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Equat ions  a r e  developed for  p red ic t ing  the ac t iv i ty  coeff ic ients  of oxygen d isso lved  in t e r -  
n a r y  l iquid a l loys .  These  a r e  ex tens ions  of e a r l i e r  t r e a t m e n t s ,  and a re  based on a model 
in which each oxygen atom is a s s u m e d  to make four bonds with ne ighbor ing meta l  a toms .  
It is  a l so  postula ted that the s t rong  oxygen-meta l  bonds d i s tor t  the e lec t ron ic  configurat ion 
a round the me ta l  a toms bonded to oxygen, and that the quant i ta t ive  reduct ion of the s t rength  
of bonds made by these  a toms with a l l  of the adjacent  meta l  a toms is  equivalent  to a factor  
of approx imate ly  two. The p red ic t ions  of the quas i chemica l  equation which is der ived  ag ree  
sa t i s f ac to r i ly  with the pa r t i a l  mo la r  f ree  ene rg ie s  of oxygen in Ag-Cu-Sn  solut ions  at 1200~ 
repor ted  in l i t e r a t u r e .  An extension of this  t r e a t m e n t  to mul t i component  solut ions  is  a lso 
indicated.  

K N O W L E D G E  of the act ivi ty  coeff ic ients  of oxygen in 
q u a t e r n a r y  and mul t i component  solut ions  a r e  of i n t e r -  
est  in the control  and design of ex t rac t ive  p r o c e s s e s .  
In spi te  of the r e s e a r c h  efforts  of the las t  30 y e a r s ,  
the re  is  only one r epor t ed  inves t iga t ion  t of the ac t iv i -  
t i es  of oxygen in a t e r n a r y  meta l l i c  solvent  which 
covers  the whole range  of a t e r n a r y  composi t ion t r i -  
angle .  This  lack of in format ion  and the tedious expe r -  
imenta t ion  r e q u i r e d  to genera te  such data encourages  
the development  of a solut ion model  which will  enable 
the p red ic t ion  of the p r o p e r t i e s  of oxygen with useful  
a ccu racy  in va r i ous  complex solut ions  f rom b ina ry  
data.  

The t he rmodynamic  p r o p e r t i e s  of a t e r n a r y  r e gu l a r  
solut ion may be expressed  in th ree  different  ways:  

i) Me i j e r ing  2 has  shown that 

AG~A+B+C) = AH(A+B+C ) = NANB~AB + NANC~AC 

+ NBNC[3BC 

where  

[ 3 A B = - Z N ' I E A t 3 - ( E A A  ; E B B ) l a n d s o f o r t h [ 1  ] 

and 

A#~(A+B+C) = AHA(A+B+C) 

= #Aa~VB(WB + NC) + #ACNC(NB + NC) 

- NSNC~BC [2] 
ii) The value  of hG~A+B+C) may a lso  be exp re s sed  

in t e r m s  of b ina ry  va lues  of AG E along composi t ion 
paths  where  N A and NB/N C a r e  constant ,  3 as  shown in 
Fig .  1. 

AG~A+B+C) _ NB AG(A+B) + N C 
RT (1 - NA) RT (1 - Yg) 

~C?A+C)] . (1 N A )  2 
• RT .JNA 

• , [a] 
L RT .]NB/N C 
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It follows that 

e I NB E AliA(A+B+C) = , ~  Al'tA(A+B) 

A E 
+ ~ P'A(A+C) NA 

- (1 --NA)2[AGfB+Cl]N~/Nc [4] 

iii)  The th i rd  a l t e rna t e  express ion  3 in t e r m s  of b i -  
n a r y  va lues  of AG E along composi t ion paths with con-  
s tant  NA/NB, NB/N C and NA/Nc,  shown in Fig.  2, is:  

E - .z[AG(A+B) AG(A+B+C) = (1 
Rr - ~ c ~  ~ R~ NA/N~, 

- . 2 / A c ~ + c l  
+ ( 1 -  NA~ ~, R T  )NB/Nc 
+ (1-- NB)2(AG~R~+C) )NA//N C [5] 

The pa r t i a l  mo la r  p rope r t i e s  a re  given by exp re s s ions  
of the type 

A 

~ ~I ~st. 

~ ~ E I A  N B / N C  : cor~l : .  

E 
+C) ' /~G(A+C) 

c) 

B c 

Fig. 1--Location of binary data points used in Eqs. [3] and [4]. 
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E 
A It B (A+B+C) E = [(1 -- Nc)AP.B(A+B) 

+ NC(1 -- Nc)AG~A+B ) ]NA/N B 

+ [(1 - NA)ApEB(B+C) 

* NA(1 -- NA)AG~+c) ]NB/Nc  

(1 N z E 
- - B) [ C(A+C ]NA/NC [6] 

Olson and Toop a have shown that the excess  f ree  en-  
ergy of n o n r e g u l a r  l iquid solut ions  fo rmed  by th ree  
me ta l l i c  cons t i tuen ts  may be obtained in an empi r i ca l  
m a n n e r  f rom the data on the th ree  b i n a r i e s  involved,  
even though the b i n a r i e s  do not conform to a s imple  
r egu l a r  behavior .  The second and th i rd  t r e a t m e n t s  
shown above a r e  more  useful  for the emp i r i c a l  ca lcu-  
la t ion of b ina ry  excess  f ree  ene rg i e s  for  nonr~gu la r  
s y s t e m s ,  because  the exper imen ta l  b ina ry  AG va lues  
may be used d i rec t ly  in these  exp re s s ions  r a the r  than 
averaged  va lues  for the cons tan ts  ~AB,  and so for th ,  
in Eqs.  [1] and [2]. However,  the second method of 
r e p r e s e n t a t i o n  has been shown a to give different  r e s u l t s  
for the excess  t e r n a r y  f ree  energy sur face  of a non-  
r egu l a r  solut ion,  depending on the choice of component  
subsc r i p t s .  Eqs.  [5] and [6] a r e  the re fo re  most  su i t -  
able  for ca lcu la t ing  AG~+B+C) and the act ivi ty  coeffi-  
c ients  of A, B, and C in a t e r n a r y  solut ion,  fo rmed  by 
three  me ta l l i c  cons t i tuen ts .  

Based on a r egu l a r  solut ion model ,  the pa r t i a l  m o l a r  
f ree  energy  of solut ion of oxygen d isso lved  in a t e r n a r y  
al loy may be expressed  by the re la t ion  

APO(A+B+C) = N A A ~ o ( A  ) + NBAP.O(B) + NCAI.~O(C) 

E 
-- AG(A+B+C ) [7] 

Judging f rom the r e s u l t s  which a r e  obtained when 
applying the r egu l a r  solut ion equation to oxygen d i s -  
solved in b i n a r y  a l loys ,  th is  s imple  express ion  is  not 
expected to p red ic t  ac t iv i ty  coeff ic ients  of oxygen with 
suff icient  accu racy .  Equat ions  that have been found 4'5 
to give a good fit to expe r imen ta l  data on oxygen in 
solut ion in b ina ry  al loys a re  based on a model  in which 
each oxygen a tom is a s sumed  to make four bonds with 

? 

Fig. 2--Location of binary data points used in Eqs. [5] and [6]. 

meta l  a toms  a round it .  These  s t rong me ta l -oxygen  
bonds a r e  a s s u m e d  to d is tor t  the m e t a l - m e t a l  bonds 
made by metal  a toms  which a r e  bonded to oxygen, and 
the effect is the s ame  as  a reduct ion in these  bond en-  
e rg ie s  or  bond n u m b e r s  by a factor  of two. In fo rma-  
t ion now avai lab le  on the act ivi ty  of oxygen in b ina ry  
a l loys  can be sa t i s f ac to r i ly  pred ic ted  when the r educ -  
t ion in m e t a l - m e t a l  bond ene rg ie s  a r e  cons ide red  to 
be independent  of the s t rength  of me ta l -oxygen  bonds.  
This  t r e a t m e n t  will  now be extended to qua t e rna ry  
so lu t ions .  

Ana lys i s  of the geomet ry  of l iquids in t e r m s  of the 
r andom closed packed hard  sphere  model  by Be rna l  
and coworkers  ~ indicate  that 73 pct of the holes  in the 
liquid a re  t e t r a he d r a l  and 20 pct a r e  ha l f -oc tahedra l .  
While the i r  conc lus ions  a r e  not d i rec t ly  appl icable  to 
typical  t e r n a r y  meta l l i c  so lu t ions ,  a bond n u m b e r  of 
four for  oxygen is  in r ea sonab l e  ag reemen t ,  if oxygen 
a toms are  a s sumed  to occupy the i n t e r s t i t i a l  pos i t ions  
in the al loy.  

DERIVATION OF EQUATIONS 

In the genera l  case ,  let  each oxygen atom make X 
bonds with meta l  a toms .  The f rac t iona l  d e c r e a s e  
( 1  - a)  in the ene rg i e s  of m e t a l - m e t a l  bonds made by 
me ta l  a toms bonded to oxygen can be quant i ta t ive ly  
t rea ted  by defining a as 

Z E  - Z E  x Z E  - ZXE 
Z E  Z E  

where  Z is the n u m b e r  of m e t a l - m e t a l  bonds made by 
each atom in the absence  of oxygen, and Z x is  the n u m -  
be r  of such bonds made by meta l  a toms that  a re  bonded 
to oxygen. Since the chemica l  bond models  t r e a t  a 
product  of bond energy  and bond n u m b e r ,  a dec rea se  in 
the energy  of Z bonds f rom E to E x can be wr i t t en  in 
an equiva lent  way as a dec rea se  in the n u m b e r  of bonds 
f rom Z to Z x, each bond being assoc ia ted  with an en -  
ergy E.  

The oxygen atom is in t roduced into the meta l  af ter  
a hole has been made by r emov ing  a meta l  a tom to 
the sur face .  Then each oxygen atom f o r ms  X bonds 
with meta l  a toms around it .  The r e m a i n i n g  bonds 
which are  b roken  in c rea t ing  the hole and in fo rming  
X meta l -oxygen  bonds are  r e m a d e ,  so that al l  meta l  
a toms not bonded to oxygen make Z bonds,  and those 
bonded to oxygen make Z x bonds.  Then,  

AHo(A) = N '  [-yDo2+ E A A ( ~ ) X - X E o A ]  [8] 

and so for th ,  where  N '  is Avogadro ' s  n u m b e r ,  D is 
the d i s soc ia t ion  ene rgy ,  and E A A  and so forth are  the 
ene rg i e s  of pa i rwise  in t e rac t ion .  

If there  a re  la rge  d i f fe rences  in the ene rg i e s  of A -  
O, B-O,  and C-O bonds ( i .e . ,  EOC >> EOB >> EOA),  
then there  would be p r e f e r e n t i a l  c l u s t e r i ng  of B and 
C atoms around oxygen a toms.  When the A, B, and C 
a toms have a t ta ined the equ i l i b r ium d i s t r ibu t ion  
around each oxygen atom,  co r re spond ing  to a m i n i m u m  
in the f ree  energy  of mixing of the q u a t e r n a r y  so lu -  
t ion,  the f ree  energy  changes assoc ia ted  with exchange 
r e a c t i ons  

A - O  + B - A v  ~ B - O  + A - A v  [9 ] 

A - O  + C - A v  ~ C-O + A - A v  [10] 
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m u s t  be z e r o .  In o ther  w o r d s ,  when the e q u i l i b r i u m  
conf igura t ion  i s  a t t a ined ,  t h e r e  is  no d r iv ing  f o r c e  for  
changing an A - O  bond to a B-O bond by the exchange 
of an A a tom in the f i r s t  coord ina t ion  she l l  of an oxy-  
gen a tom with a B a tom in the vo lume of the me l t .  
The  ene rgy  change accompany ing  r e a c t i o n  [9] i s :  

A E  = N'[EOA + (Z - ZX)(NBEBB + NAEAB 

+ NcEBC) - EOB - (Z - zx)(NAEAA + NBEAB 

+ N C E A C ) ]  [11] 

Combining  Eqs .  [8] and [11], 

AE = --AHO(A) + AHo(B) 
X + N ' ( Z  - z X ) ( N B E B B  

+ N A E A B  + N C E B C )  + N '  (Z  -~ z X ) . E A A  

- N ' ( Z  - z X ) ( N A E A A  + N B E A B  + N C E A C )  

- N' (Z  --2z_~X) EBB 

AE = ~ H o ( A )  + AHo(B) + E A B N ' ( Z  - Z x) 
X 

• [NA - NB ] -- N ' ( Z  - z X ) ( N A  - NB)  

- E A C N ' ( Z  - Z X ) N c  + 

. , < . _  

AE = --AHo(A) + AHO(B) + 
X 

(NA - N B ) N ' ( Z  - Z x) x [EAB -- EAA; EBB] + 

N c N ' ( Z -  Z x) x [ E B c  - - E B B ;  ECC I _ 

N c N ' ( Z - z x )  x [EAC EAA; ECC] 

Noting that  f r o m  Eq.  [2], 

AH A(A+B+C) -- &HB(A+B+C) = [3 A B ( N B  -- N A) -- J B C N C  

+ [3ACN C 

the enthalpy of the exchange r e a c t i o n  may  be wr i t t e n  as  

AH ,m AE = --AHO(A) + AHo(B) + 
X 

(z  - Z x) 
Z • (aliA(A+B+C) --AHB(A+B+C) ) [12] 

Fo l lowing  the method used  in the e a r l i e r  pape r  5 the 
en t ropy  change a s s o c i a t e d  with the exchange r e a c t i o n  
can be e x p r e s s e d  by:  

E E AS = --ASE(A) + AsE(B) + AS.4(A+B+C) - AS~(A+B+C) - 
X Z 

+ R  in N__~ + R l n  NB [13] 
N~ N A  

where  N ~  and NOB a r e  the f r a c t i o n s  of A and B a toms  
in the m e t a l  a toms  bonded to oxygen.  By combining  
Eqs .  [12] and [13] and equating the f r ee  ene rgy  change 

of the exchange r e a c t i o n  to z e r o ,  i t  i s  found that  

N~ N A  \YO(B) / \YA(A+B+C)/ 

S i m i l a r l y  by equat ing the f r e e  ene rgy  change for  the 
exchange  r e a c t i o n  [10] to z e r o ,  one obta ins :  

NYA N A  \'YO(C) / \TA(A+B+C) 

By r e a r r a n g i n g  Eqs .  [14] and [15] and r e m e m b e r i n g  
that  

N~4 + NOB + N~ = 1 

the fol lowing equat ions  a r e  obtained:  

NA [16] 
N~ = N A  + K~NB + K2Nc 

K~NB [17] 
N ~  = N A  + K~NB + K2Nc 

g2mc [18] 
N~ = N A  + K1NB + K2Nc 

where  

. 1 =  ~ 
\'Yo(B)/ \TA(A+B+C)/ 

and 

~IX Z c~ ( c<,,+.+c> / 
K2 = \YO(B) / \YA(A+B+C) ] 

Having thus c a l c u l a t e d  the number  of O - A ,  O - B ,  and 
O-C bonds in so lu t ion ,  the p a r t i a l  hea t  of so lu t ion  of 
oxygen in A + B + C solu t ion  can be c a l c u l a t e d  by s u m -  
ming up the e n e r g i e s  of bonds made and b roken  in i n -  
t roduc ing  an oxygen a tom into the t e r n a r y  a l loy ,  us ing  
a p r o c e d u r e  s i m i l a r  to tha t  employed  in eva lua t ing  the 
ene rgy  change a s s o c i a t e d  with the exchange r e a c t i o n s  
[9] and [10]. 

AHo(A+B+C) = N~A [AHo(A) -- Xot AH A(A+B+C) ] 

+ NOB [AHo(B) -- XOt AHB(A+B+C) ] 

+ N~c[AHo(c) - X a  AHc(A+B+C)] [19] 

The  e x p r e s s i o n  for  the p a r t i a l  m o l a r  en t ropy  of oxygen 
in the t e r n a r y  a l loy  would conta in  t e r m s  r e p r e s e n t i n g  
the v i b r a t i o n a l  and conf igu ra t iona l  con t r ibu t ions  due to 
c l u s t e r i n g  around the oxygen a tom.  Fo l lowing  the p r o -  
c edu re  out l ined in the e a r l i e r  p a p e r  s 

ASo(A+B+C) = (N~ ASo(A) + NOB ASO(B) + N~ ASo(c)  ) 

N g?a g ~  -XR ~4 In ~-~ + N~ in NB 

N t  
+ NC in N-C-c) - X~176 AS~(A+B+r 

+ N ~  E AS B (A+B+C) + N ~  ASE(A+B+C)) [20] 

The t e r m s  in the f i r s t  b r a c k e t  r e p r e s e n t  the sum of 
idea l  and e x c e s s  v i b r a t i o n a l  con t r ibu t ions ;  the t e r m s  
in second  and th i rd  b r a c k e t s  denote conf igura t iona l  
e x c e s s  en t ropy  con t r ibu t ions .  By combining  Eqs .  [19] 
and [20], the p a r t i a l  m o l a r  f r e e  ene rgy  of so lu t ion  of 
oxygen i s  obta ined  as :  

E 
AI3.0(A+B+C) = N~ - Xot AId.A(A+B+C)) 

E + N)3 (Apo(B) -- Xot AP.B(A+B+C)) 
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E + N~  (A ~tO(C) -- Xot At.tC(A+B+C)) 

(N~4 N~4 N_~ + X R T  In ~ + N ~  In NB 

+ N ~  In N ~  [21] 
NC / 

By e x p r e s s i n g  the  p a r t i a l  m o l a r  f r e e  e n e r g i e s  in E q .  
[21] in  t e r m s  of a c t i v i t y  c o e f f i c i e n t s  and  s i m p l i f y i n g  
the  r e s u l t i n g  e x p r e s s i o n s ,  i t  c a n  be  s h o w n  that :  

c~ 7c~ a N A (y A(A+B+C) ~ + + 
�9 ~ I X  ] ~ 1 I X  I I ~ I X  / 
\ TO(A) . \ NO(B) ! \ NO(C) / 

"/ O(A +B+C) 

DISCUSSION 

B l o c k  and Stuve  ~ have  m e a s u r e d  the  p a r t i a l  m o l a r  
f r e e  e n e r g y  of s o l u t i o n  of oxygen  at  one  a t o m  p e r c e n t  
c o n c e n t r a t i o n  in A g - C u - S n  a l l o y s  a t  1200~ o v e r  the  
w h o l e  r a n g e  of the  c o m p o s i t i o n  t r i a n g l e .  T h e i r  r e s u l t s  
f o r  the  f r e e  e n e r g y  of s o l u t i o n  of oxygen  in p u r e  s i l v e r  
and c o p p e r  a r e  in good  a g r e e m e n t  w i t h  o t h e r  p u b l i s h e d  
d a t a ;  7'4 t h e i r  v a l u e  f o r  oxygen  in p u r e  t in  i s  a p p r o x -  
i m a t e l y  4 kj m o r e  n e g a t i v e  than  t h o s e  c a l c u l a t e d  f r o m  
the  r e s u l t s  of A l c o c k  and B e l f o r d ,  8 C a r b o ,  9 and F i s h e r  
and  A c k e r m a n n .  z~ T h e  r e s u l t s  of B l o c k  and  Stuve  f o r  

the  f r e e  e n e r g y  of s o l u t i o n  of o x y g en  in  b i n a r y  C u - S n  
and A g - C u  a l l o y s  a r e  in  r e a s o n a b l e  a g r e e m e n t  w i th  
t h o s e  o b t a i n e d  by o t h e r  i n v e s t i g a t o r s .  11'12 In v i e w  of 
t h i s ,  t h e i r  r e s u l t s  f o r  the  s o l u t i o n s  of o x y g en  in the  
t e r n a r y  a l l o y s  m a y  be  c o n s i d e r e d  to  be  s u f f i c i e n t l y  
r e l i a b l e  to t e s t  the  e q u a t i o n s  w h i c h  w e r e  d e r i v e d  a b o v e .  
S ince  the  p a r t i a l  m o l a r  f r e e  e n e r g y  s u r f a c e  of oxygen  
a t  1200~ v a r i e s  s h a r p l y  f r o m  - 6 9 0 0  j o u l e s  in p u r e  
s i l v e r  to  - 7 5 ,9 7 5  j o u l e s  in p u r e  c o p p e r  and -147 ,350  
j o u l e s  in p u r e  t in  a c r o s s  the  t e r n a r y  t r i a n g l e ,  the  A g -  
C u - S n - O  s y s t e m  p r o v i d e s  a c r i t i c a l  t e s t  f o r  the  t h e -  
o r e t i c a l  m o d e l .  

I t  h a s  b e e n  s h o w n  in an e a r l i e r  p a p e r  5 t h a t  the  a c -  
t i v i t y  c o e f f i c i e n t s  of o x y g en  in a n u m b e r  of b i n a r y  
a l l o y s  can  be  p r e d i c t e d  u s i n g  a m o d e l  in  w h i c h  e a c h  
o x y g en  i s  a s s u m e d  to  m a k e  fou r  b o n d s ,  and the  f r a c -  
t i o n a l  d e c r e a s e  (~) in e n e r g i e s  of b o n d s  b e t w e e n  m e t a l  
a t o m s  b o n d ed  to o x y g en  w a s  a s s u m e d  to be  e q u a l  to 
0 .5 .  Eq .  [22] t hen  r e d u c e s  to: 

1 ~ A(A+B+C) Nn]  B(A B + C ) |  
114 = NA / 1/4 + zJ / 114 / 

\ O(A+B+C)/ X TO(A) \ "/O(B) ] 
/ 112 ) 

,, I~C(A+B+C) [23] 
+ l v C / -  ~ - 

\ 7o (c )  

U s i n g  the  b i n a r y  d a t a  on C u - A g  and C u - S n  a l l o y s  o b -  
t a i n e d  f r o m  the  s u p p l e m e n t s  to the  c o m p i l a t i o n  of 

Table I. Comparison of Calculated and Predicted Values for the Chemical Potential of Oxygen in Ag + Cu + Sn Alloys at 1200~ (Joules per Mole) 

Properties of Ag + Cu + Sn Solution Calculated -/~PO(Ag+Cu+Sn) 
Using Eqs. [5] and [6] APo(Ag+Cu+Sn ) Proposed Model; 

NAg NCu Nsn AtaEg Ata~u ~tlEn ~G E Measured Values Eq. [23] 

APO(Ag+Cu+Sn) 
Regular Solution 
Model; Eq. [7] 

0.8 0.1 0.1 469 7,761 -8,464 301 58,746 56,260 28,226 
0.7 0.1 0.2 456 6,040 -7,769 -632 78,939 74,385 41,328 
0.6 0.1 0.3 -1,072 4,173 32,818 - 1,209 97,584 94,478 54,786 
0.5 0.1 0.4 -1,452 1,758 -2,177 -1,410 110,016 107,078 68,621 
0.4 0.1 0.5 -1,498 883 -1,687 - 1,528 118,769 116,370 82,539 
0.3 0.1 0.6 1,486 -3,596 -1,147 - 1,490 126,945 124,742 96,638 
0.2 O. 1 0.7 - 1,461 -6,304 -7,535 - 1,423 133,236 132,277 109,853 
0.1 0.1 0.8 -1,365 -9,017 -159 -1,168 138,540 139,100 124,755 
0.7 0.2 0.1 1,214 4,734 - 10,021 963 64,150 60.571 35,780 
0.6 0.2 0.2 1,222 2,524 -8,204 -398 80,748 80,915 48,461 
0.5 0.2 0.3 84 645 -3,993 -1,025 99,920 97,115 61,869 
0.4 0.2 0.4 167 -1,498 -2,980 -1,423 111,356 107.036 75,507 
0.3 0.2 0.5 502 -3,759 -2,152 -1,674 120,285 116,956 89,291 
0.2 0.2 0.6 829 5,994 -1,574 -1,976 127,485 125,287 103,026 
0.1 0.2 0.7 1,298 -8,422 854 -2,152 134,161 132,989 116,886 
0.6 0.3 0.1 2,365 2,327 -12,181 900 69,140 64,130 42,622 
0.5 0.3 0.2 2,344 12 -8,405 -1,561 82,389 80,162 54,196 
0.4 0.3 0.3 2,038 -2,206 -4,479 -1,189 101,247 96,362 68,604 
0.3 0.3 0.4 2,537 -4,253 -3,223 - 1,804 111,624 107,873 82,025 
0.2 0.3 0.5 3,186 -6,208 -2,189 -2,319 121,423 117,836 95,545 
0.1 0.3 0.6 3,751 8,355 -1,256 -3,257 129,481 126,082 108,643 
0.5 0.4 0.1 3,893 791 -15,061 758 72,765 66,432 49,378 
0.4 0.4 0.2 3,776 1,812 -7,468 707 85,022 83,092 61,949 
0.3 0.4 0.3 4,500 -4,370 -4,906 1,871 102,390 97,576 74,820 
0.2 0.4 0.4 5,634 - 6,438 3,039 2,662 113,382 109,129 88,065 
0.1 0.4 0.5 6,341 - 8,338 -1,716 3,558 123,625 119,092 105,391 
0.4 0.5 0.1 5,789 -297 -17,045 460 75,444 69,069 55,979 
0.3 0.5 0.2 6,019 5,643 8,660 -958 87,425 82,644 68,596 
0.2 0.5 0.3 7,489 -5,793 -4,998 -2,897 104,244 98,287 80,693 
0.1 0.5 0.4 8,904 -7,869 2,830 4,173 114,864 110,175 93,452 
0.3 0.6 0.1 7,727 -624 -22,818 335 79,325 71,204 62,082 
0.2 0.6 0.2 9,117 -4,295 -9,837 -2,721 89,618 84,850 73,732 
0.1 0.6 0.3 12,512 -6,597 -4,785 -4,139 103,628 99,794 86,349 
0.2 0.7 0.1 10,013 -1,486 22,843 -1,323 81,681 73,799 67,993 
0.1 0.7 0.2 12,704 -4,701 11,214 4,261 90,179 85,436 79,090 
0.1 0.8 0.1 12,093 1,482 - 26,049 -2,578 81,627 75,515 73,636 
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Fig. 3--The partial molar free energy surface of oxygen (at 1 
at. pct) in Ag + Cu + Sn alloys at 1200~ - -  Measured iso- 
activity coefficient lines; - - -  values predicted by Eq. [23]. 

Hul tgren  e t  al .  ~3 and the data r e commended  by Cas tane t  
e t  al .  ~4 for Ag-Sn a l loys ,  the in teg ra l  excess  f ree  e n -  
ergy and the act ivi ty  coeff ic ients  of Ag, Cu,  and Sn in 
t e r n a r y  Ag-Cu-Sn  al loys may be calcula ted at d i f fe rent  
compos i t ions  f rom Eqs .  [5] and [6]. The pa r t i a l  excess  
f ree  ene rg i e s  obtained are  tabulated in Table  I. Using 
these va lues ,  the act ivi ty  coeff ic ient  or the pa r t i a l  
mo la r  f ree  energy  of oxygen in Ag-Cu-Sn  al loys can 
be ca lcula ted  us ing Eq. [23]. The calcula ted va lues  
a re  compared  with the m e a s u r e d  ones in Table  I and 
F ig .  3. It is  seen  that at a l l  composi t ions  in the t e r n a r y  
t r i ang le ,  the pred ic ted  va lues  agree  within 6 kj with 
those m e a s u r e d  by Block and Stuve. Th i s  ag r e e me n t  is  
cons ide red  to be sa t i s fac to ry  in view of the a s s u m p -  
t ions  used in der iv ing  the equat ions and the unce r t a in ty  
l imi t s  on the b i n a r y  data used in the ca lcula t ion .  A 
se r ious  drawback of the proposed theore t i ca l  t r e a t m e n t  
may appear  to a r i s e  f rom the neglec t  of e lec t ron ic  ef-  
fects  accompanying alloy format ion .  However,  s ince  
the pa r t i a l  mo la r  f ree  energy  sur face  of oxygen changes 
by s e v e r a l  k i lo joules  a c r o s s  this t e r n a r y  sy s t e m,  e r -  
r o r s  f rom the neglec t  of the e lec t ron ic  cont r ibut ion  
(probably only about 4 to 8 kJ in b ina ry  al loys)  may be 
neglec ted .  Eq, [23] may a lso  be expected to p red ic t  
s a t i s f ac to r i ly  the act ivi ty  coeff ic ients  of sulfur  in dilute 
solut ion in meta l l i c  a l loys .  Unfor tunate ly ,  no data a re  
ava i lab le  for the act ivi ty  of su l fur  in qua t e rna ry  s y s -  
t e m s ,  for which aU the b inary  data a re  a lso known. 
When other i n t e r s t i t i a l  solutes  l ike ca rbon ,  hydrogen,  
or n i t rogen  a re  d i sso lved  in a l loys ,  the reduc t ion  in 
m e t a l - m e t a l  bond ene rg ie s  would be l e s s  s igni f icant ,  
s ince  the ene rg ie s  of the bonds made by these i n t e r -  
s t i t i a l  solutes  with meta l  a toms a re  cons ide rab ly  
weaker  than in the ease  of oxygen and su l fur .  

When the act ivi ty  coeff ic ients  of oxygen in pure  A,  
B, and C do not differ s igni f icant ly ,  the number  of A, 
B, and C a toms bonded to oxygen would be p ropor t iona l  
to the i r  atom f rac t ions .  It the re fore  follows that N A  
= N~4, NB = N ~ ,  and so for th ,  and if x = 4 and a = ~ ,  
Eq. [21] s impl i f i e s  to: 

A#O(A+8+C) : NA  A#OfA) + NB APO(B) + NC At~O(O 

- 2 [24] 
This  equation may be expected to p red ic t  act ivi ty  coef-  
f ic ients  of oxygen in liquid Cu + Ni + Co al loys with 
usefu l  accuracy ,  s ince  the act ivi ty  coeff ic ients  of oxy- 
gen in the th ree  pure  me ta l s  differ  by fac tors  l e s s  than 
10. 

Compar i son  of Eq. [23] with that for oxygen in a b i -  
na ry  A + B al2oy ~ suggests  that the act ivi ty  coeff ic ient  
of oxygen or sul fur  d issolved in a mul t i component  
meta l l i c  solut ion (A + B + C . . . + Y) may be ca lcula ted  
f rom b ina ry  data f rom the r e l a t ion ,  

1 N [~A(A+B. .  +Y) 
]./4 = A |  -- 1/4 " 

\70(A+B+C. . . +Y) \ TO(A) 
/ 112 / 

,,T [TB{A+B. . . +Y) 
+ l'~B| 1/4 

\ "YO(B) 
/ t12 y~) 

+ . . .  + Nr( r(A% . - . +  [25] 
\ 7o(c)  

The pred ic ted  ac t iv i ty  coeff icient  of oxygen can be 
combined with the s tandard  free energy of fo rmat ion  of 
the s table  oxide in equ i l ib r ium with the mul t i component  
alloy phase to obtain quant i ta t ive in format ion  on deox- 
idation equ i l ib r ia  or oxygen solubi l i ty .  

APPENDIX 

The notation and uni ts  which have been used in this 
paper  follow the r e c omme nda t i ons  of IUPAC. The fo l -  
lowing table shows how the the rmodynamic  p roper ty  
symbols  a re  to be read:  

A~O(A) APA(A+B) A~Z~(A+B+C) and so forth 
P a r t i a l  and excess  pa r t i a l  f ree  ene rg ie s  (chemical  
potent ials)  

AHB(A+B) AHO(A+B+C) and so forth 
P a r t i a l  heats of solut ion 

E 
ASC(A+B+C) AS,4(A+B) and so forth 

P a r t i a l  and excess  pa r t i a l  en t rop ies  

AG(A+B ) AH(A+B+C) AS~+B) and so forth 
In tegra l  p r o p e r t i e s  

The uni t  of energy  is  the joule .  

One cal  ( thermal)  is equivalent  to 4.184 joule.  
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