' O S ~ F ~  

I m p u r i t y  

A1 

Probable Form 

A1 F3 

BaF2 

Ca F2 

CdF2 

CrF3 

CuF2 

FeF3 

H2° 
KF 

MgF2 
MnF2 

Na F 

N i  F2 

H2° 
PbF2 

RF, 

Concent ra t ion  Range 
( w t % )  

<O. 5 

0.1-2.0 

0.1-2.0 

(0.1 
<o. 2 

<o. 01 

(0. 1 

<o. 01 

<o. 1 

0.05-0.5 

<o. 1 

1-4 

<o. 1 

<O. 05 

<o. 2 

<2.0 

<o. 02 

Va r i ab le  (decay p roduc t )  

(a) Rare e a r t h s  



TABLE 2A. Free ~ n e r g y  of Formation of Various F luor ides  

Compound 

A1 F3 
BF3 
Ba F2 

CF;l Ca 2 
CbF5 
CdF2 
Co F2 
CrF2 
Cr F3 
CuF 
Cu Fz 
Fe F2 
Fe F3 
HF 
KF 
La F3 
Mg F2 
Mn F2 
MnF3 
MoF5 
MO F6 
Na F 
Ni  F2 
PF3 
PbF 
RF3f a ) 
SF6 
S i  F4 
SrF2 
T i  F3 
T i  F4 
VF3 
VF4 
WF4 
WF5 
WFs . 
7rF2 
Zr  F4 

-AG;, ' kcal /g-atom.of  f l u o r i n e  
600°C 800°C '1 000°C 11 00°C 12OO0C 

(a) RF3 = Rare Ear th  F luo r ide  - T y p i c a l l y  NdF3 



TABLE 3A. Free Energy of  Format ion o f  Var ious Oxides 

Compound 

A1 203 
B203 . 
BaO 
C 0 
co2 
CaO 
CbO 
CdO 
Co 0 
co 304 
Cr203 
Cu20 
cuo 
FeO 
Fe304 
Fez03 
K20 
La203 
MgO 
Mn 0 
Mn304 
Mn203 
Moo2 
MOO 
Na20 
Nb2O5 
Ni 0 
P203 
p205 
PbO 
~ 2 0 ~  (a ) 
so2 
S i  02 
SrO 

(a) Rare Earth Oxide - T y p i c a l l y  Nd203 
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were taken p r i m a r i l y  from ~ o s e n q v i s t , ( '  ) ~ l a s s n e r , ( ~ )  S m i  t h e l l s ,  (3) 

Kubaschewski and ~ v a n s , ' ~ )  and Richardson and Je f fes .  (5) When the references 

gave d i f f e r e n t  AG; values fo r  a g iven compound, an average value was used -, 
(unless some values were obv ious ly  i n c o r r e c t ) .  . 

. The .accuracy o f  t he  thermochemical data t h a t  i s  a v a i l a b l e  on the  metal 

, f l u o r i d e s  i s  r e l a t i v e l y . p o o r .  Only a small f r a c t i o n  of the  data was based 5 

on experimental measurements, and most of t he  thermochemical data a v a i l a b l e  

on t h e  f l u o r i d e s  was est imated by var ious t h e o r e t i c a l  techniques. To i l l u s -  

t r a t e  t h e  accuracy o f  t he  f l u o r i d e  data, t he  fo l lowing values have been pub- 

l i s h e d  r e c e n t l y  f o r  t h e  f r e e  energy o f  formation o f  CaF2, CoF2, NaF and ZrF4 

a t  298°K: 

Compound A G O  kcal  /mol es -f ' Reference 
CaF2 -280 & 10 ~ o s e n q v i  sf ( l )  
CaF2 -277.6 5 4 Smithel 1s 3) 

CoF2 -148 2 10 Rosenqvist 
CoF2 ' -147.9 2 6 Smi  the11 s 

NaF -130 2 5 Rosenqvist . 
Na F -128.5 2 3 Smi the1 1 s 

Zr  F4 -434 5 2 Rosenqvi s t  
Z r  F/I -434.7 i 3 Smi  the1 1 s 

In the case s f  t h e  metal oxidea the  samc problcms dpply, al though to a 

l esse r  degree than w i t h  the  f l u o r i d e s .  The a v a i l a b l e  data on the  oxides has 

somewhat b e t t e r  accuracy than the  data on t h e  f l u o r i d e s  and a greater  .frat- 
t i o n  of the  data was based on experimental measurements., 

Because o f  t he  l i m i t e d  accuracy o f  t he  thermochemical data, t h e  A G ~  

values given i n  Tables 2A and 3A have been rounded o f f  t o  the  nearest whole 

number.. This may cause a few apparent anomal i e s  i n  t h e  thermodynamic calcu-  

l a t i o n s  bu t  does no t  a f f e c t  the o v e r a l l  r e s u l t s  t o  any appreciable degree. 

As s ta ted  prev ious ly ,  i t  was assumed t h a t  t he re  was no compound forma- - 
t l o n  between cons t i t uen ts  of a g iven a l l o y ,  even a t  h igh  temperatures. 

Ins tead i t  was assumed t h a t  each a l l o y  was a s o l i d  so lu t i on ,  and the  p a r t i a l  



molar  f r e e  energy o f  m i x i n g  (A$) was c a l c u l a t e d  f o r  each a1 l o y  c o n s t i t u e n t  

us i ng  t h e  method developed by H i ldebrand  and Sco t t .  ( 6 )  Since t h e  a l l o y  com- 

p o s i t i o n s  can v a r y  somewhat f rom hea t  t o  heat ,  ncM f o r  a  g i ven  a1 l o y  component 

can vary  depending on t he  a c t u a l  concen t ra t i on .  The A$, da ta  presented i n  

subsequent t a b l e s  were c a l c u l a t e d  us ing  t he  a l l o y  composi t ions g i ven  i n  

Table 4A. The composi t ions l i s t e d  i n  Tab le  4A vary  somewhat f rom those g i ven  

i n  Table 11 (Sec t i on  6.2.3).  The da ta  i n  Table 4A a r e  t y p i c a l  composi t ions 

f o r  t he  a l l o y s  under cons ide ra t i on ,  w h i l e  t h e  composi t ions g i ven  i n  Table 11 

a r e  those o f  s p e c i f i c  heats  o f  a l l o y s  t h a t  were used i n  t h e  sho r t - t e rm  

c o m p a t i b i l i t y  t e s t s .  

The p o t e n t i a l  f o r  a  f l u o r i d e - m e t a l  o r  oxide-metal  r e a c t i o n  t o  occur  can 

be p r e d i c t e d  ve ry  rough l y  by comparing t h e  app rop r i a te  f r e e  energ ies  o f  

fo rmat ion .  I n  Table 5A t h e  f l u o r i d e s  and ox ides o f  i n t e r e s t  a r e  l i s t e d  i n  

o r d e r  of decreas ing f r e e  energy of format ion a t  25 and 1200°C. T h e o r e t i c a l l y  

any element should be capable o f  reduc ing  t h e  f l u o r i d e  o r  ox i de  o f  any e l e -  

ment below i t  on t h e  t a b l e .  For temperatures between 25 and 1200°C t h e  r e l a -  

t i v e  o r d e r  o f  t he  f l u o r i d e s  and ox ides  may va ry  somewhat f rom those g i ven  i n  

Table 5A. These s h i f t s  should n o t  be t o o  s i g n i f i c a n t ,  however. I n  the'WESF 

9 0 ~ r ~ 2 - a l l o y  systems under c o n s i d e r a t i o n  t h e  problem i s  somewhat.more com- 

p l i c a t e d  because o f  a l l o y  s o l i d  s o l u t i o n s ,  and t he  p a r t i a l  mo la r  f r e e  energy 

of m i x i n g  o f  a l l o y  components must be cons idered i n  t he  f r e e  energy o f  

r e a c t i o n  c a l c u l a t i o n s .  

Be fo re  d i scuss ing  t h e  i n d i v i d u a l  9 0 ~ r ~ 2 - a l l o y  systems t h e r e  a r e  c e r t a i n  

f ac to r s  t o  be cons idered which app ly  t o  a l l  n i n e  systems. I f  ZrF2 i s  assumed 

t o  be p resen t  i n  the '  f l u o r i d e  as a  decay p roduc t  o f  g o ~ r ~ 2 ,  i t  would rep re -  

sen t  a  power fu l  reduc ing  agent. A comparison o f  t h e  f r ee  energ ies  o f  forma- 

t i o n  g i ven  i n  Table 2A shows t h a t  ZrF2 cou ld  t h e o r e t i c a l l y  reduce many o f  

t he  i m p u r i t y  f l u o r i d e s  p resen t  i n  WESF 'OSrF2 t o  t h e  m e t a l l i c  s t a t e .  

Typ i ca l  examples o f  such p o t e n t i a l  r e a c t i o n s  a r e  g i ven  i n  Equat ions ( 1 )  

through ( 4 ) .  



TABLE 4A. Composi t i 3n o f  Containment Ma te r i a l s  E - ~ a l  uated j n t h e  TI-ermodynamic Analys is  

Typica l  composit ion, wt% 

El ement 

A1 

B 

C 

Cb 

Co 

C r 
Cu 

Fe 

La 

Mn 

Mo 

Ni 

P 
S 

S i 

T i  

v 
W 

Zr 

Haynes Haynes ' 

Haste1 1 oy C-276 Has te l l  oy X Has te l l oy  N A ?  l o y  25 . A1 l o y  188 Inconell 600 Inconel 625 Tungsten 

0.. 02 0.C9 0 -07 0,09' 0'.08 . 0.06 0.04 
. 

3.6 : . 

2 ..I. 1 . 5 .  0..16 . Bal Bal 
. . 

B a l '  - Bal Eal 10.3 22.3 Ba.1 Bal . . 
. . 

0 . ~ 5  0.011 5 0.31 0.019 0.01 0.01- 

0.006 0.036 0.31 0.007 0.006 0.007 0.001 



TABLE 5A. Fluorides and Oxides Listed in Order of Decreasing 
Thermodynamic Stability at 25 and 1200°C 

F1 uori des 
25°C 1200°C 

C a 
Sr 
Ba 
La 
~ ( a )  
N a 
K 
Mg 
A 1 
Zr(I1) 
Zr(1V) 
Ti (111) 
Si 
Ti (IV) 
B 
Mn(I1) 
Cr(I1) 
V(II1) 
Cr(II1) 
Fe(I1) 
C d 
v( IV) 
Co 
Mn(II1) 
N i 
Pb 
Fe(II1) 
H 
Mo(V1) 
Cb (V) 
Mo(V) 
Cu(I1) 
W (  IV) 
Cu(1) 
P 
w(v> 
W(V1) 
S 
C 

Ca 
S r 
Ba 
La 
~ ( a )  
M3 
N a 
K 
'A 1 
Zr(1V) 
Zr(1 I) 
B 
S i 
Ti (IV) 
Ti(II1) 
Mn(I1) 
Cr(I1) 
H 
v( IV) 
V(II1) 
Cr(II1) 
Fe(I1) 
Mn(II1) 
C 0 
N i 
Cb(V) 
Fe(II1) 
Mo(V) 
Pb 
MO(VI) 
C d 
P 
w(1v) 
1?(V) 
Cu(.II) 
Cu(1) 
W(V1) 
C 
S 

Oxides 
25°C 1200°C 

Ca Ca 
~ ( a  ~ ( a )  
Mg La 
La Sr 
S r Mg 
Ba B a 
A 1 Zr 
Z r A1 
Ti (11) 
Ti(II1) 
Ti (IV) 
S i 
V(I1) 
B 
V(1II) 
Nb(I1) 
Na 
Mn(I1) 
Cb(V) 
C r 
P(II1) 
Mn304 
K 
Mn(II1) 
P(V> 
w( IV) 
MO(IV) 
W(VI) 
Fe 04 
FetII1) 
re(I1) 
H 
MO(VI) 
Cd 
N i 
Co(I1) 
C( IV) 
Co(II1) 
Pb 
S 
Cu(1) 
C(I1) 
Cu(I1) 

Ti(I1) 
Ti (111) 
Ti (IV) 
S i 
V(I1) 
B 
V(II1) 
N~(II) 
Mn(I1) 
Cb (V) 
P(II1) 
Cr 
C(I1) 

:??;? 
Mn(II1) 
P(V> 
w( IV) 
MO( IV) 
Na 
Fe(I1) 
H 
W(V1) 
Fe304 
K 
Fe(II1) 
Mo(V1) 
S 
Co(I1) 
N i 
Co(II1) 
Pb 
Cd 
Cu(1) 
Cu(I1) 

(a) R = ,  Rare Earth - Typical ly Nd203 



The ca lcu la ted  f ree energies of reac t i on  (nGi) f o r  ~ ~ u a t i o n s  ( I ) ,  

t h r n ~ ~ g h  (4 )  (obta ined ys ing  the data shown i n  ~ a b l b  2 A )  dr-e presented l i?  

Table 6A. Since the  ca l cu la ted  AG; values f o r  Equations ( I )  through (3 )  

a re  s t r o n g l y  negat ive over the temperature range o f  i n t e r e s t  (25 t o  1200°C), 

ZrF2 present  i n  . ' O S ~ F ~  could t h e o r e t i c a l l y  reduce any i r o n ,  manganese o r  

n i c k e l  f l uo r ides  present  t o  the  corresponding metals. F luor ides  of cadmium, 

copper, chromium and lead could be reduced by the  ZrF2 i n  s in i i ' lar  fashion. 

The metals formed by the  reduct ion  of the  fluo'ri.des could, i n  tu rn ,  a l l o y  

w i t h  each o the r  o r  the  containment ma te r ia l  t o  form s o l i d  so lu t i ons  ( o r  

i n te rme ta l  1 i c  compounds). I n  the  case of Equation ( 4 ) .  A G ~  i p o s i t i v e  a t  
the  lower temperatures and reaches a value o f  zero a t  1200°C. Therefore, 

the ZrF2 would r e a c t  w i t h  AlF3 on ly  a t  t he  h igher  temperatures. The ZrFq 
- 

would n o t  r e a c t  w i t h  any of the  o ther  impur i t y  metal f l uo r ides  present i n  

WESF ' O S ~ F ~  t i  any appreciable ex ten t  up t o  1200°C i n  a c losed system. 

TABLE 6A. Calculated Free Energy of Reaction f o r  Equations. ( 1 )  Through (4 )  

AG;, kcal /Equat ion.as Wr i t t en  
Equation . *  - 25°C 600°C 800°C . 1000°C 11 00°C 1200°C 



I f  z i r con iun  metal i s  present i n  the  g o ~ r ~ 2 ' a s .  a decay product,  i t  

could r e a c t  w i t h  impur i t y  f l u o r i d e s  i n  the  'OS~F, i n  the  same manner as the  
' L 

.T.! 
ZrFp Zirconium metal could, t h e o r e t i c a l l y ,  reduce the  same f l u o r i d e s  t o  

- 
- ' t he  m e t a l l i c  s ta te .  The z i rconium could a l s o  a l l o y  d i r e c t l y  w i t h  t h e  con- 

tainment ma te r ia l ,  and could r e a c t  w i t h  some of t he  l ess  s tab le  oxides, i f  
6 they a r e  present,  t o  form Zr02 and the  corresponding metal.  

Analys is  o f  s t ron t ium f l u o r i d e  shows t h a t  i t  contains a small amount 

o f  water even a f t e r  being f i r e d  a t  1 100°C f o r  several hours. The water 

could r e a c t  w i t h  some of the  i m p u r i t y  f l u o r i d e s  t o  form hydrogen f l u o r i d e  

and the  corresponding oxides. 

CuF2 t H20 CuO + 2HF 

MnF2 + H20 MnO + 2HF 

NiF2 + H20 N i O  + 2HF 

2 ~ 1  F3 + 3H20 A1 203 + 6HF ' 

'The ca lcu la ted  f r e e  energies o f  reac t i on  f o r  Equations ( 5 )  through (9)  

a re  presented i n  Table 7A and show tha t ,  t h e o r e t i c a l l y ,  water should r e a c t  

appreciably w i  t.h t h e  metal f l uo r ides  a t  t he  higher' temperatures. I n  a 

c losed system the reac t ions  would proceed u n t i  1' an equi 1 i brium p a r t i a l  pres- 

sure o f  HF i s  establ ished, o r  u n t i l  one o r  more .of the  reac tants  i s  com- 

. . p l e t e l y  consumed. The water could a l s o  r e a c t . w i t h  the  lead, chromium and 

cadmium'f luorides i n  s i m i l a r  fashion, b u t  would n o t  r e a c t  w i t h  the  a l k a l i ,  

a l k a l i n e  e a r t h  o r  r a r e  e a r t h  f l .uor ides  t o  any appreciable ex ten t  i n  a closed 

system. The water could r e a c t  a t  t he  h igher  temperature w i t h  an.y ZrF4 

present. It could a l so  r e a c t  w i t h  any z i rconium metal t o  form Zr02 and 

hydrogen ., 



TABLE 7A. Calculated Free Energy o f  React ion f o r  
Equations (5)  through (9 )  

A G ~ ,  kcal /Equat ion as ~ r i  t t e n  
Equation 25O.C . 600°C 800°C 1  000°C 11 00°C 1200°C 

Tungsten-WESF 9 0 ~ r ~ ,  Sys tem 

The tungsten-WESF ' O S ~ F ~  system i s  the  s implest  o f  the  n ine  systems 

beipg inves t iga ted .  Even so, t he  system conta ins a t  l e a s t  24 components and 

a yreat many reac t i ons  must be considered. Tungsten i s  repor ted  t o  form 

f i v e  f l u o r i d e s  (WF4, WF5, WF6, WqF and W5F) and two p r i n c i p a l  oxides (NO2 

a n d  ~ 0 ~ ) .  I t  also forms several  oxy f luor ides ,  a number of intet:mediale 

ox ide  phases depending on t h e  temperature, as w e l l  as a  great  many complex 

f l uo r i des ,  complex oxy f luor ides  and tungstates.  I n  accordance w i t h  the  

assumptions g iven e a r l i e r ,  i t  i s  assumed t h a t  on l y  WF4, WF5, WF6, NO2 and 

W03 a re  poss ib ie  r e a c t i o n  products. 

.& O f  t he  th ree  tungsten f l u o r i d e s  t o  be considered, the f r e e  energy o f  

fo rmat ion  per  atom o f  f l u o r i n e  i s  'most negat ive  f o r  WF4 throl lghnut the  tom- 

pe ra tu re  range o f  i n t e r e s t  (26 t o  1200°C). Therefore i n  any reac t i ons  

i n v o l v i n g  tungsten metal and. inorgan ic  f l u o r i d e s  WF4 i s  assumed t o  be the  

r e a c t i o n  product.  



Tungsten i s  a  r e l a t i v e l y  weak reduc ing  agent. Comparing t h e  r e l a t i v e  

s t a b i l i t i e s  o f  t he  meta l  f l u o r i d e s ,  as g i ven  i n - T a b l e  5A, i t  i s  apparent 

. *; t h a t  tungsten should r e a c t  w i t h  o n l y  a  few of t h e  f l u o r i d e s  i n  t h e  WESF 

' O S ~ F ~ .  P o t e n t i a l  t u n g s t e n - f l u o r i d e  r e a c t i o n s  a r e  g i ven  i n  Equat ions (10)  

th rough  (34) .  



. . 
The ca l cu la ted  f r e e  energies o f  reac t ions  f o r  t he  equations are  g iven 

i n  Table 8A and i n d i c a t e  t h a t  t h e  tungsten should o n l y  r e a c t  w i t h  the  

f l u o r i d e s  o f  copper and i r o n .  The i r o n  and copper f l u o r i d e s  should be 

present  i n  the  WESF ' O S ~ F ~  i n  very l o w  concentrat ions ; t h e r e f o r e ,  there  

should be l i t t l e  r e a c t i o n  between the  tungsten and t h e  WESF 'OS~F;. 

Al though the  format ion o f  i n t e r m e t a l l i c  compounds I s  no t  considered i n  

t h e  ana lys is  o f  t he  var ious systems, the ,  possi b i  1 i t y  o f  reac t ions  occur r ing  

which i n v o l v e  i n t e r m e t a l l i c  compounds i s  n o t  impossible. For example, i f  

. a n y z r f 2  o r  f r e e  z i rconium metal a re  present  i n  t h e  WESF ' O S ~ F ~ ,  i s  decay 

products, the.y could r e a c t  w i t h  several o f  the  l ess  s t a b l e  impur i t y  

f l u o r i d e s  t o  form ZrF4 and the appropr ia te  metals. The metals' thus formed 

cou ld  a l l o y  w i t h  the  tungsten t o  form s a l l d  so lu t l ons  or l n t e n ~ ~ e t a l l l c  CUIII- 

pounds. I n  add i t i on ,  t h e  z i rconium metal could r e a c t  d i r e c t l y  . w i t h  the  

tungsten t o  form an i n t e r m e t a l l i c  compound o r  s o l i d  so lu t i on .  



TABLE 8A. 

React ion 
Number 

10 

11 

12 

13 

14 

Ca lcu la ted  Free Energies of React ion f o r  Reactions 
(10) through (34) 

A G ~  (React ion as Wr i t t en )  , kcal 
25°C 600°C 800°C 1 000°C 11 00°C 1200°C 



The . WESF 9 0 ~ r ~ 2  may conta in  small amounts o f  metal oxide<. Poss,i b l  e  - 
r eac t i ons  i n v o l v i n g  tungsten and the  oxides are  l i s t e d  below. Since the  

. f r e e  energy o f  format ion o f  W02 i s  more negat ive per  atom o f  oxygen than 
( 2, 

t h a t  o f  NO3 between 25 and 1200°C, o n l y  the  reac t ions  i n v o l v i n g  NO2 are  
. . 

consi,dered. 
4 



2R203 + 3W 2 3WO2 + 4R (61 
I 

The ca l cu la ted  f r e e  energies o f  react i .on f o r  Reactions (36) through 

(61) a r e  g iven i n  Table 9A. From the  r e s u l t s ,  i t  can be seen t h a t  the  

tungsten should r e a c t  w i t h  several  o f  t he  oxides i f  they are  present  i n  the  

f l u o r i d e .  The metals formed by the  reac t i ons  cou ld  reac t ,  i n  t u rn ,  w i t h  

t h e  tungsten o r  each other .  Fo r tuna te l y  t h e . a n a l y t i c a 1  data show t h e  

oxygen concent ra t ion  i n  the  SrF2 i s  very  low, and the  b u l k  of t he  oxygen 

i s  p resent  as water. Even i f  hyd ro l ys i s  reac t ions  occur i n  the  system 

between the  water and some f l u o r i d e s ,  t he  ox ide  concentrat ions would s t i l l  

be very low and there  would be l i t t l e  i n t e r a c t i o n  w i t h  the  tungsten. 

11 .l. 2 TZM-WESF ' O S ~ F *  System 

The . a l l o y  TZM i s  a molybdenum a l l o y  con ta in ing  smal l  amounts o f  t i t a n i u m  

( ~ 0 . 5  wt%) and z i rconium ( ~ 0 . 1  wt%). A comparison o f  chemical s t a b i l i t i e s  

o f  t he  f l u o r i d e s  (see Table 5A) shows t h a t  components o f  t he  TZM a1 l o y  

should be nlor;t! r e a c t i v e  than tungsten even a f t e r  a l l ow ing  f o r  t he  p a r t i a l  

molar f ree energies of mixing. 



TABLE 9A. Calculated Free Energies of   eat ti on f o r  Reactions 
(36) through ,(61) 

Reaction 
Number 

36 . 

. 37 

38 

39 

A G ~  (Reaction as Wr i t t en )  , kcal  
25°C 600°C 800°C 1 000°C 11 00°C 1 2OO0C 

140 134 132 130 1 28 1 28 



Molybdenum i s  repo r ted  t o  form severa l  f l uo r i des ,  b u t  on a  thermodynami,~ 
, bas is  t he  p e n t a f l u o r i d e  (MoF5) and h e x a f l u o r i d e  (MoF6) appear t o  be the  most 

s tab le .  Since the  f r e e  energy of formation (pe r  atom of f l u o r i n e )  i s  almost 
Q* 

the  same f o r  bo th  com~ounds, o n l y  t he  p e n t a f l u o r i d e  was considered i n  t he  

, a n a l y s i s  o f  t h e  system. I n  t he  case o f  t i t a n i u m  and zirconium, TiF4, T iF3 

b and ZrF4 were assumed t o  be the  o n l y  p o t e n t i a l  r e a c t i o n  products.  I n  t he  

case o f  t he  oxides, t h e  r e a c t i o n  products were assumed t o  be Moo2, T i 0  and 

Zr02. 

The p a r t i a l  molar  f r e e  energies o f  m ix ing  f o r  t he  components o f  t he  TZM 

a l l o y  were c a l c u l a t e d  us ing  the  method developed by Hi ldebrand and Sco t t  ( 6 )  

and the  a l l o y  composit ion g iven  i n  Table 4A. The values obta ined a re  shown 

i n  Table 10A f o r  temperatures from 25 t o  1200°C. 

TABLE 10A. Ca lcu la ted  P a r t i a l  Molar  Free Energies of 
M ix ing  f o r  TZM A l l o y  Components 

- A ~ M ,  kcal/mol e  
Component 25°C 600°C 800°C 1  000°C 11 00°C 1200°C 

Free energy o f  r e a c t i o n  c a l c u l a t i o n s ,  us ing  the  data g iven  i n  Tables 2A 

and 10A, p r e d i c t  t he  molybdenum present  i n  t he  TZM would r e a c t  w i t h  on l y  a  

few o f  t h e  f l u o r i d e s  present  i n  the  WESP ' O S ~ F ~  a t  temperatures from 

25 t o  1200°C. 

5A1F3 + 3Mo ( i n  TZM) 2 5A1 + 3MoF5 

5BaF2 +. 2Mo ( i n  TZM) = 5Ba + 2MoF5 

5CaF2 + 2Mo ( i n  TZM) = 5Ca + 2MoF5 

5CdF2 + 2Mo ( i n  TZM) = 5Cd + 2MoF5 



5CrF3 + Mo ( i n  TZM) = 5CrF2 + MoF5 

5CuF2 + 2Mo ( i n  TZM) = 5Cu + 2MoF5 

5FeF3 + Mo ( i n  TZM) = 5FeF2 + MoF5 

5KF + Mo ( i n  TZM) = 5K + MoF5 

5MgFi + 2Mo ( i n  TZM) = 5Mg + 2MoF5 

5MnF2 + 2Mo ( i n  TZM) 5Mn + 2MoF5 

5NaF + Mo ( i n  TZM) = 5Na + MoF5 

. .. 

5NiF2 + 2Mo ( i n  TZM) = 5Ni + 2MdF5 

5PbF2 + 2Mo ( I n  TZM) 2 5Pb + 2MoF5. 

5RF3 + 3Mo ( i n  TZM) = 5R + 3MoF5 

5SrF2 + 2Mo ( i n  TZM) 2 5Sr + 2MoF5 

SZrF, + 2Mo ( i n  TZM) 2 5Zr + 2MoF5 
L (77) 

1 OHF + 2Mo ( i n  T Z M ) ' ~  5H2 + 2MoFg (78) 

The c a l c u l a t e d  f r e e  .energies o f  r e a c t i o n  f o r  Equations (62) through 

(78) a r e  presented i n  Table 11A. They show t h a t  o n l y  t h e  f l u o r i d e s  o f  cop- 

pe r  and i r o n  cou ld  r e a c t  w i t h  molybdenum throughout  t he  e n t i r e  temperature 

range, w h i l e  t he  l ead  and cadmium f l u o r i d e s  would r e a c t  a t  t he  h ighe r  t e m -  

peratures.  None o f  t h e  o t h e r  meta l  f l u o r i d e s  i n  t h e  WESF " s ~ F *  s l ~ o u l d  

r e a c t  w i t h  the  molybdenum. If any,HF were present  i n  t h e  system, due t o  

hydr -o lys is  reac t i ons  betweor1 water and the  fluorides, i t  would n o t  reac t  

w i t h  t h e  molybdenum t o  any measurable degree. 



TABLE. 11A. Ca l cu la ted  Free Energy of React ion f o r  
Equat ions (62)  through (78)  

A G ~  (React ion as W r i t t e n ) ,  k c a l  

Equat ion 25°C 600°C . 800°C 1 000°C 11 00°C 1200°C 

62 750 645 600 555 540 . 525 



The t i t an ium and .zirconium i n  the TZM would be stronger reducing agents 

than' the. molybdenum (even. a1 lowing f o r  substant.ia1 p a r t i a l  molar f r ee  ener- i 

g ies  o f  mixing). They could react ,  therefore, w i t h  some add i t iona l  f l uo r i des  
Co 

i n  the WESF g o ~ r ~ 2  which do no t  reac t  w i t h  the molybdenum. 

' 4FeF3 + 3Ti ( i n  TZM) 2 4Fe + 3TiF4 (79 * 
2MnF2 + T i  ( i n  TZM) 2 2Mn + T i  F4 

2NiF2 + T i  ( i n  TZM) 2 2Ni + TiF4 

4HF + T i  ( i n  T7M) f- 2H2 + TiF4 

FeF3 + T i  ( i n  TZM) 2 Fe + TiF3 

3MnF2 + 2Ti ( i n  TZM) 3Mn + 2TiF3 

2MnF2 + Z r  ( i n  TZM) = 2Mn + ZrF4 

4CrF3 + 3Zr ( i n  TZM) 2 4Cr + 3ZrF4 

4A1F3 + 3Zr ( i n  TZM) 2 4A1 + 3ZrF4 

4NaF + Zr ( i n  TZM) 2 4Na + ZrF4 

. . 

The ca lcu la ted f r ee  energy o f  reac t ion  f o r ' . ~ q u a t i o n s  (79) through (88) 

are shown i n  Table 12A. While no t  a l l  o f  the equations and A G ~  values have 

been shown, the therr~~udyrianiic e a l c u l ~ t i o n s  p red i c t  that. t.he t i t an ium and 

zirconium i n  the  TZM could react  w i t h  a l l  o f  the f luor ides i n  the WESF g o ~ r ~ 2  

except AlF3 and the alka. l i  metal, a l ka l i ne  ear th  and ra re  ear th  f l uo r ides .  

Although the curlcentrat ion o f  mctal oxides i n  the WESF "s~F, would - 
L 

be very low, they could have an e f f ec t  on ' O S ~ F *  containment and should be . 

considered i n  t h e  thermodynamic analyses o f  ' O S r ~ ~ - a l  l oy  systems. Assuming 



TABLE 12A. Calculated Free Energy o f  React ion f o r  
Equations (79) through (88) 

. . 

A G ~ ,  (Reaction as Wr i t t en )  , Iccal 

Equation 25°C 600°C 800°C 1  000°C 11 00°C 1200°C : 

Moo2, T i 0  and Zr02 a re  the  poss ib le  r e a c t i o n  products, t he  thermodynamic 

c a l c u l a t i o n s  p r e d i c t  t h a t  molybdenum i n  TZM would r e a c t  w i t h  the  oxides o f  

cadmium, copper, i r o n  (111), manganese (111), n i c k e l  and lead i f  they are 

present  i n  t h e  f l u o r i d e .  The molybdenum cou ld  a l so  r e a c t  t o  some degree 

w i t h  any water t h a t  might  be present.  The t i t a n i u m  and z i rconium i n  the 

TZM could r e a c t  w i t h  an.y o f  the  oxides present  except those o f  aluminum 

and the  a l k a l i n e  e a r t h  and r a r e  e a r t h  elements. 

I n  summary, the  thermodynamic c a l c u l a t i o n s  p r e d i c t  t h a t  t he  components 

o f  t he  TZM a l l o y  cou ld  r e a c t  w i t h  some o f  t h e  i m p u r i t y  f l u o r i d e s  (and ox ides)  

present  i n  WESF 'OS~F?, p a r t i c u l a r l y  those o f  the po l yva len t  ions  such as 

copper, i r o n  and manganese. Fo r tuna te l y  those i m p u r i t i e s  t h a t - t h e  c a l c u l a -  

t i o n s  p r e d i c t  should react w i t h  TZM are  preier~l ill lt~r WESF " S ~ F ~  i n  low 



concentrat ions.  The c a l c u l a t i o n s  a l s o , i n d i c a t e  t h a t  no rea.ctions should 

occur between t h e  TZM components and g o ~ r ~ 2  o r  f l u o r i d e  i m p u r i t i e s  present 

i n  h igh  concent ra t ions- -  such as ZrF4. ZrF2, NaF, CaF2, BaF2, MgF2and AlF3 

11.1.3 N i -  o r  Co-Base A1 loy-WESF 'OsrF2 System, 

I n  ana lyz ing  t h e  systems con ta in ing  WESF 9 0 ~ r ~ 2  and a N i -  o r  Co-base 

a l l o y  i t  soon becomes obvious t h a t  if the a l l o y s  a re  assumed t o  be s o l i d  

s o l u t i o n s  then, on a thermodynamic basis ,  t h e  systems are  very s i m i l a r .  

The a l l o y s  being evaluated con ta in  a number o f  common components. Even 

though t h e  concent ra t ion  o,f a common component may vary s u b s t a n t i a l l y  

, between alloys. t he  p a r t i a l  molar f ree  energies o f  mix ing  (dGM) do n o t  

vary by more than a few kilocalories. The ca lcu la ted  nEM vvlues Tuv the  

seven a l l o y s ,  over  a temperature range o f  25 t o  1200°C, a re  presented i n  

Table 13A. The .ca l cu la t i ons  were made us ing  the  a l l o y  composit ion g iven i n  

Table 4A. 

I n  Table 14A the  A$,, values a t  25OC and 1200°C are  g iven f o r  components 

t h a t  a re  common ' t o  a1 1 seven a1 1 oys. From the  tab1 e ' i t  can be seen t h a t  t he  

nEM values f o r  a g i v e n  component do n o t  vary s i g n i f i c a n t l y  f o r  the  var ious 

a l l oys .  This  means t h a t  reac t i ons  i n v o l v i n g  common a1 l o y  components which 

a re  t h e o r e t i c a l  'ly poss ib le  i n  one a1 l o y - f l u o r i d e  sys.teir~ w i l l  probably al,so 

be poss ib le  i n  t he  o t h e r  systems. The o n l y  major d i f f e rences  between the  , 

systems, t he re fo re ,  w i l l  be when the  a l l o y s  r n n t a i n  d i f f e r e n t  components 

(assuming the  a1 l o y s  a r e  s o l  i d  s o l u t i o n s  and no compounds form between d l  luy 

components). I n  cons ider ing  the  var ious  a1 l o y - f  1  uor ide  .systems on l y  the  

Haste1 l o y  C-276 WESF ''srF2 system w i l l  be described i n  d e t a i l .  The o the r  

system; w i l l  o n l y  be mentioned when they d i f f e r  markedly from the  Haste l loy.  

C-276-fl uo r i de  system:. ' 

11 -1.4 Haste1 1 oy C-276 -WESF 9 0 ~ r ~ , 2  System 

The Haste1 1 oy C-276-WESF ' O S ~ F ~  system i s extreme1 y complex because 

o f  t he  g rea t  many components present.  Haste1 l o y  C-276 i s  a Ni-base a1 l o y  

con ta in ing  12 recognized components. Chemical ana lys i s  o f  t he  a l l o y  a t  



TABLE 13A, Calculated P a r t i a l  Molar Free Energies o f  M ix ing  . f o r  Components 
o f  N i -  and Co-Base A l l o y s  

- A ~ M ,  kcal/mole 
A1 1 oy Component 25OC 600°C 800°C 1000°C llOO°C 1200°C 

Hastelloy C-276 C 4 10 ' 14 , 17 19 20. 

c0 2 6 8 9 10 1 1  

Cr 1 3 4 4 5 5 

Fe 2 5 6 7 7 8 

Mn 3 9 1 1  13 . 14 15 

Mo 1 4 - 5  6 6 7 

N i o 1 1 .  1 1 2 

P 5 13 16 19 20 . 22 

S  5 16 19 23 25 27 

S i  4 12 15 18 19 20, 

V 4 10 12 15 16 18 

W 3 3 10 12 13 13 

B 6 17 21 24 26 28 

C 3 9 12 14 15 16 

Co 2 7 8 10 1 1  12 

Cr 1 3 3 4 4 4 

Fe 1 3 4 4 4 4 

Mn . 3 9 ' 1 1  13 14 15 

Mo 
. . 
2 5 6 7 8 9 

N  i 0 1 2 2 2 2 

P 5 14 17 20 22 24 

S  5 16 19 23 25 27 

S i  3 8 10 12 13 14 

W 4 1 1  14 17 18 19 

Hastelloy X 

A1 3 .10 12 14 15 16 

8 4 .13 16 18 19 21 

C 3 10 12 14 15 16 

Co 4 $ 1 1  14 16. 17 18 

Cr 2 4 5 6 7 8 

Cu 4 ' 10 13 15 16 17 

Fe 2 5 6 8 8 '9 

Mn 3 9 1 1  13 14 15 

Mo 1 4 5 6 6 7 

N i  0 0 1 1 1 1 

P 5 14 18 21 23 .25 

S  5, 14 17 21 22 24 

S i  3 7 9 10 1 1  12 

Ti 3 . in 12 1.5 IG 17 

W 4 1 1  14 17 18 19 

lleynes Alloy 2 5  C 3 9 1 1  13 14 IS 

co 0 1 1 2 2 2 

Cr 1 .  2 3 3 4 4 



TABLE 13A. (-contd) 

Alloy Component 

Haynes A1 loy 25 ' Fe 

Mn 

N i  

P 

S 

S i 

W 

Ilaylleo .A1 loy 188 C 

CO 

C r  

Fe 
La 

Mn 

N i  

P 

S 

S i  

W 

Inconel 600 

Inconel 625 

- 
-A$,, kcallmole 

25OC. 600°C 800°C. 1000°C ' 1 1 0 0 " ~  1200°C ------ 
2 6 7 '  9 9 10 

2 7 9 10 11 12 

1 4 5 6 6 7 
4 13  16 19 20 22 

4 13  16' 18 19 21 

3 8 10 ' 13  14 15 

7 5 6 7 8 8 

, 3  Q 11 13 14 15 
I 2 2 C C .J 

1 2 3 3 4 4 

2 7 8 10 11 12 

5 14 17 20 22 23 

2 7 9 11 12 12 

1 2 3 4 4 5 

5 . 14 17 20 22 23 

5 15 10 21 ~ 2 3  24 

3 9 11 12 13 14 

2 5 6 - 8  8 9 

3 10 . I 2  14 16 17 

1 3 4 4 4 5 

4 10 12 15 16 17 

2 1 5 6 6 7 

3 9 11 13  14 15 

0 0 1 1 1 1 

5 15 19 22 24 2b 

3 9 11 13  . '14 IS 

3 9 11 , 13  14 15 

3 10 13 15 16 17 

2 6 8 9 10 11 

1 2 3 3 3 4 

2 5 7  8 9 9 

4 13  16 19 20 23 

2 5 6 7 8 8 

0 1 1 1 1 1 
5 14 18 21 . 2 3  24 
5 15 19 22 24 25 

3 9 1 1  '1 3 14 15 
3 9 12 14 15 16 



TABLE 14A. P a r t i a l  Molar Free Energy o f  M ix ing  o f  Components 
i n  t he  Various N i -  and Co-Base A l l o y s  

-A$, kcal/mol,e 

Chromi um I r o n  Manganese Carbon N icke l  S i l i c o n  S u l f u r .  

2 j0C 12OO0C 25O1: 12OO0C 25OC 12OO0C 25OC 12OO0C .= 12OO0C 25OC 12OO0C 25OC 12OO0C - - - - --  
Haste1 l o y  C-276 1 5 2 8 3 15 4 20 0 2 4 .  20 5 27 

Has te l loy  N 2 8 . 2  9 3 15 3 
A 

16 0 1 3 12 5 24 
I 
N 
u Haynes A l l o y  25 4 2 10 2 12 3 15 1 . 7  3 15 4 21 

4 Haynes A l l o y  188 1 2 . . 12 . 2  12 3 16 1 5 3 14 5 24 

Inconel  600 1 5 2 7 3 15 3 17 0 1 3 15 5 26 

Inconel  625 1 4 2 9 4 23 3 i 7 .  0 1 3 15 5 2 5 



B a t t e l l e  and ARHCO i n d i c a t e s  the  presence of a t  l e a s t  two components, A1 

and T i ,  n o t  repor ted  by t h e  manufacturer. I n  the  thermodynamic analys is '  

o n l y  those components repo r ted  by the  manufacturer were considered. Even 

us ing  the  s i m p l i f y i n g  assumptions p rev ious l y  s tated,  the-number o f  reac t ions  

t o  be considered i s  s t i l l  very  l a r g e  because of t he  many components present  

i n  the system. 

A comparison o f  t he  f ree energy data g iven i n  Tables 2A and 3A and the  

f l u o r i d e - o x i d e  s t a b i l i t y  rankings g iven i n  Table 5A makes i t  apparent t h a t  

a number o f  reac t i ons  a re  p o t e n t i a l l y  poss ib le  between components o f  the  

Has te l l oy  C-276 and cons t i t uen ts  o f  the  WESF "s~F, [even a l l ow ing  f o r  the 
L 

p a r t i a l  molar t r e e  energies o t  mix ing o t  a l l o y  components ( l a b l e  I3U11, 

Typ i ca l  examples o f  f l u o r i d e  reac t i ons  t h a t  must be considered i n  the  

Haste1 l o y  C-276-WESF 9 0 ~ r ~ 2  system a re  given i n  Equations (89) through (124) .  

O f  t he  var ious  components o f  the  a l l o y ,  s i l i c o n  represents the  s t rongest  

reducing agent, even a f t e r  a l l ow ing  f o r  a  subs tan t i a l  p a r t i a l  molar f r e e  

energy o f  mix ing.  F l u o r i d e  i m p u r i t i e s  t h a t  do no t  r e a c t  w i t h  s i l i c o n  should 

n o t  r e a c t  w i t h  t h e  o ther  a l l o y  components. 

The c a l c u l a t e d  f r e e  energies o f  r e a c t i o n  fo r  Equations (89) through 

(124), over  the temperature range 25 t o  1200°C, a re  g iven i n  Table 15A. 

The thermodynamic c a l c u l a t i o n s  p r e d i c t  t h a t ,  as expected, the  components o f  

t he  Has te l l oy  C-276 w i l l  r e a c t  w i t h  several  o f  t he  i m p u r i t y  f l u o r i d e s  i n  

t h e  WESF ' O S ~ F ~ ,  e s p e c i a l l y  those ca t i ons  t h a t  can undergo valence changes 

such as Cu, Fe and Mn. However, the  c a l c u l a t i o n s  a l s o  show t h a t  the  on ly  

components o f  t he  WESF ' O S ~ F ~  t h a t  w i l l  r e a c t  w i t h  a l l o y  components are  

those t h a t  a re  present  i n  low concentrat ions;  conversely,  none of the  

f l u o r i d e s  t h a t  a r e  present  i n  r e l a t i v e l y  1  arge concentrat ions (such as 

SrF2, NaF, CaF2, BaFp, MgF2 and R2F3) w i  11 r e a c t  w i t h  a1 l o y  components. 

I f  c e r t a i n  meta ls  ox ides a re  present  i n  the  WESF 'OS~F? they may reac t  

w i t h  a l l o y  components. Typ i ca l  examples of ox ide  reac t i ons  t h a t  a re  poten- 

t i a l l y  poss ib le  a re  l i s t e d  i n  Equations (125) through (133). 



', 

2SrF2 + C ( i n  C-276) = CF4 + 2Sr 

2CuF2 + C ( i n  C-276) = CF4 + 2Cu 

4FeF3 + C ( i n  C-276) = CF4 + 4FeF2 

SrF2 + Co ( i n  C-276) = CoF2 + Sr 

2NaF + Co ( i n  C-276) = CoF2 + 2Na 

CuF2 + Co ( i n  C-276') = CoF2 + 

2FeF3 + Co ( i n  C-276) = CoF2 + 

SrF2 + C r  ( i n  C-276) = CrF2 + 

CaF2 + C r  ( i n  C-276) = CrF + 2 

PbF2 + C r  ( i n  C-276) 2 CrF2 + 

ZrF4 + Fe ( i n  C-276) 2 FeF2 + 

2NaF + Fe ( i n  C-276) = FeF2 + 

NiF2 + Fe ( i n  C-276) 2 FeF2 + 

SrF2 + Mn ( i n  6-276) = M ~ F ~  + Sr 0 (102) 

CuF2 + Mn ( i n  C-27.6) : MnF* + Cu (103) 

2F6F3 + Mn ( i n  C-276) = MnF2 + 2FeF2 . . (104) 

2CrF3 + Mn ( i n  C-276) = MnF2 + 2CrF2 (105) 

5SrF2 + 2Mo ( i n  C-276) = 2MoF5 + 5Sr (106) 

5FeF3 + Mo ( i n  C-276) = MoF5 + 5FeF2 (107) 

2NaF + N i  ( i n  C-276) = NiF2 + 2Na (108) 

CuF2 + N i '  ( i n  C-276) = NiF2 + Cu 

PbF2 + N i  ( i n  C-276) = NiF2 + Pb 

3CuF2 + 2P ( i n  C-276) 2PF3 + 3Cu 



3FeF3 + P ( i n  C-276) = PF3 + 3FeF2, 

3CuF2 + S ( i n  C-276) 2 SF6 + ~ C U  . 

6FeF3 + S ( i n  C-276) = SF6 + 6FeF2 

2SrF2 + Si  ( i n  C-276) = SiF4 + 2Sr 
I? 

4NaF + S i  ( i n  C-276) = SiF4 + 4 ~ a '  

2PbF2 + S i  ( i n  C-276) 2 ' S ~ F ~  + 2Pb 

6NaF2 + 2V ( i n  C-276) = 2VF3 + 6Na 

FeF3 + V ( i n  C-276) = VF3 + Fe 

3CdF2 + 2V ( i n  C-276) 2 2VF3 + 3Cd 

2CdF + W ( i n  C-276) i! WF4 + 2Cd 2 

2MgF2 + W ( i n  C-276) , WF4 + 2Mg 

4 ~ e ~ ~  + W ( i n  C-276) 2 WF4 + 4FeF2 

Cu20 + C ,  ( i n  C-276) Z CO + 2Cu 

Fe203 + C ( i n  C-276) CO + 2FeU 

2Fe203 + 3C ( i n  C-276) 2 3C02 + 4Fe 

3Pb0 + 2Cr ( i n  C-276) 2 Cr20g + 3Pb 

N i O  + Fe ( i n  C-276) FeO + N1 
/ 

Fep03 + 2P ( i n  C-276) P203 + 2Fe 

2Mn0 + S i  ( i n  C-276) z Si02 + 2Mn 

Crp03 + 3V ( i n  C-276) z 3V0 + 2Cr 

2Fe203 + 3W ( i n  C-276) z 3WO2 + 4Fe 



TABLE 15A. Ca lcu la ted  Free Energies o f  React ion 
f o r  Equations (89) through (124) 

Equation 

89 

90 

. 91 

92 

93 

94 

9 5 

96 

9 7 

98 

9 9 

100 

101 

102 

103 

104 

105 

106 

107 

1 08 

109 

110 

1 1  1 

112 

A G ~  (4eaction as blri tten) , kcal 
25°C 600°C 800°C 1 000°C 1 1  00°C 1 200°C 

396 374 366 357 359 356 

80 . .66 6 2 61 6 3 64 

88 62 58 5 3 51 52 

130 130 132 131 132 133 

1 1  2 106 106 101 98 95 

-28 -24 -20 -1 7 -16 -13 

-24 -26 -22 -21 -22 -1 9 

105 103 102 102 103 101 

109 .I07 106 % 106 105 103 

-23 -27 -26 -26 -25 . '  -25 

58 5 5 5 2 5 9 63 63 

102 95 92 92 85 80 

- 8 -8 - 7 -6 - 4 - 5 
99 101 101 . 9 9 100 99 

-59 - 53 -47 -49 -48 -47 

-55 -55 -53 -53 - 54 -53 

-23 - 23 -21. -1 7 -22 -21 

752 6 98 6 70 642 642 634 

- 9 -41 -50 -59 -64 -63 

1 1 0  ' 106 . 103 98 94 91 

-30 -27 - 27 -25 -25 -22 

0 - 3 - 3 - 5 - 5 -2 

40 2 6 26 26 28 32 . 

104 150 144 135 129 129 



.The c a l c u l a t e d  f r e e  energ ies  o f  r e a c t i o n  f o r  Equat ions (125) th rough  

(133) a r e  presented i n  Tab le  16A.. The ca lcu1at i .ons .,show t h a t  severa l  

i m p u r i t y  ox ides,  e s p e c i a l l y  those i n v o l v i n g  p o l y v a l e n t  r eac t i ons ,  would 

r e a c t  w i t h  components o f  t h e  a l l o y .  

. , 

TABLE 16A. Ca l cu la ted  Free Energ ies o f  React ion f o r  
Equat ions ( 1  25) th rough  (1  33) 

Equat ion 

125 

126 

127 

128 

129 

130 

131 

132 

133 

AGE (React ion as W r i t t e n )  , kca l  
25°C - 600°C 800°C 1 000°C 11 00°C 1200°C 
+6 -1 1 -14 -18 - 21 - 24 

11.1.5 Haste1 l o y  X-WESF ' O S ~ F ~  System 

On a thermodynamic bas i s ,  t h e  H a s t e l l o y  X-WESF 'OS~F, system should be 

v e r y  s i m i l a r  t o  t h e  Haste1 l o y  C-276-WESF " S ~ F ~  system; ? h i s  i s  t o  be 

expected s i n c e  t h e  two a l l o y s  con ta in ,  w i t h  two except ions,  t he  same compo- 

nents .  The o n l y  d i f f e r e n c e s  a r e  t h a t  t h e  H a s t e l l o y  C-276 con ta ins  some 

vanadium n o t  found i n  t h e  H a s t e l l o y  X,  w h i l e  t h e  l a t t e r  cvrltairis d 1 r . d ~  o r  
boron wh ich  i s  n o t  p resen t  i n  t he  former.  The concen t ra t i ons  o f  common com- 

ponents v a r y  somewhat between t he  two a l l o y s  which means t he  nCM va lues  vary  

s l i y l ~ t l y  (see Tab le  13A). The v a r i a t i o n s  a r e  i ns i gn i f i can t . ,  hnwcver, and 

r e a c t i o n s  i n v o l v i n g  common components which a r e - p o s s i b l e  i n  one system should 

be p o s s i b l e  i n  t h e  o t h e r .  



The boron which i s  p resent  i n  t he  Has te l l oy  X i s  a f a i r l y  s t rong  reduc- 
I. i n g  agent, even a l l ow ing  f o r  a subs tan t i a l  p a r t i a l  molar  f r e e  energy o f  

mix ing.  The boron should be capable, therefore,  of r e a c t i n g  w i t h  several  
'T 

i m p u r i t y  f l u o r i d e s  Bnd ox ides i n  t h e  WESF ' O S ~ F ~ .  Typ ica l  examples o f  

f l u o r i d e  reac t i ons  i n v o l v i n g  boron a re  g iven i n  Equations (1  34) through (146). 
r', 

3SrF2 + 28 ( i n  Hast X) 2 2BF3 + 3Sr (134) 

3 ~ r ~ ~  + 48 ( i n  Hast X) 4BF3 + 3Zr (135) 

3NaF + B ( i n  Hast, X )  z BF3 + 3Na' (1 36) 

3CaF2 + 28 ( i n  Hast X) .: 2BF3 + 3Ca (137) 

A1F3 + B ( i n  Hast X) BF3 + A1 (138) 

3CuF2 + 28 ( i n  t last X) 2 2BF3 + 3Cu (1 39.) 

3FeF3 + B ( i n  Hast X) z BF3 + 3FeF2 (140) 

3MnF2 + 28 ( i n  Hast X) 2BF3 + 3Mn (141 

3PbF2 + 28 ( i n  Hast ' x )  2BF3 + 3Pb (142) 
- 

3CdF2 + 28 ( i n  Hast X) 2BF3 + 3Cd (143) 

3CrF3 + B ( i n  Hast X) 2 BF3 + 3CrF2 (144) 

3NiF2 + 28 ( I n  Hast X) 2 ZBF3 + 3Ni (1  45 

RF3 + B ( i n  Has t  X) 2 BF3 + R (146) 

The c a l c u l a t e d  f r e e  energ ies o f  r e a c t i o n  . f o r  Equations . (134) through 

(146) a re  g iven  i n  Table 17A.. The c a l c u l a t i o n s  show t h a t  the  boron i n  t h e  - 
m, Has te l l oy  X should r e a c t  o n l y  w i t h  t he  l e s s  s t a b l e  f l u o r i d e s  and would n o t  

r e a c t  w i t h  t h e  a l k a l i n e  ear th ,  a l k a l i  metal  and r a r e  e a r t h  f l u o r i d e s  o r  t he  

.-. 
f l u o r i d e s  o f  z i rcon ium and aluminum. A s i m i l a r  s i t u a t i o n  e x i s t s  w i t h  t h e  

i. 
oxides and boron. 



TABLE 17A. Calculated Free.Energies of Reaction for 
Equations (134) through (146) 

AG; (~eactioh as Written), kcal 
Equation 25°C 600°C 800°C 1 000°C 11 00°C 1200°C 

11.1.6 Hastelloj N-WESF ''S~F S stem zL 
The Hastelloy N is quite similar to the other Hastelloy alloys on a 

thermodynamic basis. The principal difference $5 t h a t  i t  contains three 

components not found in the other two: copper, titanium and aluminum. The 

copper would be a very weak reducing agent and should not react with com- 

ponents of the fluoride. The. titanium would be a strong reducing agent, 

even allowing for a substantial partial molar free energy of mixing, and 

would react with a number of components in the fluoride. The reactivity 

of the titanium in the Hastelloy N would be similar to its reactivity in 
TZM, assuming no compound formation., and reactions which arrl p o s s i h l e  i n  

the TZM system should also be possible in the Hastelloy N system. 



The aluminum would be a  s t r onge r  reduc ing  agent than t h e  t i t a n i u m  and 

cou ld  r e a c t  w i t h  a l l  o f  t h e  f l u o r i d e s  i n  t h e  WESF except  those o f  t h e  

a l k a l i  meta ls ,  t h e  a l k a l i n e  ea r ths ,  t h e  r a r e  ea r ths  and p o s s i b l y  z i rcon ium.  

It cou ld  a l s o  r e a c t  w i t h  a l l  of t h e  ox ides ' excep t  those of t he  a l k a l i n e  

ear ths ,  r a r e  ea r ths  and p o s s i b l y  z i rconium. 

11.1 . 7  Haynes A1 1  oy 25-WESF ' O S ~ F ~  System 

Haynes A l l o y  25 d i f f e r s  f rom t h e  H a s t e l l o y  a l l o y s  i n  t h a t  i t  i s  a  Co-base 

r a t h e r  than  a  Ni-base a l l o y .  It con ta ins  t h e  same e lementa l  c o n s t i t u e n t s  

as Haste1 l o y  C-276 except  molybdenum o r  vanadium. Whi le  t h e  nKM values f o r  

t h e  common component o f  t h e  two a l l o y s  vary  somewhat, r e a c t i o n s  i n v o l v i n g  

common components which occur  i n  one system should occur  i n  t h e  o the r .  The 

one p o s s i b l e  excep t ion  would i n v o l v e  c o b a l t  which has a  r e l a t i v e l y  l a r g e  

nGM va lue  i n  t h e  H a s t e l l o y  a l l o y s  as compared t o  Haynes A l l o y  25. 

11.1.8 Haynes A1 1 oy 188-WESF ' O S ~ F ~  System 

Haynes A l l o y  188 i s  another  Co-base a l l o y .  It d i f f e r s  f rom Haynes 

A l l o y  25 p r i n c i p a l l y  i n  i t s  n i c k e l  con ten t  (much h i g h e r )  and, i n  t h e  f a c t  

t h a t  i t  con ta ins  a  smal l  amount o f  lanthanum. Except f o r  t h e  lanthanum, t he  

Haynes A l l o y  188-WESF ' O S ~ F ~  system i s  ve ry  s i m i l a r  t o  t h e  o t h e r  N i -  and 

Co-base a l l o y  system d iscussed above. The lanthanum i s  a  very  power fu l  

reduc ing  agent, even a l l o w i n g  f o r  a  s u b s t a n t i a l  p a r t i a l  molar  f r e e  energy 

o f  m ix ing .  It cou ld  r e a c t  w i t h  a l l  o f  t h e  f l u o r i d e s  i n  t h e  WESF ' O S ~ F ~  

except  t h e  a l k a l i n e  e a r t h  f l u o r i d e s  and some o f  t he  r a r e  e a r t h  f l u o r i d e s .  

It would a l s o  r e a c t  w i t h  a l l  of t h e  ox ides  except  those  o f  Ca, Mg, S r  and 

some r a r e  e a r t h  meta ls .  Examples o f  p o s s i b l e  f l u o r i d e  and ox ide  r e a c t i o n s  

a r e  g i ven  by Equat ions (147) thr0ug.h (154) .  

3BaF2 + ZLa ( i n  Haynes 188) $ 2LaF3 + 3Ba t 

3ZrF4 + 4La ( i n  Haynes 188) $ 4LaF3 + 3Zr 

A1 F3 + La ( i n  Haynes 188) $ LaF3 + A1 

3CaF, + 2La ( i n  Haynes 188) ZLaF, + 3Ca 



3Sr0 + 2La ( i n  Haynes 188) La203 + 3Sr 

3Zr02 + 4La ( i n  Haynes 188) 2La203 + 3Zr 

A1203 + 2La ( i n  Haynes 188) LaZ03 + 2A1 

3Ba0 + 2La ( i n  Haynes 188) La20g + 3Ba (154) 

The ca l cu la ted  f r e e  energles o f  r e a c t l o n  f o r  Equations (147) through 

(154) a re  presented i n  Table 18A. They show t h a t  the lanthanum i n  Haynes 188 

would be very r e a c t i v e  and would r e a c t  w i t h  a l l  b u t  t he  most s t a b l e  f l u o r i d e s  

and oxides i n  the  WtSk 905rl-2. 

TABLE 18A. Calculated Free Energies of React ion f o r  
Equations (147) through (1 54) 

A G ~  (React ion as Wr i t t en ) ,  kca l  
Equation 25°C 600°C 800°C 1 000°C 11 00°C , 1200°C 

11.1.9 Inconel  600-WESF 9 0 ~ r ~ 2  System 

Inconel  600 i s  a l e s s  complex a l l o y  than t h e  o the r  N i -  and Co-base a l l o y s  
-3 

under .cons idera t ion  s ince  i t  conta ins o n l y  e i g h t  components. It i s  e s s e n t i a l l y  

a nickel-chromium-iron a l l o y  w i t h  minor amounts'of o the r  components. A l l  

'I 



components o f  the  Inconel  600, except copper, a re  found i n  Haste l loy  C-276. 

Reactions i n v o l v i n g  common components which occur i n  the  Haynes and Has te l l oy  

systems should a l so  occur i n  the  lnconel  600 system. The copper i n  the  
Inconel  600 i s  a  weak reducing agent and should n o t  r e a c t  w i t h  any o f  the 

components o f  the  WESF ' O S ~ F ~ .  

11.1 .I0 Inconel  625-WESF 'OsrF2 System 

The Inconel  625 i s  a  more complex a l l o y  than the  Inconel  600 and 

conta ins several  a d d i t i o n a l  components. However, thermodynamically i t  i s  

very s i m i l a r  t o  the  Has te l l oy  and Haynes a l l o y s ,  and reac t i ons  i n v o l v i n g  

common components which a re  poss ib le  i n  t he  Has te l l oy  and Haynes a l l o y  

systems should a l so  be poss ib le  i n  the  Inconel  625 system. The on l y  compo- 

nent i n  Inconel  625 which i s  n o t  found i n  the o the r  N i -  and Co-base a l l o y s  

i s  columbium. The columbium would be a  r e l a t i v e l y  weak reducing agent, and 

a l l ow ing  f o r  i t s  p a r t i a l  molar f ree energy of mix ing,  would r e a c t  w i t h  on l y  

the  l e s s  s t a b l e  f l u o r i d e s  and oxides i n  t he  WESF ' O S ~ F ~ .  

11.2 SUMMARY 

The WESF 'OsrF2 conta ins  a  number o f  f l  uor ide  i m p u r i t i e s .  For tunate ly ,  

t he  f l u o r i d e s  t h a t  a re  present  i n  r e l a t i v e l y  h igh  concentrat ions are  the  most 

s t a b l e  of the  metal f l u o r i d e s  ( i .e . ,  ZrF2, ZrF4, NaF, CaF2, e t c . ) .  The 

thermodynamic ana lys i s  of t he  WESF 'OsrF2-al l oy  systems i n d i c a t e s  a  l a r g e  

number of reac t i ons  are  poss ib le  between a l l o y  components and i m p u r i t y  f l u o -  

r i des .  With one except ion, however, t h e  p o t e n t i a l  reac t i ons  are r e s t r i c t e d  

t o  i m p u r i t y  f l u o r i d e s  t h a t  a re  present  i n  low conce r~ l r . dL iu r~~ .  The o n l y  pos- 

s i b l e  reac t i ons  i n v o l v i n g  f l u o r i d e s  present  i n  l a r g e  concentrat ions a re  

l i m i t e d  t o  those i n v o l v i n g  lanthanum, which i s  found i n  t r a c e  l e v e l s  i n  

Haynes A l l o y  188. 

A  number o f  reac t ions  i n v o l v i n g  oxides a re  a l s o  poss ib le  i n  the  var ious  

m e t a l - f l u o r i d e  systems. However, t he  concent ra t ion  o f  oxygen i n  the  f l u o r i d e  

i s  very  low (<0.05 wt%),  and most o f  t he  oxygen i s  present  as water o r  n i t r a t e .  

Therefore, t he  concent ra t ion  o f  metal oxides i n  t h e  f l u o r i d e  should be very 

low, and of t he  oxides present,  o n l y  t h e  l e a s t  s t a b l e  should r e a c t  w i t h  the  

components of t he  a1 l oys .  



Based on the  thermodynamic ca l cu la t i ons ,  TZM and tungsten should pro-  
90 v ide  the  g rea tes t  res i s tance  t o  a t t a c k  by WESF SrF2. Because of the  

s i m i l a r i t y  i n  composit ion of the  N i -  and Co-base a l l o y s  i t  i s  impossib le 

t o  p r e d i c t ,  on a  thermodynamic basis,  the r e l a t i v e  res i s tance  of these a l l o y s  

t o  a t t a c k  by WESF g o ~ r ~ p .  . A l l  of t he  N i -  a n d  Co-base a1 l oys  w i l l  be at tacked 

by t h e  f l u o r i d e  t o  somePdegree. The ex ten t  of a t t a c k  of each a l l o y  under a  

g iven s e t  o f  cond i t i ons  would depend on r e a c t i o n  k i n e t i c s .  The reac t i on  

k i n e t i c s  a re  almost impossib le t o  est imate because o f  a  l ack  o f  r e l i a b l e  

data. A r e a l i s t i c  eva lua t i on  of WESF g o ~ r ~ 2 - a l l o y  reac t i uns  can on l y  be 

obta ined by experimental  s tud ies .  

The thermodynamic ana lys i s  of f l u o r i d e - a l l o y  systems discussed above 

was based on a  number of s i m p l i f y i n g  assumptions. A  r i go rous  ana lys i s  

which ignores these assumptions could prov ide  s i g n i f i c a n t l y  d i f f e r e n t  

r e s u l t s .  Such an ana lys i s  i s  hampered by a l ack  of i n fo rma t ion  on the  com- 

pounds present  i n  t he  WESF 90~r~1 ,  and a  l ack  of thermochemical data nn 

complex compounds, i n t e r m e t a l l i c s  and s o l i d  so lu t i ons  which may be present 

i n  t h e  systems. 
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