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ABSTMCT 

Resul t s  of t h e  15-year program of chemical research  and develop- 
ment f o r  molten s a l t  r e a c t o r s  a r e  suniiarized i n  t h i s  document. These 
r e s u l t s  i n d i c a t e  t h a t  7LiF-BeF2-UFb mixtures  a r e  f e a s i b l e  fuels f o r  
thermal  b reede r  r e a c t o r s .  Such mixtures  show s a t i s f a c t o r y  phase be- 
h a v i o r ,  t hey  are compatible wi th  Bas t e l loy  N and moderator g r a p h i t e ,  
and t hey  appear t o  r e s i s t  r a d i a t i o n  and t o l e r a t e  f i s s i o n  product  ac- 
cumulation. Mixtures o f  7LiF-BeF2-ThF4 s i m i l a r l y  appear s u i t a b l e  as 
b lankets  f o r  such machines. Seve ra l  p o s s i b l e  secondary coolant  mix- 
t u r e s  a r e  a v a i l a b l e ;  NaF-NaBF3 systems seem, a t  p r e s e n t ,  t o  be the  
most l i k e l y  p o s s i b i l i t y .  

Gaps i n  t h e  technology a r e  p re se  
ments, and an at tempt  i s  made TO d e f i  
research  and development program) needed ‘before a Molten Salt, Thermal. 
Breeder can be opera ted  wi th  confidence.  

ed  along w i t h  the accomplish- 
t h e  info-mation (and t h e  

NOTICE 

T h i s  document contains informat ion of a prel iminary nc ire and was prepared 
pr imar i l y  for internal  use at the  Oak Ridge Nat iona l  Lo1  It i s  sub jec t  
to rev i s ion  or correct ion and therefore does not represent a f ina l  report. The 
in fo rmat ion  i s  not t o  be abstracted, repr in ted  or otherwise given pub l i c  d i s -  
seminat ion wi thout the approval  of the ORNL potent branch, L e g a l  and Infor- 
mat i on Control  Depart men t . 

ratory. 
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CEIEMI CAL RESEARCH ADD DEVELOPMENT FOR MOLTEN- 

SALT BREEDER IIZACTORS 

Use of molten f l u o r i d e s  as f u e l s ,  b l a n k e t s ,  and coolan ts  o f f e r s  a 

promising and v e r s a t i l e  r o u t e  t o  thorium breeder  r e a c t o r s .  Mixtures con- 

t a i n i n g  f i s s i l e  and/or  f e r t i l e  m a t e r i a l s  have been s t u d i e d  i n  consider- 

ab le  d e t a i l ,  and shown t o  possess  l i q u i d u s  tempera tures ,  phase s t a b i l i t y  ., 

and phys ica l  p r o p e r t i e s  which are s u i t a b l e  f o r  t h e  purpose. These f luo-  

r i d e  mixtures  appear t o  be compatible wi th  s t r u c t u r a l  metals and wi th  

g r a p h i t e  s u i t a b l e  f o r  use i n  a Molten S a l t  Breeder Reactor ;  such compati- 

b i l i t y  seems assured  under i r r a d i a t i o n  a t  MSBR condi t ions  ~ Cheap., low- 

mel t ing  f l u o r i d e  coolan ts  for MSBR have not  y e t  been demonstrated b u t  

promising l e a d s  a r e  a v a i l a b l e  ; t h e  r e l a t i - v e  s i m p l i c i t y  of t h e  coolarit 

problem lends  assurance t h a t  a reasonable  s o l u t i o n  can be found. 

A r e fe rence  des ign  f o r  a 1.000 MW(e) Molten S a l t  Breeder Reactor has 

1 
r e c e n t l y  been publ i shed .  The s ta te  of knowledge of mol-ten sal ts  as 

materials f o r  use i n  t h a t  r e a c t o r  and i n  a t t r a c t i v e  a l t e r n a t i v e s  o r  

improvements i s  desc r ibed  i n  some d e t a i l  i n  t h e  fol lowing pages.  An a t -  

tempt i s  made t o  de f ine  those  areas where a d d i t i o n a l  knowledge i s  neces- 

s a r y  or very d e s i r a b l e  and t o  e s t ima te  t h e  e f f o r t  r equ i r ed  t o  o b t a i n  t h i s  

knowledge f o r  a molten sa l t  breeder  reac?;or and a breeder  r e a c t o r  experi-  

ment. 

SELECTION OF MSBR SALT MIXTuRES2-5 

General Requirements f o r  the Flu ids  

A molten sa l t  r e a c t o r  makes the fo l lowtng  s t r i n g e n t  minimum demands 

upon i t s  f l u i d  f u e l .  The f u e l  must c o n s i s t  of elements of low (and  p r e f e r -  
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ab ly  very low) capture  c ross  s e c t i o n  f o r  neutrons t y p i c a l  of  t h e  energy 

spectrum of t h e  chosen design.  The f u e l  must d i s s o l v e  more than  t h e  

c r i t i - c a l  concent ra t ion  of f i s s i o n a b l e  m a t e r i a l  a t  temperatures  s a f e l y  be- 

low t h e  temperature  a t  which t h e  f u e l  leaves  t h e  hea t  exchanger. The mix- 

t u r e  must be thermal ly  s t a b l e  and i t s  vapor p re s su re  must be low over t h e  

opera t ing  temperature  range.  The f u e l  mixture  must possess  hea t  t r a n s f e r  

and hydrodynamic p r o p e r t i e s  adequate f o r  i t s  s e r v i c e  as a beat-exchange 

f1ui.d. It must be r e l a t i v e l y  non-aggressive toward some otherwise s u i t -  

ab l e  material--presumably a metal--of cons t ruc t ion  and toward some s u i t -  

ab l e  moderator m a t e r i a l .  The f u e l  must be s t a b l e  toward r e a c t o r  radia- 

t i o n ,  must be a b l e  t o  su rv ive  f i s s i o n  of t h e  uranium--or o t h e r  f i s s i o n a b l e  

material--and must t o l e r a t e  f i s s i o n  product  accumulation without  s e r i o u s  

d e t e r i o r a t i o n  of i t s  u s e f u l  p r o p e r t i e s .  

i f  such r e a c t o r s  a r e  t o  produce economical power we must add t o  this 

l i s t  t h e  need f o r  r e a c t o r  temperatures  s u f f i c i e n t l y  high t o  achieve 

genuinely high q u a l i t y  steam, and we must provide a s u i t a b l e  l i n k  ( a  

secondary coo lan t )  between t h e  f u e l  c i r c u i t  and the steam system. 

must a l s o  be assured  of a genuinely low fuel. cycle  c o s t ;  t h i s  presupposes 

a cheap f u e l  and an e f y e c t i v e  turn-around of t h e  unburned f i s s i o n a b l e  

material or (more reasonably)  an e f f e c t i v e  a-nd economical decontamination 

and reprocess ing  scheme f o r  t h e  f u e l .  

We 

I f  t h e  r e a c t o r  is t o  be a breeder  w e  must impose even more s t r i n g e n t  

l i m i t s  on pe rmis s ib l e  p a r a s i t i c  neutron captures  by t h e  r e a c t o r  m a t e r i a l s  

and provide  s u f f i c i e n t  f e r t i l e  mater ia l  e i t h e r  i n  a breeder  b lanket  o r  i n  

t h e  f u e l  ( o r  i n  b o t h ) .  I f  a blanket i s  used it must be sepa ra t ed  from 
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t h e  f u e l  by some m a t e r i a l  of very low neutron c ross  s e c t i o n .  

The demands imposed upon t h e  coolant  and b lanket  f l u i d s  d i f f e r  i n  

obvious ways from t h o s e  imposed upon t h e  f u e l  system. 

w i l l  be cons iderably  l e s s  i n  t h e  blanket--and markedly less i n  t h e  cool- 

ant--than i n  t h e  f u e l .  E f f i c i ency  of t h e  b lanket  mixture  as a h e a t  t r a n s -  

f e r  agent may be r e l a t i v e l y  unimportant ,  b u t  a high concent ra t ion  of 

f e r t i l e  m a t e r i a l  i s  e s s e n t i a l  and an e f f e c t i v e  recovery of b red  m a t e r i a l  

i s  l i k e l y  t o  be v i t a l .  

Radiat ion i n t e n s i t y  

Choice of Fuel  and Blanket Composition 

General Considerat ions 

The compounds which are pe rmis s ib l e  major c o n s t i t u e n t s  of fuels  or 

b lanke t s  for thermal  breeders  are t h o s e  tha t  can be prepared from bery l -  

l ium, bismuth, boron-11, carbon,  deuterium, f l u o r i n e ,  l i thium-7,  n i t r o -  

gen-15, oxygen, and t h e  f i s s i o n a b l e  and f e r t i l e  i so topes .  A s  minor 

c o n s t i t u e n t s  one can probably t o l e r a t e  compounds conta in ing  t h e  elements 

l i s t e d  i n  Table  1. 

O f  t h e  known compounds conta in ing  usefu l  concent ra t ions  of hydrogen 

( o r  deuterium) only t h e  hydroxides of t h e  a l k a l i  m e t a l s ,  t h e  s a l i n e  hy- 

d r ides  of  l i t h i u m  and calcium, and c e r t a i n  i n t e r s t i t i a l  hydrides  ( z i r -  

coniun? hydr ide ,  f o r  example) show adequate thermal  s t a b i l i t y  i n  t h e  1000°F 

t o  1300'F temperature  range. 

be pe rmis s ib l e  i n  low concent ra t ions  a t  lower tempera tures . ]  

d r i d e s  a r e  very strong reducing agents  and a r e  most u n l i k e l y  t o  be u s e f u l  

components of any urani fe rous  l i q u i d  f u e l  system. Alka l i  hydroxides d i s -  

s o l v e  extremely s m a l l  q u a n t i t i e s  of uranium compounds at u s e f u l  r e a c t o r  

temperatures  and a r e  very cor ros ive  t o  v i r t u a l l y  a l l  u se fu l  metals a t  

[Acid f l u o r i d e s  (NdIFp ,  f o r  example] might 

The hy- 
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such temperatures .  

pounds, which might provide self-moderation t o  molten f u e l s ,  a r e  not  use- 

f u l  i n  p r a c t i c a l  f u e l  o r  blanke-t mixtures .  

One concludes,  t h e r e f o r e ,  t h a t  hydrogen-rich com- 

The non-metals carbon,  n i t rogen ,  s i l i c o n  s u l f u r  ? phosphorus ? and 

oxygen each form only high mel t ing  a i d  gene ra l ly  unsu i t ab le  b inary  CON- 

pounds wi th  t h e  meta ls  of 'Table 1. From t h e s e  non-metals, however, a 

wide v a r i e t y  of oxygenated anions a r e  avai.I.able. Nitrates n i t r i t e s ,  

s u l f a t e s ,  and s u l f i t e s  can be dismissed as l ack ing  adequate thermal  s ta-  

b i l i t y ;  s i l i c a t e s  can be  dismissed because of undesirably h igh  v i scos i -  

t i e s .  Phosphates ,  b o r a t e s ,  and carbonates  a r e  not  so  easy t o  e l imina te  

without  s tudy ,  and phosphates have, .i.n f a c t ,  rece ived  some a t t e n t i o n -  

Tie s e v e r a l  problems of thermal  s t a b i l . i t y  ? cor ros ion ,  s o l u b i l i t y  of urani-  

um and thorium compounds, and, e s p e c i a l l y ,  r a d i a t i o n  s t a b i l i t y  would seem 

t o  make t h e  use of any such compounds very doubt fu l .  

When t h e  oxygenated anions are e l imina ted  only f luor i -des  and 

chlori-des remain. Chlorides o f f e r  mixtures  that a r e  ? i n  g e n e r a l ,  lower 

mel t ing  than  f l u o r i d e s ;  i n  a d d i t i o n  UCl3 i s  probably more s t a b l e  than  UF3 

wi th  r e spec t  t o  t h e  analogous t e t r a v a l e n t  compounds. For thermal r e a c t o r s ,  

f i u o r i d e s  appear much more s u i t a b l e  for reasons which inc lude  ( I )  usefu l -  

ness  of t h e  element without i so tope  s e p a r a t i o n ,  ( 2 )  b e t t e r  neutron 

economy, ( 3 )  h ighe r  chemical s t a b i l i t y ,  (4) lower vapor p r e s s u r e ,  and 

( 5 )  higher  hea t  capac i ty  per u n i t  weight o r  volume. F luor ide  mixtu.res 

a r e ,  accord ingly ,  p r e f e r r e d  as f u e l  and b lanket  mi-xtures f o r  thermal  

r e a c t o r s .  The f l u o r i d e  i o n  i s  capable of some moderation of  neut rons ;  

t h i s  moderation i s  i n s u f f i c i e n t  f o r  thermal  r e a c t o r s  w i t h  cores  of reason- 

ab le  s i z e .  An a d d i t i o n a l  moderator m a t e r i a l  i s ,  accord ingly ,  requi.red. 
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Table 1. Elements o r  I so topes  Which 

May be Tolerab le  i n  High Temperature Reactor Fuels 

Material Absorption Cross Sect ion  
(Barns ) 

Nitrogen-15 

Oxygen 

Deuterium 

Carbon 

F luor ine  

Beryllium 

Bismuth 

Li thium-7 

Boron-11 

Magnesium 

S i l i c o n  

Le ad 

Zirconium 

Phosphorus 

Aluminum 

Hydrogen 

C alc i u n  

S u l f u r  

Sodium 

Chlorine-37 

Tin  

Cerium 

Rubidium 

0.000024 

0.0002 

0.00057 

0.0033 

0.009 

0.010 

0.032 

0.033 

0.05 

0.063 

0.1'7 

0.18 

0.21 

0.23 

0.33 

0.43 

0.49 

0.53 

0.13 

0.56 

0.6 

0.7 

0.7 
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Choice of Active Mate r i a l  

Uranium Fluor ide .  - Uranium hexaf luor ide  i s  a h ighly  v o l a t i l e  com- 

pound c l e a r l y  unsui ted  as a component of high-temperature l i q u i d s .  U02F2, 

though r e l a t i v e l y  n o n v o l a t i l e ,  i s  a s t rong  oxidant  which should prove 

very d i f f i c u l t  t o  conta in .  

e t c . )  a r e  not  therma.lly s table  and should prove p r o h i b i t i v e l y  cor ros ive  

i f  they  could be  s t a b i l i z e d  i n  s o l u t i o n .  

5 '  U2F9> 
Fluor ides  of pentava len t  uranium (UF 

Uranium t e t r a f l u o r i d e  ( UF4) i s  a r e l a t i v e l y  s t a b l e ,  non-vola t i ie ,  

non-hygroscopic m a t e r i a l ,  which i s  r e a d i l y  prepared i n  h igh  p u r i t y .  It 

melts a t  1035OC, but  t h i s  f r eez ing  p o i n t  i s  markedly depressed by severa l  

u s e f u l  d i l u e n t  f l u o r i d e s .  Uranium t r i f l u o r i d e  (UF ) i s  s t a b l e ,  under 

i n e r t  atmospheres, t o  temperatures  above 1000°C , but  it d i sp ropor t iona te s  

3 

at h ighe r  temperatures  by t h e  r e a c t i o n  

3UF4 + Uo. 4oF3 

Uranium t r i P l u o r i d e  i s  apprec iab ly  less s t a b l e  i n  molten f l u o r i d e  solu-  

t i o n s .  It i s  t o l e r a b l e  i n  r e a c t o r  f u e l s  only i n s o f a r  as t h e  e q u i l i b r i -  4 , 5  

um a c t i v i t y  of uranium meta l  i s  s u f f i c i e n t l y  low t o  avoid r e a c t i o n  wi th  

t h e  moderator g raph i t e  o r  a l loy ing  wi th  t h e  conta iner  metal. Appreciable 

concenLrations of UF ( s e e  below) are to1erabl.e i n  LiF-BeF mixtures  such 

as those  used i n  MSRE and proposed f o r  MSRR. I n  g e n e r a l ,  however, uranium 

3 2 

t e t r a f l u o r i d e  must be t h e  major uran i fe rous  compound i n  the f u e l .  

Thorium Fluor ide .  - All t h e  normal compounds o f  thorium a r e  quadri-  

v a l e n t ;  Thy4 (mel t ing  a t  l l l 5 O C )  must be used i n  any thorium-bearing 

f l u o r i d e  mel t .  Fo r tuna te ly ,  t h e  marked f r eez ing  po in t  depression by use- 

f u l  d i l u e n t s  noted above for uranium t e t r a f l u o r i d e  app l i e s  also -to thorium 
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t e t r a f l u o r i d e .  

Choice of F luor ide  Di luents  

The f u e l  systems f o r  thermal  r e a c t o r s  o f  t h e  MSHE and MSBR types  

r e q u i r e  low concent ra t ions  ( 0 . 2  t o  1 mole % )  of uranium, and t h e  proper- 

t i e s  ( e s p e c i a l l y  t h e  mel t ing  tempera ture)  of such f u e l s  w i l l  be  e s s e n t i a l -  

l y  t hose  of t h e  d i l u e n t  mixture .  Blanket mixtures  (and perhaps f u e l  

systems for one-region b reede r s )  w i l l  r e q u i r e  cons iderable  concent ra t ions  

of  high-melting ThFb. 

l a r g e  steam t u r b i n e s ,  be completely molten a t  975’F ( 5 2 5 O C ) .  

The f u e l s  must ,  i f  they  a r e  t o  be compatible wi th  

Simple cons ide ra t ion  of t h e  nuc lea r  p r o p e r t i e s  leads one t o  p r e f e r  

as d i l u e n t s  t h e  f l u o r i d e s  of Be, B i ,  “Li, Mg, Pb, Z r ,  C a ,  N a ,  and Sn ( i n  

t h a t  o r d e r ) .  Equally s imple cons ide ra t ions  (Table  2 )  of t h e  s t a b i l i t y  of 

d i l u e n t  f l u o r i d e s  toward reduct ion  by common s t r u c t u r a l  rnetals , 677 how- 

e v e r ,  s e rve  t o  e l i m i n a t e  BiF3, PbF2:, and probably SnF from cons ide ra t ion .  2 

No s i n g l e  f l u o r i d e  can s e r v e  as a u s e f u l  d i l u e n t  for t h e  a c t i v e  

f l u o r i d e s .  BeF i s  t h e  only s t a b l e  compound l i s t e d  whose mel t ing  p o i n t  

i s  c l o s e  t o  t h e  r equ i r ed  l e v e l ;  t h i s  compound i s  t o o  viscous f o r  use i n  

t h e  pure  state.  

2 

The very s t a b l e  f l u o r i d e s  of t h e  a l k a l i n e  e a r t h s  and of  y t t r i u m  and 

cerium do not  seem t o  be u s e f u l  major c o n s t i t u e n t s  of low mel t ing  fluids. 

Mixtures conta in ing  about 10 mole % o f  a l k a l i n e  e a r t h  f l u o r i d e  wi th  BeF 

m e l t  below 500°C, but  t h e  v i s c o s i t y  of such me l t s  i s  c e r t a i n l y  t o o  high 

f o r  s e r i o u s  cons i  d e r a t  i on. 

2 

Some of t h e  p o s s i b l e  combinations of  a l k a l i  f l u o r i d e s  have s u i t a b l e  

a 
f r e e z i n g  p o i n t s .  

mixtures  wi th  40 mole % LiF and 60 mole % RbF m e l t  a t  4 7 O O C .  

Equimolar mixtures  of LiF and KF m e l t  a t  490°C, and 

The t e r n a r y  
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a 
Table 2 .  Re la t ive  S t a b i l i t y  of F luor ides  

For U s e  i n  High Temperature Reactors 

Absorption Cross 

Po in t  Thermal Neutrons 

Free Energy 

a t  1OOO'K 
Melting Section' f o r  Compound of Formation 

( k c a l / F  atom) ( " C )  (ba rns  ) 

St ruc - tu ra l  Metal 
F luor ides  

CrF2 
FeF2 
NiF2 

D i  luerit F luor ides  

-74 
-66.5 
-58 

-125 
-125 
-124 
-123 
-118 
-113 
-11.3 
-112 
-112 
-109 
-104 

-9 4 
-90 
-62 
-62 
-50 

1100 
930 

1330 

CaF2 
L i  F 
BaF2 
SrF2 
CeF3 

YF3 
MgF2 
iibF 
N aF 
KF 
BeF2 
ZrF4 
AlF 3 
SnF2 

BiF3 
PbF2 

Active F luor ides  

- -101 1111 ThF 4 - 
-95.3 1.0 3 5 

-100.4 1495 
UF4 
uF3 

- 

a 
Reference s t a t e  i s  t h e  pure c r y s t a l l i n e  s o l i d ;  these values  a re ,  accord- 
i n g l y ,  only very approximately those  f o r  s o l u t i o n s  i n  molten mixtures .  

b O f  M e t a l l i c  i on .  
CCross s e c t i o n  f o r  7 ~ i .  

1330 
848 

1280 
1.400 
1430 
1 1 4 4  
1270 
'792 

548 
903 

140 4 
213 
850 
727 

3 . 1  
2.5 
4.6 

0.43 
0.033 
1 . 1 ' 7  
1 .16 
0 . 7  
1.27 
0.063 
0.70 
0.53 
1.97 
0.010 
0.180 
0.23 
0.6 
0.1'7 
0.032 
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systems LiF-NaF-KF and LiF-Nab’-HbF have lower mel t ing  regions than  do 

t h e s e  b i n a r i e s .  A l l  t h e s e  systems w i l l  d i s s o l v e  UF a t  concent ra t ions  up 

t o  s e v e r a l  mole % at temperatures  below 525’C. 

f u l  as r e a c t o r  f u e l s  i.f no mixtures  wi th  more a t t r a c t i v e  p r o p e r t i e s  were 

a v a i l a b l e ,  

I+ 

They might w e l l  prove use- 

Mixtures wi th  use€ul  mel t ing  p o i n t s  over r e l a t i v e l y  wide ranges of 

e 
composition are a v a i l a b l e  i f  ’LrF is a major cornporient of Lhc system. 

Phasz r e l a t i o n s h i p s  NaF-%rF4 system show low mel t ing  p o i n t s  over t h e  

i n t e r v a l  40 t o  55  mole ?O ZrFlc. 

as fu l e  f o r  the  A i r c r a f t  Reactor  Experiment. 

4 

A mixture  of  LJF wi th  TTa.3’ and ZrFh served  4 

The lowest mel t ing  binaxy mixtures  of  t h e  usable  d i l u e n t  f l u o r i d e s  

8 
are those conta in ing  BeF wi th  NaF o r  LiF. (The t e r n a r y  system 2 

LiF-NaF-BeF has been examined i n  some d e t a i l ,  but  it seems t o  have no 

important  advantage over e i t h e r  binary.) Since Be  o f fe rs  t h e  b e s t  cross  

s e c t i o n  of the d i l u e n t s  (and 7 L i  ranks very h i g h ) ,  f’uels based c;n t h e  

2 

ILF-BeF dil-uent system were chosen f o r  MSXE arid a r e  proposed for MSBF. 

The b ina ry  system TiF-BeF has me l t ing  p o i n t s  bel-ow 500°C iiver t h e  

‘I’he p r e s e n t l y  accepted 

2 

2 
8 

concent ra t ion  range from 33 t o  80 mole % BeF2. 

LiF-BeF system diagram, presented  i n  F i g .  1, is  cha rac t e r i zed  by a s i n g l e  

e u t e c t i c  (5% mole $, HeF2, mel t ing  a t  300°C) between BeF2 and 2LiF.BeF 

The compound 2LiF-BeF 

LiF-BeF i s  formed by t h e  r e a c t i o n  of s o l i d  BeF and s o l i d  ZLiF-BeF be- 

2 

2’ 

mel ts  incongruent ly  t o  LiF and l i q u i d  at L+58°C. 
2 

2 2 2 

l o w  2 0 O O C .  
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LiF-BeF2 Systems wi th  Active F luor ides  

The phase diagram of t h e  BeF -UP4 system (Eg. 2) shows a s i n g l e  2 

11 * 
e u t e c t i c  conta in ing  very l i t t l e  UF 

shows t h r e e  compounds, none of which m e l t s  congruent ly  and one of which 

shows a low temperature  l i m i t  of  s t a b i l i t y .  ~ ~ i e  e u t e c t i c  n-ixture of 

bLiF*IJF4 and LiF-UF 'Lyle ter- 

nary system LiF-BeF -TJFI+, o f  prirnary importance i n  r e a c t o r  f u e l s ,  i s  shown 

as Fig.  4.9 The system shows two e u t e c t i c s .  These are a t  1 mole % UF4 

and 52 mole % B e F  and at 8 mole % UF4 and 26 mole % 13e3' - they  mel t  a t  2 2'  

350 and lc35'C, r e s p e c t i v e l y .  Moreover, the  system shows a v e r y  wide range 

of composiiions mel t ing  below 525'C. 

That of' t h e  I,iF-[1Y4 system ( F i g .  3)  

occurs a t  27 mole 4 IJF4 and melts  a t  ) I 9 O c C : .  I+ 

2 

11 
The system BeF -ThF4 i s  very s imi lz r .  t o  t h e  analogous UF4 system. 2 

12 
The LiF-ThF4 system (F ig .  5 )  conta ins  four compounds. 

3LiF.ThF mel t s  congruent ly  a t  580°C and forms ? u t e c t i c s  a t  570°C and 22 

niole % ThF4 and 560°C and 29 mole 

r e s p e c t i v e l y .  

congruent ly  at 59YoC and 890°C. 

Fig. 6 )  shows only a s i n g l e  e u t e c t i c  wi;h t h e  composition 47.0 mole % L i F  

The cornpoutid 

l& 

'l'hY4 with LiF and w i t h  LiF*'l'liFl+, 

The compounds LiF'T'hF4, I,i F- ?'['hI.' and iiF*hThF4 rnelt i n -  4' 
The t e r n a r y  system LiF-BeFr-ThF4 (see 

2 

and 1.5 mole % ThIi'4 mel t ing  a t  356 '~ .  

t o  t h e  phase f i e l d s  of  LiF.2ThF4, 3LiF-rlhF'4, and )-ILiF.llF4, the systems 

r ep resen ted  by Figures  4 arid b are very similar. 

I n  s p i t e  of s m a l l  d i f f e r e n c e s  due 
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ThF4 and I F 4  form a continuous series of s o l i d  s o l u t i o n s  wi th  n e i t h e r  

maximum nor minimum. 

nary compounds and a s i n g l e  e u t e c t i c 1 3  (which conta ins  1 . 5  mole $ ThF4 

wi th  26.5 mole % UFl, and freezes a t  488°C). Most of  t h e  a r e a  on t h e  dia- 

gram i s  occupied by primary phase f i e l d s  of t h e  s o l i d  s o l u t i o n s  UY4-ThFS, 

L i F .  1:TJF -LiF' 4ThF4, and LiF*UF4-LiF.'ThF 

g e n e r a l l y ,  t o  t h e  LiF-UF edge of  t h e  diagram. 

The LiF-ThFl+-UFll system ( s e e  FFg. 7 )  shows no t e r -  

Liquidus temperatures  decrease ,  
4 4' 

J l  

It i s  c l e a r  from examination of t h e  diagrams shown t h a t  f'uel systems 

mel t ing  below 500°C are a v a i l a b l e  o v e r  a wide range oY compositions i n  t h e  

LiF-UeY2-UF system. S ince  (see Fig.  6 )  up t o  28 mole % of' 'I'hF can be  

melted a t  temperatures  below lLW°F,  blanket  systems with very l a r g e  ThF 

concent ra t ions  can be obtained.  Moreover, t h e  very  g r e a t  s i m i l a r i t y  i n  

behavior  of T'nF 

l i t t l e  e f f e c t  on f r eez ing  temperature  over t h e  composition range of 

i n t e r e s t  as f u e l .  Fuels  f o r  s i n g l e  reg ion  r e a c t o r s  should,  accord ingly ,  

be a v a i l a b l e  i n  t h e  LiF-BeF -ThF UF quaternary  system. 

4 4 

4 

and UF4 permi ts  f r a c t i o n a l  replacement of ThF by TJF4 with 4 4 

2 4- 4 

Phase behavior  i n  t h e  t e r n a r y  systems LiF-ReF, -UF and LiF-BeF, -ThF 2 4  2 4  

has ,  as a consequence of s t u d i e s  c i t e d  above, been examined i n  cons iderable  

d e t a i l  and t h e  phase diagrams a r e  w e l l  def ined .  I f ,  as i s  l i k e l y ,  f u e l s  

and b l anke t s  f o r  t.rio-region b reede r s  can be chosen from t h e s e  t e r n a r i e s  

t hen  t h e  only necessary add i t iona l  s tudy  of phase behavior  i s  a more de- 

t a i l e d  examination of l i q u i d u s  and e s p e c i a l l y  of s o l i d u s  rei-ationships and 

c r y s t a l l i z a t i o n  pa th  behavior  i n  t h e  reg ions  near  t hose  chosen as fuel- and 

as b lanke t  compositions.  



ORNL-LR-DWG-265358  

w 
K 850 
I) 
l- a 
K 
W 
a 750 
3 
w 
,..~ 

650 

5 5 0  

450 
Li F 10 20 30 40 50 60 70 80 90 ThF4 

IhF4  (mole Ole) 

Fig. 5 .  The System LiF-ThF4 



Fig. 6, The System TXF-BeF -'l'hF 2 4  



20 

ThF4 
14.1 1 

LiF 
848 

Fig. ' I .  'The System LiF-ThFh-UF4 

ORNL-LR-DWG 28215AR4 

PRIMARY-PHASE AREAS 



21 

Oxi de-Fluori  de Equi l i b r i  a 

The phase 'oehavior of pure f l u o r i d e  systems i s  such tha t  adequate 

fuels and b l anke t s  seem assu red ,  bu t  t h e  behavior  of such systems i s  mark- 

ed ly  a l t e r e d  by apprec iab le  concent ra t ions  of  oxide.  Since a l l  commercial 

f l u o r i d e  p repa ra t ions  con ta in  some oxide (and  water which r e a c t s  wi th  t h e  

f l u o r i d e s  a t  high temperature  t o  produce oxide)  methods must be devised 

t o  remove t h i s  contaminant t o  s a f e  l e v e l s  be fo re  use  of t h e  f l u o r i d e  mix- 

t u r e  i n  t h e  r e a c t o r .  Avoiding contamination by oxide of t h e  molten mix- 

t u r e s  during r e a c t o r  ope ra t ion  and maintenance w a s  p o s s i b l e  i n  p r i n c i p l e  

b u t  , befo re  t h e  e x c e l l e n t  ope ra t ing  experience wi th  MSRE, w a s  not at  a l l  

c e r t a i n  i n  p r a c t i c e .  Accordingly,  c a r e f u l  s t u d i e s  of ox ide- f luor ide  equi- 

l i b r i a  i n  €fluoride me l t s  have been made t o  e s t a b l i s h  (1) t h e  e f f e c t  of 

contaminant oxide on MSRE f u e l ,  and (2) t h e  ease of removal of oxide t o  

t o l e r a b l e  l e v e l s  p r i o r  t o  r e a c t o r  usage of t h e  mel t s .  

Measurements of r e a c t i o n  e q u i l i b r i a  between water vapor i n  hydrogen 

c a r r i e r  gas  w i t h  LiF-BeF melts over a wide composition i n t e r v a l  have been 2 
1 4  , I 5  

examined i n  d e t a i l  by Mathews and Baes. Equi l ibr ium q u o t i e n t s  for 

t h e  r e a c t i o n  

(where R ,  g ,  and d r e f e r  t o  l i q u i d ,  gaseous,  and d isso lved  s ta tes  and s 

i n d i c a t e s  t h a t  Be0 w a s  p re sen t  as a s a t u r a t i n g  s o l i d  phase)  were measured 

from 500 t o  7 O O 0 C  over t h e  composition range xBeF = 0.3 to 0.8. The 
2 

r e s u l t s  a r e  summarized by 

wherein a ,  b y  and c a l l  were 

4 
LiF 

+ c x  
L i  F 

x ) = a + b x  
BeF2 

l i n e a r  func t ions  of 1 / T l 0 K ,  
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3 

3 

a = 3.900 - 4.418(10'/T), 

b = 7.819 - 5.440(10 /T), 

c = -12.66 + 5.262(10 /T). 

I n  t h e  same i n v e s t i g a t i o n ,  measurements were made upon mel t s  not  s a t u r a t e d  

wi th  BeO.  I n  a d d i t i o n  t o  t h e  r e a c t i o n  

3 

f o r  t h e  formation of oxide i o n ,  it became ev iden t ,  both from t h e s e  measure- 

ments and from those  upon Be0 s a t u r a t e d  m e l t s ,  t h a t  hydroxide ion  a l s o  w a s  

formed 

Because of l i m i t a t i o n s  inhe ren t  i n  t h e  t r a n s p i r a t i o n  method used,  t h e  

equi l ibr ium quo t i en t s  f o r  t h e s e  two r e a c t i o n s  were l e s s  accu ra t e ly  de te r -  

rnhed than  w a s  t h e  previous one f o r  Be0 s a t u r a t e d  mel t s  ( c a .  - + lo%, 

r e s p e c t i v e l y ,  compared t o  fr 5 % ) .  They were s u f f i c i e n t  t o  show, however, 

t h a t  bo th  oxide and hydroxide inc rease  i n  s t a b i l i t y  wi th  inc reas ing  tem- 

p e r a t u r e .  The s t a b i l j - t y  of  hydroxide wi th  r e spec t  t o  oxide , however, 

decreases  wi th  inc reas ing  temperature .  Hydroxide can,  accord ingly ,  be 

r e a d i l y  decomposed i n  t h e s e  f l u o r i d e  mel t s  by sparging wi th  an i n e r t  gas 

( e .g .  , hydrogen).  

2- 3 OH- + F- 2 HF + 0 , log K = 5.23 - 6.56(10 / T )  ( 5 )  
( g )  

16 
Simi la r  measurements have a l s o  been made by Baes and Hitch i n  

which t h e  2LiF-BeF2 contained added ZrF4. 

is  t h e  s t a b l e  s a t u r a t i n g  oxide a o l i d ,  and hence t h e  fol lowing equi l ibr ium 

may b e w r i t  t en 

With x >*3 x lo-'+, Z r O 2  
ZrF)+ 



2 3 

It was also found t h a t  the equ i l i . h r i a  (3 and IC) fcr. t h e  formation of oxide 

tind IiycJ.roxide ions  were sh i f ted  t o  t h e  r i g h t  w i th  i.ncrc!a:;j.ng .x ; I.C., 
IC 

ZrF 

i.n the d i r e c t i o n  of' greater .  stability of these ions. 

TT es e ~ e s  1 i . t  s a r e  (1 ons i s t eri2; u - i  1;h 2r e vioius o.bs erva- t  4 ons tha% LiF-R eF,. 
#.. 

rnelts are readi ly  f r e e d  of oxide corittmsllination by t,reatriient with gaseous 

mixtures of li and liF. The measured e q i i . l i b r . l i u i n  q u o t i e r i t s  i n  211iF-BeF,, 
2 '.. 

were used tc; c a l c u l a t e  the efficiency of.' HF u-tilization i n  such a t r ea t -  

- 4 when %rF4 i.s present  a t  concent ra t ion  of  approxi.nia.te1.y 3 x :!.(I 

f r a c t i o n ,  With :La.rger amun-ts of added %rF ZrO bt.cornes the l e s s  s o l u b l e  

( s t a b l e )  oxide.  

mole 

)+ ' 2 

When a molten mixture  conta in ing  (3n:l.y Lifi'~ beli' and UF i s  t r e a t e d  
2' j- I 

w i t h  appreciable  quantiLies of a reartilie o x i d e  ( such  as 13 0, CO,, Feu) 
2 J 

Poms t r a n s p a r e n t  ruby crystals of' UO,, Such p r e c i p i t a t i o n  has been 
L- . CJO * 
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assumed t o  present, a 

followed by a. sudden 

danger f o r  the MSRE s i n c e  slow p r e c i p i t a t i o n  

en t rance  of the m a t e r i a l  into t h e  core could 

2 of' TJG 

permit 

iuicoritrolled i nc reases  i n  r e a c t i v i t y  Precaut ions  'vle'i'e t aken  wi th  t h e  

MSRE t;o assure c1e:xilin~ss of  the system, t h e  fuel mixture ,  a,nd t,he cover 

gas ~ but  i t  w a s  an'ii.c.ipated t ha t  some i nadve r t en t  contaiiinatit.i.on of the 

system might oceuy-. Acco-i.d.ir~g:l.jr, i t  was clecf~ried t o  ir iclude ZrF i.n t h e  

MS.W fuel composition s i n c e  iiieasurenents of' Lhe metat l ies ls  re:xti(xi  

)+ 

4- UF ,-I( dl P Zr'F' 4( dJ 4- -g'3,, (81 
2 ( s )  L ( s )  

4 

ZrO 

have shown t h a t  t h e  mole rati.0 of Z r F  

110 

Lo TJF4 a t  equilibrium with  bo th  

and  '%rO,> , while vary ing  somewhat with  teTflperat1.lre :ant!. :melt composition, 
2 L 

r e r n a i r ~ s  very f a r  below t h a t  ehoseri for t h e  f u e l  salt,. As a eonsergerice a 

cons iderable  anowit or" Zr --an amount c:as-ily cletccted by chemical mal.;ysis 

o f  the fuel salt--would be p r e c i p i t a t e d  by oxide contamination before an 

appreciable quan t i ty  oi' UO sb~i11.d p:r.eclprita-te. 

)I.+ 

'$,5 
2 

I n  connect icn w i t h  these studj.es ~ i:t, was a s c e r t a i n e d  that  ~ cont;ra.ry- 

I 'I 
i;cj publ i shed  TJO,,-ZrTJ phase di.agrans , onl.y very  dilute solid soIuti.oris 

m e  formed i n  the Leinperzkure range 50(.)-70O0(2. 8eea,ust:: o r  t h e  obvious 

jmpcx%a;rice of t h i s  -to the MSRE, experiments have bzen carried out  i n  which 

both [JO,l-ZrO, mix-Lures and ( u , ~ r  jo2 sol.i.d :;ol.utions prepared. by f u s i o n  

were eqii.j-lib:raLed. w i t i l l  LiF-BeE',, niieL.'Ls The r e s u l t i n g  -phase 'cliagratn f o r  

c.. 2 

'_ 2 
1- 8 

t h e  UO -Zz-O system over tile 

i n  F ig .  9. 

2 2 

Yne oxide conceri-Lration 

by combining the equ i l ib r iwa  

log x 2 = 
0 ~ - -  

L 

teiniperatuwe interval or" r ea l  conc-ern i s  :;hewn 
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The solubi . l . i ty  i nc reased  w i t h  tempera ture ,  bu t  no s t r o n g  dependence on 

X was found. I n  t h e s e  measurenients t h e  mole f r a c t i o n  OF oxide a t  Be0 BeF, 2 
s a t u r a t i o n  probably w a s  less than  0.002. 

From t h e  sim-ilar measurements F n  ZrF4-containing the  s o l u b i l i -  

ty prod.uct of ZrO eould be estirflatecl. With inc reas ing  x t h e  concen- 

t r a t i o n  of oxide a t  ZrO sa tu ra t i -on  a t  .first fal.ls as would be expected 

f r m  tile equi l ibr ium 

2 ZrF4 ' 

2 

( 1.0 ) 

FIowevei-, it then  l e v e l s  o f f  and subsequent ly  rises wi th  f u r t h e r  i.nereases 

i n  x (F ig .  10). This could be caused, a t  least i n  p a r t ,  by  the forma- 

t i o n  ol" a complex i o n ,  Zr0 

ZrF4. 
2+ 

o r  it could be caused e n t i r e l y  by the in f luence  of" th? changing r w l t  

Jb 9 2- composition on t h e  a c t i v i t y  c o e f f i c i e n t s  of the spec ie s  7,r .imd (1 

f u e l  s a l t - f l u s h  s a l t  mixtures ;  i . e . , ,  t h e  moun t  oT dissolved oxide these 

mixtures  can con ta in  wfttiout oxide p r e c i p i t a t i o n .  It i s  seen t h a t  t h e  

oxide t o l e r a n c e  inc reases  r a p i d l y  wi th  'tempera,ture, espec in l ly  neilr ihe 

?.. 
fue l  composition (x  

might be removed by c o l l e c t i n g  ZrO, on a r e l a t i v e l y  cool s u r f a c e  i n  t h e  

MSRE systern. 

= CJ I 05) , ind ica t i r ig  - that  any excess  oxide present  %IT4 

2 

These s t u d i e s  have defined. r e l a t i v e l y  we1.7. t h e  s i t u a t i o n  i n  Li-F-BeF,.. 
'! 

and i.n T,iF-BeF, -ZrF mel t s .  ?'hey have been of real. value i n  a s ses s ing  

,the i n i - t i a l  p u r i f i c a t i o n  process  ( s e e  below) and i n  a s su r ing  tile Fnad- 

v e r t e n t  p r e c i p i t a t i o n  of Iicj should prove no probl.eni i n  MSRE. 

2 4  

2 
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Fuel and Blanket Compositions 

'I'he f u e l  chosen f o r  MSRE w a s  a mixture  of 7TA.F, BeF ZrF4 and UF4 2' 

c o n s i s t i n g  of 65-29.1-5-0.9 mole %, r e s p e c t i v e l y ,  of t h e s e  m a t e r i a l s .  T'ne 

ZrF wt zdded, as i n d i c a t e d  above, t o  e l imina te  t h e  p o s s i b i l i t y  of pre- 

c i p i t a t i o n  o€ UO through inadve r t en t  contamination of t h e  systcm wi th  

r e a c t j  ve oxide.  

4 

2 

[The g e n e r a l  p recaut ions  regard ing  clea,nl i nes s  i n  MSRE 

and t h e  apparent  success  of  t h e  f u e l  p repa ra t ion  and handl ing procedures 

f o r  t h a t  opera t ion  have gone fa r  t o  remove apprehensi.on from t h i s  source.  

No samples removed from MSRE have contained more than  100 pprn of  ox ide ,  

and no prec i -p i ta ted  oxides  have been observed on examination by o p t i c a l  

microscopy. 1 S ince  chemical reprocess ing  techniques  (probably d i - s t i l l a -  

t i o n )  w i l l  c e r t a i n l y  be app l i ed  t o  t h e  MSBR f u e l  system and s i n c e  such a 

reprocess ing  scheme can be expected t o  remove ox ides ,  i t  seems very l i k e l y  

t h a t  %rF4 need not  be a c o n s t i t u e n t  of MSRR f u e l .  

On t h e  b a s i s  of in format ion  p resen ted  above t h e  r e fe rence  f u e l  select- 

ed f o r  use i n  t h e  MSBR i s  a t e r n a r y  mixture  of 7LiF-BeF -'33UF,L ( 6 8 . 3 -  

31.5-0.2 mole % )  ( s e e  F ig .  4) which e x h i b i t s  a l i q u i d u s  temperature  of ap- 

proximaie1.y i + 5 O 0 C .  Equil ibr ium c r y s t a l l i z a t i o n  of t h i s  fue l  mixture  

2 

proceeds according t o  t h e  fol lowing sequence: On cool ing i n  t h e  tempera-. 

Lux i n t e r v a l  jh50 t o  43aoC, 2LiF.BeF 

43S0C, t h e  s a l t  mixture  s o l i d i f i e s  and produces a mixture  of t h e  two 

i s  depos i ted  from t h e  f u e l .  A t  2 

c r y s t a l l i n e  phases ,  2LiF-BeF2 and LiF*UF4 , comprised of  approximately 89 

w t  % 2LiFaHeF and approximately 11 w t  % LiF-UF4. 2 

The b lanke t  sa l t  s e l e c t e d  f o r  t h e  MSBR i s  t h e  7LiF-BeF -ThF4 t e r n a r y  
2 

mixture  (71-2-27 mole % )  ( s e e  Fig.  6 ) ,  which e x h i b i t s  a l i qu idus  tempera- 

ture of approximately 560°C. Equi l ibr ium c r y s t a l l i z a t i o n  of  thi.s b lanket  
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mixture i s  as uncomplicated as t h a t  of t h e  f u e l .  On1.y t h e  two s o l i d  

phases ,  LiF-ThF 

i n  both i n t e r s t i t i a l  and s u b s t i t u t i o n a l  s i t e s  a r e  formed during s o l i d i f i -  

c a t i o n ,  and t h e s e  s o l i d s  a r e  coprec ip i t a t ed  throughout t h e  c r y s t a l l i z a t i o n  

2+ 
arid a s o l i d  s o l u t i o n  of 3LiF.ThF4 which incorpora tes  Hc 4 

I1 
of t h e  sa l t .  

Choice of Coolant 

The secondary coolant i s  requi red  t o  remove hea t  from t h e  f u e l  i n  t h e  

primary hea t  exchanger and t o  t r anspor t  t h i s  hea t  t o  t h e  power genei-at-ing 

system. I n  t h e  MSBR t h e  coolan t  must t r a n s p o r t  h e s t  t o  s u p e r c r i t i c a l  

s t e m  a t  minimum temperatures  only modestly above 700'F; i n  MSRE t h e  h e a t  

w a s  r e j e c t e d  t o  an a i r  cooled r a d i a t o r  a t  marked1.y h igher  temperatures .  

The coolant  must be possessed of adequate hea t  t r a n s f e r  p r o p e r t i e s  

and must be compatible wi th  i ias te l loy  N s t r u c t u r e s .  It should not r e a c t  

e n e r g e t i c a l l y  wi th  f u e l  o r  wi th  steam, it should c o n s i s t  of m a t e r i a l s  

whose leakage i n t o  t h e  f u e l  would not  n e c e s s i t a t e  expensive sepa ra t ions  

procedures ,  and it should he r e l a t i v e l y  inexpensive.  'To assure  easy com- 

p a - t i b i l i t y  wi th  t h e  steam genera t ion  c i r c u i t  t h e  melti.ng temperature  o f  

the  coolant  should be below (and p re fe rab ly  considerab1.y below) 700°E'. 

0-ther demands ( e s p e c i a l l y  i n  t h e  neutron economy and i.n r a d i a t i o n  s t a b i l i -  

ty areas) a r e  c l e a r l y  l e s s  s t r i n g e n t  t han  those  upon fuel and b lanket  

mix-tures . 
The coolant  mixture  chosen f o r  MSRE and appai-ently shown to be sa t i s -  

f a c t o r y  i n  t h a t  a p p l i c a t i o n  i s  BeF 
2 

mixture  would r e q u i r e  some changes i n  design of equipmerit f o r  t h e  MSHH 

s i n c e  i t s  l i qu idus  temperature  i s  851'F; moreover, it i s  an expensive 

m a t e r i a l .  'r'ne e u t e c t i c  mixture  of LiF with  BeF2 (1L8 mole 

with  66 mole % o f  'Li.F- Use of Lhis 

LLiF) ineits a t  
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near  7OO0F (see Fig.  1) b u t  it i s  both  viscous and expensive.  

metals,  e x c e l l e n t  coolan ts  wi th  real  promise i n  o t h e r  systems, are un- 

d e s i r a b l e  he re  s i n c e  they  r e a c t  v igorous ly  wi th  bo$h f u e l  and steam. Less 

noble m e t a l  coolan ts  such as Pbo or B i o  might be t o l e r a t e d ,  b u t  they  may 

not  prove compatible wi th  Has te l loy  N.  

The a l k a l i  

Seve ra l  b ina ry  c h l o r i d e  systems a r e  known'' t o  have e u t e c t i c s  mel t ing  

These b ina ry  systems do n o t ,  how- below ( i n  some cases  much below) 700'F. 

e v e r ,  appear e s p e c i a l l y  a t t r a c t i v e  s i n c e  they  con ta in  high concent ra t ions  

of ch lo r ides  [TlCl ,  ZnC12, B i C 1 2 ,  CdC12, o r  SnCl 1 ,  which are e a s i l y  re -  

duced and, accord ingly ,  co r ros ive  or ch lo r ides  [ A l C l  

BeCl ] which are very v o l a t i l e .  

v o l a t i l e  ch lo r ides  a r e  those  conta in ing  L i C 1 ;  L i C 1 - C s C 1  ( 3 3 0 O C  a t  45 mole 

% C s C 1 )  , L i C 1 - K C 1  (355'C at 42 mole % K C 1 )  , LiC1-RbC1 (312OC a t  45 mole $ 

RbCl) . 
they  could l e a d  t o  s e r i o u s  contamination of t h e  fue l  i f  normal L i C l  were 

used. 

2 

Z r C 1 4 ,  H f C 1 4 ,  o r  
3' 

The only b ina ry  systems of s t a b l e ,  non- 
2 

Such systems would be r e l a t i v e l y  expensive i f  made from 'LiC1,  and 

V e r y  few f l u o r i d e s  or mixtures  of f l u o r i d e s  are known t o  melt  a t  tern- 

p e r a t u r e s  below 37OoC.  Stannous f l u o r i d e  (SnP2) m e l t s  a t  212OC. T h i s  

material i s  probably not  s t a b l e  during long term s e r v i c e  i n  Has te l loy  N ;  

moreover, i t s  phase diagrams wi th  s t a b l e  f l u o r i d e s  (such as NaF o r  KF) 

probably show high  mel t ing  p o i n t s  at r e l a t i v e l y  l o w  a l k a l i  f l u o r i d e  concen- 

t r a t i o n s .  

Coolant mixtures  of most i n t e r e s t  a t  p re sen t  are t h o s e  based on 

f luobora t e s  of t h e  a l k a l i  metals. 

ed  19'*0 as having a e u t e c t i c  ( a t  60 mole % NaBF4) mel t ing  a t  580'F. Pre- 

l iminary  unpublished s t u d i e s  a t  t h i s  Laboratory suggest  s t rong ly  that  t h i s  

The b ina ry  system NaF-NaBF4 i s  descr ib-  
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published diagram i s  i n  e r r o r ,  and t h a t  t h e  NaF-RaBF4 e u t e c t i c  mel t s  a t  

near  ‘ ~ 1 6 ~ ~ .  There i s  some evidence t o  suggest  t h a t  b o r i c  oxide sub- 

s t a n t i a l l y  lowers the  f r eez ing  po in t  of WaF-NaBF4 mixtures  and we b e l i e v e  

t h a t  t h e  Russian workers may have used q u i t e  impure m a t e r i a l s .  I t  i s  l i k e -  

l y ,  however, t h a t  t h e  m a t e r i a l  (perhaps even wi th  a moderate amount of 

B,O ) may be u s e f u l .  It should prove s u f f i c i e n t l y  s t a b l e  t o  r a d i a t i o n  

f o r  s e r v i c e  as coo lan t ,  and t h e  equi l ibr ium p res su re  due t o  

2 3  

Nai3Fl+11 P BF + NaFR 
3 

should prove s a t i s f a c t o r i l y  low. Est imates  of t h e  h e a t  t r a n s f e r  and f l u i d  

p r o p e r t i e s  of t h i s  m a t e r i a l  appear a t t r a c t i v e .  The e x t r a o r d i n a r i l y  high 

c ross  s e c t i o n  of boron should permit s m a l l  l e aks  i n  t h e  hea t  exchange-r t o  

be recognized immediately,  and removal of  t r a c e s  of BF from t h e  fuel .  by 

continued treatmen-t wi th  HF should be p o s s i b l e .  Cornpatiblity of t h e  

NaF-NaBF 

sequent s e c t i o n s ) ,  bu t  such compa t ib i l i t y  remains t o  be  demonstrated. 

3 

mixture wi th  Has te l loy  N w i l l  probably be s a t i s f a c t o i y  ( s e e  sub- 4 

I f  t h e  NaF-NaBF e u t e c t i c  system proves unsu i t ab le  by v i r t u e  of i t s  4 

f r eez ing  p o i n t ,  p re l iminary  d a t a  ( s e e  F ig .  1.1.) sugges ts  t h a t  f r eez ing  

p o i n t s  below TOOOF can be obta ined  i n  t h e  t e r n a r y  system NaF-KF-BF 
3’ 

Should experience prove t h e  NaF-NaBF4 mixture ( o r  i t s  c lose  r e l a t i v e s )  

u n s u i t a b l e ,  coolant compositions which w i l l  meet t h e  low l i qu idus  tempera- 

Lure s p e c i f i c a t i o n  may be chosen i n  t h e  NaF-BeF, 

KF-ZrF4-A1F systems. These materials a r e  almost c e r t a i n l y  compatible 

with Xastel loy N, and they  possess  adequate s p e c i f i c  heaLs and low vapor 

p re s su res  ( s e e  s e c t i o n  below).  They ( e s p e c i a l l y  those  inc luding  LiF) are 

moderately expensive,  and t h e i r  v i s c o s i t i e s  a t  low temperature  are ce r t a in -  

8,19 or 
2’ 

NaF-Li F-B eF 
8,19 
2 

21 
3 
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Physical -- Prope r t i e s  o f  MSBH .-I.. _.I Liquids 

Est imates  of some of t he  phys ica l  p r o p e r t i e s  o f  t h e  proposed MSBR 

blanket  and Puel salts a r e  l i s t e d  i n  Table 3. E s t i m a t e d  va lues  f o r  f o u r  

poss ib l e  secondary coolan ts  a r e  given i n  Table 4. 

'1'abl.e 3. Composition and P r o p e r t i e s  of Fuel  and Blanket S a l t s  

Compos i t i on 
(mole $ )  P'ue 1 B 1. anke t 

.. . ~ 

L i F  65.9  Li F 71 

UFl+ 0 . 2  BeF2 2 

BeF2 33.9 ThF4 27 

Liquidus Temperature : -_ 
O C  

OF 

457 
855 

5Gr 

1G 40 

- Phys ica l  P r o p e r t i e s :  A t  600Oc At 60ooc 

1112°E' l l l 2 O F  

12 5 280 
3 Densi ty ,  l b / f t  

Heat Capaci ty ,  Ht,u l b - l (  O F ) - '  

V i scos i ty ,  cen t ipo i se  8.6 

0.55 0.22 

21  

Va-por P res su re ,  mm Negl ig ib le  Negl ig ib le  

Thermal Conduct ivi ty ,  
watts/(  OC-cm) 0.017 0.077 
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l y  h ighe r  t han  a r e  d e s i r a b l e .  

o r  even A1F f o r  some of t h e  BeF w i l l  provide l i q u i d s  of lower v i s c o s i t y  

a t  no rea l  expense i n  l i q u i d u s  temperature .  

It i s  p o s s i b l e  t h a t  s u b s t i t u t i o n  of' ZrF4 

3 2 

Table 4. Composition and P r o p e r t i e s  of Four 

Poss ib l e  Secondary Coolants 

Compos it ion  
(mole % )  A B C D E 

NaF 4 NaF 7.7 LiF 5 IliF 23 

NaBF4 96 NaBFI+ 83.65 NaF 53 NaF 41 NaF 57 

KBFb 8.65 BeF2 42 BeF2 36 BeF2 43 

Liquidus Tem- 
p e r a t u r e  : 

O C  

O F  

Phys i ca l  Proper- 
t i e s  at 8 5 0 ~ ~  
4540c)& 

3 Density l b / f t  

Heat Capacity 
S t u .  l b - l (  O F ) - '  

380 370 318 328 340 

716 700 60 4 622 634 

130 130 138 136 139 

0 .4  0 .4  0.45 0.47 0 . 4 4  

Vi scos i ty ,  cen t i -  

Vapor P res su re  a t  
1125'F ( 6 0 7 ~ ~ ) ~ ~  mm 310' 

Thermal Conduct i v- 

p o i s e  15  (436OC) 25 50 35 55 

253' Neg 1 i g i b 1 e Neg 1.i g i b 1 e Ne g li g i b  1 e 

i t y  (watts/°C-cm) 0.008 0.0075 0 .01  0.01 0.01 

%lean temperature  of coolan t  going t o  t h e  primary hea t  exchanger. 

bHighest normal ope ra t ing  temperature  of coolan t .  

'Represents decomposition p res su re  due t o  MBF + BF + MF. 
4 3 
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The d e n s i t i e s  were c a l c u l a t e d  from t h e  molar volumes of t h e  pure com- 

ponents by assuming t h e  volumes t o  be a d d i t i v e .  The hea t  c a p a c i t i e s  were 

es t imated  by assuming t h a t  each gram atom i n  t h e  mixture  con t r ibu te s  8 

c a l o r i e s  p e r  degree cent igrade .  

age from a s e t  of s imilar  f l u o r i d e  mel t s .  

The value of 8 i s  t h e  approximate aver- 

22 

The v i s c o s i t y  of t h e  f u e l  and coolan ts  C ,  D ,  and E were es t imated  

from o the r  measured LiF-BeF and NaF-BeF2 mixtures  ; 23 '24 '25 t h e  v i s c o s i t y  

of the b lanket  sa l t  w a s  es t imated  from measurements of mixtures  which 

contained UF i n s t e a d  of ThF The v i s c o s i t y  of coolant  A could not  be 

r e l i a b l y  es t imated  because of  t h e  absence of measurements on t h i s  compo- 

s i t i o n .  However, t h e  v i s c o s i t y  of t h e  major components, NaBF4, i s  about 

1 4  cp a t  436OC. 

2 
24 

4 4 '  

26 

Tine vapor p re s su res  of t h e  f u e l ,  b l a n k e t ,  and coolan ts  C ,  D ,  and E 

a r e  considered n e g l i g i b l e ;  e x t r a p o l a t i o n  of measurements on s imi l a r  mix- 

t u r e s  y i e l d e d  p res su res  l e s s  .than 0 . 1  millime-Ler. The p a r t i a l  p re s su re  

of BF a,bove t h e  f luo robora t e  coolant  mixture  w a s  c a l c u l a t e d  from measure- 

ments on pure NaBF4 

(ir. t he  sense  of Raou l t ' s  L a w )  s o l u t i o n .  

3 
27 

by assuming t h a t  NaF, NaBF4, and KBF form an idea l  4 

The values  given a r e  un l ike ly  t o  be i n  e r r o r  t o  an ex ten t  s u f f i c i e n t  

t o  remove t h e  f l u i d  from cons idera t ion .  It  i s  c l e a r  from t h e  f a c t  tha t  

e s t i m a t e s ,  r a t h e r  than  experimental ly  determined va lues ,  a r e  used i n  t h e s e  

t a b l e s  t h a t  a program must be devoted t o  measurement of phys i ca l  proper- 

t i e s  f o r  t h e  p e r t i n e n t  m a t e r i a l s .  
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CHEMICAL COMPATIBILITY OF MSRE MATERIALS 

Success fu l  opera t ion  of t h e  MSRE r e q u i r e s  compa t ib i l i t y  of t h e  molten 

f u e l  mixture  wi th  unclad g r a p h i t e  and Has te l loy  N during yea r s  of r ap id  

c i r c u l a t i o n  of t h e  f u e l  through an apprec iab le  temperature  g r a d i e n t .  Such 

compa t ib i l i t y  must,  moreover, be assured  whi le  t h e  f i s s i o n  process  produces 

i t s  i n t e n s e  r a d i a t i o n  f i e l d  and t h e  bui ldup  of f i s s i o n  product spec ie s .  

To eva lua te  t h e s e  implied problems has r equ i r ed  a l a r g e  research  and de- 

velopment program i n  which many tes t s  have been conducted over a pe r iod  of 

s e v e r a l  years. 

Details and s p e c i f i c  f i n d i n g s  of t h e  l a r g e  program of cor ros ion  tes t -  

I n  b r i e f ,  com- 
28 

i n g  are p resen ted  as a s e p a r a t e  paper  i n  t h i s  s e r i e s .  

p a t i b i l i t y  of t h e  MSBR materials i s  assured  by choosing as melt cons t i t u -  

e n t s  only f l u o r i d e s  t h a t  are thermodynamically s t a b l e  toward t h e  moderator 

g r a p h i t e  and toward t h e  s t r u c t u r a l  me ta l ,  Has te l loy  N ,  a n i c k e l  a l l o y  con- 

t a i n i n g  about 16% Mo, 7% C r ,  and 5% Fe. 

(LiF ,  BeF2, UF4, and ThF ) are much more s t a b l e  than  t h e  s t r u c t u r a l  meta l  

f l u o r i d e s  (NiF2, FeF2, and CrF2) ; accord ingly ,  t h e  f u e l  and b l anke t  have 

a minimal tendency t o  corrode t h e  metal .  Such s e l e c t i o n ,  combined wi th  

The f u e l  and b lanket  components 

4 

proper  p u r i f i c a t i o n  procedures ,  provides  l i q u i d s  whose c o r r o s i v i t y  i s  

w i t h i n  t o l e r a b l e  l i m i t s .  The chemical p r o p e r t i e s  of t h e  materials and t h e  

na tu re  of t h e i r  s e v e r a l  i n t e r a c t i o n s ,  bo th  wi th  and without  r a d i a t i o n  and 

f i s s i o n ,  a r e  descr ibed  b r i e f l y  i n  t h e  fol lowing.  

S t a b i l i t y  of UF3 and IJF4 

Pure ,  c r y s t a l l i n e  uranium t r i f l u o r i d e  i s  s t a b l e ,  under an i n e r t  at- 

mosphere, t o  temperatures  i n  excess  of 1000°C, b u t  it d i sp ropor t iona te s  a t  
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suf f i ci. en t  l y  high temper a t  ur es  by 

Long, who s t u d i e d  t h e  

obta ined  data28 which when 

t h a t  t h e  f r e e  energ ies  (in 

4UF3 tr 

r e a c t  ion  

3UF4 + Uo. 

1 
UF4 + p2 2 UT 3 

combined wi th  o the r  accepted va lues  i n d i c a t e  

kcal /mole)  f o r  t h e  pure c r y s t a l l i n e  m a t e r i a l s  

+ HF 

= -351 + 5 2 . 8  x T°K 

can be represented  by 

uF3 
and 

* Ff A F ~  = +97.0 - 15 .6  x IOw3 T O K .  
UF3 - UF4 

However, uranium t r i f l u o r i d e  i s  apprec iab ly  less s t a b l e  i n  molten f l u o r i d e  

s o l u t i o n s  than  i n  t h e  c r y s t a l l i n e  s ta te .  Long's data f o r  t h e  r e a c t i o n  i n  

2LiF-BeF 

f i c i e n t s  of t h e  m a t e r i a l s  i n  t h i s  s o l u t i o n  

s o l u t i o n  y i e l d  t h e  fol lowing equations29 f o r  a c t i v i t y  coef- 2 

l og  yuF = -1.62 + 3.77 x TOK 
3 

and 

log yup = -0.99 + 1.31 w3 TOK. 
4 

Uranium t r i f l u o r i d e  i s  pe rmis s ib l e  i n  r e a c t o r  f u e l s  only i n s o f a r  as 

0 t h e  equi l ibr ium a c t i v i t y  of U which r e s u l t s  i s  s u f f i c i e n t l y  low t o  avoid 

r e a c t i o n  wi-th t h e  moderator g r a p h i t e  o r  apprec iab le  a l l o y  formation wi th  

t h e  Bas t e l loy  N .  U s e  of t h e  a c t i v i t y  c o e f f i c i e n t s  shown above t o  p r e d i c t  

a t  l.OOO°K (-(2'YoC) t h e  a c t i v i t y  of uranium i n  equi l ibr ium w i t h  mel t s  con- 

t a i n i n g  var ious  U+3/U+4 r a t i o s  l eads  t o  t h e  d a t a  of Table 6. I t  i s  obvi- 

ous t h a t  l a r g e  q u a n t i t i e s  of UFb must be reduced i f  apprec iab le  uranium 
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a c t i v i t i e s  are t o  be obtained.  UC would form, f o r  example, i f  68% of t h e  

UF were reduced t o  UF 

2 

3' 4 

Table 6.  Calcu la ted  Values of t h e  F rac t ion  of t h e  T o t a l  Uranium 
i n  So lu t ion  Present  i n  t h e  Tr iva l en t  S t a t e  (UF3/Total U) 

i n  Equi l ibr ium a t  1000°K wi th  Various Phases 

(Total uranium i n  s o l u t i o n  = l m o l e  %) 

Phase Uo A c t i v i t y  UF3/Total lJ( %) 

U Metal 1.0 ' 99 

uc 3 x lo-? 89 

uc2 5 10-7 

N i  a l l o y  lo-8 

N i  a l l o y  2 x 

N i  a l l o y  1 10-l5 

68 

49 

20 

1 

I n  f u e l  p rocess ing ,  hydrogen reduct ion  of t h e  f u e l  mixtures  (as  

descr ibed  i n  t h e  s e c t i o n  on Product ion Technology below) should l e a d  t o  

r educ t ion  of no more than  about 2% of  t h e  UF4. 

as 2UF4 + C r  2 CrF2 + 2UF 

n e g l i g i b l e  ex ten t  above t h i s  va lue .  Thus , under r e a c t o r  cond i t ions ,  it 

seems d e a r  t h a t  t h e  reduct ion  of  t h e  UF normally encountered. would i n t r o -  

duce no problems; only through d r a s t i c  and v i r t u a l l y  unimaginable reduc- 

t i o n  could s e r i o u s  consequences a r i s e .  

Corrosion r e a c t i o n s  such 

would i n c r e a s e  t h e  UF 
3 3 

concent ra t ion  t o  a 

4 
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3- 5 Oxidation (Corros ion)  of Has te l loy  N 

Blood3' has made a c a r e f u l  s tudy of t h e  r e a c t i o n  

where M r ep resen t s  C r y  Fe,  o r  N i ,  c ,  g ,  and d i n d i c a t e  t h a t  t h e  spec ie s  i s  

c r y s t a l l i n e  s o l i d ,  gaseous,  o r  d i sso lved  i n  molten LiF-BeF2 mixture .  

data (Table  7 )  when combined15 wi th  accepted va lues  f o r  HF, y i e l d  f r e e  

H i s  

Table '7. Experimentally Determined Equi l ibr ium Constants 
f o r  t h e  Reaction 

( g )  
2 M( + 2HF 

2 ( d )  -t '2(g) C )  
MF 

i n  LiF-BeF, Mixture Containing 62 mole % LiF 

K f o r  NiF2 N 
Temperature K f o r  CrF2 5 f o r  FeF2 

N 

1000°K 4.4 1. . 9 

800Oc 1 .3  0.80 

7 O O 0 C  7.5 10-5 0.53 

600Oc 1.2 0.13 

where K = 

N ~ ~ 2  'H 2 

5 

4 

7 x 1 0  

1 . 5  x 10 

energ ies  of formation ( a long  wi th  those  of Long f o r  UF4 and UF ) i n  

Table 8. 
3 
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a 
Table 8. Free Energies  f o r  So lu te s  i n  

Molten 2LiF-BeF2 (773-l0OO0K) 

AEf (lOOO°K) 
(kaa l /mole)  (kcal/F') 

--f 
Solu te  AG 

U4+ + 4F- 444.6 - 58.1 x iov3  'r0K 96.6 

U3+ + 3F- 336.7 - 40.5 x T°K 98.7 

N i 2 +  -t 2F- 146.9 - 36.3 x T°K 55.3 

61.5 2+ Fe + 2F- 154.7 - 21.8 x T'OK 

C r 2 +  + 2F- 171.8 - 21.4 x lom3 TOK 75.2 

a The r e fe rence  s ta te  i s  t h a t  h y p o t h e t i c a l  s o l u t i o n  
wi th  t h e  s o l u t e  a t  u n i t  mole f r a c t i o n  and wi th  t h e  
a c t i v i t y  c o e f f i c i e n t  it would have a t  i n f i n i t e  
d i  l u t  i on. 

These d a t a  r e v e a l  c l e a r l y  t h a t  chromium i s  much more r e a d i l y  oxidized 

than  i r o n  o r  n i cke l .  Accordingly,  any ox ida t ive  a t t a c k  upon Has te l loy  N 

should be expected t o  show s e l e c t i v e  a t t a c k  on t h e  chromium. Such oxida- 

t i o n  and s e l e c t i v e  a t t a c k  fol lows from r e a c t i o n s  such as t h e  fo l lowing:  

1. Impur i t i e s  i n  t h e  m e l t  

C r  + NiF2 + CrF 

C r  f 2HF -f CrF + 1-12 

2. Oxide f i lms  on t h e  metal 

+ T J i ,  or 2 

2 

N i O  + BeF2 -f NiF2 + Be0 

followed by r e a c t i o n  of NiF w i t h  Cr 

Reduction of uF4 t o  UF3 

2 

3. 

Cr + 2UF4 2 2UF + CrF2 
3 
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Reactions implied under (1) and ( 2 )  above w i l l  proceed e s s e n t i a l l y  

t o  completion a t  a l l  temperatures  w i t h i n  t h e  MSBR c i r c u i t .  Accordingly,  

such r eac t ions  can l e a d  ( i f  t h e  system i s  poorly c leaned)  t o  a no t i ceab le  

r a p i d  i n i t i a l  cor ros ion  rate. LLowever, t h e s e  r e a c t i o n s  do not  g ive  a sus- 

t a i n e d  co r ros ive  a t t a c k .  

The r e a c t i o n  of UF4 wi th  Cr, on t h e  o the r  hand, has  an equi l ibr ium 

cons tan t  wi th  a s m a l l  temperature  dependence; hence,  when t h e  s a l t  i s  

forced  t o  c i r c u l a t e  through a temperature  g r a d i e n t  , a poss ib l e  mechanism 

e x i s t s  f o r  mass t r a n s f e r  and continued a t t a c k .  

i f  n i c k e l ,  i r o n ,  and molybdenum are assumed t o  be completely i n e r t  

d i l u e n t s  f o r  chromium (as i s  approximately t r u e ) ,  and i f  t h e  c i r c u l a t i o n  

r a t e  i n  t h e  MSBR i s  very r a p i d ,  t h e  cor ros ion  process  can be simply de- 

s c r ibed .  A t  h igh  flow rates ,  uniform concent ra t ions  of UF and CrF a r e  

maintained throughout t h e  f l u i d  c i r c u i t ;  t h e s e  concent ra t ions  s a t i s f y  ( a t  

some in te rmedia te  temperature)  t h e  equi l ibr ium cons tan t  f o r  t h e  r e a c t i o n .  

Under t h e s e  s t eady- s t a t e  cond i t ions ,  t h e r e  e x i s t s  some temperature  i n t e r -  

mediate between t h e  m a x i m u m  and minimum temperatures  of t h e  c i r c u i - t ,  a t  

which t h e  i n i b i a l  su r f ace  composition of t h e  s t r u c t u r a l  meta l  i s  a t  equi- 

l i b r ium wi th  t h e  fused  sa l t .  Since t h e  equi l ibr ium cons tan t  f o r  t h e  chemi- 

c a l  r e a c t i o n  inc reases  wi th  inc reas ing  temperature  , t h e  chromium concen- 

t r a t i o n  i n  t h e  a l l o y  su r face  tends t o  decrease a t  temperatures  h ighe r  than  

T and tends  t o  inc rease  at temperatures  lower than  T. 

LiF-KF-UF4, f o r  example) AG f o r  t h e  mass t r a n s f e r  r e a c t i o n  i s  q u i t e  l a r g e ,  

and. t h e  equi l ibr ium cons tan t  changes s u f f i c i e n t l y  as a func t ion  of tem- 

p e r a t u r e  t o  cause formation of  d e n d r i t i c  chromium c r y s t a l s  i n  t h e  co ld  

zone.] For MSBR f u e l  and o the r  LiF-BeF,-UF mixtures ,  t h e  temperature  

3 2 

[ I n  some melts (NaF- 

2 4  
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dependence of t h e  mass- t ransfer  r e a c t i o n  i s  s m a l l ,  and t h e  equi l ibr ium i s  

s a t i s f i e d  a t  r e a c t o r  temperature  condi t ions  without  t h e  formation of 

c r y s t a l l i n e  chromium. 

Thus, i n  t h e  MSBR, t h e  r a t e  of  chromium removal from t h e  sa l t  stream 

by depos i t i on  a t  co ld- f lu id  reg ions  i s  c o n t r o l l e d  by t h e  ra te  a t  which 

chromium d i f f u s e s  i n t o  t h e  co ld - f lu id  w a l l ;  t h e  chromium concent ra t ion  

g r a d i e n t  tends  t o  be s m a l l ,  and t h e  r e s u l t i n g  cor ros ion  i s  w e l l  w i th in  

t o l e r a b l e  l i m i t s .  I n  t h e  h o t - f l u i d  r eg ion ,  t h e  a l loy  s u r f a c e  becomes 

deple ted  i n  chromium, and chromium from t h e  i n t e r i o r  of t h e  w a l l  d i f f u s e s  

toward t h e  su r face .  This  ra te  of d i f f u s i o n  i s  dependent on t h e  chromium 

concent ra t ion  g r a d i e n t .  S ince  d i f f u s i o n  occurs  by a vacancy process  and 

i n  t h i s  p a r t i c u l a r  s i t u a t i o n  i s  e s s e n t i a l l y  monodirect ional ,  an excess of  

vacancies  can accumulate i n  t h e  dep le t ed  reg ion .  These vacancies  p rec ip i -  

t a t e  i n  areas of d i s r e g i s t r y ,  p r i n c i p a l l y  a t  g r a i n  boundaries  and impuri- 

t i e s ,  t o  form voids .  The voids  i n  t u r n  agglomerate and grow i n  s i z e  wi th  

inc reas ing  t ime and temperature .  The r e s u l t i n g  subsur face  voids  a r e  no t  

i n t e rconnec ted  w i t h  each o t h e r  o r  wi th  t h e  su r face .  

The mechanisms descr ibed  above l e a d  t o  such observa t ions  as (a) t h e  

complete independence of cor ros ion  r a t e  from flow r a t e  f o r  a g iven  system 

and ( b )  t h e  inc rease  i n  cor ros ion  w i t h  i nc rease  i n  temperature  drop as we l l  

as wi th  i n c r e a s e  i n  mean temperature  wi th in  a system. 

The r e s u l t s  of numerous long-term tes ts  have shown tha t  Has te l loy  N 

has e x c e l l e n t  cor ros ion  r e s i s t a n c e  t o  molten f l u o r i d e  mixtures  a t  tempera- 

t u r e s  w e l l  above those  a n t i c i p a t e d  i n  MSBR. The a t t a c k  from mixtures  

s i m i l a r  t o  t h e  MSBR f u e l  a t  temperatures  as h igh  as 1300'F i s  b a r e l y  ob- 

se rvab le  i n  t e s t s  of as long as 12,000 h r .  A f i g u r e  of 0.5 m i l / y r  might 
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Even less corrosion occurs i n  t h e  b lanket  where t h e  UF4 31 be expected. 

concent ra t ion  i s  very l o w .  Fu r the r ,  t h e  mechanical p r o p e r t i e s  of 

Hastell.oy N a r e  v i r t u a l l y  unaf fec ted  by long-time exposure t o  t h e  molten 

f l u o r i d e  f u e l  and b lanket  mixtures .  Corrosion of t h e  conta iner  iiietal by 

the  r e a c t o r  f u e l  and b l anke t  does not seem t o  be an impor-tant probl-em i n  

t h e  MSBR. 

'This encouraging s t  at  us for met al-s a l t  compa t ib i l i t y  c e r t a i n l y  app l i e s  

to t h e  coolant  mixture  i f  a reasonable  NaF-BeF o r  NaF-LiF-BeF mixture  i s  

chosen. 

compatible wi th  INOX-8, but  no d e t a i l e d  experimental  proof of t h i s  i s  

2 2 

It i s  l i k e l y  t h a t  t h e  NaF-NaBF4 coolant  mixture  w i l l  a l s o  prove 

ava i l ab le .  The f r e e  energy change for t h e  chemical r e a c t i o n  

The r e a c t i o n  i s  , t h e r e f o r e  q u i t e  u n l i k e l y  i s  about +30 k c a l  a t  8 0 0 ~ ~ .  

t o  occur ,  and s i m i l a r  r eac t ions  wi th  F e y  Mo, and N i  a r e  much l e s s  so. I n  

a d d i t i o n ,  t'ne above r e a c t i o n  becomes even 3.ess l i k e l y  (perhaps by 1 0  k c a l  

or s o )  when one cons iders  t he  ene rge t i c s  of formation of t h e  compound 

NaBF 

32 

and d i l u t i o n  of  t h e  NaBF4 by NaF. Bowever, t h e  fol-lowing r e a c t i o n  
IC 

+ (x + 

i s  almost c e r t a i n l y  t h e  one t o  be expected. Thermochemical d a t a  f o r  t h e  

bor ides  of C r y  N i ,  Mo, and Fe do not seem t o  have been e s t a b l i s h e d .  Very 

s t a b l e  bor ides  such as T i B  and Z r B  show f r e e  energ ies  of  formation of  

-6.r and -68 kcal/mole (or about -34 kca l /boroa  atom) a t  800'K. 33 

bor ides  of Mg (MgB and MgB ) show f r e e  energ ies  of formation of l e s s  than  

2 2 

The 

2 4 
-10 kcal. p e r  boron atom." 

en t s  are very s t a b l e ,  it would appear t h a t  t he  a l l o y  w i l l .  prove r e s i s t a n t  

Unless t h e  bor ides  of t h e  Has te l loy  N cons t i t u -  



45 

t o  t h i s  coolan t .  However, such compa t ib i l i t y  must be demonstrated by ex- 

per iments .  

Compatibi l i ty  of Graphi te  wi th  F luor ides  

Graphi te  does not  r e a c t  chemically wi th  molten f l u o r i d e  mixtures  of  

6 
t h e  type  t o  be used i n  t h e  MSRH. 

t h a t  t h e  most l i k e l y  r e a c t i o n :  

Avai lab le  thermodynamic d a t a  suggest  

4UF4 + C 3 CF4 + 4UF3 

-8 
should come t o  equi l ibr ium a t  CF p res su res  below 10 a t m .  CF concen- 

t r a t i o n s  over g r a p h i t e - s a l t  systems maintained f o r  long per iods  at  e l eva t -  

ed temperatures  have been shown 

( >  1 ppm) of t h i s  compound by mass spectrometry.  Moreover, g r a p h i t e  has 

been used as a con ta ine r  material  f o r  many NaF-ZrF4-UF4, biF-BeF2-UF4, and 

o t h e r  sa l t  mixtures  wi th  no evidence of chemical i n s t a b i l i t y .  

4 4 

34 
t o  be  below t h e  l i m i t  o f  d e t e c t i o n  

The MSBR w i l l  conta in  perhaps 20 tons  of g raph i t e .  Seve ra l  p o t e n t i a l  

problems i n  add i t ion  t o  t h a t  of  cliemical s t a b i l i t y  have been considered. 

These inc lude  (1) hazardous inc rease  i n  uranium content  of core  through 

permeations of t h e  g r a p h i t e  by f u e l ,  ( 2 )  r e a c t i o n  of f u e l  m a t e r i a l  wi th  

oxygenated gaseous spec ie s  desorbed from t h e  g r a p h i t e  , and ( 3 )  carbur iza-  

t i o n  of t h e  Has te l loy  N s t r u c t u r e  by carbon d i s so lved ,  suspended, o r  o ther -  

wise c a r r i e d  i n  t h e  c i r c u l a t i n g  s a l t .  These p o s s i b i l i t i e s  have been 

s t u d i e d  experimental ly  and found t o  be inconsequen t i a l  o r  t o  have p r a c t i c -  

ab le  s o l u t i o n s .  435 

Graphi te  i s  not wet ted  by MSR f u e l  mixtures  ( o r  by o the r  s i m i l a r  mix- 

t u r e s )  at  e l eva ted  temperatures .  The e x t e n t  t o  which g r a p h i t e  i s  permeat- 

ed by t h e  f u e l  i s ,  accord ingly ,  def ined  by well-known r e l a t i o n s h i p s  among 
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app l i ed  p res su re ,  su r f ace  t ens ion  of t h e  nonwetting l i q u i d  (about  130 

dynes/cm), and t h e  pore  s i z e  spectrum of t h e  g r a p h i t e  specimen. 

s i n c e  t h e  void volume of t h e  g r a p h i t e  may be about 16% of t h e  core  f u e l  

volunie, d e t a i l e d  t e s t i n g  of permeation behavior  has been necessary.  Typi- 

c a l  t e s t s 3 5  wi th  MSRE g r a p h i t e  have exposed evacuated specimens t o  MSHE 

f u e l  mixtures  a t  1300°F; appl ied  pressures  were set  a t  150 l b ,  a va lue  of 

t h r e e  times t h e  r e a c t o r  design p res su re .  The observed permeation d id  not 

change with t ime a f t e r  a few hours.  I n  t h e s e  t e s t s  0.18% of t h e  g r a p h i t e  

bulk volume w a s  permeated by t h e  s a l t ;  such permeation i s  w e l l  wi th in  t h a t  

considered t o l e r a b l e  during MSRE opera t ion .  Specimens permeated t o  t h i s  

ex ten t  have been given 100 cyc les  between 390 and 1300’F without  de t ec t -  

ab le  change i n  p r o p e r t i e s  o r  appearance. 

Xowever, 

A cons iderable  body of information about t h e  s t a b i l i t y  and compati- 

b i l i t y  of MSRR materials under i r r a d i a t i o n  from f i - ss ioning  f u e l  has been 

obtained.  These s t u d i e s  were motivated by t h e  concern t h a t  neut rons ,  b e t a  

and gamma r a y s ,  and f i s s i o n  fragments might cause r a d i a t i o n  damage t o  f u e l ,  

me ta l ,  and g r a p h i t e  s t r u c t u r a l  components. F i s s ion  fragments,  which should 

produce l o c a l i z e d  regions of dense i o n i z a t i o n  and r a d i o l y s i s  i n  t h e  molten 

salt , might a f f e c t  f u e l  s t a b i l i t y  and cor ros ion  behavior .  

Ear ly  In-Pi le  Tes ts  on NaF-ZrFL-UFl, Fuels  

The e a r l i e s t  s t u d i e s  of r a d i a t i o n  e f f e c t s  on molten f l u o r i d e  systems 

were done i n  t h e  molten-sal t  ANP program. 

mixtures  and Inconel  con ta ine r s .  Such i r r a d i a t i o n s ,  wi th  mel t s  and meta l  

chemically s i m i l - a r  t o  t hose  proposed f o r  t h e  MSBR, were performed over a 

These tes-ts used NaF-ZrF4-UF4 
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wider  range of power d e n s i t y  and temperature  than  were used i n  more r ecen t  

i r r a d i a t i o n  work i n  support  of t h e  MSRE. More than  100 s t a t i c  capsule  

t e s t s  were c a r r i e d  out  i n  thermal  neutron f l u x e s  from 1011 t o  10 

em s e c  , with  f i s s i o n  power d e n s i t i e s  from 80 t o  8000 w/c,  at tempera- 

t u r e s  from 1500 t o  1600O~,  and f o r  i r r a d i a t i o n  t imes from 300 t o  800 h r .  

Chemical, p h y s i c a l ,  and meta l lographic  t es t s  i n d i c a t e d  no major changes i n  

t h e  f u e l  o r  t h e  Incone l  which could be a t t r i b u t e d  t o  t h e  i r r a d i a t i o n  

condi t ions .  Corrosion of Inconel  w a s  comparable t o  t h a t  found i n  uni r -  

r a d i a t e d  c o n t r o l s .  Three types  of Incone l  fo rced -c i r cu la t ion  i n - p i l e  

loops were opera ted  wi th  NaF-ZrF4-UF 

400 t o  800 w/cc,  maximum temperatures  of 1500 t o  1600°C, and f o r  235 t o  

1175 h r  at f u l l  power; co r ros ive  a t t a c k  on t h e  Inconel  w a s  no g r e a t e r  than  

1 4  
neutrons 

-2 -1 

m e l t s  at f i s s i o n  power d e n s i t i e s  of 4 

i n  corresponding out-of-pi le  t e s t s  

Early Tests on LiF-BeF2-UF4 Fuels  

The f i r s t  i r r a d i a t i o n  t e s t  on 

( w a l l  pene t r a t ions  l e s s  t han  3 m i l s ) .  

an LiF-BeF based fuel w a s  a graphi te -  4 
f u e l  compa t ib i l i t y  t e s t  i n  t h e  MTIi. Two Inconel  capsules  conta in ing  

g r a p h i t e  l i n e r s  f i l l e d  wi th  LiF-BeF -UF4 (62-37-1 mole % )  were i r rad ia ted  

at 1250'F f o r  1610 and 1492 h r ,  and a t  average power d e n s i t i e s  of 954 and 

920 w/cc,  r e s p e c t i v e l y .  The exposure r e s u l t e d  i n  no apparent damage t o  

t h e  g r a p h i t e ,  and n e g l i g i b l e  cor ros ion  t o  t h e  Inconel  which w a s  exposed 

t o  t h e  s a l t  through s m a l l  ho les  i n  t h e  g r a p h i t e  l i n e r .  

2 

I n  t h e  next  t e s t ,  two s m a l l  Has te l loy  N capsules  were f i l l e d  wi th  t h e  

same LiF-BeF -UF mixture  and i r r a d i a t e d  f o r  5275 h r  i n  a flux of 1 to 

2 x 10 neutrons cm s e e  a t  an i n i t i a l  power d e n s i t y  of 1 l ' l O  w/cc and 

a temperature  of 1250'F t o  an es t imated  75% burnup. 

2 4  
1 4  -2 -1 

The f a i l u r e  of one 



capsule  a t  t h i s  t i m e  forced  t e rmina t ion  of t h e  experiment.  The r e s u l t s  of 

l a t e r  t e s t s  suggest t h a t  f u e l  r a d i o l y s i s  a t  ambient r e a c t o r  temperature  

during shutdowns may have con t r ibu ted  important1.y t o  t h e  capsule  f a i l u r e .  

Two fo rced -c i r cu la t ion  Has te l loy  N loops conta in ing  t h e  above Lip- 

R e F  -UF mixture were a l s o  i n s t a l l e d  and opera ted  i n  t h e  MTR. These were 

designed t o  opera te  a t  1300'F maximum tempera ture ,  190 w/cc power d e n s i t y ,  

and a l i n e a r  flow ve loc i ty-  of' 2 . 5  f t / s e c .  

f i r s t  t e s t  a f t e r  860 h r  and t h e  second a f t e r  1000 h r .  

amination of t h e  meta l  from t h e  f i r s t  loop revea led  a moderately eroded 

reg ion  (approximately 2 m i l s  deep) i n  one of t h e  sharp  bends i n  t h e  high- 

f l u x  region.  Metal  specimens from t h e  second loop showed a n e g l i g i b l e  

degree of co r ros ive  a t t a c k .  Since l a t e r  i n -p i l e  t e s t s  confirmed t h e  good 

cor ros ion  r e s i s t a n c e  of Has te l loy  N ,  it i s  suspected t h a t  t h e  f i r s t  loop  

w a s  f a b r i c a t e d  fro111 substandard a l l o y .  

Tes t ing  of MSXE Fuels 

2 4  

Pimp f a i l u r e  te rmina ted  t h e  

Metal lographic  ex- 

The ORNL-MTR-47- s e r i e s  of capsule  i r r a d i a t i o n  experiments was design- 

ed t o  t e s t  t h e  s t a b i l i t y  and compa t ib i l i t y  of a c t u a l  MSRE materials (graph- 

i t e ,  Has te l loy  N ,  and f u e l  s a l t )  under condi t ions  approximately t h o s e  of 

t h e  MSRE, wi th  emphasis on t h e  i n t e r f a c i a l  behavior  of molten sal t  and 

g r a p h i t e .  The capsules  were r e l a t i v e l y  l a r g e  t o  provide adequate spec i -  

mens of g r a p h i t e ,  f u e l ,  and Has te l loy  N for thorough p o s t i r r a d i a t i o n  exami- 

na t ion .  

In t h e  47-3 t e s t ,  four  Has te l loy  N capsul.es ( s e e  F ig .  1 2 )  conta in ing  

LiF-ThF4-ZrF4, 23.2- g r a p h i t e  boa t s  ho ld ing  a pool  of f u e l  sa l t  (BeF -UF 

1.4-69.0-1.2-5.2 mole % )  were i r r a d i a t e d  f o r  1594 h r  a t  maximum tempera- 

t u r e s  of 800Oc and maximum powe:r d e n s i t i e s  of 200 w/cc to a burnup of about 

2 4- 
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10%. Each capsule  a l so  contained specimens of 1Ia.stelloy N ,  molybdenum, 

and a p y r o l y t i c  g raph i t e  a t t ached  to a g r a p h i t e  b lade  dipping i n t o  t h e  

shallow pool  of f u e l .  Two o f  t h e  g r a p h i t e  boa ts  were i n i t i a l l y  impregnated 

with t h e  f u e l  t o  provride a more ex-treme t e s t  of g raph i t e - fue l  compa t ib i l i t y  

at  high temperature .  When t h e  capsul-es were dismantled,  t h e  f rozen  fuel. 

exh ib i t ed  nonwetting contact  angles  wi th  t h e  g r a p h i t e  b o a t s ,  t h e  g raph i t e  

b lades  and t h e  p y r o l y t i c  g r a p h i t e  specimens. The g raph i t e  s t r u c t u r e  ap- 

peared undamaged visual.ly and me ta l log raph ica l ly .  However t h e r e  were 

d e f i n i t e  observati-ons t h a t  f u e l  r a d i o l y s i s  had taken p l ace  (gene ra t ion  of 

F2 and CF]+). Because of t h e s e  o b s e m a t i o n s ,  subsequent t e s t s  s tud ied  t h e  

r a d i o l y t i c  i n s t a b i l i t y  of t h e  f u e l  i n  d e t a i l :  it w a s  found Lhat only when 

__ t h e  ..... _-.-__-_ i r r a d i a t e d  f u e l  w a s  allowed t o  f r e e z e  and cool  below 100°C d i d  radio-  

l y t i c  decomposition t ake  p l ace .  

The 47-14 i r r a d i a t i o n  assembly comprised of fou r  l a r g e  Has te l loy  N c a p -  

s u l e s  ( s e e  Fig.  13), each conta in ing  a 0.5-j.n.-diam g raph i t e  specimen sur- 

rounded by a Q.2-in. annulus of f u e l ,  and two s m a l l  Has te l loy  N capsules  

conta in ing  a 0.5-in.--OD g r a p h i t e  cup n e a r l y  f i l l e d  wi th  f u e l .  The l a r g e  

capsules  contained about 25 g of f u e l  ( BeF -UFq-LiF-'ThF ZrFl,, 22.6-0.7- 

71.0-1.0-4.7 mole % ) .  One of t h e  smal.l.er capsules  contained 10 g of t h e  

same :Cuel; t h e  o the r  10 g of a s i m i l a r  f u e l  of highey UF4 concent ra t ion  

(1.)-1 mole % ) .  

t o  800Oc ( 9OO0C f o r  t h e  s m a l l  1.4 mole % UFj~, capsule)  

d e n s i t i e s  from 40 -Lo 260 w/cc, and t o  burnups from 5 t o  10%. 'There w a s  a- 

ga in  evidence t h a t  f u e l  rad j  o1.ysis occurred at low temperatures  during 

r e a c t o r  shutdown; however, meta l lographic  examination of t h e  Has te l loy  N 

capsule  walls showed no d i s c e r n i b l e  co r ros ion ,  and t h e  g raph i t e  appeared 

2 4- 

The capsules  were i r r a d i a t e d  f o r  1553 h r  a t  temperatures  up 

a t  average power 
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undamaged e x c q t  f o r  t h e  vapor-exposed reg ion  of t h e  s m a l l  h igh  power 

dens i ty  capsule .  

To i n v e s t i g a t e  t h e  fuel r a d i o l y s i s  f u r t h e r ,  two capsu1.e~ i n  t h e  47-5 

assembly, of design s imi l a r  t o  t h e  I-ai-ge 4'1-4 capsu le s ,  were equi-pped wi th  

gas l i n e s  which permi t ted  measiirement of p re s su re  wi th in  t h e  capsule  and 

withdrawal of cover gas  samples while  t h e  i r r a d i a t i o n  w a s  proceeding. Two 

k r g e  s e a l e d  capsules  wi th  widely d i f f e r e n t  a r eas  of g raph i t e  and m e t a l  ex- 

posed t o  t h e  f u e l  , and two small- capsules  con-taining fuel-impregnated 

g raph i t e  rods suspended i n  helium completed t h e  assembly. Four of  t h e  

capsules  coiitained s a l t  having t h e  composition LiF-BeF -ZrF UP with mole 

r a t i o s  of 67.36-2'(.'[3-h.26-0.66. S a l t  wi.th lower ura.ni1.m concent ra t ion  

( LiF-BeP -%rF1,-UF4 , 67.li)-27.96-h.51-n, 34) WRS used i n  olie of t h e  gas- 

s-wept capsules and i n  the low-flux , impregnated-rod capsu1.e. The 4'-(-5 

capsules  were i r r a d i a t e d  f o r  4-1./2 months a t  average f luxes  between 

-2 -1 
2 x 1.01-3 and 3 x d3 neutrons cm sec  

Gas samples were t a k e n  from t h e  pu-rged capsules  under a v a r i e t y  of opera-t- 

i ng  cond i t ions ,  wi.th f u e l  temperatures  varying from 190 t o  1500°F and power 

d e n s i t i e s  from 3 t o  80 w/cc. Tluring r e a c t o r  shuidowns, when t h e  assembly 

cooled t o  about 35OC, p re s su re  r i s e s  were observed i n  t h e  capsules  equi~p- 

ped wiLh gas l i n e s ,  and gas samples i n d i c a t e d  t h e  presence of f l u o r i n e .  

With t h e  r e a c t o r  opera t ing  and t h e  fuel.  mol.ten, t h e  i s o l a t e d  capsules  

showed no f l u o r i n e .  

t r a c e s  of CF4 (approximately 5 ppm) were found; t h e s e  were probably due t o  

incomplete f lu sh ing  of the system s i n c e  Lhe las t  r e a c t o r  shutdown. Tn any 

case ,  t h e  observed. minute r a t e s  of CF4 genera t ion  represented  n e g l i g i b l e  

reduct ion  of U F  t o  UF and, a,ccordingly , an inconsequent ia l  p r a c t t c a l  

2 4- 4 

2 

t o  bumups be-tween 7 and 15%. 

In a few of t h e  60 gas samples,  b a r e l y  f ie teetable  

4 3 
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problem. I n  la ter  h o t - c e l l  s t u d i e s  of f rozen  i r r a d i a t e d  f u e l ,  it w a s  es-  

t a b l i s h e d  t h a t  t h e  gas evolved w a s  pure  f l u o r i n e  and t h a t  t h e  G value  at  

3 5 O C  was 0.02 mol.ecules of f l u o r i n e  p e r  100 ev of f i s s i o n  product decay 

energy absorbed. T'ne ra te  of :cadiolysis was g r e a t e s t  i n  t h e  temperature  

range of 35 t o  f J O ° C ;  i.t dropped t o  low sTalues a t  -7O'C and t o  zero  ak tem- 

p e r a t u r e s  above 80°C. 

'Yrhe 47-6 t e s t  was designetl t o  a l l a y  any l i n g e r i n g  doubts t h a t  f u e l  

radiolysis and i t s  cmsequences could be e7.iin.inizted by ma.%:nta,ining t h e  

f u e l  inol.ten even during r e a c t o r  shutdown e F o u ~  cyl i i idr ical .  a Rasl;ell.oy N 

capsules  were used (1 i n .  OD x 2.615 in- l o n g ) .  I ieaters  were provided for 

a l l  capsules ,  and t h e s e  turned. on autiornatically when t h e  f u e l  temperature  

approached - the l i q u i d u s  tempera ture ,  maintaining t h e  f u e l  s a l t  i n  a molten 

condi t ion  even wileti the reactor was shut down. The capsules contained 

cyli~ldri[:iiL g r a p h i t e  cores which were 0-5 i n .  i n  diameter and 1-35 i n .  

long;  the cores  were surroimded. by 0.2 i n .  of f u e l  sa l t  and p i e rced  'oy a 

c e n t r a l  Hastelloy N thermocouple we l l .  '_Two of  t h e  capsules  ( s e e  Fig.  1.1-c) 

were equipped with gas l i n e s  and d i f f e r e d  from each o t h e r  o n l y  i n  that 11.a1.f 

t h e  g r a p h i t e  area i n  one was rep laced  by a Ras te l loy  N extens ion  of t h e  

theriaowell. These capsules  were charged w i - L l i  an LiF-BeE' -ZrFl1-TJF fuel 

sirni.3.a.r t o  t h a t  in .the 47-5 t es t  but con-taining 0.9 mole $ UFq.  

s e a l e d  capsules  conta.i.ned f u l l - s i  ze graphi- te  cores  arid similar fuels  wi th  

0 . 5  mole % and !+.O mole % I F q .  

2 4 
The two 

T h e  4'1-6 assembly was i r r a d i a t e d  i n  the MTK f o r  15317 inr t o  burnups 

from. I.% ( i n  sa l t  contz.ining 0.5% TJV4) t o  5y ( s a l t  wi th  4 .O% UFl,). 

s m p l e s  were taken  a t  s teady  ope ra t ion  wi th  t h e  purged capsul-es a t  tempera- 

t u r e s  from 850 t o  1 3 0 0 O E '  pad at power d e n s i t i e s  from 20 w/cc t o  75 w / c c .  

Gas 
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The gas ana lyses  de t ec t ed  no CF4 or o t h e r  f luor ine-conta in ing  gases  i n  any 

of t h e  36 gas  samples. 

r a d i a t i o n  w a s  r a d i o l y t i c a l l y  decomposed a t  a r a t e  which decreased w i t h  t e m -  

p e r a t u r e  and seldom exceeded 4%/hr .  

CF4 d e l i b e r a t e l y  added t o  t h e  capsules  during ir- 

P a r t i c u l a r  c a r e  w a s  given t o  t h e  p o s t i r r a d i a t i o n  examination of  t h e  

g r a p h i t e  specimens. No uranium depos i t s  were found by chemical a n a l y s i s  , 

by delayed neutron count ing of neutron a c t i v a t e d  specimens, or by x-radio- 

graphy of t h i n  s e c t i o n s .  It i s  t h e r e f o r e  c l e a r  t h a t  uranium depos i t ion  on 

g r a p h i t e  i s  a s s o c i a t e d  only wi th  f u e l  r a d i o l y s i s  at low tempera tures ,  and 

t h a t  t h e  r e a c t i o n  does not  t ake  p l a c e  between g r a p h i t e  and molten f i s s i o n -  

i n g  f u e l .  I n  a d d i t i o n ,  v i s u a l ,  meta l lographic ,  and x-ray d i f f r a c t i o n  ex- 

aminations of t h e  47-6 g r a p h i t e  specimens f a i l e d  t o  r e v e a l  any d i f f e rences  

between t h e  i r r a d i a t e d  g r a p h i t e  and u n i r r a d i a t e d  c o n t r o l s .  Also , t h e  

Has te l loy  N capsule  w a l l  specimens from run 47-6 appeared unaf fec ted  by 

t h e  exposure based on v i s u a l  and low-power magni f ica t ion  examination. 

Metal lographic  examination of unetched specimens revea led  no change i n  

w a l l  t h i ckness  ( less  t h a n  1 m i l  change) .  

Conclusions from In-Pi le  Tes t ing  of  Molten S a l t s  

I n  summary, t h e  47- series of i r r a d i a t i o n  s t u d i e s  has  been gene ra l ly  

r eas su r ing  as t o  t h e  r a d i a t i o n  s t a b i l i t y  and compa t ib i l i t y  of Has te l loy  N ,  

g r a p h i t e ,  and f u e l s  based on l i t h i u m  and bery l l ium f l u o r i d e s .  The cor- 

r o s i o n  t h a t  i s  known t o  occur ,  i . e . ,  t h a t  due t o  m a s s  t r a n s f e r ,  does not  

seem t o  be  in f luenced  by power dens i ty .  It has  been shown t h a t  t h e  p r in -  

c i p a l  d i s t u r b i n g  e f f e c t s  a r e  consequences of low-temperature f u e l  rad io ly-  

s i s  which i s  e a s i l y  suppressed by maintaining t h e  i r r a d i a t e d  f u e l  at a 

temperature  above ( c o n s e r v a t i v e l y )  20OoC. On t h e  basis  of t h e  47- series 
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t e s t s ,  t h e  l i m i t s  of - t h i s  reassurance i n  regard  t o  r a d i e t i o n  e f f e c t s  on 

MSBR materials ex-tend t o  temperatures  of about 1400°F and power denr i'i i e s 

of about, 100 w/cc.  

The two previous loop t e s t s  on similar LiF-BeF f u e l s ,  descr ibed  a- 2 

bove, ex'iend t h e  1-imits of assurance t o  power d e n s i t i e s  of 200 w/cc at  

1300°F wi th  regard t o  cor ros ion  of Has te l loy  N i n  t h e  absence of g raph i t e .  

There has been no i n d i c a t i o n  of  t h e  '17- s e r i e s  experiments t h a t  g r a p h i t e  

in t roduces  problems i n  a d d i t i o n  t o  t h e  expected one of Has te l loy  N carburi- 

za t ion  (when t h e  two a r e  i n  c l o s e  c o n t a c t ) .  

The previous  capsule  tes ts  wi th  LiF-BeF -UF4 f u e l s ,  c a r r i e d  out wi th  
2 

no p rov i s ions  t o  circumvent t h e  low-temperature f u e l  r a d i o l y s i s  e f f e c t ,  

suggested t h a t  sa l t  power d e n s i t i e s  of a t  l eas t  1 kw/cc may be pe rmis s ib l e .  

Also,  t h e  numerous t e s t s  wi th  NaF-ZrF UF f u e l s  i n  Inconel  a t  temperatures  

up t o  1 6 0 0 ' ~  and power d e n s i t i e s  up t o  many k i lowa t t s  pe r  cub-i.c cen t imeter  

exh ib i t ed  t o l e r a b l e  compa t ib i l i t y  c h a r a c t e r i s t i c s .  With respect.,to rad ia-  

t i o n  e f f e c t s ,  there i s  no obvious chemical reason t o  suppose t h a t  a gross-  

l y  d i € f e r e n t  sa1.t behavior  would be observed usi-ng MSBR materials. 

4- 4 
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BEHAVIOR OF FISSION PRODUCTS I N  MOLTEN SALTS3-5 

F i s s i o n  products  w i l l  be  produced i n  a 2225-Mw(th) MC oBR at  a r a t e  of 

about 2 .3  kg/day. 

about 700 f t 3  and t h e  f i s s i l e  inventory  about 700 kg; wi th  t h e s e  values  

t h e  f i s s i o n  product  concent ra t ion  af ter  50 days accumulation would be about 

15% of t h e  f i s s i l e  concent ra t ion .  Thus, it i s  c l e a r  t h a t  f i s s i o n  product 

concent ra t ions  can be  s i g n i f i c a n t  even w i t h  h igh  process ing  rates , and 

t h a t  f i s s i o n  product  behavior  needs t o  be considered i n  spec i fy ing  r e a c t o r  

ope ra t ing  condi t ions .  

I n  t h e  r e fe rence  MSBR des ign ,  t h e  f u e l  salt  volume i s  

Phys ica l  Chemistry of F i s s i o n  Products  

F i s s i o n  and i t s  immediate a f te rmath  must be  a v i o l e n t  p rocess ;  t h e  

very e n e r g e t i c  major fragments are probably d e f i c i e n t  i n  e l e c t r o n s  a t  t h e i r  

o r i g i n ,  and, as they  l o s e  energy by c o l l i s i o n s ,  t hey  undoubtedly produce 

a d d i t i o n a l  i o n i z a t i o n  w i t h i n  t h e  medium. It seems c e r t a i n ,  however, t h a t  

e l e c t r i c a l  charge i s  conserved i n  t h i s  p rocess ;  e l e c t r o n s  and pro tons  a r e  

n e i t h e r  c r e a t e d  nor  destroyed by t h e  f i s s i o n  event .  It fo l lows ,  t h e r e f o r e ,  

t h a t  when f i s s i o n  of U F  

t h e t i c a l )  completely i n e r t  con ta ine r ]  t h e  rL pact  i on 

occurs  i n  an i n e r t  environment [ a s  i n  a (hypo- 4 

UFh + n fr  2FP + 2+n + 43’- 

must,  i n  a s t a t i s t i c a l  sense ,  s a t i s f y  t he  condi t ions  t h a t  (1) t h e  sa l t  be 

e l e c t r i c a l l y  n e u t r a l ,  and ( 2 )  redox equi l ibr ium be e s t a b l i s h e d  among t h e  

numerous i o n i c  spec ie s .  I n  an i n e r t  con ta ine r  such cation-anion equiva- 

lence  (and redox equi l ibr ium)  might be s a t i s f i e d  wi th  uranium valence 

s t a t e s  above 4 and w i t h  p o s i t i v e  i o n  formation by N b ,  Mo, Te, o r  Ru. The 

MSBR con ta ine r  metal (Has te l loy  N) i s  not  completely i n e r t  and t h e  f u e l  

+ 



contai-ns a s m a l l  concent ra t ion  of TJF s o  a d d i t i o n a l  p o s s i b i l i t i e s  e x i s t  
3’ 

for t h i s  system. Should t h e  f i s s i o n  product ca t ions  prove inadequate f o r  

t h e  f l -uor ide  ions  p lus  t h e  f i s s i o n  product anions (no tab ly  I - ) ,  o r  should 

they  prove adequate only by assuming element valence s t a t e s  t o o  high t o  be 

thermodynamically compatible wi th  Has te l loy  N ,  t h e  conta iner  meta l  would 

be cons t ra ined  -to supply t h e  c a t i o n  def ic iency .  

Thermochemical data from which t h e  s t a b i l i t y  of f i s s i o n  product 

f l u o r i d e s  i n  complex d i l u t e  s o l u t i o n s  can be p red ic t ed  a r e  lack ing  j.n many 

cases .  Such information which appears d e f i n i t e  i s  b r i e f l y  descr ibed  i n  

t h e  fol lowing s e c t i o n s .  

Rare Gases 

The f i s s i o n  products  krypton and xenon a r e  v o l a t i l i z e d  from high-tem- 

p e r a t u r e  m e l t s  as elements.  34’37 

t e n  f l u o r i d e  mixtures  38’39 ’40 obey Henry’s l av ,  inc rease  wi th  inc reas ing  

temperature ,  decrease wi th  inc reas ing  atomic weight of t h e  g a s ,  and vary 

somewhat wi th  composition of t h e  so lven t .  Henry‘s law cons tan ts  and hea t s  

of s o l u t i o n  for t h e  r a r e  gases  i n  LiF-BeF mixtures  a r e  shown i n  Table 9.  

The p o s i t i v e  heat of s o l u t i o n  ensures  t h a t  b lanket ing  o r  sparging of t h e  

€uel wi th  bel-ium or argon i n  a low-temperature region of t h e  r e a c t o r  can- 

not l e a d  t o  d i f - f i cu l ty  due t o  decreased s o l u b i l i t y  and bubble formation i n  

h ighe r  temperature  regions of t h e  system. 

t r o u b l e  from such source i n  MSRE where t h e  He i s  appI.ied i n  t h e  pump bowl 

a t  t h e  h ighes t  temperature i n  t h e  c i r c u i t . ]  

The s o l u b i l i t i e s  of t h e s e  gases  i n  mol- 

2 

[There i s  no evidence of 

The very low s o l u b i l i t i e s  of t h e s e  gases  suggest  t h a t  they  should be 

r e a d i l y  removed from r e a c t o r  systems. Only a s m a l l  f r a c t i o n  of t h e  calcu- 

lated xenon poisoning w a s  observed during opera t ion  of t h e  A i r c r a f t  Reactor 
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Experiment41 where t h e  only mechanism for xenon removal w a s  t h e  helium 

purge of t h e  pump bowl. 

Table 9 .  S o l u b i l i t i e s  and Heats of So lu t ion  for 
Noble Gases i n  Molten LiF-BeF Mixtures a t  600Oc 

2 

LiF-BeF2 (64-36 mole % )  

Heat of 
So lu t ion  

8" (kcal /mole)  G a s  K x 10 

Helium 11.55  - + 0 . 4  5.2 

Neon 4.63 2 0 .2  5.9 

Argon 0.98 - + 0.02  8.6 

Xenon 0.233 - + 0.01 12.1 

aK = moles g a s / (  a n 3  s o l v e n t )  ( atmosphere).  

A somewhat more ambitious scheme f o r  i n su r ing  a low poison f r a c t i o n  

f o r  xenon (and krypton)  i so topes  i s  t o  remove t h e  halogen p recu r so r s  i od ine  

and bromine on a t i m e  cyc le  s h o r t  compared t o  t h e i r  ha l f t imes  f o r  decay in-  

t o  t h e  noble  gases .  

renoval  of i t s  iod ine  p recu r so r  would be most important ;  i t s  decay h a l f -  

time i s  such t h a t  i t s  res idence  t i m e  i n  t h e  r e a c t o r  should be kept a t  1 

hour o r  less. I n  p r i n c i p l e  I- (and B r - )  can be removed by t h e  r e a c t i o n  

S ince  135Xe i s  by f a r  t h e  worst  poison of t h i s  c l a s s ,  

where d and g i n d i c a t e  t h a t  t h e  spec ie s  i s  d i s so lved  i n  t h e  melt  o r  e x i s t s  

i n  t h e  gaseous s ta te .  Molten f l u o r i d e s  s i m i l a r  t o  MSBR f u e l  and sp iked  

wi th  I- have been shown t o  y i e l d  t h e  contained iod ine  r e a d i l y  on con tac t  

wi th  gaseous HF. 42 These small-scale  (and  p re l imina ry )  s t u d i e s  suggest 
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t h a t  t h e  removal s t e p  i s  chemically f e a s i b l e .  

Elements i n  Pe r iod ic  Groups I - A ,  1 1 - A ,  1 1 - B ,  and IB-B 

Rubidium, cesium, s t ront ium,  barium, zirconium, y t t r i u m ,  and t h e  

lan thanides  form very s t a b l e  f l u o r i d e s .  These f i s s i o n  products  should,  ac- 

cord ingly ,  e x i s t  i n  t h e  molten f u e l  i n  t h e i r  o rd inary  valence s t a t e s .  A 

v a r i e t y  of s t u d i e s  of many types  shows t h a t  l a r g e  amounts of ZrF4, t h e  

a lka l i  f l u o r i d e s ,  and. 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  can be d isso lved  i n  MSBR 

f u e l  mixtures  a t  opera t ing  temperatures .  S ince  t h e  t r i f l u o r i d e s  are less  

s o l u b l e ,  t h e  s o l u b i l i t y  behavior  of t h e  f l u o r i d e s  of y t t r i u m  and t h e  r a r e  

e a r t h s ,  43’44 and of 

s a t u r a t i n g  phase from s o l u t i o n s  i n  LiF-BeF and r e l a t e d  mixtures  i s  t h e  

simple t r i f l u o r i d e ;  when more than  one rare e a r t h  i s  p r e s e n t ,  t h e  s a t u r a t -  

i n g  phase is a (nea r ly  i d e a l )  s o l i d  s o l u t i o n  of t h e  t r i f l u o r i d e s .  Such 

s o l i d  s o l u t i o n s  a r e  known t o  accommodate UF and it i s  very l i k e l y  t h a t  

they  would inc lude  PUP. as w e l l .  The s o l u b i l i t i e s  of t hese  so1j.d s o l u t i o n s  

depend s t rong ly  on composition of t h e  me l t ;  t h e  s o l u b i l i t i e s  may be near  

t h e  minimim value f o r  MSBR f u e l  compositions.  Even then ,  however, t h e  

solubi l - . i ty  ( n e a r  0.5 mole % a t  MSBH opera t ing  tempera tures)  i s  such t h a t  

many months would be r equ i r ed  f o r  t h e  r e a c t o r  t o  s a t u r a t e  i t s  f u e l  with 

t h e s e  f i s s i o n  products .  I n  any case ,  reprocess ing  t o  remove t h e  r a r e  

e a r t h s ,  and p a r t i c u l a r l y  neodymium, i s  r equ i r ed  i n  t h e  i - n t e r e s t  of neutron 

economy. 

has been examined i n  some detai .1.  The 

2 

3 

3 

The above s ta tements  regard ing  rubidium and cesium do not  apply t o  

t h a t  f r a c t i o n  of t h e s e  elements o r i g i n a t i n g  i n  t h e  g raph i t e  as daughters 

of t h e  r a r z  gases  which have permeated t h e  moderator. These a l k a l i  metals 

form compounds w i t h  g r a p h i t e  a t  h igh  temperature  b u t  t h e  abso lu te  m o u n t s  
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are s o  s m a l l  t h a t  d i f f i c u l t i e s  from t h i s  source  a r e  un l ike ly .  Damage t o  

the  g r a p h i t e  by t h i s  mechanism w i l l ,  a s  a matter of course ,  be looked f o r  

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

Other F i s s i o n  Products  

These products  i nc lude  molybdenum, ruthenium , technetium , niobium, and 

t e l l u r i u m  produced i n  r e l a t i v e l y  h igh  y i e l d s  wi th  rhodium, pal ladium, 

s i l v e r ,  cadmium, t i n ,  and antimony i n  y i e l d s  ranging from s m a l l  t o  t r i v i a l .  

The a v a i l a b l e  thermochemical d a t a  6 y 7 y 3 2 y 3 3 y 4 6  sugges ts  t h a t  t h e  f l u o r i d e s  

of t h e s e  elements would be  ( i f  t hey  were p re sen t  i n  t h e  pure s t a t e )  reduced 

t o  t h e  metal by chromium at i t s  a c t i v i t y  i n  Has te l loy  N o r  by UF at 

reasonable  concent ra t ions  i n  t h e  f u e l  sa l t .  

3 

The h igh-y ie ld  noble  metals (Mo , Nb , Ru, Tc , and T e )  have polyvalen t  

f l u o r i d e s  which are g e n e r a l l y  q u i t e  v o l a t i l e  and moderately uns t ab le .  The 

formation f ree  ene rg ie s  f o r  NbF 

r e l a t i v e l y  good accuracy because of recent  measurements a t  Argonne of t h e  

h e a t s  of formation of t h e s e  compounds by f l u o r i n e  bomb ca lo r ime t ry .  

The en t rop ie s  and hea t  capac i ty  d a t a  a l s o  a r e  a v a i l a b l e .  50 

people  at Argonne have measured RuF 

seem t o  be a v a i l a b l e :  

MoFG, and UF6 may be c a l c u l a t e d  w i t h  
5 ’  

47-49 

While t h e  

51 no entropy o r  hea t  capac i ty  d a t a  
5’ 

P  AH^ 
298 *%98 Reference 

U q g )  -510.77 2 0.45 -67.01 49 

NbF5(&) -433.5 - + 0.15 -91.56 47 

RuF5( s -213.41 I + 0.35 5 1  

From t h e s e  va lues  and the  a v a i l a b l e  heat capac i ty  d a t a  t h e  fol lowing ex- 

f 6 
p re s s ions  f o r  AG w e r e  de r ived .  I n  t h e  case of RuF Glassne r ’ s  e a r l i e r  

5’  
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f 
es t imate  w a s  co r rec t ed  t o  be cons i s t en t  wi th  t h e  above AH measurement: 

AGf(NbF ,g)  = -416.70 + 5)+.40(T/1000),  
5 

AG f (RuF5,g) = -200 + 25(T/1000) ,  

AG f (UF6,g) 

f 
AG (MOF6,g) = -370.99 + 69.7(T/1000) 

= -509.94 + 65.15(T/1000).  

The fol.l.owing va lues  of A$ have been r epor t ed  previous ly  f o r  UF and UF4 3 

i n  2Li.F-BeF : 
2 

Acf(UF3,d) = -336.73 + 40.54(T/1000),  

A'S;f(UF ,d) = -444 .61  + 58.13(T/1000). 4 

From t h e s e  free-energy values  t h e  fol lowing equi l ibr ium cons tan ts  have 

been ca l cu la t ed  f o r  t h e  formation of t h e  v o l a t i l e  f l u o r i d e s  by r e a c t i o n  

i n  t h e  MSRE from t h e  equat ion  
4 (  d )  

wi th  UF 

log x = a + b ( 1 0 3 / ~ ) :  

Reaction K 

C c 

a b 

5 
2 RuF 5 ( g )  + 5uF3(d) P R u F t &  /'UF1+ 13.76 -711.17 

MO + 6 ~ ~ 4 ( ~ )  2 M O F ~ ( ~ )  + 6UF3( d )  pM~FtUF33/XUF4 6 6  7.83 -60.38 

3 
RU(s) + 5UF4(d) 

( S I  

X2 3 6.15 -32.88 3UF4( d) t' 'JF6( g) + ""3(d) 'UE'6 u F 3 / x ~ ~ l  
I n  Fig.  1 5 ,  c a l c u l a t e d  equi l ibr ium p a r t i a l  p re s su res  of  t h e  gases  a r e  

p l o t t e d  vs t h e  UF /UFq r a t i o  i n  t h e  mel t .  

melt  i s  i nc reased ,  NbF i s  expected t o  appear f i r s t ,  followed by MoFG, and 

then  RuF Uranium hexaf luor ide  has a lower dependence on oxid iz ing  power 

because i t s  reduct ion  product i s  UF4 r a t h e r  than  t h e  m e t a l .  

A s  t h e  oxid iz ing  power of t h e  
3 

5 

5' 
It w a s  as- 



6 3  

simed i n  t h e  case  of NbF 

t h e  rrietal . The UF,- should not be formed i n  s i g n i f i c a n t  mount 's  until the 

melt i s  ox id iz ing  enc;ugh t o  produce RuF I f  afly s-table intermedi.ate 

f l l i o r ides  of Nb, Mo, and Ru are f 'omed i n  t h e  nlel t ,  t h e  resu1.t wo1.i:l.d be 

correspondingly lowered equi l ibr i iun gas press-ures a.nd I.owered power 

dependences on t h e  TJF / U F  r a t i o .  

MoFG, and RuF, t h a t  the reduct ion  product was 
5 '  > 

b 

5' 

4 3  

T e l i u r i m  hexaf luor ide  has not  been inc luded  i n  this l i s i , ing ,  b u t  t h i s  

compoi.nid seem c e r t a i n  t o  be l e s s  st,ablz than  any shown here .  :No data 

which would permit  i n c l u s i o n  of t h e  :fluorides of technet iuf i  see111 t o  be 

a v a i l a b l e  - 
-3 I f  the UE'.,/UF ratio i n  MSRF f a l l s  s i g n i f i c a n t l y  belo-w 1.0 , NbF. 

.J 4 5 
would be expected t o  v o l a t i l i z e  i f  the niobium m e t a . L  i n  ecluj.libri.m wi th  

t h e  fused  sa2.t were a t  a near  uni-L a c t i v i t y .  Apprecj.able p re s su res  o f  

M ~ F '  RUF TF~, (and ahnost cer ta in] -y  of TCF ~r T ~ F '  ) would r e q u i r e  much 

more oxid.izi.ng condi t ions  i n  t h e  me l t .  

6' 5' 5 6 

The a c t u a l  s t a t e  of' t h e s e  f 'i .ssion products  i s  of' moderate iraportance 

t o  t h e  e f f e c t i v e n e s s  of m.olten sa1.t r e a c t o r s  as breeders .  If the moiybclen- 

im, niobium, technet i .wi ,  arid ruthenium ex i s t  as iiieta1.s (or perhaps as 

i n t e r m e t a l l i c  compounds) and p l a t e  t k i e  Hastej-loy N por t ions  of ttie reac-tor 

t hey  w i l l  be o f  l i t t l e  ccjriseyurnce as poi-sons,  al.though they  may prove a 

ser ious nuisance o r  worse t o  heat exellanger maintenance. If t hey  exis-L as 

s o l u b l e  fluorides then t hey  cause I . i t t l e  t r o u b l e  and are, i n  p r i n c i p l e ,  

removable i n  t h e  process ing  cyc le .  T%ey can exuse rrios-t t roub. le  by :Forraing 

carbfdes o r  by adhering i n  some o the r  way t o  the  g r a p k i t e  m.oderxLora 

Molybdenum cmi form M O , ~ C  and M o C  i n  t h e  MSRE and MSBR temperature  range;  

%he AG values for t h e s e  compounds become negztiv-e a-t about 450°C and the 

L . 
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3 
F luor ides  as Func-Lion of UF4/UF 

Rat io  i.n MSRE Fuel.  



compounds become more s t a b l e  at inc reas ing  tempera tures .  52 Niobium carb ide  

( e s s e n t i a l l y  NbC) has  a l a r g e  (33 k c a l )  nega t ive  h e a t  of formation a t  298OK 

and i s  c e r t a i n l y  s t a b l e  under r e a c t o r  condi t ions .  Nothing appears to be 

known concerning carb ides  of technet ium, bu t  it seems c e r t a i n  t h a t  no 

carb ide  formation i s  expected from t h e  plat inum meta l s ,  s i l v e r ,  t e l l u r i u m ,  

cadmium, antimony o r  t i n .  

Net Oxidizing P o t e n t i a l  of F i s s i o n  P rocess  53 

The f u e l  exposure tests have used 235U as f i s s i l e  f u e l ,  wi th  thermal  

. Table 10 shows t h e  

30 

-1 flux exposures of about 3 x 1013 neutrons cme2 s e c  

r e l a t i v e  y i e l d s  of t h e  s e v e r a l  most important  f i s s i o n  products  r e s u l t i n g  

from f i s s i o n  of 235U i n  a s t eady  thermal  f l u x  OP 3 x neutrons cm-’ 

-1 
sec f o r  t h r e e  s e l e c t e d  t ime i n t e r v a l s .  The l i s t e d  f i s s i o n  products  com- 

p r i s e  a t  l eas t  97% of a l l  those  produced ( t o t a l  y i e l d  i s  2.0) a t  l i s t e d  

t i m e s ,  wi th  no f i s s i o n  product  removal. 

235, Table 10. F i s s ion  Yields  froin Thermal F i s s i o n  of 

= 3 x 101’ neutrons cm-2 s e c - l  
‘th 

Time S ince  S t a r t u p  
li: leme n t  11.6 days 116 days 3.2 yea r s  

B r  
I 
K r  + X e  
R b  
cs 
Sr 
B a  
Rare Ear ths  f Y 
Zr 

Subtot  a1 

0.00030 
0.0359 

0.0387 
0.097’1 
0.144 

0 - 297 

0.105 
0.528 
0.318 

I-. 564 

0.00021 
0.0145 
0.301 
0.0390 
0.131 
0.121 
0.0684 
0.560 
0.118 

1.553 

0.00021 

0.301 
0.0393 
0.132 

0 0125 

0.0980 
0.0626 
0 - 559 
0.317 

1.522 

Nb 0.00~+0 0.0139 0.0028 
Mo 0.201 0.201 0.242 

Ru 0.140 0.126 0.114 
Tc 0.0410 0.0586 0.0592 

T o t a l  1.950 1.953 1.940 
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I f  t h e  chemically a c t i v e  f i s s i o n  products  shown i n  Table 10 occur as 

+ 
I- , B r -  , Rb+ , C s  

and i f  krypton,  xenon, molybdenum, technet ium, and ruthenium occur as 

elements ,  and i f  no f i s s i o n  product spec ie s  are removed from t h e  r e a c t o r ,  

t hen  t h e  t o t a l  f i s s i o n  product  y i e l d  m u l t i p l i e d  by t h e  valence ( C X i Z i )  w i l l  

be 3.475 and 3.560 a t  11.6 and 116 days,  r e s p e c t i v e l y .  

xenon nucl ides  of h a l f - l i f e  g r e a t e r  than  5 minutes a r e  removed from t h e  

system before  they  decay, t h e  comparable CX.7, va lues  become 3.21 and 3.26. 

If a l l  krypton and xenon nucl ides  wi th  h a l f - l i v e s  g r e a t e r  t han  1 minute a r e  

removed be fo re  decay, t h e  CX.Z. va lues  are 3.06 and 3.09 a t  11 .6  and 116 

days,  r e spec t ive ly .  The above CX.Z. values  (which seem inadequate  t o  

s a t i s f y  t h e  f l u o r i d e  ions  r e l eased  by t h e  f i s s i o n e d  uranium) suggest  t h a t  

t h e  f i s s i o n  process  i s  p e r  s e  ox id i z ing  t o  UF and u l t i m a t e l y  t o  E a s t e l l o y  

N.  Resul t s  of many i n - p i l e  t e s t s  of compa t ib i l i t y  of t h e  materials,  how- 

e v e r ,  suggest  t h a t  f i s s i o n  does not l e a d  t o  cor ros ion  of t h i s  con ta ine r  

metal.. 

, Sr", B a 2 + ,  Y3+, L3+( r a r e  e a r t h s )  , 2r4+,  and Nb5+ 

I f  a l l  krypton and 

i i  

1 1  

1 1  

3 

-- 

I f ,  0x1 t h e  o t h e r  hand, a l l  t h e  molybdenum formed MoFG and t h o  techne- 

t i u r n  formed TcF 

r i d e  ions  pe r  f i s s i o n  event and t h e  f i s s i o n  process  would p e r  s e  be reduc- 

i n g  t o  UF4. 

then  t h e  f i s s i o n  process  would r e q u i r e  more than  4 f luo-  
5 

Even f o r  t h e  r a t h e r  u n r e a l i s t i c  case where a l l  xenon and 

krypton spec ie s  wi th  h a l f - l i v e s  i n  excess  of  1 minute were removed t h e  

CX.2. values  would be near  4.5.  

of UF4 t o  UP' 

This  would r e q u i r e  reduct ion  of one mole 
1 1  

for each 2 moles of uranium f i s s i o n e d .  
3 

Both extremes ( t h a t  i s  a s t rong ly  ox id iz ing  or a s t r o n g l y  reducing 

a c t i o n  of t h e  f i s s i o n  p rocess )  seem un l ike ly .  

fraction of t h e  molybdenum, niobium, and technetium e x i s t  as f l u o r i d e s  

1% seems l i k e l y  t h a t  a 



(o f  valence lower than  t h i s  m a x i m u m )  and t h a t ,  accord ingly ,  t h e  n e t  e f f e c t  

of f i s s i o n  i s  n e i t h e r  markedly oxid iz ing  nor markedly reducing t o  t h e  

Has te l loy  N-UF4 system. 

Should subsequent long-term tests a i  h igh  burnup prove t h e  f i s s i o n  

process  t o  be ox id iz ing  t h e  cure would seem t o  b e  r e l a t i v e l y  s imple;  i f  the 

burned uranium were made up by a d d i t i o n  of UF + UFh) t h e  problem 

would be solved. S i m i l a r l y ,  i f  t h e  f i s s i o n  processes  were (unexpectedly)  

reducing toward UF t h e  makeup of burned uranium could be as a mixture  of 4 

UF ( o r  W6) w i t h  UF4. 

( o r  UF 3 3 

5 



68 

CHFAICAL BEHAVIOR I N  MSEE 

General 

'The Molten-Salt Reactor Experiment opera ted  during s i x  sepa ra t e  

per iods  i n  1966; v i r t u a l l y  a l l  of t h e  opera t ing  t ime accumulated a f t e r  mid- 

May w a s  a t  t h e  m a x i m u m  p o s s i b l e  power of about 7.5 Mw. The r e a c t o r  accurnu- 

l a t e d  approximately 11,200 Mwhr during t h e  yea r .  

1967 ( e s s e n t i a l l y  a l l  a t  m a x i m u m  power) l e d  t o  accumulation of an addi t ion-  

a l  21,000 Mwhr as of t h e  scheduled shutdown on May 1 0 ,  196'7. 

Addi t iona l  opera t ion  i n  

During per iods  of r e a c t o r  ope ra t ion ,  samples of t h e  r e a c t o r  salt ,s  were 

removed r o u t i n e l y  and were analyzed f o r  major c o n s t i t u e n t s  , corros ion  

products  and ( l e s s  f r e q u e n t l y )  oxide contamination. Standard samples of 

f u e l  a r e  drawn t h r e e  times p e r  week; t h e  LiF-BeF' coolant  salt  i s  sampled 

every two weeks. 

2 

Current chemical analyses  suggest  no p e r c e p t i b l e  composition changes 

f o r  t h e  sa l t s  s i n c e  they  were f i r s t  in t roduced  i n t o  t h e  r e a c t o r  some 20 

months ago. 

While analyses  f o r  ZrF4 and f o r  UFl, agree  q u i t e  w e l l  wi th  t h e  m a t e r i a l  

ba lance  on q u a n t i t i e s  charged t o  t h e  r e a c t o r  t a n k s ,  t h e  values  f o r  7LiF and 

2 
BeF have never done s o ;  analyses  f o r  LiF have shown lower and f o r  BeF 

have shown h igherva iues  than  t h e  book value  s i n c e  s t a r t u p .  Table 11 shows 

2 

a comparison of cu r ren t  a n a l y s i s  wi th  the  o r i g i n a l  inventory  value.  While 

t h e  discrepancy i n  LiF and BeF concent ra t ion  remains a puzz le ,  t h e r e  i s  

nothing i n  t h e  a n a l y s i s  ( o r  i n  t h e  behavior  of t h e  r e a c t o r )  t o  suggest  t h a t  

2 

any changes have occurred.  

Routine determinat ions of oxide (by  s tudy of salt-H20-HF e q u i l i b r i a )  

cont inue t o  show low values  (about  50 ppm) f o r  02-. There i s  no reason t o  
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b e l i e v e  t h a t  contamination of t h e  f u e l  has been s i g n i f i c a n t  i n  opera t ions  

t o  t h e  p r e s e n t .  

Table 11. Current and Or ig ina l  Composition 

of MSRE Fuel  Mixture 

Cons t i tuent  O r i g i n a l  Value Current Analysis 
(mole % )  (mole % )  

7LiF 63.40 - + O.)-@ 64.35 

BeF2 30.63 - + 0.55 29.83 

ZrF4 5.14 - + 0.12 5.02 

0.821 - + 0.008 0.803 UF4 

MSRE maintenance opera t ions  have n e c e s s i t a t e d  f lu sh ing  t h e  i n t e r i o r  of 

t h e  dra ined  r e a c t o r  c i r c u i t  on fou r  occas ions .  The s a l t  used f o r  t h i s  oper- 

a t i o n  cons i s t ed  o r i g i n a l l y  of an 7LiF-BeF2 (66.0-34.0 mole % )  mixture.  

Analysis  of t h i s  sa l t  be fo re  and af ter  each use shows t h a t  215 ppm of 

uranium i s  added t o  t h e  f l u s h  s a l t  i n  each f l u s h i n g  ope ra t ion ,  correspond- 

i n g  to t h e  removal of 22.7 kg of f u e l - s a l t  r e s idue  (about, 0.5% of t h e  

charge)  from t h e  r e a c t o r  c i r c u i t .  

Corrosion i n  MSHE 

The chromium concent ra t ion  i n  MSIiE f u e l  i s  64 ppm at  p r e s e n t ;  t h e  en- 

t i r e  ope ra t ion  seems t o  have inc reased  t h e  chromium concent ra t ion  only 26 

ppm. This i nc rease  corresponds t o  removal of about 130 g of  chromium from 

t h e  m e t a l  of t h e  f u e l  c i r c u i t .  If t h i s  were removed uniformly it would 

r ep resen t  removal of chromium t o  a depth of  about 0 . 1  m i l .  Analyses f o r  

i r o n  and n i c k e l  i n  t h e  system a r e  r e l a t i v e l y  h igh  (120 and 50 ppm respec- 

t i v e l y )  and do no t  seem t o  r ep resen t  d i sso lved  Fe and N i  . While t h e r e  
2+ 2+ 



i s  cons iderable  s c a t t e r  i n  t h e s e  ana lyses ,  t h e r e  seems t o  be no i n d i c a t i o n  

of cor ros ion  of t h e  Has te l loy  N by t h e  sal- t .  

The absence of corrosion--though i n  gene ra l  accord wi th  r e s u l t s  from 

a wide v a r i e t y  of out-of-pi le  cor ros ion  tests--seems somewhat s u r p r i s i n g  

f o r  t h e  fol lowing reasons.  The UF, concent ra t ion  of t he  f u e l  added t o  MSRE 

w a s  markedly less than  intended.  

records and s tudy of  t'ne r e a c t i o n  

1 
2 2  3 
--€I + UF4 : UF + 

J 

Carefu l  reexamination of t h e  product ion 

HF 

on samples of surplus f u e l  concent ra te  show t h a t  t h e  f u e l  sa l t  had only a- 

bout  0.16% of i t s  uranium as U . 3+ 
Nearly 1 0  f o l d  more than  t h i s  w a s  intend-  

ed.  

If--as seems v i r t u a l l y  

due t o  

1 pr + U F ~  2 

an a d d i t i o n a l  1100 grams of 

24 

cer ta in- - the  chromium content  of t h e  sa l t  w a s  

1 
P r F  + UF 

2 

U3+ should have r e s u l t e d .  

3 

With t h a t  o r i g i n a l l y  

added t h e  U"' should have t o t a l e d  about 1500 grams and as much as 0.65% of  

t h e  uramium i n  t h e  system could have been t r i v a l e n t .  An a t t empt ,  however, 

t o  determine t h e  U3' (by  t h e  H2-HF r e a c t i o n  above) a f t e r  11,000 Mwhr of 

MSRE opera t ion  i n d i c a t e d  t h a t  less than  0.1% of t h e  uranium w a s  t r i v a l e n t .  

F i s s ion  of t h e  550 grams of uranium (corresponding 11,000 Mwhr) could 

c e r t a i n l y  not have oxid ized  more than  40% of t h e  1350 grarns of  U3+ which 

had apparent ly  been oxidized.  The remaining 800 grams (approximately)  

could have been oxid ized  by inadve r t en t  contamination (as by 60 grams of 

1-I 0 desorbed from t h e  moderator s t a c k ) .  

even by t h i s  r e l a t i v e l y  oxid iz ing  f u e l  melt  remained impercept ibly slow, 

However, t h e  r a t e  of cor ros ion  
2 



Addition of bery l l ium me ta l  (as 3" rods of  3/8" diameter i n  a perfo-  

r a t e d  baske t  of n i c k e l )  through t h e  s a p l i n g  system i n  t h e  pump bowl served  

as a convenient means of reducing u4+ t o  ~ 3 +  during r e a c t o r  opera t ion .  

t h i s  form bery l l ium appears t o  r e a c t  a t  about 1.25 grams p e r  hour s o  t h a t  

some 600 grams of U3+ are produced by an 8 hour t r ea tmen t .  Some 30 grams 

of Be have been added i n  t h i s  way t o  c r e a t e  an a d d i t i o n a l  1.6 kg of U3'. 

During t h e  subsequent 20,000 Mwhr of ope ra t ion  (which burned 1 kg of uran i -  

um) t h i s  1 .6  kg of U3' seems t o  have been oxidized.  Again, it seems l i k e l y  

t h a t  t h e  f i s s i o n  process  w a s  r e spons ib l e  f o r  ox id i z ing  a s u b s t a n t i a l  f r ac -  

t i o n ,  b u t  not  a l l  o f ,  t h i s  m a t e r i a l .  

I n  

Addi t iona l  bery l l ium w i l l  be  added t o  MSRE f u e l  as soon as power oper- 

a t i o n  i s  resumed; it i s  t e n t a t i v e l y  planned t o  reduce a t  least  1% of t h e  

U4+ t o  U3+ a t  t h a t  t i m e .  

The l a c k  of cor ros ion  i n  MSRE by me l t s  which appear t o  be more oxidiz-  

i n g  than  t h o s e  in tended  can be r a t i o n a l i z e d  by t h e  assumption (1) t h a t  t h e  

Has te l loy  N has  been deple ted  i n  C r  (and  Fe) a t  t h e  su r face  so  t h a t  only 

Mo and N i  a r e  exposed t o  a t t a c k ,  wi th  C r  (and Fe)  r e a c t i n g  only a t  t h e  slow 

r a t e  at  which it i s  fu rn i shed  t o  t h e  su r face  by d i f f u s i o n ,  o r  ( 2 )  t h a t  t h e  

noble-metal f i s s i o n  products  (see s e c t i o n s  fo l lowing)  a r e  forming an ad- 

he ren t  and p r o t e c t i v e  p l a t e  OD t h e  r e a c t o r  meta l .  

Behavior of F i s s i o n  Products  54,55 

H e l i u m  i s  in t roduced  i n t o  t h e  pump bowl of MSRE a t  a ra te  of about 4 

l i t e r s  p e r  minute;  t h i s  helium se rves  t o  s t r i p  K r  and Xe from t h e  f u e l  i n  

t h e  pump bowl and t o  sweep t h e s e  gases  t o  t h e  c h a r c o a l - f i l l e d  t r a p s  f a r  

downstream i n  t h e  e x i t  gas  system. 

than  10%) of t h e  f u e l  mixture  i s  bypassed through t h e  pump bowl, t h e  ef- 

S ince  a r e l a t i v e l y  s m a l l  f r a c t i o n  ( l e s s  
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f i c i e n c y  of removal of t h e  f i s s i o n  produc-t gases  should not be very high.  

However, t h e  Xe poisoning of MSRE at  7 Mw i s  only about 0.3% i n  A K / K ,  a 

val-ue considerably less t han  w a s  a n t i c i p a t e d .  This low poison level. i s  

probably due t o  s t r i p p i n g  of X e  w i th in  t h e  f u e l  system i n t o  helium bubbles 

which a r e  known t o  c i r c u l a t e  ( a t  perhaps 0.2% by volume) i n  t h e  f u e l  s a l t .  

Samples of MSRE f u e l ,  drawn i n  10 t o  50 cc metal samples a t  t h e  sampl- 

i ng  s t a t i o n  i n  t h e  pump bowl, have been r o u t i n e l y  analyzed,  by radiochemi- 

c a l  t echniques ,  f o r  1 4  f i s s i o n  product i so topes  and, i n  some cases ,  f o r  

239Np and 239Pu produced i n  t h e  f u e l .  I n  g e n e r a l ,  t h e  f i s s i o n  product 

spec ie s  which a r e  known t o  possess  s t a b l e  f l u o r i d e s  a r e  p re sen t  i n  the c i r -  

c u l a t i n g  f u e l  a t  approximately t h e  expected concent ra t ion  l e v e l s .  The b e s t  

monitors ( 9'LSr and 143Ce) wi th  convenient h a l f - l i v e s ,  s table  non-vola t i le  

f l u o r i d e s  , and no precursors  of consequence t y p i c a l l y  and c o n s i s t e n t l y  show 

concent ra t ion  l e v e l s  some 1 5 %  lower than  those  c a l c u l a t e d  from power l e v e l s  

based upon hea t  balances f o r  t h e  r e a c t o r .  

Those elements whose f l u o r i d e s  are known t o  be  r e l a t i v e l y  uns t ab le  

(molybdenum, niobium, ruthenium, t e l l u r i u m ,  and s i l v e r )  a r e  found i n  t h e  

sa l t  a t  considerably l e s s  t han  t h e  expected concent ra t ion .  i f '  pal-culations 

Y -1 of pamounts expected a r e  based upon concent ra t ions  of S r ,  about 60% of t h e  

99M0, 30% of t h e  lo3Ru, and about 30% of t h e  13*Te appears i n  t h e  me l t .  It  

i s  not  y e t  p o s s i b l e  t o  s t a t e  wi th  c e r t a i n t y  whether t h e s e  m a t e r i a l s  a r e  

p re sen t  i n  t h e  sa l t  as c o l l o i d a l  metal ( o r  a l l o y )  p a r t i c l e s  o r  as s o l u b l e  

chen ica l  s p e c i e s ,  though present  evidence sugges ts  that  t h e  former i s  t h e  

more likely. 

lod ine  has been found (presumably as I-) a t  nea r ly  t h e  expected concen- 

t r a t i o n  i n  t h e  samples of f u e l .  Examination of g r a p h i t e  and metal samples 



73 

and, e s p e c i a l l y ,  of specimens from t h e  vapor phase as descr ibed  below do 

show s e v e r a l  s u r p r i s e s .  

An assembly of MSRE graphi%e and Has te l loy  N specimens w a s  exposed on 

%he c e n t r a l  s t r i n g e r  w i t h i n  %he MSRE core during i t s  i n i t i a l  opera t ion .  

This assembly w a s  removed during t h e  J u l y  17 shutdown a f te r  7800 Mwhr of 

r e a c t o r  ope ra t ion ,  and many specimens have been c a r e f u l l y  examined. 

No evidence of a l t e r a t i o n  of t h e  g r a p h i t e  w a s  found under examination 

by v i s u a l ,  x-radiographic  , and meta l lographic  examination. Autoradiographs 

showed t h a t  p e n e t r a t i o n  of r a d i o a c t i v e  m a t e r i a l s  i n t o  t h e  g r a p h i t e  w a s  not 

uniform and d i sc losed  a t h i n  (perhaps 1- t o  2-mil) l a y e r  of h igh ly  radio-  

a c t i v e  m a t e r i a l s  on o r  near  t h e  exposed g r a p h i t e  su r faces .  Examination of  

t h e  meta l  specimens showed no evidence of cor ros ion  or o the r  danger. 

Rectangular  b a r s  o f  g r a p h i t e  from t h e  t o p  ( o u t l e t )  , middle,  and bottom 

( i n l e t )  reg ion  of  t h i s  c e n t r a l  s t r i n g e r  were m i l l e d  i n  t h e  hot  c e l l  t o  re- 

move s i x  success ive  l a y e r s  Prom each su r face .  The removed l a y e r s  were then  

analyzed f o r  s e v e r a l  f i s s i o n  product  i s o t o p e s .  

T h e  r e s u l t s  of a n a l y s i s  of t h e  o u t e r  l a y e r  from t h e  g r a p h i t e  specimens 

a r e  shown i n  Table 1 2 .  It i s  c l e a r  t h a t ,  w i th  t h e  assumption of uniform 

depos i t i on  on or i n  a l l  t h e  moderator g r a p h i t e ,  apprec iab le  f r a c t i o n s  of 

M o ,  T e ,  and Ru and a l a r g e  f r a c t i o n  of t h e  N b  are a s soc ia t ed  wi th  t h e  

g r a p h i t e .  No ana lyses  f o r  Tc have been obta ined .  

8gSr, 1Ir-lce 1 4 4  The behavior  of 'Ir-'Ba, , Ce, a l l  of which have 

xenon o r  krypton p recu r so r s ,  can be accounted f o r  i n  terms of l a w s  of d i f -  

fu s ion  and h a l f - l i v e s  of t h e  p recu r so r s .  

concent ra t ion  of t h e  f i s s i o n  product  i so tope  wi th  depth i n  t h e  g r a p h i t e .  

Those i so topes  ( such  as 'Ir-'Ba) which pene t r a t ed  t h e  g r a p h i t e  as noble gases  

Figure 16 shows t h e  change i n  
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show s t r a i g h t  3-i.nes on t h e  logar i thmic  p l o t ;  t hey  seem t o  have reinained a t  

140Ba 
t h e  porint where t h e  noble gas decayed. A s  exy?cted,  t h e  g rad ien t  f o r  

with a 16-sec Xe prf.-’’rsor j.s much s t e e p e r  than  t h a t  f o r  89Sr, which has 

a 3.2-min 89Kr precursor .  Al .1  t h e  o the r s  shown show a much s t e e p e r  concen- 

t r a t i o n  dependence. Generally t h e  concent ra t ion  drops a f a c t o r  of  100 from 

t h e  -top 6 t o  10 m i l s  t o  t h e  second I-ayer. 

140 

It i s  possib1.e t h a t  carbi.de formation i s  responsibl-e f o r  t h e  depo- 

s i t i o n  of Nb a n d  poss ib ly  f o r  t h a t  of Mo, bu t  it seem q u i t e  un l ike ly  for 

Ru and Te; t h e  tod ine  probab1.y got  i n  as its t e l l u r i u m  p recu r so r .  Since 

t h e s e  m a t e r i a l s  have been shown t o  appear i n  t h e  e x i t  gas as v o l a t i l e  

s p e c i e s ,  it seems l i k e l y  t h a t  they en tered  tile g r a p h i t e  by -the same mechan- 

ism. Tne p o s s i b i l i t y  t h a t  the s t rong ly  oxid iz ing  f l u o r i d e s  such as MoF 

were p re sen t  r a i s e d  t h e  ques t ion  as t o  whether UF6 was accumulating i n  t h e  

graphri-te. 

i t e ;  much l e s s  was  p re sen t  i n  i n t e r i o r  samples. This amount o f  urani im,  

equivalent  t o  I.ess than  1 g i n  t h e  core ,  w a s  considered t o  be n e g l i g i b l e .  

6 

An average of 0 .23 pg/cm2 w a s  foiind i.n t h e  s u r f a c e  of t h e  graph- 

Table 1 3  shows t h e  ex ten t  t o  which vari.ous f i s s i o n  product i so topes  

a r e  depos i ted  on t h e  Has te l loy  N speci.mens i n  t h e  core .  A l a r g e  r r a c t i o n  

of t h e  molybdenum and t e l l u r i u m  and a s u b s t a n t i a l  f r a c t i o n  of t h e  ruthenium 

seein t o  be s o  depos i ted .  

t h e  specimen as i t s  t e l l u r i u m  precursor .  The va lues  f o r  Z r  seem sur- 

Ce and Ce wi th  noble-gas pre-  p r i s i n g l y  h igh ,  s i n c e  those  f o r  t h e  

cu r so r s  probably r e f l e c t  t h e  amount expected by d i r e c t  r e c  il a t  t h e  roanel?.: 

of f i s s i on. 

It  seems p o s s i b l e  That t h e  13’1 w a s  Car r ie& i n t o  

05 

144 141 

I f  t h e  T i l  and Tc a r e  assumed t o  behave l.i-ke t h e  Mo, ‘Ye, arnd Ru, it  may 

>e  n0.t;t.d t h a t  t h e  MSRE could have been uni . fomly p l a t e d  during i t s  opera- 



Table 13. Deposit ion of F i s s ion  Products  on Has te l loy  M i n  MSRE Core 

Has t e l l o y  Location 

TOP Middle Bottom 
Isotope 

Percent  
2 

dpm / cm Percent  dpm / em Percent  dpm/ cm 
of Total" of Total" of Total" 

99Mo 21 2 42.8 276 55.6 20 4 41.2 

132Te 

lo 3Ru 

131, 

508 131 341 88 427 110 

35.5 29.3 25.5 21 23.2 19.1 

a. 2 3.8 4.0 1.8 5.2 2.4 

95zr 1.8 1 .0  1.8 1.0 2.6 1.3 

1 4 l c e  0.05 0.02 0.22 0.07 0.15 0.06 

144ce 0 . 0 1  0.02 0.09 0.18 0.35 0.07 

$ercect  of t o t a l  p resent  i n  r e a c t o r  which would depos i t  on t h e  1 . 2  x lo6 cm2 of Has te l loy  N 
i f  depos i t ion  on all su r faces  WES t h e  same as on t h e  specimen. 



78 

t i o n  wi th  s e v e r a l  hundred angstroms of r e l a t i v e l y  noble m e t a l s .  

The only gas- l iqu id  i n t e r f a c e  i n  t h e  MSRE (except  f o r  t h e  contac t  be- 

tween l i q u i d  and t h e  g a s - f i l l e d  pores  of t h e  moderator g r a p h i t e )  e x i s t s  i n  

t h e  pump bowl. 

f low)  contac ts  a helium cover gas  which flows through t h e  bowl a t  4 l i t e r s /  

min. Provis ions  for d i r e c t  sampling of t h i s  e x i t  gas are planned but  have 

There a s a l t  flow of about 60 gpm ( 5 %  of t h e  t o t a l  system 

not y e t  been i n s t a l l e d  i n  t h e  MSRE. 

Samples of t h e  l i q u i d  f u e l  a r e  obtained by lowering a sampler,  on a 

s t a i n l e s s  s t e e l  c a b l e ,  through t h i s  cover gas and i n t o  t h e  l i q u i d .  it has 

been p o s s i b l e ,  accord ingly ,  t o  d e t e c t  chemically a c t i v e  f i s s i o n  product 

spec ie s  i n  t h i s  cover gas  by radiochemical  a n a l y s i s  of t h e  s t a i n l e s s  s t e e l  

cab le  and i t s  accesso r i e s  which contac t  only t h e  gas phase and by a n a l y s i s  

of s p e c i a l  g e t t e r  materials which are a t t ached  t o  t h e  cable .  Coi l s  of 

s i l v e r  w i r e  and specimens of Has te l loy  N have gene ra l ly  been used as ge t -  

ters  f o r  t h i s  purpose.  No q u a n t i t a t i v e  measure of t h e  i so topes  p re sen t  i n  

t h e  gas phase i s  p o s s i b l e ,  s i n c e  no good est i rnate  can be made of t h e  gas 

volume sampled. The quan t i ty  of material  depos i ted  on t h e  w i r e  specimen 

does no t  c o r r e l a t e  w e l l  wi th  contac t  t ime ( i n  t h e  range 1 t o  10 min) o r  

wi th  t h e  g e t t e r  m a t e r i a l s  s tud ied .  

The quan t i ty  of m a t e r i a l  depos i ted ,  however, i s  r e l a t i v e l y  l a r g e .  

Table 14 i n d i c a t e s  r e l a t i v e  amounts found i n  t y p i c a l  t e s t s .  

doubt t h a t  Mo, Ru, T e ,  (and from subsequent t e s t s ,  Nb) a r e  appearing i n  

the  helium gas of t h e  pump bowl. The q u a n t i t i e s  a r e ,  moreover, su rp r i s ing -  

l y  l a r g e ;  i f  t h e  materials are presumed t o  be vapors t h e  p a r t i a l  p re s su res  

would be above 10 atmosphere. The iod ine  i so topes  show pe rcep t ib ly  d i f -  

f e r e n t  behavior .  Iodine-135, whose t e l l u r i u m  precursor  has a s h o r t  ha l f -  

There i s  no 

-6 
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Table 14. Q u a l i t a t i v e  I n d i c a t i o n  of F i s s ion  Product 
in MSRF: Exit Gas 

Amount a 

On N i  On &3 On Has te l loy  F r  0% 
I so tope  

Liquid 

9 9 ~ ~  8 2 1 4 

13*Te 14 6 7 9 

lo 5Ru 10 3 3 5 

106RU 6 2 1 1 

135, 0 0 0 0 

133, 2 1 2 2 

1 . 5  0.9 0.5 0.8 

“The u n i t  of q u a n t i t y  i s  t h a t  amount of the i so tope  i n  1 g 
of s a l t .  

bOn s t a i n l e s s  s t e e l  cab le .  
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l i f e ,  does not appear ,  while  l3’I and 1331, both of which have t e l lu r ium 

p recu r so r s  of apprec iab le  h a l f - l i f e  , a r e  found. These findings--along wi th  

t h e  f a c t  t h a t  t h e s e  iod ine  i so topes  a r e  p re sen t  i n  t h e  sa l t  at near  t h e i r  

expected concentration--suggest t h a t  any iod ine  i n  t h e  vapor phase comes 

as a r e s u l t  of v o l a t i l i z a t i o n  of t h e  t e l l u r i u m  p recu r so r s .  

Ear ly  at tempts  t o  f i n d  uranium on t h e  wires  (as  from evolu t ion  o f  IJF ) 6 

were unsuccessful .  More r ecen t  attempts--perhaps wi th  t h e  oxida t ion  po- 

t e n t i a l  of t he  s a l t  a t  a h igher  level--have shown s i g n i f i c a n t  uranium depo- 

s i t i o n  corresponding t o  s e v e r a l  p a r t s  p e r  m i l l i o n  i n  t h e  gas phase. It  i s  

possibl .e,  bu t  it seems u n l i k e l y ,  t h a t  “ s a l t  spray“ could account f o r  . th i s  

observed uranium. S a l t  spray c e r t a i n l y  does not  account for t h e  observed 

noble meta l  spec ie s  c a r r i e d  i n  t h e  gas .  

The behavior  of t h e s e  f i s s i o n  product  spec ie s  i n  t h e  gas phase seems 

t o  c o r r e l a t e  poorly--if  a t  a l l - -with the UF /UF4 r a t i o  i n  t h e  f u e l  m e l t .  

Concentra-tions of Mo, Nb, Ru, and T e  i n  t h e  gas phase seem t o  inc rease  ( o r  

decrease)  t oge the r  b u t  were unaffected--within Lhe cons iderable  s c a t t e r  of 

t h e  data--by t h e  d e l i b e r a t e  add i t ion  of beryll turn t o  t h e  MSRE mel t .  The 

concent ra t ions  of t h e s e  elements i n  t h e  fuel. decrease ( a f t e r  co r rec t ion  f o r  

r a d i o a c t i v e  decay) during r e a c t o r  shutdowns; such behavior  would be  expect- 

ed i f  t hey  p l a t e  out upon m e t a l l i c  o r  o the r  su r faces .  Concentrations i n  

t h e  gas phase decrease somewhat more than  those  i n  t h e  sa l t  but  t h e  d i f -  

fe rences  seem much smal le r  than  should be a t t y i b u t a b l e  t o  ( f o r  example) 

some r a d i a t i o n  chemistry oxida t ion  process  t o  produce MoF6, e t c .  

3 

It seems most un l ike ly  t h a t  t h e s e  d a t a  can be reconci led  as e q u i l i b r i -  

um behavior  of t h e  v o l a t i l e  f l u o r i d e s .  It i s  p o s s i b l e  t h a t  t h e  MSiiE meta l  

i s  p l a t e d  with a noble-metal a l l o y  whose th i ckness  i s  s e v e r a l  hundred 
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4 
angstroms, and it i s  conceivable  t h a t  t h e  UF /UF r a t i o  i s  near  1 0  . The 

compound NbF could show an apprec iab le  p re s su re  under t h e s e  circumstances.  

The o t h e r  p o s s i b i l i t i e s  such as MoF6, TeF6, and RuF 

h ighe r  UF4/UF 

t e n t i a l  can y i e l d  t h e  re la t ive abundance observed f o r  t h e s e  i so topes .  

4 3  

5 
would r e q u i r e  much 

5 

r a t i o s ,  and it seems most u n l i k e l y  t h a t  any s i n g l e  redox po- 
3 

The r ecen t  f ind ings  of s i l v e r  and palladium i so topes  i n  r e l a t i v e l y  

h igh  concent ra t ion  i n  t h e  gas  phase seem ( s i n c e  t h e s e  elements c e r t a i n l y  

l a c k  v o l a t i l e  f l u o r i d e s )  t o  case  a d d i t i o n a l  doubt on spec ie s  such as MoFG, 

R u F  e t c .  as t h e  gas-borne spec ie s .  
5' 

One p o s s i b l e  explana t ion  of  t h e  a v a i l a b l e  d a t a  i s  t h e  fol lowing:  The 

noble  metal spec ie s  (Mo, Nb, Ru, Te, Ag, Pd, and probably Tc) occur--as 

thermodynamics pred ic t s - - in  t h e  e lementa l  s ta te .  They o r i g i n a t e  as ( o r  

very r a p i d l y  become) i n d i v i d u a l  me ta l  atoms. 

rate,  probably a l loy ing  wi th  one another  i n  t h e  process  and become inso lu-  

b l e  as very minute c o l l o i d a l  p a r t i c l e s  which then  grow a t  a s lower r a t e .  

These c o l l o i d a l  p a r t i c l e s  are not wet ted  by t h e  f u e l ,  t e n d  t o  c o l l e c t  a t  

gas - l iqu id  i n t e r f a c e s ,  and can r e a d i l y  b e  swept i n t o  t h e  gas  stream of t h e  

helium purge of t h e  pump bowl. They t end  t o  p l a t e  upon t h e  meta l  su r f aces  

of t h e  system, t o  form carb ides  ( N b  and Mo on ly )  w i th  t h e  g r a p h i t e ,  and 

(as e x t r a o r d i n a r i l y  f i n e  "smoke") t o  p e n e t r a t e  t h e  o u t e r  l a y e r s  of t h e  

moderator.  While t h e r e  a r e  d i f f i c u l t i e s  wi th  t h i s  i n t e r p r e t a t i o n  it seems 

more p l a u s i b l e  than  o t h e r s  suggested t o  da t e .  

They aggregate  a t  some f i n i t e  

It i s  c l e a r  t h a t  f u r t h e r  s tudy  and a d d i t i o n a l  d a t a  from MSRE and from 

s o p h i s t i c a t e d  i n - p i l e  loop t e s t s  w i l l  be  r equ i r ed  be fo re  t h e  d e t a i l s  of 

f i s s i o n  product  behavior  can be understood. 



MOLTEN-SALT PRODUCTION TECHNOLOGY 

The f u e l  and b lanket  s a l t s  of a molten-sal t  b reeder  r e a c t o r  can be 

prepared by techniques  similar t o  those  developed f o r  t h e  product ion of 

f l u o r i d e  mixtures  f o r  t h e  MSRE. Commercially a v a i l a b l e  f l u o r i d e  s a l t s ,  

which were used as s t a r t i n g  m a t e r i a l s  f o r  t h e  f l u o r i d e  product ion process ,  

r equ i r ed  f u r t h e r  p u r i f i c a t i o n  only t o  remove a l i m i t e d  number of impuri ty  

spec ie s .  Chemical r e a c t i o n s  used t o  e f f e c t  s a l t  p u r i f i c a t i o n  and methods 

by which process  condi t ions  were c o n t r o l l e d  a r e  both adaptable  t o  t h e  

l a rge r - sca l e  product ion c a p a b i l i t i e s  t h a t  w i l l  be  r equ i r ed  t o  supply la rge-  

s c a l e  MSBR ’ s . 
Production Process  

F luor ide  mixtures  r equ i r ed  f o r  t h e  MSRE were prepared by a ba t ch  

process  i n  a f a c i l i t y  i n i t i a l l y  designed to support  t h e  var ious  chemical 

and engineer ing tes ts  of t h e  program. A layout  of  t h e  product ion process  

i s  shown i n  F ig .  17. S t a r t i n g  materials were wei.ghed i n t o  appropr i a t e  

ba tch  s i z e s  and s imultaneously t r a n s f e r r e d  by v i b r a t o r y  coiiveyor t o  a m e l t -  

down furnace assembly. I n  add i t ion  t o  providing a molten charge t o  each 

of two adjacent  processing u n i t s ,  the meltdown f a c i l i t y  w a s  u t i l i z e d  f o r  

pre l iminary  p u r i f i c a t i o n  of t h e  f l u o r i d e  mixtures .  Beryllium-metal turn-  

i ngs  were added t o  reduce s t ruc tu ra l -me ta l  impur i t i e s  t o  t h e i r  inso1ulsl.e 

m e t a l l i c  s t a t e s .  The molten mixture  w a s  a l s o  sparged wi th  helium and hy- 

drogen a t  r e l a t i v e l y  high flow r a t e s  t o  remove i n s o l u b l e  carbon by en t r a in -  

ment. 

Primary s a l t  p u r i f i c a t i o n  w a s  achieved i n  each of two ba tch  process- 

i ng  u n i t s .  The mel t s  were i n i t i a l l y  sparged wi th  a gaseous mixture  of an- 

hydrous H F  i n  hydrogen (1:lO v o l  r a t i o ) .  Oxides, e i t h e r  i n i t i a l l y  present  
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or  formed by r e a c t i o n  of t h e  f l u o r i d e  s a l t s  wi th  t h e i r  ac!:,orbe>i water on 

h e a t i n g ,  were removed as water by t h e  r eac t ion  

A s  shown by Fig .  18 ,  t h e  e f f i c i e n c y  of t h i s  r e a c t i o n  i s  q u i t e  h igh .  Oxide 

removal r a t e s  were determined by condensing water  vapor from t h e  gas ef-  

f l u e n t  i n  a co ld  t r a p .  

Su l f ides  were a l s o  removed ( a s  H S) by r e a c t i o n  wi th  XF. However, 2 

any remaining s u l f a t e s  must be reduced by hydrogen o r  added bery l l ium 

rne t , s l  be fo re  sill fur removal by H%' t rea tment  j 7 e f f e c t i v e .  Although t h i s  

impuri ty  i s  d i - t f i c u l t  t o  remove, commercial vendors of f l u o r i d e  s a l t s  used 

i n  t h e  MS;IE~ were successful.  ~ through process  development e f f o r t s ,  i n  sub- 

s t a n t i a l l y  reducing t h i s  impuri.ty from t h e i r  products .  Consequently ~ sul- 

f u r  removal from f l u o r i d e  sa1. t~ should not  be an imp0rta.n-t, consi-derat ion 

f o r  f u t u r e  product ion of fused fl..uoride mixt ines  f o r  MSBR's. 

Nonequi. I ibr i u m  c on c ent, rati ons of  s t rue t u  ral.-met a1 f l u o r i d e  irnpurit i e s 

o r  FeF2) would resu l - t  i n  tha-t a r e  more e a s i l y  red-uced than  UF4 ( e . g : .  , NiF 

the ciepletion of chromium a c t i v i t y  i n  t h e  Has te l loy  N al.l-oy used as t,he 

s t r u c t u r a l  m a t e r i a l  i n  t h e  MSRE. Si-nee t h e s e  impur i t i e s  a r e  p re sen t  i n  

f l u o r i d e  r a w  m a t e r i a l s  and may a l s o  be introdiiced by cor ros ion  of t h e  

process  equ?'prnent, t h e i r  concentr.ati.ons i n  -tile p u r i f i e d  f l u o r i d e  mixtures  

were an important process  cons idera t ion .  FolK~owing HF t rea tment  ~ t h e  f luo-  

r i d e  mixtures were sparged wi.th H a lone a t  7 0 O o C  t o  e f f e c t  t h e  conversion 

of impur i t i e s  t o  in so lub le  meta.1.s by t h e  r e a c t i o n  

2 

2 

YF -+ H f Mo + 213F. 
2 2 

Hydrogen w a s  a l s o  in t roducea  during Hi?' t rea tment  'io reduce cor ros ion  oi: t h e  

n i c k e l  sal t -containment  v e s s e l .  Measurement of t he  HF concentrat:.on 
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i n  t h e  gas e f f l u e n t  during hydrogen sparging provided a convenient process  

con t ro l .  A s  shown by Fig .  19 t h e  concent ra t ion  of HF i n  t h e  gas e f f l u e n t  

w a s  i n d i c a t i v e  of t h e  i roi i  concent ra t ion  remai  ning i n  t h e  sal 1, mixtures .  

A t  t h e  conclusion of t h e  H t r ea tmen t ,  r e s i d u a l  q u a n t i t i e s  of HF were ? 

removed by sparging t h e  melt  wi th  dry helium. The p u r i f i e d  f l u o r i d e  mix- 

ture  w a s  then  t r a n s f e r r e d  t o  i t s  s to rage  con ta ine r .  A s i n t e r e d  n i c k e l  

f i l t e r ,  i -nser ted i n  t h e  t r a n s f e r  l i n e ,  removed enirair ied soli.!s from t h e  

rfie 1.t . 
Thus primary c o n t r o l  of t h e  product ion process  w a s  exe rc i sed  by analy- 

s i s  of  process  gas streams. F i l t e r e d  samples of t h e  s a l t  mixtures  were ob- 

t a i n e d  p e r i o d i c a l l y  during t h e  process  f o r  cheini c a l  ana lyses .  'This second- 

ary con t ro l  measure provided t h e  b a s i s  f o r  acceptance of t h e  sal t  ba tch  f o r  

use i n  the  MSHE. 

A l l  t h e  235U r equ i r ed  f o r  c r i t i c a l  ope ra t ion  of  the r e a c t o r  could be 

prcpared as a concent ra te  n i x t u r e ,  "LiF-UF4 (73-27 mole % )  , with UF t h a i  4 

was h ighly  enriched i n  2'35LJ. This f ac i1 i t a t ) ed  compliance wi th  nuc lear  

s a f e t y  requi cements and permi t ted  an o rde r ly  approach t o  c r i t i  C a l i  t y  during 

f u e l i n g  opera t ions  through incremental  add i t ions  of 235UF' 

system of  t h e  r e a c t o r .  

t o  t h e  f u e l  4 

Since t h e  dens i ty  of 235U i n  ihe concent ra te  mix- 

ture i s  r e l a t i v e l y  high ( 2 . 5  g / c c ) ,  t h e  f u e l i n g  method employed f o r  t h e  

MSRE should s u f f i c e  f o r  a l l  p r a c t i c a l  r e a c t o r  systems. 

MSHE Salt -Product ion Economi cs  

The opera t ion  of t h e  product ion f a c i l i t y  for tile p-reparation of  MSHE 

m a t e r i a l s  w a s  conducted on a seven-day , t h r e e - s h i f t  schedule a t  a budgeted 

cos t  of about $20,000 pe r  month. 

of 7TJiY-BeF (66-314 mole % )  used as t h e  coolant  and f l u s h  s a l t  was $' 1.29 

The raw m a t e r i a l s  cos t  f o r  t h e  15,300 lb 

2 
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p e r  pound and tha t  of t h e  f u e l  sa1.t (11,260 l b )  excludj-ng 235-U cos t s  was 

$10.13 per  pound. 

( b u t  not p l a n t  amoi-tization o r  235U costs) t h e  coolant  and fl-ush sa l t  cos t  

$l-9.'(1 p e r  pound and t h e  f u e l  sa l t  cos t  w a s  $1'7.33 pei- pound. 

c o s t s ,  as w e l l  as r a w  materia1.s c o s t s ,  should be s u b s t a n t i a l l y  reduced f o r  

l a rge r - sca l e  product ion operat  ions. 

A s  c a l c u l a t e d  from opera t ing  and r a w  m a t e r i a l s  c o s t s  

Operating 



SEPARATIONS PROCESSES I N  MSBR FUELS AND BLANKETS 

U s e  of molten s a l t  r e a c t o r s  as thermal  b reede r s  w i l l  obviously r e q u i r e  

e f f e c t i v e  schemes f o r  decontamination of t h e  f u e l  and f o r  recovery of b red  

uranium from t h e  b l anke t .  No p rov i s ion ,  however, w a s  made f o r  on-stream 

removal of f i s s i o n  products  from t h e  MSHE, and f u e l  reprocess ing  has  re -  

ceived less a t t e n t i o n  t o  d a t e  than  have more immediate materials problems 

of t h i s  and similar machines. No d e t a i l e d  reprocess ing  scheme h a s ,  accord- 

i n g l y ,  been demonstrated.  

Recovery of uranium from molten f l u o r i d e s  by v o l a t i l i z a t i o n  as urani -  

um hexaf luor ide  and the  subsequent p u r i f i c a t i o n  of t h i s  UF6 by r e c t i f i c a -  

t i o n  or by sorpt ion-desorpt ion on NaF beds i s  w e l l  demonstrated. 

of b red  uranium from b lanke t s  or removal of uranium (where necessary t o  

f a c i l i t a t e  o t h e r  processing ope ra t ions )  from t h e  f u e l ,  t h e r e f o r e ,  i s  c l ea r -  

l y  f e a s i b l e .  Such v o l a t i l i t y  process ing  i s  descr ibed  i n  some d e t a i l  else- 

where56 i n  t h i s  series. 

Recovery 

More r ecen t  s tud ie s57  have shown t h a t  t h e  LiF, BeF (and ZrF4, i f  2 

p r e s e n t )  can be  recovered q u a n t i t a t i v e l y ,  a long wi th  much of t h e  u r a n i m ,  

by vacuum d i s t i l l a t i o n  a t  temperatures  near  1000°C; very encouraging de- 

contamination f a c t o r s  from rare e a r t h  f l u o r i d e s  (which are l e f t  behind i n  

t h e  s t i l l  bottoms) 

t h i s  series56 t h i s  

f l u o r i n a t i o n  shows 

Seve ra l  o the r  

have been demonstrated. A s  i s  descr ibed  elsewhere i n  

d i s t i l l a t i o n  procedure combined with recovery of UF 

rea l  promise as a f u e l  process ing  technique.  

techniques have shown promise,  a t  leas t  i n  pre l iminary  

6 by 

t e s t i n g .  A b r i e f  summary of  t h e s e  i s  presented  i n  t h e  fol lowing.  

Poss ib l e  Sepa ra t ion  of Rare Earths  from Fuel  

The rare e a r t h  f i s s i o n  p roduc t s ,  which a r e  t h e  most important nuc lear  



poisons i n  a r e a c t o r  from which xenon i s  e f f e c t i v e l y  removed, form very 

s t a b l e  t r i f l u o r i d e s  wi th  a p o r t i o n  of t h a t  F- 

ium as UF4. 

d i sso lved  i n  t h e  molten f u e l  and are a v a i l a b l e  f o r  reprocess ing .  

By Solid-Liquid E q u i l i b r i a  

r e l eased  as f i s s i o n  of  uran- 

There i s  no doubt ,  t h e r e f o r e ,  t h a t  t h e s e  f i s s i o n  products  a r e  

The l i m i t e d  s o l u b i l i t y  of t h e s e  t r i f l u o r i d e s  (though s u f f i c i e n t  t o  

prevent  t h e i r  p r e c i p i t a t i o n  under normal MSBR cond i t ions )  suggested years  

ago a p o s s i b l e  recovery scheme. 

concent ra t ion  range)  t h a t  i s  s a t u r a t e d  wi th  a s i n g l e  rare e a r t h  f l u o r i d e  

(LaF3, f o r  example) i s  cooled slowly t h e  p r e c i p i t a t e  i s  t h e  pure simple 

t r i f l u o r i . d e .  When the  m e l t  conta ins  more than  one r a r e  e a r t h  f l u o r i d e  t h e  

p r e c i p i t a t e  i s  a ( n e a r l y  i d e a l )  s o l i d  s o l u t i o n  of t h e  t r i f l u o r i d e s .  Ac- 

cord ingly ,  add i t ion  of an excess of CaF o r  LaF t o  t h e  m e l t  followed by 

hea t ing  t o  e f f e c t  d i s s o l u t i o n  of t h e  added t r i f l u o r i d e  and cool ing t o  e f -  

f e c t  c r y s t a l l i z a t i o n  e f f e c t i v e l y  removes t h e  f i s s i o n  product  r a r e  e a r t h s  

from s o l u t i o n .  It i s  l i k e l y  t h a t  e f f e c t i v e  removal of t h e  rare e a r t h s  

and y t t r i u m  (a long  wi th  UF and Pul? ) can be obtained by passage of  t h e  

f u e l  through a hea ted  bed of s o l i d  CeF or LaF The p r i c e ,  which i s  a l -  

most c e r t a i n l y  t o o  h igh ,  i s  t h a t  t h e  r e s u l t i n g  f u e l  s o l u t i o n  i s  s a t u r a t e d  

wi th  t h e  scavenger f l u o r i d e  (LaF o r  CeF whose c ross  s e c t i o n  i s  far  from 
3 3 '  

n e g l i g i b l e )  at t h e  temperature  of con tac t .  

When a LiF-BeF2-UF4 m e l t  ( i n  t h e  MSBR 

3 3 

44 

3 3 

3 3' 

Since t h e  r a r e  e a r t h  f l u o r i d e s  seem t o  form wi th  uranium t r i f l u o r i d e  

s o l i d  s o l u t i o n s  s i m i l a r  t o  t hose  descr ibed  above it  i s  poss ib l e  t o  con- 

s i d e r  UF as t h e  scavenger m a t e r i a l .  It should be  p o s s i b l e  t o  reduce t h e  

f u e l  UF4 t o  UF 

to remove t h e  contaminant r a r e  e a r t h s ;  i n  p r i n c i p l e ,  by c a r e f u l  c o n t r o l  of 

3 

3 
and then  by passage of t h e  s o l u t i o n  through a bed of UF 

3 



t h e  column temperature  (and ,  t he reby ,  t h e  s o l u b i l i t y  of  UF ) one could ob- 

t a i n  from t h e  column a f u e l  of t h e  c o r r e c t  uranium concent ra t ion  which 

could be r e tu rned  t o  t h e  r e a c t o r  a f t e r  ox ida t ion  (by HF o r  HF-H2 mixture)  

of UF3 t o  UFq. 

b i l i t y  of UF 

which t h e  m e t a l l i c  uranium a l l o y s  wi th  s t r u c t u r a l  metals w i l l  probably make 

t h e  process  u n a t t r a c t i v e  i n  p r a c t i c e .  

3 

While t h e  process  deserves  f u r t h e r  s tudy ,  t h e  g r e a t  i n s t a -  

i n  s o l u t i o n s  of high UF /UF4 r a t i o s  and t h e  g r e a t  ease wi th  
3 3 

Removal of rare e a r t h  i o n s ,  and o t h e r  i o n i c  f i s s i o n  product s p e c i e s ,  

by use  of c a t i o n  exchangers a l s o  seems an appeal ing p o s s i b i l i t y .  The i o n  

exchanger would, of course ,  need (1) t o  be  quite i n s o l u b l e ,  ( 2 )  t o  be ex- 

t remely un reac t ive  ( i n  a g ross  sense )  w i th  t h e  m e l t ,  and ( 3  ) t o  take up 

rare e a r t h  c a t i o n s  i n  exchange ions  of low neutron c ross  s e c t i o n .  For 

rare e a r t h  sepa ra t ions  it would probably s u f f i c e  i f  t h e  material  exchanged 

normal Ce3+ o r  La3+ f o r  t h e  f i s s i o n  product  rare e a r t h s ;  o t h e r  s epa ra t ion  

schemes ( such  as d i s t i l l a t i o n )  would be r equ i r ed  t o  remove t h e  Ce3+ or 

La3+ bu t  t hey  could ope ra t e  on a much longer  t ime cyc le .  [The bed of CeF 

descr ibed  above func t ions  i n  an i o n  exchanger;  it f a i l s  t o  be t r u l y  bene- 

f i c i a l  because it i s  t o o  s o l u b l e  i n  t h e  me l t . ]  

3 

Unfor tuna te ly ,  t h e r e  a r e  not many m a t e r i a l s  known t o  be  t r u l y  s t a b l e  

t o  t h e  f u e l  mixture .  

form) t o  m e l t s  whose Z r  /U r a t i o  i s  j.n excess  of about 3. It i s  con- 

ce ivab le  t h a t  s u f f i c i e n t l y  d i l u t e  s o l i d  s o l u t i o n s  of C e  0 i n  Zr02 would 

be s t a b l e  and would exchange Ce3+ f o r  o t h e r  r a r e  e a r t h  spec ie s .  I n t e r -  

m e t a l l i c  compounds of r a r e  e a r t h s  wi th  moderately noble m e t a l s  ( o r  r a r e  

e a r t h s  i n  very d i l u t e  a l l o y s  wi th  such me ta l s )  s e e m  u n l i k e l y  t o  be of use 

because they  a r e  u n l i k e l y  t o  be s t a b l e  toward ox ida t ion  by UFL. Compounds 

Zirconium oxide i s  s table  ( i n  i t s  low temperature  

4+ 4+ 

2 3  
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with  oxygenated 

by t h e  f l u o r i d e  

ani-ons (such as s i l i c a t e s  and molybdates) a r e  decomposed 

m e l t ;  t hey ,  and simple oxides ( Z r 0 2  excepted)  p r e c i p i t a t e  

UO from t h e  f u e l  mixture .  It  i s  p o s s i b l e  t h a t  r e f r a c t o r y  compounds (such 

as carb ides  o r  n i t r i d e s )  of t h e  r a r e  e a r t h s  e i t h e r  a lone o r  i n  s o l i d  d i -  

l u t e  s o l u t i o n  wi th  analogous uranium compounds, may prove use fu l .  A con- 

s i d e r a b l e  amount of explora tory  research  w i l l  be  r equ i r ed  (and many of t h e  

obvious p o s s i b i l i t i e s  have alyeady been r e j e c t e d )  be fo re  such a techni-que 

can be given cons idera t ion .  

By Reduction 

2 

'The r a r e  e a r t h  f l u o r i d e s  are very s t a b l e  toward reduct ion  t o  t h e  

metal. For example, a t  1000°K .the r e a c t i o n  

where c and R i n d i c a t e  c r y s t a l l i n e  s o l i d  and l i q u i d ,  r e s p e c t i v e l y ,  shows 

+ 32.4 kea1 f o r  t h e  f r e e  energy of r e a c t i o n .  

t i o n  and BeF i n  concent ra ted  s o l u t i o n  i n  LiF-BeF mixt-ure t h e  f r e e  energy 

change i s ,  of course ,  even more unfauorab1.e. However, t h e  rare e a r t h  

meta ls  form extremely s t a b l e  so lu t ions58  i n  molten meta ls  such as bismuth. 

With t h e  LaF i n  d i l u t e  solu- 
3 

2 2 

Beryll ium i s  v i r t u a l l y  in so lub le  i n  bismuth and forrns no i n t e r m e t a l l i c  

conipounds wi th  t h i s  m e t a l .  Accordingly,  t h e  r e a c t i o n  

2( d) ' + BeF 2 
( e )  3 ( B i )  

+ B e  -t -La 
2 -L aF 
3 3 ( d )  

where d i n d i c a t e s  t h a t  t h e  spec ie s  i s  d isso lved  i n  2LiF.BeF c i n d i c a t e s  

crys-Lal l ine s o l i d ,  and B i  i n d i c a t e s  a d i l u t e  a l l o y  i n  bismuth, can be made 

2' 

t o  proceed e s s e n t i a l l y  t o  completion. Accordingly,  LaF can be reduced 

and e x t r a c t e d  i n t o  molten B i  from LiF-BeF mjxtures .  

3 

2 
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0 58,59  the Since  L i  a l s o  forms s t a b l e  s o l u t i o n s  i n  molten bismuth, 

process of reducing the r a r e  e a r t h s  wi th  'oery l2 . iwn cau-se some reduct ion  e:t' 

LiF m d  e x t r a c t i o n  of l i t h i u m  by the bismuth. I n  p r a c t i c e ,  it j-s more con- 

venient  t o  use  "ILL i n  bismuth ( a t  o r  j u s t  below the concent ra t ion  which 

yields c r y s t a l l i n e  B e  a t  equi1.ibri.u.m) as t h e  rec iuc tmt .  F'i.gure 20 shows 

t h e  behavior  of several. r a r e  earths when e x t r a c t e d  r " m m  very d i . lu te  solu- 

It i s  s t i l l  

tco e a r l y  to be s u r e  t h a t  the sepa ra t ions  avalil.:iuI.e a r e  s u f f i c i e n t l y  corn- 

plete, especia.l.2.y f o r  heav ie r  rare e a r t h s ,  for the method t o  be competi t ive 

wi th  t h e  d i s t i l l a t i o n  process .  In a d d i t i o n ,  i t .  i s  unce r t a in  whether re-  

cove13- of -the <'Li will. be necessa iy  and-, i f  s o ,  how much recovery would be 

accoriiplished. Boxever,  t h e  process  seems a t  this  prel iminary stage to be 

wori;tiy of f u r t h e r  s tudy .  

0 

t i o n s  i n  2LiF.BeE' with  Li.-'oearing Bi i n  simple rq-isipnent e 40 2 

It, i.s c l e a r  t h a t  reduction processes o f  this type  can ,  at; l e a s t  i n  

p r i n c i p l e  ~ be accornpl.isl:ted e lec t rochemica l ly  wi th  t h e  molten bismuth as 

the  cathode and. wi th  some i n e r t  anode a-L  whi~h f ' luorine gas can be g:enera.t;-- 

ed.  'The concent ra t ions  o f  r z r e  e a r t h  meta ls  I.ithi.wn, and beryllium ob- 

Lainecl i n  t h e  molten bism-u.th wi1.l-  be i d e n t i c a l  t o  t hose  o'utairiecl by cheinj.- 

ea]. equi li'orim. as descri-bed above. Whether one p r e f e r s  the  e l . e c t r o l y t i c  

method or d i r e c t  chemri.cs.l equ i - l i b ra t ion  w i l l ,  zccordingly , depend upon t h e  

economics of the  competing processes .  

Re (3 t:)ve r;y o E P r o  t a c t  i ni1.m fr orn I3 1 anket - 
2 3 :3 56 While removal- of' b red  IJ from the blanket. by fl.uclri.nation appears 

f e a s i b l e ,  the p r i o r  removal of 23%a f m m  t h e  b lanket  t o  permit  i .ts decay 

to 233U ou t s ide  t h e  neutrrjn fie1.d woul.d be  a most valuable con t r ibu t ion  t o  

t h e  breeding economy. Such a s e p a r a t i v e  process  m u s t  be s imple,  s i n c e  it 
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must be capable  of handl ing t h e  e n t i r e  b lanket  i n  a t i m e  s h o r t  compared 

wi th  t h e  31.5 day half- t ime f o r  decay of 233Pa. 

By Oxide-Fluori de E q u i l i b r i a  

Removal of  Pa by d e l i b e r a t e  a d d i t i o n  t o  LiF-BeF2-ThF4 b lanke t  mix- 

t u r e s  of BeO, Tho2, o r  UO has  been demonstrated.  61,62 P r e c i p i t a t i o n  of 

an oxide  of p ro tac t in ium,  adsorp t ion  of pro tac t in ium on t h e  added oxide ,  

o r  (more l i k e l y )  formation of  a s o l i d  s o l u t i o n  of pro tac t in ium oxide wi th  

2 

t h e  b e s t  ox ide ,  has  been shown t o  be e s s e n t i a l l y  complete. The process  

has  been demonstrated t o  be r e v e r s i b l e  ; t rea tment  of t h e  oxide- f luor ide  

mixture  wi th  anhydrous HF d i s so lves  t h e  added ( o r  p r e c i p i t a t e d )  oxide and 

r e t u r n s  t h e  pro tac t in ium t o  s o l u t i o n  from which it can r e a d i l y  be repre-  

c i p i t a t e d .  It seems l i k e l y  t h a t  p ro tac t in ium might b e  removed from t h e  

b l anke t  by passage of a s i d e  s t ream through a tower packed wi th  ThO ( o r  

poss ib ly  B e O ) ;  t h e  p ro tac t in ium,  i n  some u n i d e n t i f i e d  form, would remain 

2 

on t h e  bed and would t h e r e  decay t o  233U ou t s ide  t h e  neutron f i e l d .  I n  

i t s  passage through t h e  packed bed of oxide t h e  b l anke t  melt  becomes sa tu-  

r a t e d  wi th  oxide  ion .  This oxide i o n  concent ra t ion  would probably have t o  

be  diminished apprec iab ly  by t rea tment  wi th  HF and then  H be fo re  t h e  melt  

could be r e tu rned  t o  t h e  b lanket  stream. 

2 

By Reduction 

The p o s s i b i l i t y  of recovery of  pro tac t in ium from r e a l i s t i c  LiF-BeF2- 

ThF b lanket  mixtures  by reduct ion  has been examined experimental ly  w i t h  

s u r p r i s i n g  and encouraging r e s u l t s .  63 

4 
No r e a l  information e x i s t s  as t o  

t h e  f r e e  energy formation of t h e  f l u o r i d e s  of pro tac t in ium.  Accordingly,  

experiments were performed i n  which t r a c e s  of 233Pa were added t o  LiF-BeF2- 

ThF4 m e l t s ,  t h e  m e l t s  were c a r e f u l l y  t r e a t e d  wi th  IEF and H2 t o  i n s u r e  



conversion of pro tac t in ium t o  f l u o r i d e  and i t s  d i s s o l u t i o n  i n  t h e  me l t ,  

and t h e  s o l u t i o n  subsequent ly  t r e a t e d  wi th  a s t rong  reducing agent .  Some 

experiments used ThTb i n  l e a d  o r  ThBi i n  bi-smuth as t h e  r educ tan t ;  o t h e r  

t e s t s  have used m e t a l l i c  thorium. I n  each case ,  t h e  pro tac t in ium remained 

2 3 

i n  molten f l u o r i d e  s o l u t i o n  (as judged by radiochemical a n a l y s i s  of f i l t e r -  

ed samples) u n t i l  t h e  reducing agent w a s  added and w a s  removed, upon ad- 

d i t i o n  of r educ tan t ,  t o  very low concent ra t ion  l e v e l s .  Figure 2 1  shows 

t h e  d a t a  f o r  a t y p i c a l  case .  The removal has  been shown t o  be near ly  

q u a n t i t a t i v e  a t  both t r a c e s  ( l e s s  t han  p a r t  pe r  b i l l i o n )  l e v e l s  and a t  

r e a l i s t i c  concent ra t ions  (50  ppm) of 231Pa t r a c e d  wi th  233Pa. The process  

has a l s o  been shown t o  be r e v e r s i b l e ;  sparging of t h e  system wi th  HF o r  

HF-H mixtures  r e t u r n s  t h e  p r o t a c t i n i u n  q u a n t i t a t i v e l y  t o  t he  molten f luo-  

r i d e  s o l u t i o n .  

2 

Recovery of t h e  p r e c i p i t a t e d  pro tac t in ium has proved t o  be  more d i f -  

f i c u l t .  Attempts t o  o b t a i n  t h e  depos i ted  pro tac t in ium i.n molten B i  or Pb 

have been g e n e r a l . 1 ~  unsuccessfu l  i n  equipment of i r o n ,  copper,  niobium, 

or s t e e l ;  t h e  depos i ted  pro tac t in ium was only f l e e t i n g l y  ( i r  e v e r )  d i s -  

so lved  i n  t h e  molten metal .  When thorium w a s  used as t h e  reductan t  no ap- 

p r e c i a b l e  concent ra t ion  of pro tac t in ium w a s  found i n  t h e  excess thorium. 

Carefu l  examination of  s ec t ioned  apparatus  shows some pro tac t in ium on 'the 

v e s s e l  w a l l s ,  and some appears t o  remain suspended ( i n  e a s i l y  f i l t e r a b l e  

form) i n  t h e  s a l t .  Tine mechanism of removal of  pro tac t in ium from t h e  sa l t  

mixture  remains far  from c e r t a i n .  It appears l i k e l y  t h a t  t h e  thorium ( o r  

s l i g h t l y  weaker x-educing agen t )  reduces pro tac t in ium t o  form a moderately 

s t a b l e  i n t e r m e t a l l i c  compound (perhaps wi th  C r  or Fe) which i s  f i lLerabl -e ,  

i s  not d i sso lved  by t h e  molten l e a d  o r  bismuch, and i s  r e a d i l y  decomposed 
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WEIGHT OF SALT: 6009 
WEIGHT OF LEAD: 9OOg 

___ 

- 

WITH 0.1 wt Yo 

----'____. ____ c 
WITHOUT ADDED 

THORIUM Th IN Pb ADDED 

0 20 40 20 40 

EXTRACTION TIME ( h r )  

F ig .  21. Ef'fect of Tnortum Metal on the 
233, 

E x t r a c t i o n  of r a f r o m  LiF-BeFz-ThF4 

(73-2-25 inole % )  in Salt-Lead S y s t e n  a t  600°C. 
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by anhydrous HF. 

Attemp’is t o  recover  Lhe pro tac t in ium by reduct ion  wi th  m e t a l l i c  thor -  

i u m  i n  steel. equipmect i n  t h e  presence of ad.ded i r o n  su-rface ( s t e e l  woo l )  

have shown some promise. I n  a t y p i c a l  experiment,  some 320 grams of 

LiE’-TlnF (27 mole % ThF ) conta in ing  81 ppm ( 2 6  mg) of pro tac t in ium was 

reduced wi-til thorriun i n  t h e  presence of 4 grms of steel. wool, 

64- 

4 )h 

The 

LiP‘-ThF4, prev ious ly  p u r i f i e d ,  w a s  p laczd  i n  a welded nickel  r e a c t i o n  

ves se l ,  i r r a d i a t e d  Thy 

added t o  t h e  mixture ,  and ii was t r e a t e d  firs’c with a mixiure  of HF and H 

arid t hen  wi th  H a lone .  Four g r a m  of s t e e l  wool (grade  00,  0.058 m / g  

su r face  a r e a )  w2s placed  i n  a low-carbon-steel l i n e r  i n s i d e  anothzr  n icke l  

conta in ing  a known amount of 233Pa and 231Pa w a s  4 

2 
2 

2 

v e s s e l .  The conten ts  of’ th7.s v e s s e l  were then t r e a t e d  wi th  p u r i f i e d  hydro- 

gen a t  800Oc f o r  s e v e r a l  hours t o  remove as iniich as poss ib l e  o f  t h e  oxide 

su r face  contamination of t h e  sieel. wool and l i n e r .  The two v e s s e l s  were 

then  connected t o < e t h e r  a t  room temperature  3nd heated t o  about 650°C, and. 

t h e  s a l t  w a s  t r a n s f e r r e d  t o  the s t e e l - l i n e d  v e s s e l .  Af te r  two sepa ra t e  

exposures of t h e  sal t  t o  a s o l i d  thorium s u r f a c e ,  a s  i n d i c a t e d  i n  ‘Tab le  J 5 >  

t h e  s a l t  was t r a n s f e r r e d  back t o  i t s  ori-gina?. conta iner  and allowed t o  

cool  i n  helium. The s t e e l - l i n e d  v e s s e l  w a s  cu t  up, and samples were sub- 

mit t ed  f o r  a n a l y s i s .  

The d a t a  i n  Table 15 show i h a t  99% of t h e  pro tac t in ium was p rec ip i -  

t a ted  i n  a form t h a t  would not pass  iiwough a s j n t e r e d  copper f i l t e r  a f t e r  

a f a i r l y  s h o r t  exposure t o  s o l i d  tiiorjurfl, bu t  nea r ly  7% w a s  i n  the un- 

f i l t e r e d  s a l t  t h a t  w a s  t r a n s f e r r e d  baTk t o  thz n i c k e l  v e s s e l  a f t e r  ex- 

posure t o  I;iiorium. About 69 g of s a l t  w a s  a s s o c i a t e d  with t h e  s t e e l  wool 

i n  Lhe steel .  l i n e r  i n  t h e  form of a hard bal.? . P a r t i a l  s epa ra t ion  of  tile 
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sa l t  from s t e e l  wool w a s  e f f e c t e d  by use  of a magnet after crushing t h e  

b a l l ,  and the  i ron - r i ch  f r a c t i o n  had t h e  h ighe r  pro tac t in ium concent ra t ion .  

The s m a l l  amount of pro tac t in ium found on t h e  v e s s e l  w a l l  i s  e s p e c i a l l y  

no tab le ,  

n i c k e l )  would h e l p  t o  account f o r  t h e  manner i n  which pro tac t in ium s e t t l e d  

out  on, and adhered t o ,  t h e  s t e e l  wool su r face .  

Coprec ip i t a t ion  of m e t a l l i c  pro tac t in ium arid i r o n  (and poss ib ly  

On t h e  basis of p r e s e n t l y  a v a i l a b l e  informat ion ,  thorium reduct ion  of 

pro tac t in ium from molten breeder  b lanket  mixtures  i n  t h e  presence of s t e e l  

wool i s  be l i eved  t o  be a promising recovery method warran t ing  f u r t h e r  in -  

v e s t  i g  at i on. 

Recent experiments have shown, i n  a d d i t i o n ,  t h a t  t h e  handl ing of pro- 

t ac t in ium i s  s i m p l i f i e d  somewhat i f  g r a p h i t e  s e rves  as t h e  con ta ine r .  

When i r r a d i a t e d  thorium m e t a l  ( con ta in ing  233Pa) i s  d i s so lved  i n  molten 

bismuth. i n  m e t a l  con ta ine r s  t h e  pro tac t in ium disappears  from t h e  l i q u i d  

meta l  s o l u t i o n  r ap id ly .  S imi l a r  experiments us ing  g r a p h i t e  v e s s e l s  show 

very slow n e g l i g i b l e  decreases  i n  pro tac t in ium concent ra t ion  (af ter  cor- 

r e c t i o n  f o r  r a d i o a c t i v e  decay) wi th  t ime.  

Accordingly,  r ecen t  s t u d i e s  of r educ t ion  of  pro tac t in ium from molten 

f l u o r i d e  s o l u t i o n  have been conducted i n  v e s s e l s  of g raph i t e .  

e s t i n g  assembly which has  been s t u d i e d  i n  a pre l iminary  way uses  a cy l in-  

d r i c a l  g r a p h i t e  c r u c i b l e  (as a l i n e r  i n s i d e  a s t a i n l e s s  s t e e l  o r  n i c k e l  

v e s s e l )  conta in ing  a poo l  of molten bismuth and a c e n t r a l  c y l i n d r i c a l  

chimney of g r a p h i t e  wi th  i t s  lower end immersed i n  t h e  bismuth pool .  

chimney i s  connected t o  t h e  l i d  of t h e  metal j a c k e t  vessel i n  a manner 

such t h a t  t h e  c e n t r a l  chamber and t h e  annular  o u t e r  chamber can be main- 

t a i n e d  under s e p a r a t e  and d i f f e r e n t  atmospheres. 

An i n t e r -  

The 

A LiF-ThF4 b lanket  mix- 
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4 Table 1 5 .  P r e c i p i t a t i o n  of Protact inium from Molten LiF-ThF 

(‘73-27 Mole % )  by Thorium Reduction i n  t h e  Presence of S t e e l  Wool 

Sample 
231 T o t a l  

Pa 
2 3lPa Concentration 

S a l t  a f t e r  HF-H2 t rea tment  

S a l t  just before  t r a n s f e r  

S a l t  35 min a f t e r  t r a n s f e r  

S a l t  a f t e r  50 min thorium exposure 

S a l t  a f t e r  145 rnin t h o r i m  exposure 

Normagnetic f r a c t i o n  of m a t e r i a l  
i n  s t e e l  l i n e r  

Magnetic f r a c t i o n  of material  i n  
s t e e l  l i n e r  

Unf i l t e r ed  salt  a f t e r  t r a n s f e r  t o  
n i c k e l  v e s s e l  

S t e e l  l i n e r  w a l l  

S ta i .n less  s t e e l  d i p  l e g  

F i l i n g s  from thorium rod 

A l l  sa l t  samples 

0.0634 

0.081 

0 .O79 

G. 0026 

0.0009 

0.20 

0.628 

0.0076 

20.3 

26.1 

24.9 

0.69 

0.27 

11 .5  

10.2 

1.75 

0.0006 

0.53 

0.29 

1.35 

‘Total protac t in ium recovered 25.5 
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t u r e  conta in ing  pro tac t in ium f l u o r i d e  i s  p laced  i n  t h e  annular  chamber and 

a LiF-NaF-KF mixture  i s  p laced  i n  t h e  i n n e r  chamber. An atmosphere of HF 

i s  used t o  sparge t h e  LiF-NaF-KF mixture  and a reducing meta l  and (be ry l -  

l i u m  o r  thorium) i s  added t o  t h e  sal t  i n  t h e  o u t e r  chamber. 

t in ium f l u o r i d e  i n  t h e  o u t e r  chamber i s  reduced, d i s so lved  i n  and t r a n s f e r -  

r e d  through t h e  bismuth and i s  oxid ized  by HF and d i s so lved  i n  t h e  LiF- 

NaF-KF mixture  i n  t h e  i n n e r  cy l inde r .  Addi t iona l  s tudy  i s  necessary t o  

e s t a b l i s h  (1) t h e  r a t e  a t  which such a system can be made t o  work, ( 2 )  t h e  

q u a n t i t y  of reducing meta ls  t r a n s f e r r e d  t o  t h e  recovery s a l t ,  and the 

completeness t o  which t h e  r e a c t i o n  can be e a s i l y  dr iven .  The system-- 

which seems t o  have s e v e r a l  u s e f u l  var ia t ions- -does ,  however, look promis- 

i ng .  

The protac-  

It i s  a l s o  c l e a r  t h a t ,  as i n  t h e  r a r e  e a r t h  reduct ion  p rocess ,  

e lec t rochemica l  reduct ion  of t h e  pro tac t in ium f l u o r i d e s  should be  success-  

f u l .  I n  t h i s  case ,  it might seem e s p e c i a l l y  promising i f '  (as now seems 

l i k e l y )  t h e  pro tac t in ium i s  be ing  reduced i n  t h e  presence of m e t a l  t o  a 

stable i n t e r m e t a l l i c  compound. Attempts t o  reduce pro tac t in ium e l e c t r o -  

chemical ly  wi th  a v a r i e t y  of m e t a l l i c  e l e c t r o d e s  t o  a s c e r t a i n  (1) t h e  

type and composition of t h e  i n t e r m e t a l l i c  compound, and ( 2 )  whether a 

simple recovery process  wi th  a s o l i d  e l e c t r o d e  can be achieved a r e  

scheduled f o r  s tudy .  
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MSBR IN-LINE ANALYSIS PROGRAM 

The r a p i d  a c q u i s i t i o n  of d a t a  concerning t h e  compositions of t h e  f u e l ,  

coo lan t ,  and cover gas  i s  h igh ly  d e s i r a b l e  i n  t h e  opera t ion  of a f l u i d  f u e l  

r e a c t o r .  To be of most va lue  t h e  d a t a  should be r e p r e s e n t a t i v e  of t h e  re- 

a c t o r  a t  zero t ime p re fe rab ly  wi th  as l i t t l e  time-delay as poss ib l e  i n  

order  t o  eva lua te  changes i n  composition from normal condi t ions  and t o  

t a k e  r e q u i s i t e  a c t i o n .  This s t a t e  can orily be  a t t a i n e d  by in - l ine  analy- 

s is .  I n v e s t i g a t i o n s  are under way t o  devel-op ins t rumenta t ion  capable of 

providing ins tan taneous  da t a .  It i s  proposed t o  devote considerab1,e ef- 

f o r t  i n  t h i s  d i r e c t i o n  as p a r t  of t h e  MSBR program. The a l t e r n a t i v e  i s  t o  

sample t ho  f u e l  and coolant  a t  pe r iod ic  i n t e r v a l s  and remove t h e  sample 

f o r  a n a l y s i s  a t  an appropr i a t e  a n a l y t i c a l  l abo ra to ry .  This procedure i s  

time-consuming and. thereby  suffers  obviously from a d e f i n i t e  t ime l a g  i n  

providing information s o  t h a t  unknown events  and information concerning 

t h e s e  events  a r e  out of phase.  

Although i n - l i n e  ins t rumenta t ion  i s  a we l l - e s t ab l i shed  technique ,  i t s  

a p p l i c a t i o n  t o  molten sal t  r e a c t o r s  i s  e s s e n t i a l l y  i n  i t s  infancy  - par-Li- 

c u l a r l y  i n  regard  t o  r a d i a t i o n  and i t s  e f f e c t  on maintenance of ope ra t ing  

equipment. T'ne o b j e c t i v e  i s  thus  t o  apply t h e  success fu l  i n - l i n e  techni -  

ques t h a t  have been used t o  c o n t r o l  many nonradioac t ive  chemical processes  

t o  c o n t r o l  t h e  r e a c t o r  f u e l ,  coo lan t ,  and cover gas .  

Iielium Cover Gas 

I n  add i t ion  t o  t h e  a n t i c i p a t e d  i m p u r i t i e s  ( atmospheric contaminants , 

CFq, K r ,  and X e )  have been found t o  r ep resen t  s i g n i f i c a n t  contaminants i n  

t h e  MSRE off-gas system. While it has not  y e t  been p o s s i b l e  t o  measure 

hydrocarbons i n  t h e  MSKF: b l anke t  g a s ,  organic  depos i t s  have s e r i o u s l y  
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i n t e r f e r e d  wi th  t h e  ope ra t ion  of t h e  MSRE off-gas system and hydrocarbons 

i n  concent ra t ions  of several hundred pal-ts p e r  m i l l i o n  have been found i n  

t h e  off-gas from t h e  MSRE pump tes t  loop and i n  s imula ted  pump l e a k  ex- 

per iments .  

hydrocarbon e n t e r s  t h e  pump bowl through a mechanical j o i n t  which can be 

welded i n  f u t u r e  models . )  

t r a t i o n  w a s  measured cont inuously by a flame i o n i z a t i o n  d e t e c t o r  and t h e  

i n d i v i d u a l  hydrocarbons -- p r i n c i p a l l y  l i g h t  unsa tu ra t e s  -- were i d e n t i -  

f i e d  by gas  chromatography. 

(These experiments i n d i c a t e  t h a t  most ,  i f  no t  a l l ,  of t h e  

I n  t h e s e  tests t h e  t o t a l  hydrocarbon concen- 

G a s  chromatography i s  a near  p e r f e c t  technique f o r  automated ana lys i s .  

This  technique  i s  now highly  developed and r e f i n e d ,  and cons iderable  ex- 

pe r i ence  has been gained from resea rch  i n  o the r  r e a c t o r  programs on t h e  

a n a l y s i s  of helium by gas  chromatographic techniques.  The determinat ion 

of permanent gas  impur i t i e s  i v  molten sa l t  r e a c t o r  b lanket  gases  w i l l  re- 

q u i r e  an instrument  of  improved s e n s i t i v i t y  t h a t  i s  compatible wi th  

i n t e n s e  r a d i a t i o n .  A s imple chromatograph has  been used t o  measure ppm 

2 ,  0 2 ,  N 2 ¶  CH4, Kr, X e ,  and CF and lower concent ra t ions  of H 

gas from an MSRE i n - p i l e  t e s t .  These contaminants were reso lved  on a 1OX 

molecular  s i e v e  column and measured wi th  a helium discharge  d e t e c t o r ,  

which has  t h e  following l i m i t s  of de t ec t ion .  

i n  t h e  o f f -  4 
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Table 16. S e n s i t i v i t y  for Detect ion of Contaminants i n  
Helium by Gas Chromatography 

Component P a r t s  p e r  B i l l i o n  

H2° 

H2 

O2 

N2 

CH 4 
CF4 

K r  

CO 

Xe 

1 

100 

>10 

>10 

20 

> 10 

20 

20 

1.0 

The de termina t ion  of H 0 and CO w i l l  r e q u i r e  a more complex ins - t ru-  
2 2 

ment wi th  m u l t i p l e  columns; probably a three-column instrument  w i l l  be 

r equ i r ed  for a l l  t h e  above components. Also it w i l l  be necessary t o  e l i -  

minate  a l l  organic  m a t e r i a l s  of cons t ruc t ion  completely i f  extended depend- 

ab le  opera t ion  i s  t o  be obta ined  wi th  h ighly  r a d i o a c t i v e  samples. An a l l -  

meta l  pneumatical ly  ac tua t ed  sampling va lve  i s  being de-veloped f o r  t h i s  

a p p l i c a t i o n .  This va lve  w i l l  a l s o  be operable  a t  high temperatures  t o  

minimize t h e  adsorp'kion of t r a c e s  of  mois ture .  The e f f e c t s  of liydro- 

carbons on t h e  chromatograph has  not  been t e s t e d  bu t  w i l l  probably r e q u i r e  

some modi f ica t ion  o f  t h e  proposed ins t rument .  

Gas chromatography i s  t h e  most h ighly  developed method for t h e  auto- 

mat ic  a n a l y s i s  of hydrocarbon mixtures  ; however, t h e  r e s o l u t i o n  of t h e  

complex mixtures  a n t i c i p a t e d  i n  t h e  b lanket  gas r e q u i r e s  col.umns packed 

with organic  s u b s t r a t e s ,  which a r e  not  compatible wi th  t h e  h igh ly  radio-  

a c t i v e  sarrples. Also, t h e  experience wi th  t h e  pump test loop has  i n d i c a t -  



ed t h a t  t h e  continuous measurement of t h e  t o t a l  concent ra t ion  of hydro- 

carbons would provide adequate information for  r e a c t o r  opera t ions .  These 

measurements, made wi th  a flame i o n i z a t i o n  d e t e c t o r ,  provided d a t a  t o  d i f -  

f e r e n t i a t e  between p o s s i b l e  l o c a t i o n s  of l e a k s ;  converse ly ,  t h e  complete 

ana lyses  were of  va lue  only i n  development s t u d i e s  f o r  t h e  s e l e c t i o n  of 

means of removing t h e  hydrocarbons. The flame i o n i z a t i o n  d e t e c t o r  would 

probably not be s u i t a b l e  f o r  i n - l i ne  a n a l y s i s  of t h e  r e a c t o r  b l anke t  gases  

because i t s  ope ra t ion  would i n j e c t  s u b s t a n t i a l  q u a n t i t i e s  of a i r  i n t o  t h e  

off-gas system. An a l t e r n a t e  method which w i l l  not  i n t roduce  contaminants 

i s  being developed. I n  t h i s  technique  t h e  hydrocarbons a r e  oxid ized  t o  

carbon dioxide and water wi th  copper oxide,  and t h e  thermal  conduct iv i ty  

of t h e  combusted stream i s  compared wi th  t h a t  of t h e  same gas a f t e r  t h e  

CO and H 0 a r e  removed by a s c a r i t e  and magnesium pe rch lo ra t e .  This 

method has  been t e s t e d  wi th  a bench t o p  apparatus  and found t o  g ive  a s ig -  

n a l  p r o p o r t i o n a l  t o  hydrocarbon concent ra t ion  over t h e  range of i n t e r e s t  

wi th  a l i m i t  of d e t e c t i o n  below 10 ppm. I f  p o s s i b l e ,  a similar apparatus  

w i l l  be t e s t e d  on t h e  off-gas of t h e  MSKE. 

Spectrophotometry of Molten S a l t s  

2 2 

Absorption spectrophotometry and e l e c t  rochemic a1 a n a l y t i c a l  t echni- 

ques are p o t e n t i a l l y  app l i cab le  f o r  i n - l i n e  ana , lys i s .  The absorp t ion  

s p e c t r a  of s e p a r a t e  s o l u t i o n s  of U ( 1 V )  and U ( I I 1 )  i n  f luoride-base molten 

sal ts  have been obta ined .  

U(II1) could be determined a t  a wavelength of 360 mp t o  a concent ra t ion  

l e v e l  of - ca .  300 ppm i n  t h e  presence of  up t o  1 mole % of U ( 1 V )  i n  molten 

LiF-BeF2-ZrF4. 

c h a r a c t e r i s t i c  spectrum, would be a s p e c i f i c  and d i r e c t  method. Performed 

Based on a cons ide ra t ion  of t h e s e  s p e c t r a ,  6 5  ,66 

Such a spectrophotometr ic  method, which i s  based on a 
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“ i n - l i n e  , ‘ I  t h i s  de te rmina t ion  would provide a d i r e c t ,  s p e c i f i c ,  and con- 

t inuous  monitor of t h e  U ( I I 1 )  concent ra t ion  i n  t h e  molten f u e l  s a l t .  

S imi l a r ly  a r e l a t i v e l y  weak peak a t  1000 mu i n  t h e  absorp t ion  s p e c t r a  of 

t e t r a v a l e n t  uranium could be used t o  monitor U ( i V ) ,  provided t h e  concen- 

t r a t i o n  of  I J ( I 1 T )  does not exceed about 1000 ppm. 

i n  t h e  molten s a l t ,  even i f  p re sen t  a t  s e v e r a l  t imes  t h e  concent ra t ion  

l e v e l  t h a t  i s  expected,  w i l l  not i n t e r f e r e  wi th  t h e  proposed de termina t ions .  

The e f f e c t  of t h e  s p e c t r a  of t h e  var ious  f i s s i o n  products  i s  not  known 

p r imar i ly  because t h e i r  equi l ibr ium oxida t ion  s t a t e s  are not  known wi th  

c e r t a i n t y .  It seems reasonable  t o  assume, however, t h a t  l i t t l e  i f  any ef-  

f e c t  w i l l  be observed. Perhaps t h e  most i n t e r f e r e n c e  w i l l  be  from t h e  

r a r e  e a r t h s ,  probably as s o l u b l e  f l u o r i d e s .  On t h e  b a s i s  of experimental  

evidence t h e  r a re -ea r th  s p e c t r a  i n  molten f l u o r i d e  salts  should p re sen t  

sharp  but  i n s e n s i t i v e  absorp t ion  peaks.  

Any corros ion  products  

Recently a very i n t e n s e  absorp t ion  peak a t  235 mu has been found f o r  

U (  I V )  i n  LiF-BeF melts. Prel iminary e s t ima tes  i n d i c a t e  t h a t  t h i s  peak 

could be used f o r  t h e  i n - l i n e  measuremmt of uranium concent ra t ions  as 

low as 5 t o  1 0  ppm. If no i n t e r f e r i n g  ions  a r e  p r e s e n t ,  t h e  peak could be 

app l i ed  as a s e n s i t i v e  d e t e c t o r  of l eaks  i r i to  coolant  s a l t  streams and t o  

measure r e s i d u a l  uranium i n  deple ted  reprocess ing  streams. 

2 

The design of a spectrophotometer t o  be used i n  these  proposed appl i -  

ca t ions  i s  r a t h e r  w e l l  def ined.  Modif ica t ion  of an e x i s t i n g  commercial 

spectrophotometer ,  a Cary Model 14-H manufactured by Applied Physics  

Company, w i l l  adequately meet t he  design c r i t e r i a .  In order  t o  e l imina te  

most of t h e  r a d i a t i o n  which i s  p resen t  i n  t h e  s a l t  sample t h e  o p t i c a l  path- 

l eng th  of  t h e  spectrophotometer will be extended - ea .  t h r e e  f e e t ;  a t  the 
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same time t h e  imaging of t h e  o p t i c a l  system w i l l  be modified t o  provide 

more i n t e n s e  i l l u m i n a t i o n  of t h e  sample srea. 

It appears t ha t  t h e  p ip ing  which w i l l .  d e l i v e r  t h e  molten salt t o  the  

sample c e l l  can be extended a convenien-c d i s t a n c e  from t h e  r e a c t o r  core  

s o  t h a t  environmental  r a d i a t j o n  may be no problem t o  t h e  s e r v i c i n g  of t h e  

e l e c t r o n i c  components of t h e  spectrophotometer.  If t h e  r a d i a t i o n  i s  above 

tolerpmce, s epa ra t ion  of e l e c t r o n i c  and o p t i c a l  components can b e s t  be 

handled by b u i l d i n g  one instrument  housing t h e  o p t i c a l  cornponents and an- 

o t h e r  instrument  conta in ing  t h e  e l e c t r o n i c s .  Schematic diagrams of t h e  

c e l l  design and spacing are shown i n  F igs .  22 and 23. 

If t h e  spectrophotometer  i s  t o  monitor t i le spectrum of  U(IT3) eon- 

t i nuous ly  and monitor t h e  spectrum of U ( 1 V )  occas iona l ly ,  t h i s  t ype  0:' 

r e p e t i t i v e  a n a l y s i s  i s  r e a d i l y  adaptab le  t o  am. automatic c y c l i c  opera t ion  

wi th  t h e  d a t a  recorded by d i g i t i z i n g  equipment. 

E l e c t  rochemi ea1  S tud ie s  

I n  p r i n c i p l e  e lec t rochemica l  ana lyses  of molten s a l t s  a r c  at  t r a c t i v e  

for i n - l i n e  a n a l y s i s  s i n c e  t h e  technique lends  i t s e l f  so  w e l l  t o  remote 

ope ra t ions .  I n  a d d i t i o n ,  any spec ie s  i n  s o l u t l o n s  t h a t  can be oxid ized  o r  

reduced i s  determinable  by e l ec t rochemis t ry .  Thc chemical behavior  of" t h e  

s o l u t i o n  and t h e  r e a c t i o n s  involved must be known, however. I d e a l l y ,  one 

could e s t a b l i s h  t h e  normal p o t e n t i a l  of t h e  f u e l  and observe f l u c t u a t i o n s  

and dev ia t ions  from t h i s  n o m .  I n  t h i s  manner t h e  normal ope ra t ing  be- 

hav io r  of t h e  f u e l  i s  known and presumably changes i n  t h i s  behavior  would 

be c o r r e l a t e d  wi th  observed trarisi t iorLs.  To accornplish t h i s  task a r e l i -  

a b l e  re ference  e l e c t r o d e  i s  needed. To t h i s  end, it i s  planned t o  in-  

v e s t i g a t e  var ious  m e t a l - m e t a l  con couples (n i cke l -n i cke l  f l u o r i d e ,  n icke l -  
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n i c k e l  oxide,  beryllium-herylliurn f l u o r i d e ,  f o r  example) as poss ib l e  refer- 

ence el-ectrodes t h a t  are compatible wi th  f l u o r i d e  me l t s .  I n  p r a c t i c e ,  t he  

metal-metal i o n  re ference  appears t o  be t h e  b e s t  choice from t h e  s tand-  

po in t  of i -nves t iga t ing  and s e t t i n g  up of e l e c t r o a n a l y t i c a l  methods f o r  an- 

a l y s i s  of molten f l u o r i d e s .  One model of t h e  Ni-NiF e l ec t rode  has been 

t e s t e d  sild found t o  be r e v e r s i b l e  and reproducib le  bu t  of l i m i t e d  s e r v i c e  

l i f e .  The u s e f u l  1i .fetime of t h i s  e l ec t rode  is l imi t ed  t o  a few weeks by 

the  6 i . s so lu t ion  o f  a t h i n  membrane of boron n i t r i d e  which se rves  as a, " s a l t  

br idge" between t h e  N i . - N i F  

be mechanically f e a s i b l e  t o  r ep lace  e l ec t rodes  i.n r e a c t o r  process  s t reams 

p e r i o d i c a l l y ,  a much more dependable system could be cons t ruc ted  i f  an  in-  

s u l a t i n g  rriateria.1 tha-i; i s  compatible wi th  molten f l u o r i d e s  could be d i s -  

covered. 

2 

h a l f  c e l l  and t h e  iiiolteii sample. While it ma.y 2 

6 '7 A three-e lec t rode  system, an ind i -ca tor  e l e c t r o d e ,  quasi-reference 

68 
e l e c t r o d e ,  and an i s o l a t e d  counter  e l ec t rode  ,69 'nas been app l~ ied  t o  

mo It en s a1 t s s i ~ c  c e s s f u l l y  . 

r eac t ions  f o r  s e v e r a l  e l e c t r o a c t i v e  spec ie s  are show11 i n  F i g .  24. 'i'heo- 

r e t i c a l l y ,  it i s  p o s s i b l e  t o  measure t h e  concent ra t ion  of t h e  me-tal ions  

a t  t h e i r  decomposition p o t e n t i a l s  independent of the  presence of o t h e r  

meta l  ions  as long as t h e  p o t e n t i a l  d i f f e rence  i s  at, l ~ e a s t  0 .3  v. The 

presence of gross q u a n t i t i e s  of one metal  and t r a c e  q u a n t i t i e s  of another  

o f t e n  r e s u l t s  i n  swamping of t h e  decomposi.tion p o t e n t i a l .  

Approximate p o t e n t  i a1 s f o r  ob s e rve  d e l e  c t 1-0 de 

This  technique has a l ready  been appl ied  t o  samples from t h e  MSRE t o  

deteriliine t h e  oxidati-on s t a t e  of i r o n  and n i c k e l  which appeared t o  be 

p re sen t  i n  t h e  f u e l  i n  concent ra t ions  above t n a t  p red ic t ed  to exri.st i n  

equi l ibr ium wi th  INOR-8 at t h e  observed concent ra t ions  of chromium. Con- 
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c e n t r a t i o n s  o f  i o n i c  i r o n  mid n i c k e l  of only about 1.0 and 1 ppm were deLer- 

mined by v o 1 . t m e t r i c  scans of remelted sarriples t h a t  had been withdrawn 

Cram tine MSRE before  it w a s  opera ted  at power. These va lues  compare wi th  

t o t a l  concenLrations (determined chemi.cal..ly) of 125 and 45 ppm, respec t ive-  

l y ,  and i n d i c a t e  t h a t  t h e  major f r a c t i o n s  of t hese  contaminants a r e  prob- 

ably present  as f i n e l y  d iv ided  meta ls .  Thus the concent ra t ions  oi” t h e s e  

cor ros ion  products  i n  t i x e  i o n i c  s o l u t i o n  a r e  more c o n s i s t e n t  wi th  thermo- 

dynamic p r e d i c t i o n s .  

The th ree -e l ec t rode  system also o f f e r s  s i g n i f i c a n t  p o t e n t i a l  as a 

technique f o r  i n - l i n e  monitoring of uraniilrii i n  r e a c t o r  f u e l s .  I n  MSRE 

type  melts  a t  500OC U(1V) t o  U(II1) reducLion waves have been found t o  be 

reproducible  t o  b e t t e r  than 1% i n  measurements during a two-hour pe r iod ,  

and t o  about 2 Lo 3% f o r  i n t e r m i t t e n t  measurements taken  over a one-month 

pe r iod .  Lf the  r e p r o d u c i b i l i t y  could be improved, t h e  technique could also 

be used t o  measure t r i v a l e n t  uranium. The r a t i o  of r eve r se  t o  forward 

s c a a  cur ren t s  i s  un i ty  when only U(IV) i s  p r e s e n t ,  b u t  t h e  r a t i o  inc reases  

as UF i s  added. t o  tiie mel t .  One l i m i t  Lo t h e  r e p r o d u c i b i l i t y  o f  t h e  

v o l t a m e t r i c  measurement i s  t h e  p r e c i s i o n  of d e f i n i t i o n  of t i ie a r e a  of t h e  

i n d i c a t i n g  e l e c t r o d e .  With present  ins t rumenta t ion  i t  i s  necessary t o  

I.itnit t h e  e l e c t r o d e  a r e a  by i n s e r t i n g  a 20-gauge pl.ati~oum wire  only 5 mm 

i.nto t h e  mel t s  t o  l i i i i i t  t h e  cu r ren t s  t o  measurable va lues .  It i s  apparent 

t h a t  only a s m a l l  change i.n melt l e v e l  w i l l  produce a s i g n i f i c a n t  e r r o r  i n  

e l ec t rode  a rea .  

3 

A new v o l t a m e t e r  i s  being b u i l t  t h a t  w i l l  measure twentyfold higher 

cur ren t s  s o  t h a t  an e l ec t rode  wi th  more reproducib le  a r e a  can be used. 

This instrument also permits  f a s t e r  sweep rates which w i l l  minimize t h e  
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e f f e c t s  of s t i r r i n g  i n  flow c e l l s  which w i l l  be  necessary f o r  process  an- 

a l y s i s .  With t h e s e  ref inements  it i s  p o s s i b l e  t h a t  uranium can be  continu- 

ous ly  monitored wi th  accuracy t h a t  i s  comparable t o  t h a t  of ho t  c e l l  analy- 

s e s .  An a l t e r n a t e  method f o r  de f in ing  t h e  e l e c t r o d e  area i s  t o  use  an 

i n s u l a t i n g  shea th .  Boron n i t r i d e  shea ths  have been used wi th  some success  

bu t  are slowly a t t acked  by t h e  sa l t s .  The technique  would be  g r e a t l y  

s i m p l i f i e d  i f  a r e a l l y  compatible i n s u l a t o r  were a v a i l a b l e ,  and a materials 

development program would appear t o  be mer i ted .  

A new phenomena which may o f f e r  a combined e l e c t r o l y t i c  and gas analy- 

s is  technique  f o r  oxide de te rmina t ion  has  r e c e n t l y  been observed. When 

LiF-BeF 

anodic wave which has  been a t t r i b u t e d  t o  t h e  ox ida t ion  of oxide i o n ,  gas  

evo lu t ion  i s  noted a t  t h e  i n d i c a t o r  e l e c t r o d e .  The gas  w a s  found t o  be 

predominantly CO 

t h e  p y r o l y t i c  g r a p h i t e  e l e c t r o d e  o r  t h e  g r a p h i t e  con ta ine r )  w i t h  l e s s e r  

q u a n t i t i e s  of CO and 0 If 100% cur ren t  e f f i c i e n c y  can be achieved,  a 

coulometr ic  method would r e s u l t .  A l t e r n a t e l y  t h e  evolved gases  could be 

purged from t h e  e l e c t r o l y t i c  c e l l  and analyzed gas  chromatographically.  

Determination of Gxide by Hydrof luor ina t ion  

me l t s  are e l e c t r o l y z e d  i n  vacuo at t h e  p o t e n t i a l  ( +  1.0 v) of an 
2 

( r e s u l t i n g  from t h e  r e a c t i o n  of e l e c t r o l y t i c  oxygen wi th  
2 

2 -  

The q u a n t i t a t i v e  evo lu t ion  of oxide as w a t e r  by hydro f luo r ina t ion  of  

molten f l u o r i d e  sa l t  mixtures  has  been s u c c e s s f u l l y  app l i ed  t o  t h e  de t e r -  

mina t ion  of oxide i n  t h e  h igh ly  r a d i o a c t i v e  MSRE f u e l  samples. The sampl- 

i n g  l a d l e ,  conta in ing  about 50 g of s a l t ,  i s  s e a l e d  i n  a n i c k e l  hydro- 

f l u o r i n a t o r  wi th  a d e l i v e r y  tube  spring-loaded aga ins t  t h e  s u r f a c e  of t h e  

salt .  

mixture  of anhydrous K F  i n  hydrogen, t h e  salt  i s  mel ted ,  t h e  d e l i v e r y  tube  

After t h e  system i s  purged a t  3OO0C w i t h  a hydro f luo r ina t ing  gas 
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i s  dr iven  beneath t h e  su r face  of t h e  s a l t ,  and t h e  melt  i s  purged wi th  

hydrof luor ina t ing  gas mixture ,  t h e  oxide being evolved as w a t e r .  The e f -  

f l u e n t  from t h e  hydro f luo r ina to r  i s  passed through a sodium f l u o r i d e  

column at 70°C t o  remove t h e  HF, and t h e  water  i n  a f r a c t i o n  of  t h i s  gas 

stream i s  measured wi th  t h e  c e l l  of an e l e c t r o l y t i c  moisture  monitor.  The 

i n t e g r a t e d  s i g n a l  from t h e  moisture  monitor c e l l  i s  p ropor t iona l  t o  t h e  

concent ra t ion  of oxide i n  t h e  sample. The water i s  evolved q u i t e  r a p i d l y  

wi th  analyses  e s s e n t i a l l y  complete wi th in  about 30 minutes a f t e r  t h e  s a l t  

i s  melted.  Most of t h i s  t ime i s  consumed i n  purging t h e  water from t h e  

sodium f l u o r i d e  t r a p  and i n  "drying down'' t h e  c e l l .  

The components r equ i r ed  t o  c a r r y  out  t h i s  de te rmina t ion  i n  t h e  hot 

c e l l  a r e  shown i n  F igs .  25 and 26. Figure 25 shows from l e f t  t o  r i g h t :  

t h e  sampling l a d l e ;  a n i c k e l  l i n e r ,  which p r o t e c t s  t h e  hydro f luo r ina to r  

bottom; t h e  hydro f luo r ina to r  t o p ,  wi th  i t s  r ep laceab le  de l ive ry  t i p  and 

b a f f l e s  t o  r e t a i n  t h e  s a l t  i n  t h e  l i n e r ;  t h e  hydro f luo r ina to r  bottom and 

a clamping yoke t o  sea l  t h e  hydro f luo r ina to r  v i a  a Teflon O-ring. Figure 

26 shows t h e  assembled hydro f luo r ina to r  i n  t h e  furnace on t h e  r i g h t  con- 

nected with  a pneumatical ly  ac tua t ed  coupler  t o  t h e  compartment which 

conta ins  t h e  sodium f l u o r i d e  column, t h e  moisture  c e l l ,  a c a p i l l a r y  gas 

stream s p l i t t e r  and t h e  necessary  va lv ing  and connect ions.  

A t  t h e  r e a c t o r  s t a r t u p  samples of f l u s h  sa l t  and f u e l  w e r e  analyzed 

by both t h e  hydro f luo r ina t ion  and EU3rF4 methods wi th  s a t i s f a c t o r y  agree- 

ment. The KBrF r e s u l t s  were p o s i t i v e l y  b i a sed  by about 20 ppm which i s  

r e a d i l y  explained by atmospheric contamination of t h e  pulver ized  sa l t .  

Since t h e  r e a c t o r  has  been ope ra t ing  a t  power t h e  r e s u l t s  of  t h e  samples 

analyzed have f a l l e n  i n  t h e  range of 50 2 5 ppm. 

4 
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The hydro f luo r ina t ion  method should be equa l ly  app l i cab le  t o  t h e  

a n a l y s i s  of MSBR samples,  as no i n t e r f e r e n c e  i s  a n t i c i p a t e d  from thorium. 

Because t h e  r e a c t i o n  i s  r a p i d  and q u a n t i t a t i v e  it o f f e r s  promise f o r  ap- 

p l i c a t i o n  t o  process  a n a l y s i s  and might a l s o  be combined wi th  a determi- 

na t ion  of reducing power. The r e a c t i o n s  involved i n  t he  process  determi- 

n a t i o n  are as fol lows : 

02- + 2HF 2 H20+ + 2F- 

Mo + nHF t' MFn + n/2 H2+ ( 3 )  

(1) 

(2) 
and 

o r  

UF3 + HF 2 UF4 + 1 / 2  H2+ 

wi th  evolved water  and hydrogen measured. 

Appl ica t ion  of r e a c t i o n  (1) could be  c a r r i e d  out  by e i t h e r  of two 

techniques .  I n  t h e  s imples t  approach t h e  molten s a l t  would be sub jec t ed  

t o  a s ing le - s t age  e q u i l i b r a t i o n  wi th  HF i n  a hydrogen or helium c a r r i e r  

and t h e  oxide computed from known equi l ibr ium cons tan t s .  This approach i s  

s u b j e c t  t o  s e v e r a l  problems, t h e  most s e r i o u s  of which i s  t h a t  a c t i v i t i e s  

of oxide r a t h e r  t han  concent ra t ions  a r e  measured. Thus p r e c i p i t a t e d  

oxides  a r e  not  determined. Also, it would be necessary t o  main ta in  accu- 

r a t e  temperature  c o n t r o l  because equi l ibr ium cons tan ts  of  t h e  r e a c t i o n  

are r e l a t i v e l y  dependent on temperature .  An a l t e r n a t e  approach which 

would circumvent t h e  above problem bu t  would r e q u i r e  a more complex ap- 

p a r a t u s  i s  t o  e q u i l i b r a t e  a cons tan t  s t ream of t h e  f u e l  wi th  a counter- 

cu r ren t  f low of hydro f luo r ina t ing  gas .  By proper  s e l e c t i o n  of  parameters 

(HF concen t r a t ion ,  tempera ture ,  c o n t r a c t o r  design and flow rates) it i s  

t h e o r e t i c a l l y  p o s s i b l e  t o  approach q u a n t i t a t i v e  removal of oxide from t h e  

e f f l u e n t  sa l t  so  t h a t  a s t eady  s t a t e  i s  reached i n  which t h e  w a t e r  evolved 
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i s  equiva len t  t o  t h e  oxide in t roduced  i n  t h e  sa l t  stream. Rate cons tan ts  

f o r  hydro f luo r ina t ion  are not a v a i l a b l e .  

Thorium and Protac t in ium 

All of t h e  experimental  work on t h e  proposed methods has been c a r r i e d  

out on MSRE type  salts bu t  should a l s o  provide adequate analyses  f o r  t h e  

MSBR f u e l .  I n  t h e  a n a l y s i s  of t h e  MSBR blanket  t h e  presence of thorium 

and pro tac t in ium must a l s o  be considered.  A t  t h i s  t ime t h e  in - l ine  analy- 

s is  of  thorium does no t  appear e s s e n t i a l  t o  t h e  opera t ion  of t h e  r e a c t o r  -- 

a p o s s i b l e  except ion  i s  t h e  monitor ing of thorium i n  t h e  core  t o  d e t e c t  

l eaks  between t h e  b lanket  and t h e  core .  Also,  on t h e  b a s i s  of i t s  spec t ro-  

photometr ic ,  e l e c t r i c a l  and thermodynamic p r o p e r t i e s ,  thorium i s  not  ex- 

pec ted  t o  i n t e r f e r e  s i g n i f i c a n t l y  wi th  any of t h e  proposed methods. The 

i n - l i n e  a n a l y s i s  of pro tac t in ium must be considered as a p r i o r i t y  determi- 

n a t i o n  because t h e  concent ra t ion  of pro tac t in ium must be maintained at a 

low l e v e l  i n  t h e  b l anke t  f o r  e f f i c i e n t  breeding.  I n  t h e  absence of ex- 

per imenta l  d a t a ,  t h e  spectrophotometr ic  method appears t o  o f f e r  t h e  most 

p r o f i t a b l e  avenue of i n v e s t i g a t i o n .  

Reprocessing System 

Monitoring of t h e  continuous f u e l  reprocess ing  system w i l l  probably 

be of even more importance than  t h e  monitoring of t h e  main r e a c t o r  system, 

because t h e  compositions of t h e  reprocess ing  streams are more s u b j e c t  t o  

r a p i d  ope ra t iona l  con t ro l .  Moreover, t h e  reprocess ing  system o f f e r s  

s e v e r a l  avenues f o r  t h e  temporary o r  permanent l o s s  of f i s s i o n a b l e  

material. S a l t  s t reams which w i l l  r e q u i r e  continuous measurement of t r a c e  

concent ra t ions  of uranium inc lude  t h e  e f f l u e n t s  from f l u o r i n a t o r s  of t h e  

f u e l  and b lanket  reprocess ing  s t reams.  P a r t  of t h e  r e s i d u a l  uranium i n  



e i ther  of t h e s e  s t reams i s  s u b j e c t  t o  permanent l o s s  e i t h e r  i n  t h e  s t i l l  

bottoms of t h e  f u e l  system o r  i n  t h e  waste of t h e  b lanket  f i s s i o n  product 

d i s p o s a l .  The i n - l i n e  a n a l y s i s  of major concent ra t ions  of uranium i n  t h e  

make-up s t ream from t h e  recombiner w i l l  a l s o  be  r equ i r ed  f o r  inventory 

c o n t r o l .  

or na tu re  of t he  cor ros ion  products  t h e  techniques t h a t  are developed f o r  

t h e  a n a l y s i s  of r e a c t o r  salts should be equa l ly  app l i cab le  t o  t h e  reproces- 

s i n g  system. 

With t h e  p o s s i b l e  except ion of a change i n  t h e  concent ra t ion  and/ 

Gaseous e f f l u e n t s  streams from t h e  UF6 co ld  t r a p s  and t h e  recombiner 

system could in t roduce  temporary l o s s e s  v i a  t r a n s f e r  of uranium t o  Lhe o f f -  

gas  system and w i l l  r e q u i r e  in - l ine  a n a l y s i s  f o r  t r a c e  concent ra t ions .  

Gas streams t h a t  conta in  major concent ra t ions  OP UF6 ( e . g . ,  e f f l u e n t s  from 

t h e  f l u o r i n a t o r s )  can probably be  adequately monitored by u l t r a v i o l e t  

spectrophotometers ,  bu t  no completely s a t i s f a c t o r y  methods have y e t  been 

found f o r  t h e  in - l ine  a n a l y s i s  of t r a c e  concent ra t ions  of uranium i n  gas 

stream. Seve ra l  techniques a r e  being considered t o  monitor t h e  F l u i d  

Bed V o l a t i l i t y  P i l o t  P l a n t ,  and any methods developed should be i d e a l l y  

s u i t e d  f o r  t h e  MSBR reprocess ing  system. 
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PROPOSED P R C G M 4  OF CHEMICAL DEVELOPMEN'T 

The chemica.1 status of molten f l u o r i d e s  as r e a c t o r  m a t e r i a l s ,  p resent -  

ed i n  some d e t a i l  i n  preceding s e c t i o n s ,  i n d i c a t e s  s t rong ly  t h a t  thermal  

breeders  based upon t h e s e  materials are f e a s i b l e .  T'ne d i scuss ion  above, 

however, p o i n t s  out s e v e r a l  problem areas t h a t  remain and numerous spec i -  

f i c  detai ls  t h a t  r e q u i r e  examination and experimental  i n v e s t i g a t i o n .  A 

b r i e f  summary of t h e s e  areas and s p e c i f i c  p l ans  f o r  t h e  necessary s t u d i e s  

i s  presented  under t h e  s e v e r a l  headings below. An estimate of  t h e  manpower 

and money r equ i r ed ,  over t h e  next  8 y e a r s ,  t o  accomplish t h e s e  research  

and development a c t i v i t i e s  i s  presented  as Table 17. 

it  i s  axiomatic t h a t  t h e  course of research  and development a c t i v i t i e s  

i s  seldom smooth and i s  d i f f i c u l t  t o  p r e d i c t  i n  d e t a i l  f o r  a long per iod .  

Researches l e a d  t o  va luable  f ind ings  t h a t  can be e x p l o i t e d ,  and unsuspect- 

ed problems a r i s e  and r e q u i r e  a d d i t i o n a l  e f f o r t s  f o r  t h e i r  s o l u t i o n .  It 

i s  very u n l i k e l y ,  t h e r e f o r e ,  t h a t  t h i s  budget breakdown w i l l  prove accu ra t e  

i n  d e t a i l ,  bu t  t h e  o v e r a l l  sums and manpower, yea r  by y e a r ,  should be suf -  

f i c i e n t  f o r  t h e  purpose.  

Phase Equi l ibr ium S tud ie s  

Equi l ibr ium phase behavior  of t h e  proposed f u e l  and b lanket  systems 

i s  r e l a t i v e l y  well es t ab l i shed .  A c a r e f u l  and d e t a i l e d  examination, uslng 

a l l  t h e  most advanced techniques ,  should be made of t h e  region c lose  t o  

t h e  proposed compositions i n  t h e  f u e l  and, e s p e c i a l l y ,  i n  t h e  b lanket  

system. 

composition, t o  t h e  ba r ren  f u e l  so lven t  w i l l  r e q u i r e  some examination. 

None of khese s t u d i e s  i s  u rgen t ly  needed i n  t h e  next y e a r  o r  two. Be- 

hav io r  of t h e  LiF-BeF -UF system w i t h  moderate f r a c t i o n s  of  t h e  UF 

I n  a d d i t i o n ,  t h e  j o i n  from t h e  LiF-UFlc e u t e c t i c ,  through t h e  fuel. 

4 2 4  



Table 17. Projecxed Breakdown of Zhemica; 3evelopment f o r  MSBR Program 

Development Are a 
1968 1969 1973 197; 1972 1973 -974 1975 

>!Y $ MY $; M y $  P 2  5 YY $ M Y $  MY $ KY $; 

Phas 2 Rela t ionships  
Fuels  and Blankets 
Coolants 

Oxide a i d  Oxyfluoribe Behavior 

Solu t ion  Thermodynami c s 

Physical  P r o p e r t i e s  

Radis t ion  Uf 'ecis  
Fission Product 5ehavior  

Protact inium C:iemis:ry 

F iss ion  Product Sephra-;ions 

Development of  Continuous 
Product ion 

Chemical Serv ices  

SuSxotal  

Aninaiytical Development 

Analy t ica l  Serv ices  

Tot a 1  

0. 5 
2 

2 

2 

3 

5 
2 

2 

2 

0 

2 

22.5 

- 

2 

3 

27.5 

20 
63 

90 

80 

103 

350 
100 

80 

80 

0 

70 

1050 

83 

130 

1230 

- 

- 

3.5 
1 

2 

2 

4 

Ya 
3 

2 

2 

0 

2 

26.5 

- 

4 

i, 

34.5 

- 

20 
l i0 

90 

83 

150 

500 
150 

80 

80 

0 

:o 
1263 

160 

130 

1550 

- 

7 
i 

i 

2 

2 

4 

i0 
3 

3 

3 

2 

40 
43 

90 

80 

150 

800 
150 

120 

120 

100 

7 C! 

0.25 10 0.25 io 
0.25 10 

1 40 0.25 10 0.25 io 
0.25 10 0.25 10 0.25 10 0.25 io 

1 40 1 43 1 13 - 40 1 40 

2 60 2 a0 2 BO 2 80 2 SO 

4 150 2 50 2 60 1 40 

3 153 3 150 3 I50 2 100 

3 120 2 SO - 50 1 50 1 50 

4 160 4 16c 2 90 2 80 1 40 

2 100 2 100 0.5 25 0.5 25 0 0 

10 630 10 830 10 800 8 500 6 Loo 
2 100 

105 3 105 _ _ -  4 :lo - -  4 l l 4  _ _ -  6 203 ____ 3 -- 
33.25 1755 29.5 1615 26.0 1465 22.0 1075 19.5 933 

5 225 5 225 L 173 4 179 4 170 

6 150 6 180 6 180 6 190 - __ 

bL.25 216.3 40.5 2020 36.0 1815 32.0 lh25 29.5 1280 

6 180 -- 

aDoes not i n c l u c e  a considera-ale  ca?i:ai exTentiiture f o r  i n - p i l e  facility. Eszimate f o r  ta is  might .be as 5igh  as $600,003. 
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reduced t o  UF and more d e f i n i t i v e  information as ’LO s o l u b i l i t y  of rare- 

e a r t h  f l u o r i d e s  a lkal- ine e a r t h  f l u o r i d e s  plutoni.uii f l u o r i d e  , e t  c e i n  t h e  

mixtures  near t o  t h e  fuel. mi-xture ai-e of somewhat more urgency. A t  t h e  

modest research  l e v e l  shown, t h e s e  stixli.es should be 1argel.y concluded i n  

a four-year pe r iod ,  and very minor e f f o r t s  are p ro jec t ed  beyond t h a t  i n t e r -  

v a l .  

3’ 

Phase behavior  i n  t h e  f luo robora t e  systems ( o r  tile a l t e r n a t l v e s  pre-  

s en ted  abo-ve) proposed a s  coolants  is much l e s s  well understood. 

of f i r s t  pri.c:)rity a r e  t o  der ine  t h e  phase behavior  ( inc lud ing  equ i l ib r iu i i  

The i t e m s  

BF p res su re )  in t h e  NaF-BF system; such s t u d i e s  should inc lude  a sys t e -  

mat ic  examitiati.on of t h e  e f f e c t  of B 0 on t h e  phase equi l ibr ium. Once 

t h e  b inary  system i s  e s t a b l i s h e d ,  t h e  NaF-KF-BF t e r n a r y  system should be 

examined. However, should the HF system appear u n a t t r a c t i v e  ( f o r  ex- 

anp le ,  by reason of i n c o q a t i . b i I . i t y  wi th  Bas t e l loy  N )  t h e s e  phase s t u d i e s  

should immedia-tely be s h i f t e d  t o  examination of t h e  most promi.sing a l ter-  

n a t i v e .  In a d d i t i o n ,  a s m a l l  explora tory  s tudy of sysLems based upon SnF 

should be atteiilpted, s o  t h a t  t h e  i n t e r e s t i n g  proper-Lies of’ t h i s  m a t e r i a l  

can be  exp lo i t ed  i f  i t s  c o ~ n p z t i b i l i t y  wi th  Hastelloy- N can be demonstrated. 

3 3 

2 3  

3 

3 

2 

Oxide and Oxyfluoride Behavior 

Behavior of ox ides ,  and of oxide and. hydroxide ions  over p e r t i n e n t  

regions of tile LiF-BeF TLF-BeF -UF and LiF-BeF -UF ZrF sys t ems  i s  

r eas su r ing  and i s  now reasonably w e l l  understood. Some addi t i .ons1 e f f o r t  

on such behavior i n  t h e  proposed MSBH fuel. system (and i t s  close composi- 

t i o n a l  r e l a t i v e s )  i s  s t i l l  necessary.  

i.n systems wi th  moderate t o  high concent ra t ions  of  t h o r i u n .  Accordingly , 

a h igh  p r i o r i - t y  i n  t h e s e  s t u d i e s  must be given t o  examination of oxides 

2’ 2 4’ 2 11- 4 

L i t t l e  i s  known of  oxide behavior  
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and hydroxides i n  LiF-BeF2-ThF 

s i t i o n .  

pa t ed  (U-Th)O s o l i d  s o l u t i o n  and t h e  molten f l u o r i d e  phase as a func t ion  

of temperature  and m e l t  composition w i l l  fo l low.  Extension of t h i s  s tudy 

t o  inc lude  equi l ibr ium d i s t r i b u t i o n  of pro tac t in ium w i l l  also be done i f  

oxide processes  f o r  t h i s  element s t i l l  appear a t t r a c t i v e .  It i s  expected 

t h a t  a 2-man e f f o r t  can answer, during t h e  next t h r e e  y e a r s ,  t h e  urgent  

ques t ions  t h a t  a f f e c t  f u e l  and b l anke t  product ion techniques and system 

c l e a n l i n e s s  requirements .  Minor ques t ions  and c a r e f u l  refinement of some 

of t h e  d a t a  are expected t o  j u s t i f y  a cont inuing e f f o r t  a t  a slower pace 

t h e r e a f t e r .  

systems a t  and near t h e  b lanket  compo- 4 
A s tudy  of d i s t r i b u t i o n  of uranium and thorium between t h e  a n t i c i -  

2 

Solu t ion  Thermodynamics 

We f e e l  a d i s t i n c t  need f o r  more information about thermodynamics of 

many p o s s i b l e  f i s s i o n  product  or corros ion  product spec ie s  i n  d i l u t e  solu- 

t i o n  i n  f l u o r i d e  mel t s .  We need t o  augment t h e  program now under way 

which a t tempts  t o  ob ta in  t h i s  d a t a  by EMF ineasurements and by d i r e c t  

measurements of chemical e q u i l i b r i a .  The fol lowing s e v e r a l  i tems would be 

accorded nea r ly  equal  p r i o r i t y  : 

EMF Study of M/MFx Elec t rodes  

Experiments us ing  metal /metal  f l u o r i d e  e l ec t rodes  wi th  r e fe rence  

e l e c t r o d e s  such as Be /Be  or I-I HF/Pd w i l l  a t tempt  t o  determine t h e  

i d e n t i t y ,  s o l u b i l i t y ,  and thermodynamic s t a b i l i t y  of  lower valence fluo- 

r i d e s  of such elements as niobium, molybdenum, ruthenium, technet ium, and 

copper i n  LiF-BeF m e l t s .  The p r i o r i t y  order  f o r  t h e s e  elements i s  prob- 

ably t h e  o rde r  l i s t e d .  The method should a l s o  be used,  as oppor tuni ty  

2+ 
2’ 

2 
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permi t s ,  t o  f i rm our p re sen t  values  f o r  t h e  f l u o r i d e s  o f  i r o n ,  chromium, 

and n i cke l .  Such s t u d i e s  should prove of real  va lue  i n  (1) dec i s ions  as 

t o  s u i t a b i l i t y  of  improved con ta ine r  metals ( such  as niobium) and ( 2 )  

eva lua t ion  of p o s s i b l e  f i s s i o n  product  spec ie s  and behavior.  These EMF 

s t u d i e s  would, a t  least i n  t h e  i n i t i a l  s t a g e s ,  be coupled wi th  measure- 

ments of e q u i l i b r i a  such as 

Nb + XHF 3 NbFx + X / 2  H2.  

Thermodynamics of Rare-Earth F luor ides  

We w i l l  use  t h e  c e l l  

I H2’ HF I 
f o r  which t h e  expected c e l l  r e a c t i o n  i s  

+ 3/2H2. 3 ( s )  
M + 3HF = MF 

Pd 

We hope t o  measure AG and AH for c r y s t a l l i n e  r a re -ea r th  t r i f l u o r i d e s .  

These d a t a  are badly needed i n  o rde r  t o  c a l c u l a t e  AG values  f o r  t h e  d i s -  

so lved  sal ts  from s o l u b i l i t y  da t a .  

Ele  e t  rochemi c a1 Deposit i o n  S tud ie s  

f f 

i‘ 

Liquid bismuth s o l u t i o n s  of niobium, molybdenum, ruthenium, and 

technetium w i l l  be  s t u d i e d  (1) t o  i n v e s t i g a t e  t h e  f e a s i b i l i t y  of e l e c t r o -  

chemical depos i t ion  and ( 2 )  t o  determine a c t i v i t y  c o e f f i c i e n t s  of metal 

s o l u t e s  i n  t h e  l i q u i d  bismuth. These s t u d i e s  a l s o  could support  p re sen t  

s t u d i e s  of chemical r educ t ion  of r a r e  e a r t h s  (and Pa)  i n t o  B i ,  by demon- 

strating e lec t rochemica l  r educ t ion  of t h e  same i o n s .  

A c t i v i t i e s  of LiF and BeF2 

Measurements wi th  t h e  c e l l  

Be I BeF2(d) I H F 2 ~  H2 I Pd 



should be extended over a wider temperature  i n t e r v a l  and composition range 

t o  confirm, improve, and extend our  knowledge of t h e  thermodynamics of t h e  

LiF-BeF system. [If a s u i t a b l e  Tho 1 ThF e lec t rode  can be demonstrated,  

a similar s tudy  i n  t h e  LiF-ThF4 and LiF-BeF -ThF 

Other S tud ie s  

2 4 

systems w i l l  be  made.] 2 4  

A s  t i m e  permi ts  and t h e  need r e q u i r e s  we would at tempt  (I) study of 

r e a c t i o n  e q u i l i b r i a  involv ing  BF ( e s p e c i a l l y  wi th  s t r u c t u r a l  meta l  e l e -  

ments and a l l o y s )  i n  mixtures  of i n t e r e s t  as coo lan t s ,  and ( 2 )  cont inued 

s tudy of t h e  r e a c t i o n  

3 

2- 2HF + S2- $ H2S + H 

Phys ica l  P r o p e r t i e s  

We b e l i e v e  it un l ike ly  t h a t  t h e  phys ica l  p roper ty  values  l i s t e d  i n  

t h i s  document f o r  t h e  f u e l ,  t h e  b l a n k e t ,  and t h e  s e v e r a l  coolan ts  are i n  

e r r o r  s u f f i c i e n t  t o  cause r e j e c t i o n  of t h e  f l u i d .  However, t h e  s t a t e  of 

knowledge of p h y s i c a l  and heat t r a n s f e r  p r o p e r t i e s  of t h e s e  f l u i d s  i s  un- 

s a t i s f a c t o r y ,  and a cons iderable  e f f o r t  w i l l  be r equ i r ed  t o  es tabl ish the 

va lues  wi th  p r e c i s i o n .  

Vapor p re s su res  need t o  be eva lua ted  f o r  t h e  s e v e r a l  mixtures  

( through decomposition p res su res  of the  BF -based coolan ts  w i l l  be esta’o- 

l i s h e d  wi th  t h e i r  phase b e h a v i o r ) .  S ince  t h e  va lues  a r e  known t o  be low, 

t h e s e  measurements do not per s e  deserve a high p r i o r i t y ,  b u t  s t u d i e s  w i t h  

the  f u e l  should be inc luded  e a r l y  s i n c e  they  w i l l  assist  w i t h  t h e  d i s t i l -  

l a t i o n  s t u d i e s .  

3 

Densi ty ,  c o e f f i c i e n t  of thermal  expansion, and v i s c o s i t y  d a t a  w i l l  be 

r equ i r ed  t o  confirm t h e  p re sen t  e s t ima tes .  S p e c i f i c  h e a t  and h e a t  of 
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fus ion  values  are a l s o  needed. A l l  t h e s e  va lues  w i l l ,  i f  s u f f i c i e n t l y  

h igh  accuracy can be achieved and i f  a s u f f i c i e n t  concent ra t ion  range i s  

covered, be  h e l p f u l  i n  checking p resen t  methods f o r  e s t ima t ing  t h e  proper- 

t i e s  and w i l l  be  u s e f u l  i n  a t tempts  t o  formulate  a cons i s t en t  t heo ry  of  

h igh  temperature  l i q u i d s .  

Sur face  t e n s i o n  measurements of t h e  s e v e r a l  sa l ts ,  and t h e i r  c l o s e  

compositional r e l a t i v e s ,  should be e s t a b l i s h e d  during t h e  next  two yea r s  

as t ime and resources  permi t .  

Thermal conduct iv i ty  i s  t h e  proper ty  t h a t  i s  most d i f f i c u l t  t o  

measure for molten salts  (as f o r  o t h e r  l i q u i d s ) ,  and t h e  one f o r  which a- 

v a i l a b l e  information i s  most i n s u f f i c i e n t .  A program f o r  measurement of 

t h i s  proper ty  f o r  f u e l ,  b l a n k e t ,  and any of  t h e  materials l i k e l y  t o  be 

chosen as coolant  i s  u rgen t ly  requi red .  Thermal conduct iv i ty  of  l i q u i d s  

can be  es t imated  wi th  some p r e c i s i o n  i f  t h e  v e l o c i t y  of sound i n  t h e  l i q u i d  

i s  known; measurements of son ic  v e l o c i t y  i n  t h e  molten s a l t  mixtures  

should ,  t h e r e f o r e ,  be undertaken as a reasonable  backup e f f o r t .  

Radiat ion E f f e c t s  and F i s s i o n  Product Behavior 

These two i tems promise t o  be  t h e  most demanding, and t h e  most ex- 

pens ive ,  i n  t h e  l i s t  of necessary chemical development a c t i v i t i e s .  No ad- 

v e r s e  e f f e c t s  of r a d i a t i o n  upon t h e  f u e l s ,  t h e  moderator,  o r  t h e  compati- 

b i l i t y  of t h e  fuel-graphi te-metal  system have been observed. However, no 

r e a l i s t i c  t e s t s  of t h e s e  combinations have been made at power d e n s i t i e s  

s o  high as those  proposed f o r  MSBH. Stud ies  p r e s e n t l y  under way, and radi- 

a t i o n  f a c i l i t i e s  p r e s e n t l y  a v a i l a b l e ,  should by e a r l y  FY 1968 permit long- 

term tes t s  t o  h igh  f u e l  burnup a t  power d e n s i t i e s  i n  t h e  300 k w / l i t e r  

range. Such s t u d i e s  are done i n  i n - p i l e  thermal  convection 7.oops which 
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expose a very h igh  f r a c t i o n  of t h e  t o t a l  f u e l  t o  t h e  h ighes t  f l u x ;  t h e  as- 

sembly i s  equipped s o  t h a t  samples of  gas can be taken  a t  w i l l ,  samples of 

f u e l  can be withdrawn, and samples of enr iched  f u e l  can be added as des i r -  

ed.  These tes ts  w i l l  be  va luab le  both i n  assessment of p o s s i b l e  r a d i a t i o n  

damage problems and i n  eva lua t ion  of f i s s i o n  product  behavior .  

We are convinced t h a t  exposures a t  even h ighe r  power d e n s i t i e s  (up  a t  

l eas t  t o  1000 K w / l i t e r )  are necessary  i n  t h i s  progrm. and w e  w i l l  a t tempt  

t o  des ign  and ope ra t e  such f a c i l i t i e s .  Success i n  t h i s  venture  would per- 

m i t  not  only an a c c e l e r a t e d  t e s t  program f o r  t h e  numerous p o s s i b l e  problem 

a reas  bu t  would also s a f e l y  a s s e s s  such r e a c t o r  acc ident  p o s s i b i l i t i e s  as 

blocked flow channels ,  pump s toppages ,  e t c .  We hope t h a t  such tes ts  can 

be conducted at t h e  Oak Ridge Research Reactor i n  loops cooled by thermal  

convect ion,  and t h e  cons iderable  sums budgeted f o r  t h e  e f f o r t  are predi -  

ca t ed  on t h a t  hope. I f  t h e  s t u d i e s  must be done elsewhere,  o r  i f  forced  

convec-tion loops (wi th  t h e  a t t endan t  pump development problem) must be 

used,  t hen  t h e  e s t ima tes  of s t a f f  and funding r equ i r ed  a r e  c e r t a i n l y  t o o  

low. 

With c a r e f u l  a n a l y s i s  of off-gases  from such systems and r a p i d  rad io-  

chemical a n a l y s i s  of f u e l  samples,  we should g e t  d e f i n i t i v e  da.ta on 

f i s s i o n  product  behavior  at  t r u l y  r e a l i s t i c  concent ra t ions  and product ion 

rates.  Carefu l  checks of  g r a p h i t e  and m e t a l  from such tes ts  immediately 

a f te r  t e rmina t ion  of t h e  run should a f f o r d  r e a l i s t i c  d a t a  on d i s t r i b u t i o n  

of f i s s i o n  products  i n  t h e s e  materials. 

Radiat ion 1-evels,  from gamma rays  and from t h e  delayed neut rons ,  i n  

t h e  coolant  mixture  are ,  c l e a r l y ,  much lower than  t h o s e  for t h e  Euel,  bu t  

r a d i a t i o n  damage t o  the  BF based coolan ts  i s  not  n e c e s s a r i l y  a t r i v i a l  
3- 
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matter.  When such a coolant  mixture  i s  e s t a b l i s h e d  as t o  phase behavior ,  

hea t  t r a n s f e r  c a p a b i l i t y ,  and compa t ib i l i t y ,  it should be g iven  a long- 

term t e s t  a t  h ighe r - than - rea l i s t i c  r a d i a t i o n  l e v e l s  t o  s e e  whether such 

damage i s  a p o s s i b i l i t y .  

F i s s ion  Product Separa t ions  

The d i s t i l l a t i o n  process  i s ,  a t  p r e s e n t ,  t h e  expected technique f o r  

reprocess ing  of  t h e  f u e l  mix ture ,  and development a c t i v i t i e s  a s soc ia t ed  

wi th  t h a t  process  a r e  descr ibed  i n  another  r epor t  i n  t h i s  s e r i e s .  A s m a l l  

e f f o r t  on vapor- l iquid e q u i l i b r i a  i n  d i r e c t  support  of t h a t  development 

w i l l  cont inue,  as needed, as a p o r t i o n  of t h e  p re sen t  program. 

Highest p r i o r i t y  w i l l ,  f o r  t h e  p r e s e n t ,  be  devoted t o  t h e  s tudy of 

reduct ion  of r a re -ea r th  f l u o r i d e s  from LiF-BeF mixtures  i n t o  d i l u t e  a l l o y s  

of t h e  ra re-ear th  metals i n  bismuth, o r  i n t o  s t a b l e  i n t e r m e t a l l i c  compounds 

2 

of o t h e r  types .  

a sound eva lua t ion  of t h e i r  p o t e n t i a l  can be made. I f  t h e  process  shows 

These s t u d i e s  can b e  c a r r i e d  by mid-1968 t o  a p o i n t  where 

promise,  i t  w i l l  be  u s e f u l  t o  examine e lec t rochemica l  vs chemical tech-  

niques f o r  i t s  p rosecu t ion ,  and it may prove necessary t o  i n v e s t i g a t e  means 

of recovery of  l i t h i u m  from t h e  rare earth-bismuth a l l o y .  

The search  f o r  i n so lub le  compounds which a r e  stable toward t h e  molten 

f u e l  and which a r e  capable  of ion  exchange r e a c t i o n s  wi th  r a re -ea r th  ca t -  

i ons  i n  t h e  f u e l  mixture  w i l l  be  continued. Attempts w i l l  be made t o  use 

Z r O  doped wi th  t r a c e s  of r a re -ea r th  oxides ,  uranium carb ide  doped w i t h  

rare-earch ca rb ide ,  and o t h e r  r e f r a c t o r y  compounds, as w e l l  as any promis- 

2 

ing  ra re-ear th  internlet  a l l i  c compounds. 

Exploratory s t u d i e s  of reduct ion  of t h e  more noble f i s s i o n  products  

w i l l  be  i n s t i t u t e d  as d e f i n i t e  information on t h e  n a t u r e  of t h e  spec ie s  i n  



s o l u t i o n  becomes a v a i l a b l e .  Should niobium o r  molybdenum, f o r  example, be 

shown t o  e x i s t  i n  t h e  f u e l  mixture  as a f l u o r i d e ,  t h e i r  removal by chemical 

o r  e lec t rochemica l  means w i l l  be  a t tempted.  

Study of t h e  equi l ibr ium 

HF + I- -+ HI + F- 

w i l l  b e  cont inued and extended t o  inc lude  e f f e c t s  of m e l t  composition and 

temperature .  This technique  may prove va luable  i n  removing a major f r ac -  

t i o n  of xenon p recu r so r s  on a s h o r t  t i m e  cyc le  and may minimize requi re -  

ments f o r  impermeabi l i ty  of t h e  g r a p h i t e  moderator and core s t r u c t u r e .  If 

t h e s e  s t u d i e s  cont inue t o  appear promising,  t hey  should be extended t o  in-  

c lude p o s s i b l e  removal of t e l l u r i u m  by v o l a t i l i z a t i o n  of H Te .  2 

Protac t in ium Chemistry 

The s u r p r i s i n g  f a c t  t h a t  p ro tac t in ium as f l u o r i d e  i s  removed from 

very d i l u t e  s o l u t i o n s  i n  LiF-BeF2-ThF4 by reduct ion  wi th  thorium metal  ( o r  

wi th  moderately s t a b l e  i n t e r m e t a l l i c  compounds of thorium) r ep resen t s  a 

breakthrough which must be  exp lo i t ed .  Accordingly,  f irst  p r i o r i t y  w i l l  be 

g iven  t o  cont inued and inc reased  s tudy of t h i s  r eac t ion .  Primary a t t e n t i o n  

must b e  p a i d  t o  de te rmina t ion  of t h e  u l t i m a t e  s t a t e  of t h e  pro tac t in ium;  it 

i s  p r e s e n t l y  be l i eved  t o  be  a s t a b l e  i n t e r m e t a l l i c  compound. Success i n  

t h i s  venture  should  permit  sys temat ic  s tudy  of means f o r  recovery of t h e  

element.  Techniques,  which w i l l  be  app l i ed  a t  both t r a c e r  (ppb)  and r e a l -  

i s t i c  (ppm) concen t r a t ions ,  w i l l  inc lude  e lec t rochemica l  reduct ions  wi th  a 

v a r i e t y  of me ta l  e l e c t r o d e s ,  and chemical reduct ions  i n  t h e  presence of 

s e l e c t e d  m e t a l l i c  c o n s t i t u e n t s .  

The process  by which pro tac t in ium i s  p r e c i p i t a t e d  by an excess of 
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Be0 o r  Tho w i l l  cont inue t o  be examined. Attempts w i l l  be made t o  estab- 

l i s h  t h a t  passage of t h e  m e l t  through beds o f  oxide ( Z r O  

w i l l  remove t h e  pro tac t in ium wit,hout r e a c t i o n  wi th  o t h e r  c o n s t i t u e n t s .  I f  

t h i s  i s  t r u e ,  as previous t es t s  have s t r o n g l y  suggested,  a c a r e f u l  s tudy 

of t h e  e f f e c t  of extraneous i o n s ,  of t h e  behavior  of uranium, and of t h e  

e x t e n t  of contamination of  t h e  melt  by oxide and hydroxide ion  w i l l  be made. 

2 

w i l l  be  inc luded)  2 

Methods f o r  recovery of t h e  pro tac t in ium o r  of t h e  233U product  from 

whichever of t h e s e  processes  seems promising w i l l  be undertaken as soon as 

an understanding of t h e  removal mechanism permi ts .  

Development of Continuous Product ion Methods 

A s  t h e  d iscuss ion  of product ion technology above makes c l e a r ,  t h e  

p re sen t  product ion methods have been adequate f o r  m a t e r i a l s  f o r  MSIIE; t h e  

f u e l ,  coo lan t ,  and f l u s h  sal t  were furn ished  i n  a h igh  and completely 

s a t i s f a c t o r y  s ta te  of p u r i t y .  It s e e m  very l i k e l y  t h a t  t h e  p re sen t  u n i t  

processes  w i l l  s e rve  t o  prepare  MSBR f u e l  and (perhaps w i t h  minor modifi-  

c a t i o n s )  b l anke t .  

nea r ly  a y e a r  t o  prepare  i n  t h e  e x i s t i n g  ba tch  process ing  f a c i l i t i e s ,  and 

p rov i s ion  of a considerably l a r g e r  quan t i ty  f o r  an MSBR would be q u i t e  un- 

economical i f  t h i s  equipment were used. 

However, t h e  25,000 l b  of m a t e r i a l  for MSRE requ i r ed  

'The p u r i f i c a t i o n  process  i s  q u i t e  a simple one. It seems c e r t a i n  

t h a t  it can be  engineered i n t o  a continuous process  w i t h  t h e  throughput p e r  

u n i t  of t i m e  and manpower much g r e a t e r  t han  t h a t  of t h e  p re sen t  ba tch  oper- 

a t i o n .  The r e l a t i v e l y  s m a l l  development e f f o r t  adjudged necessary f o r  t h i s  

conversion i s  scheduled s o  t h a t  t h e  f i n i s h e d  p l a n t  could be a v a i l a b l e  f o r  

run-in on l a r g e  q u a n t i t i e s  of sa l t  needed i n  t h e  engineer ing-scale  t es t s .  



Chemical Se rv ices  

Under t h i s  heading are lumped t h e  many and d ive r se  ways i n  which t h e  

molten sa l t  chemists perform s e r v i c e s  i n  d i r e c t  support  oif o the r  po r t ions  

of t h e  development e f f o r t .  

i d e n t i f i c a t i o n  (as  by t h e  o p t i c a l  microscope) of depos i t s  found i n  engi- 

neer ing  t e s t  l oops ,  ( 2 )  de te rmina t ion  of permeabi l i ty  of g r a p h i t e  speci-mens, 

( 3 )  in-Tlace hydro f luo r ina t ion  of ba tches  of sa l t  be fo re  reuse  i n  t e s t  

equipment, ( 4) manufacture of sma1 . l  ba tches  of s p e c i a l  salt  compositions 

f o r  cor ros ion  o r  p h y s i c a l  p roper ty  t es t s ,  and ( 5 )  l i a i s o n  among t h e  engi- 

nee r s ,  r e a c t o r  o p e r a t o r s ,  h o t - c e l l  o p e r a t o r s ,  and a n a l y t i c a l  chemists s o  

t h a t  t h e  many s p e c i a l  samples r ece ive  proper  handl ing and d a t a  from them 

a r e  reasonably i n t e r p r e t e d .  

These ways range from (1) examination and 

It i s  d i f f i c u l t  t o  s p e c i f y ,  long i n  advance, t h e  d e t a i l s  of such 

s e r v i c e s ,  b u t  many y e a r s '  experience encourages us  i n  the b e l i e f  t h a t  t h e  

suggested l e v e l  w i l l  be needed. 

Ana ly t i ca l  Development 

I n  order  t o  apply i n - l i n e  a n a l y t i c a l  techniques t o  t h e  MSBR, con- 

s i d e r a b l e  pre l iminary  informat ion  and d a t a  must be ga thered  so  t h a t  a 

sound eva lua t ion  of p o s s i b l e  s u c c e s s f u l  r e a c t o r  app l i ca t ions  can be  made. 

This approach w i l l  permit  a m a x i m u m  s h i f t  of e f f o r t  t o  t hose  concepts t h a t  

appear t o  be  most f r u i t f u l .  For example, t h e  experience gained i n  t h e  

a n a l y s i s  of hydrocarbons i n  t h e  MSKE off-gas i s  being used now i n  t h e  de- 

s i g n  of a gas  chromatograph t o  determine au tomat ica l ly  t h e  var ious  con- 

s t i t u e n t s  i n  t h e  cover gas .  Work on t h i s  p r o j e c t  i s  c u r r e n t l y  under way 

and w i l l  be  d i r e c t e d  towards t h e  MSRR. 

The long term i n - l i n e  a n a l y s i s  program i s  planned i n  t h i s  t e n t a t i v e  
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order  of p r i o r i t y .  

I .  a. Construct a l abora to ry  f a c i l i t y  which w i l l  provide a flowing 

sa l t  stream, probably dr iven  by a gas l i f t .  Provis ion  w i l l  be made f o r  the 

a d d i t i o n  of contaminants t o  t h e  sa l t  inc luding  oxide,  sampling , c a p a b i l i t y  

f o r  hydro f luo r ina t ion  and e l e c t r o l y t i c  t rea tment  of t he  salt .  This f a c i l i -  

t y  w i l l  be  used t o  provide tes ts  of e lec t rochemica l  methods f o r  uranium and 

cor ros ion  products  and f o r  measuring t h e  e lec t rochemica l  p o t e n t i a l  of t h e  

sa l t  vs a s t anda rd  r e fe rence  c e l l .  

b .  I n i t i a t e  i n v e s t i g a t i o n  of a countercur ren t  e q u i l i b r a t i o n  

method f o r  t h e  determinat ion of oxide by hydro f luo r ina t ion .  

c . Accurately determine r e p r o d u c i b i l i t y  of opera t ion  of  spec t ro-  

photometric c e l l  f o r  f u t u r e  a p p l i c a t i o n  t o  determinat ion of uranium and 

p r o t  ac t i n i  urn. 

11. Continue b a s i c  i n v e s t i g a t i o n s  of e l ec t rode  processes  t o  observe 

i f  chromium, oxide,  and t r i v a l e n t  uranium can be determined i n  t h i s  manner. 

111. I n v e s t i g a t e  m a t e r i a l s  as i n s u l a t o r s  f o r  r e fe rence  e l ec t rode .  

I V .  Conduct i n -p i l e  t e s t i n g  of any i n - l i n e  techniques which prove 

success fu l  i n  Sec t ion  I. 

V. Develop gas chromatographic ana lyses  compatible wi th  h igh  a c t i v i -  

t y .  Inc ludes  r a d i a t i o n  t e s t i n g  of packing materials,  t e s t i n g  s o l i d  ad- 

so rben t s  f o r  hydrocarbons. Development of a l l  meta l  va lv ing .  Tes t ing  ef-  

f e c t  of r a d i a t i o n  on de tec to r s .  

V I .  I n v e s t i g a t i o n  of a l t e r n a t e  continuous methods o f  i n - l i n e  gas 

a n a l y s i s  , e .g .  , thermal  conduc t iv i ty ,  re fe renc ing  gas  a f t e r  chemical sepa- 

r a t i o n  t o  or ig ina l .  gas  stream. 
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