
Thermodynamic Properties of Ni-S Melts 
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The vapor p r e s s u r e  of sul fur  over Ni-S me l t s  of var ious  compos i t ions  was ca lcula ted  f rom the 
equ i l i b r ium weight of the mel t  in gas s t r e a m s  of known HsS-H2 composi t ion.  The Gibbs-Duhem 
equat ion was used to calcula te  the ac t iv i ty  of nickel  and other  the rmodynamic  p roper t i e s .  For  
the reac t ion :  

3Ni(s) + S2(g) ~-~NisSz(/) 

the suggested free energy relationship is: AG ~ =-57,910 + 15.89T (800 ~ to II00~ The calcu- 
lations were extrapolated to predict that for the reaction: 

Ni(s) + 1 / 2 S 2 ( g ) ~ N i S ( / ) ,  AG ~ =--26,730 + 10.5T (1000 ~ to l l00~ 

IN the p roces s  of r ecove r ing  nickel  f rom its sulfide 
o r e s ,  la rge  tonnages  of mol ten  n ickel  sulfide ma t t e s  
a re  p roces sed  annual ly .  Sokolova'  has r epor t ed  that 
mol ten phases  can exis t  in the Ni-S sys t em at t e m p e r -  
a tu r e s  as low as 637~ Sulfur has a negl igible  so lu-  
b i l i ty  in sol id n ickel .  2 Some the rmodynamic  m e a s u r e -  
men t s  were made on the Ni-S sys tem by Rosenqv is t  s 
but not enough m e a s u r e m e n t s  a re  avai lable  to eva lu -  
ate the the rmodynamic  funct ions  in the l iquid region.  
The technique of us ing a cont inuous t he rma l  ba lance  
method to de te rmine  the re la t ionsh ip  between the com- 
posi t ion of sulfide and the par t i a l  p r e s s u r e  of sul fur  
over  it was used by B u r g m a n n  4 and Turkdogan  s in their  
s tudies  of the Fe -S  sys tem.  In th is  paper  we r epor t  
the r e s u l t s  of us ing this  method to study the Ni-S sys-  
t em.  

posi t ion of the H2S-Hz mix ture  over the sample ,  an 
outlet  tube having three cons t r i c t i ons  was designed 
to fit be tween the balance case and the furnace  tubing. 
The sample  and cruc ib le  were supported within a 
20 -mm ID s i l i ca  tube mounted in a furnace equipped 
with Kanthal  windings.  The furnace  t e m p e r a t u r e  was 
cont ro l led  to within •176 with a pu l se -py rovane  con- 
t r o l l e r  which was act ivated by a thermocouple  placed 
adjacent  to the furnace  winding.  The furnace  t e m p e r -  
a ture  was moni to red  with a ca l ib ra t ed  P t - P t  10 pct 
Rh thermocouple  at tached to a potent iometer .  

Ca l ib ra ted  cap i l l a ry  flow m e t e r s  conta in ing dibutyl 
phthalate were used to moni to r  the flows of H ~  and H2. 
Because  the pa r t i a l  p r e s s u r e  of su l fur  was to be 

BALANCE 

EXPERIMENTAL 

Mate r i a l s  

Nickel  sheet  of 99.96 pct puri ty  and conta in ing  only 
0.007 pct Co and 0.003 pct Fe was used  in the expe r i -  
ments .  The sheet was ro l l ed  to 0.2 mm th ickness  and 
t r e a t ed  in pur i f ied and d r ied  hydrogen at 600~ for 
s e v e r a l  hours  p r i o r  to an exper iment .  Hydrogen sul -  
fide (99.6 pct grade) was d r ied  through f resh  phos-  
phorus  pentoxide before  use.  The me l t  was conta ined 
in a 12-ram OD by 4 - m m  s i l i ca  c ruc ib le  which was 
suspended from the ba lance  by a s i l ica  rod.  

Appara tus  

A schemat ic  d i ag ram of the appara tus  is shown in 
Fig.  1. The weight of the sample  was cont inuous ly  
mon i to red  with an R.G. model  Cahn E lec t roba lance .  
The ba lance  s ignal  was r ead  on a Ph i l ips  Model PR 
2210 U s t r ip  char t  r e co rde r .  Cor ros ion  of the ba lance  
mechan i sm  was p reven ted  by using a 150 cu cm per  
m in  back flush of dry  n i t rogen  through the case .  To 
preven t  this flow of n i t rogen  f rom a l t e r ing  the corn- 
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v a r i e d  ove r  a wide r a n g e ,  the Has f l o w m e t e r  w a s  
e q u i p p e d  wi th  two c a p i l l a r i e s ,  one fo r  a s m a l l  f low 
and  the  o t h e r  f o r  a l a r g e  f low.  N i t r o g e n  f l o w s  w e r e  
m e a s u r e d  wi th  a r o t a m e t e r  f l o w m e t e r .  T h e  f l o w s  w e r e  
a d j u s t e d  for  r o o m  t e m p e r a t u r e ,  wh ich  w a s  m a i n t a i n e d  
wi th in  ~2~ d u r i n g  an  e x p e r i m e n t .  The  f low r a t e  of 
the H2S-H2 m i x t u r e  w a s  m a i n t a i n e d  at  90 cu c m  p e r  
m i n .  A s l i gh t  e f f e c t  of  t h e r m a l  d i f fu s ion  w a s  n o t e d  
w h e n  the f low r a t e  w a s  v a r i e d  f r o m  60 to  120 cu c m  
p e r  min .  B e c a u s e  the  t h e r m a l  e f f e c t  cou ld  only  c a u s e  
a p o t e n t i a l  e r r o r  of l e s s  t h a n  0.03 pc t  S in the s a m p l e ,  
it  w a s  c o n s i d e r e d  n e g l i g i b l e  and  t h e r e f o r e  d i s r e g a r d e d .  

At  e a c h  new e x p e r i m e n t a l  t e m p e r a t u r e ,  the  b a l a n c e  
m e c h a n i s m  w a s  e q u i l i b r a t e d  to the  new a m b i e n t  t e m -  
p e r a t u r e  o v e r  the  f u r n a c e  f o r  at  l e a s t  a day  b e f o r e  
m e a s u r e m e n t s  w e r e  m a d e .  

Procedure 

The thermal balance was calibrated in air at room 
temperature. When the balance was mounted over the 
furnace there was a slight rise in temperature that 
caused a small drift in the balance readings until a 
steady-state temperature had been reached. No read- 
ings were made until the steady-state had been at- 
tained. It was found that the air calibration was valid, 
whatever the furnace temperature, as long as the bal- 
ance was in thermal equilibrium with its surroundings. 

A small piece of nickel sheet of known weight (0.6 
to 1.0 g) was placed in the silica crucible (0.8 g). To 
add sulfur to the hot nickel, small amounts of H2S were 
added to the H2 gas stream. When about 10 mg of sulfur 
had been added, the gas composition was varied to de- 
termine the particular partial pressure of sulfur that 
was in equilibrium with the sample at a given temper- 
ature. Equilibration in the two-phase region of nickel 
metal and sulfide melt was a slow process. Near equi- 
librium, a period of about 20 hr was required before 
the direction of the drift in sample weight could be de- 
termined. The equilibrium position was taken as mid- 
way between that sulfur pressure which caused a de- 
tectable increase in sample weight in about 20 hr and 

Table I. Experimental Results for the Homogeneous Ni-S Melts 

Composition 

Temperature, ~ PS 2' Atm n~ S Wt Pct S NS 

700 1.45 X 10 "s 2.67 X 10 "3 21.22 0.3302 
1.92 X 10 "s 3.54 X 10 -3 21.80 0.3379 

5.36 X 10 "s 3.49 X 10 "a 21.01 0.3274 
800 1,00 X 10"̀ * 6.50 X 10 -3 22.45 0.3463 

1.00X 10 -3 6.141 X 10 -2 25.98 0.3911 
5.00 X 10 "a 2.466 X 10 "1 27.97 0.4155 

1.37 X 10 .4 3.77 X 10 .3 19.74 0.3104 
900 1.00 X 10 -3 2.686 X 10 -2 24.15 0.3682 

6.00 X 10 "a 1.421 X 10 "1 26.73 0.4004 
1.00 X 10 "1 7.542 X 10 "1 30.33 0.4435 

3.32 X 10"* 4.41 X 10 "3 18.44 0.2927 
1000 1.00 X 10 "a 1.317 X 10 -2 21.96 0.3399 

1.00X 10 -2 1.179 X 10 "1 26.11 0.3927 
1.00 X 10 "1 5.918 X 10 "1 29.40 0.4325 

6.76 X 10"* 4.82 X 10 -3 16.43 0.2646 
1100 2.00 X 10 "a 1.421 X 10 -2 20.92 0.3262 

1.00 • 10 .2 6.743 X 10 .2 24.60 0.3739 
1.00 X 10 "1 4.401 X 10 "1 28.41 0.4207 

Table II. Experimental Results for the Nickel-Saturated Melts 

Composition 

Temperature, psi2 (X l0 s) n~ S H2S/H2 NS, After 
~ Atm �89 (• 103) (X 10 a) Wt Pct S N s Elliott 2 

700 1.02 + 0.01 1.90 + 0.01 1.90 20.6 0 . 3 2 2  0.329 
800 4.11 + 0.02 2.68 + 0.01 2 . 6 9  20 .28  0.3177 0.320 
900 12.1 -+ 0.1 3.33 + 0.03 3.34 

19.24 0.3036 0.306 900 12.2 + 0.1 3.35 -+ 0.03 3.36 
1000 29.9 -+ 0.2 3.97 + 0.02 3.99 17.94 0.2858 0.284 
1100 61,6 -+ 0.3 4.39 + 0.02 4.41 15.76 0.2551 0.248 

tha t  w h i c h  c a u s e d  a d e t e c t a b l e  d e c r e a s e  in w e i g h t  in 
the  s a m e  p e r i o d .  

E q u i l i b r i u m  in the s ing le  p h a s e  r e g i o n  w a s  a t t a i n e d  
wi th in  a f ew  h o u r s .  Gas  c o m p o s i t i o n s  w e r e  then  a l -  
t e r e d ,  and  the  new e q u i l i b r i u m  p o s i t i o n  w a s  d e t e r m i n e d .  
T h e  r a t e  of v o l a t i l i z a t i o n  of  Ni3S2 and  NiS is  a f u n c -  
t i on  of bo th  the  s a m p l e  t e m p e r a t u r e  and  t h e i r  m o l e  
f r a c t i o n  in s o l u t i o n .  At  l l 0 0 ~  the  r a t e  of e v a p o r a t i o n  
of the  s u l f i d e s  b e c o m e s  ju s t  d e t e c t a b l e  at the h i g h e r  
s u l f u r  p r e s s u r e s  u s e d  in the  e x p e r i m e n t s .  F o r  t h i s  
r e a s o n  no h i g h - s u l f u r - p r e s s u r e  e x p e r i m e n t  a t  l l 0 0 ~  
w a s  c o n t i n u e d  fo r  m o r e  than  3 d a y s .  At  1200~ the  
s u l f i d e s  v o l a t i l i z e d  r e a d i l y  and  d e p o s i t e d  on the s i l i c a  
r o d  s u p p o r t .  T h e  t e c h n i q u e  i s  c o n s i d e r e d  u n r e l i a b l e  
at  tha t  t e m p e r a t u r e .  

I t  w a s  o b s e r v e d  tha t  w h e n  r a p i d  s u l f u r  a d d i t i o n s  
w e r e  m a d e  to  t he  m e l t ,  u n c o n t r o l l e d  s p a t t e r i n g  o c -  
c u r r e d .  No s p a t t e r i n g  o c c u r r e d  w h e n  the  m a x i m u m  
r a t e  of a d d i t i o n  was  l e s s  t h a n  20 m g  of s u l fu r  p e r  h o u r .  

RESULTS 

Mixtures of H~S and H2 were made at room temper- 
ature and  e q u i l i b r a t e d  in the  a p p a r a t u s  a t  the s a m p l e  
t e m p e r a t u r e .  B e l o w  1050~ the  only  s i g n i f i c a n t  s p e -  
c i e s  a r e  H2S, H2, and  $2. T h e  t w o - t e r m  e q u a t i o n  s u g -  
g e s t e d  by  K u b a s c h e w s k i ,  E v a n s ,  and  A l c o c k  6 w a s  u s e d  
to c a l c u l a t e  the  e q u i l i b r i u m  c o n s t a n t  f o r  the  f o r m a t i o n  
of  HaS. At  t e m p e r a t u r e s  above  1050~ it w a s  n e c e s s a r y  
to  m a k e  s m a l l  c o r r e c t i o n s  f o r  t he  a m o u n t  of HS f o r m e d .  
When  the p a r t i a l  p r e s s u r e  of s u l f u r  w a s  known to  be  
s m a l l ,  the  p r e s s u r e  w a s  c a l c u l a t e d  by  d i v i d i n g  the  
HaS/H2 r a t i o  by  the  e q u i l i b r i u m  c o n s t a n t  fo r  the  f o r -  
m a t i o n  of  HaS. L a r g e r  p a r t i a l  p r e s s u r e s  of s u l f u r  
w e r e  c a l c u l a t e d  by  the m e t h o d  u s e d  by  N a g a m o r i  and  
K a m e d a .  7 T h e  r e s u l t s  o b t a i n e d  f r o m  s t u d i e s  wi th  
h o m o g e n e o u s  m e l t s  a r e  s h o w n  in T a b l e  I f o r  e x p e r i -  
m e n t s  done  wi th  v a r i o u s  m o l e  f r a c t i o n s  of  HzS(n~/2S) 
a t  t e m p e r a t u r e s  f r o m  700 ~ to  l l 0 0 ~  The  c o m p o s i t i o n s  
r e p o r t e d  in the  t ab le  a r e  the  a v e r a g e  v a l u e s  o b t a i n e d  
when  the e q u i l i b r i u m  w a s  a p p r o a c h e d  f r o m  bo th  d i r e c -  
t i o n s .  In a l m o s t  a l l  c a s e s ,  t he  m e a s u r e m e n t s  w e r e  
i d e n t i c a l  w h e n  o b t a i n e d  f r o m  d i f f e r e n t  d i r e c t i o n s .  

In t h i s  p a p e r ,  s u l f u r  a c t i v i t i e s  a r e  r e p o r t e d  in the  
f o r m ,  p~2 .  

The  w e i g h t  p e r c e n t  of s u l f u r  (wt p c t  S) and  i t s  m o l e  
f r a c t i o n  (Ns) w e r e  c a l c u l a t e d  d i r e c t l y  f r o m  the e q u i -  
l i b r i u m  w e i g h t  of the s p e c i m e n .  

T h e  r e s u l t s  o b t a i n e d  f r o m  e x p e r i m e n t s  wi th  n i c k e l -  
s a t u r a t e d  m e l t s  a r e  s h o w n  in T a b l e  II. T h e  p a r t i a l  
p r e s s u r e  of s u l f u r  o v e r  s a m p l e s  h a v i n g  a c o m p o s i t i o n  
in the  m i s c i b i l i t y  gap b e t w e e n  N i - S  l iqu id  and  s o l i d  
n i c k e l  w a s  d e t e r m i n e d  d i r e c t l y  f r o m  the  e x p e r i m e n t a l  
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Fig. 2--Sulfur potential over two phase region. 

r e s u l t s .  Compos i t i ons  of the l iquidus  were  e s t i m a t e d  
by ex t r apo l a t i on  f rom the homogeneous  l iquid r a n g e .  
The p a r t i a l  p r e s s u r e  v s  compos i t ion  r e l a t i o n s h i p  in 
the v ic in i ty  of the so lub i l i t y  l imi t  was a p p r o x i m a t e d  at  
each  t e m p e r a t u r e  by a q u a d r a t i c  equat ion that  was  
f i t t ed  to the da ta  by  r e g r e s s i o n  a n a l y s i s .  The c o m p o s i -  
t ion a t  any r e q u i r e d  t e m p e r a t u r e  and at  any r e q u i r e d  
p a r t i a l  p r e s s u r e  of su l fur  was obtained by so lv ing  the 
q u a d r a t i c  equat ion.  Because  the pos i t ion  of the l iquidus  l 0  "l  
bounda ry  on the phase  d i a g r a m  changes  only s l igh t ly  
with changes  in t e m p e r a t u r e  be tween 700 ~ and l l 00~  
the r e g r e s s i o n  method  is  c o n s i d e r e d  m o r e  r e l i a b l e  
than the convent ional  t h e r m a l  a n a l y s i s  method.  

In Tab le  II ,  the e x t r e m e  r i g h t - h a n d  column inc ludes  
da ta  taken f rom the work  of E l l i o t t  2 on the mole  f r a c -  
t ion of sulfur  in the m e l t s  a t  v a r i o u s  t e m p e r a t u r e s .  
The inheren t  a c c u r a c y  of th is  method p e r m i t s  the e s -  l 0  - 2  
t a b l i s h m e n t  of a m o r e  r e l i a b l e  l imi t  within which to 
make  ac t iv i ty  ca l cu l a t i ons  by  a G ibbs -Duhem in te -  
g ra t ion .  

Tab le  II  shows va lues  of the H2S/H2 r a t i o  ove r  the 
two-phase  r eg ion  at  the e x p e r i m e n t a l  t e m p e r a t u r e s .  
The da ta  a r e  used  in F ig .  2 for c o m p a r i s o n  with the 
work  of Rosenqvis t .  3 It wil l  be appa ren t  f rom F ig .  2 
that  the s c a t t e r  in the da ta  obta ined  by this  me thod  i s  
c o n s i d e r a b l y  l e s s  than for  the data  r e p o r t e d  by 
Rosenqvis t .  3 

The r e l a t i o n s h i p  be tween  p~/22 and compos i t i on  of 
the homogeneous  so lu t ions  i s  shown in F ig .  3. The 
f igure  inc ludes  the da t a  for  e x p e r i m e n t s  a t  700 ~ , 800 ~ , 
900 ~ 1000 ~ and l l 00~  The da ta  a r e  h ighly  r e p r o d u c i -  
b le  and the s c a t t e r  about smooth c u r v e s  i s  s m a l l .  
F o r  c o m p a r i s o n ,  the da ta  of Rosenqv i s t ,  which were  l 0  - 4  
e s t a b l i s h e d  by  a d i f f e ren t  e x p e r i m e n t a l  method ,  a r e  
inc luded.  

Ac t iv i ty  of Nicke l  

The Gibbs -Duhem equat ion for  the homogeneous  
Ni -S  solut ion can be e x p r e s s e d  as  fo l lows:  

Nsd log p~/22 +NNid  log aNi = 0 [1 ]  

where  NS and NNi r e p r e s e n t  mole  f r ac t ion  of su l fur  
and n icke l ,  r e s p e c t i v e l y ,  and aNi is  the ac t iv i ty  of 

n icke l .  The  a c t i v i t i e s  of n i cke l  r e l a t i v e  to so l id  n ickel  
a r e  then c a l c u l a t e d  by:  

Ns=N S 

log aNi = -  f (Ns/NNi)d 1 . 1 / 2  og ps  2 [2] 
Ns=N ~ 

where  N~ d e s i g n a t e s  the mole  f r ac t ion  of su l fur  when 
the me l t  i s  s a t u r a t e d  with n icke l .  Be c a use  the so l id  
so lub i l i ty  of sul fur  in so l id  n i cke l  has  been r e p o r t e d  to 
be neg l ig ib ly  s m a l l ,  2 the ac t iv i ty  of n i cke l  at the com-  
pos i t ion  N~ can be a s s u m e d  to be uni ty .  To fac i l i t a t e  
the above in t eg ra t ion ,  the cu rve  was d iv ided  into th ree  
p a r t s  and for  each  par t  the r e l a t i o n  was a p p r o x i m a t e d  
by  the fol lowing quad ra t i c  equat ion:  

Table I I I .  C a l c u l a t e d  Properties for Stoichiometric Ni 3 S~ ( l )  

o 
A G T , cal/mole, 

Temperature,~ PS~'~z Atm �89 aNi K +-200 

800 1.81 X I0 "3 1.15 X I0 "I 2.03 X I08 -40,780 
900 5.86 X 10 -3 l.l I X 10 "I 2.14 • I07 -39,340 
I000 1.50 X 10 "2 1.13 X i0 "1 3.04 X I06 -37,760 
If00 3.22 X I0 "2 1.21 X I0 "1 5.41 X 10 s -36,010 
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N S / ( 1 - N s )  = a  + b x  + c x  2 [3] 

where  x = log p~2. The  ac t iv i ty  of n icke l  can then be 
ca l cu l a t ed  by 

log a N i = - - [ a x  + ( b / 2 ) x  2 3 3 x = x  + ( e l ) x  ]x-x* [4] 

where  x* is  the va lue  of log p~/2 at c o m p o s i t i o n s  
2 

s a t u r a t e d  with so l id  n icke l .  The n icke l  a c t i v i t i e s  thus 
c a l cu l a t ed  were  checked  by the g r a p h i c a l  i n t e g r a t i o n  
method.  The a c t i v i t i e s  of n i cke l  a r e  shown in F ig .  4 
a s  a function of compos i t i on  at  each t e m p e r a t u r e .  

S t o i c h i o m e t r i c  Nicke l  Sul f ides  

F r o m  the p r e c e d i n g  ca l cu l a t i ons ,  the a c t i v i t i e s  of 
su l fur  and n icke l  a r e  known for the s t o i c h i o m e t r i c  
Ni3S2 at  t e m p e r a t u r e s  be tween  800 ~ to l l 00~  Some 
s e l e c t e d  va lues  a r e  shown in Tab le  III. E q u i l i b r i u m  
cons tan t s  and the s t a n d a r d  f ree  ene rgy  change for  the 
fol lowing r eac t ion  may  be ca l cu l a t ed  f rom the da ta :  

3Ni(s) + S2(g) = Ni3Sz(/) [5] 

a Ni 3 $2 1 
- - -  - z [6] K 

aNiPS2 aNi(at Ni3S 2) PS2(at NizS2) 

Table IV. Estimated Properties for Stoichiometric NiS (l) 

o ~ o 
Temperature, C p ,A tm �89 aNi K AGT,cal/mole,-400+ 

1 

900* 5.7 3.7 X 10 -4 474 -14 ,400  
1000 9.4 5.4 X 10 -4 198 -13 ,400  
1100 16 6.8 X 10 -4 91.9 -12 ,300  

*Assuming supercooled NiS (/). 
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Fig. 6--Total and partial  molar heats of solution in Ni-S 
mattes at 900 ~ to 1100~ 

AC~ =--4.575V Iog K [7] 

The c a l c u l a t e d  va lues  of K and AG~ a r e  a lso  l i s t e d  
in Tab le  III. F r o m  the se ,  the a c t i v i t y  of NiaS~ can be 
c a l c u l a t e d  by the re la t ionsh ip"  aNi = K a  z �9 �9 3S~ Ni~S2 �9 The 
r e s u l t s  a r e  shown in Fig .  5. The varues  of AG~ for 
Reac t ion  [3] can be e x p r e s s e d  by the equat ion:  

AG~ = -57 ,910 + 15.89 T (+0.2 k c a l / m o l e )  
(800 ~ to 11oo ~ ) [8] 

The v a l u e s  of the unce r t a in ty  a r e  b a s e d  on a r e g r e s s i o n  
fit  of the da ta ,  but  the ac tua l  u n c e r t a i n t y  may  be s o m e -  
what l a r g e r  because  of the unce r t a in ty  in the equ i -  
l i b r i u m  cons tan t  for  the f o r m a t i o n  of H2S. S to ichio-  
m e t r i c  Ni3S2(s) m e l t s  incongruen t ly  be tween  770 ~ and 
790~ If the me l t ing  point of Ni3S2 is  a s s u m e d  to be 
790~ the value  for  i t s  f r ee  ene rgy  i s  40.7 kca l  p e r  
mole  when the ca lcu la t ion  is  made  f rom R o s e n q v i s t ' s  
da ta  3 and 41.0 kca l  p e r  mole  when it i s  c a l c u l a t ed  by 
e x t r a p o l a t i o n  of Eq. [8] into the l iquid  reg ion .  The 
a g r e e m e n t  i s  good. On the b a s i s  of ca l cu la t ions  made 
for a t e m p e r a t u r e  of 790~ with the so l id  da ta  of 
Rosenqv i s t  3 and the l iquid da ta  f rom th is  s tudy,  the 
e s t i m a t e d  hea t  of fusion of Ni3S2(s) i s  11.3 kca l  pe r  
mole .  

LII2 
The ps 2 -composition relations in the Ni-S melts 

may be extrapolated to the composition of NiS. The 
extrapolated values are summarized in Table IV. The 
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p a r t i a l  p r e s s u r e  of s u l f u r  o v e r  NiS(I)  i s  m o r e  than  1 
a t m  at  t e m p e r a t u r e s  b e t w e e n  900 ~ and l l 0 0 ~  a s  s e e n  
f r o m  T a b l e  IV. A c c o r d i n g  to the s a m e  p r o c e d u r e s  a s  
u s e d  fo r  Ni3S2(I), the  v a l u e s  of K and AG~. c a n  be  
c a l c u l a t e d  fo r  the  f o l l o w i n g  r e a c t i o n :  

N i ( s )  + 1 /2S2(g )  = NiS( / )  [9] 

K -  aNiS - 1 [10] 
L*/2 

a N i P ~  a aNi(at NiS) PF~(at NiS) 

AG~ = --4.575 T log K [7] 

AG~ =--26,730 + 10.5T (1000 ~ to 1100~ 
(+0.4 kcal/mole) [ 11] 

The calculated results are also shown in Table IV. 
The data were used to calculate the activity of NiS(/), 
which is shown in Fig. 5. When the AG~ for NiS(s) by 
Rosenqvist 3 was extrapolated to 980~ which is the 
liquidus temperature of the stoichiometric NiS, a value 
of 13.6 kcal per mole was found. The corresponding 
value obtained from this work, by interpolation, is 13.6 
kcal per mole for NiS(/). The agreement is excellent. 
The estimated heat of fusion of NiS(s) is 7.4 kcal 
per mole. 

H e a t ,  E n t r o p y ,  and  F r e e - E n e r g y  Change  of  So lu t ion  
fo r  Ni-S M e l t s  

T h e  h e a t  and e n t r o p y  of so lu t i on ,  AH and AS,  w e r e  
c a l c u l a t e d  with the  G i b b s - H e l m h o l t z  e q u a t i o n s  in the  
fo l lowing  f o r m :  

AH1/2S 2 = --4.575 TZ(d log  p ~ 2 ) / d T  

AHNi =- -4 .575T2(d  log  aNi ) /dT  [12] 

AH = N S AH1/2S 2 + NNi AHNi 

and 

AS1/2S 2 : --4.575 [T (d log  p~z) / /dT  + log  p~/221 

ASNi : --4.575 [T (d l og  aNi ) /dT  + log  aNi ] [ 13] 

AS = NsAS1/2S 2 + NNi ASNi 

where - indicates the partial molar quantities. The 
calculated values are shown in Fig. 6 and Fig. 7. The 

f r e e  e n e r g y  of s o l u t i o n ,  AG M, can  be  c a l c u l a t e d  by:  

&G-I~2S 2 = 4.575 T log p~2  

AGN~ = 4.575T log  aNi [14] 

AG m = 4.575 T(N s l o g p ~  2 +NNi l o g  aNi) = A I I -  T A S  

T h e  v a l u e s  at  1000~ a r e  shown in F i g .  8. 
T h e  p a r t i a l  m o l a r  hea t  of n i c k e l  c h a n g e s  f r o m  p o s i -  

t i ve  to n e g a t i v e  b e t w e e n  37 and 38 a t .  pc t  S; t h i s  is  
c a u s e d  by the c h o i c e  of s o l i d  n i c k e l  a s  the r e f e r e n c e  
s t a t e .  F r o m  p u b l i s h e d  t h e r m a l  d a t a  6 the  f r e e  e n e r g y  
of  f u s i o n  of n i c k e l  can be  c a l c u l a t e d  as  : 

Ni ( s )  = N i ( / ) ,  AG ~ = 3 , 9 2 0 - 2 . 2 7 T ,  (800 ~ to  1450~ 

[15] 
If the reference state for aNi were chosen to be su- 
percooled-liquid nickel, the &HNi curve would be 
displaced downwards by 3.92 kcal per mole, Fig. 6, 
and AHNi(I ) would become practically zero for N s 
< 0.33. The choice of the liquid reference state for 
aNi would also change the ASNi curve in Fig. 7 by 

-2.27 cal per mole .deg. 
The partial molar entropies show a maximum or a 

minimum at about 35 at. pct S. It is interesting to note 
that the absolute Seebeck coefficient 8 changes its sign 
in the same range of composition. In addition, the elec- 
trical c o n d u c t i v i t y  has  a m i n i m u m  v a l u e  in the  s a m e  
c o m p o s i t i o n a l  r a n g e .  9 In the l iqu id  A g - S ,  1~ B i - S ,  n and 
F e - S  12 s y s t e m s ,  the  p a r t i a l  m o l a r  f u n c t i o n s  a l s o  e x -  
h ib i t  m a x i m a  o r  m i n i m a  on the m e t a l - r i c h  s ide  of the  
s t o i c h i o m e t r i c  c o m p o s i t i o n .  
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