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Phase Equilibria and Thermodynamic 
Studies in the System CaO-FeO-Fe203-SiO 2 

M. TIMUCIN AND A. E. MORRIS 

Phase equilibria and thermodynamic properties of the system CaO-FeO-FesO3-SiOs were stud- 
ied at 1450 ~ and 1550~ over a range of pOs from 1 to about i0 -11 atm. Isothermal phase dia- 
grams and activity-composition diagrams were constructed for 0, 5, I0, 20, and 30 wt pct SiO2 
sections. The data are applicable to further understanding the behavior of simple BOF steel- 
making slags. 

IN o r d e r  to provide  a more  comple te  ba s i s  for u n d e r -  
s tanding the behavior  of the s lag  fo rmed  in the bas ic  
oxygen furnace  s t e e l - m a k i n g  p r o c e s s ,  phase e q u i l i b r i a  
and activity measurements have been carried out over 
a wide range of compositions in the system CaO-FeO- 
FesOs-SiO2, at 1450 ~ and 1550~ In particular, the work 
had the following objectives: I) To determine the re-  
gion of stability of certain solid phases in the CaO-FeO- 
Fe2Os (ternary), and the CaO- FeO- FesOs-SiO2 (quater- 
nary) systems, 2) To determine the composition of liq- 
uid slags in the ternary and quaternary system, and 
3) To calculate the activity-composition relationships 
of FeO, CaO, and SiO2 in these systems. 

Experimental work was carried out over a range of 
oxygen pressures from about 10 - 'I to 1 atm, at 1450 ~ 
and 1550~ Compositions in the ternary system were 
studied first, and then extended into the quaternary at 
5, i0, 20, and 30 wt pct SlOe sections. Phase diagrams 
and activity diagrams for all sections studied were then 
constructed. The experimental data obtained in the 
present work was used as the basis for constructing 
the phase  d i a g r a m s ,  except  for  ce r t a in  compos i t ions  at 
1550~ ment ioned  l a te r  unde r  Resul t s .  

EXPERIMENTAL METHOD 

P h a s e s  in equ i l ib r ium were  i n f e r r e d  f rom e x a m i n a -  
t ion of s amp le s  quenched f rom the equ i l ib ra t ion  t e m -  
p e r a t u r e .  The samples  were  examined  by m e t a l l o -  
g raphic  and X - r a y  d i f f rac t ion  methods .  The compos i t ion  
of al l  s i ng l e -phase ,  and some two-phase  s amples  was  
d e t e r m i n e d  by chemica l  ana ly s i s .  

The s amp le s  to be equ i l ib ra t ed  were  p r e p a r e d  f rom 
m i x t u r e s  of va r ious  ca lc ium s i l i ca t e s ,  ca lc ium f e r -  
rites, iron silicates, lime, and silica~ These starting 
materials had been previously prepared by reacting to- 
gether reagent grade samples of CaCO3, FesO3, and 
silicic acid, in appropriate amounts. Suitable precau- 
tions were taken to insure against segregation of sam- 
ple, or loss of nonhomogeneous material, in all steps 
of sample preparation. 
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Samples  of known composi t ion were  p r e p a r e d  for 
equ i l ib ra t ion  by packing about 0.8 g of the powdered 
sample  into a th in -wa l l ed  p la t inum or P t - R h  cruc ib le .  
The s a mp l e s  were  heated for a m i n i m u m  of 18 hr at 
1450 ~ and 8 hr at  1550"C; these t imes  were  found to be 
wel l  in excess  of that r equ i r ed  for equ i l ib ra t ion .  
Quenching was accompl i shed  by dropping the s amp le s  
into water  or  i sopropyl  alcohol (depending on the l ime  
content) ,  without d i s tu rb ing  the t e m p e r a t u r e  or gas 
flow in the fu rnace .  

The de s i r e d  oxygen p r e s s u r e  (/)02) was a t ta ined by 
pas s ing  va r ious  m i x t u r e s  of Os, N2, CO, or COs, into 
the fu rnace ,  accord ing  to the p rocedure  e s t ab l i shed  by 
Darken  and G u r r y ,  1 except  that a Matheson  gas p r o p o r -  
t i one r  was used  to obtain the des i r ed  gas composi t ion .  
Cy l inde r s  of p r e m i x e d  gases  were often used,  as sup-  
pl ied and ana lyzed  by the Matheson Co. In genera l ,  
gases  were  of suff ic ient  pur i ty  to need no subsequent  
t r e a t m e n t ,  except  for ce r t a in  runs  equ i l ib ra t ed  at a 
pOs genera ted  by the t h e r m a l  decompos i t ion  of pure  
CO2. In this case ,  Coleman I n s t r u m e n t  grade  CO2 was 
fu r the r  pur i f ied  by pas s ing  over  copper  gauze at 550~ 

The pO2 ge ne r a t e d  by CO/CO2 m i x t u r e s  at equ i l i b r ium 
t e m p e r a t u r e  was ca lcula ted  f rom t h e r m o d y n a m i c  data  
on the high t e m p e r a t u r e  f ree  energy  of fo rma t ion  of 
CO2 and CO s. The main  unce r t a in ty  in ca lcu la t ion  of 
the poe was the e r r o r  in read ing  the f lowmete r  tubes.  
For  example ,  at 1450~ the log(pO~) was ca lcula ted  to 
be - 9 . 3 0 0  :~ 0.005. 

The v e r t i c a l  tube fu rnaces  for s ample  equ i l ib ra t ion  
were  of convent iona l  design,  and con t ro l l ed  to •176 
The sample  t e m p e r a t u r e  was m e a s u r e d  by a P t - P t / 1 0  
pct Rh the rmocouple ,  which was s t anda rd i zed  aga ins t  
the mel t ing  po in ts  of gold and pa l lad ium.  The t e m -  
p e r a t u r e  of the sample  was e s t ima ted  to be c o r r e c t  to 
•176 

The chemical composition of quenched samples was 
determined by analysis for divalent iron~ total iron, and 
CaO, by well-known dichromate and permanganate po- 
tentiometric titrations. Silica was determined by dif- 
ference. The accuracy of the analysis (and gas equili- 
bration technique) was established by submitting 
samples to outside laboratories, and by analysis of 
FeO-FesOs mixtures equilibrated under the conditions 
specified by Darken and Gurry. 3 

LITERATURE 

A la rge  amoun t  of work has been r e p o r t e d  on b inary ,  
t e r n a r y ,  and q u a t e r n a r y  s y s t e m s  of r e l e v a n c e  to the 
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p r e s e n t  work. Of p a r t i c u l a r  i m p o r t a n c e  is the work  by 
Muan and Osborn ,  4 which conta ins  m o s t  of the i m p o r t a n t  
phase  d i a g r a m s ,  and d i s c u s s e s  the theory  and app l i ca -  
t ion of phase  d i a g r a m s  in s t ee lmak ing .  

F o r  the b inary  s y s t e m  F e - O ,  the work  of Darken  and 
Gurry~,3 has  a l ready  been ment ioned .  Phase  e q u i l i b r i a  
in the CaO-SiO2 s y s t e m  has been  s u m m a r i z e d ,  5 as has  
t h e r m o d y n a m i c  data  on l iqu ids  and compoundsf i  '7 

Phase  equ i l i b r i a  in the s y s t e m  CaO-FeO-Fe~: )3  has  
been s u r v e y e d  by Muan and Osborn ,  4 and an a c t i v i t y -  
compos i t i on  d i ag ram is  ava i l ab l e  at 1550~ 7 Turkdo-  
gan 8 has  a l so  ca lcu la ted  the a c t i v i t i e s  of ox ides  in the 
above t e r n a r y ,  with r e s u l t s  d i f f e r en t  than obtained in 
Ref. 7. S imi l a r  compi la t ions  of data  in the s y s t e m  F e O -  
Fe203-SiO2 a re  a l so  ava i lab le .  4'7'9-~ 

E x p e r i m e n t a l  data  on the q u a t e r n a r y  ( C a O - F e O -  
Fe~)3-SiOz) sys t em is  inadequate  to cons t ruc t  a t e t r a -  
hed ra l  mode l .  Phase  d i a g r a m s  have been c o n s t r u c t e d  

CoO Phase 8oundaries 

O2-1sobors (log P02, aim.) / X  
o Liquid ~ '  : ~  

�9 Liquid+Sol id / /  k 
:::::::.::: . , , d  sa,u,,o~ [ I  - ' k  . . o - o  

~  / . o /  \ 
§ 

FeO (wt. %1 Fe203 

Fig. 1--The isothermal phase diagram for the CaO-FeO-Fe203 
system. Abbreviations: M = magnetite, H = hematite, L = liq- 
uid oxide. 

CoO 

Phase Boundaries 

o :,2:2 "''''~176176 

FeO (wt. %) Fe203 

Fig. 2--The isothermal phase diagram for the CaO-FeO-Fe203 
system. Abbreviations: M = magnetite, H = hematite, L = liq- 
uid. 

f r o m  e x p e r i m e n t a l  work,  based  on condi t ions  in equi -  
l i b r ium with m e t a l l i c  i ron and a i r .  4'12 The ac t iv i ty  of 
" F e O "  in a few s l ags ,  of compos i t i ons  s i m i l a r  to those 
s tudied in the p r e s e n t  work,  has been p r e s e n t e d .  7'13'14 

RESULTS 

The e x p e r i m e n t a l  data  a r e  s u m m a r i z e d  in the f o r m  
of i s o t h e r m a l  phase  d i a g r a m s  for  the t e r n a r y  s y s t em,  
in F igs .  1 and 2 at  1450 ~ and 1550~ r e s p e c t i v e l y .  
The compos i t i ons  of the condensed p h a s e s  a r e  shown 
as  a function of pO2, and labe led  on the d i a g r a m  as  
"oxygen  i s o b a r s . "  At 1450 ~ the Fe  + l iquid  oxide 
phase  boundary was  d e t e r m i n e d  f r o m  e q u i l i b r i u m  runs  
in i ron c r u c i b l e s .  At 1550~ a lack  of su i tab le  c ruc ib l e  
m a t e r i a l  for  work  along this  boundary r e q u i r e d  the 
adoption of the da ta  of La r son  and Chipman.  14 The d ia -  
g r a m s  show, as  expec ted ,  that  the s tab i l i ty  of magne t i t e  
d e c r e a s e s  with i n c r e a s i n g  t e m p e r a t u r e .  Hemat i t e  is  
comple te ly  uns tab le  at a l l  condi t ions  s tudied  in th is  
work.  

95% CaO 

Phase Boundaries ~ / ~  
02-Isobars (log Po2, otm.) j 

: /o / ,\ ,.oo.o 
:::::::::: So,id So,ut,o. f >e f \ \ 
------  Unk . . . .  Boundor, , / " ~  \ ~ ' ~  

/:::</,., 

95% FeO (wt. %1 95% Fe203 

Fig. 3--The 5 pct Si02-isothermal phase diagram for the CaO- 
FeO-Fe203-SiO 2 system. Abbreviations: M = magnetite, H 
= hematite, L = liquid oxide, C3S = 3CaO. SiO 2. 

90% CaO 

Phase Boundaries 

02- Isobars (log p02 . arm.} 1450" C 

~ // \, Liquid 

�9 Liquid * Solid 

:::;::::: Solid Solution 

Unknown Boundary L ~- C~S 

90% FeO (wt. %) 90% FI203 

Fig. 4--The 10 pct  SiO2-isothermal phase diagram for the 
CaO-FeO-Fe2Os-SiO 2 system. Abbreviations: M = magnetite, 
H = hematite, L = liquid oxide, C2S = 2CaO- sea. 
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The i s o t h e r m a l  phase  d i a g r a m s  shown in Figs .  3 to 6 
and 7 to 10 s u m m a r i z e  the da ta  at 1450 ~ and 1550~ 
r e s p e c t i v e l y ,  at the 5, 10, 20, and 30 pct  SiO2 s e c t i o n s  
of the q u a t e r n a r y  sys tem.  It should be pointed out that  
F igs .  3 to 10 a r e  not t rue  t e r n a r y  s y s t e m s .  The use  of 
" c o n s t a n t "  pct  SiO2 sec t ions  to p r e s e n t  the data  m e a n s  
that  the compos i t i ons  of the c r y s t a l l i n e  phases  in equ i -  
l i b r i um with the l iquid cannot be r e p r e s e n t e d  on the 
d i a g r a m s .  The s i n g l e - p h a s e  (liquid oxide melt)  f ie ld  
and i t s  i m m e d i a t e  boundary c u r v e s  a r e  in the cons tan t  
SiO2 p lane ,  however .  

The 1550~ l iquid Fe + l iquid  oxide phase  bounda r i e s  
w e r e  taken f rom Turkdogan,  9 and f r o m  in t e rpo la t ions  
be tween 1450~ of this  work,  and the 1600~ data of 
T a y l o r  and Chipman.  1S The d i a g r a m s  show that the 
s tab i l i ty  of magne t i t e  d e c r e a s e s  with i n c r e a s i n g  s i l i c a .  
The s tab le  c r y s t a l l i n e  phase  in equ i l ib r ium with l i m e -  
s a t u r a t e d  l iquids  is e i the r  CaO, containing a s m a l l  
amount  of " F e O "  in sol id  solut ion,  t r i c a l c i u m  s i l i c a t e ,  
or  d i c a l c i u m  s i l i ca te .  It is  p r e s u m e d  that t r i c a l c i u m  
s i l i c a t e  has  a reg ion  of s tab i l i ty  s o m e w h e r e  be tween 
5 and 10 pct  SiO2 at 1550~ 

The shape of the oxygen i s o b a r s  of Figs .  1 and 2 sup-  
po r t  the view that  i nc r ea s ing  the CaO content  of an 
o t h e r w i s e  pure  i ron oxide m e l t  tends to s tab i l i ze  the 
t r i v a l e n t  i ron,  4 and that th is  tendency d e c r e a s e s  with 

80% CoO 
- -  Phase Boundaries A 

O2-1sobars (log pO2, atm.) ~f/ ~ 

�9 Liquid + Solid 1450" C 
- Unknown Boundary 

*o 

80% FeO 80% Pc20 S 
(wt. %) 

Fig. 5--The 20 pet SiO2-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO2. system. Abbreviations: M = magnetite, 
S = silica, L = liquid oxide, C2S = 2CaO. SiO 2. 

70% Ca0 
Phase Bounda r Iee ~ ~  
02- isobars (log P02, otto.) 

o L i q u i d  ~ C  
�9 Liquid+Solid "~ 1450e C 

Unknown Boundary 

,*o 

70% FeO 70% Pc20 S 
[wt.%) 

Fig. 6--The 30 pct SiO2-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO 2 system. Abbreviations: L = liquid ox- 
ide, C2S = 2CaO. SiO~. 
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95% CoO 

Phase Boundaries 
02- Isobars (log p02, otto.) 

.... ::::: :::d'7o,2:,'2: 
- Unknown Boundary 

L , . , d  O . , d .  

95% FO0 (wt. %1 95% Pc203 " 

Fig. 7--The 5 pct Si02-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO 2 system. Abbreviations: M = magnetite, 
H = hematite, L = liquid oxide�9 

90 % CoO 

Phase Boundaries 1 ~  
02- Isobars (log P02, otto. 

~ Liquid / / q  § 1550. C �9 Liquid + Sol id  

- - - - - -  Unknown Boundary 

uid Oxide 

90% F*O 90% F~O 3 
(w t. %) 

Fig. 8--The 10 pct SiO2-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO 2 system. Abbreviations: C28 = 2CaO 
�9 sin2. 

80% Co0 

Phase Boundaries 1 ~  
02- Isobars(log P02, atm. 1550* C 

o Liquid 

�9 Liquid + Solid 

U 

80% FeO (wt. %) 80% Fe203 

Fig. 9--The 20 pct SiO2-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO 2 system. Abbreviations: L = liquid ox- 
ide, C2S = 2CaO. SiO 2. 
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i n c r e a s i n g  t e m p e r a t u r e .  The d a t a  may  be e x p r e s s e d  
as  an a r b i t r a r i l y  def ined s t a b i l i t y  p a r a m e t e r ,  and 
p lo t t ed  a s  in Fig .  11, a t  two l e v e l s  of CaO content ,  v s  
the log  (pOz). The addi t ion  of SiO2 has  the oppos i te  e f -  
f ec t  of CaO, a s  shown by Fig .  12, where  the s a m e  s t a -  
b i l i t y  p a r a m e t e r  i s  p lo t ted  fo r  a me l t  conta in ing 20 
pc t  CaO a t  1450~ Obvious ly ,  the  da ta  can be used  to  
p lo t  a v a r i e t y  of o the r  d i a g r a m s .  

ACTIVITY CALCULATIONS 

T e r n a r y  S y s t e m  

When the ac t iv i ty  of one componen t  of a t e r n a r y  s y s -  
t em i s  known, the ac t iv i ty  of the o ther  two can be c a l -  
cu l a t ed  by t e r n a r y  G i b b s - D u h e m  equat ions .  Fo l lowing  
the m e t h o d  d e s c r i b e d  by Schuhmann,  x6 the l o g a r i t h m  of 
the a c t i v i t y  of component  2 a t  po in t  II i s  given by: 

logaI~ = logan- f Lan=ja,,n= 
I n21n3 

l o g a l  [1] 

w h e r e  the  ac t iv i ty  of componen t  1 is  known along the 
pa th  of i n t eg ra t ion  I - I I  (path of cons tan t  n2/na). Fig .  13 
i l l u s t r a t e s  the g r a p h i c a l  d e t e r m i n a t i o n  of [anl/Onz] al,n 3 
for  a g iven  point  P in the I - I I  pa th ,  whe re  the t angen t  
i n t e r c e p t  T may  be e i t h e r  p o s i t i v e  o r  nega t ive .  In a 
s i m i l a r  m a n n e r :  

il 

l  oy,M 1 log.'  -- log 4 -  . , . ,  a l o g . ,  
I log a 1 n~/ns 

[2] 
Along an i soac t i v i t y  l ine  of component  1, the G i b b s -  

Duhem equat ion r e d u c e s  to an even s i m p l e r  f o r m .  F o r  
e x a m p l e ,  if component  1 i s  oxygen,  component  2 i s  i r on ,  
and componen t  3 is  CaO, then a long  a l ine of cons t an t  
oxygen ac t i v i t y  (cons tan t  pO2): 

l ~  ~d 
l ~  = I  l O g a ~ a O -  f ,  ~ n c a o ]  lOgaFe  I 

a o log a Fe 

[3] 
w h e r e  log a CaO and log a Fe v a l u e s  a r e  equ iva len t  to 

~Q 70% CaO !A 
\ . o . o  

o Liquid 2 

�9 Liquid § Solid ~ ~ ~ 0  

; z,\; oY \ 

70 % FeO (wt, %1 70% FelO 3 

Fig. 10--The 30 pct SiO2-isothermal phase diagram for the 
CaO-FeO-Fe203-SiO 2 system. Abbreviations: L = liquid ox- 
ide, C2S = 2CaO. SiO 2. 

log a rTCaO and log  a IIFe va lues  obta ined  by i n t e g r a t i o n s  

of Eqs .  [1] and [2] along path O-A,  s e e  F ig .  14. 
The app l i ca t i on  of these  equa t ions  to the  C a O - F e O -  

FezOa s y s t e m  have  been d e s c r i b e d  in d e t a i l  by T u r k -  
doganfl  The me thod  r e q u i r e s  c o n v e r s i o n  of the da ta ,  
a s  p lo t ted  in F i g s .  1 and 2, to a C a O - F e - O  b a s i s ,  a s  
shown in Fig .  14. Thus,  i ron  a c t i v i t i e s  could  be c a l -  
cu la ted  along a n u m b e r  of pa ths  of cons t an t  n Fe /n  CaO, 
r a d i a t i n g  f rom the O apex and t e r m i n a t i n g  at  the i ron  

aFe203 
nFeO +flFezO~ 

- I  -2 -3 -4 -5 -6 -7 -8  -9  
log p02 

Fig. l l - -The  effect of temperature on the relative Fe 3§ stabil-  
ity of the ternary  CaO-FeO-Fe203 melts at two levels of CaO. 

hFe203 
nF,O *nF*203 

- I -2  -3  -4  -5 -6  -7  -8  -9 
log P02 

Fig. 12--The effect of si l ica additions on the relative Fe 3. sta-  
bility of the CaO-FeO-Fe203-SiO 2 melts containing 20 pct CaO. 
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I 

3 2 

n z / n 3  = const. 

I 

~ 40 0 

\~o 
3 nz/ns= cons~N~20 T 

Fig. 13--Idealized composition t r iangle  showing the cons t ruc -  
tion of (a) posit ive tangent- intercepts ,  and (b) negative tan- 
gent - in te rcepts  (T). 

CoO 

Fe B 0 

Fig. 14--Schematic CaO-Fe-O composit ion t r iangle  showing 
the isooxygen act ivi ty curves .  

I 
s a t u r a t i o n  b o u n d a r y  w h e r e  l og  a Fe = 0. The  s t a n d a r d  

s t a t e  f o r  o x y g e n  w a s  d e f i n e d  a s  pOx = 1 a t m ,  and the  
o x y g e n  a c t i v i t y  of the  m e l t  w a s  d e f i n e d  a s  the  (pO2) 1/2 
of the  g a s  p h a s e .  

T h e  " F e O "  a c t i v i t y  of t he  m e l t  w a s  e v a l u a t e d  by:  

a " F e O "  = g ( a  Fe)  (ao) [4] 

w h e r e  t he  s t a n d a r d  s t a t e  f o r  " F e O "  w a s  d e f i n e d  a s  the  
p u r e  l i q u i d  i r o n  ox ide  in e q u i l i b r i u m  wi th  m e t a l l i c  i r o n ,  
at  bo th  t e m p e r a t u r e s .  T h e  v a l u e  of  K in Eq .  [4] w a s  
4 .50 • 104 a t  1450~ and 1.87 • 104 a t  1550~ 3 

METALLURGICAL TRANSACTIONS 

CoO 

- - - - - -  CoO A c t i v i t i e s  

' "I~ 1450 e C 

F e O  F I 2 0 3  
(w t ,  %1 

Fig. 15--Activi t ies  of " F e O "  and CaO in mel t s  of the sys tem 
CaO-l~eO-Fe203 at 1450~ 

CoO 

- -  I F I O  w A c t i v i t i e s  

- - - - - -  CoO A c t i v i t i e s  

/ ~ c*o ( . )  \ \  1~5o- c 
�9 § / / . ,  \ \  

.4 " 2 C 4 0 " F e 2 0 3  

e 6 I 

FsO (wt. %1  Fe20S 

Fig. 16--Activi t ies  of " F e O "  and CaO in mel t s  of the sys tem 
CaO-FeO-Fe203 at 1550~ 

Eq.  [2] w a s  u s e d  only o n c e  to  d e t e r m i n e  the  CaO 
a c t i v i t i e s  a l o n g  the  pa th  O - A ,  F ig .  14; a t  p o i n t  A the  

a ~ a  o = 0, n e g l e c t i n g  the  e f f e c t  of a s m a l l  a m o u n t  of l og  

" F e O "  in s o l i d  so lu t i on .  The  r e s t  of the  CaO a c t i v i t i e s  

w e r e  c a l c u l a t e d  by Eq .  [3],  w h e r e  l og  a CaO v a l u e s  w e r e  

t h o s e  o b t a i n e d  f r o m  the  p r e v i o u s  i n t e g r a t i o n  of Eq.  [2].  
The  a c t i v i t y  of Fe~ )3  was  no t  c a l c u l a t e d .  

The  a c t i v i t y  of " F e O "  and CaO a r e  g i v e n  in F i g s .  15 
and 16, a s  c a l c u l a t e d  f r o m  E q s .  [1] to [4] .  The  a c c u r a c y  
of the  F e  a c t i v i t i e s  at  1450~ w e r e  c h e c k e d  in two r e -  
g i o n s  of the  d i a g r a m :  f o r  l i q u i d s  s a t u r a t e d  wi th  m a g -  
ne t i t e ,  and f o r  t he  l iqu id  in e q u i l i b r i u m  wi th  d i c a l c i u m  
f e r r i t e . *  F o r  m a g n e t i t e  s a t u r a t i o n  (at  1450~ the  

*Dicalcium ferrite was found to melt at 1457~ at pO2 = 1 atm. Since, within 
the limits of experimental error, the stability of 2CaO �9 Fe2 O3 is very small or 
nonexistent, it was not shown on the isothermal phase diagram of Fig. 1. 

p r e s e n t  w o r k  g a v e  an a v e r a g e  v a l u e  of - 136.2 k c a l  p e r  
t oo l  f o r  t he  s t a n d a r d  f r e e  e n e r g y  c h a n g e  of  the  f o l l o w -  
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ing r e a c t i o n :  

3Fe ( s  ) + 202 ~ Fe304(s) [5] 

The l i t e r a t u r e  value  7 for  the above  r e a c t i o n  was - 1 3 7 . 4  
• 2 k c a l  p e r  mol .  

F o r  l iqu ids  s a t u r a t e d  with d i c a l c i u m  f e r r i t e  a t  1450~ 
the fo l lowing two r e a c t i o n s  w e r e  c o n s i d e r e d :  

2CaO (s) + Fe203(s ) ~ 2CRO. Fe203 [6] 

2 " F e O " u )  +LO2 2(g) - -  Fe203 [7] 

If the va lue  v of 2.32 for  log Keq for  Eq. [7] i s  c o m b i n e d  
with v a l u e s  of a " F e O "  and a CaO f rom the p r e s e n t  w o r k  
(0.012 and 0.65, r e s p e c t i v e l y )  a t  the d i c a l c i u m  f e r r i t e  
point ,  a value of - 1 5 . 9  kca l  p e r  tool  i s  obta ined  fo r  the  
s t a n d a r d  f r ee  ene rgy  change accompany ing  Reac t ion  [ 6]. 
This  m a y  be c o m p a r e d  to a va lue  of - 16.7 • 1 kca l  p e r  
mol  r e p o r t e d  p r e v i o u s l y  by o t h e r  i n v e s t i g a t o r s .  .7 

The " F e O "  a c t i v i t y - c o m p o s i t i o n  r e l a t i o n s  ob ta ined  
at  1550~ a r e  in good a g r e e m e n t  with the " F e O "  a c -  
t i v i t i e s  of both L a r s o n  and Ch ipman  .4 and Turkdogan .  8 
The CaO a c t i v i t i e s  a t  h i g h - l i m e  conten ts  a g r e e  m o r e  
c l o se ly  to the va lues  of Turkdogan ,  but t h e i r  s h a p e s  r e -  
s e m b l e  C h i p m a n ' s  cu rve s .  At  l o w - l i m e  conten ts ,  the  
CaO a c t i v i t i e s  of Turkdogan  a r e  c o n s i d e r a b l y  l ower  
than in the p r e s e n t  work  and tha t  of Chipman.  Both the 
m a g n e t i t e  and CaO(ss) b o u n d a r i e s  a r e  ve ry  s i m i l a r  to 
those  of Turkdogan.  

Q u a t e r n a r y  Sys tem 

Schuhmann ' s  method  for  t e r n a r y  Gibbs -Duhem i n t e -  
g r a t i o n s  can be modi f i ed  for  s y s t e m s  of four  o r  m o r e  
componen t s ,  as  shown by Gokcen.  .8 The fol lowing e q u a -  
t ions  can be d e r i v e d  for  the a c t i v i t i e s  of i ron,  CaO, and 
Si02: 

I F ~,~~ l ~ log a 0 ] II I 
log  a Fe = log a Fe - -  L - -ffj 

7/Ca 0 
I a o ,  - -  

log a o n SiO~ 

ncao . ,  riFe [8] 
nsio2 n c a o  

II I 
l o g a s i o 2  = l o g a s i o 2 -  f l_0nsio2 j nFe d l o g a o  

log a Io ao' nca--'-O 

r/Fe n Fe 

nsio2 n c a o  

log alIe 
I I  [ I 

l o g a c a o  = l o g a c a o -  f 

l oga Ie  

n Fe - -  d log a Fe 
n c a o  

[9] 

II 
log a o 

n o  d l o g  a o ]  
f nCaO 

I a SiO2 
lOgao 

[ 10] 

The ca l cu la t ion  of i ron  a c t i v i t i e s  by Eq. [8] c a l l s  fo r  
conve r t i ng  the c o m p o s i t i o n s  to a C a O - S i O 2 - F e - O  b a s i s ,  

and m e a s u r i n g  the tangent  i n t e r c e p t  v a l u e s  n o / n  Fe along 
s e v e r a l  n Fe /n  CaO c ompos i t i ona l  p a t h s  tha t  l ie  in p l anes  

of cons tan t  n c a  O /ns i ch  r a t io .  T h e s e  p a t h s  o r ig ina t e  
f rom the O apex  of the compos i t ion  t e t r a h e d r o n ,  and 
t e r m i n a t e  at  the i ron  s a tu r a t i on  b o u n d a r y  where  log aIFe 

= 0. The " F e O "  a c t i v i t i e s  could then be  c a l c u l a t e d  by 
Eq. [4], by us ing  the a p p r o p r i a t e  v a l u e s  of K. 

The p r o c e d u r e  of d e t e r m i n i n g  the SiOz a c t i v i t i e s  i s  
ve ry  s i m i l a r  to tha t  of i ron ,  excep t  the  tangent  i n t e r -  
cep t s  m u s t  be m e a s u r e d  along nFe//nsio2 pa ths  that  l ie  
in p l anes  of cons t an t  n F e / n c a o  r a t i o .  The CaO a c t i v i -  
t i e s  w e r e  ob ta ined  f rom a r e l a t i v e l y  s i m p l e  G ibbs -  
Duhem in t e g ra t i on ,  by us ing  the known i ron  and oxygen 
a c t i v i t i e s ,  and Eq.  [ 10 ]. 

Obvious ly ,  the comple t e  eva lua t ion  of the a c t i v i t i e s  of 
SiO2 and CaO depends  on having a c c u r a t e  va lues  for  
t h e i r  a c t i v i t i e s  a t  the s t a r t  of the i n t e g r a t i o n  path ,  

log a~ in Eq. [ 1 ]. F o r  the p r e s e n t  s i t ua t ion ,  the q u a t e r -  
n a r y  C a O - S i O 2 - F e - O  s y s t e m  could be s a t i s f a c t o r i l y  
a p p r o x i m a t e d  to the t e r n a r y  C a O - " F e O " - S i O 2  s y s t e m  

(in con tac t  with m e t a l l i c  i ron)  i n so fa r  a s  the  log a~ va l -  
ues  r e p r e s e n t e d  the s i tua t ion  when a c t i v i t i e s  had to be 
known along the i r o n - s a t u r a t i o n  bounda ry .  The " F e O "  
a c t i v i t i e s  in F i g s .  17 and 18 were  p lo t t e d  at  1450 ~ and 
1550~ a f t e r  e x p r e s s i n g  d iva len t  and t r i v a l e n t  i ron  as  
to ta l  FeO, and c onve r t i ng  a l l  c o m p o s i t i o n s  to mo l  f r a c -  
t ions .  The SiO2 a c t i v i t i e s  in the c o m p o s i t i o n  f ie ld  X - Y -  
FeO t could be  c a l c u l a t e d  f rom the g r a p h i c a l  i n t e g r a -  
t ion of: 

log a SiI2 = 
I 

a "FeO" 
t logas io2  - f, [0nFeO ] 

d l oga  " F e O "  t 
a "FeO" n CaO/n SiO2 

[11]  

The s t a n d a r d  s t a t e  for  SiO2 was def ined  a s  pu re ,  so l id  

s i l i c a ,  hence  log  a SiO2 = 0 at  the s i l i c a  s a t u r a t i o n  bound-  
a ry .  The ex t ens ion  of i s o s i l i c a  a c t i v i t i e s  to the  CaO-  

s io  2 

Phose Boundorles 

-- auFeOm 

- - - -  / \ 
L+ SiO~ 1450:  C 

Z Y 

CaO F ~  t 

Fig. 17- -"FeO" activit ies and the excess molar  free ener-  
gies of mixing in melts  of the system CaO-"FeO"-SiO2 at 
1450~ 
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Si02 Si02 

Phase Boundaries 

amFeO= 
(AFXe/RT) 

-" Phase Boundaries 

" SiO 2 Activities 

-- - Ca0 Activities 

.9 1550" C 

/ 
/ 

Co0" . . . .  (mole %) Fea t (mole %) FeO 

e x c e s s  m o l a r  f r e e  Fig.  20- -CaO and SiO 2 a c t i v i t i e s  in m e l t s  of the  s y s t e m  CaO-  Fig .  1 8 - - " F e O "  a c t i v i t i e s  and the  e n e r -  
g i e s  of  m i x i n g  in m e l t s  of the s y s t e m  C a O - " F e O " - S i O  2 at  " F e O " - S i O  2 at  1550~ 
1550~ 

SiC2 95% CoO 

- Phase Boundaries / - ~  
Phase Boundar ieSs,o2  Activities - " F e O "  A c t i v i t i e s  / / ~ ~ '  " 

CoO Activi t ies -- SiO 2 Activities / / k 

- Ca~ Ac"v'""/ / t  / \\ 
"I" 1450 �9 C 
"o o' I  ~ I \ 4  ,4500 c 

.79 

95% FeO (wt. %) 95% Fe203 

Fig.  2 1 - - A c t i v i t i e s  of " F e O " ,  CaO, and SiO 2 in m e l t s  of the 
c,o (m*~e %) Feat s y s t e m  C a O - F e O - F e 2 0 3 - S i O  2 in the 5 pet  SiO 2 s e c t i o n  at  

Fig.  19- -CaO and SiO 2 ac t i v i t i e s  in m e l t s  of the s y s t e m  CaO-  1450~ 
" F e O " - S i O  2 at  1450~ 

A F  x7 = R T(1 - N  FeO) 

AFXSb NFeO l n y F e O  . 

+ f o  (1 - N F e O  )2 a/v F e O j  
N CaO/N Si02 [121 

90% CoO 

where :  AF~ s i s  the t e r n a r y  e x c e s s  m o l a r  f r ee  e n e r g y  

Phase Boundaries ~ ~ o  
=FeO" Aatlvltlee 

SiO 2 Activit ies 

CaO Act iv i t ies  

e �9 

SiO2 b i n a r y  (in the r ange  w h e r e  a I = 1.0 to 0.4) r e -  SiO 2 
su l t ed  in SiO2 a c t i v i t i e s  which w e r e  in good a g r e e m e n t  
with t hose  of T a y l o r  and c o w o r k e r s  19'2~ along the CaO-  
SiQ2 join.  T h e i r  r e s u l t s  we re  t h e r e f o r e  adopted  for  a l l  
c o m p o s i t i o n s  of i n t e r e s t  a long the join,  a t  both t e m p e r -  
a t u r e s .  

F o r  c o m p o s i t i o n s  below the l ine  Z - F e a t ,  Schuhmann ' s  
me thod  was  inapp l i cab le .  F o r  SiO2 a c t i v i t i e s  be low 0.1, 
c a l c u l a t i o n s  were  made  us ing  D a r k e n ' s  equat ion:  21 

90% FeO (wt. %) 90% Fe203 

Fig.  2 2 - - A c t i v i t i e s  of " F e O " ,  CaO, and SiO 2 in m e l t s  of the 
s y s t e m  C a O - F e O - F e 2 0 3 - S i O  2 in the 10 pat  SiO 2 s e c t i o n  at  
1450~ 
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of mix ing ,  and is  given by: 

AFX~ = RT(Nca  0 �9 logTcaO + NSiO2 �9 logys io  z 

+ NFe O �9 logv FeO ) [ 13 ] 

and txF~S = excess  mo la r  f r ee  energy  of mixing  in the 

CaO-SiO2 b inary .  

Values  of F ~ S / R T  could be ca lcula ted  along a n u m -  

be r  of pa ths  of cons tan t  NCa O/Nsio2 nea r  the d i c a l c i um 

s i l i ca t e  sa tu ra t ion  boundary ,  f rom plots  like those 
shown in Figs .  15 and 16. The SiO2 and CaO ac t iv i t i e s  
along th i s  boundary  were  then obtained by s i m u l t a n e o u s  
solut ion of Eq. [ 13] and Eq. [ 14 ]. 

2CaO(s ) + Si02(s) ~ 2CaO- Si02 

Log K = - 2  log a c a  O - log asio2 [ 14 ] 

Values  of l o g K  for  Eq. [14] we re  4.08 and 4.25 a t  1450 ~ 
and 1550~ respec t ive ly .  7 

The low-SiO2 ac t iv i t i es  shown in Figs .  19 and 20 were  
drawn by jo ining va lues  ca lcu la ted  at the d ica lc ium s i l -  
icate  boundary ,  with those va lues  of asio2 on the FeO-  
SiO2 b i n a r y  as i n f e r r ed  f rom the work of Turkdogan 9 
and Schuhmann and Ensio .  22 The CaO ac t iv i t i es  in the 

8 0 %  C a O  
P h a s e  B o u n d a r i e s  

"FeO" A c t i v i t i e s  

SiC 2 A c t i v i t i e s  

- - - - - -  CoO A c t i v i t i e s  

I l i a% F iO  (wt.  %) 80% Fe20 B 

Fig  23--Activities of ' F e O '  CaO and SiO 2 in melts of the 
system CaO-FeO-Fe203-SiO 2 in the 20 pct SiO 2 section at 
1450~ 

70% CoO 

:2:'o: ::7,::::" 
SiC 2 A c t i v i t i e s  i t  

- - - - - -  CoO A c t i v i t i e s  ~ ~ 

70% FSO ( w e % )  70% Fe2O 3 

F ig  24--Activities of ' F e O  CaO and sea 2 in melts of the 
system CaO FeO Fe203 SiO 2 in the 30pct sea 2 section at 
1450~ 

t e r n a r y  field were  ca lcula ted  by: 

I 

2 n s i 0 2  
I = l o g a  * - d logas i02  l o g a c a  0 CaO . n c a o  

a Si02 a,,FeO,, 

[15] 

The a c a  o and asioz values  were those at the d ica lc ium 

s i l i ca te  s a tu r a t i on  boundary.  
The ac t iv i ty -compos i t i on  r e l a t i ons  in the qua t e rna ry  

me l t s  a re  shown in Figs.  21 through 28. The data used 
to cons t ruc t  these  f igures  can be e x p r e s s e d  in many 
other  ways,  depending on which v a r i a b l e s  a re  of g r e a t -  
es t  i n t e re s t .  Fig.  29, for example ,  shows the effect of 
i n c r e a s e d  SiOe content  on " F e O "  ac t i v i t i e s  in a qua t e r -  
na ry  mel t  conta in ing  15 pct CaO at 1450~ 

The accuracy  of the act ivi ty ca lcu la t ions  is affected 
by the ex t r apo la t ions  d i scussed  e a r l i e r ,  to SiO2 con-  

9 5 % C 0 0  

Phase Boundaries 

"FeO" Act iv i t ies  

SlO 2 Activities / I /  
- - - - ~  CoO Activities / / 

- ~  / t I. + t .  ~ 

I A : I  o.o Oo , , ,o.o 

d l  :L I .; 

95% FeO (wt. %) 95% Fe203 
Fig.  25--Activities of "FeO", CaO, and SiO 2 in melts of the 
system CaO-FeO-Fe203-SiO 2 in the 5 pct SiO 2 section at 
1550~ 

90%C00 

Phase Boundaries A 

"FeO'ActIvit]es ,i~/ k 
SIO 2 Activities / •  ~i  

, , ~ 1 7 6  

,<71 - - ' -  Yo 

90% FeO (we %) 90% FB203 

Fig.  2 6 - - A c t i v i t i e s  of  "FeO", CaO, and  SiO z in m e l t s  of  the  
s y s t e m  C a O - F e O - F e ~ O 3 - S i O  2 in the  10 p c t  SiO 2 s e c t i o n  a t  
1550~ 
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80% CoO 

Phase Boundaries A 
"F.0" Activities ~ ,  N 
s,o2,o,,.,,,.. , . / /  \ 

- _ -  c .o  ,o, , , , , , . ,  . ' / /  \ * o  
, . c o s  , , o . c  

80% FeD (w t. %) 80% Fe203 

FLg. 27- -Act iv i t i e s  of " F e O " ,  CaO, and SiO 2 in m e l t s  of the 
s y s t e m  CaO-FeO-FezO3-S iO 2 in the 20 pct  SiO 2 sec t ion  at  
1550~ 

7 0 % C o 0  

Phase Boundor ie l  

"FeO" Activlt/es 

SiO 2 Activities 

- - - - - -  CoO Activities - ~ J L  
.2 

-fJ? 
70% FeO lw t .  %) 70% Fe203 

Fig. 28 - -Ac t iv i t i e s  of " F e O " ,  CaO, and SiO 2 in m e l t s  of the 
s y s t e m  C a O - F e O - F e 2 0 3 - S i O  2 in the 30 pct  SiO 2 s ec t i on  at  
1550~ 

t en t s  above  30 pct .  Our  v a l u e s  for  the ac t iv i ty  of " F e O "  
at  1550~ a r e  in good a g r e e m e n t  with those  of L a r s o n  
and Ch ipman  14 up to 10 pc t  SiO2, and s l igh t ly  l ower  
than t h e i r s  a t  h ighe r  s i l i c a .  As  in the t e r n a r y  m e l t s ,  
the a c t i v i t y  of " F e O "  could be checked  aga in s t  the 
va lue  of AF ~ for  Reac t ion  [ 5 ] a t  1450~ The a v e r a g e  
va lue s  of zxF ~ (kcal  p e r  mol)  ob ta ined  were :  - 1 3 4 . 0 ,  
- 1 3 6 . 6 ,  and - 1 3 8 . 6 ,  at  the 5, 10, and 20 pc t  SiO2 s e c -  
t ions ,  r e s p e c t i v e l y .  The a c c u r a c y  in the ca l cu la t ion  for  
the a c t i v i t y  of " F e O "  i m p r o v e s  at  h ighe r  SiO2 con ten t s  
b e c a u s e  of the na tu r e  of Eq. [8 ] .  

SUMMARY 

The phase  e q u i l i b r i a  and a c t i v i t y - c o m p o s i t i o n  r e l a -  
t ions  have  been  d e t e r m i n e d  in the C a O - F e O - F e 2 0 3  s y s -  
t e m s  a t  1450 ~ and 1550~ fo r  SiOz conten ts  in the r a n g e  
0 to 30 wt pct .  The d i a g r a m s *  p rov ide  quan t i t a t ive  in -  

*Enlarged ternary diagrams are available on request from one of the authors 
(A.E.M.). 

f o r m a t i o n  on the af fec t  of c o m p o s i t i o n ,  t e m p e r a t u r e ,  

O.FeO- 

i f 

.8 1450~ 15% Co0 

10% SiO 2 ,~ 
/ ~0~'~ $i02 

Pure CoO.FeO.Fe205 / /  5i02. 

/ /  

," go to go go ~'o ,o 
WI.% FeO 

Fig. 29- -Ef fec t  of i n c r e a s i n g  SiO 2 addi t ion on " F e O "  ac t iv i -  
t i e s  of C a O - F e O - F e 2 0 3 - S i O  2 m e l t s  con ta in ing  15 pct  CaO a t  
1450~ 

and p02, on the ab i l i t y  of a s i m p l e  BOF s l a g  to ac t  a s  a 
t r a n s f e r  m e d i u m  for  oxygen to the bath .  The da ta  ob-  
t a ined  a r e  in good a g r e e m e n t  with e x i s t i n g  data ,  and ex-  
tend  knowledge  of the s y s t e m  into r e g i o n s  not  p r e v i o u s l y  
s tudied .  
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