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When a mixture of calcium oxide and silicon is heated to above 1000~ a liquid Ca-St alloy 
is formed. When magnesium metal is produced by reacting calcined dolomite with silicon, 
the alloy still forms and is the effective reducing agent for magnesium oxide. In this inves- 
tigation the thermodynamic data on the Ca-St alloys have been related to the magnesium- 
producing reaction, the calcium pressures over mixtures CaO + Si were measured using a 
Knudsen cell, and the magnesium and calcium pressures over the mixtures CaO + MgO + Si 
were measured using the transportation method. The magnesium content of the equilibrium 
alloy was determined isopiestically and the identity of the silicate was established. The re- 
sults constitute a complete and consistent definition of the equilibria in the magnesium pro- 
duction reaction, and have also yielded an improved value of the free energy of formation 
of calcium orthosilicate. 

THE reduction of calcined dolomite 1-a by a reactive 
metal or metalloid continues to be an important route 
for the production of magnesium metal. The reducing 
agent used industrially is ferrosilicon containing 
usually about 75 to 80 pct St. The present paper re- 
ports on a study of the chemistry and the equilibria 
which govern the basic reaction 

2MgO(s ) + 2CaO(s ) + Si(s ) ~ 2Mg(g) + Ca2SiO4(s) 

[i] 
Schneider e t a l .  4 have drawn attention to the fact that 

a spontaneous reaction occurs between solid silicon 
and calcium oxide 8 to form a liquid Ca-St alloy and a 
silicate at above 1000~ i.e. temperatures of interest 
in the industrial process in its present embodiments, x's 
When magnesium oxide is reacted with silicon in the 
absence of calcium oxide the magnesium vapor pres- 
sure s'6 is an o rde r  of magni tude  lower and the reac t ion  
ra te  7 is subs tan t i a l ly  l e s s .  The solid product  is  then 
the magnes ium or thos i l i ca t e .  ~ 

The spontaneous reac t ion  be tween ca lc ium oxide and 
s i l icon  may be r ep re sen t ed  by 

4CaO(s ) + (2n + 1)Si(s ) ~ 2CaSin(sln) + Ca2SiO4(s) 

[II] 

where  n indicates  the rat io of s i l i con  to ca lc ium in the 
liquid al loy.  React ion [II] mus t  cont inue to the r ight  un-  
t i l  e i ther  solid s i l icon  or  solid ca lc ium oxide a r e  con-  
sumed (depending on which is supplied in excess) .  A 
C a O / S i - m i x t u r e  with React ion [I] s to i ch iomet ry  con-  
ta ins  an excess  of ca lc ium oxide and the phases  p resen t  
at equ i l ib r ium mus t  be CaO(s ) , Ca2SiO4(s), and the l iq-  
uid al loy CaSi n. In accordance  with the phase ru l e ,  9 the 
composi t ion of the al loy is fixed for  a given t e m p e r a -  
t u re ,  i . e .  n is a s ing le -va lued  function of the t e m p e r -  
a tu re .  

The condi t ion at equ i l ib r ium is desc r ibed  by the 
equations 
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4CaO(s ) + Si(sln ) = 2Ca(sln ) + Ca2SiO4(s) [III] 

2 Ca (sln) = 2 Ca(g) [IV ] 

Addition of [III] and [IV] gives 

4CaO(s ) + Si(sln ) = 2Ca(g) + Ca2SiO4(s) iV] 

which relates the gas phase with the solid and liquid 
phases. 

Reaction ill] will occur regardless of whether mag- 
nesium oxide is present or not and the equilibrium 
condition corresponding to Reaction ill is to be repre- 
sented as 

2CaO(s ) + 2MgO(s ) + Si(sln ) = 2Mg(g) + Ca2SiO4(s) 

[VI] 

where  the s u b s c r i p t  (sin) in Si(sln ) is to emphas ize  the 
fact that s i l i con  is  in the form of a liquid al loy,  Meas -  
u r e m e n t s  to d e t e r m i n e  the compos i t ion  of this  a l loy 
wi l l  be desc r ibed  below, whereby use  wi l l  be made of 
the ac t iv i ty  compos i t ion  data for the Ca-St  sy s t em r e -  
ported in Ref. 10. The equ i l ib r ium ma gne s i um p r e s s u r e  
as  m e a s u r e d  for example  by Pidgeon and King,  s r e f e r s  
to React ion [VI] and not to React ion [I] as is usua l ly  
suggested in the l i t e r a t u r e .  ~'11'12 S i m i l a r l y ,  s i l i con  
ac t iv i t i e s  in S i - F e  a l loys  obtained with the help of Eq. 
[VII 22 a r e  not based on pure  s i l i con  as  the s tandard  
s ta te .  

An a s sumpt ion  impl ic i t  in wr i t ing  Eq. [VI] is  that the 
equ i l i b r ium ca lc ium p r e s s u r e  produced by the c o n c u r -  
r en t  Reac t ion  iV] is  ve ry  much lower than the magne-  
s ium p r e s s u r e  and can,  t he re fo re ,  be neglected.  The 
equ i l ib r ium 

MgO(s) + Ca(g) = CaO(s) + Mg(g) [VIII 

wi l l ,  n e v e r t h e l e s s ,  be es tab l i shed  if both solid MgO and 
solid CaO a r e  p r e sen t .  

The equ i l ib r ium cons tan t s  for  React ions  iV], [VI], 
and [VIII can be wr i t t en  as  

�9 p 2 l 2 

KV = aca2SiO4 Ca )Ca 
, - - [ i ]  

a c a o  �9 asi a s i  

aca2SiO4 �9 PMg 2 P~ig z 
KVI = 2 2 = [2] 

aca o �9 aMg 0 �9 asi a~i 
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KVII : P~lg /Pc'a [3] 

w h e r e  p and a a r e  p r e s s u r e s  and a c t i v i t i e s ,  r e s p e c -  
t i v e l y ;  t h e  s u p e r s c r i p t  ( ' )  d e n o t e s  t h e  s y s t e m  CaO(s ) ,  
Ca2SiO4(s) ,  a l l o y  (Ca,  Si);  and s u p e r s c r i p t  (") the  s y s -  
t e m  C a O ( s ) ,  Ca2SiO4(s),  a l l o y  (Ca,  Si ,  Mg) + MgO(s) �9 
H e n c e f o r t h  t h e s e  s y s t e m s  w i l l  be  r e f e r r e d  to a s  s y s -  
t e m  ( ')  and s y s t e m  (") ,  r e s p e c t i v e l y .  T h e  a c t i v i t i e s  of  
t he  so l i d  p h a s e s ,  aMg O , a c a o ,  and aca2SiO 4 h a v e  b e e n  
se t  equa l  to un i ty  a s  t h e r e  i s  no e v i d e n c e  of a p p r e c i a b l e  
m u t u a l  s o l u b i l i t y .  

The  e q u i l i b r i u m  c o n s t a n t s  a r e  r e l a t e d  to t he  s t a n d -  
a r d  f r e e  e n e r g i e s  of the  r e a c t i o n s ,  AG o , by  the  f a m i l i a r  
r e l a t i o n s h i p  

K i = e x p  - A G ~  [4] 

C o m b i n i n g  E q s .  [1] to [4] and s o l v i n g  f o r  t he  p r e s s u r e s ,  
one  c a n  w r i t e  

, , t12 _ o / 2 R T  
PCa = as i  exp AGv [5] 

P~Ig = a'~r 1/z e x p - A G ~ i / 2 R  T [6] 

PCa : P M g / K v I I  [Ta] 

A l s o  
r f l / 2  

p,, = ~ V I  = ,, *]z o / 2 R T  [7b] Ca a~ i ~/z as i  e x p - A C v  
KVH 

since F: , /KvH = It f o l l o w s  f r o m  c o m p a r i n g  [5] 
and [7b] that  the c a l c i u m  p r e s s u r e s  in the two s y s t e m s ,  
P~a  and P~'a , d i f f e r  on ly  in a s  m u c h  a s  t he  s i l i c o n  a c -  
t i v i t i e s  a~l  and a~' i d i f f e r  f r o m  e a c h  o t h e r .  A d i f f e r -  
e n c e  c a n ,  h o w e v e r ,  a r i s e  ortIy a s  a r e s u l t  of so lu t i on  
of m a g n e s i u m  in t he  l iqu id  a l l o y .  Should the  ex ten t  of 

t h i s  so lu t ion  be  s m a l l ,  a~i and a~i and ,  t h e r e f o r e ,  a l s o  
t t /  PCa and Pca  would  be  e x p e c t e d  to be  about  equa l . *  

*A direct reaction between silicon and magnesium oxide to form an alloy (anal- 
ogous to Reaction [II] ) does not occur. The magnesium-silicon phase diagram ~3 
indicates a liquids composition of 35 at. pct Mg in equilibrium with solid silicon at 
1000~ This is the lowest magnesium content that a liquid alloy could have. Mag- 
nesium pressures over Mg-Si alloys have recently been determined 14 and the mag- 
nesium pressure over such an alloy is 50 torr. This pressure is substantially above 
the 10.2 torr s over Reaction [VII. It follows that a liquid Mg-Si alloy cannot form 
by reduction of MgO in the absence of CaO. In the presence of CaO, once a liquid 
alloy is formed by Reaction [I1], some magnesium can dissolve. 

A n o t h e r  a s s u m p t i o n  i m p l i c i t  in w r i t i n g  Eq .  [VII is  
tha t  t he  s i l i c a t e  f o r m i n g  in t he  p r e s e n c e  and in the  
a b s e n c e  of  m a g n e s i u m  o x i d e  is  CazSiOa. E a r l i e r  l i t e r -  
a t u r e  f a v o r s  t h i s  a s s u m p t i o n ,  ~'4 but  u n e q u i v o c a l  e v i -  
d e n c e  is a s  ye t  l ack ing .  In a r e c e n t  p a p e r ,  ~5 H u g h e s  
e t  a l .  r e p o r t  i den t i fy ing  the  c o m p o u n d  CaaMg(SiO4)z 
(the m i n e r a l  m e r w i n i t e )  in t he  r e a c t i o n  r e s i d u e s  and 
p r o p o s e  tha t  the  r e a c t i o n  to w h i c h  the  m e a s u r e d  5 m a g -  
n e s i u m  p r e s s u r e  c o r r e s p o n d s  p r o d u c e s  CaaMg(SiO4)2. 
A t t e n t i o n  is  d e v o t e d  to th i s  q u e s t i o n  l a t e r .  

I) E X P E R I M E N T A L  

a) M a t e r i a l s  

T h e  d o l o m i t e  used  in the  i n v e s t i g a t i o n s  w a s  f r o m  the  
G r e n v i l l e  '6 s e r i e s  supp l i ed  in c a l c i n e d  f o r m  by D o m i n -  
ion M a g n e s i u m  L td .  I ts  c h e m i c a l  a n a l y s i s  in wt  pc t  w a s  
38 .9MGO, 59 .0CAO,  0 . 3 2 t e r n a r y  o x i d e s ,  and 1.2 lo s s  
on ign i t ion .  M a g n e s i u m  o x i d e  and s i l i c a  w e r e  ob ta ined  
f r o m  F i s c h e r  S c i e n t i f i c ,  T o r o n t o  (lot n u m b e r s  754-282 
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Fig. 1--X-ray di f f rac tograms of a 2.2/1 ca lc ined-dolomite /s i l icon mixture reac ted  at 1150~ (a) only Reaction [II] took place; 
(b) some magnesium removed by entrainment  in argon via Reaction [VI]. 
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and 745 -015 ,  r e s p e c t i v e l y ) .  C a l c i u m  o x i d e  w a s  p r e -  
p a r e d  by h e a t i n g  the  c a r b o n a t e  at  about  900~ f o r  2 h r  
fo l lowed  by 24 h r  a t  1150~ The  c a r b o n a t e  w a s  f r o m  
F i s c h e r  S c i e n t i f i c  a n a l y z i n g  l e s s  than  0.01 Mg and a l -  
k a l i - m e t a l  o x i d e s  and 0.01 s u l f a t e s .  R e a c t i o n  m i x t u r e s  
of  o x i d e s  w e r e  p r e p a r e d ,  a f t e r  p r i o r  m i x i n g ,  by p r e s s -  

3 3 ing into ~- in. d i a m  by about  ~ in.  p e l l e t s .  Sol id  
Ca3Mg(SiO4)2 w a s  p r e p a r e d  by hea t i ng  to 1150~ a s t o i -  
c h i o m e t r i c  m i x t u r e  of  o x i d e s  in an  a r g o n  a t m o s p h e r e  
c o n t a i n i n g  a low p a r t i a l  p r e s s u r e  of  m a g n e s i u m .  Un-  
d e r  such  c o n d i t i o n s  (as c o m p a r e d  to a i r )  t he  r e a c t i o n  
r a t e  w a s  found to be  s u b s t a n t i a l l y  e n h a n c e d .  T h e  
c h a r g e  fo r  t he  d e t e r m i n a t i o n  of  PCa ( R e a c t i o n  [V]) w a s  
p r e p a r e d  by m i x i n g  t h e  c a l c i n e d  c a r b o n a t e  w i t h  -100  
m e s h  s i l i c o n  and p r e s s i n g  into ~ in. p e l l e t s  w h i c h  w e r e  

3 �9 s u b s e q u e n t l y  b r o k e n  down into about  ~ m .  p i e c e s .  
P r i o r  to K n u d s e n  c e l l  m e a s u r e m e n t s  t h e  v o l a t i l e  i m -  
p u r i t i e s  w e r e  r e m o v e d  by s t r e a m i n g  a r g o n  t h r o u g h  a 
bed of the  CaO + Si f r a g m e n t s  in t h e  t r a n s p o r t a t i o n  a p -  
p a r a t u s ,  fo r  3 days  fo l l owed  by a n o t h e r  2 d a y s  a t  
1150~ 

b) A p p a r a t u s  and P r o c e d u r e  

The  t r a n s p o r t a t i o n  a p p a r a t u s  w h i c h  w a s  u s e d  fo r  
the  m e a s u r e m e n t  of  p ~ g  and P~a a s  w e l l  a s  t he  i s o p i -  
e s t i c  m e t h o d  ( s e e  r e s u l t s )  f o r  the  s tudy  of  o x i d e  r e a c -  
t i ons  and a l l oy  c o m p o s i t i o n  a r e  d e s c r i b e d  e l s e w h e r e .  17 
The  c a l c i u m  p r e s s u r e  f o r  R e a c t i o n  [V] w a s  m e a s u r e d  
by the  K n u d s e n  a p p a r a t u s  d e s c r i b e d  in R e f .  10. 

II) R E S U L T S  

a) N a t u r e  of t he  S i l i c a t e  F o r m e d  by 
R e a c t i o n s  [II] and [VI] 

If R e a c t i o n  [VI] i s  c a r r i e d  out  in a t r a n s p o r t a t i o n  
a p p a r a t u s  ~'~7 p r e s u m a b l y  n e a r l y  r e v e r s i b l e  c o n d i t i o n s  
e x i s t .  C o n s i d e r i n g  a f r e s h  c h a r g e  of  e f f e c t i v e l y  in f in -  
i t e  l eng th ,  m a g n e s i u m  e v o l v e s  p r i n c i p a l l y  n e a r  the  
c a r r i e r  g a s  e n t r a n c e ,  b e c a u s e  a s  t he  g a s  p a s s e s  
t h r o u g h  t h e  c h a r g e  it  b e c o m e s  p r o g r e s s i v e l y  m o r e  
s a t u r a t e d  un t i l ,  e v e n t u a l l y ,  no f u r t h e r  m a g n e s i u m  
e v o l v e s .  T h e  r e s i d u e  at  t he  ex i t  w i l l  s t i l l  c o n t a i n  a l l  
of the  m a g n e s i u m  o r i g i n a l l y  c h a r g e d .  R e a c t i o n  [II], on  
the  o t h e r  hand,  w i l l  h a v e  b e e n  f r e e  to o c c u r  a t  any 
point  in t he  c h a r g e .  A c c o r d i n g l y  the  s i l i c a t e  found a t  
the  ex i t  w i l l  be a p r o d u c t  of R e a c t i o n  [II] w h i l e  a t  t he  
e n t r a n c e  it  w i l l  be  both [II] and [VI]. 

F i g s .  l (a )  and (b) s h o w s  two X - r a y  d i f f r a c t o g r a m s  
of  r e s i d u e s  s a m p l e d  a t  a poin t  n e a r  t he  ex i t  (a) and 
n e a r  t h e  e n t r a n c e  (b). To  be  no ted  in F i g .  l (a )  a r e  t he  
peaks  of /3-Ca2SiO4 but  a l s o  w e a k e r  peaks  of y-Ca2SiO4 
a s  w e l l  a s  CaSi2.  F i g .  l (b)  shows  m u c h  s t r o n g e r  peaks  
of /3- and ~-Ca2SiO4 a s  t he  on ly  s i l i c a t e s . *  (The  in -  

*The presence of both ~3- and 3'- Ca2 SiO4 indicates that the allotropic transfor- 
mation [ 18] from the high-temperature ~-Ca: SiO4 to the low-temperature ~'-form 
has taken place only for a part of the silicate. Absence of the transformation ap- 
pears to be common both in the case of the silicothermic process residue as well 
as the silicate prepared from the oxides. While no explanation is offered here it is 
known that many factors can affect this transformation. 

t e n s i t y  of  the  MgO,  CaO and CaSi2 p e a k s ,  has  d e -  
c r e a s e d ,  c o n s i s t e n t  w i th  e x t e n s i v e  r e a c t i o n  v i a  [VI]. 
F i g .  1 is  r e p r e s e n t a t i v e  of  m o r e  than  t e n  o t h e r  d i f f r a c -  
t o g r a m s .  T h e  c h a r a c t e r i s t i c  peaks  of Ca3Mg(SiO4)2 
w e r e  not  o b s e r v e d  in any  of t h e s e .  D i f f r a c t o g r a m s  of 
r e s i d u e s  of R e a c t i o n  [V] show Ca2SiO4. 

Table I. Products of Reacting Lime and Silica in Various Reducing Atmospheres 

5 to 8 hr at 1 I50~ unless otherwise noted 

Atmosphere Test Charge Product* 

1) Air MgO + 3 CaO + 2 SiO2 -Caz SiO4 + MgO + CaO 
CaO + SiO2 -Ca2  SiO4 + SiO2 

some CaSiO3 

2) MgO + Si CaO + SiO2 a-CaSiO3 
MgO + 3 CaO + 2 S i O 2  CaaMg(SiO4)~ 

3) MgO + CaO + Si a) 3 CaO + SiO2 -Ca2 SiO4 + CaO 
CaO + SiO2 -Ca2 SiO4 + Si 
2 CaO + SiO2 -Ca2 SiO4 
2 CaO + MgO + SiO~ -Ca2SiO4 + MgO 

b) Merwinite~" -Ca2 SiO4 
+MgO + CaSi2 + Si 

a-CaSiOa t -Ca2 SiO4 
+CaSi2 + Si 

c) Temp. 1300~ 
3 CaO + SiO2 Can SiOs 

4) MgO + CaO + A1 3 CaO + SiO2 CaO + MgO + CaSi 

*Identified by X-ray diffraction, 
tPrepared prior to charging. 

Table II. Magnesium Pressures and Corresponding Oxygen Pressures 
Produced by Metallothermic Reduction of Dolomite and of MgO 

Temperature = 1150~ 

Reaction PMg, tort PO2, atm 

MgO + Si 6 0.94 3.5 X 10 -27 
MgO + CaO + Si s 18.6 8.4 X 10 -30 
MgO + CaO + A117 212 6.7 X 10 -32 

T h e  n a t u r e  of  t h e  s i l i c a t e  w a s  f u r t h e r  i n v e s t i g a t e d  
by the  fo l l owing  p r o c e d u r e .  M i x t u r e s  of powdered~ 
o x i d e s  C a O ,  MgO and SiO2 w e r e  p r e s s e d  into  t a b l e t s  
and h e a t e d  in a t m o s p h e r e s  c o n t a i n i n g  m a g n e s i u m  
v a p o r .  T h e s e  a t m o s p h e r e s  w e r e  p r o d u c e d  by r e a c t i n g  
m a g n e s i u m  o x i d e  a n d / o r  c a l c i n e d  d o l o m i t e  wi th  s i l i c o n  
a n d / o r  a l u m i n u m  in a c l o s e d  s y s t e m  w i t h  a r g o n  a s  the  
a m b i e n t  i n e r t  g a s .  The  r e s u l t s  a r e  s u m m a r i z e d  in 
T a b l e  I.  T h e  m a g n e s i u m  p r e s s u r e s  and the  c o r r e s -  
ponding  o x y g e n  p r e s s u r e s  p r o d u c e d  by the  r e a c t i o n  
m i x t u r e s  a r e  g i v e n  in T a b l e  II .  T h e  C a O / S i O 2  r a t i o s  
of  3 / 1  and 1 /1  ( s e e  T a b l e  I ,  C o l u m n  2) w e r e  c h o s e n  to 
p r o v i d e  an  e x c e s s  of e i t h e r  of  t he  o x i d e s  wi th  r e s p e c t  
to CazSiO4. O n l y  t h e  l a t t e r  i s  s e e n  to be  s t a b l e  u n d e r  
c o n d i t i o n s  of  R e a c t i o n  [VII. Row 3b shows  tha t  bo th  
Ca3Mg(SiO4)z and ot-CaSiO3 d e c o m p o s e  to f o r m  CazSiO4, 
i . e .  

Ca3Mg(SiO4)2(s) = Ca2SiO4(s) + CaO(s) + MgO(s) 

+ Si(sbl ) + Oz(g) [VIII 

Both  m e t h o d s ,  t h e r e f o r e ,  show tha t  Ca2SiO4 is  t he  so l id  
p r o d u c t  of  R e a c t i o n s  [V] and [VII u n d e r  n e a r  e q u i l i b -  
r i u m  c o n d i t i o n s .  (Note  a l s o  tha t  Ca2SiO4 d e c o m p o s e s  
in t he  m o r e  h igh ly  r e d u c i n g  a t m o s p h e r e  o f f e r e d  by 
s y s t e m  CaO + MgO + A1; s e e  Row 4. 

It  i s  n o t e w o r t h y  tha t  Ca3Mg(SiOa)z d o e s  f o r m  at  low 
m a g n e s i u m  p r e s s u r e s ,  Row 2. T h e  f ac t  tha t  i t  o c c u r s  
in r e s i d u e s  w h e n  R e a c t i o n  [VII is  c a r r i e d  out  in v a c -  
uum 1~ p r e s u m a b l y  m e a n s  tha t  m a g n e s i u m  p r e s s u r e s  
a r e  c o n s i d e r a b l y  be low e q u i l i b r i u m  i n s i d e  the  b r i -  
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quet tes  under  these  condi t ions .  This  l a t t e r  obse rva t ion  
appea r s  to be s igni f icant  in a t t empts  to e s t ab l i sh  the 
r eac t ion  m e c h a n i s m ,  a subjec t  beyond the scope of 
this  paper .  

b) Magnes ium Content  of the Liquid Alloy 
in the System (") 

It was  pointed out e a r l i e r  that in the event that the 
m a g n e s i u m  content  of this  a l loy were  only a few p e r -  
cen t ,  the ac t iv i ty  of s i l i con  a" would not be s ign i f i -  Si 
cant ly  di f ferent  f rom a~t. The magnes ium content  was 
m e a s u r e d  by an analogous method to that  jus t  de-  
s c r ibed .  Ca-S i  a l loys  were  allowed to reach  equi l ib-  
r i u m  with magnes ium vapor  produced by React ion  [VI]; 
they were  held in magnes ium oxide c ruc ib l e s  in a cap-  
sule  conta in ing br ique t ted  d o l o m i t e / s i l i c o n  m i x t u r e s ,  
with a rgon  as  the ine r t  gas at 1 a tm p r e s s u r e .  The 
t e m p e r a t u r e  was 1150~ and exposure  t imes  ranged 
f rom 48 to 72 hr .  At the end of the heat ing per iod the 
capsu le  was quenched and the a l loy analyzed for mag-  
n e s i u m .  The a l loys  used were  p repared  1~ p rev ious ly  
for  the de t e rmina t i on  of ca lc ium vapor  p r e s s u r e  and 
had compos i t ions  on both s ides  of XSi = 0.68 (see be -  
low). Magnes ium could en te r  the al loy by reduc t ion  of 
the c ruc ib l e  o r  f rom the vapor  phase ,  whi le  ca lc ium 
content  ad ju s tmen t s  had to proceed through the vapor .  

The magnes ium content ,  a f t e r  equ i l ib ra t ion ,  was 
found to be 2.4 + 0.3 pct based on five expe r imen t s .  
This  low concen t ra t ion  is cons i s t en t  with the much 
weaker  i n t e r ac t i ons  between magnes ium and s i l i con ,  
as  compared  to ca lc ium and s i l i con  (see f i r s t  footnote,  
p. 980). It s eemed ,  t he r e fo re ,  jus t i f ied  to a s s u m e  that 

t /  the ac t iv i ty  asi was the same  as  a~i.  

c) T h e r m o d y n a m i c s  of the System (') 

The ca lc ium p r e s s u r e s  over  React ion iV], 4 CaO(s) 
+ Si(sln) = 2 Ca(g) + CazSiO4(s) have been m e a s u r e d  at 
t e m p e r a t u r e s  in the range  1035 ~ to 1230~ us ing the 
Knudsen  effusion appara tus  desc r ibed  in Ref. 10. The 
br iquet ted  mix tu re  of ca lc ium oxide and s i l i con  was 
placed d i rec t ly  into the t i t an ium Knudsen  cel l .  Resu l t s  
a r e  in Fig.  2. The equation of the s t ra igh t  l ine (not 
shown in Fig.  2) r e p r e s e n t i n g  the expe r imen ta l  points  
is 

14,160 
log P~a - T + 8.441 [8] 

where  Pca is in t o r r  and T in degrees  K. 
It is not poss ib le  to d e t e r m i n e  the compos i t ion  of the 

a l loy formed by React ion [II] by d i r ec t  sampl ing  and 
ana ly s i s .  The a l loy sp reads  ve ry  effect ively over  the 
su r face  of the CaO and MgO pa r t i c l e s  (which, m o r e -  
ove r ,  a r e  in t ima te ly  a s soc ia t ed  with the o r thos i l i ca t e  
produced by [II]) and it is not poss ib le  to i so la te  it 
f rom these  oxides .  An a l t e rna t e  approach is provided 
by matching  the ca lc ium vapor  p r e s s u r e  data obtained on 
on a s e r i e s  of Ca -S i  a l loys ,  plotted aga ins t  compos i t ion ,  
with the data for  PCa" Resul t s  f rom Ref. 10 on the Ca-  
Si a l loys  a r e  shown in Fig.  3. The m e a s u r e d  va lues  of 
PCa (calculated f rom Eq. [8] at the t e m p e r a t u r e s  
shown) a r e  shown as  a r r o w s .  The i r  i n t e r s e c t i o n s  with 
the cu rves  give the al loy compos i t ion  which exis t s  at 
equ i l i b r i um.  It can be seen  that these  i n t e r s ec t i ons  
occu r  at the same  al loy compos i t ion ,  x~i = 0.68 within 

the accu racy  of this  method.  No explanat ion is offered 
for the apparen t ly  for tui tous  t e m p e r a t u r e  independence.  

The s i l icon  ac t iv i ty  for the compos i t ion  x~i = 0.68 
can,  in t u rn ,  be read off f rom Fig.  5 of Ref. 10. It is 
shown plotted as  a function of t e m p e r a t u r e  in Fig.  4. 
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Fig. 2--Calcium vapor pressures over Reaction [vt (or [VI]). 
Points are experimental measurements; curve (A) is cal- 
culated from p~ = a~i 1/2 exp Z~~ a~i = 1; (B) is 
calculated using experimental a~i data. 
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Fig. 4---Silicon act ivi ty in the alloy xSi = 0.68 vs tempera ture .  

T h e  e x p e r i m e n t a l  c a l c i u m  p r e s s u r e s  a r e  c o m p a r e d  in 
F i g .  2 w i th  p r e s s u r e s  c a l c u l a t e d  u s i n g  E q .  [5]. L i n e  
(A) is  the  c a l c u l a t e d  p ' .  a s s u m i n g  ao. = 1. L i n e  (B) 
was  ob ta ined  by u s i n g  the  e x p e r i m e n t a l  a c t i v i t i e s  a~ i ,  
a s  g i v e n  in F i g .  4. T h e  s t a n d a r d  f r e e  e n e r g i e s  of  f o r -  
m a t i o n  of CaO and Ca2SiO4 u s e d  to c a l c u l a t e  AG~, w e r e  
t a k e n  f r o m  the  t a b u l a t e d  da ta  of  E l l i o t t  and G l e i s e r  ~9 
m o d i f i e d  in a c c o r d a n c e  wi th  t he  new v a l u e  of  t he  hea t  
of  f o r m a t i o n  of SiO2. 2~ T h e  f r e e  e n e r g y  da ta  f o r  v a p o r -  
i z a t i on  of  c a l c i u m  is  tha t  of  H u l t g r e n  et al.2~ 

d) T h e r m o d y n a m i c s  of  t he  S y s t e m  (") 

The  m a g n e s i u m  p r e s s u r e s  p r o d u c e d  by the  r e a c t i o n  
2 C a O .  s, + 2 M g O ( s  ) + Si(sln ) = 2Mg(g)  + Ca2SiO4(s) ) 
w e r e  ~ e t e r m i n e d  in t h e  t e m p e r a t u r e - r a n g e  1030 ~ to 
1175~ u s i n g  t h e  t r a n s p o r t a t i o n  a p p a r a t u s .  T h e  p r e s -  
s u r e s  o v e r  t h e  s a m e  r e a c t i o n  w e r e  m e a s u r e d  p r e v i -  
o u s l y  by P i d g e o n  and King  5 and a l s o  by E l l i n g s a e t e r  
and Rosenqvis t .22  A f t e r  the  p r e s e n t  s tudy  w a s  c o m -  

.... p•eted u n p u b l i s h e d  d a t a  f r o m  the  N o r w e g i a n  ~ I n s t i t u t e  
of  T e c h n o l o g y  a l s o  b e c o m e  a v a i l a b l e  in m a n u s c r i p t  
f o r m .  23 The  e x p e r i m e n t a l  po in t s  f r o m  t h e s e  t h r e e  
s o u r c e s  h a v e  b e e n  p lo t t ed  in F i g .  5 t o g e t h e r  w i t h  t he  
p r e s e n t  r e s u l t s ,  w h i c h  a l s o  ex t end  t h e  t e m p e r a t u r e  
r a n g e  to l o w e r  v a l u e s � 9  

L i n e  (A) in F i g .  5 w a s  c a l c u l a t e d  u s i n g  E q .  [6], t h e  
" --: i .  L i n e  a b o v e - m e n t i o n e d  f r e e  e n e r g y  da ta  and a s i  

(B) w a s  a l s o  c a l c u l a t e d  u s i n g  E q .  [6], e x c e p t  tha t  now 
the  e x p e r i m e n t a l  v a l u e s  of a~i , F i g .  4, w e r e  s u b -  
s t i t u t e d .  

In c o r r e l a t i n g  the  s y s t e m s  ( ')  and ( ' )  the  e x p e r i -  
m e n t a l l y  d e t e r m i n e d  c a l c i u m  p r e s s u r e  PCa m a y  be  
c o m p a r e d  wi th  PCa"  T h e  l a t t e r  c a n  be  e i t h e r  d i r e c t l y  
m e a s u r e d  o r  c a l c u l a t e d  u s ing  Eq .  [7 ], t he  e x p e r i m e n -  
t a l l y  m e a s u r e d  m a g n e s i u m  p r e s s u r e  and the  s t a n d a r d  
f r e e  e n e r g y ,  AGUe, o b t a i n a b l e  f r o m  da ta  f o r  MgO,  CaO 
and v a p o r i z a t i o n  of  c a l c i u m  m e t a l .  No te  tha t  s u c h  a 

.... c a l c u l a t i o n  d o e s  not  i n v o l v e  t h e  s i l i c a t e � 9  E x p e r i m e n -  
t a l  m e a s u r e m e n t  of  Pca  is  p o s s i b l e  by a n a l y z i n g  the  
c o n d e n s a t e  f r o m  the  t r a n s p o r t a t i o n  e x p e r i m e n t s  fo r  
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! 
the same equation but using exper imenta l  asi data. 

Table III. Comparison of Calcium Pressures over Systems (') and (") 

Temperature 1150~ 

Source PCa, torr 

Pea - experimental (from Figure 2) 3.2 X 10 -2 
Pca" from equation [7] and p~lg = 19.1 tort 3.3 X 10 -2 

Pca " experimental 2.0 X 10 -2 

c a l c i u m .  Six c o n d e n s a t e s  o b t a i n e d  at  1150~ y i e l d e d  
0.173 + 0.020 wt  pc t  Ca  o r  a c a l c i u m  p r e s s u r e  of  0 .020 
t o r r .  T a b l e  III l i s t s  t h r e e  P e a  v a l u e s  f r o m  the  d i f f e r -  
ent  s o u r c e s  at  1150~ T h e r e  is  v e r y  s a t i s f a c t o r y  
a g r e e m e n t  b e t w e e n  pL and the  c a l c u l a t e d  pL . T h e  ,, tza . t;a 
e x p e r i m e n t a l  Pea  a g r e e s  l e s s  s a t i s f a c t o r i l y  wi th  t h e  
o t h e r s  w h i c h ,  p e r h a p s ,  i s  to be  a c c o u n t e d  f o r  by the  
v e r y  s m a l l  a m o u n t s  of  c a l c i u m  c o l l e c t e d  in t he  t r a n s -  
p o r t a t i o n  e x p e r i m e n t s . *  

*Both plant practice as well as vacuum reaction in the laboratory yield conden- 
sates containing some calcium. The reason why earlier equilibrium measurements s 
did not contain the element seems to be the geometry of the apparatus. Presently 
the condenser is connected directly to the charge container while no connecting 
tube was used in the previous experiments. It is likely that calcium, which con- 
denses at appreciably higher temperatures than magnesium, was not collected, but 
condensed in the furnace tube. 

III) DISCUSSION 

T h e  c a l c i u m  p r e s s u r e s  PCa and m a g n e s i u m  p r e s -  
s u r e s  P~Ig h a v e  b e e n  o b t a i n e d  by w i d e l y  d i f f e r e n t  
m e t h o d s  M o r e o v e r ,  t he  p~'. v a l u e s  m a y  be  c o n s i d -  �9 • 
e r e d  w e l l  e s t a b l i s h e d .  T h e y  h a v e  now b e e n  m e a s u r e d  
in f o u r  s e p a r a t e  i n v e s t i g a t i o n s  and s e v e r a l  a d d i t i o n a l  
u n p u b l i s h e d  o n e s .  24 T h e  v a r i a t i o n  a m o n g  t h e s e  i n v e s -  
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t i ga t ions  is  l e s s  than  8 pc t .  Since the  t h e r m o d y n a m i c  
da ta  fo r  MgO and CaO a p p e a r  v e r y  r e l i a b l e ,  25 the  
a g r e e m e n t  of the  p r e s s u r e s  in Tab le  III  p r o v i d e s  a 
s t r o n g  a r g u m e n t  for  the  c o r r e c t n e s s  of the  a n a l y s i s  of 
the  s y s t e m  given e a r l i e r  and m a y ,  m o r e o v e r ,  be  con-  
s i d e r e d  a c a l i b r a t i o n  of the Knudsen  a p p a r a t u s  for  the 
m e a s u r e m e n t s  of the  a l l oy  v a p o r  p r e s s u r e s .  

A n o t h e r  independent  m e a s u r e m e n t  to subs t an t i a t e  the  
the  v a l i d i t y  and i n t e r n a l  c o n s i s t e n c y  of the  r e s u l t s  is  
ob ta ined  by the c o n s i d e r a t i o n  of a m i x t u r e  of MgO 
+ CaO + St with an e x c e s s  of s i l i con  with  r e s p e c t  to 
Reac t ion  [II], so that  a l l  CaO is  c o n s u m e d  and so l id  
s i l i c o n  i s  p r e s e n t  a t  e q u i l i b r i u m .  The  e q u i l i b r i u m  m a y  
then be  r e p r e s e n t e d  by 

4MgO(s  ) + 2Ca(sln ) + Si(s ) = 4Mg(g) + Ca2SiO~(s ) 

[VIII] 

The c o m p o s i t i o n  of the  a l l oy  is  f ixed and mus t  be that  
c o r r e s p o n d i n g  to the  l iquidus  c o m p o s i t i o n  on the b i n a r y  
c a l c i u m - s i l i c o n  d i a g r a m ,  s ince  s i l i con  is  p r e s e n t  a s  a 
so l id  (the d i s s o l v e d  m a g n e s i u m  is  neg lec t ed ) .  The 
e q u i l i b r i u m  cons tan t  m a y  then be w r i t t e n  a s  equal  to 

- -  4 , 2 

K - p ~ g  //a Ca [9 ] 

and 
_ o 2 R T  a~a  = p ~ g  exp gC'vm/  [10] 

w h e r e  the  s u p e r s c r i p t  (*) is  to denote  the  equ i l i b r i um 
d e s c r i b e d  by Reac t ion  [VIII]. 

That  the  s y s t e m  indeed behaves  in th i s  way is  con-  
f i r m e d  by X - r a y  d i f f r ac t i on  a n a l y s i s  of r e s i d u e s  of a 
1/1 d o l o m i t e - s i l i c o n  m i x t u r e  r e a c t e d  in the  t r a n s p o r -  
ta t ion  a p p a r a t u s ,  F ig .  6. The  r a t i o  1/1 s t i l l  con ta ins  an 

e x c e s s  of CaO and l ines  for  the  l a t t e r  a r e  s t i l l  p r e s e n t  
when no m a g n e s i u m  is  r e m o v e d ,  F ig .  6(a). F u r t h e r -  
m o r e ,  t h e r e  a r e  no s i l i con  l ines  but s t r o n g  l ines  for  
CaSi2. 

When the  r e a c t i o n  is  made  to p r o c e e d  by r e m o v a l  
of m a g n e s i u m  (see  Sect ion  IIa) ,  twice  a s  much  CaO as  
s i l i con  i s  consumed .  Th i s  l e a d s ,  f i r s t ,  to d i s a p p e a r -  
ance  of CaO and,  t h e r e a f t e r ,  to c onc e n t r a t i on  of s i l i con  
and dep le t ion  of ca l c ium in the a l loy .  When the  l iquidus 
c o m p o s i t i o n  is r e a c h e d ,  so l id  s i l i con  p r e c i p i t a t e s .  F ig .  
6(b) shows the  l a t t e r  condi t ion  of the i n i t i a l l y  1:1 
C a O / S i  m i x t u r e ;  t h e r e  a r e  no CaO p e a k s ,  weak  CaSi2 
peaks  and s t r o n g  Si  peaks  whi le  the 7-Ca~SiO~ peaks  
have b e c o m e  c o r r e s p o n d i n g l y  s t r o n g e r  than in F ig .  6(a). 
When the in i t i a l  r a t io  is  below about 0.5 the  condi t ion  
shown in F ig .  6(b) is r e a c h e d  d i r e c t l y .  

Six t r a n s p o r t a t i o n  m e a s u r e m e n t s  a t  1150~ using 
t h r e e  m i x t u r e s  with C a O / S i  r a t i o  below 0.5 have 
y ie lded  a m a g n e s i u m  p r e s s u r e  of 9.4 + 0.15 t o r r .  Sub- 
s t i tu t ing  th i s  va lue  and the t h e r m o d y n a m i c  da ta  a l r e a d y  
r e f e r r e d  to e a r l i e r  (with an a d j u s t m e n t  of 2000 cal  to 
be d i s c u s s e d  below) into Eq. [10], a~a  = 8.2 x 10 -5 is 
c a l cu l a t ed .  Th is  is  in v e r y  good a g r e e m e n t  with 8.7 
x 10 -5 in T a b l e  II of Ref.  10, obta ined  d i r e c t l y  by m e a s -  
u r e m e n t  of the  ca l c ium p r e s s u r e  o v e r  the  l iqu idus -  
c o m p o s i t i o n  a l l oy  at  I150~ 

Both c a l c u l a t e d  l ines  in F i g s .  2 and 5 a g r e e  with the 
e x p e r i m e n t a l  poin ts  within e x p e r i m e n t a l  e r r o r  of the  
f r ee  e n e r g i e s  of f o rma t ion  of the  compounds  involved 
in ca l cu l a t i ng  AG~ and AG~I . It i s ,  m o r e o v e r ,  pos s ib l e  
to d raw add i t iona l  conc lus ions  based  on the fol lowing 
s i m i l a r i t i e s  be tween F i g s .  2 and 5: F i r s t ,  the s lopes  of 
l ines  (A) d i f f e r  f rom the s l o p e s  of the  l ines  which can 
be drawn through  the e x p e r i m e n t a l  points  in both f ig-  
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Fig .  B - - X - r a y  d i f f r a c t o g r a m  of t he  r e s i d u e  of  a 1/1 c a l c i n e d - d o l o m i t e / s i l i c o n  m i x t u r e  r e a c t e d  a t  1150~ (a)  no  m a g n e s i u m  
evolu t io r t ,  on ly  R e a c t i o n  [If] t ook  p l a c e ;  (b) m a g n e s i u m  r e m o v e d  b y  e n t r a i n m e n t  in to  a r g o n .  Note  a b s e n c e  of CaO a n d  a p p e a r a n c e  
of  s i l i c o n  l i n e s .  
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a r e s .  Second ,  l i n e s  (B)  in both  f i g u r e s  h a v e  the  s a m e  
s l o p e  a s  the  l i nes  t h r o u g h  the  p o i n t s ,  but  l i e  be low the  
l a t t e r  by about  30 pc t .  T h i s  d i f f e r e n c e  is  e q u i v a l e n t  to 
a p p r o x i m a t e l y  2000 c a l  in the  f r e e  e n e r g i e s  A G~ and 
A G~r . 

The  c a l c u l a t e d  l i ne s  (A) and (/3) in F i g .  5 r e p r e s e n t  
R e a c t i o n s  [I] and [VI]. T h e i r  s l o p e s  a r e  r e l a t e d  26 to t he  
h e a t s  of t h e s e  r e a c t i o n s  by the  r e l a t i o n s h i p :  

d log  p _ AH 
d 1 / T  4 .6R 

The  d i f f e r e n c e  b e t w e e n  the  s l o p e s  r e p r e s e n t s  the  d i f -  
f e r e n c e  b e t w e e n  the  h e a t s  of the  two r e a c t i o n s ,  i . e .  
the  h e a t - e f f e c t  of the  r e a c t i o n  

Si (s) = St(sin) 

The  s a m e  a r g u m e n t s  app ly  to F i g .  2. T h e  f ac t  tha t  a 
' c o r r e c t i o n '  by the  s i l i c o n  a c t i v i t y  b r i n g s  t he  s l o p e  of  
(A) into a g r e e m e n t  w i t h  the  s l o p e  of  (/3) and ,  t h u s ,  w i t h  
t he  e x p e r i m e n t a l  p o i n t s ,  c o n s t i t u t e s  e v i d e n c e  tha t  t he  
e q u i l i b r i u m  r e a c t i o n s ,  iV] and [VII, h a v e  b e e n  c o r r e c t l y  
w r i t t e n .  T h i s  i s  a l s o  i n d e p e n d e n t  e v i d e n c e  tha t  t he  
s i l i c o n  a c t i v i t i e s  m e a s u r e d  p r e s e n t l y  a r e  r e a s o n a b l y  
a c c u r a t e .  

R e g a r d i n g  the  d i s p a r i t y  b e t w e e n  l i n e s  (/3) and the  
e x p e r i m e n t a l  po in t s  in F i g s .  2 and 5 the  f o l l o w i n g  i s  
to be  no ted  i) t he  m a g n e s i u m  p r e s s u r e s  P~Ig u s e d  in 
the  c a l c u l a t i o n s  a p p e a r  to be  a c c u r a t e  to b e t t e r  than  
10 pc t ;  it) t he  p r e c i s i o n  wi th  w h i c h  PCa w a s  m e a s u r e d  
w a s  4 pc t  1~ and the  a g r e e m e n t  b e t w e e n  the  two i n d e -  
penden t  m e t h o d s  of  o b t a i n i n g  P~a  and PCa (Tab le  III) 
i n d i c a t e d  a b s e n c e  of  s i g n i f i c a n t  s y s t e m a t i c  e r r o r s ;  
i i i)  l i nes  (/3) d i f f e r  f r o m  the  p o i n t s  by the  s a m e  a m o u n t  
in both  F i g s .  2 and 5. T h e s e  f a c t s  t a k e n  t o g e t h e r  s u g -  
g e s t  tha t  an e r r o r  is  a s s o c i a t e d  wi th  t he  f r e e  e n e r g y  
of  f o r m a t i o n  of Ca2SiO4. The  l a t t e r  f r e e  e n e r g y  has  
b e e n  d e t e r m i n e d  27 to be  900 c a l  p e r  m o l e  m o r e  n e g a -  
t i v e  than  the  c a l o r i m e t r i c  19 v a l u e  at  700~ wi th  t he  h e l p  
of  an  e l e c t r o c h e m i c a l  m e t h o d  u s i n g  a so l i d  e l e c t r o l y t e .  
T h e  a b i l i t y  of t h e  l a t t e r  m e t h o d  to y i e l d  a c c u r a t e  r e -  
s u i t s  f o r  ox ide  f r e e  e n e r g i e s  has  r e c e n t l y  b e e n  d e m o n -  
s t r a t e d  a g a i n ,  z8 G i v e n  a l s o  the  p r e s e n t  e v i d e n c e ,  i t  
a p p e a r s  tha t  t he  s t a n d a r d  f r e e  e n e r g y  of the  r e a c t i o n  

2CaO(s  ) + SiO2(s) = CazSiO4(s) 

should  be  r e v i s e d  by about  - 1 0 0 0  c a l  a t  1400~ to 
AG O = - 3 3 , 4 0 0  c a l  p e r  m o l e  CazSiO4. 

IV) C O N C L U S I O N S  

1) T h e  e q u i l i b r i u m  v a p o r  p r e s s u r e  of  c a l c i u m  f o r  
t he  r e a c t i o n  

4CaO(s)  + St(sln) = 2Ca(g)  + CazSiO4(s) 

(in t o r r )  f o l l ows  t h e  equa t i on  

14,160 
log  P e a  - T + 8.441 

o v e r  t he  t e m p e r a t u r e  r a n g e  1290 ~ to 1500~ 
2) The  l iqu id  C a - S t  a l l o y  in e q u i l i b r i u m  wi th  t he  r e -  

a c t i o n  g i v e n  in 1) c o n t a i n s  68 a t .  pc t  Si ;  i t s  c o m p o s i t i o n  
i s  c o n s t a n t  in t h e  t e m p e r a t u r e  r a n g e  1050 ~ to 1200~ 

and the  a c t i v i t y  of  s i l i c o n  in t he  a l l o y  (based  on  so l id  
s i l i c o n  a s  the  s t a n d a r d  s t a t e )  v a r i e s  f r o m  0.71 a t  
1050~ to 0 .40 a t  1200~ 

3) T h e  e q u i l i b r i u m  b e t w e e n  m a g n e s i u m  o x i d e  and 
s i l i c o n  in the  p r e s e n c e  of  c a l c i u m  o x i d e  is  r e p r e s e n t e d  
by 

2 MgO (s) + 2 CaO(s) + Si(sln) = 2 Mg(g) + CazSiO4(s) 

The  t e r n a r y  a l l o y  p r e s e n t  a t  e q u i l i b r i u m  c o n t a i n s  2.4 
+ 0.3 pc t  Mg in a d d i t i o n  to c a l c i u m  and s i l i c o n ;  t he  
v a l u e  of  t h e  s i l i c o n  a c t i v i t y  i s  tha t  g i v e n  u n d e r  2) to a 
s u f f i c i e n t l y  c l o s e  a p p r o x i m a t i o n .  

4) T h e  m a g n e s i u m  p r e s s u r e s  f o r  the  r e a c t i o n  g i v e n  
in 3) h a v e  b e e n  r e d e t e r m i n e d  and found in e x c e l l e n t  
a g r e e m e n t  w i th  p r e v i o u s  w o r k e r s .  A c o m p a r i s o n  of 
t h e  e x p e r i m e n t a l  c a l c i u m  and m a g n e s i u m  p r e s s u r e s  
wi th  t h o s e  c a l c u l a t e d  f r o m  t h e r m o d y n a m i c  da t a  shows  
a g r e e m e n t  w i t h i n  e x p e r i m e n t a l  e r r o r  in t h e  f r e e  e n -  
e r g y  da t a .  The  c a l c i u m  p r e s s u r e s  in t h i s  s y s t e m  f o l -  
low the  e q u a t i o n  g i v e n  u n d e r  1). 

5) B a s e d  on p r e s e n t  e v i d e n c e ,  a p r e f e r r e d  v a l u e  of 
t he  s t a n d a r d  f r e e  e n e r g y  of  f o r m a t i o n  of  c a l c i u m  o r t h o -  
s i l i c a t e  f r o m  c a l c i u m  o x i d e  and s i l i c a  i s  - 3 3 , 4 0 0  c a l  
p e r  m o l e  of t he  s i l i c a t e  a t  1400r 
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