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The Engel  t h e o r y  of m e t a l s  p r e d i c t s  unusua l ly  high t h e r m o d y n a m i c  s t ab i l i t y  for  c e r t a i n  
c l a s s e s  of a l l o y s  of t r a n s i t i o n  m e t a l s  for  which g e n e r a l i z e d  L e w i s - a c i d - b a s e  i n t e r a c t i o n s  
a r e  p o s s i b l e .  To t e s t  these  p r e d i c t i o n s ,  phase  e qu i l i b r i a  we re  s tud ied  for  t e r n a r y  s y s t e m s  
of Z r ,  C, and the t r a n s i t i o n  m e t a l s  Re ,  Ru, Os ,  Rh, I r ,  Pd,  Pt ,  Ag,  and Au. S i m i l a r  l i t e r a -  
t u r e  da ta  for Nb, Ta,  Hf, Th,  Y, Ce, E r ,  and Pu with Re,  Ru, Rh, I r ,  Pt ,  and Au w e r e  e v a l -  
ua ted .  T h e r m o d y n a m i c  data  for  the c a r b i d e s  of Z r ,  Hf, Th, Nb, Ta,  U, and Y w e r e  c r i t i -  
ca l ly  eva lua ted ,  t abu la t ed  for 1200 to 2300 K, and used  to fix the Gibbs e n e r g i e s  of 
fo rma t ion  in k c a l / g - a t o m  of a l loy ,  o r  the i r  l i m i t s ,  for the b i n a r y  p h a s e s  of the above  
m e t a l s .  In addi t ion ,  for  Z r ,  ac t iv i ty  coef f ic ien t s  and e x c e s s  Gibbs e n e r g i e s  a r e  t abu la ted .  
The p r e d i c t e d  high s t a b i l i t i e s  for  a l l o y s  of Rh, I r ,  Pd,  and Pt  a r e  c o n f i r m e d  with e x c e s s  
Gibbs e n e r g i e s  r ang ing  to -100 kca l / / g - a tom and ac t iv i ty  coef f i c ien t s  a s  low a s  10 -12 for  
z i r c o n i u m  or  hafnium in d i lu te  so lu t ions  of p la t inum at  1800 K. Some of the p r o p e r t i e s  of 
these  unusua l ly  s t ab le  compounds  have been m e a s u r e d .  

T H E  chemica l  behav io r  of the e l e m e n t s  i s  d e t e r m i n e d  
p r i m a r i l y  by the number  of va lence  e l e c t r o n s  p e r  
a tom,  the d i s t r i bu t ion  of these  e l e c t r o n s  among the s ,  
p ,  d, and f s u b s h e l l s ,  and by the a tomic  o r  ionic s i ze .  
A n u m b e r  of m o d e l s  have been dev i sed  to p r e d i c t  
c h e m i c a l  behav io r  f rom the i n fo rma t ion  on e l e c t r o n i c  
conf igura t ions  of the  e l e m e n t s  d e r i v e d  f rom a tomic  
s p e c t r o s c o p y .  1-4 The p r e s e n t  p a p e r  wi l l  dea l  with 
some  a s p e c t s  of the t h e r m o d y n a m i c s  of t r a n s i t i o n  
meta l  a l l o y s .  Although s i ze  and in t e rna l  p r e s s u r e  d i f -  
f e r e n c e s  p lay  an i m p o r t a n t  r o l e  s in fixing the Gibbs 
ene rgy  of a l l o y s ,  i t  i s  the p u r p o s e  of th i s  p a p e r  to fo-  
cus  on the r o l e  of e l e c t r o n i c  conf igura t ions  in f ixing 
the t h e r m o d y n a m i c  p r o p e r t i e s  of a l l o y s .  In p a r t i c u l a r ,  
we wish  to c o n s i d e r  a l l oys  in which one of the compo-  
nents  i s  a t r a n s i t i o n  me ta l  with some  comple t e ly  v a -  
cant 4d  o r  5 d o r b i t a l s ,  e.g. the d o r b i t a l s  contain  l e s s  
than five d e l e c t r o n s ,  and the o the r  component  i s  a 4d 
o r  5d t r a n s i t i o n  m e t a l  with so many d e l e c t r o n s ,  e.g. 
m o r e  than f ive d e l e c t r o n s ,  that  some  of the e l e c t r o n s  
mus t  be p a i r e d  i n t e r n a l l y  and thus  be unava i l ab le  for  
bonding in the pu re  m e t a l .  The Engel  c o r r e l a t i o n  4-~2 
be tween c r y s t a l  s t r u c t u r e  and e l e c t r o n  conf igura t ion  
p r o v i d e s  a m e a n s  of ca lcu la t ing  the t h e r m o d y n a m i c  
s t ab i l i t y  of d i f fe ren t  c r y s t a l l i n e  mod i f i ca t ions  of a 
me ta l  when s p e c t r o s c o p i c  da ta  for  the ga seous  a t o m s  
a r e  ava i l ab l e  13 o r ,  c o n v e r s e l y ,  s p e c t r o s c o p i c  da ta  can 
be ca l cu l a t ed  9 when t h e r m o d y n a m i c  da ta  for  the m e t a l s  
a r e  a v a i l a b l e .  

Tungs ten  me ta l  can be taken  as  an example  of the 
ca lcu la t ion  of the e l e c t r o n i c  conf igura t ion  in the m e t a l -  
l ic  s ta te  f rom the  s p e c t r o s c o p i c  da ta  for  the g a se ous  
a tom.  The ground s ta te  of g a s e o u s  tungs ten  i s  the  5D 
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l eve l  of the d4s ~ conf igura t ion ,  x3 The 7S leve l  of the 
dSs conf igura t ion  i s  8 k c a l / m o l  h igher  in ene rgy  and 

7 4 the F leve l  of the d sp conf igura t ion  i s  55 k c a l / m o l  
above the ground s t a t e ,  x3 When ga se ous  tungs ten  a t o m s  
a r e  brought  toge the r ,  the ene rgy  of the s y s t e m  wi l l  be 
l o w e r e d  due to the a t t r a c t i v e  i n t e r a c t i o n  of some  of 
the va l ence  e l e c t r o n s  with the pos i t i ve  cha rge  of the 
nuc le i  of the ne ighbor ing  a t o m s .  The s e l e c t r o n s  of 
a t o m s  in the d4s 2 ground s ta te  cannot con t r ibu te  to th i s  
a t t r a c t i v e  i n t e r a c t i o n  a s  the c omple t e ly  f i l l ed  s o r b i -  
t a l s  of ad j acen t  a t o m s  wil l  r e p e l  one ano the r .  O r b i t a l s  
that  a r e  not c omp le t e ly  f i l l ed  can o v e r l a p  to a l low 
e l e c t r o n s  to bond adjoining nuc le i  t oge the r .  The bond-  
ing e n e r g i e s  for  the  v a r i o u s  t y p e s  of e l e c t r o n s  have 
been  t abu la t ed  6 and one can ca lcu la te  that  the conden-  
sa t ion  of ga se ous  tungs ten  a t o m s  to the m e t a l l i c  s t a t e  
wi l l  lower  the  ene rgy  of the d4s 2 conf igura t ion  by 136 
k c a l / m o l  due to the bonding by four 5d e l e c t r o n s .  
A t o m s  in the dSs conf igura t ion  wil l  be l o w e r e d  in en -  
e rgy  by 211 k c a l / m o l  due to the 157 k c a l / m o l  c o n t r i b u -  
t ion to the bonding ene rgy  by five 5d e l e c t r o n s  p e r  
a tom and 54 k c a l / m o l  f rom the bonding of one 6s e l e c -  
t r on  p e r  a tom.  A t o m s  in the d4sp conf igura t ion  wi l l  be 
l ow e re d  in ene rgy  by 136 k c a l / m o l  due to the four 5d 
e l e c t r o n s  and 107 k c a l / m o l  due to the 6s and 6p e l e c -  
t r o n s  o r  a to ta l  of 243 k c a l / m o l  bonding ene rgy .  Be -  
cause  of the d i f fe ren t  bonding e n e r g i e s  for  each con-  
f igura t ion ,  the  o r d e r  of the conf igura t ions  in the m e t a l  
i s  d i f fe ren t  than in the gas .  In m e t a l l i c  tungsten ,  the 
dSs conf igura t ion  i s  the lowes t  in ene rgy ,  a m e t a l  with 
the d4sp conf igura t ion  would be 15 kcal / /mol  h igher  in 
e ne rgy ,  and a m e t a l  which r e t a i n e d  the ga se ous  ground 
s t a t e  conf igura t ion  d4s 2 would be 67 k c a l / m o l  h igher  
in ene rgy  than the m e t a l  with the dSs conf igura t ion .  

Ca lcu la t ions  of th is  type to d e t e r m i n e  the p r e d o m -  
inant  e l e c t r o n i c  conf igura t ion  in the so l id  have been 
done for  each  of the t r a n s i t i o n  m e t a l s f i  F o r  mos t  
t r a n s i t i o n  m e t a l s ,  the ground s t a t e  conf igura t ion  for  
the gas  i s  the dn-2s 2 conf igura t ion  where  n i s  the to ta l  
number  of va l ence  e l e c t r o n s .  Due to the  unava i l ab i l i t y  
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of the e l e c t r o n s  in the c lo sed  s 2 o rb i t a l  for bonding,  
the ground  s t a t e  dn-2s 2 conf igura t ions  do not d rop  in 
ene rgy  a s  much a s  dn-ls, dn-Zsp, or  dn-~sp 2 conf igu ra -  
t ions  when the a t o m s  a r e  condensed ,  and the gaseous  
ground s t a t e  conf igura t ion  dn-2s 2 i s  not impor t an t  for  
the condensed  m e t a l .  Al l  of the conf igura t ions  that  a r e  
found to be i m p o r t a n t  in the condensed  me ta l  have one 
s e l e c t r o n  b e c a u s e  of the nonbonding c h a r a c t e r  of the 
s 2 conf igura t ion  and the m a j o r  fac tor  that  c h a r a c t e r -  
i z e s  the  s t r u c t u r e  and t h e r m o d y n a m i c s  of each  me ta l  
i s  the d i s t r i bu t ion  of the r e m a i n i n g  va lence  e l e c t r o n s  
be tween the d and p o r b i t a l s .  F o r  m e t a l s  such as  W, 
Mo, Cr ,  Ta,  Nb, and V, the bonding energy  c a l c u l a -  
t ions  ind ica te  G that  the e l e c t r o n i c  conf igura t ions  in the 
me ta l  a r e  c lose  to dn-ls with only s m a l l  con t r ibu t ions  
f rom p e l e c t r o n s .  These  m e t a l s  fo rm only the body-  
c e n t e r e d  cubic (bee) s t r u c t u r e  at  a l l  t e m p e r a t u r e s  and 
p r e s s u r e s  in conf i rma t ion  of the Engel  c o r r e l a t i o n  and 
the H u m e - R o t h e r y  r u l e s  4-7 that  a s s o c i a t e  the bcc  
s t r u c t u r e  with e l e c t r o n i c  conf igu ra t ions  with one s 
e l e c t r o n  p e r  a tom and p e l e c t r o n  cont r ibu t ions  r ang ing  
up to 0.5 p e l e c t r o n s  pe r  a tom,  e.g. sp ~ Likewise ,  
it  i s  p o s s i b l e  to con f i rm  the Engel c o r r e l a t i o n  of e l e c -  
t ron ic  conf igura t ion  dn-2sp with the o c c u r r e n c e  of the 
hexagonal  c l o s e - p a c k e d  (hcp) s t r u c t u r e .  Spec t ro sc op i c  
da ta  a r e  not ye t  a v a i l a b l e  to check the Engel c o r r e l a -  
t ion of e l e c t r o n i c  conf igura t ion  dn-3sp 2 with the f a c e -  
c e n t e r e d  cubic  c l o s e - p a c k e d  (ccp) s t r u c t u r e ,  but t h e r e  
a r e  a m p l e  con f i rma t ions  S of p r e d i c t i o n s  of a l loy  b e h a -  
v io r  b a s e d  on the Engel c o r r e l a t i o n  for the ccp s t r u c -  
t u r e  to c l e a r l y  e s t a b l i s h  that  the o c c u r r e n c e  of bcc ,  
hcp,  o r  ccp s t r u c t u r e s  depends  upon the d i s t r i bu t ion  
of e l e c t r o n s  between the d and p o r b i t a l s .  

The bcc  s t r u c t u r e  o c c u r s  for  low p e l e c t r o n  concen-  
t r a t i o n s  ranging  up to 50 pc t  of the s e l e c t r o n  concen-  
t r a t i on .  The hcp s t r u c t u r e  i s  found for  i n t e r m e d i a t e  p 
e l e c t r o n  concen t r a t ions  of the s a m e  o r d e r  a s  the s 
e l e c t r o n  concen t ra t ion  and the ccp s t r u c t u r e  i s  found 
for even h igher  p e l e c t r o n  to s e l e c t r o n  r a t i o s .  As  the 
t h e r m o d y n a m i c  behav io r  of t r a n s i t i o n  m e t a l s  and of 
the i r  a l l oys  depends  5-12 upon the d i s t r ibu t ion  of v a -  
l ence  e l e c t r o n s  be tween the d and p o r b i t a l s ,  the d e -  
t e r m i n a t i o n  of the e l e c t r o n i c  conf igura t ion  e i the r  f rom 
gaseous  s p e c t r o s c o p i c  da ta  o r  f rom the c r y s t a l  s t r u c -  
tu re  a l lows  one to c h a r a c t e r i z e  the t h e r m o d y n a m i c  
behav io r .  The compe t i t i on  be tween the d and p e l e c -  
t r o n s  d e t e r m i n e s  the p a r t i c u l a r  mix  of d and p e l e c -  
t r o n s  in the conf igura t ion  of lowes t  Gibbs ene rgy  for  
the m e t a l  and  thus f ixes  the  c r y s t a l  s t r u c t u r e .  The  s 
and p e l e c t r o n s ,  whose  o r b i t a l s  extend beyond n e a r e s t  
ne ighbor s  and af fec t  long r a n g e  o r d e r ,  d e t e r m i n e  the 
c r y s t a l  s t r u c t u r e ;  the p a r t i c u l a r  s t r u c t u r e  i s  d e t e r -  
mined  by the r a t i o  of p to s e l e c t r o n s .  5-9 The d e l e c -  
t r o n s ,  which i n t e r a c t  p r i m a r i l y  with the  n e a r e s t  ne igh-  
b o r s ,  cannot inf luence  long r a n g e  o r d e r  d i r e c t l y ,  but  
they fix the c r y s t a l  s t r u c t u r e  i n d i r e c t l y  by  d e t e r m i n i n g  
the number  of p e l e c t r o n s  through the compet i t ion  that  
f ixes  the conf igura t ion  of l owes t  Gibbs  ene rgy .  

F o r  i n c r e a s i n g  p e l e c t r o n  concen t r a t ion ,  the p o s s i b l e  
t h e r m o d y n a m i c a l l y  s t ab l e  c r y s t a l  s t r u c t u r e  for  t r a n s i -  
t ion m e t a l  a l l o y s  wi l l  be found in the sequence :  5 body-  
c e n t e r e d  cubic  (bee) at  lowes t  p concen t ra t ion ,  then 
A15(Cr3Si),  a(~-U) and r e l a t e d  ~ ,  5, P,  R, and D85 
s t r u c t u r e s ,  •  /3(/%Mn), hexagonal  c l o s e - p a c k e d  
(hcp) to cubic  c l o s e - p a c k e d  (ccp) at  h ighes t  p concen-  
t r a t i o n s .  Sui table  s i ze  c r i t e r i a  mus t  a l so  be met  in a d -  

di t ion to the p r o p e r  r ange  of p e l e c t r o n  c onc e n t r a t i ons .  
Th is  r e l a t i o n s h i p  between the p ropo r t i on  of p e l e c t r o n s  
among the s,  p e l e c t r o n s  and the c r y s t a l  s t r u c t u r e  has  
been ex t ens ive ly  r ev i ewed .  5-~1 It is  the p u r p o s e  of th i s  
pape r  to examine  some  a s p e c t s  of the  Engel mode l  that  
r e l a t e  d i r e c t l y  to the unique behav io r  of d e l e c t r o n s .  

T h e r e  a r e  t h r e e  p r o p e r t i e s  of d e l e c t r o n s  in t r a n s i -  
t ion m e t a l  a l l oys  that a r e  impor t an t  in fixing t h e r m o -  
dynamic  s t ab i l i t y :  5-n i )  d o r b i t a l  o v e r l a p  i s  p r e d o m -  
inant ly  with d o r b i t a l s  of the n e a r e s t  ne ighbor s ;  2) d 
o r b i t a l  o v e r l a p  and bonding i s  poor ,  but i n c r e a s e s  f rom 
3d to 4d to 5d and can be i m p r o v e d  by c o m p r e s s i n g  the 
l a t t i c e  to d e c r e a s e  the i n t e r n u c l e a r  d i s t ance ;  and 3) d 
bonding capac i ty  is  l o s t  a s  the number  of d e l e c t r o n s  
pe r  a tom is  i n c r e a s e d  f rom 5 to 10 s ince  the Pau l i  
exc lus ion  p r inc ip l e  r e q u i r e s  that  add i t iona l  d e l e c t r o n s  
beyond the ha l f - f i l l ed  d s conf igura t ion  be p a i r e d  in -  
t e r n a l l y  and thus not ava i l ab l e  for  bonding.  Two s i m p l e  
e x a m p l e s  wi l l  be used  to i l l u s t r a t e  the r o l e  of d e l e c -  
t ron  bonding in the p r e d i c t i o n  of t h e r m o d y n a m i c  b e -  
ha v io r .  

The s p e c t r o s c o p i c  da ta  for  g a s e o u s  z i r c o n i u m  ind i -  
ca te  that  two conf igura t ions  d3s and d2sp a r e  of c o m -  
p a r a b l e  i m p o r t a n c e  in the  condensed  phase .  In a g r e e -  
ment  with the Engel  c o r r e l a t i o n ,  z i r c o n i u m  o c c u r s  in 
both the  bee  and hcp s t r u c t u r e s .  The bee s t r u c t u r e  
has  the h ighes t  en t ropy due to i t s  lower  coord ina t ion  
number  and l a r g e r  v ib ra t iona l  con t r ibu t ions  to the 
en t ropy  and thus i s  the s t r u c t u r e  s t ab le  at  high t e m p e r -  
a t u r e s .  ~4 At the s t a r t  of each  t r a n s i t i o n  s e r i e s ,  the d 
o rb i t a l  i s  r a t h e r  extended,  but the i n c r e a s e  of nuc l ea r  
cha rge  quickly sh r i nks  the d o r b i t a l .  F o r  z i r c o n i u m ,  
the 5s and 5p o r b i t a l s  extend out fa r  enough to o v e r l a p  
not only with o r b i t a l s  of n e a r e s t  ne ighbo r s  but  with 
m o r e  d i s tan t  ne ighbor s .  The 4d o r b i t a l s  b a r e l y  extend 
beyond the f i l l ed  4p subshe l l  and o v e r l a p  p o o r l y  even 
with d o r b i t a l s  of n e a r e s t  n e i g h b o r s .  F o r  m e t a l s  of the 
fourth group and on to the  r i gh t  of the  p e r i o d i c  t ab le ,  
the bonding due to the 4d e l e c t r o n s  i s  p o o r e r  than that  
due to 5p e l e c t r o n s .  6 D e c r e a s e  of i n t e r n u c l e a r  d i s t a n c e  
to i m p r o v e  the o v e r l a p  of d o r b i t a l s  m a r k e d l y  i n c r e a s e s  
the bonding ab i l i ty  of the 4d e l e c t r o n s  c o m p a r e d  to 5p 
e l e c t r o n s .  The c o m p r e s s i o n  due to app l i ca t ion  of p r e s -  
su r e  wi l l  thus s t a b i l i z e  the s t r u c t u r e  with the mos t  
bonding d e l e c t r o n s ;  the das bcc  s t r u c t u r e  of z i r c o n i u m  
wil l  be s t a b i l i z e d  with r e s p e c t  to the d2sp hcp s t r u c t u r e  
by app l i ca t ion  of p r e s s u r e .  The to ta l  number  of d e l e c -  
t r o n s  pe r  a tom d e c r e a s e s  in the o r d e r  bcc > hcp > ccp.  
Up to the dSs conf igura t ion  of the  s ixth group m e t a l s ,  
a l l  of the d e l e c t r o n s  a r e  ava i l ab l e  for  bonding; the e f -  
fect  of p r e s s u r e  upon s t ab i l i t y  is  bcc  > hcp > ccp for  
m e t a l s  on the lef t  hand side of the t r a n s i t i o n  s e r i e s  for  
which the nuc l ea r  cha rge  i s  l a r g e  enough to have sh runk  
the d o r b i t a l  suf f ic ient ly  to p r e ve n t  op t imum o v e r l a p .  
Thus the m e t a s t a b l e  dn-3sp 2 ccp s t r u c t u r e  of Z r , N b ,  and 
Mo would be even l e s s  s t ab le  under  p r e s s u r e .  As  t h e r e  
a r e  only five d o r b i t a l s ,  the m a x i m u m  number  of un-  
p a i r e d  d e l e c t r o n s  ava i l ab l e  for  bonding i s  f ive .  Each 
addi t ion  of a d e l e c t r o n  beyond five f o r m s  a p a i r  in a 
f i l l ed  o rb i t a l  which i s  unava i l ab le  for  bonding.  F o r  Mn, 
Tc,  and Re,  the dSsp hcp s t r u c t u r e  with f ive bonding d 
e l e c t r o n s  is  p r e d i c t e d  to be s t a b i l i z e d  by p r e s s u r e  with 
r e s p e c t  to e i the r  the d6s bcc  o r  d4sp 2 ccp s t r u c t u r e  
which have only four bonding d e l e c t r o n s .  F o r  the o the r  
m e t a l s  of the r i gh t  hand half  of the t r a n s i t i o n  s e r i e s ,  
the bec  s t r u c t u r e  has  the mos t  d e l e c t r o n s  but the  few-  
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est  bonding d e l ec t rons .  For  these  me ta l s ,  the effect of 
p r e s s u r e  upon s tabi l i ty  is  ccp > hcp > bcc or the r e -  
ve r s e  of the behavior  p red ic ted  for the left  half of the 
t r ans i t i on  s e r i e s .  These  p red ic t ions  appear  to be con-  
t r a r y  to t he rmodynamics  in that the o rde r  of dens i t i es  
at 1 arm is  not a lways as  pred ic ted ,  but the s t r u c t u r e s  
that a r e  predic ted  to be s tab i l ized  by p r e s s u r e  are  
found to be more  compres s ib l e  and eventual ly  become 
denser  than the competing s t r u c t u r e .  The predic t ions  
of the effect of p r e s s u r e  upon the rmodynamic  s tab i l i ty  
that can be made so s imply  and d i rec t ly  f rom the Engel 
cor re la t ion  have now been conf i rmed for every  example 
for which complete data exis t .  1~ The enhancement  of 
d e l ec t ron  bonding by reduc t ion  of i n t e r n u c l e a r  d is tance  
also p lays  an impor tan t  ro le  in the s tab i l i ty  of the 
A15(Cr3Si) phases .  5'1' 

The second example of the appl ica t ion of the knowl-  
edge of meta l l i c  e lec t ron ic  conf igura t ions  to the p r e d i c -  
t ion of the rmodynamic  behavior  is  the pred ic t ion  of the 
effect of sma l l  addi t ions of al loying me ta l s  upon the 
re l a t ive  s tabi l i ty  of two c rys t a l  s t r u c t u r e s .  Again the 
d i s t r ibu t ion  of e l ec t rons  between d and p o rb i t a l s  is  
dec is ive .  We r e t u r n  to d3s bcc z i r con ium in equ i l ib r ium 
with d2sp hcp z i r con ium at 1145 K. All t r ans i t i on  
me ta l s  to the r ight  of z i r con ium have more  than 2.5 
bonding d e l ec t rons .  A subs t i tu t ional  r e p l a c e m e n t  of 
z i r con ium by a t r ans i t i on  meta l  to the r ight  of z i r c o -  
n ium wil l  r e su l t  in a g rea t e r  loss  of d bonding in hcp 
z i r con ium (two bonding d e lec t rons)  than in bcc z i r c o -  
n ium (three bonding d e lec t rons) .  In al l  i n s t ances  
where  data a re  ava i lab le ,  these  p red ic t ions  of the effect 
of a l loying upon the re l a t ive  s t ab i l i t i e s  of the bcc and 
hcp s t r u c t u r e s  have been conf i rmed.  15-~7 All t r ans i t i on  
me ta l s  to the r ight  of the fourth group s tab i l ize  the bcc 
s t r uc tu r e  of Ti ,  Zr ,  or  Hf r e l a t ive  to the hcp s t r uc t u r e  
whether  the pure  a l loying meta l  has bcc,  hcp, or ccp 
s t r u c t u r e .  

The same p r inc ip l e s  p red ic t  that non t r ans i t i on  
me ta l s ,  with no bonding d e l ec t rons ,  in subs t i tu t ional  
s i t es  wil l  s tab i l ize  the hcp phases  of Ti ,  Zr ,  and Hf 
re l a t ive  to the bcc phase s ince  the phase with the mos t  
d bonds per  a tom wil l  suffer the most  upon in t roduct ion  
of a toms  with no bonding d o rb i t a l s .  On the other  hand, 
smal l  a toms  such as  C, N, or O that can go into i n t e r -  
s t i t ia l  s i t es  wil l  not i n t e r f e r e  with d bonding; the i r  
p r inc ipa l  effect will  be the i r  cont r ibut ion  of s and p 
e l ec t rons  that will  s tab i l ize  the c lose-packed  s t ruc tu re  
over  the bcc s t r u c t u r e .  Examinat ion  of the ava i lab le  
data ~5-~7 conf i rms  these p red ic t ions .  S imi la r  p r e d i c -  
t ions  can be made for the effect of a l loying upon the 
phase t r a n s f o r m a t i o n  of Mn, Fe ,  and Co with equally 
good conf i rmat ion .  The s ame  p r inc ip l e s  have been 
shown to apply equally well  for the lan thanides  and 
ac t in ides  8,9 

I) LEWIS-ACID-BASE INTERACTIONS 

The above in t roduct ion  has demons t r a t ed  how the 
e lec t ron ic  conf igura t ion of a t r ans i t i on  meta l  can be 
es tab l i shed  and how the d i f fe rences  in behavior  of e l ec -  
t r ons  in p and d o rb i t a l s  e s t ab l i shes  the t he rmodynamic  
r e sponse  of t r a n s i t i o n  meta l  s y s t e m s  to p r e s s u r e  
changes or smal l  a l loying addi t ions .  We wish now to ex-  
tend the ideas  p re sen t ed  in the in t roduct ion  to examine  
the t h e r m o d y n a m i c s  of s y s t e m s  cons is t ing  of m e t a l s  of 
the left half of the t r ans i t i on  s e r i e s  that have empty d 
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o rb i t a l s  al loyed with me ta l s  of the r ight  half of the t r a n -  
s i t ion s e r i e s  that have in t e rna l ly  pa i red  d e lec t rons  not 
avai lable  for bonding.  An example would be d*s bcc 
niobium with one empty d o rb i t a l  a l loyed with d6sp hcp 
ru then ium with one pai r  of d e l ec t rons  not used in bond-  
ing. In pure  ru then ium,  the fi l led d orb i ta l  is nonbond-  
ing because  it  cannot over lap  with d o rb i t a l s  of ne igh-  
bor ing  ru then ium a toms .  An alloy of z i r con ium and 
ru then ium prov ides  the poss ib i l i ty  of a gene ra l i zed  
L e w i s - a c i d - b a s e  r eac t ion  as  i l l u s t r a t ed  by the c l a s s i c  
example of BF3 with an empty p orb i ta l  r eac t ing  with 
the nonbonding pai r  of e l ec t rons  of NH3 or  the r eac t ion  
of ga l l ium with a r s e n i c .  Meta ls  such as  hafnium and 
tan ta lum lack suff icient  e l ec t rons  to use al l  of the i r  low 
energy o rb i t a l s  in bonding and thus do not bond as  
s t rongly  as  tungsten .  Likewise  me ta l s  such as o s m i u m  
and p la t inum have too many d e l ec t rons  r e su l t i ng  in in -  
t e rna l  pa i r ing  of the e l ec t rons  in f i l led o rb i t a l s  which 
p reven t s  the i r  use in bonding. The use of the empty 
o rb i t a l s  of hafnium and tan ta lum by the nonbonding 
e l ec t rons  of o s m i u m  and p la t inum could opt imize  the 
use of ava i lab le  o rb i t a l s  and e l ec t rons  and approach the 
high bonding achieved by tungsten .  

The quant i ta t ive  p red ic t ion  of the enthalpy change for 
a r eac t ion  such as  Hf + 3Ir = Hflr3 is  very  difficult .  In 
dSsp 2 ccp i r i d ium,  each i r i d ium has a pai r  of e l ec t rons  
that can be donated to each of the th ree  vacant  d o rb i -  
ta ls  in d2sp hafnium.  This  would cor respond  to a fo r -  
mal  charge of -3  on the hafnium and +1 on each i r i d ium.  
An analogous example  would be that of W(CO)s where  
the six pa i r s  of e l ec t rons  donated by the CO molecu les  
completely  fill all  of the d, s, and p o rb i t a l s  of tungsten  
and yield a fo rmal  charge of -6  on tungs ten .  It is un-  
r ea sonab le  to expect such la rge  actual  charges  because  
of po la r i za t ion  of the bonds and because  of back bonding 
through higher energy o rb i t a l s .  S imi la r  behavior  is  
expected for HfIr3, but the cont r ibut ions  of coulombic 
bonding due to the sma l l  charge d i f ference  that might 
p e r s i s t ,  the effect of polar iza t ion  upon the bond 
s t rength ,  and the effect of backbonding a re  too difficult  
to e s t ima te  quant i ta t ive ly .  We can pred ic t  that the re  
should be a s t rong in te rac t ion  between me ta l s  l ike z i r -  
conium and hafnium with me ta l s  l ike i r i d i um and p la t i -  
num;  it i s  not poss ib le  to make quant i ta t ive  p red ic t ions  
without expe r imen ta l  values  for some s y s t e m s  to ca l i -  
b ra t e  the cont r ibut ions  of the va r ious  in t e rac t ions  
l i s ted  above.  However,  it is  poss ib le  to make some 
qual i ta t ive  p red ic t ions  about the t r ends  to be expected. 
Since the s t rength  of d e lec t ron  bonding i n c r e a s e s  ~ 
quite marked ly  f rom 3d to 4d and subs tan t ia l ly  f rom 4d 
to 5d, one would pred ic t  that the s tabi l i ty  of such gen-  
e r a l i z ed  L e w i s - a c i d - b a s e  compounds could be r a t h e r  
smal l  when only 3d o rb i t a l s  a re  involved, e.g. V-Co,  
and would be l a rges t  when only 5d o rb i t a l s  a re  involved.  
For  a meta l  A f rom the left side of the t r ans i t i on  s e r i e s  
r eac t ing  to form an AB2 or AB3 phase with B me ta l s  
rang ing  f rom the seventh  group, e.g. rhen ium,  to the 
e leventh group,  e.g. gold, the s tabi l i ty  of the compound 
is  expected to i n c r e a s e  as  the number  of nonbonding d 
e l ec t rons  i n c r e a s e s  to reach  a ma x i mum and then de-  
c r ea se  as  the pa i red  d e l ec t rons  become so s tab i l ized  
with i nc r ea s ing  nuc lea r  charge that it is  difficult  to 
t r a n s f e r  them.  Likewise for a given meta l  B f rom the 
r ight  hand side,  the var ia t ion  of A f rom the sixth to 
th i rd  group is  expected to produce an i n c r e a s e  in s t a -  
b i l i ty  of the compound as the number  of vacant  d o r b i -  
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t a l s  i s  i n c r e a s e d  with a subsequent  d e c r e a s e  for s m a l l e r  
n u c l e a r  c h a r g e s  that  could not hold donated e l e c t r o n  
p a i r s .  F o r  e x a m p l e ,  for  a fifth g roup  me ta l  such a s  
n iobium or  t an t a lum,  with only one vacant  d o r b i t a l ,  the 
i n t e r a c t i o n  to fo rm a NbX3 o r  NbX~ phase  would be 
s m a l l  with r h e n i u m ,  would i n c r e a s e  subs tan t i a l ly  with 
o s m i u m ,  and would r e a c h  a m a x i m u m  with i r i d i u m .  
F o r  a four th  group me ta l  such a s  z i r con ium,  with two 
vacant  d o r b i t a l s ,  the m a x i m u m  in s t ab i l i t y  would shif t  
to the r igh t  and should  be be tween i r i d i u m  and p la t inum.  
F o r  a t h i r d  group m e t a l  such a s  y t t r i u m ,  the m a x i m u m  
i n t e r a c t i o n  would be expec ted  at  p la t inum.  The p r e s e n t  
work  d e a l s  with an e x p e r i m e n t a l  t e s t  of the t r e n d s  in 
s t ab i l i t y  of i n t e r m e t a l l i c  compounds  of z i r c o n i u m  that  
fa l l  in the c l a s s  of t he se  g e n e r a l i z e d  L e w i s - a c i d - b a s e  
compounds .  The t e r n a r y  phase  d i a g r a m s  of Z r  and C 
with Re,  Ru, Os ,  Rh, I r ,  Pd,  P t ,  Ag,  and Au have been  
d e t e r m i n e d  in an ef for t  to fix l i m i t s  on the Gibbs e n e r -  
g i e s  of f o rma t ion  of the i n t e r m e t a l l i c  compounds  of 
z i r c o n i u m .  The equ i l i b r a t i on  of Z rC  + C with a Z rM x 
a l loy  p r o v i d e s  a s i m p l e  way of t e s t ing  the r educ t ion  of 
z i r c o n i u m  ac t iv i ty ;  the ac t i v i t y  of z i r c o n i u m  in the 
s y s t e m  Z r C  + C i s  10 -5.4 at  1800 K o r  10 -8.4 at  1200 K. 
The p r e s e n c e  of c a rbon  i s  not expec ted  to modify  the 
p r o p e r t i e s  of the  a l l oy .  The Engel  t heo ry  ind ica t e s  5'8 
that  the so lub i l i ty  of ca rbon ,  which i s  high in m e t a l s  of 
the lef t  s ide  of the t r a n s i t i o n  s e r i e s ,  wi l l  be g r e a t l y  
r e d u c e d  by addi t ion  of m e t a l s  of the r igh t  s ide  with 
e x c e s s  e l e c t r o n s  that  u t i l i z e  the  empty  o r b i t a l s .  With 
a v e r a g e  e l e c t r o n  p e r  a tom concen t r a t i ons  of ove r  6.5, 
the so lub i l i t y  of ca rbon  in the so l id  a l l oys  should be 
neg l ig ib l e .  A t e r n a r y  c a r b i d e  phase  was  appa re n t l y  
encoun te red  in the Z r - C - R e  s y s t e m ,  but none of the  
m e t a l s  with h igher  e l e c t r o n  concen t r a t i ons  f o r m e d  
t e r n a r y  c a r b i d e s .  

II) GENERAL EXPERIMENTAL PROCEDURE 

To d e t e r m i n e  the d e s i r e d  t e r n a r y  phase  d i a g r a m s ,  
both  so l id  s t a t e  and l iquid  s t a t e  r e a c t i o n s  w e r e  run .  
The d e s i r e d  r e s u l t  was  to e s t a b l i s h  the t h r e e - p h a s e  
r eg ion  involving C and Z r C ;  the  t h i r d  phase  v a r i e d  
f rom one a l loy  s y s t e m  to a n o t h e r .  The g e n e r a  ! p r o -  
cedure  and equipment  a r e  d e s c r i b e d  in Sect ion II. The 
de t a i l ed  p r o c e d u r e s  which v a r i e d  with each s y s t e m  a r e  
given in Sect ion III.  

A) S ta r t ing  M a t e r i a l s  

The e l e m e n t a l  p o w d e r s  of 200-400 m e s h  w e r e  99.9 
wt pct  o r  h igher  p u r i t y  wi th  the  except ion  of Rh (>1 wt 
pct  I r ) ,  Pd  (1 wt pc t  Pt) ,  and Z r .  The m a j o r  i m p u r i t i e s  
of the z i r c o n i u m  powder  a s  r e p o r t e d  by the manufac -  
t u r e r  w e r e :  0.05 wt pc t  F e ,  0.1 wt pc t  O; 0.03 wt pc t  H; 
0.02 wt pc t  N; <0.02 wt pct  Sn; <0.01 wt pc t  Ti ,  W, and 
Zn; and 0.005 wt pc t  Hf. The Z r C  powder  was  r e p o r t e d  
by the m a n u f a c t u r e r  to be 98 wt pct  pu re ,  but an inde -  
pendent  s p e c t r o a n a l y s i s  showed 0.5 wt pc t  Hf a s  the 
only de t ec t ab l e  i m p u r i t y .  The g raph i t e  r e a c t a n t  powder  
was  r e p o r t e d  to by the  m a n u f a c t u r e r  to be f ive n ines  
p u r e .  The g r a p h i t e  m a t e r i a l  u sed  in making  the hot 
p r e s s  dyes  was  m a n u f a c t u r e d  by Grea t  L a k e s  Carbon  
Company ,  Sanborn ,  N.Y. ,  under  the t r a d e  name  of 
" G r a p h i t i t e  G " ;  by  independent  s p e c t r o a n a l y s i s  it  was  
found to conta in  the  fol lowing:  0.001 wt pct  Cu, -<0.001 
wt pct  Ca and Mg; 0.003 wt pct  A1; 0.003 wt pct  H; 0.006 
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wt pct  O; and 0.001 wt pc t  N. The add i t iona l  m a t e r i a l s  
used  for  the l iquid s ta te  r e a c t i o n s  w e r e  s i l v e r  sponge of 
6-14 m e s h  conta ining 0.001 wt pc t  Cu and <0.001 wt pc t  
Ca,  and 0.13 m m  Au sheet  for  which a n a l y s i s  showed 
the m a j o r  i m p u r i t i e s  to be 0.02 wt pc t  Ti ,  0.02 wt pc t  
Pd,  and 0.015 wt pct  Ag. F o r  the Z r - R e  b i n a r y  s y s t e m ,  
a 3 m m  d iam r o d  of zone r e f i ne d  rhen ium was  used .  
The p o w d e r s  used  for the s o l i d - s t a t e  r e a c t i o n s  and for  
the  a l loy  syn thes i s  we re  mixed  by r o l l i n g .  

B) F u r n a c e s  Used  

Fou r  t ypes  of f u r n a c e s  w e r e  used  for  the e q u i l i b r a -  
t ions .  A mu l t i s t a t i on  hot p r e s s  '8 was  employed  in a l l  
s o l i d - s t a t e  r e a c t i o n s .  A s  the name  i m p l i e s ,  a s a m p l e  
can be  hea ted  and p r e s s e d  s i m u l t a n e o u s l y .  A tan ta lum 
f i l amen t  made  f rom a 25 m m  wide and 0.13 m m  thick 
s t r i p  and f o r m e d  into a n e a r l y  comple t e  c y l i n d e r  of 38 
m m  d iam s e r v e s  a s  the heat ing e l emen t .  The s a m p l e  
d ies  a r e  f a b r i c a t e d  f rom " G r a p h i t i t e  G " .  One d ie  con-  
s i s t s  of two 13 m m  d iam p l u n g e r s  and a s l e e v e  of 25 
m m  OD and 13 m m  ID. The r e a c t a n t  p o w d e r s  a r e  p l a c e d  
in the die  and a r e  hot p r e s s e d  to a 13 m m  d iam,  3 m m  
th ick  d i sc .  A m a x i m u m  of eight  d ies  a r e  p l a c e d  on a 
l azy  susan  which can be r o t a t e d  so that  d i f fe ren t  d ies  
wi l l  a l ign  with a hyd rau l i c  r a m  used  to apply  the d e -  
s i r e d  p r e s s u r e  and with the heat ing a s s e m b l y .  The f u r -  
nace  can be used  in vacuum or  with any ine r t  a t m o s -  
p h e r e  (0.8 a t m  Ar  was  chosen) .  Af t e r  one p r e s s i n g  is  
comple t ed ,  the p r e s s u r e  i s  r e l e a s e d ;  the heat ing a s -  
s e m b l y  i s  r a i s e d ;  the l a zy  susan  i s  r o t a t e d  to the next 
pos i t ion ;  the hea t ing  a s s e m b l y  is  l o w e r e d  to s u r r o u n d  
the second  die;  and the second  hot p r e s s i n g  c o m m e n c e s .  

A vacuum furnace  with a t an ta lum sheet  o r  a tungsten 
m e s h  f i l ament  was used  for  the b i n a r y  a l loy  h o m o g e n i z a -  
t ion and for the mel t ing  point  d e t e r m i n a t i o n s .  Diff icul ty 
was  encoun te red  in running the hot p r e s s  for  long p e -  
r i o d s  of t ime  and the vacuum fu rnace  was  a l so  used  to 
supp lemen t  the hot p r e s s  r u n s .  The s a m p l e s  w e r e  i n i -  
t i a l ly  hot p r e s s e d  to compac t  t hem and to i n su re  that  
the powder  p a r t i c l e s  w e r e  in good contac t  with each  
o the r .  Both vacuum and 0.8 a tm  He w e r e  used .  The 
fu rnace  and c r u c i b l e  we re  baked be fo re  runs  and the 
s a m p l e  weight  l o s s e s  w e r e  m e a s u r e d .  

An a r c  fu rnace  with a w a t e r - c o o l e d  copper  c ruc ib l e  
was  used  to in i t i a l ly  m e l t  the b i n a r y  a l l oys .  Th i r t y  g 
s a m p l e s  of cold p r e s s e d  powder ,  or  rod  in the case  of 
r h e n i u m ,  w e r e  m e l t e d  into but tons ,  f l ipped and r e m e l t e d  
five t i m e s .  A z i r c o n i u m  button was  u sed  a s  a ge t t e r  to 
pur i fy  the 0.9 a tm  Ar  in the fu rnace .  

An induction fu rnace  was  used  for  the l iquid r e a c -  
t ions  of the s i l v e r  and gold t e r n a r y  s y s t e m s .  The c r u -  
c ib le  made  of " G r a p h i t i t e  G "  was  p l a c e d  ins ide  a v e r t i -  
cal  quar tz  tube.  Af te r  pumping on the c h a m b e r  for 2 to 
3 h, he l ium was  p a s s e d  through the tube at  1 arm p r e s -  
s u r e .  A wa te r  cooled copper  coi l  su r round ing  the ou t -  
s ide  of the quar tz  tube s e r v e d  as  an ene rgy  s o u r c e .  
T e m p e r a t u r e  r e a d i n g s  w e r e  taken  with an op t i ca l  p y -  
r o m e t e r .  C o r r e c t i o n s  for  fu rnace  windows,  r e p r o d u -  
c ib i l i ty ,  and t e m p e r a t u r e  d r i f t  a r e  inc luded  in the r e -  
p o r t e d  data .  

C) Methods of A n a l y s i s  

X - r a y  d i f f r ac t ion ,  m e t a l l o g r a p h y ,  and e l e c t r o n  p r o b e  
m i c r o a n a l y s i s  w e r e  used  to d e t e r m i n e  the r e a c t i o n  
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products .  The product  phases  were  identif ied with a 
P i cke r t  Model No. 3488K d i f f r ac tomete r .  All of the 
phases  obse rved  had been r epo r t ed  p rev ious ly  as  i nd i -  
cated in Table  VII. Meta l lography was s t ra igh t fo rward ;  
no etching was n e c e s s a r y  to produce d is t inguishable  
phases .  

A Mate r i a l s  Ana lys i s  Company Model 400 e lec t ron  
probe m i c r o a n a l y z e r  was used  to de te rmine  the concen-  
t ra t ion  of z i r con ium p r e s e n t  in the e lementa l  phases  of 
Re, Ru, Os,  Ag, and Au. The acce le ra t ing  potent ial  s e -  
lected for the p r e sen t  work was 20 kV. A beam of 1 to 
2 ~tm diam is c la imed by the m a n u f a c t u r e r .  The La  
cha rac t e r i s t i c  X- r ay  of z i r con ium at 0.607 nm was de-  
tected by a spec t rome te r  us ing  a PET  (pentaerythr i to l )  
s ingle c rys ta l  [(hk l )  = (002); 2d = 0.8742 nm] and a xenon 
sea led  propor t iona l  s p e c t r o m e t e r .  The spec imen  cu r -  
r en t  was in the 350 m i l l i a m p  range .  The in tens i ty  f rom 
a 100 pct pure  z i r con ium s tandard  was on the o rder  of 
10,000 to 15,000 counts per  10 s. Data were  taken as a 
group of twenty read ings  counting for 10 s each or as  a 
group of ten read ings  counting for 20 s each. The ra t io  
of the sample  to s t andard  counts is  p ropor t iona l  to the 
wt pct Zr .  The concent ra t ion  of carbon  was not de t e r -  
mined.  In all  of the sy s t ems  studied,  except the C - Z r -  
Re sys t em,  the carbon concent ra t ion  in the Z r - M  
phases  was a s sumed  to be sma l l .  The count f rom the 
p r inc ipa l  e lement  of the phase,  i . e . ,  Re, Ru, Os, Ag, or 
Au, was moni to red  by another  spec t rome te r  to make 
sure  that there  was no i n t e r f e r ence  f rom the ZrC phase 
p r e sen t .  The output f rom the mic rop robe  is  au tomat i -  
cal ly fed to a computer  key punch and to a typewr i t e r .  
The computer  p r o g r a m  used to analyze  the data f rom 
the mic rop robe  was the EMX-EMX2 combined p r og r a m 
wr i t t en  by F r a z e r ,  F i t zge ra ld ,  and Reid of Scripps In-  
s t i tut ion of Oceanography.  19 The EMX p r o g r a m  co r r ec t s  
for dead- t ime  l o s s e s ;  dr i f t ,  a s s u m i n g  a l i nea r  var ia t ion  
with t ime;  and background.  The EMX2 p rog ram cor -  
r e c t s  for absorp t ion  by combining the works  of Ph i l i -  
be r t ,  Duncumb,  and Shields,  and Henrich.  The p r o g r a m  
co r r ec t s  for K-K f luorescence  but not for K-L or L - L  
f luorescence  because  of the uncer ta in ty  of such ca lcu-  
l a t ions .  Since the Z r L ~  l ine of 0.607 nm was used,  
f luorescence  co r r ec t i ons  a r e  not applied to this  work.  
No a tomic  number  co r r ec t i ons  a r e  included because  of 
the cu r r en t  dif f icul t ies  with such co r rec t ions .  The 
bas ic  p rog ram was adapted for use of the Lawrence  
Berkeley  Labora tory  CDC 6600 computer .  

The e r r o r  genera l ly  a t t r ibu ted  to m i c r o a n a l y s i s  
us ing 100 pct s t andards  and computer  co r r ec t i o ns  is  
§ to • pct of the amount  of the e lement ,  e~ The 
EMX-EMX2 p rog ram does not calculate  the e r r o r  of 
the quant i ta t ive ana lys i s  given.  A Z r - A u  test  s tandard  
was made in the range  of the sample  concent ra t ion  to 
check the mic rop robe  accuracy  independent  of the a s -  
sumed accu racy .  The tes t  s t andard  was ana lyzed  each 
t ime a Z r - A u  sample  was analyzed.  The r e s u l t s  a re  
given in Table  I. The dates  a re  p resen ted  m e r e l y  to 
indicate  the spread  of t ime over  which the read ings  
were  taken.  

A wet chemical  ana lys i s  was run  to check the m i c r o -  
probe r e s u l t s .  The tes t  s tandard  was taken into solution 
and was compared  with solut ions of known concen t r a -  
tion near  the concent ra t ion  of the mic roprobe  tes t  
s tandard .  The actual  ana lys i s  pe r fo rmed  by Rober t  D. 
Giaque was by X- ray  spec t rome t ry  using an iodine-125 
radioisotope source  and a rhodium ta rge t .  A complete 

descr ip t ion  of the technique appears  e l sewhere  .23 The 
ana lys i s  showed that  the mic roprobe  tes t  s t andard  con-  
ta ined 3.40 • 0.07 at .  pct Z r .  

F r o m  Table  I, it can be seen that a 26 pct sp read  in 
the concent ra t ion  of z i r con ium (from 3.0 to 3.8 at.  pct 
Zr  in the gold phase)  exis t s  in the mic rop robe  data.  
The spread  was a t t r ibu ted  to lack of reproduc ib i l i ty  at 
this  concent ra t ion  level  and not to sample  inhomogenei ty  
which can be de t e rmined  by noting the spread  in the 
mic rop robe  read ings  on a given sample  at a given t ime .  
If one a n a l y s i s  of the mic roprobe  were  r e l i ed  upon, the 
expected e r r o r  would be +13 pct of the actual  at .  pct Zr  
at this level  of z i r con ium concent ra t ion .  Re fe r r i ng  to 
Table I, it can be seen that 50 pct of the ana lyses  a re  
within • pct accuracy .  The 80 pct confidence l imi t  of 
detect ion given by deBen 24 occu r s  at 0.076 at .  pct  Zr .  
The at. pct Z r  found in the t e s t  s tandard  at only 50 pct 
confidence is  well  above this  value.  

In s u m m a r y ,  the above ana lys i s  shows that the p r e s -  
ent work assoc ia ted  with Z r - A u  samples  in the 3 at .  pct 
Zr  range  is  in e r r o r  by • pct  of the actual  value.  The 
r e s u l t s  of the study of the Zr3.4oAu96.60 tes t  s tandard  
showed that an e r r o r  of :~5 pct cannot be au tomat ica l ly  
a s sume d  and that making tes t  s t andards  in the compos i -  
t ion range  of the al loy sys t em of i n t e r e s t  is  a n e c e s s a r y  
step if quant i ta t ive ana lys i s  is  des i red .  

Although the mic roprobe  ana lyses  have a c ons ide r -  
able range  of uncer ta in ty ,  the r e s u l t s  a re  suff icient ly 
accura te  for the purpose  of fixing Gibbs ene rg ie s  of 
format ion  of i n t e r me t a l l i c  phases  as  i l l u s t r a t ed  in Ap- 
pendix B. Even an uncer ta in ty  as la rge  as  a factor of 
two in the z i r con ium concent ra t ion  produces  an u n c e r -  
tainty of only 2.5 k c a l / g - a t o m  in the pa r t i a l  molal  Gibbs 
energy of z i r con ium and there  is no difficulty in fixing 
the t r ends  for va lues  that range  from -10 to -100 
k c a l / g - a t o m .  

D) Superconduct ivi ty  M e a s u r e m e n t s  

The following compounds were  checked for s u p e r -  
conductivi ty:  ZrRu,  ZrO2, ZrIr3,  ZrAg,  and ZrAu3 
+ ZrAu4 (two phase sample) .  The mutual  inductance  
of two coaxial coi ls  containing one of the s a mp le s  was 
me a su r e d .  The change in magnet ic  suscept ib i l i ty  was 
observed  as a function of t e m p e r a t u r e .  No change was 
observed  between 1.4 and 18 K indicat ing that the s a m -  
ples  were  ne i ther  superconduct ing  nor f e r romagne t i c  
in this  t e m p e r a t u r e  range.  The method used is  cov- 
e red  in detai l  by Nembach.  25 

III) THE DETERMINATION OF TERNARY PHASE 
DIAGRAMS 

A) The C - Z r - R h ,  C - Z r - I r ,  C - Z r - P d ,  and C - Z r - P t  
Sys tems 

One mole of ZrC and three  moles  of i r id ium powder 
were  mixed and hot p r e s s e d  for 15 min  at 1860 K and 
500 b a r s  p r e s s u r e .  X - r a y  ana lys i s  showed a 50 pct 
convers ion  to ZrIr3.  Three  addit ional  hours  showed 
a lmos t  complete  r eac t ion  and three  more  hours  
showed no fur ther  change. Although the two phases  o f  
ZrIr3 and carbon were  probably not in final equi l ib -  
r i u m  within 3 h, the equ i l ib r ium phases  had a l ready  
been  formed.  Ana lys i s  of the ZrRu + 1.2C reac t ion  
also ver i f i ed  that a 3 h reac t ion  t ime was sufficient  to 
obse rve  the products  which would exist  in equ i l ib r ium 

METALLURGICAL TRANSACTIONS VOLUME 4, JANUARY 1973-87 



Table I. Electron Microprobe Analysis of the Zr3.40Au%.60 Standard 

ST and STD for Zirconium 
At. Pct. Zr. Date Within 3o 

3.47 8/19/68 yes (2.60) 
3.48 12/ 5/68 no (3.50) 
3.77 12/17/68 no (4.60) 
2.96 1/10/69 yes (2.60) 
2.96 1/11/69 no (5.5o) 
3.46 1/11/69 no (23 o) 

Table II. Reactions of the C-Zr-Rh, C-Zr-lr, C-Zr-Pt, and C-Zr-Pd Systems 
in Hot Press 

Reactants Experimental Parameters Phase Observed 

ZrC + 1 Rh 1850 K, 3 hr ZrRh3 + ZrC + C 
490 bar, vacuum s s w 

ZrC + 1.78 lr 1850 K, 3 hr Zrlrs + ZrC + C + lr 
490 bar, vacuum s m w 

ZrC + 2 Pd 1650 K, 3 hr ZrPd3 + ZrC + C 
490 bar, 0.8 atm Ar s m 

ZrC + 2 Pt 1850 K, 3 hr ZrPt3 + ZrC + C 
490 bar, vacuum s m w 

Parameters are Temperature, Time, Applied Ram pressure, and atmospheric 
pressure. The products were analyzed by X-ray diffraction. The "s ' ,  "m",  and 
"w" refer to Strong, medium, and weak intensities of the X-ray pattern. 
(1.0 bar = 0.987 atm pressure.) 

eventua l ly .  A 3 h reac t ion  t ime  was,  the re fore ,  
chosen when only the equ i l ib r ium phases  were  to be 
de t e rmined ;  longer  t i m e s  were  used when the concen-  
t r a t ions  of the equ i l ib r ium phases  were  des i red ,  as  in 
the C - Z r - R u  sys t em.  

Since the ZrM3 o rde red  s t r uc tu r e  is  p r e sen t  in the 
z i r con ium b ina ry  s y s t e m s  with Rh, Pd, and Pt as  well  
as  Ir ,  s i m i l a r  r eac t ions  were  run  and the two phase 
equ i l ib r ium between carbon and the ZrM3 s t ruc t u r e  
was obse rved  in all  cases .  M e r c u r i  and Cr i sc ione  26 
observed  s i m i l a r  r eac t i ons  for ZrC with rhen ium and 
i r i d ium between 1475 and 2475 K. 

To fix the three  phase r eg ions  of the d i ag rams ,  
s amples  were  made with a su rp lus  of ZrC.  The de-  
t a i l s  of the r eac t i ons  a re  given in Table  II. The i r i d -  
ium phase l i s ted  under  " P h a s e  O b s e r v e d "  had low 
in tens i ty  peaks af ter  heat ing and is  cons idered  to be 
un reac ted  m a t e r i a l .  The graphite  peak at d = 0.3334 
nm was obse rved  in the rhen ium and p la t inum s y s -  
t ems ;  although not obse rved  by X - r a y  diffract ion in 
the C - Z r - I r  and C - Z r - P d  s y s t e m s ,  graphi te  was ob-  
se rved  by meta l lograph ic  examinat ion .  The ba lanced 
r eac t i ons  a re  ZrC + 3M ~ ZrM3 + C. 

Fig.  1 r e p r e s e n t s  the type of t e r n a r y  d iagram de-  
t e r m i n e d .  The d i ag ram is s impl i f ied  in that no a t -  
tempt  has been made to show solubi l i ty  l im i t s .  Those 
joins  d i rec t ly  obse rved  by r eac t ion  a re  indicated by 
sol id l i nes ;  for the C - Z r - I r  sys t em,  ZrIr~ was found 
to exis t  in equ i l i b r i um with both carbon and ZrC.  It 
may be r e c a l l e d  f rom t h e r m o d y n a m i c s  that two joins  
cannot c ro s s ,  for there  would then be a four phase 
equ i l i b r ium at the join i n t e r s ec t i on  for a r b i t r a r y  fixed 
t e m p e r a t u r e s  and p r e s s u r e s .  There fo re ,  compounds 
to the z i r c o n i u m - r i c h  side of ZrIr3 mus t  be in equi-  
l i b r i u m  with ZrC and a l loys  to the i r i d i u m - r i c h  side 
mus t  be in equ i l i b r ium with carbon.  These  p o s s i b i l i -  
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Fig. 1--The C-Zr-I r  ternary phase diagram at around 1800 K. 
Similar diagrams were established for C-Zr-Rh, C-Zr-Pd,  
and C-Zr-Pt.  

t ies  for the C - Z r - I r  sys t em a re  indicated in Fig.  1 
by the dotted jo ins .  Fig.  1 can also be used to r e p r e -  
sent  the C - Z r - R h ,  C - Z r - P d ,  and C - Z r - P t  s y s t e m s .  
The ZrM3 al loys  of Rh, Pd, and Pt  exist  in equ i l i b r ium 
with carbon and ZrC as  exper imen ta l ly  de t e rmined  
and z i r con ium al loys of Rh, Pd, and Pt ,  as  well as  Ir ,  
to the z i r c o n i u m - r i c h  side of the ZrM3 phase exist  in 
equ i l ib r ium with ZrC.  Composi t ions  in the ccp solid 
solut ion region on the M - r i c h  side of the ZrMs phase 
exis t  in equ i l ib r ium with graphi te .  

The Gibbs energy of format ion  of the compounds 
d i scussed  changes ve ry  slowly with changes in t e m -  
p e r a t u r e  and p r e s s u r e  and the cor responding  t e rna ry  
d i ag rams  for al l  C - Z r - M  (M = any of the t r ans i t i on  
e l emen t s  Re, Ru, Os,  Rh, I t ,  Pd, Pt,  Ag, or Au) s y s -  
t e m s  may be expected to r e m a i n  the same throughout 
the en t i re  sol idus region  of the d i ag ram,  i .e.,  unti l  the 
l iquid phase is  encountered .  It is  ce r ta in ly  expected 
to r e m a i n  the same  for the Re, Ru, Os, Rh, I r ,  Pd, 
and Pt s y s t e m s  within s eve ra l  hundred degrees  of the 
range  of exper imen ta l  obse rva t ions  of this  work.  

Some in format ion  was gained on the l iquidus  phase 
of the t e r n a r y  d i a g r a ms .  A ZrC + 3Ir sample  heated 
to 2275 K mel ted  indicat ing that the l iquidus  phase ap-  
pe a r s  below 2275 K but above the 1850 K reac t ion  t e m -  
pe ra tu re .  M e r c u r i  and Cr i sc ione  26 obse rved  the mel t ing  
of a ZrC + 3Ir sample  heated to 2375 K. None of the 
other  samples  showed s igns  of mel t ing  at the r eac t ion  
t e m p e r a t u r e s  l i s ted  in Table  II. A ZrC + 3Rh sample  
p rePared  by Me r c u r i  and Cr i sc ione  did not mel t  at 
2475 K. 

B) Misce l l aneous  P r o p e r t i e s  of ZrIr3 and ZrPt3 

A sePara te  sample  of Zrlr3 was made from the e le -  
ments  and was heated on a tungs ten  plate in a vacuum 
furnace .  Its observed  mel t ing  point is  2400 • 130 K. 

An a t tempt  was made to etch the pure  Zr l ra  sample .  
Among the s t ronger  t r e a t m e n t s  were :  boi l ing in aqua 
reg ia  for 1.5 h; boi l ing in concen t ra ted  HF for 1.5 h; 
boi l ing in a solut ion of aqua reg ia  and concent ra ted  HF 
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Table Ill. Reactions of the C-Zr-Ru, C-Zr-Os and C-Zr-Re Systems 
in Hot Press 

Reactants Experimental Parameters Phase Observed 

xC+ZrC+7Ru 1770-+ lOK, 7h ZrC -~ C + Ru (0.20 at. pct Zr) 
200 bars, 0.8 atm Ar 

xC + ZrC + 7 Ru The above heating plus ZrC + C + Ru (0.'74 at. pet Zr) 
1770- + 10K, 123 h 
No applied pressure, 
0.8 atm He 

1.2 C + ZrRu 1770 K, 3 h ZrC + C + ZrRu2 + Ru 
200 bars, 0.8 atm Ar 

1.2 C + ZrRu The above heating plus ZrC + C + Ru* 
1770 K, 4h 
No applied pressure, 
0.8 atm He 

1.2 C + ZrRu The above two heatings ZrC + C + Ru (0.76 at. pet Zr) 
plus 1770 K, 81 h 
No applied pressure, 
0.8 arm He 

ZrOs2+ 1.1C 1750K, 12h 1750K, 2h C +ZrC +Os* 
175 bar, + 375 bar, 
0.8 atm Ar 0.8 arm A 

ZrOs2 + 1.1 C The above heating plus C + ZrC + Os (0.24 at. pet Zr)t 
1760 K, 140 h 
No applied pressure, 
0.8 arm He 

xC+ZrC+7Os 1770-+5K, 120h ZrC+C+Os(~0.059at. pctZr) 
(0.62 at. pct Zr) 0.8 atm He 

ZrsRe24 + 5.5 C 1770K, 72h C + Re (16.6 at. pet Zr) 
350 bar, 0.8 atm Ar 

3.6 C + 1.5 ZrC + 1760-+ 40K, 96 h C + ZrC + Re (19.0 at. pet Zr) 
1.0 ZrsRe24 350 bar, 0.8 atm Ar 

*Although X-ray analysis indicated that the equilibrium phases existed, metal- 
lographic examination showed that the phases were too small to be analyzed by 
the electron probe microanalysis. Further heating promoted grain growth. 

tThis value was interpreted as interference from the ZrC phase and was not 
considered. 

The Experimental Parameters are temperature, time, applied ram pressure, and 
atmospheric pressure. The products were analyzed with an electron probe micro- 
analyzer; the obtained Zirconium concentrations are given. 

• pct of the actual value. No correction factor is 
added to the microprobe results because of the diffi- 
culty in getting a good microprobe standard. 

The C-Zr-Os system was expected to be analogous 
to the C-Zr-Ru system. A ZrOs2 alloy was made from 
elemental powders and hot pressed with graphite in a 
mole ratio of 1.0 : i . i  :: ZrOs2 : C for 12 h. Although X- 
ray analysis showed that the reaction was complete 
with carbon, ZrC, and osmium being the product phases, 
the osmium grains were too small to obtain unambig- 
uous at. pct Zr microprobe readings from the osmium 
phase without interference from the ZrC phase. An 
additional heating at 1760 K for 140 h did not promote 
sufficiently large grain growth. 

In both the ZrRu + 1.2C sample and the ZrOs2 + I.IC 
sample, the elemental grain size posed a problem. Al- 
though the microprobe's concentrated beam is I to 2 
micrometers (#m) in diameter, the sample area gen- 
erating X-rays is larger than expectedy possibly 5 to 
i0 #m in diameter. As a result, a small inclusion of 
2 pm diam can be detected but not quantitatively anal- 
yzed. Also, small inclusions of a second phase can 
interfere with the quantitative analysis of a large 
phase. The C-Zr-Ru and C-Zr-Os equilibrations are 
fine examples of this difficulty. The zirconium counts 
of the ZrC phase were on the order of 20,000 counts/20 
s, and those of the ruthenium phase were 40 counts/20 
s; a very small quantity of ZrC can interfere markedly 

f o r  0 .5  h ;  h e a t i n g  in m o l t e n  K O H  f o r  1.5 h .  A l l  of  t h e s e  
c h e m i c a l  r e a g e n t s  l e f t  t h e  s a m p l e ' s  s h i n y  m e t a l l o -  

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

s a m p l e  in  a n  a i r  f u r n a c e  a t  1275 K f o r  0 .5  h c a u s e d  t h e  

s u r f a c e  to  r i p p l e  s l i g h t l y  a s  if  t h e  s a m p l e  w e r e  b e i n g  
a n n e a l e d .  T h e  p o l i s h e d  s u r f a c e  s t i l l  w a s  s h i n y ;  no o x i d e  
b u i l d u p  w a s  v i s i b l e .  

Z r I r 3  w a s  n o t  f o u n d  to b e  s u p e r c o n d u c t i n g  b e t w e e n  

1.4 a n d  18 K .  Z r I r 3  i s  b r i t t l e  a n d  i s  e a s i l y  g r o u n d .  

C) The C-Zr-Ru and C-Zr-Os Systems 

Table III summarizes the reactions of the C-Zr-Ru 
and C-Zr-Os systems. Heating one mole of ZrC, 7 
mole of ruthenium, and an unmeasured amount of graph- 
ite for a total of 130 h and heating I mole of carbon and 
I mole of ZrRu for a total of 88 h indicated that carbon, 
ZrC, and ruthenium (0.75 pct at. Zr) coexist in equilib- 
rium at 1775 K. 

A sample of ruthenium (0.6 at. pct Zr) was made in 
order to check the microprobe accuracy; however, 
small inclusions of high zirconium were not homoge- 
nized into the ruthenium phase, even after 146 h at 
1810 K. The ruthenium phase analyzed as 0.38 at. pct 
Zr; therefore, the at. pct Zr reading is at least within 
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Fig. 2--The C-Zr-Ru system. Magnification 400 times. 
(a) ZrC + 7Ru +xC equilibrated for 130 hat 1770 K. (b) ZrRu 
+ 1.2C equilibrated for 88 h at 1770 K. 
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Fig. 3--The C-Zr:-Os system. Magnification 400 times. 
(a) ZrC + 7Os +xC equilibrated for 120 h at 1770 K. (b) ZrOs 2 
+ 1.1C equilibrated for 154 h at 1760 K. 

with the z i r con ium counts off of the e l emen ta l  phase.  
F igs .  2 and 3 a re  p ic tu res  of the meta l  su r faces  at X400, 
the power of the mic roscope  on the MAC mic roprobe .  
When carbon,  ZrC,  and ru then ium were  the r eac t an t s ,  
Fig.  2(a), the phases  were  l a rge  because  the re  was no 
phase change and because  the r eac tan t  powders were  
la rge  re la t ive  to the mic rop robe  beam size .  With ZrRu  
and ZrOs2 as in i t ia l  phases ,  F igs .  2(b) and 3(b), the 
ZrC,  Ru, and Os phases  had to nucleate  and grow; 
the re fo re ,  the i r  s ize  is  much s m a l l e r  and the ZrC 
phase is  d i spe r sed  throughout.  

Unlike the ZrOs2 + 1.1C sample ,  the ZrRu + 1.2C 
sample  gave sa t i s fac to ry  ana ly se s  in ag r eemen t  with 
the other  C - Z r - R u  sample .  In o rde r  to avoid any a m -  
biguity in the C - Z r - O s  sys t em,  a sample  of ZrC + 7Os 
+ xC (an u n m e a s u r e d  amount  of graphite)  was made 
f rom powder,  mixed,  and h o t - p r e s s e d  at 2145 K for 
17.25 h. Microprobe  ana ly s i s  indicated that 0.62 at.  pct 
Zr  had d isso lved  into the o s m i u m  phase.  Heating the 
sample  for 120 h at 1770 K left such a low level  of z i r -  
conium in the o s m i u m  phase that it could not be detected 
by the e lec t ron  mic rop robe .  In both of the ZrC + 7Os 
+ xC sample s ,  the probe m i c r o a n a l y s i s  of the sample  
was s t r a igh t fo rward ;  the gra in  s ize  of the o s m i u m  
phase was la rge  with no smal l  inc lus ions  of ZrC.  Fig.  
3(a) shows the sample  af ter  the 5 d heating at 1770 K. 
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Fig. 4--The C-Zr-Ru ternary phase diagram at around 1800 K. 
Similar diagrams were established for C-Zr-Os, C-Zr-Ag, 
and C-Zr-Au. Rhenium also forms a composition triangle with 
ZrC and carbon, but there also appears to be a ternary carbide 
phase in the system. 

The e lementa l  phases  in F igs .  2 and 3 appear  as  white 
and the ZrC phase appears  as gray .  The black a r e a s  
r e p r e s e n t  chunks pulled out of the sample  due to the 
in te r l ac ing  of the r e l a t ive ly  weak graphite  phase and 
due to poros i ty .  

In o rde r  to de te rmine  the detect ion l imi t  of the m i -  
c roprobe ,  the fo rmula  p re sen t ed  by deBen 24 is  used:  

1 .47J~b 
-- _ Nb Cs  

where  C D L  = concent ra t ion  at the l imi t  of detect ion of 
the mic roprobe  (80 pct confide_rice); Nb = average  back-  
ground counts per  unit  t ime;  N s = average  sample  
counts per  unit  t ime;  and C s = concen t ra t ion  of the 
s tandard  used.  It has been s ta ted e a r l i e r  that  this  equa-  
tion cannot be used to a s s ign  an e r r o r  l imi t  to the m i -  
c roprobe  read ings ;  that is ,  if the mic rop robe  ana lys i s  
of a sample  gives a concent ra t ion  of an e lement  equal 
to C D L  calcula ted f rom the equation,  then the ana ly s i s  
cannot be ass igned  a confidence l imi t  of 80 pct au to-  
mat ica l ly .  The equation can be used,  however ,  to d e t e r -  
mine  the detect ion l imi t  of the mic rop robe  s ince  the 
z i r con ium background counts  f rom the pure  o s m i u m  
s tandard  were  ident ical  to the z i r con ium counts f rom 
the o smium phase of the sample .  Using the appropr ia te  
va lues  for the C + ZrC + Os sample ,  

C D L  = [1.47vr34/(30 ,492 -- 34)] (100 pct) 

= 0.028 wt pct Zr or 0.059 at.  pct Zr  

The above ca lcula t ions  show that when the carbon,  the 
ZrC and the o smium phases  exist  in equ i l ib r ium at 
1775 K, the concent ra t ion  of z i r con ium in the o smium 
phase is l e s s  than 0.06 at.  pct Zr .  

The r e su l t an t  C - Z r - R u  and C - Z r - O s  t e r n a r y  phase 
d i ag rams  a re  indicated in Fig.  4. The three  phase 
equ i l ib r ium between C, ZrC,  and Ru (0.75 at .  pct Zr)  
and between C, ZrC,  and Os (<0.06 at.  pct Zr)  was di -  
r ec t ly  observed  and is  indicated by the solid join be -  
tween ZrC and ru then ium.  The C-Ru solid join c o r r e -  
sponds to a side of the d i ag ram.  The dashed jo ins  
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indicate  addit ional  pa i r s  of phases  which coexist  in 
equ i l ib r ium to avoid c ros s ing  of jo ins  as  pointed out in 
the discussion of the C-Zr-Ir system. 

Some of the samples gave information on the liquidus 
phase in the ternary system. A sample of ZrC + 7Ru 
+ 3.2C heated in a graphite crucible to 2145 K had 
melted while the ZrC + Ru + C samples heated to 
1775 K did not mel t .  A ZrTRu93 al loy cons is t ing  of the 
ru then ium and the ZrRu2 phases  fused to a ZrC c r u -  
cible at 1970 K; the l iquid phase was not encountered  
when the ZrvRu93 sample  was heated in a ZrC cruc ib le  
to 1790 K for 141 h. When a ZrOs2 sample  was heated 
in a ZrC cruc ib le  to 2750 K, it mel ted  at the point of 
contact  with the c ruc ib le .  A sample  heated to 2290 K 
did not mel t .  

D) The Z r - R u  and Z r - O s  Binary  Sys tems 

A sample  of ZrT.sRu92.5 was made f rom e lementa l  
powders ,  annealed  for 141 h at 1790 • 80 K, and 
quenched. Meta l lographic  ana ly s i s  showed two phases  
were  p re sen t ;  X - r a y  diffract ion ident if ied them as  
ru then ium and ZrRu2. E lec t ron  mic rop robe  ana ly s i s  
indicated that 1.15 at.  put Zr  in the ru then ium phase 
exis t s  in equ i l ib r ium with the ZrRu2 phase at 1790 
•  

A Zrl.4Os98.6 al loy was a r c  mel ted  and was homoge:  
nized for 13.5 h at 1800 • 65 K. Meta l lographic  ana lys i s  
indicated that two phases  exis ted.  The la rge  o s m i u m  
phase was analyzed with the mic rop robe  and found to 
have a z i r con ium concen t ra t ion  l e s s  than the detect ion 
l imi t  of the mic roprobe ,  <0.06 at.  pct Zr .  

The mel t ing  points  of ZrRu and ZrOsz were  m e a s -  
ured  to be 2400 • 70 K and 2845 • 80 K, r e spec t ive ly .  
Both compounds a r e  b r i t t l e  and exhibit  no superconduc-  
t ive or  f e r romagne t i c  t r a n s f o r m a t i o n  between 1.4 and 
1 8 K .  

E) The C - Z r - R e  System 

Since the ru then ium and o s m i u m  phases  exist  in equi -  
l i b r i u m  with ZrC and carbon,  it was expected that the 
rhen ium phase might a lso exist  in equ i l i b r ium with 
ZrC and carbon and that any compounds of z i r con ium 
and rhen ium would r eac t  with carbon.  

The Zr5Re24 phase,  the mos t  r h e n i u m - r i c h  phase of 
the Z r - R e  sys t em,  is r epor ted  28 to have a composi t ion 
range  of not more  than 5 at .  pct Zr .  A rhen ium zone-  
re f ined  rod and cold p r e s s e d  z i r con ium powder were  
used to make an al loy of 16.6 at.  put Zr  as  de t e rmined  
by accura te  weighing of the o r ig ina l  m a t e r i a l s .  Arc  
mel t ing  the sample  was compl ica ted  by the fact that 
s t r e s s e s  were  bui l t  up in the sample  as  it cooled af ter  
mel t ing .  After fl ipping the sample ,  in i t ia l  heat ing with 
the a r c  made the sample  fly apar t .  The Zr5Re24 was 
annealed  for 2 h at 2270 • 70 K in a vacuum of 10 -8 a tm.  
Hel ium (0.8 atm) was added to the furnace  at the end of 
the heat ing and the sample  cooled to ~1020 K in about 
8 min .  Microprobe  ana ly s i s  indicated that the sample  
was homogeneous  and that it contained 17.5 at.  pct Zr .  
The 5 pct e r r o r  between the mic rop robe  r ead ings  and 
the or ig ina l  weighing is within the expected accu -  
r acy .  z~ The Zr5Re24 al loy was used as  a tes t  s t and-  
a rd  for the mic rop robe  read ings  of the rhen ium phase 
of the t e r n a r y  C - Z r - R e  sys tem.  The mic rop robe  
va lues  a r e  mul t ip l ied  by 0.95, equal to 16.6/17.5,  as  a 
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cor rec t ion  factor ;  but the • e r r o r  is r e t a ined  as  an 
expected accuracy .  

A por t ion of the Zr5Ree4 compound was ground f iner  
than 200 mesh  and heated with graphi te  as  indicated in 
Table  HI. X - r a y  ana lys i s  indicated that the rhen ium 
phase was p re sen t ,  that the ZrsRe24 phase had d i sap -  
peared ,  and that the ZrC phase had not appeared.  Mi-  
croprobe ana lys i s  indicated that the z i r con ium concen-  
t r a t ion  had r e m a i n e d  unchanged.  Since the rhen ium 
phase extends to about 2 at. put Zr  28 and does not ex-  
tend to 16.6 at.  pct Zr  in the b ina ry  phase,  the r e su l t an t  
rhen ium phase mus t  be a t e r n a r y  phase .  

To de t e rmine  the concen t ra t ion  of z i r con ium in the 
r he n i um phase in equ i l i b r ium with both ZrC and c a r -  
bon, the second reac t ion  given in Table  HI was run .  
Microprobe  ana lys i s  of this  sample  indicated that the 
carbon and the ZrC phases  exist  in equ i l ib r ium with a 
r he n i um phase with a mola r  r a t io  of Z r / R e  = 19.0/81.0.  
The put C is  not known. The la t t ice  p a r a m e t e r s  of the 
hexagonal s t r u c t u r e  of the ZrlgRe81 alloy were  found to 
be ao = 0.27810 • 0.00004 nm and Co = 0.44590 • 0.00008 
nm.  The computer  p r og r a m used to re f ine  the la t t ice  
p a r a m e t e r s  was wr i t ten  by Wi l l i ams .  29 The la t t ice  
p a r a m e t e r s  a re  r a the r  close to those of pure  rhen ium:  3~ 
ao = 0.27600 nm and Co = 0.44580 nm.  Since a change in 
z i r con ium concent ra t ion  f rom a high value to a lower 
value was not expe r imen ta l ly  observed ,  it is poss ib le  
that the hexagonal phase extends to higher z i r con ium 
concen t ra t ions .  

A t e r na r y  compound is  not unexpected as  Fedorov 
et  a l .  3~ have repor ted  a t e r n a r y  phase HfRe4C in equi-  
l i b r i u m  with rhen ium and HfC, but Gorshkova e t  a l .  32 

r ecen t ly  r epor ted  ZrC in equ i l i b r ium with r hen ium 
and with al l  Z r - R e  phases  and obse rved  no t e r n a r y  
phases .  This  s i tuat ion is  s i m i l a r  to that for the Nb- 
Re-C and T a - R e - C  s y s t e m s  where  O r da n ' ya n  e t  a l .  33 

r epor t  TaC in equ i l i b r ium with r h e n i u m .  K u a ' m a  e t  

a l .  34 r epo r t  TaC in equ i l ib r ium with r he n i um and the 
compounds of t an ta lum and n iobium with r h e n i u m ,  but 
they also r epor t  t e r n a r y  phases  in the r h e n i u m - r i c h  
field of cast  a l loys .  Gorshkova e t  a l .  35 find in equ i l ib -  
r i u m  with NbC and TaC an unknown 0 phase with an 
X - r a y  pa t t e rn  s i m i l a r  to that of r he n i um but with sp l i t -  
t ings  of some l ines  and with some ex t ra  l i ne s .  The 
n iobium and tan ta lum 0 phases  a re  i somorphous .  Upon 
long annea l ing ,  NbC + 19 and TaC + 8 change to NbC 
+ Re and TaC + Re. These r e s u l t s  could be explained 
by a metas tab le  t e r n a r y  phase or by a t e r n a r y  phase 
jus t  to the ca rbon-poor  side of the TaC-Re  and NbC-Re 
jo ins  that r e a c t s  with carbon in the anneal ing  furnace  
to conver t  0 to r he n i um and the cor responding  carb ide .  
Because  of the s i m i l a r i t y  of the /9 and rhen ium X - r a y  
pa t t e rn s ,  they may not always have been dis t inguished.  
In spite of the complicat ion of the 0 phase,  it is well  
e s tab l i shed  that rhen ium cannot displace carbon in 
ZrC,  HfC, NbC, or TaC to produce graphite .  Thus all  
of the r he n i um compounds of these meta l s  mus t  have 
Gibbs ene rg ie s  of format ion  more  positve than those of 
the ca rb ides .  

F) The C-Zr-Ag and C-Zr-Au Systems 

As indicated in Table IV(a), the solid-state reactions 
of the C-Zr-Ag and C-Zr-Au systems did not proceed; 
X-ray diffraction patterns for the reactants and the 
products were the same. 
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Table IV. Reactions of the C-Zr-Ag and C-Zr-Au Systems 

Reactants Experimental Parameters Phases Observed 

(a) Solid-State Reactions 
ZrC + Ag 1160 K, 8 h ZrC + Ag 

490 bar, 0.8 atm Ar 
1.2C +ZrAg I120K, 129.5 h C + ZrAg 

175 bar, 0.8 atm Ar 
ZrC + 3 Au 1220 K, 88 h ZrC + 3 Au (0.51 at. pet Zr) 

175 bar, 0.8 arm Ar 
C + ZrAua+ ZrAu4 1200K, ll0h C + ZrAu3 + ZrAu4 

86 bar, 0.8 atom Ar 

(b) Liquid-State Reactions 
C(s) + ZrC(s) + Ag(~) 1680 K, 15 h 

1 atm He 
1.2 C(s) + ZrAg(~) 1770 K, 33 h 

1 atm He 
C(s) + ZrC(s) + Au(s 1770 K, 12.2 h 

1 atm He 
C(s) + ZrAua + ZrAu4 1770 K, 30 h 

1 atrn He 
C(s) + ZrAu3 + ZrAu4 1790 -+ 65 K, 

11.5 h, 1 atm He 
and 

1790 K, 0.5 h 

C + ZrC + Ag (<0.050 at. pet Zr) 

C + ZrC + Ag (<0.050 at. pet Zr) 

C + ZrC + Au (0.87 at. pet Zr) 

C + ZrC + Au 

C + ZrC + Au (9.5 -+ 3.5 at. pet Zr) 

The C - Z r - A g  (liquid) and C - Z r - A u  (liquid) r eac t i ons  
a r e  shown in Table  IV(b). Mic roana ly s i s  of the final 
s i l ve r  phase found in both C - Z r - A g  (liquid) r eac t ions  
indicated that the z i r con ium concen t ra t ion  was below 
the detect ion level  of the e l ec t ron  probe .  Using the 
equation f rom deBen 24 as  before :  

_ I'4L Nb c _ 1.47 I~/']']- 
C O L  N s  - g b  s l i , 5 - - ~ - - 1 1  (100%) 

= 0 . 0 4 2 w t % Z r  or 0.050 a t . % Z r  

The ana lys i s  shows that when l iquid s i lve r  is  in equi-  
l i b r i um with ZrC and carbon at 1770 K, the concen t r a -  
t ion of z i r con ium in the s i lve r  phase is  l e s s  than 0.05 
at.  pct Zr .  

When C, ZrC,  and Au were  induct ively heated to 
1680 K, the l iquid gold formed a bead on top of the ZrC 
and carbon powders .  This  s ame  nonwett ing phenomenon 
was also obse rved  in the C, ZrC,  l iquid Ag reac t ion .  
Microprobe  ana lys i s  indicated that only 0.87 • 0.16 at.  
pct Zr had dissolved into the gold phase ,  a smal l  amount  
compared  to the other  C - Z r - A u  r eac t ions .  

Some of the Zr3.4oAu96.6o alloy prev ious ly  used as  a 
tes t  s tandard  was heated with ZrC and carbon in the 
induction furnace  for 12.3 h at 1780 K. No change in 
the composi t ion of the al loy was observed  by m i c r o -  
probe ana lys i s .  As a r e s u l t ,  no the rmodynamic  data 
were  der ived  f rom this  obse rva t ion .  

A sample  of ZrAua + ZrAu4 + C was heated induc-  
t ively for approx imate ly  30 h. X - r a y  dif f ract ion of the 
r e su l t an t  powder indicated  that a reac t ion  had occu r r ed ;  
the Au, Zr  and C phases  were  observed .  No ZrAu4 
phase was evident .  Since the sample  was s t i l l  a powder,  
it could not be mounted for e lec t ron  mic rop robe  a na l -  
y s i s .  

In o rde r  to obta in  a gold phase la rge  enough to be 
ana lyzed  with the mic rop robe ,  a ZrAu3 + ZrAth + C 
sample  was  heated in the hot p r e s s  for I l l . 5  h at 1790 
• 65 K with no appl ied p r e s s u r e .  The sample  was then 

hot p r e s s e d  at 350 b a r s  p r e s s u r e  for 0.5 h and cooled. 
The l iquid gold alloy had squeezed out of the hot p r e s s  

,and had formed five beads .  E lec t ron  probe m i c r o a n a l -  
ys i s  of four of the beads indicated that the ZrAu4 and 
the gold phases  were  p resen t .  The beads  had apparen t ly  
been in a colder par t  of the furnace  (below 1330 K) for 
the las t  par t  of the heating cycle so that the gold phase 
could reach  equ i l ib r ium with the ZrAu4 phase;  Stolz 
and Schubert  36 indicate  that the ZrAu4 phase is  a p e r i -  
tect ic  compound. Mic roana lys i s  showed no concen t r a -  
t ion g rad ien t s  within the two phases .  By m i c r o a n a l y s i s  
the ZrAu4 phase was found to contain 20.5 at .  pct Zr .  
Although ana lyses  of two separa te  beads  were  within 
+0.3 at .  pct Zr  of this  value ,  a l a r g e r  • pct of the 
amount  p r e se n t  (0.05 • 0.205 = ~-1.0 at .  pct Zr)  should 
be ass igned  to the uncer ta in ty  on the bas i s  of the gen-  
e ra l  exper ience  2~ with probe m i c r o a n a l y s i s  at this  
concent ra t ion  level .  The gold phase was found to con-  
tain 7.0 at.  pct Zr .  The ana lyses  of this phase in four 
of the beads  indicated that the assoc ia ted  e r r o r  was 
within the • pct of the amount  p r e se n t  (• at .  pct 
Zr) ,  as  suggested by the Zr3.40Au98.6o s tandard  sample  
d i scussed  in Section IIC. Meta l lographic  a n a l y s i s  of 
th ree  beads  of the sample  us ing  s t andard  a r e a  m e a s -  
u r ing  techniques  3~ indicated that 40.0 • 4.4 vol pct of 
the sample  was ZrAu4. Using the theore t ica l  mola r  
vo lumes  calculated f rom la t t ice  constant  in fo rmat ion  on 
gold 3~ and ZrAu4, 38 the volume pe rcen t  was conver ted  to 
the overa l l  pe rcen t  of z i r con ium in the l iquid phase at 
1770 K: 12.3 • 1.8 at .  pct Z r .  The de ta i l s  of this  ca lcu-  
lat ion a re  p r e sen t ed  in Appendix B of Ref. I0.  One of 
the beads  had such smal l  ZrAu4 and gold phases  that 
they could not be analyzed sepa ra te ly ;  the mic rop robe  
read ings  of the sample  indicated the drople t  contained 
11 at .  pct Zr ,  a value within the accu racy  of the com-  
b ined probe and meta l lograph ic  ana ly se s  of the other  
beads .  

F r o m  the ana lyses  of the four l iquid C - Z r - A u  s a m -  
p les ,  the at.  pct Zr  in the gold phase which ex is t s  in 
equ i l i b r ium with the ZrC and carbon phases  at 1770 K 
cannot be given a p r e c i s e  value.  Since the at.  pct  Zr  
was obse rved  to change f rom 0 pct to 0.87 • 0.16 pct 
and from >20 pct to 12.3 • 1.8 pct,  the equ i l i b r ium pct 
Zr  value is  obviously between 0.71 and 14.1 at.  pct Zr .  
The samples  of pure  gold and of Au (3.4 a t . pc t  Zr} did 
not  wet the ZrC and carbon powder r eac t an t s ;  the l iquid 
formed a droplet  on top of the powder.  The nonwett ing 
behavior  of these  s amples  may have p resen ted  a k ine t ic  
b a r r i e r  to the reac t ion .  Since the z i r c o n i u m - r i c h  s a m -  
ple which could not be mic rop robed  s t i l l  r e m a i n e d  as  a 
black powder,  the gold alloy phase apparen t ly  did wet 
the ZrC and the carbon  powders .  In this  sample ,  how- 
ever ,  no ZrAu4 could be detected by X - r a y  di f f ract ion.  
The ZrAu4 s t r uc t u r e  is  a modif ied hcp s t r uc t u r e  and 
the peaks a r e  l e s s  in tense  than the fcc gold s t r u c t u r e ;  
however,  40 vol pct of ZrAu4 r e l a t ive  to the gold phase 
should have been detected if it were  p re sen t .  F r o m  the 
m e a s u r e m e n t s  on this  sample ,  the equ i l ib r ium pe rcen t  
z i r con ium in gold is  about 7.0 at.  pct Z r .  

F r o m  al l  of the exper imenta l  obse rva t ions ,  the z i r -  
conium concent ra t ion  l i e s  between 7.0 • 1.3 and 12.3 
• 1.8 at.  pct Zr .  Averaging  these two values  and taking 
into account  the assoc ia ted  e r r o r s ,  9.5 ~- 3.5 at.  pct Zr  
in gold exis t s  in equ i l ib r ium with carbon  and ZrC at 
1770 K. 
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Table V. Thermodynamic Properties of Carbides, kcal/mol 

A/~r ~ 1200 K 1800 K 2300 K Ref. 

ZrCo.gs - 4 8 . 8  -+ 0.6 -46 .1  -+ 0.6 44.2 -+ 0.6 42.3 -+ 0.7 39,40 
HfCo.96 57.6 -+ 0.6 55.4 -+ 0.6 - 5 4 . 4  -+ 0.6 - 5 3 . 2  --- 0.7 39,41-43 
~rhC - 2 9 . 6  -+ 1.1 25 + 2 21 -+ 3 39,43-45 
ThC1.91 - 2 9 . 9  + 1.1 - 3 0 + 2  - 3 0 + 3  --29-+4 39,43,44 
NbCo.s - 2 3 . 3  -+ 0.6 21.3 -+ 0.6 20.5 -+ 0.6 19.7 -+ I 39 
NbCo.98 - 3 3 . 4  + 1 - 3 2 . 0  + 1 - 3 1 . 7  -+ 1 --31.5 -+ 1 39 
TaCo.s 23.7 + 0.6 - 2 2 , 7  -+ 1 - 2 2 . 4  -+ 1.5 - 2 2 . 0  -+ 1.5 39 
TaC - 3 5 . 5  + 1 - 3 4 . 9  -+ 1 34.9 -+ 1.5 - 3 5 . 0  -+ 1.5 39,43 
UC 23.2 + 0.7 - 2 5 , 6  -+ 0.9 - 2 5 . 8  -+ 1 25.5 -+ 2 43 
UCLs --24.5 -+ 2 --25,7 -+ 1 26.5 + 2 43 
UCL94 21.5 -+ 1.5 - 2 5 . 2  -+ 1.5 - 2 6 . 6  -+ 2 28.5 -+ 3 43 
YC2 - 2 7 . 8  + 2 - 3 1 , 5  -+ 2 - 3 4 . 8  -+ 2 - 3 7 . 5  + 3 46 

IV) THERMODYNAMIC DATA FROM TERNARY 
PHASE DIAGRAMS 

A) The rmodynamic  Data for the Binary  Carb ides  

To evaluate  l im i t s  to the Gibbs ene rg i e s  of i n t e r m e t -  
a l l ic  phases  f rom the equ i l ib r ia  involving ca rb ides ,  it 
i s  n e c e s s a r y  to know the Gibbs ene rg i e s  of the b ina ry  
ca rb ides .  Table  V tabula tes  the r e s u l t s  of a c r i t i ca l  
su rvey  of the l i t e r a t u r e .  Most of the equ i l ib r i a  to be 
evaluated involve a carb ide  sa tu ra ted  with graphi te  and 
the composi t ions  of the higher ca rb ides  l i s ted  in Table  
V were  chosen to be close to the c a r b o n - r i c h  phase 
boundary .  S torms  39 has reviewed the composi t ion l i m -  
i ts  of the r e f r a c t o r y  ca rb ides .  For  ZrC,  he l i s t s  
ZrCo.97 as  the boundary  at 3120 K and ZrCo.98 at 2670 K. 
The va lues  for ZrCo.ga in Table  V a r e  based  on the en -  
thalpy of fo rmat ion  de t e rmined  by combust ion c a l o r i m -  
e t ry  by Baker  e t  a l .  4~ and the high t e m p e r a t u r e  Gibbs 
energy function tabulated by S torms .  39 For  HfC, the 
boundary  is  HfCo.97 at 3450 K and HfC0.98 at 1870 K. Al -  
though the enthalpy of combust ion  by Mah 4' is  for the 
composi t ion HfCo.96. it was felt that the change in Gibbs 
energy f rom HfCo.98 to HfCo.98 would be within the ex- 
pe r imen ta l  unce r t a in ty  of the value .  Mah ' s  enthalpy of 
format ion  was r eca lcu la t ed  using the enthalpy of for -  
mat ion  of HfO2 recen t ly  de t e rmined  by Huber and 
Holley.  42 The high t e m p e r a t u r e  Gibbs energy functions 
tabulated by Hultgren e t  a l .  43 and by S torms  39 a re  in 
ag r eemen t  and were  used to obtain the Gibbs ene rg ies  
tabulated in Table V for HfCo.96. The va lues  given for 
the thor ium carb ides  a re  based  on the combust ion 
c a l o r i m e t r i c  r e s u l t s  of Huber e t  a l .  44 and a r e e v a l u a -  
t ion of the va r ious  data reviewed by Storms,  39 Hul tgren 
e l  a l . ,  43 and Po t t e r .  45 The composi t ion ThC1.91 is close 
to the c a r b o n - r i c h  boundary ;  the va lues  at 1800 and 
2300 K a r e  given for the cubic ~ form and the value at 
1200 K is  given for the monocl in ic  a form.  Storms a9 
l i s t s  N b C o . 9 7  as  the boundary  at 3570 K. The va lues  for 
NbCo.5 and NbCo.g8 in Table V are  based  on the data com-  
pi led by S torms .  39 Storms l i s t s  as  c a r b o n - r i c h  bound- 
a r i e s  TaCo.98 at 3670 K, TaCo.99 at 2670 K, and ve ry  
close to TaC~.o at lower t e m p e r a t u r e s .  The data for 
TaC in Table  V a r e  f rom Storms 39 and Hul tgren e t  a l .  34 

The TaCo.s va lues  a re  based  on es t ima ted  high t e m p e r -  
a tu re  Gibbs energy funct ions and the A//~zga was se lec ted  
from S t o r m s '  rev iew.  39 S torms  l i s t s  the c a r b o n - r i c h  
composi t ions  of/3-UC2 as  UC~.96 at 2720 K and UC~.a9 at 
2040 K. For  a-UC2,  he l i s t s  UCI.a~ at 2040 K and UCa.~6 
at 1770 K. The va lues  for UC~.~4 given in Table V a re  
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Table VI. The Activity Coefficient of Zirconium (~Zr) is Calculated 
From the Three Phase Equilibria Involving Carbon and ZrC. 
The Extrapolation to Infinite Dilution Yields 3'Zr (0 pct Zr) 
Which is Also Expressed as the Excess Partial Molar Gibbs 

Energy of Zirconium in the Limit of 0 pct Zr (~F~, s) 

s (0 Pct Zr) 
Atomic No. Corresponding loglo ") 'Zr (kcal/mol of  Zr) 

Element At. Pct Zr loglo 3'Zr (0 Pct Zr) Calc. at 1800 K 

44-Ru 0.75 3.33 - 3 . 3 9  - 2 8  -+ 3 
45-Rh 25.0 - 4 . 7 6  < -  7 < - 5 8  
46-Pd 25.0 - 4 . 7 6  < - 7  < - 5 8  
47-Ag 

(liq) ~<0.050 >~-2.2 >~-2.2 />- 18 
(solid at 

1175 K) 0.17 ~>-3.1 ~ - 3 . 1  />-17 
75-Re <0.2  > - 1 . 6  > - 1 . 6  > - 1 3  
76-Os ~<0.06 t>-2.1 ~ - 2 . 1  ~>-17 
77-Ir 25.0 - 4 . 7  < - 7  < 58 
78-Pt 25.0 - 4 . 7  < -  12 ~<-99 
79-Au 

(liq) 9.5 -+ 3.5 - 4 . 4  4.0 -+ 0.3 - 4 1  -+ 2 
(solid at 

1340 K) 7.3 - 6 . 6  7.7 -+ 0.3 - 4 7  + 2 

for the cubic • phase at 2300 K and for the tegragonal  
a phase at the lower t e m p e r a t u r e .  The 1200 K value is  
for the metas tab le  phase which can be quenched.  All of 
the the rmodynamic  va lues  a re  f rom Hul tgren e t  a l .  43 

Thei r  2000 K value for UC has been ext rapola ted  to 
2300 K and a sl ight co r r ec t ion  to their  UC1.5 value at 
1200 K was made to be cons is ten t  with the phase d ia -  
g ram.  39'43 The va lues  for YC2 a re  based  on the v a p o r i -  
zation s tudies  of S torms .  46 Below 1700 K, the ca rbon-  
sa tu ra ted  composi t ion 46 does not exceed C/Y = 2.0. The 
1200 K value is  for ~-YC2, the higher  t e m p e r a t u r e  
va lues  a re  for cubic y-YC2. 

B) Calcula t ion of Activi ty Coefficients  and Gibbs 
Energ ies  of F o r ma t i on  f rom T e r n a r y  Phase  D iag rams  

Table  VI p r e s e n t s  act ivi ty  coeff icients  of z i r con ium 
in a l loys  of Re, Ru, Os, Rh, Ir ,  lad, Pt ,  Ag, and Au that 
have been calculated from the t e r n a r y  phase d i a g r a m s  
r e p r e s e n t e d  in Figs .  1 and 4 based on the obse rva t ions  
tabulated in Tables  II to IV and d i scussed  in P a r t s  A to 
F of Section III. The act ivi ty  of z i r con ium,  a z r  , is ca l -  
culated f rom va lues  of AFf(ZrC) in Table V. The ac -  
t ivi ty coeff icients  of z i r con ium a r e  calculated by YZr 
= a z r / / X z r  based  on the pure  z i r con ium s tandard  s tate  
and a re  given in column 3 of Table  VI as  logloYZr. The 
exper imen ta l ly  de t e rmined  mole f rac t ions ,  Xzr  , a re  
given in column 2 of Table VI; where  only l imi t s  on 
X z r  a r e  known, l i m i t s  on ~Zr a re  given.  To allow ready 
compar i son  without need to co r rec t  for t e m p e r a t u r e ,  
the va lues  a r e  p r e sen t ed  for 1800 K. As the r e s u l t s  for 
gold and s i lve r  at 1800 K a re  for l iquid solut ions ,  va lues  
a re  also given for solid gold and s i lve r  at lower t e m -  
p e r a t u r e s .  

Columns 4 and 5 of Table VI p re sen t  va lues  of logy  
(0 pct Zr)  and Zl~ZZr s (0 pct Zr) that have been obtained 
by ext rapola t ion  to zero concent ra t ion  of z i r con ium by 
methods given in detai l  in Pa r t  A of the Appendix. 
These quant i t i es  a r e  p a r t i c u l a r l y  useful  for showing 
the change in the in t e rac t ion  of z i r con ium with solvent  
as  a function of e l ec t ron ic  composi t ion as indicated by 
the a tomic  n u m b e r .  Since the compar i son  is  made in 
the l imi t  of 0 pct Zr ,  the effect of composi t ion as  a 
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Fig. 5--Excess partial  molal Gibbs energy of zirconium in 
kcal/g-atom at low concentrations in Ru, Rh. Pd, Ag. Re. Os, 
Ir. Pt. and Au at 1800 K. 

v a r i a b l e  has  been r e m o v e d .  F ig .  5 p r e s e n t s a  plot  vs  
a tomic  number  of the so lvent  of p o s s i b l e  AF~rS va lues  
that  a r e  cons i s t en t  with the l i m i t s  se t  by the e x p e r i -  
men ta l  r e s u l t s .  A v e r y  s t r i k i n g  m a x i m u m  in the i n t e r -  
ac t ion  of z i r c o n i u m  with m e t a l s  of the ninth and tenth 
g roups  i s  ind ica ted .  

L i m i t s  to the i n t e g r a l  Gibbs e n e r g i e s  of fo rma t ion  of 
the v a r i o u s  b i n a r y  p h a s e s  of z i r c o n i u m  were  a l so  c a l -  
cu la ted .  In some  i n s t a n c e s  addi t iona l  da ta  we re  a v a i l -  
ab le  to p rov ide  c l o s e r  l i m i t s .  F o r  e x a m p l e ,  the f o r m a -  
tion of ZrPt3 in the r e a c t i o n  of p la t inum with Z rC  at  
1800 K f ixes  AF~ (ZrPt3)  a s  l e s s  nega t ive  than AF~ 
(ZrC)  = - 4 4 . 2  k c a l / m o l .  However ,  Stowe 47 d e t e r m i n e d  
~ F ~  (ZrPta)  -< - 8 0  k c a l / m o l  at  1270 K by obse rv ing  the 
r e a c t i o n  ZrO2 + 3Pt + 2H2(g) ~ ZrPt3  + 2HeO~g). ZrO2 
and p la t inum powde r s  w e r e  m i x e d  in the ZrO2 : P t  m o l a r  
r a t i o s  of 1 : 2, 2 : 3 ,  and 4 : 5 and p r e s s e d  into p e l l e t s  13 
by 5 m m .  A ZrO2 blank was  a l so  made .  Each s a m p l e  
was  p l a c e d  on p l a t i num foil  in a n icke l  boat  and hea ted  
in a tube fu rnace .  H2 gas  was  p a s s e d  through the f u r -  
nace  for  p e r i o d s  of 14 to 17 h. F u r n a c e  runs  we re  
made  at  1070, 1270, and 1420 K. The extent  of r e a c t i o n  
was  m e a s u r e d  by the weight  l o s s .  A m o r e  de t a i l ed  d e -  
s c r i p t i o n  of the p r o c e d u r e  u sed  can be found in Ref.  10. 

Also  high t e m p e r a t u r e  s o l i d - e l e c t r o l y t e  e l e c t r o m o t i v e  
f o r c e  m e a s u r e m e n t s  by W o r r e l l  and M e s c h t e r  48 y ie ld  
log~oazr = - 1 5 . 4 0  at 1273 K for the  two p h a s e s  ZrPt3 
+ ZrgPt4~. F i c a l o r a  49 has  b u r n e d  ZrPt3 in a f luor ine  
c a l o r i m e t e r  and p r e l i m i n a r y  r e s u l t s  ind ica te  a H ]  
(ZrPt3)  = - 1 2 3 . 5  + 6 k c a l / m o l .  C a r b o n a r a  and Blue 5~ 
have m e a s u r e d  the p a r t i a l  p r e s s u r e s  of ZrO and b e r y l -  
l ium in e q u i l i b r i u m  with BeO and an a l loy  r i c h e r  in 
p l a t inum than ZrPt3  to obta in  AFZr  = - 8 2  k c a l / g - a t o m  
at  2200 K. 

M e r c u r i  and C r i s c i o n e  26 have o b s e r v e d  the r e a c t i o n  
of ZrB2 with rhod ium and i r i d i u m  to ' form ZrRh3 and 
ZrI r3 ,  r e s p e c t i v e l y ,  t oge the r  with unident i f ied  p h a s e s ,  
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probab ly  b o r i d e s  of rhod ium and i r i d i u m .  These  r e a c -  
t ions  se t  Gibbs energy  l i m i t s  s i m i l a r  to those  given by 
the c a rb ide  r e a c t i o n s .  

Tab le  VII p r e s e n t s  a l i s t  of the b i n a r y  compounds  of 
Zr  with Re,  Ru, Os ,  Rh, I r ,  Pd ,  P t ,  Ag,  and Au with 
the i r  c r y s t a l  s t r u c t u r e s ,  t he i r  mel t ing  po in t s ,  and 
va lue s  of AF~ e x p r e s s e d  in k c a l / g - a t o m .  P a r t  B of the  
Appendix  p r e s e n t s  the de t a i l s  of the ca l cu la t ions  of the  
va lue s  of AF] or  l i m i t s  to those  va lue s  and d e s c r i b e s  
the ways  in which t e r n a r y  phase  e qu i l i b r i a  can be  used  
toge the r  with b i n a r y  phase  d i a g r a m s  to fix the Gibbs  
e n e r g i e s  of the p h a s e s .  The t e m p e r a t u r e  for  which the 
AF~ was  eva lua ted  i s  g iven,  but  the va lues  can be used  
ove r  a wide t e m p e r a t u r e  r ange  a s  ~S)~ i s  c lo se  to z e r o ,  
g e n e r a l l y  not devia t ing  by m o r e  than 1 c a l / K  g - a t o m  
when the compound and the pu re  e l e m e n t s  a r e  a l l  so l id .  

The P e a r s o n  s t r u c t u r e  n o m e n c l a t u r e  51 has  been used  
a s  d e s c r i b e d  in footnote a of Table  VII.  A few of the 
b i n a r y  p h a s e s  l i s t ed  in the l i t e r a t u r e  have been  o m i t t e d  
f rom Table  VII.  The Zr3Rh s t r u c t u r e  ( c F l l 2 ,  E93, 
CFe3W3; a = 0.354 nm) r e p o r t e d  by Raub and A n d e r -  
son 52 has  been omi t t ed  as  the s t r u c t u r e  is  common to 
t e r n a r y  s y s t e m s  containing C, N, o r  O and the l a t e r  
w o r k s  of Z e g l e r  53 and R a m a n  and Schuber t  54 did not 
f ind th is  s t r u c t u r e .  The s t r u c t u r e  of Zr2Rh and Zr2Ir ,  
which has  r e m a i n e d  u n d e t e r m i n e d  for  some  time,54'55 
has  been  d e t e r m i n e d  by Z e g l e r .  53 T h e r e  i s  a p o s s i b i l i t y  
that  high and low t e m p e r a t u r e  f o r m s  do ex i s t  at  th i s  
s t o i c h i o m e t r y  which would expla in  why the phase  was  
not r e c o g n i z e d  e a r l i e r .  54'55 Raman  and Schuber t  54 w e r e  
unce r t a in  of a Zr3Rh4 phase  ( c F l l 2 ,  E93, CFe3W3; a 
= 1.246 nm) and they a l so  r e p o r t e d  a Zr45Rh55 phase  
with an u n d e t e r m i n e d  s t r u c t u r e ;  ne i the r  of t h e s e  p h a s e s  
i s  l i s t e d  in Table  VII.  The Ti2Ni type s t r u c t u r e  of Zr2Ir  
has  been shown to def in i te ly  contain  oxygen 55'56 and only 
the A12Cu type s t r u c t u r e  i s  i nd ica t ed  for  Zr2Ir  in Tab le  
VII.  The  phase  between 33 and 37 a t .  pct  I r  of unknown 
s t r u c t u r e  ~ has  been  omi t t ed .  L i k e w i s e  the Zr3Ag phase  
r e p o r t e d b y K a r l s s o n 5 7 a s  tP4 ,  L6o, CuTi3 (a = 0.4566 nm, 
c = 0.3986 nm) has  been omi t t e d  as  Be t t e r t on  and 
Easton 58 ind ica te  that  it  does  not ex i s t  in the b i n a r y  
s y s t e m .  The Zr2Re phase  has  been c l a s s i f i e d  28 a s  a a 
type phase ,  but it  i s  mos t  l i ke ly  5 of the r e l a t e d  @HfRe 
type.  Zr4Pt5 and Zr2Pt3- a r e  p h a s e s  of unknown s t r u c -  
t u r e ;  54 Zr2Pt3- would be expec ted  to be of the C l l b  
MoSi2 type or  p o s s i b l y  a L a v e s  phase .  

The ZrM p h a s e s ,  w h e r e  M is  Os ,  Ru, I r ,  Rh, Pt ,  and 
Pd,  d e s e r v e  spe c i a l  comment .  Wang 59 has  s tud ied  ZrRu ,  
Z rRh ,  and Z r P d  and found that  Z rRh  and Z r P d  undergo 
a m a r t e n s i t i c  t r a n s f o r m a t i o n  in a manner  s i m i l a r  to 
TiNi .  He f inds s i m i l a r  behav io r  for HfIr  and HfPt .  He 
s u g g e s t s  that  the CsC1 s t r u c t u r e  of Z rRu  and HfOs ex -  
t ends  to Z r P d  and HfPt with i n c r e a s e  in the t e m p e r a -  
tu re  of the m a r t e n s i t i c  t r a n s f o r m a t i o n .  He was  unable  
to c h a r a c t e r i z e  the s t r u c t u r e  of the low t e m p e r a t u r e  
fo rm.  Raman  and Schuber t  54 s tud ied  the Z r - R h ,  Hf-Rh,  
Z r - I r ,  H f - I r ,  Z r - P t ,  and H f - P t  s y s t e m s .  In mos t  s y s -  
t e m s ,  they found a CsC1 type s t r u c t u r e  a round  the 50 
at .  pct  compos i t ion  that  t r a n s f o r m e d  in a c o m p l i c a t e d  
way to s e v e r a l  low t e m p e r a t u r e  p h a s e s .  A phase  c h a r -  
a c t e r i z e d  a s  the Z r I r  type  was  r e p o r t e d  for  Z rRh l - ,  
HfRh, Z r I r ,  and HfIr .  A phase  c h a r a c t e r i z e d  as  the 
o r t h o r h o m b i c  NbRu type was  r e p o r t e d  for ZraRhs, 
Hf42Rh58, and HfIrl§ The NbRu type i s  a l so  found ~7'~ for  
Ti45Rhss, T i I r ,  NbRu, and TaRu.  It may  a l so  occur  for  
NbRh and TaRh at  high t e m p e r a t u r e .  It s e e m s  l ike ly  
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Table VII. The Standard Gibbs Energy of Formation ( ~ )  of Compounds of the Zirconium Binary Systems 

Melting Point; 
Phase Information " p "  Implies Peritectic 

Structure: Pearson* ; Melting; " c "  Implies 
Stoichiometry Strukterbericht; Type References Congruent Melting 

~,F~(kcal/g atom) 
Calculated at 

1800 K Except When 
Otherwise Indicated 

Zr2Re o type phase 2a but more 5, 16, 17, 28 2170 K p 
likely q~ HfRe type s 
a = 1.012, c = 0.542 nm 

ZrRe 2 hP12, C14, MgZn: 16, 17, 28, 51 3020 K c 
a = 0.5269, c = 0.8626 nm 

ZrsRe24 c158, AI2 ,  a-Ms 16, 17, 28, 51 2770 K p 
a = 0.9693 to 0.9698 nm 

ZrRu cP2, B2, CsC 1 17, 51, 59, 71, 2370 K c 
a = 0.3253 nm 72 2400 • 70 K~" 

ZrRu2 hPl2 ,  C14, MgZn2 15 ,17 ,51 ,  2230 • 50 K p 
a = 0 .5141 ,c  = 0.8509 nm 71-74 

Zr~Oss tetragonal, qS HfRe type 5 - 

ZrOs cP2, B2, CsC1 16, 51, 72, 94 2313 K p 
a = 0.3263 nm 

ZrOs2 hPl2 ,  C14, MgZn: 16, 51, 73, 77, 94 2840 • 80 Kt  
a = 0"5189, c = 0 '8526 nm 2 9 3 3 K  c 

Zr2Rh tl12, C16, A12Cu 17, 53-55 - 
a = 0.6440, e = 0.5066 nm 

ZrRhl .  Zrlr type 17, 54 

ZrRhl+ cP2, B2, CsC1 17, 54, 59 
(above 650 K) s9 

ZrsRhs NbRu type 17, 54 - 
a = 0.440, b = 0.433, c = 0.342 nm 

ZrRhs cP4, L I2 ,  AuCua 16, 17, 51, - 
a = 0.32927 nm 54, 74 

Zra lr tP30, D8b, o or/SU 17, 51, 54 
a = 1.078, c = 0.5618 nm 

Zr21r tI12, C16, AI2Cu 17, 53-55 - 

Zrslra hPl6,  D8a, MnsSis 17, 53, 54, 76 >1900  K 
a = 0.8025, c = 0.5488 nm 

Zrlr Zrlr type 17, 54 >1900  K 

Zrlr2 cF24, C15, MgCu2 17, 51, 54, - 
a = 0.7359 nm 73, 77 

Zrlr3 cP4, LI2 ,  AuCu3 17, 51, 74 2400 • 135 Kt  
a = 0.3943 nm 

Zr2Pd tI6, CI lb, MoSi2 1 6 , 1 7 , 3 6 , 5 1 ,  1360K c 
a = 0.3306, c = 1.0894 nm 79-80, 92 

ZrPd TiNi type (below Mr) 29 36, 59, 92 >1870  K c 
or NbRu type ? 

Zr,~Pds6 ? 16, 36 

ZrPd2 tI6, C 1 lb, MoSi2 36, 51, 80, 92 •1750 K p 
a = 0.3407, c = 0.8597 nm 

ZrPda hP 16, DO24, TiNia 36, 51, 74, 92 >1800  K c 
a = 0.5612, c = 0.9235 nm 

ZrPd+ CP4, L12, AuCua 36, 51, 81 - 
a = 0.3962 nm 

ZrsPts hP16, D8s, MnsSia 17, 54, 55, 76 2000 K p 
a = 0.8201, c = 0.5405 nm 

ZrPt oC8, B/, ~'-BCr 17, 51, 54, 82 tr. to B2 at 
a = 0.3409, b = 1.0315 nm high temperature 
c = 0.4277 nm 

ZrPtl+ cP2, B2, CsC1 17, 51, 54 2370 K c 
a = 0+331 nm 

Zr4Pts ? 17, 54 <2270  K p 

Zr2Pta- tI6, C11 b ? 5, 17, 54 <2270  K 

ZrPts hP16, DO24, TiNis 16, 17, 51, 2390 to 2470 K c 
a = 0.5645, c = 0.9235 nm 54, 83, 88 

ZrPta+x cP4, LI2,  AuCus 84, 88 2270 K p 
a = 0.399 nm 

> 29 

> - 1 5  

>~-7 

- 2 1 . 5  -+ 1.5 
at 1570K 

- 1 4 . 2  -+ 0.9 

> - 1 6  

/ > 1 1  

>~-8 

< 5 

< - 7  

< - 7  

< - 9  

< - 1 1  at 1850K 

< - 4  

< - 5  

< - 6  

< - 7  

< - 1 0  

<--11 at 1850K 

< - 5 . 1  at 1360K 

< - 7 a t  1650K 

< - 8  at 1650 K 

< - 1 0  at 1650K 

< - 1 1  at 1650K 

<-- 12 at 1650K 

< - 1 5  

< 2O 

< - 2 0  

- 2 2 > ~ > - 5 2  

~24 Z ~ f  > - 4 7  

- 3 0  + 2 

- 2 7  -+ 2 
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Table Vl l .  (Contd} 

Melting Point; A~f(kcal /g-atom) 
Phase Information "p"  Implies Peritectic Calculated at 

Structure: Pearson*; Melting; " c"  Implies 1800 K Except When 
Stoichiometry Strukterbericht; Type References Congruent Melting Otherwise Indicated 

ZrPts tll8, TiPts 85 2120 K ~ - 1 3  
a = 0.8386, c = 0.4027 nm 

Zr2Ag t16, C1 lb, MoSi2 16, 17, 43, 51, 1464 K p > - 2 0  at 1228 K 
a = 0.32464, c = 1.2004 nm 58, 79 

ZrAg tP4, B11, ?-CuTi 16, 17,43 1410K c > - 1 5  at 1228K 
a = 0.3468, c = 0.6603 nm 51, 58, 86 

ZraAu cP8, AI 5,/3-W 17, 36, 51, 87 >1270  K p < - 4  at 1370 K 
a = 0.54824 nm 

Zr:Au t16, CI lb, MoSi2 17, 36, 51 %1370 K p < - 5  at 1370K 
a = 0.3272, c = 1.150 nm 79 

ZrsAu4 17, 36 1620 K ? c < - 7  at 1400 K 

ZrTAulo tI 17, 36, 51 %1490 K p < - 9  at 1400 K 
a = 0.6696, c = 1.3292 nm 

ZrAu2 t16, Cllb, MoSi2 1 7 , 3 6 , 5 1 , 5 6  1690K p - 1 1 ~ > ~  ~>-16 
a = 0.3532, c = 0.8718 nm at 1400 K 

ZrAu3 orthorhombic,/3-Cu3Ti 17, 36, 38, 51 %1830 K c - 1 2  -+ 1 at 1400 K 
a = 0.6062, b = 0.4865, 
c = 0.4785 nm 

ZtAu4 oP20 17 ,36 ,38 ,51  ~>1340 K p - 1 0  +0.5  at 
D ~  (Pnma).Pbnm 1340 K 
orthogonal axes: 
5a = 5(0.2858)= 1.4294, 
b = 0.5006, c = 0.4845 nm 

*Pearson nomenclature was used because of its condensation of much directly readable information. A brief description from Ref. 51 is in order. The first small letter 
denotes: a = triclinic (anorthic); m = monoclinic; o = orthorhombic; t = tetragonal; h = hexagonal; and c = cubic. The capital letters imply: P = primitive; C = one-face- 
centered; F =  aU-face-centered;/= body-centered;R = rhomdehedral. The number following gives the number of atoms in the crystallographic cell. 

?These melting points were experimentally observed in the present study; the others are reported in the literature. 
The symbols used to represent the structures of Table VII that are given in Figs. 6 and 7 are as follows: I:bcc A2 and ordered cP2, B2, CsC1; II:hcp A3 and ordered hPl6,  

DO~,  TiNia; III:ccp Al and ordered cP4, Ll:, AuCu3; L:hP12, C14, MgZn2 and cF24, C15, MgCu2; X:cI58, A12, t~-Mn; C1 lb : t l6 ,  C11 b, MoSi2; C 16:t112, C16, AI2Cu; D8a: 
hP16, D8s, Mns Sis; Bf:oC8, Bf, ~'-CrB; o:tP30, D8b,/3-U; ~b:~HfRe). 

that there  is  an extended CsCl- type  composition range 
at  high t empera tu re s  that d i spropor t iona tes  to severa l  
low tempera tu re  phases  of s l ightly different composi -  
tion ranges .  As the equil ibr ium t ransformat ions  may 
be sluggish, mar tens i t i c  t ransformat ions  from CsCI to 
f.c.  tetragonal  and f.c. or thorhombic phases  a re  ob- 
served .  

Fig.  6 shows the phase regions  of the Zr - (Re ,  Os, I r ,  
lat) d i ag rams  and Fig.  7 shows the phase regions  of the 
Zr - (Tc ,  Ru, Rh, and lad) d iagrams .  These d iagrams  
r ep re sen t  projec t ions  along the t empera tu re  axis  so 
that the composit ion ranges  indicated for each phase 
region a re  the maximum ranges  at the optimum t e m p e r -  
a tu res .  The absc i s sa  is  indicated in atomic percent .  
For  example,  the boundar ies  along the top of Fig.  6 at 
the level  of rhenium indicate that rhenium dissolved in 
bcc zirconium, r ep resen ted  by I, up to a maximum of 
8 at .  pct .  Then there is  a two phase region of I + 
phases  to 35 at. pct Re. The ~ phase region with a max-  
imum range of 5 at. pct Re is desc r ibed  in the l i t e r a tu re  
as  a a phase,  but it is  given in Fig.  6 as  the closely r e -  
la ted 4) s t ruc ture  of the Hf-Re sys tem.  The phase  r e -  
gion from 65 to 70 at.  pct Re label led L corresponds  to 
the MgZnz type Laves phase.  The • phase region be -  
tween 80 and 83 at,  pct Re cor responds  to the ci58 a - M n  
s t ruc tu re ,  and finally the II hcp rhenium can dissolve 
around 1 at.  pct Zr .  The number af ter  each metal  on 
the r ight  is  the number of valence e lec t rons  per  atom, 
which is  the ordinate .  As the e lements  a re  adjoining 

t /  ~ / / ~ ~  Re 7 

Zr r ~ ] I Os 8 
) 

~ i  CUb? L I 

I oaa/ / /~ Pt I0 
I i I I I I I I 

F i g .  6 - - P h a s e  r e g i o n s  f o r  Z r - ( R e ,  O s ,  I r ,  P t )  p r o j e c t e d  a l o n g  
t e m p e r a t u r e  a x i s .  S y m b o l s  a r e  d e f i n e d  a t  e n d  o f  T a b l e  VII. 

Zr Ru a 

. . . . . . .  P d  I0 

F i g .  7 - - P h a s e  r e g i o n s  f o r  Z r - ~ T e ,  R u ,  R h ,  Pd )  p r o j e c t e d  a l o n g  
t e m p e r a t u r e  a x i s .  S y m b o l s  a r e  d e f i n e d  a t  e n d  o f  T a b l e  VII.  

metals  of the 5d period,  the phase regions  of any of the 
mutticomponent mixtures  of these meta l s  with z i r c o -  
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Table VIII. Reactions of NbC 6~ and TaC 63 with Ru, Ir, and Pt 

NbC + Ru no change 1470 K 
NbC + 3 lr no change 1470 K 
NbC + 3 Ir ~ Nblr3 + C 1770 K 
NbC + 3 Pt ~ NbPt3 (ct and/3) + C 1470 K and 

1770 K 
TaC + 3 Pt ~ TaPt3 + C 1670 K and 

1870 K, 0.5 hr, 
600 bars 

Table IX. Hf and Th Carbide Reactions with Rh and Ir 26 and Au 61 

Reactants Experimental Parameters Phase Observed 

HfC + 3 Rh 1270 - 1470 K HfRh3 

HfC + 3 lr 1500 - 2470 K, Hilt3 
0.5 hr 

ThC2 + 2 Ir 2200 K Thlr2 

ThC2 + 2 Rh 2170 K (melt) ? 
vacuum 

ThC + 3 Au 1120 K, 114 hr ThAu3 (?) 
5 X 10 -9 atm 

Table X. Zr and Hf Boride Reactions with Rh and Ir 26 

Experimental Phases Minimum Reaction 
Reactants Parameters Observed Temperatures, K 

ZrBa + 4.75 Rh 1700 K, 0.5 hr ZrRh3 + ? 1470-+5 
ZrB2 + 4.75 Ir 1700 K, 0.5 hr Zrlr3 +?  1495+-5 
HIB2 + 4.75 Rh 1700 K, 0.5 hr HfRh3 + ? 1440-+5 
HIB2 + 4.75 Ir 1700 K, 0.5 hr Hflr3 +?  1510+-5 

nium are a lso  g iven by Fig .  6. On the b a s i s  of the 
Engel  theory ,  5'6 any mixture  of Re,  Os,  Ir, and Pt that 
had an average  e lec tron  per atom concentrat ion of 8 
should show c l o s e l y  the same  phase reg ions  as  indi-  
cated for o s m i u m .  A mixture  with a concentrat ion of 
8.5 e l e c t rons  per atom would show the phase  reg ions  
indicated by a hor izonta l  l ine  half  way between rhenium 
and o s m i u m ,  and so forth.  The s t ruc tures  correspond-  
ing to the var ious  s y m b o l s  of F igs .  6 and 7 are  l i s ted  
at the end of Table VII. 

V) LITERATURE SURVEY OF SIMILAR SYSTEMS 

The predicted s high s tabi l i ty  of i n t e r m e t a l l i c  binary 
compounds has now been ver i f i ed  for trans i t ion  meta l s  
in addition to z i r c o n i u m  by the work of other r e s e a r c h -  
e r s  that wi l l  be s u m m a r i z e d  below and evaluated t h e r -  
m o d y n a m i c a l l y .  Tables  VIII to XI present  some  of the 
reac t ions  observed .  The Gibbs e n e r g i e s  of the carbides  
g iven in Table V were  used to evaluate the Gibbs energy  
l i m i t s  of the in t er meta l l i c  phases  tabulated in Table 
XII. 

A) The Stability of Niobium and Tantalum Compounds 

Kaufman 6~ studied reactions of NbC with Ru, Ir, and 
Pt; the results are summarized in Table VIII. As the 
lack of reaction at 1500 K with ruthenium could be due 
to either a very slow rate or unfavorable equilibrium, 
nothing can be said about the stability of Nb-Ru com- 
pounds. The formation of Nblra and NbPta fixes AF~ 

METALLURGICAL TRANSACTIONS 

Table XI. Reactions of UC and UN with Ir, Rh, and Au, 61 and with Ru 68 

2 UC + lr or Rh ~ U21rC2 or U2 RhC2 ~1970 K 
2 UC + Ru ~ U2 RuC2 1570 K, 90 hr 
UC + 3 lr or 3 Rh ~ C + Ulr 3 or URh 3 1670 K and 

1970 K 
UC + 3 Ru -+ URu 3 Cx + (l-x)C 1570 K, 90 hr 
UC + 3 Au(s) --> UAu3 + C <1220  K, 17 hr 

10 -9 atm 
UC + 3 Au(/) ~ UAu3 + C >1370 K, 118 hr 

10 -9 atm 
UC~ + 3 Au(s) ~ UAu3 + 2C 1270 K 
2 U N + 6 A u  ~2UAu3 + N2 1130 K, 47 hr 

5 X 10 -9 atm 
UN + Au ~ U2 N 3 + Au 1130 K, 93 hr 

0.75 atm N2 

Table XII. ~ Limits for Compounds of Nb, Ta, Hf, Th, Y, Ce, Er, U, 
and Pu from Reactions Reported in the Literature 

AF~ AF ~ was Obtained 
Compound kcal/g-atom Temperature by Comparison with: 

�88 NbRe3_+x (X) > - 8  2070 K NbC 
TaRe,,s (o or X) - 3  > AFy[ > - 8  2730 K TaC 
TaRel.ss (X) - 3 . 5  > _~F~ > - 7  2700 K TaC 
TaRe3.6 (X) - 4 . 5  -+ 1 2700 K TaC 
HfsRe24 > 9 1800 K HfC 
URu3 - 1 1 . 4  -+ 0.3 1000 K EMF 
�88 URu3C x - 1 5  +- 0.3 1000 K EMF 
U2RuC2 - 13 > AF~ > 24 1000 K U2C3, URu3C x 
PuRu2 - 6 . 6  -+ 0.1 1000 K EMF 
HfRh3 < - 1 4  1800 K HfB2, HfC 
ThRh2 < - 1 0  ? 2170 K ThC~ 
URh3 < - 7  1670-1970 K UC2 
U2RhC2 < 10 ",,1970 K UC 
Nblr3 < - 8  1770 K NbC 
Hflr3 < 14 2300 K HfB2, HfC 
Thlr2 < 10 %2000 K ThC2 
Ylr2 < 11 1370-1770 K YC2 
Celr2 < -  11 1670 K CeC2 
Erlr2 < - 1 1  1370-1670 K ErC 2 
Ulr3 < - 7  1670-1970 K UC2 
U21rC2 < - 1 0  %1970 K UC 
NbPt3 < - 8  1470-1770 K NbC 
TaPt3 < - 9  1670-1870 K TaC 
HfPt3 - 2 4  + 4 2400 K calorimetry 
YPt < -  17 1370-1470 K YC2 
CePt < - 1 7  1370 K CeC~ 
CePt2 < - 1 4  2170 K CeS, Ce3S4 
ErPt < 17 1370-1670 K ErC2 
UAu3(s) -6 .5  J> AF} > 12.5 1130-1370 K UC, UN 
UAu3(~) - 5  1725 K vapor pressure 

< -32 kcal/mol at 1500 K based on AF~ (NbC) given in 
Table V. 

Several investigations 33-35 of the Nb-Re-C and Ta-Re- 
C ternary diagrams agree that rhenium and all Nb-Re 
and Ta-Re binary phases can coexist with NbC or TaC 
although as noted in the discussion of Section III-E of 
the Zr-Re-C results, an unknown 0 phase with a diffrac- 
tion pattern similar to that of rhenium is found with 
NbC or TaC. It is probably a ternary phase and may be 
metastable. Krikorian el  al. 61 have defined the equilibria 
around 2700 K between the Ta-Re binary phases and 
TaC more quantitatively. They find TaC0.7 in equilib- 
rium with the rhenium-rich end (about 45 at. pet Re) of 
the bcc tantalum phase region and with TaRel.5 with the 
(r or X s tructure  depending upon the temperature .  
TaC0:4 has a suf f ic ient ly  lower  tantalum act iv i ty  to be 
in equi l ibr ium with TaRe~.85 with the y s tructure .  
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TaCo.92 is  in equ i l ib r ium with the r h e n i u m - r i c h  end of 
the X phase region  with a composi t ion around TaRe3.8. 
To obtain Gibbs ene rg ies  f rom these r e s u l t s ,  we mus t  
evaluate  the the rmodynamic  act ivi ty  of tan ta lum in 
TaCo.7, TaCo.74, and TaCo.92 at 2700 K. Detai ls  of the 
ca lcula t ions  a re  given in Pa r t  B of the Appendix 
yie lding A F ]  = - 2 1  k c a l / m o l  for TaRe3.6 and A F ]  
> --10 and > - 8  k c a l / m o l  for TaRe~.85 and TaRe~.5, r e -  
spect ively .  These va lues  a re  tabulated in Table XII as  
k c a l / g - a t o m .  

Raub and Fa lkenburg  62 observed  r eac t ions  of both 
NbC and TaC with pal ladium and p la t inum at 1775 K to 
form graphi te  and fee a l loys ;  the i r  data cannot be used 
for equ i l ib r ium ca lcula t ions .  Riesenfeldt  63 observed  a 
r eac t ion  between TaC and p la t inum yielding TaPt3 as 
given in Table  VIII. After  hot p r e s s ing  for 0.5 h at both 
1670 and 1870 K, an equimolar  mix ture  was obse rved  
to contain carbon and the TaPt3 phase indicat ing that 
the C - T a - P t  t e r n a r y  phase d iag ram is s i m i l a r  to the 
C - Z r - I r  d i ag ram given in Fig.  1. The Gibbs energy 
l imi t  in Table  XH is based  on the TaC value given in 
Table  V. 

B) The Stabil i ty of Hafnium and Thor ium Compounds 

M e r c u r i  and Cr i sc ione  26 repor ted  r eac t ions  of HfC 
and ThC2 as well as ZrC with rhen ium and i r id ium,  
Table IX. The au thors  proposed reac t ions  with carbon 
as  a product  although no ment ion  was made of obse rv ing  
it .  Dif ferent ia l  t he rma l  ana ly s i s  indicated that r eac t ion  
commenced  at a round  1400 K. Heatings for 30 min at 
1500 to 2470 K were  used.  The ThC2 + Rh sample  
mel ted  at 2170 K and the room t e m p e r a t u r e  X - r a y  dif-  
f rac t ion pa t t e rn  could not be identif ied.  The las t  r e a c -  
t ion in Table  VIII r epor t ed  by Kr ikor i an  et al. 6~ indicates  
that ThAu3 is  more  s table  than ThC, but the reac t ion  
was not well  cha rac t e r i zed  and probably was a d i sp ro -  
por t ionat ion  of ThC to ThC2. 

M e r e u r i  and Cr i se ione  26 r epor t  HfB~ and ZrB2 reac t  
with rhen ium and i r i d ium as  indicated in Table  X. The 
s t a r t ing  m a t e r i a l s  were  mixed powders .  The reac t ion  
o c c u r r e d  by s in t e r ing  in an induction furnace .  Dif fer -  
ent ia l  t he rma l  ana lys i s  was used to detect  the m i n i m u m  
t e m p e r a t u r e  at which the reac t ion  would support  i tself  
exo thermal ly .  The samples  were  then heated under  
vacuum for 0.5 h at 1700 K. X - r a y  ana ly s i s  of the s a m -  
ples  indica ted  that some boron had dissolved in the 
HfRl~, HfIr3, ZrRh3, and ZrIr3 phases ;  how much boron  
is  not known because  the la t t ice  p a r a m e t e r  (ao) as  a 
function of boron  has not been de te rmined .  

With the excess  of rhen ium or i r id ium p resen t ,  as  
given in Table X, the products  might well be rhen ium 
or  i r i d ium bor ides  together  with the AB3 phase.  The 
r eac t ion  might be approximated  by 

HfB2 + 5Rh ~ HfRh3 + 2RhB 

Reasonable  e s t ima te s  for the Gibbs ene rg ies  of fo r -  
mat ion  of RhB and IrB together  with the value for HfB2 
yield the same  l imi t s  for HfRh3 and HfIr3 as  f rom the 
carb ide  r eac t ions .  

Fedorov  et al. 3~ studied the Hf-C-Re d i ag ram.  They 
had difficulty r each ing  equ i l ib r ium after  2130 h at 
1770 K, but the i r  d i ag ram indica tes  HfC, C, and Re in 
equ i l ib r ium.  

F i c a l o r a  49 has burned  HfPt3 in a f luor ine  c a l o r i m e t e r  
to obtain AH~ = - 1 3 2  • 9 k c a l / m o l .  
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C) The Stabil i ty of Compounds of Lanthanides ,  
Act in ides  and Other Group III Metals  

Kr ikor ian  64 reac ted  the d ica rb ides  of Y, Ce, and Er 
with Ir  and Pt, genera l ly  at 1370 K but with addi t ional  
heat ings  up to 1770 K. YIr2, CeIr2, and ErIr2 were  p r o -  
duced. CeIr5 was formed with excess  i r i d ium.  YPt ,  
CePt ,  and E rP t  were produced with p la t inum.  With 
excess  p la t inum,  the higher compounds,  YPt2, YPt3, 
YPts, CePt2, CePts, ErPt~, ErPt3, and ErPt5 were  p r o -  
duced. Kr ikor i an  a s sume d  that for CeC2 and ErC2 A F ]  
= --33 • 2 k c a l / m o l  at 1500 K, the exper imen ta l  46 value 
for YC2. For  the var ious  p la t in ides  and i r id ides  formed,  
~F~ < -33 kcal/mol at 1500 K. 

Eastman el al. 6s found that CeS reacts with platinum 
according to 4CeS + 2Pt ~ CePt2 + Ce3S4 at 2170 K. 
Evans 66 measured the heats of solution of CeS and Ce3S4 
in 1 M HCI. Montgomery 6v measured the heat of solu- 
tion of cerium metal as a function of HCI concentration 
from which one obtains -165.0 kcal/mol for the heat of 
solution of cerium metal in 1 M HCI and AH~ps = 43 
kcal for 4CeS = Ce3S4 + Ce. (AF~lvo - AH~98)/T was e s -  
t imated  to be - 1  ca l /K  yielding AF~17o = 41 kcal .  Thus 
~ F ]  (CePt2) < - 41  k c a l / m o l .  

Kr ikor i an  et al. 6" studied r eac t i ons  of cold p r e s s e d  
mix tu re s  of UC and UN with I r ,  Rh, and Au as l i s ted  in 
Table  XI. Based on the r eac t ions  of Au with UC and UN, 
they fixed AF~ (UAu3) between - 2 5  and - 5 0  k c a l / m o l .  
With two moles  of UC plus 1 g -a tom of i r id ium or r h e -  
nium,  the t e r n a r y  compounds U2IrC2 and U2RhC2 were  
formed.  With excess  meta l ,  UIr3 and URh3 were  formed. 
U2IrC2 mel ted  at 2200 • 20 K and UIr3 mel ted  at 2280 
• 20 K. Holleck and Kleykamp 68 have studied the c o r r e -  
sponding r eac t ions  with ru then ium to obtain U~RuC2 for 
which they fix AF~ at 1000 K between - 6 3  and - 1 2 0  
k c a l / m o l .  With excess  ru then ium,  they observe  the r e -  
act ion UC + 3Ru = URu~Cx + (1 + x)C. URu3C x and URu3 
have the cubic Cu3Au type s t r uc t u r e  and they form a 
continuous solid solut ion.  High t e m p e r a t u r e  galvanic  
cel ls  with solid CaF2 e lec t ro ly te  were used to fix ~F)~ 
at 1000 K as - 45 .5  ~= 1 kcal//mol for URu3 and -60 .1  • 1 
k c a l / m o l  for URu3Cx. Campbell  et al. 69 have used s i m -  
i lar  galvanic  m e a s u r e m e n t s  for PuRu2 to obtain a F ~  
= - 1 9 . 9  k c a l / m o l  at 1000 K. Holleck and Kleykamp 
have also used equ i l ib r ia  between (Uo.8Puo.2)O2-x and 
(Uo.sPu0.2)Me3, where Me cor responds  to a mix ture  of 
Ru, Rh, and Pd, to fix AF] of (Uo.sPu0.2)Me3 at 2000 K 
as less than -45 kcal//mol. Alcock and Grieveson 75 
have measured vapor pressures of gold over Au-U liq- 
uids between 1725 and 1825 K between 17 and 90 at. pct 
Au. For UAu3(liq) at 1725 K, their results give AF~ 
= --20 kcal//mol. These data are summarized in Table 
Xll in kcal/g-atom. 

D) The Stability of Additional Platinum Compounds 

Bronger and Klemm 7~ made several platinum com- 
pounds: Pt~AI, Ph3AI3, Pt3Sc, PtsY, Pt4La, Pt15Be, 
Pt3Mg, PtTMg, Pt2Ca, PtTCa2, Pt5Ca, Pt2Sr, Pt3Sr, PtsSr, 
PtTLi, and Pt3Cr. The nonprecious metal oxides (A1203, 
Sc203, and so forth) were reduced in the presence of 
platinum and H2. The crystal structures and lattice 
constants of the compounds are discussed. To estimate 
the Gibbs energies of formation from the reactions de- 
scribed in the article, information additional to that 
given in the article must be known or assumed. Corre- 
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spondence with Dr.  Bronge r  has provided the i n f o r m a -  
tion needed to set  l imi t s  on the Gibbs ene rg i e s  of for -  
mat ion  of many of these  compounds.  These  va lues  will  
be publ ished.  78 S imi la r  obse rva t ions  for oxides of Zr ,  
Hf, Th, Pc ,  U, Np, and Pu with Pt group me ta l s  have 
been repor ted  by E rdman  and Keller.93 

E) Tabula t ion  of Gibbs Ene rg i e s  

Table  XII l i s t s  the l im i t s  of the s tandard  state Gibbs 
ene rg ie s  of format ion  in k c a l / g - a t o m  of alloy of the 
va r ious  compounds rev iewed  that a re  based  on the ob-  
s e rved  r eac t i ons  with the ca rb ides ,  the bor ides ,  and the 
n i t r i de s  l i s ted  in Tab les  VIII to XI. The quest ion m a r k s  
indicate  the va lues  for which au thors  have expressed  
some uncer ta in ty .  The t e m p e r a t u r e  for which AF~ was 
calcula ted is  given.  As Z~S~ is sma l l ,  the va lues  can be 
used over  a range  of seve ra l  hundred Kelvin .  L imi t s  
on the s tandard  state Gibbs ene rg ie s  of format ion  of 
other compounds of a pa r t i cu l a r  b ina ry  sys t em can be 
expressed  as  they were  in Table VII; the n e c e s s a r y  
s teps  a re  outl ined in Appendix A. 

VI) DISCUSSION 

Although the a F  va lues  of Tab les  VI, VII, and XII and 
Fig.  5 a r e  most ly  upper or lower l im i t s  r a t h e r  than n a r -  
rowly defined va lues ,  they a re  quite suff icient  to con- 
f i rm the pred ic t ion  that ex t r ao rd ina r i l y  s table  i n t e r -  
me ta l l i c  compounds will  r e su l t  when t r ans i t i on  meta l s  
with low- ly ing  empty 4d or 5d o rb i t a i s  a re  combined 
with t r ans i t i on  me ta l s  with six or more  4d or 5d e lec -  
t rons  per  a tom.  The dotted l ines  of Fig.  5 indicate the 
expected va lues  on the ba s i s  of the r e l a t ive  bonding 
ene rg ie s  of 4d and 5d e l ec t rons .  6 As Fig.  5 i l l u s t r a t e s ,  
compounds of rhen ium have the c h a r a c t e r i s t i c a l l y  low 
s tab i l i t i e s  usua l ly  a s soc ia t ed  with i n t e r m e t a l l i c  com-  
pounds.  There  is  a pronounced i n c r e a s e  in  s tabi l i ty  
when rhen ium is  r ep laced  by ru then ium meta l ,  which 
has the e lec t ron ic  configurat ion d6sp.  The s tabi l i ty  in -  
c r e a s e s  with addi t ional  e l ec t rons  reach ing  a max imum 
in the group Rh, I r ,  Pd, and Pt and then drops off with 
s i lver  and gold. Size and i n t e r n a l - p r e s s u r e  d i f fe rences  5 
play a ro le  in de t e rmin ing  these  t r ends ,  but the ove r -  
whelming factor  is  the more  complete u t i l iza t ion  in the 
bonding of the e l ec t rons  of the t r a n s i t i o n  meta l  f rom the 
r ight  hand side of the per iodic  table through exploi tat ion 
of the vacant  d and p o rb i t a l s  of the meta l  f rom the left 
hand side.  Table  XII p r e s e n t s  data for addit ional  t r a n s i -  
t ion meta l  s y s t e m s .  Insuff ic ient  data a r e  ava i lab le  for 
me ta l s  other than z i r con ium to ver i fy  some of the p r e -  
d ic t ions  of the Engel model in r e g a r d  to the posi t ion of 
the max imum in s tab i l i ty .  However,  the abi l i ty  of even 
the 50 at. pct MPt phases  of Y , C e , a n d E r  t ocoe x i s t w i t h  
carbon,  whereas  the ac t iv i t i es  of Zr ,  Hf, Nb, and Ta a re  
not suff icient ly reduced to coexist  with carbon unti l  the 
p la t inum content is  i nc r ea sed  to 75 at. pct,  would tend to 
ver i fy  the pred ic t ion  that the posi t ion of max im um s t a -  
b i l i ty  would shift f rom i r id ium to p la t inum as the left 
hand meta l  is  va r ied  f rom Nb to Zr to Y. It  i s  hoped 
that suff ic ient  data wil l  become avai lab le  soon to check 
these p red ic t ions  quant i ta t ively  and to na r row down 
the reg ions  of g rea t e s t  s tabi l i ty .  

It is  c lear  that such unusual  i n t e r m e t a l l i c  compounds,  
which compare  in s tabi l i ty  with the mos t  s table  of com-  

pounds of me ta l s  together  with nonmeta l s ,  w a r r a n t  addi -  
t ional a t tent ion.  They can be expected to have some unique 
p r ope r t i e s .  A few of the p rope r t i e s  have been m e a s u r e d  
in this  study. They a r e  ve ry  high mel t ing ,  most ly  in the 
range  above 2000 K. They a re  metal l ic  conductors  but not 
supe rconduc to r s  with high t r ans i t i on  t e m p e r a t u r e s .  They 
a re  ve ry  iner t  to chemical  at tack by etching solut ions  or 
by oxygen even at ve ry  high t e m p e r a t u r e s ,  but they can 
be at tacked by f luor ine .  They tend to be very  hard and 
b r i t t l e .  Because  of the i r  high the rmodynamic  s tab i l i ty ,  
they can be r ead i ly  formed by a va r i e ty  of high t e m p e r a -  
tu re  r eac t ions .  For  example ,  it would be easy to p r e p a r e  
thin coat ings of these hard  ine r t  m a t e r i a l s  by vapor de-  
pos i t ion  or e lec t rop la t ing .  Caution is  advised  in p r epa r ing  
large  ba tches  of these  compounds d i rec t ly  f rom the e le -  
ments  as an explosion has  been r epo r t ed  6 upon heat ing 
hafnium and p la t inum together  due to the ve ry  la rge  heat 
evolut ion.  As HfPt3 has an enthalpy of format ion  of - 1 3 5  
k c a l / m o l  and one can a s s u m e  an average  heat capaci ty of 
7 c a l / g - a t o m  or 38 c a l / m o l ,  the in i t ia t ion  of r eac t ion  of a 
mix tu re  of Hf + 3Pt at 1000 K would cause a t e m p e r a t u r e  
jump of a lmos t  5000 K under  adiabat ic  condi t ions.  If the 
hafnium should contain much hydrogen,  as is commonly 
the case,  the v io lence  of the explosion is  enhanced.  

The re  a re  i n t e re s t ing  chemical  appl ica t ions  of the ex-  
pected high s tabi l i ty  of the p la t inum group compounds of 
the lanthanides  and ac t in ides .  In a fused sa l t  containing a 
va r i e ty  of lan thanides  and ac t in ides ,  it should be poss ib le  
to p r e f e r en t i a l l y  ex t rac t  ce r ta in  of these  e l emen t s  into 
p rec ious  meta l  foils by control  of the al loy content of the 
foil and the ox id iz ing- reduc ing  potent ia l  of the fused sa l t .  
Likewise p rec ious  meta l  foils could be used  as  ge t te r ing  
agents  to ext rac t  lanthanide or ac t in ide  me ta l s  f rom the 
gaseous  phase.  

The theore t ica l  impl ica t ions  of the demons t r a t i on  of 
these ve ry  s table  i n t e r m e t a l l i c  compounds a r e  a chal lenge 
to theo r i e s  of bonding.  They ver i fy  the impor tan t  d is t inc t  
ro le  played by d e l ec t rons  in cont ras t  to the s and p e lec -  
t r ons  as  emphas ized  by the Engel  theory of me t a l s .  Most 
theor ies  that have been  commonly  appl ied to me ta l s  have 
not provided even the s l ightes t  indica t ion  that such d r a s -  
t ica l ly  different  behavior  should be ant ic ipated.  Cer t a in ly  
with r e spec t  to r eac t iv i ty  with t r ans i t i on  me ta l s  f rom the 
left hand side of the per iodic  tab les ,  the p la t inum group 
me ta l s  a re  not to be c lassed  as  noble me ta l s .  

APPENDIX 

CALCULATION OF THERMODYNAMIC DATA FROM 
TERNARY PHASE DIAGRAMS 

The calcula t ion of the rmodynamic  data f rom the r e s -  
pective t e r n a r y  phase d iagrams  has been b r ie f ly  outl ined 
in Section IV. A more  complete descr ip t ion  follows. 

A) Calculat ion of Activi ty Coefficients  f rom T e r n a r y  
Phase  Diag rams  

To i l l u s t r a t e  how act ivi ty  coeff icients  a re  obtained 
f rom the t e r n a r y  phase d iag ram presen ted ,  the C - Z r - R u  
phase d iag ram wil l  be used as  an example .  The der ived 
ac t iv i t i es  (ai) and act ivi ty  coeff icients  (Yi) a re  based 
upon the solvent  s t andard  s ta te ,  i .e . ,  when X i = 1 (X i 
= the mole  f rac t ion  of component  i), a/ = 1 and ~i = 1. 
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When the C, ZrC,  and Ru phases  exist  in equ i l ib r ium,  
the ac t iv i t i es  of all  the components  in the three  phases  
a r e  fixed. The act ivi ty  of ru then ium (aRu) is close to one 
s ince  ve ry  l i t t le  z i r con ium (0.75 at .  pct Zr)  and p r e -  
sumably  a negl igible  amount  of graphi te  d isso lved  into 
the ru then ium phase.  The ac t iv i ty  of graphite  (a c )  is 
equal to one because  of the p r e sence  of pure graphi te .  
Since all of the phases  a r e  in equ i l ib r ium with each 
other ,  the act ivi ty  of each component  is  the same  in al l  
three  phases :  

a Ru = a C -- a ZrC = 1 
Ru Ru Ru 

a C = a Z r C = a ~  u = 1 

a z r c  = a Ru = a C = constant  
Zr Zr r 

The s u p e r s c r i p t s  des ignate  the phase being d i scussed ;  
for example ,  aZrC r e p r e s e n t s  the act ivi ty  of ru then ium 
in the ZrC phase.  The ac t iv i ty  of z i r con ium can be ca l -  
culated because  the Z~F] (ZrC) is known; at 1770 K, A F ]  
(ZrC) = - 4 4 . 2  k c a l / m o l .  AF~ (ZrC) may also be ex-  
p r e s s e d  as:  

AF~ (ZrC) = +RT l n a c a z r  

Using the appropr ia te  va lues :  

- 4 4 . 2  k c a l / m o l  = R(17705 In [(1)(azr)] 

- 4 4 . 2  • 103 
log a z r  = (2.303)(1.987)(17705 = - 5.46 

a z r  = 10-~. 46 

As s ta ted above, the az r  is the same in all phases .  For  
the ru then ium phase:  

Ru = ~Ru yRu = i 0  -s-46 
a z r  " Z r " Z r  

F r o m  the mic rop robe  ana ly s i s  of the C - Z r - R u  samples :  

RU 10-2.125 X z r  = 0.0075 = 

There fore :  

TZ rRu = UZr/"Xzr-RU/vRu = 10-5.46/10-2.125 

 ,zR (0.75 at. pet Zr5 -- 10 

This  r e su l t  will be used in Pa r t  B to calculate  ZXF~ 
(ZrRu2). 

It is useful  to know the act ivi ty  coefficient of an e l e -  
ment  at the l imi t  of 0 pct of that e lement  in an al loy for 
compar i son  of y va lues  in different  metal  solvents  under  
condit ions where  so lu te - so lu te  in t e rac t ions  play no ro le .  
In many s y s t e m s ,  the r e l a t ion  log~2 =wX~, where  X1 is  
the mole f rac t ion  of the other  component  and w is a func-  
t ion of t e m p e r a t u r e ,  i s  found to hold approximate ly  14 and 
this  equation was used for shor t  ex t rapola t ions  to X2 = 0 
or XI = 1. For  example ,  log y~U(Xzr - -  0) 

2 ~ = -3.335/(0.99255 = -3 .39,  the value tabulated in Table  
VI. 

The C - Z r - R e ,  C - Z r - O s ,  C - Z r - A g ,  and C - Z r - A u  t e r -  
na ry  phase d i ag rams  a re  s i m i l a r  to the C - Z r - R u  phase 
d iag ram as  indicated in Fig.  4. Because  only l im i t s  
could be placed on the composi t ion of the z i r con ium b i -  
na ry  a l loys  of Re, Os, and Ag in equ i l ib r ium with carbon 
and ZrC,  only l i m i t s  can be placed on VZr and the smal l  
ex t rapola t ion  to inf ini te  di lut ion is negl ig ible .  The 

af ter  200 h at 2170 K. As the sys tem may not be at unity 
act ivi ty  of carbon,  one may only fix a z r  as ->10 -4"3 f rom 
the Z~F values  in Table V for ZrC and YZr as  >10-"6. 
AFzr--Xs >--16 k c a l / g - a t o m  at 2170 K. Within the u n c e r -  
t a in t ies  of the l imi t s ,  the same  l imi t s  can be used at 
1800 K as  in Table VI. The o s m i u m  va lues  were  ob-  
ta ined in a s i m i l a r  m a n n e r .  The s i lve r  and gold ca lcu-  
la t ions  a r e  d i scussed  in detai l  in Par t  B of the Appendix. 

To de t e rmine  YZr (0 pct Zr)  in Ir ,  Rh, Pt,  and Pd is 
more  difficult  as  a longer  extrapolat ion mus t  be made.  
For  each of these sy s t ems ,  the ZrM3 phase was found 
to be in equ i l ib r ium with carbon and ZrC.  For  i r i d ium 
and rhodium,  this  was conf i rmed 26 between 1475 and 
2475 K. Only a smal l  t e m p e r a t u r e  coefficient  is  ex-  
pected and the same equ i l ib r ium is expected at al l  t e m -  
p e r a t u r e s  up to the l iquidus .  Since the m e a s u r e m e n t s  
for pal ladium and p la t inum extended f rom 1650 to 
1850 K, the calcula t ions  will  be c a r r i e d  out for a t e m -  
p e r a t u r e  of 1800 K for al l  four me ta l s .  F r o m  the AF ~ 
(ZrC) from Table V, azr  = 10 -5.35 for ZrC + C at 1800 K. 
For  ZrMa, XZr = 0.25 = 10 -0.602 and ~Zr --- 10-4"7. 

The ext rapola t ion to 0 pct Zr  will  be i l l u s t r a t ed  for 
the Z r - P t  sys t em for which Z~H~ (ZrPt3) = - 1 2 3 . 5  • 6 
kc a l / mo l e  is  known. 49 AC~ = --2 ca l /deg  mole and AS~ 
= --4 ca l /deg  mole a re  r ea sonab le  e s t i ma t e s  up to 
1100 K yielding AF~ (ZrPt3) = -121  + 8 k c a l / m o l e  at 
1100 K. Extrapolat ion to 1800 K would yield AF~ (ZrPta) 
= - 1 1 9  • 9 kc a l / mo l e  and azra%t  = 10 -14"5.1. For  carbon  
sa tu ra ted  ZrPts ,  aZr = 10 -a'l*~ and 7Pt = 10 -2"9. These 
va lues  a re  for some composi t ion within the ZrPt3 ho-  
mogeneous range  and we mus t  ext rapola te  to the p l a t i -  
n u m - r i c h  composi t ion in equ i l i b r ium with the cubic 
p la t inum phase.  To proceed we need in fo rmat ion  about 
the phase d iagram between ZrPts  and p la t inum.  It has 
been predic ted  5 that the fcc phase of p la t inum would ex-  
tend, at high t e m p e r a t u r e s ,  to ZrPt3.5 with only a na r row 
two phase reg ion  between the hexagonal  and cubic phase 
reg ions .  This  predic t ion  has been r ecen t l y  conf i rmed.  88 
The two values  49'88 of 18 at .  pct Zr  at 1173 K and 20 at .  
pct Zr  at 1923 K for the composi t ion of the cubic phase 
sa tu ra ted  by ZrPt3 yie lds  1500 cal for the enthalpy of 
solut ion of ZrPt3 in the cubic sol id solut ion.  Also W o r -  
r e l l  and Meschter  48 have de t e rmined  f rom e lec t romot ive  
force m e a s u r e m e n t s  that (41/14)AHf(ZrPt3) - (27/14)AHf  
(ZrPt41/9) = - 1 0 2  kcal in the range  1073 to 1273 K. Also,  
Wor re l l  and Meschter  have found log aZr = - 1 7 . 5  for co- 
exis t ing ZrPta and ZrPt41/9 at 1100 K. F r o m  the value of 
AF~ (ZrPt3) at 1100 K given above,  one ca lcu la tes  log apt 
= - 1 . 9  • 0.5. These  va lues  yield A F ]  (ZrPt41/95 = --135 
• 11 kcal/mol_e and AH~ (ZrPt4,/9) = - 1 3 6  • 12 k c a l / m o l e  
at 1100 K. AHpt = --8 • 4 k c a l / g - a t o m  is obtained for the 
ZrPt41/9 solut ion.  Extrapolat ion of these  r e s u l t s  to 
1800 K yield log apt = - 1 . 5  • 0.6 and l o g a z r  = - 9 . 3  • 2 
for the ZrPta-ZrPt3 .5  mix ture  at 1800 K. For  ZrPt3.5, 
l o g ~ z r  = - 9 . 0  • 2 and logYpt = - 1 . 4  Extrapola t ion 
a c r o s s  the fcc sol id solut ion is  more  difficult .  The ac -  
t ivi ty coefficient of p la t inum i n c r e a s e s  f rom 0.04 to 1 as 
Xpt i n c r e a s e s  f rom 0.78 to 1. The m a n n e r  in which the 
p la t inum act ivi ty  coefficient  i n c r e a s e s  d e t e r m i n e s  the 
change in YZr as  r e q u i r e d  by the Gibbs-Duhem equa-  
t ion 14 

d log) 'zr  = - ( X p t / X z r  ) d log ~Pt 

method of ca lcula t ing  YZr will  be i l lus t ra ted  for rhen ium.  Between X p t / X Z r  = 3.5 and infini ty,  logTpt  changes by 
Gorshkova et al. 35 r epo r t  that a mix ture  of 0.99 g -a tom 1.4. It can be immedia te ly  seen  that the s m a l l e s t  change 
Re with 0.005 moles  ZrC showed the p r e sence  of ZrC in YZr takes place if the change in Ypt takes  place before 
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~ p t / X Z r  has  i n c r e a s e d  a p p r e c i a b l y  and the m i n i m u m  
change in logYzr  i s  - 3 .5 (1 .4 )  = - 4 . 9  y ie ld ing  logVzr  (0 
put Zr )  < - 1 3 . 9  § 2. Thus the upper  l i m i t  of l o g T z r  (0 
put Z r )  i s  - 1 1 . 9 .  V a r i o u s  so lu t ion  m o d e l s  can be a s -  
sumed  such as  idea l  mix ing  of ZrPt3 and p la t inum or  
mix ing  with a pos i t i ve  devia t ion  a l m o s t  suf f ic ient  for  
phase  s e p a r a t i o n ,  and so for th ,  and v a r i o u s  l imi t ing  
l o g ~ z r  (0 put Z r )  va lue s  l e s s  than - 1 2  can be ca l cu l a t ed  
c o r r e s p o n d i n g  to - x s  A F z r  va lues  a r o u n d - 1 0 0  kca l / / g -a tom 
Zr  in v e r y  di lu te  so lu t ions  of z i r c o n i u m  in p l a t inum.  At 
1800 K, ~ F ~  (ZrO2) = - 1 8 2  k c a l / m o l  and a z r P 0 2  = 10 -22. 
With 7Zr < 10 - '2,  one ca l cu l a t e s  that  p la t inum in equ i l i b -  
r i u m  with ZrO2 and an oxygen p r e s s u r e  of 10 -7 a tm would 
d i s s o l v e  m o r e  than 0.1 a t .  put Z r .  Under  r educ ing  condi -  
t ions ,  the concen t ra t ion  of z i r c o n i u m  would be much 
h ighe r .  Thus the r e a s o n  for  the  r e a c t i o n  be tween  p l a t i -  
num t h e r m o c o u p l e  w i r e s  and ZrOe p r o t e c t i o n  tubes  under  
r educ ing  condi t ions  b e c o m e s  c l e a r .  

F o r  I r ,  Rh, and Pd,  we only have an upper  l imi t  to 
AF~ of the ZrM3 compounds .  The ex t r apo l a t i on  of YZr 
= 10 -4"7 for  XZr = 0.25 to YZr (0 put Zr )  < 10 -7 given in 
Tab le  VI was  made  by making the v e r y  c o n s e r v a t i v e  e s -  
t i m a t e  that  ~Zr (carbon  s a t u r a t e d  ZrX3)//VZr (Xzr  = 0) is  
g r e a t e r  than 102"3 in I r ,  Rh, and Pd c o m p a r e d  to the 
va lue  of 107"3 in p la t inum.  

B) The Gibbs Energy  of F o r m a t i o n  of B ina ry  P h a s e s  
f rom T e r n a r y  P h a s e  D i a g r a m s  

F r o m  t e r n a r y  phase  d i a g r a m s  such a s  those  of F i g s .  1 
and 4, l i m i t s  can be  p l aced  on the Gibbs  e n e r g i e s  of f o r -  
ma t ion  ( ~ F ] )  of a l l  the  i n t e r m e t a l l i c  b i n a r y  z i r c o n i u m  
compounds  r e p r e s e n t e d  in the t e r n a r y  d i a g r a m s .  

C o n s i d e r i n g  the C - Z r - I r  s y s t e m  f i r s t ,  the following 
r e a c t i o n  may  be  wr i t t en  b e c a u s e  Z r C  and i r i d i u m  cannot 
ex i s t  in equ i l i b r i um a c c o r d i n g  to the t e r n a r y  phase  d i a -  
g r a m  p r e s e n t e d  in F ig .  1. 

Z rC  + 3Ir ~ ZrIr3 + C 

This  r e a c t i o n  was  ac tua l ly  o b s e r v e d  at  1770 K, a s  d i s -  
cu s sed  in Sect ion I I I -A;  thus ,  

A F ~ .  x = AF~(ZrI r3)  - AF~(ZrC)  -< 0 

F r o m  Table  V, AF~(ZrC)  = - 4 4 . 2  k c a l / m o l  at  1800 K and 
AF~(ZrI r3)  -< AF~(ZrC)  = - 4 4 . 2  k c a l / m o l  at  1800 K. The 
l i m i t  on AF~(Zr I r3 )~-  11 k c a l / g - a t o m  is  t h e r e f o r e  ob -  
t a ined .  

With a knowledge of what  Z r - I r  compounds  a r e  t h e r -  
m odynamicaUy  s tab le  with r e s p e c t  to each  o the r ,  m o r e  
l i m i t s  m a y  be d e t e r m i n e d .  The fol lowing inequal i ty  i s  
t r ue  for  such compounds  in the Z r - I r  s y s t e m :  

~ A f ~ ( Z r 3 I r ) - -  ~ -~ AF?(Zr2I r )  -> 3AF~(Zrs /3 I r )  

-> A F ~ ( Z r I r )  -> A F ~ Z r I r 2 )  --> AF)~(ZrIr3) 

[1] 

The above  can be r a t i o n a l i z e d  by c o n s i d e r i n g  r e a c t i o n s  
such a s :  

ZrI r2  + Ir  - -  ZrIr3 

and 

-}Zr3Ir + ~ I r  ~ 1 -~ Zr2Ir  

AFt ,  x --< 0 for  both r e a c t i o n s  b e c a u s e  t h e s e  Z r - I r  c o m -  
pounds a r e  r e p o r t e d  to be s t ab le  with r e s p e c t  to each 
o the r .  Another  s i m i l a r  inequal i ty  i s  t r u e :  
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AF)~(Zr3Ir) -< AF•(Zr2Ir) -< AF~(Zrs /3Ir )  <- A F ? ( Z r I r )  

-< %AF?(Zrlr2) -< -~ AF?(Zrlr3) [2] 

which can be rationalized by considering reactions such 
as: 

Zr21r + Zr ~ Zr3Ir 

and 

-~Zrlr3 + -~Zr -- -~Zrlr2 

where AF~x <-- O. The AF~'s expressed in Inequalities 
[I] and [2] have units of kcal/mol; the AF)~'S in Table Vll 
are expressed in kcal/g-atom. These same inequalities 
can be derived by considering free energy diagrams as 
presented by Darken and Gurry. 89 Using Inequality [2] 
along with the inequality ~F~(Zrlr3) -< -44.2 kcal/mol, 
the limits of Table Vll can be obtained. Inequality [1] 
would be used if there were any compounds to the irid- 
ium-rich side of Zrlr3. 

The ternary systems represented in Fig. 4 are dif- 
ferent. For ruthenium alloys it has experimentally 
been determined at 1770 K that ruthenium (0.75 at. put 
Zr) exists in equilibrium with the carbon and the ZrC 
phases and that the ZrRu2 and the ruthenium (1.15 at. 
put Zr) binary phases exist in equilibrium without the 
presence of both carbon and ZrC. The experimental de- 
tails used to obtain these conclusions have been covered 
in Sections III-C and III-D. From this information the 
AF~(ZrRu2) can be calculated and additional phase dia- 
gram data used to fix the Gibbs energy of ZrRu, the 
only other known Zr-Ru intermediate phase. 

From the three phase equilibrium of C, ZrC, and Ru 
(0.75 at .  put Z r )  a t  1770 K, a z r  = 10 -5.46 and YZr (0.75 
at .  put Z r )  = 10 -3"a35 as  ca l cu l a t ed  p r e v i o u s l y .  In P a r t  
A of th i s  Appendix ,  it  was  a s s u m e d  that  l o g y z r  was  p r o -  
po r t i ona l  to the squa re  of the mole  f r ac t ion  of r u then -  
ium to e x t r a p o l a t e  to 0 put Z r .  The s a m e  a s sumpt ion  
can be made  to e x t r a p o l a t e  f rom 0.75 at .  pct  to 1.15 
at .  put Z r .  

l o g y z r  (1.15 a t .  put Z r )  = -3 .335(0 .9885/0 .9925)  2 

= - 3 . 3 1  

and 

l o g a z r  = - 3 . 3 1  - 1.94 = - 5 . 2 5  

F o r  such a d i lu te  so lu t ion ,  the ac t iv i ty  of ru then ium 
can be a p p r o x i m a t e d  by i ts  mole  f r ac t ion ,  aRu (1.15 a t .  
put Z r )  = 0.9985. As ru then ium (1.15 a t .  pc t  Zr )  is  in 
e q u i l i b r i u m  with ZrRu2 at  1770 K, the a c t i v i t i e s  of z i r -  
conium and ru then ium mus t  be the s a m e  for  the two 
p h a s e s .  Since AF~(ZrRu~) = 2.303RT loglo(aZr)(aRu) 2, 
AF~(ZrRu2) = 4.576(1770)(-5.25 - 2 • 0.005) = - 4 2 . 5  
k c a l / m o l  or  - 1 4 . 2  k c a l / g - a t o m  at  1770 K. This  va lue  
i s  b a s e d  on the v a r i o u s  e x p e r i m e n t a l l y  d e t e r m i n e d  con-  
c e n t r a t i o n s  of z i r c o n i u m .  F r o m  the m i c r o p r o b e  a n a l -  
y s i s  of a Zr0.6Ru99.4 t e s t  s t a n d a r d ,  the z i r c o n i u m  con-  
c e n t r a t i o n s  a r e  in e r r o r  by l e s s  than •  put of the 
amount  p r e s e n t ;  the c o r r e s p o n d i n g  e r r o r  a s s o c i a t e d  
with the ca l cu l a t ed  AF~(ZrRu2) is  •  k c a l / m o l  o r  
•  k c a l / g - a t o m .  In the ca l cu la t ions  i t  was  a s s u m e d  
that  l o g y z r  v a r i e s  a s  (XRu) 2 be tween  0.75 and 1.15 at .  
pc t  Zr  and that  VRu ~1 1 f rom 0 to 1.15 a t .  put Z r .  

Raub and R(Sschel 7 r e p o r t  that  ZrRu2 d e c o m p o s e s  
below 1570 K to ZrRu  and ru then ium.  At 1570 K, AFf  
(ZrRu2) = AFf (ZrRu) .  Ex t r apo la t ion  of the ZrRu2 va lue  
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f rom 1770 K yie lds  6Ff (ZrRu)  = - 4 3  :~ 3 kcal//mol at 
1570 K. 

A s i m i l a r  p rocedure  can be followed for the Z r - A u  
a l loys .  The calculat ion is  more  involved because  the 
equi l ib ra t ion  of C, ZrC,  and Au (9.5 at.  pct Zr)  was 
done above the mel t ing  points  of gold and ZrAu4 and 
the zXF)~'s a re  des i r ed  for solid a l loys .  

It has been  expe r imen ta l ly  de te rmined  that graphi te  
and ZrC a r e  in equ i l ib r ium with gold (liquid, 9.5 • 3.5 
at.  pct Zr)  at 1770 K and that ZrAu4 is in equ i l ib r ium ~7 
with gold (solid, 7.3 at .  pct Zr)  and gold (liquid, 5.9 at .  
pct Zr)  at 1340 K. F r o m  AF)~(ZrC) we calculated a z r  
= 10 -5.46 and 7Zr = 10 -4.44 at 1770 K. The assumpt ion  
that log~zr  v a r i e s  as the square  of the mole f rac t ion  of 
gold y ie lds  l o g y z r  (5.9 at .  pct_Zr,  1770 K) = - 4 . 4 4  
x (0.941///0.905) 2 = - 4 . 8  and AF~rS = 2.303R(1770)(-4.8) 
= - 3 9  k c a l / m o l  at 1770 K. The a s sumpt ion  of an excess  
pa r t i a l  mola l  ent ropy of - 3  cal//K mol yields  ~ F ~ r  s 
= - 4 0  kcal//mol at 1340 K or  YZr (5.9 at ,  pct Zr)  = 10 -6"5. 
Thus az r  = 10 -~'7 for gold (liquid, 5.9 at .  pct Zr) ,  gold 
(solid,  7.3 at .  pct Zr) ,  and ZrAu4 at 1340 K. For  gold 
(solid, 7.3 at .  pct Zr) ,  l o g 7 z r  = - 6 . 6  and the value of 
l og~z r  (0 at.  pct Zr)  =-6.6~/~0.927) 2 = - 7 . 7  at 1340 K. 
To calcula te  AF/~ of ZrAu4, we mus t  obtain the act ivi ty  
of gold in e i ther  the 5.9 at.  pct Zr  l iquid or the 7.3 at .  
pct Zr sol id.  Es t ima t e s  range  f rom 0.84 to 0.88. AF~ 
(ZrAu4) = 2.303R(1340)[- 7.7 - 4(0.06) ] = - 4 9  k c a l / m o l  at 
1340 K. If one cons ide r s  the unce r t a in t i e s  of the d e t e r -  
mina t ion  of the concen t ra t ion  of z i r con ium in equi l ib-  
r i u m  with ZrC and graphi te ,  the r e su l t ing  uncer ta in ty  
in log~zr  is  r e p r e s e n t e d  by log~zr  (liquid, 5.9 at.  pct 
Zr ,  1340 K) = - 7 . 7  • 0.03 and the uncer ta in ty  in the 
Gibbs ene rg ie s  is • kcal//mol Zr .  If ZrAth d i sp ropo r -  
t iona tes  at  a round 1400 K to ZrAu~ plus a l iquid with 
about 8 at .  pct Zr  (aAu ~ 0.8) as  indicated by Shunk, 17 
then Z~F~(ZrAu3) = - 4 8  kcal//mol at 1400 K. L imi t s  of 
the AF~ of other  Z r - A u  a l loys  given in Table VII follow 
d i rec t ly  f rom Inequal i t ies  [1] and [2]. 

Although the C - Z r - R e ,  C - Z r - O s ,  and C - Z r - A g  phase 
d i ag rams  a re  also of the type r ep re sen t ed  in Fig.  4, the 
method of e s t ima t ing  AF~ of these  compounds r e p r e -  
sen ts  s t i l l  another  case .  Since carbon r eac t s  with al l  
b ina ry  compounds of Zr  with Re, Os, and Ag to form 
ZrC,  all  of these  compounds mus t  have ZXF~ values  
more  posi t ive than that of ZrC.  The l imi t s  given in 
Table VII for Z r - R e  phases  were  obtained in this m a n -  
ne r .  For  o s m i u m  and s i l ve r ,  c loser  l imi t s  can be 
placed.  F r o m  Table III, the o smium phase in equiI ib-  
r i u m  with ZrC + C at 1800 K contains  l e s s  than 0.059 
at. pct Zr .  The value of VZr -> 10-2"1 from Table VI was 
calcula ted f rom 5FT(ZrC) .  The max imum solubi l i ty  of 
z i r con ium in o s m i u m  has been es t ima ted  5 at 15 at. pct.  
At 1800 K, the solubi l i ty  should be reduced  to about 10 
at.  pet.  The a s sumpt ion  of log ~Zr = wX~)s  yields  log ~Zr 
> - 1 . 7  and l o g a z r  > - 2 . 7  at Xos = 0.9. A reasonab le  
l imi t  to aos at X = 0.9 is  >0.84. AF~(ZrOs2) > 2.303R 
• (1800)(-2.7 - 0 . 1 4 )  = - 2 3  kcal/ /mol.  The l imi t s  for 
the other  Z r - O s  phases  were  obtained from Inequali ty 
[1]. 

It is poss ib le  to obtain a c loser  l imi t  for the ZxF~ 
of the s i lve r  compounds by using the phase d iag ram ~5'~ 
that indica tes  that ZrAg is in equ i l ib r ium with s i l ve r  
l iquid containing 2.9 at.  pct Zr  at 1228 K. The data of 
Table  IV indicate  the ZrC + C a re  in equ i l ib r ium with 
s i lve r  l iquid containing l e s s  than 0.05 at.  pct Zr at 
1680 K. F r o m  the AF)~ value of ZrC in Table V, ~ F ~ r  s 

= - 4 4 . 6  kcal//mol in this  solut ion.  The a s sumpt ion  of 
ZX~ cs = 4 cal//K mol for Zr(s)  = Zr(Ag liquid solution) 
yields  A f t  x s  > --42.8 kcal//mol for a s i lve r  l iquid so lu -  
tion at 1228 K containing 0.05 at .  pct Zr .  This  c o r r e -  
sponds to a z r  > 10 -7.6 and TZr > 10-4"3. The a s sumpt ion  
that logVzr v a r i e s  as the square  of the s i lve r  mole 
f rac t ion  yie lds  ~Zr > 10-4"~ and a z r  > 10 -5.6 for a s i lve r  
l iquid solut ion with 2.9 at.  pct Zr .  The s i lve r  act ivi ty  
is  close to unity,  so tXF~(ZrAg) > 2.303R(1228)(-5.6) 
= - 3 1  kcal//mol at 1228 K. Through use of Inequal i ty  
[1], AF~(-~ZrAg) > - 3 1  kcal//mol.  P r a v o v e r o v  and 
Kolonin 9~ have repor ted  the solubi l i ty  of ZrAg in s i l ve r  
solid at 1176 K to be 0.17 at .  pet Zr  f rom which one 
can calculate  logTzr  > - 3 . 1  in solid s i lve r  at 1175 K. 

The equi l ib r ia  between T a - O s  phases  and the TaCx 
phase were  reviewed in Section VI-A. Thei r  evaluat ion 
r e q u i r e s  va lues  of ZXF~(TaCx) at 2700 K as  a function of 
x. Extrapolat ion of the va lues  for TaCo.5 and TaC in 
Table  V to 2700 K yield - 22 .0  and - 3 5 . 3  kcal/ /mol,  r e -  
spect ive ly .  The Gibbs energy  funct ions tabulated by 
Storms 39 for NbCo.5, NbCo.75, and NbCo.97 se rve  as  
guides for the es t imat ion  of cor responding  va lues  for 
the tanta lum carbide  phases  including some cont r ibu-  
t ion for randomiza t ion .  These  Gibbs energy  funct ions 
together  with the equation 39 for var ia t ion  of the enthalpy 
of fo rmat ion  of TaCx as a function of x yield ZXF~ 
= - 2 7 . 5  • 2, - 2 8  • 2, and - 3 3 . 5  • 2 kcal//mol,  r e s p e c -  
t ively,  for TaCo.7o, TaCo.74, and TaCo.92, AF~loo = 35.3 
kcal for TaC = Ta + C yie lds  aTa=  10 -2.9 for carbon  
sa tu ra ted  TaC. ZXF ~ = 8 kcal for 3.5TaCo.5 = 2.5TaCo.7 
+ Ta and AF ~ = 28 kcal for 5Tao.7 = 5TaCo.5 + C yield 
aTa = 10 -~ and a C = 10 -e'3 for the m e t a l - r i c h  end of the 
TaC phase reg ion  at 2700 K, Hoch e t  a l .  9~ r epor t  a c for 
TaCx as  a function of x; their  r e s u l t s  have been modi -  
fied to fit the boundary  va lues .  For  TaCo.7o at 2700 K, 

= 10 -o.8 = 10 -2.a = 10 -0.8 aTa and a C . For  TaCo.74, aTa 
and a c  = 10 -1"9. For  TaCo.92, aTa = 10 -~'7 and ac = 10 -~'~. 
These va lues  of aTa yield 6 F ~  = - 2 1 ,  - 1 0 ,  and - 8  
kcal//mol for TaRe3.9, TaRe1.85, and TaRe1.5 r e s p e c -  
t ively,  a s suming  unit  act ivi ty  of rhen ium.  The ac t iv i ty  
of rhen ium should be close to unity for TaRea.6, but the 
ZXF~ va lues  for the other  two phases  must  be upper 
l imi t s .  Inequali ty [1] se ts  lower l imi t s .  These  va lues  
a re  tabulated in Table  XII as  kcal / /g-a tom.  
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