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I, INTRODUCTION 
I 

Thermionic energy convers ion  is  t h e  convers ion  o f  the rmal  energy 

d i r e c t l y  t o . e l e c t r i c a 1  energy by t h e  emiss ion  of  e l e c t r o n s  from a 

heated s u r f a c e ,  t h e  subsequent c o l l e c t i o n  on a c o o l e r  s u r f a c e  and t h e  

r e t u r n  of t h e  e l e c t r b n s  t o  t h e  e m i t t i n g  s u r f a c e  through an e x t e r n a l  
% LF 

load .  This  form of  d i r e c t  energy convers ion  i s  now be ing  developed 

. T* .  f o r  both  m i l i t a r y  and c i v i l i a n  a p p l i c a t i o n s .  Thermionic c o n v e r t e r s  
.,; .- :: - +; A 
.? ' . . ,  . 

f o r  use  wi th  s o l a r  energy a r e  planned as s m a l l  power s o u r c e s  f o r  some 

space miss ions .  Radioisotope hea t  s o u r c e s  a r e  a l s o  be ing  developed ., 

f o r  use  w i t h  thermionic  c o n v e r t e r s  f o r  s m a l l  power requirements .  The 

r e a l  p o t e n t i a l  of  n u c l e a r  energy i n  con junc t i on  wi th  t he rmion i c s ,  how- 

e v e r ,  l i e s  i n  t h e  nuc l ea r  the rmionic  r e a c t o r  system. Here t h e  l a c k  o f  

moving p a r t s ,  , t he  high hea t  r e j e c t i o n  tempera ture  and t h e  p o t e n t i a l  

. . high  power d e n s i t y  r e s u l t  i n  a power-to-weight r a t i o  t h a t  i s  s i g n i f i -  

c a n t l y . g r e a t e r  t han  o t h e r  power s o u r c e s  and t h u s  is very  a t t r a c t i v e  

f o r  t h e  space  program. Compactness and s i l e n c e  a r e  a l s o  impor tan t  

I 

e f e a t u r e s  of  t h i s .  system. A cons ide rab l e  amount of r e s e a r c h  is cur -  - 
i 

r e n t l y  be ing  d i r e c t e d  toward t h i s  goa l ,  Another impor tan t  hea t  sou rce  ! 

t . j 
is f o s s i l  f ue l .  Flame-fired thermionic  c o n v e r t e r s  a r e  be ing  developed ! 

, . 

f o r  s m a l l ,  s i l e n t ,  l i g h t  weight and p o r t a b l e  power s o u r c e s  f o r  s p e c i a l  

m i l i t a r y  a p p l i c a t i o n s .  Eventua l ly  the rmionic  c o n v e r t e r s  f u e l e d  w i t h  
' I .  1 

i i 
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1 "': 
n a t u r a l  o r  b o t t l e d  g a s  may be s i g n i f i c a n t  f o r  c e r t a i n  c i v i l i a n  power 

requirements .  

I 
I I n  o rde r  t o  make the rmion ic  energy convers ion  a t t r a c t i v e  as a 

p r a c t i c a l  source  of e l , e c t r i c i t y ,  t h e  m a t e r i a l s  i nvo lved  i n  bo th  t h e  

c o n v e r t e r  and hea t  sou rce  must o p e r a t e  a t  ex t remely  h igh  t empera tu re ,  up 

* 
t o  t h e  range of 1200-1800°C (2200-3300 '~) .  Fur thermore ,  and t h i s  

is t h e  main cause  f o r  t h e  d i f f i c u l t  and p r e s s i n g  m a t e r i a l s  problems,  

i n  most c a s e s  t h e  m a t e r i a l s  must o p e r a t e  and remain s t a b l e  a t  t h e s e  

t empera tu res  f o r  s e v e r a l  thousand .hours .  There a r e ,  t h e r e f o r e ,  many 

m a t e r i a l s  problems a s s o c i a t e d  w i t h  t h e  development of the rmion ic  

energy convers ion.  These i nv o lve  t h e  b a s i c  components of  the rmion ic  

t c o n v e r t e r s , ' t h e  h e a t  s o u r c e s ,  and t h e  coupl ing  o f  t h e  c o n v e r t e r  t o  

t h e  hea t  source .  It i s  t h e  purpose  of t h i s  paper  t o  rev iew i n  a 
! r 

' broad s ense  t h e s e  m a t e r i a l s  problems. The i r  s i g n i f i c a n c e ,  however, 

can be a p p r e c i a t e d  on ly  w i t h  .a knowledge o f  some of t h e  fundamentals  

of  thermionic  energy convers ion  and i t s  p o t e n t i a l  a p p l i c a t i o n s .  

The nex t  two s e c t i o n s  of t h i s  paper  a r e  concerned w i t h  t h e s e  a r e a s .  

The s p e c i f i c  m a t e r i a l s  problems a r e  t h e n  d i scussed .  

11. FUNDAMENTALS OF THZRMIONIC ENERGY CONVERSION 

A the rmion ic  conver ' t e r  i s  a system i n  which thermal  energy is 

, conve r t ed  d i r e c t l y  i n t o  e l e c t r i c a l  energy.  I n  F igure  .l t h e  e s s e n t i a l  

f e a t u r e s  o f  a the rmion ic  c o n v e r t e r  a r e  shown. The components impor t an t  

t o  t h e  p r o c e s s e s  of the rmion ic  energy convers ion  a r e  t h e  e m i t t e r ,  

c o l l e c t o r ,  i n t e r e l e c t r o d e  g a s ,  t h e  i n s u l a t o r s ,  t h e  e l e c t r i c a l  l e a d s  

and suppo r t  s t r u c t u r e s .  An e m i t t e r  is hea t ed  t o  a tempera tu re  h i g h  

enough t o  cause  emiss ion ( b o i l i n g  o f f )  of e l e c t r o n s .  These 

e l e c t r o n s  c r o s s  a n  i n t e r e l e c t r o d e  space  t o  a  c o l l e c t o r  where t h e i r  

e l e c t r o n  p o t e n t i a l  energy is h igher .  An e x t e r n a l  l o a d  p r o v i d e s  a p a t h  



by which t h e s e  e l e c t r o n s  can do u s e f u l  work whi le  r e t u r n i n g  t o  t h e  
.) 

e m i t t e r .  

The p o t e n t i a l  energy  diagram f o r  an  i d e a l i z e d  c o n v e r t e r  i s  shown 

i n  Figure  2. The q u a n t i t i e s  a r e  n e g a t i v e  e l e c t r i c a l  p o t e n t i a l s  o r  

a ' e l e c t r o n  p o t e n t i a l s .  The e m i t t e r  and c o l l e c t o r  work f u n c t i o n s ' a r e  @ e  

and PC r e s p e c t i v e l y .  V is  t h e  ou tpu t  v o l t a g e  a c r o s s  bo th  t h e  l e a d s ,  
0 

vw * and t h e  l o a d ,  V,  and e  i s  t h e  e l e c t r o n i c  charge .  The work f u n c t i o n  

is t h e  d i f f e r e n c e ' i n  energy o f  an  e l e c t r o n  i n s i d e  and o u t s i d e  of t h e  

meta l .  The lower  t h e  work f u n c t i o n ,  t h e  h i g h e r  t h e  e m i t t e d  c u r r e n t  is  

f o r  a given e m i t t e r  t empera tu re .  Also,  t h e  d i f f e r e n c e  between t h e  

e m i t t e r  and c o l l e c t o r  work f u n c t i o n  i s  r e l a t e d  t o  t h e  ou tpu t  vo l t age .  

By d e f i n i t i o n  t h e  the rmion ic  energy convers ion  e f f i c i e n c y  is  t h e  

r a t i o  o f  t h e  u s e f u l  power d e l i v e r e d  t o  t h e  e x t e r n a l  l o a d  t o  t h e  power 
\n . 

i n p u t  t o  t h e  e m i t t e r .  An exp re s s ion  f o r  t h i s  e f f i c i e n c y  ha s  been 

7 * . .. worked ou t  i n  va ry ing  deg ree s  of  completeness  by s e v e r a l  a u t h o r s  1-11 

under t h e  b a s i c  assumption t h a t  space  charge  e f f e c t s  can be ignored.  

The e x p r e s ~ i o n s  made by ~ i c h a r d s o n l '  and s t a n a t h m l l  a r e  t h e  most com- 

p l e t e  i n  t h a t  e x p l i c i t  account  is  taken  o f  Jou l ean  h e a t i n g  l o s s e s  i n  t h e  

plasma, the rmal  c o n d u c t i v i t y  l o s s e s  th rough  t h e  plasma and back-emission 

of e l e c t r o n s  from t h e  c o l l e c t o r .  However, t h e  review p r e s e n t e d  h e r e  

9 f o l l o w s  t hose  o f  I?asor8 and Schock more c l o s e l y .  

The e f f i c i e n c y  is  g iven  by t h e  exp re s s ion  

rn where J is  t h e  ou tpu t  c u r r e n t  d e n s i t y  

V i s  t h e  cor responding  ou tpu t  v o l t a g e  

Qe i s  t h e  e l e c t r o n  c o o l i n g  of t h e  e m i t t e r  

Qr is r a d i a n t  h e a t  l o s t  by t h e  system 

! Qc is  t h e  conduc t ive  h e a t  l o s s e s  th rough  

l o ' c a l  l e a d  w i r e s  and t h e  s u p p o r t s  

-3- . 



By c o n s i d e r i n g  t h e  i d e a l  c o n v e r t e r ,  t h a t  i s  one which is l i m i t e d  

by t h e  emiss ion p roce s se s  and i n  which t r a n s p o r t  l o s s e s  i n  t h e  i n t e r -  

e l e c t r o d e  space s  a r e  n e g l e c t e d ,  t h e  v a r i o u s  f a c t o r s  i n  Equat ion 1 can 

be computed a n d ' a n  upper l i m i t  on performance f o r  a l l  t y p e s  o f  the rmion ic  

c o n v e r t e r s  can be determined.  The maximum o b t a i n a b l e  e f f i c i e n c y  f o r  

a g iven  e m i t t e r  is  determined by a few paramete rs  which i n c l u d e  t h e  
v 

e m i t t e r  t empera tu re ,  t h e  c o l l e c t o r  work f u n c t i o n  and t h e  e m i s s i v i t y .  

These independent v a r i a b l e s  s p e c i f y  optimum v a l u e s  f o r  Vo, t h e  ou tpu t  

v o l t a g e ,  J, t h e  ou tpu t  c u r r e n t ,  t h e  c o l l e c t o r  t empera tu re  and t h e  l e a d  

dimensions. It is on ly  nece s sa ry  t h a t  t h e  e m i t t e r  work f u n c t i o n  be 

' equa l  t o  o r  l e s s  t h a n  a c r i t i c a l  va lue  g iven  by q = eVo + gc i n  c r i t  

o r d e r  t o  a ch i eve  maximum e f f i c i e n c y . .  Using r ea sonab l e  v a l u e s  f o r  t h e  
t . 
I 
Y . L independent v a r i a b l e s  i n c l u d i n g  a c o l l e c t o r  work f u n c t i o n  o f  1.7 ev 

t h e  computations y i e l d  t h e  r e s u l t s  g iven  i n  F igure  3 .  The s i g n i f i c a n t  

f e a t u r e s  a r e  : 

a. t h e  maximum e f f i c i e n c y  i n c r e a s e s  wi th  i n c r e a s i n g  

t empera tu re  

b. t h e  op t imum.~ower  d e n s i t y  i n c r e a s e s  w i t h  t empera tu re  

\ 
but  a t  h igh  t e m ~ e r a t u r e s  and h igh  e m i s s i v i t i e s  ve ry  

h igh  c u r r e n t  d e n s i t i e s ,  a r e  r e q u i r e d  f o r  optimum 

p e r f  ormance 

c. at  t h e  lowes t  t empe ra tu r e s ,  t h e  ou tpu t  d e n s i t y  is  

a l s o  low, of  t h e  o r d e r  of  a few watts p e r  squa re  

c e n t i m e t e r ,  

A s  s t a t e d  above,  the  c a l c u l a t i o n s  a r e  f o r  an i d e a l  c o n v e r t e r  i n  

i which t r a n s p o r t  l o s s e s  and space  charge  e f f e c t s  a r e  ignored .  I n  a 

p r a c t i c a l  c a se ; t he  d e n s i t y  o f  e l e c t r o n s  i n  t h e  i n t e r e l e c t r o d e  space  

is s o  l a r g e  t h a t  a d d i t i o n a l  f low of  e l e c t r o n s  from t h e  e m i t t e r  i s  

impeded u n l e s s  p r e c a u t i o n s  a r e  t aken  t o  reduce o r  e l i m i n a t e  t h e  space  

-4- 



^ J  charge.  Overcoming t h e s e  space charge e f f e c t s  t u r n s  ou t  t o  be a major 

problem i n  gene ra l .  The i n t e r e l e c t r o d e  spac ing  can be made s o  s m a l l  

t h a t  t h e  space charge has  a minor e f f e c t  on t h e  ou tpu t  power and t h e  

e f f i c i e n c i e s  approach t h e i r  optimum va lues .  I n  t h i s  c a s e ,  however, t h e  

machining and assembly t o l e r a n c e s  a r e  s o  s t r i n g e n t  ( t h e  spac ing  between 

v t he '  e m i t t e r  and c o l l e c t o r  i s  l e s s  t h a n  -0.001 i n c h )  t h a t  t h i s  des ign  

is imprac t i ca l .  Add i t i ona l l y ,  t h e  c l o s e  spac ing  t e n d s  t o  a l l ow  t h e  

c o l l e c t o r  t o  be more e a s i l y  contaminated wi th  m a t e r i a l s  evapora ted  from 
I 

t h e  e m i t t e r  caus ing  a decrease  i n  t h e  ou tpu t  power. The space  charge 

1 can be reduced o r  e l i m i n a t e d  by t h e  a d d i t i o n  of a g a s  such  as cesium 

which becomes i o n i z e d  e i t h e r  by volume o r  s u r f a c e  i o n i z a t i o n  mechanisms. 

With t h i s  method of overcoming . the  space  charge ,  u s e f u l  power d e n s i t i e s  

can be ob t a ined  w i t h  i n t e r e l e c t r o d e  spac ings  of s e v e r a l  thousandths  of  

an inch.  The use o f  cesium, however, i n t r o d u c e s  o t h e r  e f f e c t s  which 

t end  t o  lower  performance. For spac ings  of t h e  o r d e r  of t e n s  of  

thousandths  of an i n c h  t h e  Jou lean  h e a t i n g  l o s s e s  of t h e  plasma become 

e x c e s s i v e ;  and f o r  very  c l o s e  spac ings ,  t h e  conduct ive  h e a t  l o s s e s  of  

t h e  plasma become exce'ssive.  , 

The t h e o r e t i c a l  power d e n s i t i e s  and e f f i c i e n c i e s  shown i n  F igure  3 

have n o t  been ob t a ined  i n  p r a c t i c e .  With an e m i t t e r  t empera ture  of  

1 2000°K, s e v e r a l  companies have b u i l t  c e s i a t e d  c o n v e r t e r s  w i t h  o u t p u t s  
I 

~ of  7-9 watts/cm2 at output:voltages o f  0.7 - 0.8 v o l t s .  There have a l s o  

I been e x c e p t i o n a l  performances w i t h  power d e n s i t i e s  up t o  2 0  watts/cm2 at  

0 
t h e s e  t empera tures ,  I n  g e n e r a l ,  t h e s e  l a t t e r  a r e  cons ide red  t o  be 

anomal ies  which a r e  n o t  as  y e t  unders tood,  bu t  t h e  r e s u l t s  show t h a t  

u h igh o u t p u t s  can be ob t a ined  and a cons ide rab l e  amount of  r e s e a r c h  is 

c u r r e n t l y  underway i n  a r e a s  which d e f i n i t e l y  w i l l  b r i n g  about  s i g n i f i -  

c an t  improvements. One r e c e n t  t ype  of  conve r t e r ,  however, h a s  performed 

2  r e l i a b l y  at  o u t p u t s  of  20  watts/cm ; 

-5- 



. . 
111. APPLICATIONS OF THERMIONIC ENEZGY CONVZRSION 

A. S o l a r  Thermionic Systems 

The requ i rements  f o r  power i n  space v e h i c l e s  have caused t h e  

i n t e r e s t  i n  so la r - thermionic  power systems. B a s i c a l l y ,  t h e  s o l a r  f l u x  

i s  r e f l e c t e d  from a m i r r o r  and focused i n t o  a c a v i t y  absorber 'composed 

o f  t h e  e m i t t e r s  o f  an a r r a y  of  the rmionic  diodes .  Th is  system u t i l i z e s  

t h e  energy of  t h e  sun r e l a t i v e l y  e f f i c i e n t l y ,  ha s  a h igh  hea t  r e j e c t i o n  

temperature ,  the reby  reduc ing  r a d i a t o r  s i z e ,  and conve r t s  h e a t  t o  

e l e c t r i c i t y  w i t h  no mo'ving p a r t s .  To d a t e  no such  system has  been 

f l i g h t  t e s t e d  b u t  a  g e n e r a t o r  c o n s i s t i n g  of f i v e  d iodes  has  been assembled 

and opera ted  w i t h  s o l a r  energy. The g e n e r a t o r ,  when t e s t e d  w i th  e l e c t r i -  

r' c a l  h e a t ,  produced 6 2 . w a t t s  at 4.8 v o l t s  and 75 w a t t s  a t  3.5 v o l t s .  I n  

"i' 
. 

t h e  next  few y e a r s ,  sys tems capab le  of  s e v e r a l  hundred w a t t s  w i l l  be 

a v a i l a b l e .  
'. . 

Since  t h e  h e a t  source  i s  r a d i a n t  energy,  and t h e  thermionic  

d iodes  o p e r a t e  i n  vacuum, t h e  thermionic  m a t e r i a l s  problems a s s o c i a t e d  

wi th  so la r - thermionic  power systems a r e  mainly  t h o s e  of  t h e  diode 

i t s e l f .  

B. Flame-Fired Thermionic Systems 

The combustion of g a s e s  such  as methane, propane and g a s o l i n e  

p rov ides  an adequate  hea t  sou rce  f o r  the rmionic  convers ion.  The 

a d i a b a t i c  f lame tempera tures  a r e  near. 1900°C, Thus, t h e s e  f o s s i l  f u e l s  

can be u t i l i , z e d  t o  hea t  the rmionic  e m i t t e r s  t o  thermionic  t empera tures  

I 

wi th  s u f f i c i e n t  hea t  f l uxes .  Burners have been designed and oper.ated 

I 2 t o  ma in t a in  an  e m i t t e r  a t  1500°C wi th  a h e a t  f l u x  of 40-50 watts/cm . 
Cur ren t l y ,  t h e  main i n t e r e s t  i n  such  a .development i s  a l i g h t -  

weight p o r t a b l e  source  f o r  m i l i t a r y  a p p l i c a t i o n s .  Research and develop- 

ment c u r r e n t l y  is  be ing  under taken t o  develop t h e  r e q u i r e d  bu rne r s ,  

m a t e r i a l s  and thermionic  c o n v e r t e r s  f o r  g a s o l i n e  powered 



':. g e n e r a t o r s  i n  t h e  5-200 w a t t  power range.  Thermionic convers ion  f o r  

t he se  a p p l i c a t i o n s  p o t e n t i a l l y  o f f e r s  t h e  advantages  of h igh  power-to 

we igh t - r a t i o ,  o p e r a t i o n  w i t h  l o g i s t i c a l l y  a v a i l a b l e  f u e l ,  p o r t a b i l i t y ,  

s i l e n t  ope ra t i on ,  e x p e d i t i o u s  s t a r t u p  i n  a r t i c  c o n d i t i o n s ,  and sim- 

p l i c i t y  of o p e r a t i o n  and maintenance. 

The burner  development i s  proceeding s a t i s f a c t o r i l y  i n  terms 

of a t t a i n a b l e  t empera tures  and h e a t  f l uxes .  The extremely c o r r o s i v e  

n a t u r e  of  t h e  f l m e  and combustion p roduc t s  as we l l  as permeat ion of  
I 

combustion g a s e s  i n t o  t h e  c o n v e r t e r  a r e  at p r e s e n t  t h e  c r u c i a l  m a t e r i a l s  

problems, 

C. I s o t o p i c  Thermionic System 

Small radioisotope-powered e l e c t r i c a l  g e n e r a t i n g  u n i t s  have 

. - I - .  
recognized advantages  f o r  s p e c i a l i z e d  m i l i t a r y  a p p l i c a t i o n s .  The 

i L O .  - - 
energy o r  hea t  source  is  s e l f - c o n t a i n e d  and t h u s  t h e  f u e l  supply  problem 

I 

f o r  remote, unmanned s t a t i o n s  i s  e l imina ted .  Coupled w i th  d i r e c t  con- 

ve r s ion  methods, power s u p p l i e s  i n  t h e  range of a few hundred 'wat ts  can be. 

des igned w i th  no moving p a r t s  f o r  o p e r a t i o n  at predetermined power 
I 

l e v e l s  f o r  s u b s t a n t i a l  p e r i o d s  of time rang ing  from months t o  y e a r s  

depending on t h e  decay r a t e  o f  t h e  r ad io i so tope .  Disadvantages i n c l u d e  

I t h e  very h igh  c o s t s  and t h e  hazards  a s s o c i a t e d  w i t h  r a d i o i s o t o p e s  and 

t h e  f a c t  t h a t  t h e  energy r e l e a s e  is  not  cons t an t  wi th  t ime,  which means 

t h a t  exces s  hea t  must be d i s s i p a t e d  dur ing t h e  i n i t i a l  phase of  ope ra t i on ,  

Furthermore,  a l pha  e m i t t i n g  i s o t o p e  sou rce s  cause  cons ide rab l e  p r e s s u r e  

r i s e s  which f u r t h e r  complicate  t h e  r a d i o i s o t o p e  containment problem. 

A t  p r e s e n t ,  a low-power thermionic  c o n v e r t e r  u t i l i z i n g  

curium-242 as t h e  hea t  source  is being developed f o r  t h e  Atomic Energy 

Commission. With t h e  a v a i l a b i l i t y  of t h e  l onge r - l i ved  i s o t o p e s  now 

I being produced,  however, power s u p p l i e s  of s e v e r a l  hundred watts 



I 

; ! .. . 
capab le  of o p e r a t i n g  f o r  p e r i o d s  g r e a t e r  t han  a  y e a r  w i l l  become 

I 

i 
\ 

f e a s i b l e .  
I 

D. Nuclear Reac tor  Thermionic Systems 

There a r e  t h r e e  concep t s  f o r  n u c l e a r  r e a c t o r  the rmion ic  power I 
1 

systems. One concept i s  t h e  out-of-core conduct ion h e a t  sou rce  i n  

which t h e  hea t  is conducted from t h e  co re  t o  t h e  t h e r m i o n i c . c o n v e r t e r s  

mounted e x t e r n a l l y  t o  t h e  core .  Th is  concept  ha s  t h e  advantage of 

complete ly  s t a t i c  o p e r a t i o n  bu t  r e q u i r e s  ve ry  h igh  co re  t empe ra tu r e s  

and is l i m i t e d  i n  s i z e  t o  t h e  t e n s  o f  k i l o w a t t s  o f  power. A second 

des ign  concept u s e s  a h igh  t empera tu re  r e a c t o r  w i t h  a l i q u i d  me ta l  l o o p  

f o r  h e a t i n g  the rmion ic  c o n v e r t e r s  mounted i n  t h e  r a d i a t o r .  Th is  h a s  

t h e  g r e a t  advantage o f  s e p a r a t i n g  t h e  r e a c t o r  from t h e  conve r t e r .  How- 

\ e v e r ,  thereactorcoolantloopmustoperateattemperaturesslightly 
.. . 

above t h e  the rmion ic  e m i t t e r  t empera tu re .  I n  o r d e r  t o  a ch i eve  power 

i .  

d e n s i t i e s  of  a few w a t t s  p e r  squa re  c e n t i m e t e r  r e q u i r e d  f o r  compact 

systems of 10 lbs/kwe o r  l e s s ,  t h e  c o o l a n t  l o o p  must o p e r a t e  at tem- 

p e r a t u r e s  cons ide r ab ly  above p r e s e n t  day technology.  Another problem 

i s  t h a t  t h e  c o n v e r t e r  a r r a y  i n  t h e  r a d i a t o r  must be  i n s u l a t e d  e l e c t r i -  

c a l l y  from t h e  coo l an t  l o o p  and t h e  i n s u l a t i n g  m a t e r i a l  must be a t  t h e  

e m i t t e r  t empera tu re ,  The t h i r d  concept  is the  i n c o r e  de s ign  i n  which 

t h e  the rmion ic  c o n v e r t e r s  a r e  an  i n t e g r a l  p a r t  of t h e  f u e l  element.  

Th i s  system h a s  t h e  advantage t h a t  t h e  coo l an t  l o o p  o p e r a t e s  at t h e  

hea t  r e j e c t i o n  temperature--llOO°K o r  l e s s .  The out-of-core  com- 

ponents  t h a t  cou ld  be  used i n  t h i s  system a r e  c u r r e n t l y  be ing  developed 

i n  o t h e r  space  power programs, and t h u s  t he  problems w i t h  t h i s  concept 

l i e  i n  t h e  r e a c t o r  core .  Here t h e  b a s i c  concept i s  t h a t  t h e  f u e l  o r  

t h e  f u e l  w i th  i ts  c l add ing  i s  t h e  e m i t t e r .  Th i s  f u e l - e m i t t e r  s t r u c t u r e  

is c y l i n d r i c a l  i n  shape and is  mounted i n s i d e  t h e  c o l l e c t o r  assembly,  

which c o n s i s t s  o f  t h e  c o l l e c t o r ,  a n  e l e c t r i c a l  i n s u l a t i n g  l a y e r  and 



another metal sheath in contact with the liquid me,tal coolant. This 

fuel element must operate at temperatures much higher than present day 

fuel element technology permits. 

All of these concepts have difficult materials problems in .. 

that each must be coupled to a very high temperature reactor, either 

directly or by means of a very high temperature coolant loop. 

I MATZRIALS PROBLEMS 

In any of these converter systems it is necessary, as mentioned 

in the previous sections, that a solar, radioisotopic, fossil-fueled or 

nuclear heat source be available. The emitter material'must be mated 

to the heat source in some manner. A spectrum of posslble problems that 

must be investigated and solved so that the design objectives of the 

% systems can be met are introduced by the following circumstances: the 

high-temperature emitter is in contact with a high-temperature heat 
b . 

source, an interelectrode plasma, and through insulators and support 

structures with other parts of the converter which are at lower tem- 

peratures; and, the system must remain stable for periods up to 15,000 

hours. The majority of. the materials problems are associated with the 

.emitter structure. These emitter problems, as well as those of the 

other components, are discussed in the following sections. 

A. The Emitter 

1. Work Function 

In the d.iscussion of efficiency, it was made clear that 

for a given emitter temperature and other fixed conditions such as the 

work function of the collector, an emitter work function equal to or 

less than the critical value was necessary for optimum results. If the 

assumptions made for determining the efficiencies in Section I1 are used, 

the value of this work function varies from approximately 2.7 ev at 

1800°K to 3.5 ev at 2400~~. Emitters can then be discussed in terms of 



1 .  

ways Iri which t h i s  c r i t i c a l  work f u n c t i o n  can be obtained. One way t o  

1. o b t a i n  t h i s ,  i n  p r i n c i p l e ,  i s  t o  use  a m a t e r i a l  which may be a pure  

meta l  o r  an a l l o y  which has  t h e  d e s i r e d  work func t i on .  Such m a t e r i a l s  
I , 

a r e  c a l l e d , e l e m e n t a l  e m i t t e r s .  Another approach is t o  use  a me ta l  ( t h e  . . 
. . 

r e f r a c t o r y  m e t a l s )  o r  some meta l  a l l o y s  o r  compounds on which cesium 

1 vapor w i l l  be adsorbed. The adsorbed cesium a f f e c t s  t h e  work f u n c t i o n  

of  t h e  s u r f a c e  and t h e  p r e s s u r e  of t h e  cesium vapor can be changed t o  

a l t e r  t h e  work f u n c t i o n  t o  t h e  c r i t i c a l  value .  Such e l e c t r o d e s  a r e  

r e f e r r e d  t o  as cesium r e f l u x e d  e m i t t e r s .  Another way is  t o  d i spense  a 

m a t e r i a l  t o  t h e  s u r f a c e  through po re s  o r  by bu lk  d i f f u s i o n  and t he r eby  

o b t a i n  a composite work func t ion 'which  i s  equa l  t o  t h e  c r i t i c a l  value .  

Such m a t e r i a l s  a r e  t h e  so -ca l l ed  d i spenser - type  e m i t t e r s .  A summary 

of  t h e s e  e m i t t e r s  i s  g iven  i n  F igure  4. 1 2  

It t u r n s  ou t  t h a t  t h e  d i spense r  e m i t t e r s  a v a i l a b l e  today  

. . a r e  u n s a t i s f a c t o r y  because of  t h e  r a t h e r  low tempera tures  a t  whic,h t h e y  

must be ope ra t ed  and t h e  poor chemical ,  mechanical  and thermal  sta- 

b i l i t i e s  t hey  possess .  For  example, t hey  cannot  be r e l i e d  upon t o  

remain chemica l ly  s t a b l e  because t h e  d i s p e n s a t e  may run  out.  I n t e g r i t y  

of t h e  a l k a l i n e  e a r t h  ox ides  cannot be a s s u r e d  because of  s p u t t e r i n g  a t  

t h e  e l e c t r o d e s .  F u r t h e r ,  t h e s e  ox ides  a r e  u s u a l l y  c h a r a c t e r i z e d  by a 

h igh  tempera ture  c o e f f i c i e n t  f o r  t h e  composite work f u n c t i o n  which could 

cause  p a t c h  e f f e c t s  i n  t h e  ox ides  when t hey  a r e  used i n  sys tems which 

have non-uniform hea t  sou rce s ,  These p a t c h  e f f e c t s  could  cause  t h e  

performance t o  degrade r a p i d l y .  However, i t  should  be .ment ioned t h a t  

matr ix- type emi t t e r s13  a r e  bc ing  developed which show promise of  over- 

coming t h e s e  v a r i o u s  i n s t a b i l i t i e s .  

* The c e s i a t e d  r e f r a c t o r y  m e t a l s  meet t h e  requ i rements  as .  

e m i t t e r s  i n  most of  t h e  a p p l i c a t i o n s .  I n  a d d i t i o n  t o  t h e  problems 

summarized i n  t h e  t a b l e ,  however, t h e r e  i s  ano the r  problem, These 

me ta l s  a r e  c h a r a c t e r i z e d  by a pa tchy  su r f ace .  Th i s  probably l i m i t s  t h e  

0- 



a r e a  t h a t  i s  e f f e c t i v e  i n  e l e c t r o n  emiss ion t o  about  one-quar te r  of  t h e  

s u r f a c e  under normal o p e r a t i n g  cond i t i ons .  I gno r ing  t h e  c o n t r i b u t i o n  

o f . t h e  non-emitt ing a r e a s  t o  s u r f a c e . i o n i z a t i o n  of  cesium, i t  is  c l e a r  

t h a t  t h i s  e f f e c t  l e a d s  t o  poor performance. Research is  now underway 
14  

t o  o b t a i n  r e f r a c t o r y  me ta l  e m i t t e r s  w i t h  uniform work func t i on .  Th i s  ' 

t hen  o f f e r s  promise of overcoming any degrading e f f e c t s  due t o  t h e  

"patch e f f e c t . "  

There is now evidence15 t h a t  r e f r a c t o r y  me ta l  s u r f a c e s ,  

a c t i v a t e d  w i t h  f l u o r i n e  ( t h i s  may a l s o  app ly  t o  o t h e r  adsorbed g a s e s )  

should g r e a t l y  enhance t h e  performance from t h e  e m i t t e r  s t a n d p o i n t  i n  

t h a t  t h e  c r i t i c a l  work f u n c t i o n  can be ob t a ined  wi th  much lower  cesium . 

vapor p r e s s u r e  t h a n  wi th  a c e s i a t e d  pure  r e f r a c t o r y  metal .  It could 

we l l  be t h a t  t h e  combination of  c o n t r o l l i n g  c r y s t a l  o r i e n t a t i o n  and 
I 

s p e c i a l  a c t i v a t i o n '  t e chn iques  cou ld  l e a d  t o  t h e  e m i t t e r s .  o f  t h e  fu tu r e .  

The problem is  one of  a s c e r t a i n i n g  t h e  e f f e c t s  of  t h e s e  changes and how 

they  can be ma'intained. . A s p e c i a l  problem due t o  g a s  a d d i t i v e s  i n  

d iodes  c'an a r i s e .  T e s t s  must be made t o  show t h e s e  a d d i t i v e s  do no t  

. a t t a c k  s e a l s  o r  a c t  as mass t r a n s f e r  agen t  f o r  t h e  e l e c t r o d e  

m a t e r i a l s ,  

I n  Equation 1 t h e  n e t  t o t a l  e m i s s i v i t y  of  t h e  e m i t t e r -  

c o l l e c t o r  system e n t e r s  through t h e  r a d i a t i o n  hea t  term Qr. The 

s m a l l e r  t h e  n e t  e m i s s i v i t y ,  t h e  l a r g e r  t h e  e f f i c i e n c y .  That is, f o r  

low e m i t t e r  e m i s s i v i t y ,  more hea t  goes  i n t o  evapo ra t i ng  e l e c t r o n s  t h a n  

i n t o  r a d i a t i o n . l o s s e s  and' f o r  low c o l l e c t o r  e m i s s i v i t y  more r a d i a n t  

hea t  i s  r e f l e c t e d  back t o  t h e  e m i t t e r .  It t u r n s  ou t  t h a t  ox ide  and 

m e t a l l i c  e l e c t r o d e s  have e m i s s i v i t i e s  which a r e  f u n c t i o n s  of t empera ture ;  

t h a t  of t h e  ox ides  i n c r e a s i n g  wi th  t empera ture  (and u s u a l l y  w i t h  t ime )  

and t h a t  o f  t h e  me ta l s  and some o f  t h e i r  a l l o y s  dec rea s ing  w i t h  tem- 



p e r a t u r e .  The c e s i a t e d  r e f r a c t o r y  me ta l  c o n v e r t e r s  have e m i s s i v i t i e s  

1 6  
of 0.1-0.2, whereas i n  t h e  ca rb ide  system, t h e  e m i t t e r s  have emiss iv-  

i t i e s  of 0.7-0.9. The ' important  problem, however, is t h e  v a r i a t i o n  of  

t h e  e m i s s i v i t i e s  w i th  t ime.  The e m i t t e r s  may be a f f e c t e d  by f i s s i o n  
C 

produc t s  o r  o t h e r  contaminants  from t h e  hea t  sou rce ,  phase changes i n  

a l l o y s ,  and r a d i a t i o n  damage. The c o l l . e c t o r  may be a f f e c t e d  by 

. depos i t i on  of s p e c i e s  evapora ted  from t h e  e m i t t e r .  Th i s  h a s  been 

observed f o r  sys tems w i t h  ca rb ide  e m i t t e r s .  
1 6  I n  g e n e r a l ,  however, 

t h e s e  e f f e c t s ,  p a r t i c u l a r l y  t hose  r . e l a t ed  t o  t h e  d i f f u s i o n  of  c o n s t i t -  

u e n t s  o r  by-products of t h e  hea t  sou rce ,  have n o t  been p rope r ly  eva lua ted .  

3. Vapor iza t ion  I 
! 
I 

Seve ra l  a u t h o r s  17-20 have d i s cus sed  t h e  manner i n  which i 

v a p o r i z a t i o n  l i m i t s  t h e  cho i ce  of t h e  e m i t t e r  m a t e r i a l .  An exp re s s ion  . 
1 
I 
! 

, . f o r  t h e  vapo.r izat ion r a t e  of t h e  e m i t t e r  s u r f a c e  i n t o  a vacuum is  g iven  

by t h e  equa t ion  I 
- AF 

90 = Q exp (F) 

where AF i s  t h e  f r e e  energy change p e r  atom f o r  t h e  

, vapo r i za t i on  p roces s  

k i s  t h e  Boltzmann cons t an t  

T  is  t h e  a b s o l u t e  t empera ture  
e  

(M i s  t h e  molecu la r  weight of  t h e  e m i t t e r  and 

3 d  i t s  d e n s i t y  i n  grams/cm ) 

. I n  con junc t ion  w i t h  t h e  v a p o r i z a t i o n  r a t e  of t h e  e m i t t e r ,  s e v e r a l  c r i t e r i a  

f o r  a ccep t ab l e  e m i t t e r s  have been adopted.  A s  an example ~ a s o r ' ~  and 

Hansen and ~ a s o r ' ~  adopted t h e  c r i t e r i o n  t h a t  f o r  t y p i c a l  v a l u e s  of  Q 

and Te and f o r  an ou tpu t  c u r r e n t  d e n s i t y  of 1 0  anps/cm2 t h e  s u r f a c e  
I 

I . should no t  recede a t  t h e  r a t e  of more than  6 n i l s / ~ e a r . '  Th is  enab led  



. . 
them t o  use t h e  r a t i o  of by/@ as f i g u r e  of  m e r i t  f o r  t h e  s e l e c t i o n  of e 

an e m i t t e r .  Values of SF/@, of l e s s  than  about  1 .2  a r e  unacceptable .  

2 
The f i g u r e s  of m e r i t  f o r  s e v e r a l  e m i t t e r s  o p e r a t i n g  a t  1 0  amp/cm a r e  

l i s t e d  i n  Table I. The ba re  m e t a l s  (wi thout  adsorbed cesium) a r e  poor 

e m i t t e r  m a t e r i a l s  and t h e  c a r b i d e s  l i s t e d  a r e  on ly  marginal .  An 
L 

adsorbed f i l m  on t h e  s u r f a c e ,  however, cons ide rab ly  improves t h e  f i g u r e  

. of mer i t  s o  t h a t  t h e s e  e m i t t e r s  a r e  accep t ab l e  as measured by t h i s  

. c r i t e r i o n .  The evapo ra t i on  r a t e  i s  more r a p i d  t h e  h i g h e r  t h e  s u r f a c e  

temperature  and t h u s  i t  i s  c l e a r  t h a t  t h e  requ i rements  of  h igh  e f f i c i e n c y  
l 

and l ong  l i f e t i m e  cause  s eve re  h igh  tempera ture  m a t e r i a l s  problems. 

TABLE I 

I Figure  of  Mer i t  of Elementary Emi t t e r  M a t e r i a l s  

. . , . 
M a t e r i a l  

'. @ ( e v )  L\F/PI 

UC 3 3 

80-20 mol $% ZrC-UC 3.3 

It has  been mentioned numerous t imes  i n  t h e  l i t e r a t u r e  

t h a t  m a t e r i a l s  evapora ted  from t h e  e m i t t e r  can condense on to  and poison 

t h e  c o l l e c t o r  and cause t h e  e f f i c i e n c y  of t h e  c o n v e r t e r  t o  be reduced 

s d r a s t i c a l l y .  S ta tements  have been made t h a t  t h e r e  w a s  r e a l l y  no need 

t o  t r y  t o  reduce t h e  work f u n c t i o n  of t h e  c o l l e c t o r  much below t h e  
* 

lowest  o b t a i n a b l e  a t  t h e  e m i t t e r  because t h e  m a t e r i a l s  t h a t  condense on 

t h e  c o l l e c t o r  a f b e r  evapora t ion  from t h e  e m i t t e r  would predominate. 

A t  f i r s t  g lance  t h i s  seems p l a u s i b l e  ' ind is undoubtedly t h e  c a s e  f o r  



t o l e r a n c e s  r u l e  a g a i n s t  such  c l o s e d  spaced c o n v e r t e r s  and some plasma 
! 

such  a s  a  cesium vapor  i s  neces sa ry  i n  t h e  i n t e r e l e c t r o d e  space.  With , 
i 

! 

I .  

t h e  cesium vapor  p r e s e n t  t h e  e m i t t e r  w i l l  c on t i nue  t o  evapo ra t e  and per-  ! . 

vacuum c o n v e r t e r s  where a very  c l o s e  spac ing  is r e q u i r e d  t o  overcome 

space  charge  e f f e c t s .  Other  c o n s i d e r a t i o n s  such  as machining and s p a c i n g  

haps  some of  t h i s  evapora ted  m a t e r i a l  w i l l  r e a c h  t h e  c o l l e c t o r  and con- i 

I . dense the reon .  It shou ld  be recognized ,  however, t h a t  t he  cesium cou ld  
I 

g r e a t l y  impede bo th  of t h e s e  p roce s se s .  The problem t h a t  e x i s t s  today  j 
I i 

f o r  cesium vapor  c o n v e r t e r s  i n  t h i s  r e g a r d  is  t o  determine:. 1 )  t h e  e f f e c t  
I 

of  cesium adsorbed on t h e  e m i t t e r  s u r f a c e  on t h e  evapo ra t i on  of t h e  sub- I 

j 
s t r a t e ,  2 )  t h e  e f f e c t . o f ' t h e  i n t e r e l e c t r o d e  cesium vapor on t h e  mass 

t r a n s f e r  o f . t h e  evapora ted  e m i t t e r  t o  t h e  c o l l e c t o r  and,  3 )  t h e  e f f e c t  
I 
I 

o f  t h e  cesium adsorbed on t h e  c o l l e c t o r  on t h e  d e p o s i t i o n  of t h e  emi t , t e r  
I 

I 

m a t e r i a l  on t h e  c o l l e c t o r .  
. . 

I - -  
To d a t e  two exper iments  have been performed t o  determine 

t h e  e f f e c t  of  an adsorbed cesium l a y e r  on t h e  v a p o r i z a t i o n  and conden- 

s a t i o n  of a me ta l  s u b s t r a t e .  Richardson e t  measured t h e  t r a n s p o r t  

I 
1 of molybdenum from a ho t  f i l ane .n t  a t  2100°K t o  a n i c k e l  c o l l e c t o r  i n  a 

1 .0  mm Hg cesium atmosphere.  They found t h a t  t h e  r a t i o .  of t h e  t r a n s -  

p o r t e d  amount i n  vacuum t o  t h a t  i n  cesium v a r i e d  from 7 t o  24  as t h e  

spac ing  i n c r e a s e d  from 0.004 t o  0.016 inch .   ans sen^^ performed an  

experiment a t  low cesium p r e s s u r e s  where t h e  s c a t t e r i n g  i n  t h e  g a s  w a s  

minimized. He concluded t h a t  at cesium coverages ,  cesium p r e s s u r e s ,  and 

e l e c t r o d e  t empe ra tu r e s  of i n t e r e s t  i n  the rmion ic  energy convers ion ,  t h e  

. vapor ized  r e f r a c t o r y  e m i t t e r  m a t e r i a l  ha s  o n l y  a 0.0005 t o  0.0013 

I p r o b a b i l i t y  of s t i c k i n g  t o  t h e  c o l l e c t o r ,  and t h a t  a low condensa t ion  - 
I c o e f f i c i e n t  is  t h e  dominating f a c t o r  de te rmin ing  m a t e r i a l  t r a n s p o r t  i n  

I c o n v e r t e r s ,  The a c t u a l  e f f e c t s  on v a p o r i z a t i o n  i t s e l f ,  however, have 

y e t  t o  be determined.  These s h o r t  t ime  exper iments  a r e  not  conc lu s i ve ,  



. . 
and l o n g  l i f e t i m e  exper iments  must be  performed. 

4. Thermal, Mechanical  and E l e c t r i c a l  P r o p e r t i e s  
I 

The t he rma l ,  mechanical  and e l e c t r i c a l  p r o p e r t i e s  o f  t h e  i 

m a t e r i a l s  i n  a c o n v e r t e r  a r e  o f  d i r e c t  importance i n  bo th  t h e  e f f i c i e n c y  I 
! 

. ! .  
of t h e  convers ion  of the rmal  t o  e l e c t r i c a l  energy and t h e  1 i fe . t ime  o f  . ! 

t h e  conve r t e r .  This  is i s p e c i a l l y  t r u e  of t h e  e m i t t e r  which must o p e r a t e  j 

- at  very  h igh  t empera tu res  and a l s o ,  i n  many a p p l i c a t i o n s ,  undergo l a r g e  . .i 
I 

I 
t empera tu re  cyc l e s .  . I 

The impor tan t  the rmal  p r o p e r t i e s  of e m i t t e r s  which a r e  no t  

d i s c u s s e d  e lsewhere  i n  t h i s  paper  a r e  t h e  the rmal  expansion c o e f f i c i e n t s  

and t h e  the rmal  c o n d u c t i v i t y .  The f i r s t  of t h e s e  must be known t o  mate 

t h e  e m i t t e r  w i t h  t h e  h e a t  s o u r c e ,  t h e  i n s u l a t o r s  and t h e  e x t e r n a l  

e l e c t r i c a l  l e a d s .  The the rmal  c o n d u c t i v i t y  must be such t h a t  s e v e r e  
1 

tem?erature  g r a d i e n t s  do no't e x i s t  between t h e  h e a t  sou rce  and t h e  

. . 
e m i t t i n g  s u r f a c e ;  and,  h e a t  must be conducted e f f i c i e n t l y  t o  t h e  e m i t t e r  

s u r f a c e .  The impor tan t  e l e c t r i c a l  p r o p e r t y  i s  t h e  r e s i s t i v i t y .  T h i s  

must be s u f f i c i e n t l y  s m a l l  t h a t  t h e  e m i t t e r  w i l l  n o t  have a l a r g e  v o l t a g e  

d rop  a c r o s s  it. The mechanical  p r o p e r t i e s  i n c l u d e :  e l a s t i c  modul i ,  t h e  

u l t i m a t e  t e n s i l e  s t r e n g t h  and c r e e p  s t r e n g t h .  These p r o p e r t i e s  must be 

known ' in  o r d e r  t h a t  a c o n v e r t e r  may be des igned  s o  t h a t  impor t an t  d imensions ,  

such  as i n t e r e l e c t r o d e  spac ing ,  w i l l  be p r e se rved  throughout  i ts use .  

With t h e  excep t i on  of niobium and i r i d i u m  t h e  e l e c t r i c a l  

c o n d u c t i v i t i e s  of  t h e  r e f r a c t o r y  m e t a l s  ( I r ,  Nb, Mo, Re;Ta and W)  have 

been measured23 from room t empe ra tu r e s  t o  t empe ra tu r e s  i n  e x c e s s  of  

. 2000°C. A similar s t a t emen t  can be made about t h e s e  m e t a l s  w i t h  r e g a r d  

t o  the rmal  expansion c o e f f i c i e n t s  and the rmal  c o n d u c t i v i t i e s ,  It - 
appea r s  t h a t  t h e  e l e c t r i c a l  and t he rma l  p r o p e r t i e s  o f  r e f r a c t o r y  m e t a l s  

a r e  s a t i s f a c t o r y  f o r  the rmion ic  energy  convers ion.  A survey  of t h e  

mechanical  p r o p e r t i e s  r e v e a l s  , tha t  ve'ry l i t t l e  i n fo rma t ion  is  a v a i l a b l e  

-15- 



for the refractory metals, particularly at the high temperatures of 

emitter operation. 

It is conceivable that alloys of the refractory metals or 

their compounds could be better materials for thermionic converters. 

. Some alloys are definitely more ductile than the refractory metals. 

However, the overall knowledge of their thermal, mechanical and electri- . . . 

cal properties is insufficient at this time to permit their evaluation 

for use in thermionic converters. 

Another area that needs investigation is the change with 

time of the thermal, mechanical and electrical properties at emitter 

temperatures. These properties could be affected by recrystallization 

of the material if it is initially in the cold worked stzte or by 

l excessive grain growth if'it is originally in the crystalline state. 

These properties must thus be studied as a function of time and temper- . . 
ature. In addition, the effects of nuclear radiation have not been 

determined . 
5e Chemical Stability 

The emitter, whic'h operates at a very high temperature must 

not deteriorate because of chemical reactions with other components of 

the converter or the heat source. The compatibility of the emitter with 

fuel in the nuclear application and the protection of.the emitter from 

, oxidation in a flame-fired converter are. two of the most pressing 

problems in thermionics today. , 

In a nuclear reactor thermionic application, the cesium. ' . 
vapor refractory metal incore concept requires that the refractory 

metal emitter be in contact with the nuclear fuel at, of course, the 

very high emitter temperatures. The uranium bearing carbides are one 

of the most promising fuel types and thus 'the interaction between this 

fuel, and its constituents, and the refractory metal emitter-cladding 



must be known. Only i n  t h e  las t  y e a r  o r  s o  have t h e s e  i n t e r a c t i o n s  been 

s t u d i e d  at tempera tures  of  i n t e r e s t  t o  the rmionic  systems. Some of t h e  

r e s u l t s  have been r epo r t ed .  General  ~ t o m i c ~ ~  has  s t u d i e d  combinat ions  

of U02, UC, UC2, and UC-ZrC (90/10 and 10/90 mol-%) w i t h  t ungs t en ,  molyb- I 

I . denum, niobium and tan ta lum by t h e  d i f f u s i o n  couple method. I n  t h e  tem- 

p e r a t u r e  range 2073' t o  2273OK they  f i n d  t h a t  t h e  on ly  combinations 
. 

s u i t a b l e  f o r  l o n g  l i f e  o p e r a t i o n  a r e  UC,  UC-ZrC (10/90 mol-%), UC-ZrC 

I 
i (gO/lO mol-%I, U02 wi th  W, and U C - ~ r ~ ( 1 0 / 9 0  mol-%) w i th  Mo. Considerable  
I 

. e f f o r t  is now underway t o  ext'end t h i s  type  of measurement t o  o t h e r  f u e l -  

e m i t t e r  combinations and i t  is  g e n e r a l l y  f e l t  t h a t  t h e  c o m p a t i b i l i t y  

problem can be so lved .  Another r e l a t e d  problem of equa l  importance is  

t h a t  of r a d i a t i o n  s w e l l i n g  of t h e  f u e l - e m i t t e r  s t r u c t u r e .  Recent theo- 

1 

r e t i c a l  and exper imenta l  s t ud i e s25  have shown t h a t  t h e  s t a b i l i t y  of 

. - m e t a l l i c  f u e l  m a t e r i a l s  can be s i g n i f i c a n t l y  improved by s u i t a b l e  a l l o y -  

i n g  a d d i t i o n s  and hea t  t r e a tmen t s .  Th i s  improvement i n  t h e  a b i l i t y  of  

uranium f u e l  t o  r e t a i n  i t s  f i s s i o n  p roduc t s  wi thout .  s w e l l i n g  is  thought  
\ 

t o  be due t o  t h e  t r a p p i n g  of  t h e  f i s s i o n  g a s  atoms i n  s m a l l  groups  such 

t h a t  t h e i r  m o b i l i t y  is  g r e a t l y  decreased  and t h e r e f o r e  t h e  c o l l e c t i o n  

of g a s  atoms i n t o  l a rge , . damag ing  bubbles  is prevented.  The con t inued  

development of  t h e s e  t echn iques  and t h e i r  a p p l i c a t i o n s  t o  h igh  tempera ture  

I f u e l s  of i n t e r e s t  t o  thermionic  r e a c t o r s  w i l l ,  i f  s u c c e s s f u l ,  g r e a t l y  

enhance t h e  p o s s i b i l i t y  of  n u c l e a r  the rmionic  r e a c t o r s ,  

I n  f l ame- f i r ed  c o n v e r t e r s ,  p r o t e c t i o n  o f , t h e  e m i t t e r  from 

e r o s i o n  by t h e  f u e l  c o n s t i t u e n t s ,  flame by-products and flame impinge- 

. 
ment p r e s e n t s  a major problem. Re f r ac to ry  me ta l s  wi thout  excep t ion  

1 - have very poor o x i d a t i o n  r e s i s t a n c e  a t  t h e  t empera tures  of i n t e r e s t ,  

1200-1400°C, and would l a s t  f o r  minutes  on ly  wi thout  a p r o t e c t i v e  

coa t ing .  

Many t y p e s  of  p r o t e c t i v e  c o a t i n g s  have, and a r e  be ing  

-17- ' 
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i n v e s t i g a t e d .  Among t h e s e  a r e  r e f r a c t o r y  oxide g l a s s e s ,  p la t inum based 

c o a t i n g s ,  s i l i c o n  c a r b i d e s ,  and f o r  molybdenum, molybdenum d i s i l i c i d e .  

. Mart in iZ6  has  compared s e v e r a l  c o d e r c i a l l y  a v a i l a b l e  c o a t i n g s  

. i n c l u d i n g  tin-aluminum, molybdenum d i s i l i c i d e  and s i l i c o n  ca rb ide .  He 

used two types  of  t e s t s .  One w a s  t h e  h e a t i n g  of coa t ed  w i r e s  1/16" i n  
., 

diameter  by 6" i n  l e n g t h  by t h e  passage of an e l e c t r i c  c u r r e n t .  Table I1 

shows t h e  r e s u l t s  of t h e s e  t e s t s .  Durak-B, T-61, and AI-coat a r e  ba s i -  

c a l l y  molybdenum d i s i l i c i d e s .  R-505C, TI-Kote and Pyro S i c  a r e  b a s i -  

c a l l y  s i l i c o n  ca rb ides .  A1-Sn is  an aluminum-tin c o a t i n g  and KS is  a 

Ifmodified d i s i l i c i d e "  c o a t i n g  which i s  conside 'red o b s o l e t e *  and is being 

rep laced  by K-A, which i s  "a f u r t h e r  modif ied d i s i l i c i d e , "  and is  be ing  

L 

developed f o r  niobium. The manufacturer  of t h e s e  c o a t i n g s  a r e  l i s t e d  

. . at  t he  bottom of t h e  t a b l e .  S ince  thermal  cyc l i ng ,  i s  impor tan t  i n  

f l ame- f i red  a p p l i c a t i o n s  t h e  r e s i s t a n c e  of t h e  c o a t i n g  t o  thermal  c y c l i n g  

i s  necessary.  Table I1 shows sone r e s u l t s  of thermal  c y c l i n g  t e s t s  on 

coa ted  r e f r a c t o r y  meta l  wi res .  Durak-3 has  e x c e l l e n t  thermal  c y c l i n g  

c h a r a c t e r i s t i c s  and T-61, which i s  n e a r l y  t h e  same c o a t i n g ,  i s  a l s o  

expected t o  be good. 

26 
The second t y p e , o f  t e s t  performed by M a r t i n i  w a s  t h e  

a c t u a l  flame h e a t i n g  of t h e  i n s i d e  o f  a coa ted  th imble  1'' i n  d iamete r  

and 3" i n  depth ,  I n  t h e s e  exper iments ,  w i t h  t h e  flame i n s i d e  t h e  

th imble ,  t h e s e  "hot s h e l l s f 1  a r e  s u b j e c t e d  t o  ?lame c o n d i t i o n s  o f  a corn- 

. p l e t e  thermionic  c o n v e r t e r  of  t h e  type  being developed by Atomics 
I 

. 
I n t e r n a t i o n a l .  The r e s u l t s  a s  of t h i s  w r i t i n g  a r e  shown i n  .Table 111. 

It is  q u i t e  c l e a r  from t h e s e  d a t a  t h a t  t h e  c o a t i n g s  a r e  no t  

as y e t  developed ' s u f f i c i e n t l y  f o r  use  i n  p r a c t i c a l  the rmionic  conve r t e r s .  

*Informat ion from t h e  Chromizing Corporat ion 
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TABLE I1 

Rbsults of Tests of Coatings to Protect Refractory Metals 
' from Oxidation when, Electrically Heated in Air 

Longest Time to Failure 
Metal Source Coating at 1350°C in air 

Mo Fansteel Durak-B 629 hrs 

Ta Fanst eel KS 26 

Mo Fansteel A1-Sn 196 

Fansteel AI-Coat 

Fansteel T L G ~  

710 (one only) 

120 

'Mo Fansteel mod. T-61 887 

Ta Fans t eel R-505C 192+ 

Mo Fansteel TI-Kote 5 

Mo Fansteel Baytheon 
Pyro Sic 

TABLE 111- 

Results of Tests of Coatings to Protect Refractory Metals 
from Oxidation and Flame-Impingement 

Longest 
Elethod of Temp. Time to 

Metal Fabrication . -  Shape Coating - OC Failure 

Mo deep drawn Flat Bot . Durak-B 1000-1365 236 

Mo deep drawn Flat Bot. Durak-B 1300 7 6 

Mo deep drawn Flat Bot. TI-Kote 1350 42 

Mo vapor Flat Bot. TI-Kote 1000-1350 78 
deposited 

14 o deep drawn Flat Bot. A1-Sn 1130 max. 4 
I 



These r e s u l t s ,  however, r e p r e s e n t  c o n s i d e r a b l e  improvement i n  t h e  l a s t .  

few months and i t  is  e x p e c t e d  t h a t  t h e  r e f i n e m e n t  o f  p r e s e n t  t e c h n i q u e s  

and t h e  i n c o r p o r a t i o n  o f  b e t t e r  e n g i n e e r i n g  p r a c t i c e s  i n  t h e  u s e  o f  

p r e s e n t l y  a v a i l a b l e  c o a t i n g s  w i l l  l e a d  t o  f u r t h e r  improvements and 

p o s s i b l y  t h e  s o l u t i o n  o f  t h e  problem f o r  some a p p l i c a t i o n s .  . 

I n  a cesium vapor  t h e r m i o n i c  c o n v e r t e r ,  cesium comes i n  

c o n t a c t  w i t h  t h e  e l e c t r o d e s ,  i n s u l a t o r s  and some bonding a g e n t s .  These 

'components must ,  o f  c o u r s e ,  be s t a b l e  i n  t h e  p r e s e n c e  o f  cesium t'hrough- 

o u t  t h e  a p p r o p r i a t e  t e m p e r a t u r e  r anges .  T e s t s  have been and a r e  now 

be ing  performed t o  examine t h e  c o m p a t i b i l i t y  o f  v a r i o u s  m a t e r i a l s  w i t h  

cesium. T e s t  c o n d i t i o n s  have ranged from e x p o s u r e s  of  two hours2? t o  

1000 hours28 i n  cesium from l i q u i d  t o  vapor  a t  1-10 t o r r ,  and m a t e r i a l  

t e m p e r a t u r e s  up t o  2000°C. These t e s t s  have c o n c l u s i v e l y  proven t h a t  

t h e  nob le  m e t a l s  such  as s i l v e r ,  g o l d ,  p l a t i n u m  and some o f  t h e i r  a l l o y s  

such  as BT s i l v e r  s o l d e r  a r e  r e a d i l y  and s e v e r e l y  a t t a c k e d  by cesium and 

hence s h o u l d  n o t  be used  i n  cesium vapor  c o n v e r s i o n  sys tems.  It s h o u l d  

28 
a l s o  be p o i n t e d  o u t  t h a t  q u a r t z  r e a c t s  w i t h  cesium. T e s t s  on oxygen- 

f r ee -h igh-pur i ty -copper  (OFHC) a t  370°C i n  a cesium vapor  o f  1 0  t . o r r  

showed no e f f e c t  f o r  a thousand  hour  t e s t .  However, w i t h  t h e  cesium 

vapor p r e s s u r e  t h e  same and t h e  OFHC a t  750°C, i n v e s t i g a t i o n  of  t h e  s u r -  

f a c e  r e v e a l e d  t h e  p r e s s u r e  o f  what appeared  t o  be, a  Cs-Cu a l l o y .  Tantalum 

a t  1300°C r e a c t s  w i t h  cesium at  t h e s e  p r e s s u r e s  i n  l e s s  t h a n  1 0 0 0  hours .  

The same e x p e r i m e n t e r s  found t h a t  n i c k e l  a t  t e m p e r a t u r e s  o f  750°C does  

n o t  r e a c t  w i t h  cesium n o r  d o e s  a  n i c k e l - t i t a n i u m  a l l o y  (28% X i  - 72% T i ) .  

Also Kovar does  n o t  r e a c t  w i t h  cesium a c c o r d i n g  t o  t h e s e  t e s t s  a t  t h e  

1 l ower  t e m 2 e r a t u r e s .  Zirconium a t  1300°C does  r e a c t  w i t h  cesium. 

1 A t  t h e  p r e s e n t  t ime  t h e  v a r i o u s  phys iochemica l  p r o p e r t i e s  

o f  some i n t e r m e t a l l i c  compounds s u c h  as t h e  z i r con ium and niobium 

b e r y l l i d e s  a r e  b e i n g  determined.  29 ~ h e s e  e x p e r i m e n t s  w i l l  i n c l u d e  some 



t e s t s  f o r  t h e i r  c o m p a t i b i l i t y  w i t h  cesium. It i s  planned t o  ho ld  t h e  

samples a t  f i x e d  tempera tures  up t o  1000°C f o r  p e r i o d s  rang ing  from one 

t o  two days.  

Also a t  t h e  p r e s e n t  t ime some physiochemical  p r o p e r t i e s  of 

some of  t he  r e f r a c t o r y  compounds a r e  being measured 30'31 f o r  s e v e r a l  

r e f r a c t o r y  m a t e r i a l s  such as Z r C ,  UC and ThC. These l a t t e r  w i l l  i n c l u d e  

cesium c o m p a t i b i l i t y  t e s t s  w i t h  t h e  subs t ances  a t  t empe ra tu r e s  t o  about 

2000°C'and cesium vapor p r e s s u r e  up t o  1 t o r r .  It is i n t e r e s t i n g  t o  n o t e  

i n  a d d i t i o n  t h a t  t h e  l a t t e r  s e t  of exper iments  w i l l  i n c l u d e  thermal  

c y c l i n g  t e s t s  (up t o  5 0  c y c l e s  from room tempera ture  t o  2 0 0 0 ~ C )  as we l l  

as t h e  e f f e c t s  of r e c r y s t a l l i z a t i o n  and g r a i n  growth upon t h e  v a r i o u s  

physiochemical  p r o p e r t i e s .  

Chandler and  offm man^^ have c a r r i e d  out  some very  worth- ! 

i 
I 

while  t e s t s  t o  d e f i n e  and unders tand  b e t t e r . t h e  b a s i c  mechanisms a f f e c t i n g  i ,  
I 

t h e  c o m p a t i b i l i t y  of v a r i o u s  s t r u c t u r a l  me ta l s  w i t h  cesium. It was not  

t h e i r  g o a l  t o  dec ide  whether o r  not  t h e s e  m a t e r i a l s  would be good f o r  I 

I 

s p e c i f i c  uses .  They performed s t a t i c  capsu le  t e s t s  a t  8 7 0 ' ~  and b o i l i n g  

r e f l u x i n g  c a p s u l e . t e s t s  a t  9800 and 1340°C. The c o n t a i n e r  m a t e r i a l s  
I 
I 

t e s t e d  were Inconel-X, 310 s t a i n l e s s  s t e e l ,  z i rconium,  hafnium, niobium, 

and niobium p l u s  1% zirconium,  molybdenum, tanta lum and t ungs t en .  The i r  

g o a l  w a s  t o  have a con t inuous  t e s t  f o r  30  days and t h i s  w a s  achieved f o r  

t h e  870° and 9 8 0 ' ~  r u n s  whereas on ly  54-1/2 hours  w a s  a t t a i n e d  i n  the  

I . 1340°C t e s t -  be fo re  some of  t h e  c a p s u l e s  f a i l e d  f o r c i n g  t e r m i n a t i o n  o f  
I 

. the measurements. 

It w a s  concluded t h a t  a l l  of  t h e  m a t e r i a l s  t e s t e d  a t  870°C 

w i t h  t h e  excep t ion  of zirconium which has  a phase change n e a r  t h i s  tem- . 
p e r a t u r e  a r e  adequate  f o r  s t r u c t u r a l  a p p l i c a t i o n  i n  s t a g n a n t  cesium 

l i q u i d  o r  vapor at t h i s  temperature .  Niobium, niobium-1% zirconium 

a l l o y ,  molybdenum and tan ta lum do no t  appear  c o r r o s i o n  r e s i s t a n t  t o  b o i l i n g ,  



s p l a s h i n g ,  and r e f l u x i n g  cesium at  980°C. Of t h e s e ,  molybdenum is t h e  

l e a s t  compatible.  Niobium-1% zirconium a l l o y  s u f f e r s  g r a i n  boundary 

a t t a c k s  which a r e  a s s o c i a t e d  w i t h  p r e f e r e n t i a l  c o r r o s i o n  of zirconium 

from t h i s  a l l o y  a t  g8o0c. A t  1340°C t h e  niobium-1% zirconium a l l o y  w a s  

. t h e  b e s t  m a t e r i a l  t e s t e d .  The g r a i n  boundary a t t a c k  ev iden t  a t  980°C' 

d i d  no t  appear  at 1340°C. Molybdenum w a s  found t o  d i s s o l v e  r a p i d l y  i n  
* 

b o i l i n g  cesium at  1350°C l e a v i n g  t h e  molybdenum s u r f a c e  w i t h  a smooth 

m i r r o r  f i n i o h .  

It w a s  f u r t h e r  =oncluded i n  t h i s  experiment32 t h a t  t h e  

i n t e r s t i t i a l s  e n t e r  t h e  c o m p a t i b i l i t y  problem. Both t h e  310 s t a i n l e s s  

s t e e l  and Inconel-X a r e  deca rbu r i zed  by cesium of t h e  p u r i t y  used i n  

t h e s e  t e s t s .  Add i t i ona l l y  i t  w a s  concluded t h a t  oxygenLrnay be one o f  

I t h e  most impor tan t  v a r i a b l e s  i n  c o m p a t i b i l i t y  t e s t s .  The mode of  

c o r r o s i o n  inc luded  i n t e r g r a n u l a r  a t t a c k  and g e n e r a l  d i s s o l u t i o n  but  i t  

. w a s  n o t  c e r t a i n  which of  t h e s e  modes would be o p e r a t i v e  as a f u n c t i o n  

of  t h e ' c h e m i c a l  composit ion o f  t h e  m a t e r i a l  used;  and,  t h e  mode o f  

a t t a c k  can change w i th  d i f f e r e n t  exposure cond i t i ons .  It w a s  f e l t  t h a t  

f l u x i n g  o f  ox ides  may c b n t r i b u t e  t o  d i s s o l u t i o n .  

For  t h e  f u t u r e  Chandler and Hoffman have sugges ted  t h a t  

t h e i r  s t u d i e s  be extended t o  i n c l u d e :  

a. S t r e s s  c o r r o s i o n  s t u d i e s  i n  which s t r e s s ,  tem- 

p e r a t u r e  and composit ion of  vapor phase would 

be used as v a r i a b l e s  

be  Study of  cesium c o m p a t i b i l i t y  f a c t o r s  i n  r e f l ux -  

ing.  The d e t a i l e d  behav ior  of b o i l i n g  cesium i n  

small c o n t a i n e r s  would be s t u d i e d  t o  f i n d  t h e  

e f f e c t  on t h e  w a l l  s u r f a c e  f i n i s h  i n c l u d i n g  time 

and tempera ture  as v a r i a b l e s .  The e f f e c t s  o f  

a d d i t i v e s ,  e.g., Hf and T i ,  which a r e  oxygen 



scavengers  t o  i n h i b i t  a t t a c k s  would be i n v e s t i -  

ga ted .  Th is  should  p rov ide  sound i n fo rma t ion  

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

S ince  i t  w a s  concluded oxide r e f l u x i n g  may be a 

mode of a t t a c k  of  t h e  r e a c t i v e  me ta l s  such  as 

Nb, Z r ,  Mo, T i ,  e t c . ,  t h e y  would expose ox ides  

of t h e s e  and o t h e r s  t o  molten cesium me ta l  a t  

v a r i o u s  t empera tures  and expose t he se  r e a c t i v e  

m e t a l s  with;  h igh  oxygen con t en t  under s i m i l a r  

cond i t i ons .  A s  a r e s u l t  of t h e s e  s t u d i e s ,  i t  i s  

hoped t h a t  t h e  mechanism w i l l .  be complete ly  

understood.  

, 6. Permeation 

I n  t h e  i n c o r e  n u c l e a r  and f l ame- f i r ed  thermionic  conve r t e r  
. . 

systems,  t h e  e m i t t e r s  a r e  i n  d i r e c t  c o n t a c t  w i t h  t h e  hea t  source .  The 

c o n s t i t u e n t s  and byproducts  of  t h e  hea t  source  may d i f f u s e  o r  permeate 

through t h e  e m i t t e r  m a t e r i a l  t o  t h e  s u r f a c e  and i n t e r e l e c t r o d e  space.  

These s p e c i e s  may a f f e c t  t h e  t h e r n i o n i c  convers ion p roces se s  s i g n i f i c a n t l y  

and t h u s  must be c a r e f u l l y  eva lua ted .  

A t  p r e s e n t  l i t t l e  i s  known about t h e  s e n s i t i v i t y  of  con- 

v e r t e r  performance t o  f u e l  and f i s s i o n  product  c o n s t i t u e n t s  on t h e  

e m i t t e r .  UC-ZrC i s  a p o t e n t i a l  f u e l  and i t  is be l i eved  t h a t  emiss ion 

c h a r a c t e r i s t i c s  of t h i s  m a t e r i a l  as  an e m i t t e r  i s  determined by t h e  

e x i s t e n c e  of  f r e e  uranium on t h e  su r f ace .  ' I n  t h e  ca se  w h e r e , t h e  f u e l  

. . i s  c l a d  w i t h  a r e f r a c t o r y  metal  e m i t t e r ,  uranium and carbon a r e  among 

~ , t h e  p o s s i b l e  s p e c i e s  t h a t  may d i f f u s e  through t o  t h e  e m i t t e r  su r f ace .  

The e f f e c t  of  carbon on t h e  emiss ion has  not  been determined.  S ince  

carbon has  a h igh  work f u n c t i o n  i t  may not  degrade perfornance.  Uranium, 

however, ha s  a low work f u n c t i o n  and is  l i k e l y  t o  cause a decrease  i n  

emission.  The type  of f u e l ,  t h e .  t ype ,  t h i c k n e s s  and temperature  o f  t h e  
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e m i t t e r ,  and t h e  d i f f u s i o n  and e v a p o r a t i o n  r a t e s  a l l  i n f l u e n c e  t h e  

magnitude of t h e  e f f e c t  of t h e  f u e l  c o n s t i t u e n t s  on the rmion ic  pe r -  

formance. The e f f e c t  of  m a t e r i a l s  i n  t h e  i n t e r e l e c t r o d e  space  and 

t h e ' i r  p o s s i b l e  d e p o s i t i o n  on t h e  c o l l e c t o r  and o t h e r  components a r e  

a l s o  r e l a t i v e l y  unknown. 

The permeat ion of g a s e s  th rough  m e t a l s  has  l o n g  been a 

s u b j e c t  o f  i n v e s t i g a t i o n  and a c o n s i d e r a b l e  amount o f  d a t a  now e x i s t s  

f o r  t h e  m a t e r i a l s ,  ce ramics  and g a s e s  i nvo lved  i n  f l m e - f i r e d  the rmion ic  

conve r t e r s .  I n  t h i s  a p p l i c a t i o n ,  t h e  permeat ion of hydrogen i n t o  t h e  

i n t e r e l e c t r o d e  space  i s  a major problem. The amounts, o f  c o u r s e ,  

depend on t h e  m a t e r i a l s  and t empe ra tu r e s  invo lved .  S ince  t h e  tem- 

p e r a t u r e  d i s t r i b u t i o n  ove r  t h e  a r e a  a v a i l a b l e  f o r  permeat ion may vary  

cons ide r ab ly  among d i f f e r e n t  c o n v e r t e r  d e s i g n s ,  t h e  amount of  hydrogen 

permeat ion must be  r e l a t e d  t o  a s p e c i f i c  c o n v e r t e r  des ign .  There a r e ,  

however, d a t a  t h a t  can be used t o  determine t h e  o r d e r  of  magnitude 

26 
of t h e  permeation.  Measurements on t h e  permeat ion o f  H th rough  

2 
2 molybdenum y i e l d  v a l u e s  of 0.2 c c ( s t p ) / h r  cm mm a t  1000°C. Conklin and 

2 .    urn bile^^ found l o w e r .  v a l u e s  r ang ing  from. 0.07 t o  0 .1  cc  ( s t p ) / h r  cm mm 

a t  t empe ra tu r e s  of  1000° and 1200°C r e s p e c t i v e l y .  The l a t t e r  e x p e r i -  

mente r s  a l s o  found t h a t  a molybdenum d i s i l i c i d e  c o a t i n g  had no e f f e c t  

on t h e  permeat ion r a t e .  M a r t i n i  and ~ c i < i s s o n ~ ~  measured t h e  H pe r -  2 

meat ion th rough  1 0  m i l s  of  molybdenum coa t ed  w i t h  2.5 m i l s  of Durak-B. 

, I n  t h i s  experiment t h e  m a t e r i a l  was irn2eroed.i.n a propane a i r  f lame 

r a t h e r  t han  one a tnosphe re  of H as i n  t h e  o t h e r  exper iments ,  T h e i r  
2 

r e s u l t s  were 0.03 t o  0.04 cc  ( s t p ) / h r  cn2 a t  1200CC. 

These v a l u e s  a r e  h igh  i n  t e r n s  o f  the rmion ic  c o n v e r t e r  

performance as r e l a t i v e l y  h igh  hydrogen 2 r e s s u r e s  would b u i l d  up w i t h i n  

c o n v e r t e r s  i n  a a n t t e r  o f  hours.  The s t r a t e g i c  use  o f  d r y  g a s  might 

cons ide r ab ly  reduce t h e  amount o f  a v a i l a b l e  hydrogen. Also,  i t  can be 
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I 

shown t h a t  a r ea sonab l e  amount o f  a t i tanium-zirconium a l l o y  would g e t t e r  I 
I 

a l l  t h e  hydrogen f o r  a c o n v e r t e r  of p r a c t i c a l  de s ign  f o r  1000 hours.  

A s t u d y  h a s  been completedJ5 t o  determine t h e  permeation 

r a t e  o f  cesium th rough  t h i n  t an ta lum s h e e t s .  T h i s  permeat ion r a t e  w a s  

found t o  be t o o  sma l l  f o r  a p r a c t i c a l  ces ium-ion-dispensing hollow . 
e m i t t e r ;  a l though  i t  may be r a p i d  enough t o  cause  l a r g e  l o s s e s  o f  cesium 

du r ing  long-term o p e r a t i o n  of conve r t e r s .  No mention was made o f  p o s s i b l e  

l o n g  range e f f e c t s  t h a t  t h e  d i f f u s i o n  of cesium i n t o  a tan ta lum e m i t t e r  

might have upon its mechanical ,  the rmal ,  e l e c t r i c a l ,  chemical  and 

emiss ion p r o p e r t i e s .  These appear  t o  be a r e a s  t h a t  w i l l  have t o  be 

i n v e s t i g a t e d  i n  con junc t i on  w i th  l i f e t i m e  t e s t i n g  of c o n v e r t e r s  u s i n g  

c e s i a t e d ,  r e f r a c t o r y  me ta l  e l e c t r o d e s .  

7. S t a b i l i t y  Under Nuclear Rad i a t i on  

A s roblem p e c u l i a r  t o  t h e  n u c l e a r  f u e l e d  hea t  sou rce  i s  

t h e  one of r a d i a t i o n  damage,. Iqost of  t h e  problems t h a t  have been men- 

t i o n e d  i n  t h e  p r ev ious  s e c t i o n s  can  be aggrava ted  by t h e  n u c l e a r  r a d i a t i o n  

i n h e r e n t  i n  t h i s  source .  T e s t s  a r e  now be ing  planned and conducted t o  

d e t e r n i n e  t h e  e x t e n t  o f .  t h e  e f f e c t  of r a d i a t i o n  damage on t h e  p r o p e r t i e s  

o f  the rmion ic  m a t e r i a l s .  The i n p i l e  t e s t i n g  t h a t  w i l l  be nece s sa ry  t o  I I 
i determine t h e  e f f e c t  of r a d i a t i o n  damage on t h e  . o v e r a l l  c o n v e r t e r  pe r -  ! 

formance ha s  b a r e l y  begun. 

B. The C o l l e c t o r  

The problems of t h e  c o l l e c t o r  a r e  similar t o  t h o s e  of t h e  

e m i t t e r  excep t  t h a t  t h e  c o l l e c t o r  i s  ope ra t ed  at  a  lower  t empera tu re  

and i s  no t  coupled as d i r e c t l y  t o  t h e  h e a t  source .  Some a d d i t i o n a l  

problems a r e  encounte red ,  however, sin.ce t h e  c o l l e c t o r  i s  connected 

t o  t h e  h e a t  r e j e c t i o n  system. I 

One of t h e  main paramete rs  of  t he  c o l l e c t o r  is  i t s  work 

f u n c t i o n  s i n c e  t h e  e f f i c i e n c y  o f  convers ion  becomes h ighe r  t h e  lower  



t h e  c o l l e c t o r  work func t i on .  I n  a space  r e a c t o r ,  however, e f f i c i e n c y  

c o n s i d e r a t i o n s  f o r  t h e  e n t i r e  sys tem p u t ' a  lower  l i m i t  on a d e s i r a b l e  

c o l l e c t o r  work func t i on .  One approach t o  improving t h e  e f f i c i e n c y  o f  

t h e  c o l l e c t o r  is t o  choose a m a t e r i a l  w i t h  a low work f u n c t i o n .  Another 

s approach is t o  choose a m a t e r i a l  such  t h a t  when t h e  c o l l e c t o ' r  .and cesium 

tempera tu res  a r e  op t imized  t h e  composi te  s u r f a c e  o f  adsorbed  cesium and 
. 

s u b s t r a t e  ha s  a low work func t i on .  I n  e i t h e r  of t h e s e  c a s e s  c o n s i d e r a t i o n  

must be g iven  t o  t h e  e f f e c t  o f  m a t e r i a l  evapora ted  from t h e  e m i t t e r  and 

depos i t ed  on t h e  c o l l e c t o r .  ' 1 n  some of  t h e  oxide-type c o l l e c t o r s ,  i t  

is  p o s s i b l e  f o r  t h e  s u r f a c e  t o  be de s t royed  by c o n t i n u a l  e l e c t r o n  bom- 

bardment . l3 The m a t e r i a l s  r e l e a s e d  by t h i s  p r o c e s s  could  d i f f u s e  t o  and 

c o l l e c t  on t h e  e m i t t e r  and po i son  i t .  With t h e  development o f  s p e c i a l  

mat r ix - type  e l e c  t rodes13  t h i s  d i f f i c u l t y  may be obv ia ted .  

. - Some ve ry  low work f u n c t i o n  c o l l e c t o r s ,  approx imate ly  0.8 ev 

work f u n c t i o n  n e a r  room tempera tu re ,  have been s t u d i e d .  l3 These i n c l u d e  

t h e  s o - c a l l e d  Ag-Cs 0-Ag-Cs e m i t t e r  and t h e  Bi-Ag-Cs e m i t t e r .  The 
2 

expe r i ence  t o  d a t e  w i t h  t h e s e  show they  l a c k  mechanical ,  t h e rma l ,  

e l e c t r i c a l  and chemical  s t a b i l i t y .  I 

; 

There i s  now a r e s e a r c h  program35 t o  develop s p e c i a l  c o a t i n g s  ! 

-4 w i t h  a t h i c k n e s s  o f  t o  1 0  cm f o r  n i c k e l  s u b s t r a t e s  f o r  use  as I 

c o l l e c t o r s .  T e n t a t i v e  r e s u l t s  show: 1 )  cesium-antimony compounds 
I 

d e p o s i t e d  on n i c k e l  have a work f u n c t i o n  o f  1.5 + 0.1 ev  and,  2 )  a cesium- 1 
t e l l u r i um -coa t ed  n i c k e l  c o l l e c t o r  ha s  a  work f u n c t i o n  o f  about  1.2 2 0.1 

i 
i 

ev. , T h i s  work is  be ing  con t inued  and extended t o  o t h e r  coa t i ngs .  Not 

enough has  been done t o  a s s e s s  t h e  mechanical ,  the rmal ,  e l e c t r i c a l  and 

chemical  s t a b i l i t y  and t he r eby  show t h e s e  w i l l  be p r a c t i c a l  f o r  use  as 

c o l l e c t o r s  i n  conve r t e r s .  

under normal o p e r a t i n g  c o n d i t i o n s  c o l l e c t o r s  o f  c e s i a t e d  

r e f r a c t o r y  m e t a l s  have work f u n c t i o n s  as low as 1.6 ev.  heo or^^^ and 



~, 

experiments show that the higher the bare work function of a metal the 

greater is the amount that cesium at a given vapor pressure will lower 

its work function at a given temperature. It is possible to control 

this bare work function two ways: 1) activation with some electro- 

negative substance such as.fluorine and, 2) control of the crystal' 

orientation of the metal at the surface so as to have the crystal face 
- 

present with the highest work function. Polycrystalline molybdenum 

activated with fluorine15 has a work function in cesium vapor as low as 

about 1.4 eve As in the case of emitters, it could well be that a com- 

bination of the crystal orientation and activation by a special additive 

will ultimately lead to collector work functions as low as 1 ev in 

cesium vapor converters. The main problems that remain include: 

1) determination of conditions necessary to maintain the proper activated 

surface as well as the crystal orientation of the substrate and, 2 )  
- .  

assuring that deposits from the emitter will not seriously change this 

condition. 

C. Cesium Purity 

It is well recognized that the performance and repeatability 

of performance of thermionic converters can be expected only if cesium 

purity is closely controlled. Impurities in the cesium nay have 

significant effects on the emitter and collector surfaces and thereby 

affect their work functions and chemical stability. These impurities 

may also inhibit the flow of electrons across the interelectrode gap. 

The ,problem of obtaining proper cesium is threefold: 1) obtaining the 

cesium and being assured of its chemical constituents, 2) storage of 

the cesium prior to use in a converter and, 3 )  keeping the cesium pure . 
once it is in a converter. 

When.the chemical assays for cesi,um presented in Tables IV 

and V are considered, it is evident that the purity of the commercially 



TABLE I V -  TYPICAL CESIUM METAL ANALYSES 

Element 

Supplier 

Dow Dow Ka.we cki Am. Potash Dow 
9-60 6-61 6-61 & Chemical 9-6-61* 

*Cert i f ied  Analysis of  Cesium purchased 
P.o.  N 151TX - 50906 H 



Element' American 
Potash & 
Chemical 

<o .0001 

<O .0005 

0.0010 

<o. 0001 

<o .0001 

<O. 0005 

<o .,oooi 

Mine 
Safety 
Appliance 

Dow 

<o .0001 

<O. 0005 

0.0090 

<o .0001 

<o. 0001 

0.0005 

<o. 0001 

(~awecki)  
Penn 
Rare 
Metals 

<o 0001 

0.0020 

0.0150 

<o .0001 

<o. 0001 

0 0035 

<o .0001 

<0.0001 . 

0.0070 

<o. oooi 
<o .0005 

<o. 0001, 

0.0020 

0.0700 

0.0040 

ND 

*High Band S i  values are  thought t o  be due to spurious 
pickup from glassware, 



-P' 
a v a i l a b l e  cesium i ~ ~ a d e q u a t  e  . This  f a c t  is probably recognized  by many 

I 
l a b o r a t o r i e s  s t udy ing  cesium vapor conve r t e r s .  One l abo ra to ryJ8  ha s  

r e p o r t e d  i t s  exper ience  a long  t h e s e  l i n e s .  I n  a d d i t i o n  t o  doubt ing t h e  

p o s s i b i l i t y  of  purchas ing  h igh  p u r i t y  commercial cesium, t h i s  group 

8 suspec t ed  t h a t  t h e  g l a s s  v i a l s  i n  which cesium is  u s u a l l y  sh ipped  y i e l d e d  

f u r t h e r  i m p u r i t i e s . t o  t h e  subs tance .  When cesium w a s  p u r i f i e d  i n  t h e  . 
l a b o r a t o r y  i t  w a s  found neces sa ry  t o  s t o r e  i t  i n  me ta l  c a p s u l e s  a l t hough  

n e i t h e r  t h e  exac t  method o f  p u r i f i c a t i o n  no r  t h e  s t o r a g e  capsu l e  de sc r ip -  

t i o n  were r epo r t ed .  ~ d d i t i o n a l l ~ ,  i t  w a s  found no t  on ly  neces sa ry  

t o  use  pure  cesium i n i t i a l l y  i n  t h e  diode f o r  t h e  b e s t  performance,  bu t  

i t  w a s  a l s o  neces sa ry  t o  keep i t  pure  v i a  a d i s t i l l a t i o n . p r o c e s s  when 

used i n  t h e  conve r t e r .  I n  e s sence ,  i t  w a s  found when pure  cesium w a s  

i n t roduced  i n  t h e  diode i n i t i a l l y  and t h e  diode ope ra t ed  t h a t  t h e r e  would 

be a deg rada t i on  i n  t h e  ou tpu t  power w i t h  time. The d i f f i c u l t y  w a s  

a t t r i b u t e d  t o  i m p u r i t i e s  i n t roduced  i n t o  t h e  cesium by i t s  r e l e a s i n g  

i m p u r i t i e s  from t h e  conve r t e r .  These i m p u r i t i e s  then  reduced t h e  

e f f i c i e n c y  wi th  which cesium could be i o n i z e d ,  t h u s  g r e a t l y  reduc ing  

t h e ' o u t p u t  power i n  the' b a l l - o f - f i r e  mode of ope ra t i on .  

D, E l e c t r i c a l  Leads and Support  S t r u c t u r e s  
. . 

The power gene ra t ed  iin t h e  conve r t e r  must be t r a n s m i t t e d  t o  

t h e  l o a d  through e l e c t r i c a l  leads,  . p a r t  of  which c o n s i s t C o f  t h e  suppor t  

s t r u c t u r e  f o r  t h e  e m i t t e r  and c o l l e c t o r .  It can be shown t h a t  t h e r e  is 

8 an optimum des ign  f o r  t he  s u p p o r t  s t r u c t u r e  such t h a t  t h e  r a t i o  of  

e l e c t r i c a l  t o  thermal  l o s s e s  is about equa l  t o  t h e  c o n v e r t e r  e f f i c i e n c y .  . 

I n  p r a c t i c e ,  very t h i n  (o f  t h e  o r d e r  of  a few m i l s )  suppor t  s t r u c t u r e s  

a r e  requ i red .  A s  po in t ed  ou t  elsewhere3' t h e s e  components must main ta in  ' 

s t r e n g t h  a t  t h e . e r n i t t e r  and c o l l e c t o r  t empera tures ,  must be chemica l ly  

compa t ib l e .w i th  t h e  e m i t t e r ,  c o l l e c t o r  and cesium, and ma in t a in  t h e s e  

p r o p e r t i e s  over  t h e  conve r t e r  l i f e t i m e .  
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i 

An impor tan t  a s p e c t  is  t h e  j o i n i n g  of t h e . l e a d  o r  support  ! 
i 

s t r u c t u r e  t o  t h e  e m i t t e r  o r  c o l l e c t o r .  I n  some c a s e s  where t h e  m e t a l s .  

a r e  similar and t h e  j o i n t s  a r e  a c c e s s i b l e ,  welding can be performed 

s a t i s f a c t o r i l y .  I n  o t h e r  c a s e s  h igh  tempera ture  b r aze s ,  o r  more d e s i r -  

a b l y ,  r e c r y s t a l l i z a t i o n  c a t a l y s t s  a r e  requ i red .  It has  been shown, f o r  

i n s t a n c e ,  t h a t  t h e  presence o f ' s m a l l  amounts of n i c k e l  ha s  enhanced 

t h e  r e c r y s t a l l i z a t i o n  of  molybdenum and t ungs t en  a t  t h e  r e l a t i v e l y  low 

temperature  of 1200°C. Considerable  development o f  t h e s e  t e chn iques  is 

r e q u i r e d ,  however. 

E. I n s u l a t o r s  and S e a l s  

The i n s u l a t o r s  and s e a l s  i n  thermionic  c o n v e r t e r s  have s e v e r a l  

f unc t i ons .  They s e r v e  as p a r t  of  t h e  containment v e s s e l ,  p rov ide  mechan- 

i c a l  suppo r t  f o r  t h e  e l e c t r o d e s  t o  keep t h e i r  geometr ic  o r i e n t a t i o n  

a c c u r a t e ,  p rov ide  e l e c t r i c a l  i n s u l a t i o n  between t h e  e m i t t e r  and c o l l e c t o r  

and,  i n  t h e  r e a c t o r  c a s e ,  between t h e  c o l l e c t o r  and t h e  coo lan t .  

For  most a p p l i c a t i o n s  alumina Al 0  is t h e  b e s t  i n s u l a t i o n  
2  3 

m a t e r i a l  r e a d i l y  a v a i l a b l e  today.  40 Brazing t echn iques  today a l l ow  t h i s  

t o  be used s a f e l y  t o  t empera tures  of  about  750°C f o r  extended t imes  

wi thout  thermal  f a i l u r e s .  I f  b e t t e r  b r a z i n g  techniques  can be found, 

t h i s  can be used t o  t empera tures  i n  t h e  neighborhood of 1200°C'before  

i ts e l e c t r i c a l ,  thermal  and mechanical  p r o p e r t i e s  begin  t o  be a problem. 

There a r e  some problems, however, t h a t  may occur  a t  t h e  h i g h e r  tem- 

p e r a t u r e s  i n  any case .  1 )  The vapor p r e s s u r e  of oxygen ove r  t h e  A 1  0 
2 3 

can be l a r g e  enough t o  cause  o x i d a t i o n  of  t h e  e m i t t e r ,  c o l l e c t o r  and s e a l  

m a t e r i a l s .  Th is  may l e a d  a l s o  t o  t h e  format ion of C s a O  which would 

cause  t h e  d e s t r u c t i o n  of t h e  alumina. 2 )  The alumina a r e  no t  pure  

"2°3e They c o n t a i n  i m p u r i t i e s  t h a t  cou ld  cause  f u r t h e r  t r o u b l e  a t  t h e  

h ighe r  t empera tures  such  as lower ing  t h e  e l e c t r i c a l  r e s i s t i v i t y  t o  an 



unusable v a l u e ,  t h a t  is ,  i t  would become a  very  poor i n s u l a t o r .  

Consider t h e  i n c o r e  r e a c t o r  concep t ,  however, i n  which t h e  

c o l l e c t o r  is cooled  by a l i q u i d  metal .  The c o l l e c t o r  must be i n s u l a t e d  

1 .  e l e c t r i c a l l y  from t h e  c o o l a n t . b u t  have good thermal  c o n t a c t s ,  P r e sen t  

I des igns  f o r  c y l i n d r i c a l  e lements  c a l l  f o r  a c o l l e c t o r - i n s u l a t o r - s h e a t h  

I - .  

sandwich s t r u c t u r e ,  The s h e a t h ,  o r  o u t e r  containment w a l l  wh2ch is i n  

I c o n t a c t  wi th  t h e  l i q u i d  meta l  coo l an t  would be a metal .  There a r e  

. s e v e r a l  cho i ce s ,  bu t  sinc.e a ' compres s ive  f o r c e  on t h e  i n s u l a t o r  i s  

d e s i r a b l e ,  t h e  meta l  should  have a l a r g e r  c o e f f i c i e n t  of the rmal  expansion 

than  t he  i n s u l a t o r .  The c o l l e c t o r  should have a thermal  expansion n e a r l y  

equa l  t o  t h a t  of t he  i n s u l a t i n g  m a t e r i a l .  Because of  t h e  h igh  thermal  

1 : 
conduc t iv i t y  requ i rement ,  Be0 appea r s  t o  be t h e  b e s t  i n s u l a t o r  f o r  t h i s  

I * 

i -. a p p l i c a t i o n .  Niobium, because of i t s  c o m p a t i b i l i t y  wi th  t h e  l i q u i d  

me ta l ,  may be t h e  s h e a t h  m a t e r i a l  and e i t h e r  niobium o r  ano the r  r e f r a c t o r y  . 

meta l  as t h e  c o l l e c t o r .  An extremely impor tan t  phase of t h i s  problem is  t h e  

bonding of t h e  i n s u l a t o r  t o  t h e  metal .  One s o l u t i o n  which has  no t  been 

f u l l y  developed is t h e ' u s e  of  a mix ture  of Be0 p l u s  a few pe rcen t  of 

C a O  o r  MgO as a r e c r y s t a l l i z a t i o n  agen t .  A t h i n  f i l m  of an a c t i v e  meta l  

such as vanadium, zirconium o r  t i t a n i u m  might a l s o  be used t o  i n t e r a c t  

wi th  bo th  t h e  meta l  and oxide mix ture .  The mix ture  could be p r e s a r e d ,  

s e t  i n  p l a c e  and then  f i r e d  t o  t h e  r e q u i r e d  r e c r y s t a l l i z a t i o n  temperature .  

I n  p r i n c i p l e ,  t h i s  would r e c r y s t a l l i z e  i n  p l a c e ,  y i e l d i n g  a n i n s u l a t o r -  

me ta l  system wi th  good thermal  and mechanical  con t ac t .  

I 
I n  g e n e r a l ,  problems such  as t h e  i n s u l a t o r - m e t a l  j o i n t s  have 

no t  bezn so lved  adequa te ly ,  These problems r e p r e s e n t  major o b s t a c l e s  

t o  t h e  s u c c e s s f u l  development of e f f i c i e n t  and long- l ived  thermionic  

convers ion systems,  p a r t i c u l a r  f o r  t h e  n u c l e a r  systems. 



I ' V. CONCLUSION 

~ i g n j f i c a n t  developments have occured r e c e n t l y  i n  a l l  a r e a s  o f  

the rmion ic  energy convers ion.  I n  t h e  b a s i c s  of  t he rmion i c s ,  i m ~ r o v e -  

ment i n  power d e n s i t i e s  and e f f i c i e n c i e s  is c o n s t a n t l y  occurring. . 
F u r t h e r  improvement is d e f i n i t e l y  i n d i c a t e d  by exper iments  on s u r f a c e  

. a d d i t i v e s  and c r y s t a l  o r i e n t a t i o n s  as methods o f  c o n t r o l l i n g  t h e  work 

f u n c t i o r s o f  e m i t t e r s  and c o l l e c t o r s .  P rog re s s  ha s  been made i n  b o t h  

n u c l e a r  and f l ame- f i r ed  a p p l 4 c a t i o n s  wi th  r e s p e c t  t o  coup l i ng  t h e  con- 

v e r t e r  t o  a hea t  source .  There now a r e  h igh- temperature  d a t a  showing 

t h a t  some of t h e  p o t e n t i a l  n u c l e a r  f u e l s  and e m i t t e r s  a r e  compat ib le  a t  

t empera tu res  o f  i n t e r e s t  t o  the rmion ics .  I n  t h e  f l ame- f i r ed  a r e a ,  t h e  

l i f e t i m e s o f  p r o t e c t i v e  c o a t i n g s  have been extended cons ide r ab ly  and it 
1 

is  reasonab le  t o  expec t  f u r t h e r  advances.  These and t h e  o t h e r  m a t e r i a l s  . 

a' 

problems d i s cus sed  i n  t h i s  paper, which c u r r e n t l y  p r even t  t h e  s u c c e s s f u l  

a p p l i c a t i o n .  of  the rmion ic  energy conve r s ion ,  a r e  be ing  examined; 

p r o g r e s s  i s  b e i n g  ach i eved ;  and some s o l u t i o n s  a r e  be ing  found. Thus 

the rmion ic  energy  conve.rsion appea r s  t o  be a sou rce  of power convers ion  

t h a t  w i l l  be among t h e  v a r i e t y  of  power s o u r c e s  a v a i l a b l e  f o r  f u t u r e  

m i l i t a r y  and c i v i l i a n  requ i rements .  
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Figure  3. 'Performance Parameters f o r  an I d e a l i z e d  Converter .  
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