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CHEMICAL THERMODYNAMIC ASSESSMENT OF THE Li-U-O SYSTEM 
FOR POSSIBLE SPACE NUCLEAR APPLICATIONS 

T. M. Besmann and R. H. Cooper, Jr. 

ABSTRACT 

A thermochemical assessment of p o s s i b l e  oxide fue l - l i t h ium 
c o o l a n t  i n t e r a c t i o n s  i n  conceptua l  lOO-kW(e) space nuc lea r  power 
r e a c t o r s  has been performed. R e s u l t s  of t he  e v a l u a t i o n  i n d i c a t e  
t h a t  i n  t h e  event  of a c ladding  breach the  f u e l  and coo lan t  w i l l  
i n t e r a c t  w i th  extremely nega t ive  consequences. The l i t h i u m  has 
t h e  p o t e n t i a l  t o  reduce t h e  f u e l  t o  metall ic uranium. Di f f e r -  
ences  i n  temperature w i t h i n  the  coolan t  loop can d r i v e  oxygen 
a.nd uranium t r a n s p o r t  p rocesses .  

INTRODUCTION 

Nuclear power systems f o r  space a p p l i c a t i o n s  were the  o b j e c t i v e  of 

e x t e n s i v e  r e s e a r c h  and development a c t i v i t y  from the  e a r l y  1950s t o  1972. 

This  work was d i scon t inued  by t h e  f e d e r a l  government i n  1973 because 

space power requi rements  then  i d e n t i f i e d  could be m e t  a t  lower c o s t  by 

a l t e r n a t e  technologies .  In February 1983, a t r i agency  agreement among the 

Na t iona l  Aeronautics and Space a d m i n i s t r a t i o n  (NASA), the  Department of 

Defense (DOD), and the  Department of Energy (DOE) c r e a t e d  the  SP-100 
Program and r e juvena ted  the  space r e a c t o r  program. The SP-100 Program 

w i l l  be i d e n t i f y i n g  des ign  concepts  f o r  100-kW(e) class r e a c t o r s .  

I n  1984 t h e  SP-100 Program i d e n t i f i e d  t h r e e  p re l imina ry  r e a c t o r  con- 

cepts t o  provide  100 kW(e) of power i n  space with a system weighing less 

than  3000 kg, t h a t  would f i t  i n t o  one- th l rd  or less of t h e  cargo bay of 

t h e  s h u t t l e ,  and t h a t  would have a seven-year, full-power, o p e r a t i o n a l  

l i f e .  The concepts  i d e n t i f i e d  are l i q u i d m e t a l - c o o l e d  f a s t  r e a c t o r s .  

Reactor coo lan t  tempera tures  f o r  t h e s e  concepts range from 925 t o  1550 K ,  

w i t h  f u e l  c l add ing  tempera tures  of 1100 t o  1700 K. Power convers ion  
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systems cons idered  f o r  these concepts  are in-core thermionics ,  out-of- 

core the rmoe lec t r i c s  and s t i r l i - n g  cyc le  engineso  

A major material cons ide ra t ion  f o r  t hese  systems is the  s e l e c t i o n  of 

t h e  r e a c t o r  f u e l ,  c ladding  and s t r u c t u r a l  a l l o y ,  and coolan t .  A f u e l  and 

coo lan t  combination which cont inues  t o  be considered f o r  100-kW( e >  app l i -  

c a t i o n s  is < U O 2 l x > *  and {L i ) .  

b i n a t i o n  is  the  i n t e r a c t i o n  of <U02.+x> w t th  {Li} i n  t he  event  o f  c ladding  

f a i  lure. Although exper imenta l  d a t a  desc r ib ing  t h i s  r e a c t i o n  are l i m d t e d ,  

work c a r r i e d  ou t  by Bat te l le  i n  1955 sugges t s  nega t ive  consequences.l The 

o b j e c t i v e  of t h i s  r e p o r t  i s  t o  e v a l u a t e  the  a v a i l a b l e  thermochemical d a t a  

d e s c r i b i n g  <U024x> and the  Li-Q system and provide some o t s r c v a t i o n s  

regard ing  the i n t e r a c t i o n  of <[JO2-b_,> and {Li}  a t  the  proposed space reac- 

t o r  ope ra t ing  condi t ions .  

An area of s p e c i f i c  concern f o r  t h i s  eom- 

THE RMQCHEMI CAL INFOKMATION 

An ef fec t l ive  model f o r  d e s c r i b i n g  t h e  r e l a t i o n s h i p  between oxygen 

p a r t i a l  p re s su re ,  temperature ,  and the s to i ch iomet ry  of <U02+,> has  been 

developed by Lindemer and Besmann2 (Fig. 1). 

o f  p r e d i c t i n g  phase boundary l o c a t i o n s  and, as can be seen In Fig. 1, has 

p red ic t ed  the  oxygen p a r t i a l  p re s su re  and temperature  boundary between 

<U02-x> and <U> o r  { U )  con ta in ing  d i s so lved  oxygen. 

The model i s  a l s o  capable  

Thermochemical d a t a  desc r ib ing  the  so’l.ution of oxygen i n  {L i )  and 

t h e  formation of <Li20> have been reviewed r e c e n t l y  by Lindemer e t  a1.3 

The r e l a t i o n s h i p  between oxygen p a r t i a l  p re s su re ,  t he  concen t r a t ion  of 

oxygen d i s so lved  i n  { L i )  , and temperature  has  been a s ses sed  and i s  

d i sp layed  i n  Fig. 2 ,a long wi th  the  l i m i t  f o r  formation of <Li20>. For  

example, cons ider  the  l i n e  i n  Fig. 2 f o r  {Li}  con ta in ing  lo4 wpprn oxygen. 

A t  temperatures  g r e a t e r  than 930 K, t o  t he  right of the  i n t e r s e c t i o n  wi th  

t h e  {Li)-<LiZO> l i n e ,  only {Li.} i s  present .  

less than 930 K,  l o 4  wppm oxygen w i l l  cause the  p r e c i p i t a t l o n  of < L i 2 0 >  

However, at temperatures  

The symbols < > and { } w i l l  denote  s o l i d  and l i q u i d  phases ,  r e spec t ive ly .  * 
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Fig. 1. Plot of temperature versus RT In  ( ~ 6 , )  (oxygen potential)  i n  
the U-0 system af ter  ref. 2 ,  where R is the ideal  gas l a w  constant,  T i s  
absolute temperature, and Po2 i s  the rat io  of the observed oxygen partial  
pressure to the reference s ta te  oxygen pressure (0.101 MPa or 1 atm). 
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u n t i l  t h e  decreased  s o l u b i l i t y  l i m i t  is reached. Of course ,  a t  oxygen 

p a r t i a l  p r e s s u r e s  i n  excess  of those  i n d i c a t e d  by t h e  { L i ) + L i 2 0 >  l i n e ,  

t h e  l i q u i d  metal i s  u n s t a b l e  and only <Li20> can exist .  

The Li-U-0 system is cons idered  i n  depth  i n  t h e  assessment by 

Lindemer e t  z ~ l . ~ ,  from which the  p o r t i o n  of t h e  Li-U-0 t e r n a r y  phase 

diagram shown i n  Fig. 3 w a s  obtained. 

of f i g .  31 i n  Lindemer e t  as a r e s u l t  of an observed incons i s t ency  

wi th  the thermodynamic va lues  of t he  phases. F igure  3 d i s p l a y s  the  

The diagram is  modified from t h a t  

c o r r e c t  j o i n s  between <U02> and <Li20> and between <Li20> and <U>,as 
opposed t o  t h e  o r i g i n a l  boundaries which connected <Li7UO6> and {Li} and 

<UO2> and { L i }  

The t e r n a r y  phase which forms at  the  lowest oxygen p a r t t a l  p re s su re ,  

and t h e r e f o r e  i n  t h e  reg ion  of i n t e r e s t  fo r  f u e l  systems, is <Li7UO6>. 

The minimum oxygen p a r t i a l  p r e s s u r e s  and tempera tures  a t  which the  phase 

i s  s t a b l e  wi th  < U O Z - ~ >  and < L i 2 0 >  are e x h i b i t e d  by the  <Li7u06>-<Uo2-x>- 

< L i 2 0 >  l i n e  i n  Fig. 4. Note t h a t  t h e  mel t ing  p o i n t  or decomposition t e m -  

p e r a t u r e  f o r  <Li7uo6> is unknown, and t h e r e f o r e  the  temperature a t  which 

t h e  <Li7U06>-<U02-x>-<Li20> t e rmina te s  i s  a l s o  unknown,although it f s  

shown extending  over t h e  e n t i r e  range. 

The most e f f e c t i v e  means of a s s e s s i n g  t h e  Li-U-0 i n t e r a c t i o n s  of 

i n t e r e s t  f o r  space r e a c t o r s  is t o  combine t h e  <U02+x> - in format ion  with 

t h a t  f o r  Li-0. Such an ove r l ay  (Fig. 4 )  d i s p l a y s  the  phase behavior f o r  

t h e  Li-U-0 system a t  low oxygen p a r t i a l  p ressures .  

DISCUSS I O N  

The thermochemical r e l a t i o n s h i p s  between f u e l  and coo lan t  are 

d i sp layed  i n  Fig. 4. From t h i s  in format ion  i t  appears  t h a t  a f a i l e d  

<U02+x> - fuel. p in  s u f f e r i n g  the  i n g r e s s  of { L i )  can be expected t o  

i n t e r a c t  s t r o n g l y .  As  noted by Adamson and Kangi lask i4  and Kangi lask i  

e t  a1.l and confirmed by t h e  r e l a t i o n s h i p s  i n  Fig. 4 ,  { L i }  w i l l  reduce 

<U02+_x> t o  metallic uranium. 

<U02-x> can c o e x i s t  w i th  { L i } ,  i n  t he  area above -1450 K where the  

There does exis t  a s m a l l .  r eg ion  where 
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{ L i ) < L i 2 0 >  l i n e  lies above the  {U}-<V02-,> l i n e .  

l i t t l e  s i g n i f i c a n c e  from a c o m p a t i b i l i t y  poin t  of view because t h e  { L i )  

p re sen t  would have t o  con ta in  an extremely high concen t r a t ion  of oxygen, 

approaching t h e  conten t  of t he  < L i 2 0 > ,  before  the  system could be main- 

t a i n e d  i n  t h i s  regime. 

T h i s  probably has 

The only t e rna ry  phase t h a t  is s t a b l e  i n  t h e  system is  <Li7UO5>, 

which m y  be viewed as a co r ros ion  product of t he  i n t e r a c t i o n  of <U02-+_,> 

and { L i ) .  

w i l l  l i k e l y  only be observed i n  a s s o c i a t i o n  wi th  <Li20> and Euel  having a 

s to i ch iomet ry  near <UO*>. 

pred ic t ed  by Adamson and Kangi lask i4  appears  un l ike ly .  

The t e r n a r y  phase i s  uns t ab le  i n  t h e  presence  of { L i )  , and 

ThereSore, t he  formation of <Li7U06> i n  { L i }  

The informat ion  i n  Fig. 4 a l s o  has i m p l i c a t i o n s  f o r  t he  t r a n s p o r t  of 

uranium and oxygen i n  t h e  coolan t  loop. 

t h e  h igher  tempera ture  of t he  Euel p in  and may a l l o y  with the c ladding  

and o t h e r  s t r u c t u r a l  metals, or perhaps even p r e c i p i t a t e  i n  coo le r  reg ions  

of t h e  coolan t  loop should i t s  s o l u b i l i t y  l i m i t  be reached. 

Uranium can d i s s o l v e  i n  { L b )  at 

The r e l a t i o n s h i p s  descr ibed  i n  Fig. 4 a l s o  raise the  p o s s i b i l i t y  of 

d e p o s i t i n g  <Li20> in lower temperature reg ions  of t h e  coolan t  loop ,  

fo l lowing  a breach of the  cladding. R e l a t i v e l y  high concen t r a t ions  of 

oxygen can d i s s o l v e  i n  { L i )  ac high temperatures, as a r e s u l t  a€ <U02+,> 

being reduced. 

t i a l l y  decreased i n  t h e  lower temperature reg ions  of the  coolan t  l oop ,  

a l lowing  t h e  formation of <Li20> .  For example a t  1500 K,  { L i }  has the 

capac i ty  t o  d i s s o l v e  i n  excess  OT lo5  wppm oxygen. 

concen t r a t ion  of oxygen is  cooled t o  1300 K i n  another  reg ion  of the  

r e a c t o r ,  it can only main ta in  5.8 x lo4 wppm oxygen i n  soIu t ion .  The 

remaining oxygen is then forced  t o  p r e c i p i t a t e  as < L i Z O > ,  deposltirng an 

unwanted s o l i d  i n  t h e  r e a c t o r  and provid ing  a mechanism f o r  c o n t i n u a l l y  

removing oxygen from t h e  f u e l .  

However, the  s o l u b i l i t y  of oxygen i n  { L l )  is s u b s t a w  

If { L i )  having t h i s  
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CONCLUSIONS 

The thermochemical assessment of the Li-U-0 system discussed here, 

as well as other experimental and calculational efforts, s 4  conclude that 

<U02%,> fuel and {Li) coolant will interact with extremely negative con- 

sequences should a fuel pin be breached. 

uranium dioxide to the meta1,destroying the integrity of the fuel. The 

ternary-phase <Li7UO6> decomposes in the presence of f Li} and theref ore 
does not have the potential for forming a protective coating on the sur- 

face of the fuel. 

coolant loop may drive oxygen and uranium transport processes. 

The {Li} will reduce the 

Substantial differences in temperature within the {Li} 
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