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The effect  of z i r con ium,  c e r i u m ,  and lanthanum up to about 1 wt pe t  on the so lub i l i t y  of oxy-  
gen in l iquid i ron  in e q u i l i b r i u m  with an oxide phase  at  1680~ was m e a s u r e d .  All  t h r e e  e l e -  
men t s  a r e  s t r ong  d e o x i d i z e r s  of i ron,  and the oxygen so lub i l i ty  m i n i m u m s  were  10 ppm or  
l e s s  a t  0.05 to 0.1 wt pc t  of the a l loy ing  e l emen t .  The i n t e r ac t i on  coef f i c ien t s  we re  e s t i m a t e d  
f r o m  the r e s u l t s  g iv ing e z r  = - 3 ,  e o  Ce = - 3 ,  and eoLa= - 5 .  When the concen t ra t ion  of the 
a l loy ing  e l e m e n t  is  e x p r e s s e d  in wt pct ,  the effect  of each  of the t h r e e  e l e m e n t s  (Zr ,  Ce, and 
La) on the ac t i v i t y  and so lub i l i t y  of oxygen in l iquid i ron  is  s i m i l a r  to that  of a luminum.  

J[HE effec ts  of m o s t  of the c o m m o n  a l loy ing  e l e m e n t s  
in s t e e l  on the so lub i l i t y  of oxygen in l iquid i ron  a r e  
known; r e c e n t l y  Turkdogan  I r e v i e w e d  much of th is  in-  
f o rma t ion .  However ,  t h e r e  a r e  s e v e r a l  a l loy ing  e l e -  
men t s  for  which l i t t l e  is  known about t h e i r  e f fec t s  on 
the so lub i l i t y  of oxygen in i ron ,  in p a r t i c u l a r  z i r c o n i -  
um, c e r i u m ,  and lanthanum.  These  t h r e e  e l e m e n t s  ap-  
p e a r  to be s t rong  d e o x i d i z e r s  of s t ee l ,  and the r a r e  
e a r t h s  (Ce and La) have been  used  with CaO for  i m -  
p r o v e d  desu l fu r i za t i on .  It was the p u r p o s e  of the p r e s -  
ent  work  to d e t e r m i n e  the so lub i l i ty  of oxygen in i ron  
conta in ing  up to about 1 wt pc t  Zr ,  Ce, o r  La and the 
deox ida t lon  cons t an t s  for  these  e l e m e n t s .  The ef fec t  
of the a l loy ing  e l e m e n t s  on the ac t i v i t y  coef f ic ien t  of 
oxygen at  low concen t r a t ions  of the a l loy ing  e l e m e n t s  
was a l so  e s t i m a t e d .  

EXPERIMENTAL WORK 

It p r o v e d  n e c e s s a r y  to make each  a l loy  f i r s t  in an 
induct ion fu rnace  be fo re  equ i l i b r a t i ng  it in a r e s i s t a n c e  
fu rnace .  In i t ia l ly ,  e x p e r i m e n t s  we re  a t t emp ted  in which 
a m a s t e r  a l loy  conta in ing  about 1 pe t  Zr  was me l t ed  
along with vacuum ca rbon  deox id ized  e l e c t r o l y t i c  i ron  
in a r e s i s t a n c e  fu rnace .  However ,  even a f t e r  2 h at  
1680~ the r e s u l t i n g  m e l t s  we re  not homogeneous .  Ap-  
p a r e n t l y ,  the m a s t e r  a l l oy  deve loped  an oxide l a y e r  
which s u p p r e s s e d  the di f fus ion of Zr  throughout  the 
me l t .  Making each  a l loy  in an induct ion fu rnace  en-  
s u r e d  a homogeneous  mel t .  However ,  the so l id i f i ed  
s a m p l e s  at  th is  point  conta ined  suspended  oxide p a r -  
t i c l e s .  T h e r e f o r e ,  the s a m p l e s  had to be r e m e l t e d  in 
a r e s i s t a n c e  fu rnace  to al low the oxide p a r t i c l e s  to 
f loat  out. A p p r o x i m a t e l y  60 g of the a l loy  conta ined  in 
a r e f r a c t o r y  boat  (1.2 by  1.2 by 6 cm) was hea ted  in a 
ca rbon  r e s i s t a n c e  fu rnace  to 1680 • 10~ and a l lowed 
to equ i l i b r a t e  for  about 2 h. On the b a s i s  of p r ev ious  
work,  1 2 h should be m o r e  thah suf f ic ient  t ime  to a l -  
low a l l  the ox ides  to f loa t  out;  when s a m p l e s  we re  
e qu i l i b r a t ed  for  longer  t i m e s ,  t h e r e  was no s ign i f ican t  
d i f f e rence  in the r e s u l t s .  The s a m p l e s  were  cooled  
r a p i d l y  (15~ in the fu rnace .  A flowing a t m o -  
s p h e r e  100 m l / m i n )  of He was used  dur ing  the e x p e r i -  
men t s  and the t e m p e r a t u r e  was m e a s u r e d  with a 5 to 
20 P t -Rh  t he rmocoup l e .  The s a m p l e s  were  ana lyzed  
c h e m i c a l l y  fo r  Zr ,  Ce, o r  La and for  oxygen by neu-  
t ron  ac t iva t ion .  
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During  the equ i l i b ra t i on  p e r i o d  in the r e s i s t a n c e  f u r -  
nace  the concen t ra t ion  of oxygen and of the a l loy ing  
e l e m e n t  (Zr ,  Ce, o r  La) d e c r e a s e d .  F o r  example ,  an 
F e - Z r  a l loy  made  in the induction fu rnace  conta ined 
0.62 pc t  Zr  and 70 ppm oxygen;  a f t e r  equ i l ib ra t ion  i t  
conta ined  0.54 pc t  Zr  and 28 ppm oxygen.  The de -  
c r e a s e  in the oxygen content  is  due to the f lo ta t ion  of 
the oxide p a r t i c l e s  (ZrO~) out of the mel t ,  w he rea s  the 
d e c r e a s e  in Zr  is  due to the oxide f lo ta t ion  and to f u r -  
t he r  oxidat ion of the Zr .  

The F e - Z r  a l loys  were  me l t ed  in boa t s  c o n s t r u c t e d  
of ZrOa + 4 pc t  CaO. The F e - C e  and the F e - L a  a l loys  
we re  m e l t e d  in ThO~, AlaOs, and ZrO~ boa t s .  T h e r e  
was no s ign i f i can t  d i f f e r ence  in the r e s u l t s  ob ta ined  
when the d i f fe ren t  r e f r a c t o r y  m a t e r i a l s  we re  used,  
and t h e r e  was no s ign i f ican t  a t t ack  of the r e f r a c t o r i e s .  
The F e - Z r  m e l t s  were  in equ i l i b r i um with the ZrO~ 
boat .  In s e v e r a l  e x p e r i m e n t s  With the F e - C e  and F e -  
La a l loys ,  CeO~ o r  La2Os was added in i t i a l l y  with the 
me ta l  s a m p l e  to e n s u r e  that  t h e r e  was an equ i l i b r i um 
oxide phase  p r e s e n t .  However ,  when no e x t r a  oxide 
was added the r e s u l t s  were  e s s e n t i a l l y  the s a m e ,  in-  
d ica t ing  that  t h e r e  was suf f ic ient  oxide p r e s e n t  o r  
f o r m e d  dur ing  the equ i l ib ra t ion  p e r i o d  to e n s u r e  that  
the equ i l i b r i um oxide phase  was p r e s e n t .  

RESULTS AND DISCUSSION 

The experimental results are presented in Table I 
and plotted in Figs. 1 to 3 as log [O] (ppm) vs log (wt 
pet Zr, Ce, or La). In Fig. I for Zr the limiting slope 
at low Zr concentrations is shown to be - �89 indicating 
that the equilibrium phase is ZrO 2. There is no direct 
evidence that ZrO 2 is the equilibrium oxide; however, 
ZrO~ is the only reported oxide of Zr and the experi- 

1 menta l  da ta  f i t  the l ine with a s lope  of - ~ r e a s o n a b l y  
wel l .  The so lub i l i ty  of oxygen is a m in imum of 8 ppm 
at  0.08 pc t  Zr  at  1680~ A c o m p a r i s o n  with the m i n i -  
mum of about 8 ppm found in F e - A l  a l loys  at  1600~ 
at  0.1 wt pc t  A12 ind ica t e s  that  Zr  is  about as  s t r ong  
a de ox id i z e r  of i ron  as  a luminum.  

F igs .  2 and 3 a r e  s i m i l a r  p lo ts  for  Ce and La, r e -  
spec t ive ly .  The l imi t ing  s lope  for  Ce i s  - �89 and for  

La is  - ~-, ind ica t ing  that  the equ i l i b r i um oxide phase s  
a r e  CeO~ and La~Oa, r e s p e c t i v e l y .  Again this  is  only 
i n d i r e c t  ev idence  of the  compos i t i on  of the equ i l i b r a t ed  
phase .  Both e l e m e n t s  a r e  s t rong  d e o x i d i z e r s  of l iquid 
i ron,  with so lub i l i t y  m i n i m a  of about 10 ppm at  1650~ 
It a p p e a r s  that  La may  be a s l igh t ly  s t r o n g e r  deox i -  
d i z e r  and r e a c h  the min imum oxygen content  at  a lower  
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Table I. Experimental Results; Solubility of Oxygen in Iron Containing Zr, Ce, or La in Equilibrium With an Oxide Phase at 1680~ 

Zr, wt pet 0, ppm Crucible Material Ce, wt pet 0, ppm Crucible Material La, wt pet 0, ppm Crucible Material 

0.005 28 ZrO2 0.002 54 ZrO2 0.002 50 ZrO2 - -  
0.008 23 ZrO2 0.004 35 A1203 0.004 24 ThO 2 
0.011 22 ZrO2 0.005 34 ThO2 0.010 6 ThO2 
0.019 14 ZrO 2 0.019 13 ThO2 0.058 11 ZrO 2 
0.029 13 ZrO~ 0.058 12 A1203 0.20 25 ZrO 2 
0.074 6 ZrO2 0.11 11 ZrO2 0.20 50 ZrO 2 
0.15 11 ZrO2 0.49 30 ZrO2 0.65 107 ZrO 2 
0.23 46 ZrO~ 0.80 50 ZrO2 - - _ 
0.39 44 ZrO 2 . . . .  
0.54 23 Z r O 2  . . . .  
0.10 62 Z r O 2  . . . .  

32.062-005 (3) 

IO0 

Q.  

Z 

x I 0  
o 

I I I I I I f [ I I i I i I I 

/ 
/ 

' , , ~ P - - - B U Z E K  et ol.(1800C) / / I  

S L O P E  = -  I / 2 / ~  

P R E S E N T  W O R K  (1680C) 

I I I I I I I I I t I I I I I [ 
0 . 0 0 1  0 . 0 1  O .  I 1 . 0  

Zr (wt percent) 

Fig. 1--Solubility of oxygen in Fe-Zr  alloys at 1680~ 
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Fig. 2--solubility of oxygen in Fe-Ce alloys at 1680~ 

concent ra t ion  of the a l loying e l emen t .  
A convenient  way of e x p r e s s i n g  deoxidat ion r eac t ion  

is by means  of the deoxidat ton product  (Kj) 

K~r = (wt pet  Zr)  (wt pet  0) 2 [1] 

K~e = (wt pct Ce)(wt  pet  0) 2 [2] 

K~, a = (wt pet  La)2(wt pet 0) 3 [3] 

The va lues  of the deoxtdation products  a r e  plot ted vs  
compos i t ion  in Fig. 4, and the l imi t ing  va lues  of the 
deoxldat ion products  at infinite dilution of the a l loying 
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Fig. 3--solubility of oxygen in Fe-La alloys at 1680~ 

(K~j) a r e  l i s t ed  in Table II. For  convenience  e l e m e n t  
and c l a r i t y  the va lues  of K~ obtained below 0.05 wt pet  
of the a l loying e l e m e n t s  a r e  a v e r a g e d  into a s ingle  
point in Fig. 4. The deoxtdat ion products  at infinite 
dilution (K O) a r e  equ i l ib r ium constants  s ince  the ac -  
t iv i t i e s  of the components  a r e  p ropor t iona l  to the i r  
concen t ra t ions  at infinite dilution. 

The ac t iv i ty  of oxygen was not m e a s u r e d  d i r e c t l y ;  
however ,  it is poss ib le  to e s t i m a t e  the in te rac t ion  co-  
e f f ic ien ts  e~) f r o m  the compos i t iona l  dependence of Kj. 

�9 ( d (log f o )  
e~~ ~ d ~ G T ) q _ o  [4] 

where  f o  is the ac t iv i ty  coef f ic ien t  of oxygen in the a l -  
loy r e l a t i v e  to that  in unal loyed i ron.  The technique 
used to e s t i m a t e  the va lues  of the In te rac t ion  coe f f i -  
c ients  is subjec t  to e r r o r  and the va lues  obtained 
should be cons ide r ed  rough e s t i m a t e s  only. However ,  
s ince  no r e l i ab l e  va lues  exis t ,  t he i r  e s t ima t ion  Is of 
some value .  

Assuming  that  f i r s t - o r d e r  in t e rac t ion  coef f ic ien t s  
can adequate ly  d e s c r i b e  the t h e r m o d y n a m i c s  of the 
sys t em,  the fol lowing equat ion can be wr i t t en  for  the 
F e - Z r - O  sys t em.  

log K~r  = log (pet Zr) + 2 log (pet O) [5] 

log K~r  = log az r  + 2 log a o - log fZr  - 2 log fo [6] 

, Zr (pet Zr)  - 2e Zr (pet Zr)  [7] log K z r  = log K~Or - e z r  

where  a z r  and ao a re  the ac t i v i t i e s  r e l a t i v e  to 1 wt pet.  
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Table II. Thermodynamic Parameters for Fe-Zr-O, Fe-Ce-O, and 
Fe-La-O Alloys at 1680~ 

Alloying 
Element K~ e j e j 

Zr 3.5 X 10 "8 --3 600 
Ce 3.5 X 10 -s -3  1800 
La 2.5 X 10 -13 - 5  3000 

/~Zr = (pet Zr) (pct 0)  2 
/~Ce = (pct Ce) (pet O) ~ 
K[a = (pet La) 2 (pet O) 3 

32.062-005 (3) 
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Fig. 4--The deoxidation products for Zr,  Ce, and La in liquid 
iron at 1680~ 

F o r  a s t r o n g  d e o x i d i z e r  l ike  Zr ,  Ce, o r  La  i t  is  r e a s o n -  
Zr .  t h e r e f o r e  the l im i t i ng  ab le  to a s s u m e  tha t  e z r  >> e z r ,  

s lope  of the l ine a s  wt pc t  Z r -  O tn Fig .  4 is  equal  to 
- 2 e  z r  A s i m i l a r  technique was used  t o e s t t m a t e  eCoe O �9 
and e~) a . The va lue s  of e~) r , e Ce, and e La  computed  
in th i s  manne r  and the va lue s  of the i n t e r ac t ion  coef f i -  
c i en t s  in t e r m s  of mole  f rac t ion ,  EOJ : a r e  l i s t ed  in 
Table  II. 

e'~) = (d In (~o/'Yo 0) [8] 
d]Vi ) N F e - -  1 

It should be s t r e s s e d  that  comput ing  in t e r ac t ion  coef f i -  
c i en t s  in th is  manne r  may  be sub jec t  to s ign i f i can t  e r -  
r o r ,  a s  d i s c u s s e d  in a p r e v i o u s  publ ica t ion .  2 In p a r t i c -  
u l a r ,  the a s s u m p t i o n  that  f i r s t - o r d e r  in t e rac t ion  coef -  
f i c i en t s  d e s c r i b e  the t h e r m o d y n a m i c s  may  not be va l id ,  
except  for  the l im i t i ng  c a s e  of inf ini te  di lu t ion.  

As ment ioned  e a r l i e r ,  v e r y  l i t t l e  p r e v i o u s  work  has  
been done on the ef fec t  of Zr ,  Ce, o r  La on the so lub i l -  
i ty of oxygen in l iquid i ron .  Buzek and Os t rova  3 m e a -  
s u r e d  the so lub i l i t y  of oxygen in F e - Z r  m e l t s  at 1800~ 
The re  was c o n s i d e r a b l e  s c a t t e r  (+ 25 ppm O) in t he i r  
r e s u l t s ;  t h e r e f o r e ,  t h e i r  r e s u l t s  a r e  a p p r o x i m a t e d  by 
the da shed  l ine in F ig .  1. The i r  r e s u l t s  a r e  cons i s t e n t  
with the p r e s e n t  work  c o n s i d e r i n g  the h igher  t e m p e r a -  

METALLURGICAL TRANSACTIONS 

I00 

A 

x 
o 

I 
0.00; 

t ~ I [ 1 I ! 1 I I 1 I 

- o / k 0 o  (:: 

~ o o  �9 / _ 

o o  Oo / u 

~ o . . . . . , ~ c a . , , .  ~- 

I L 

O0 ceLa} PRESENT WORK 

�9 REM LEARY et al, 
I I I I I I I I I ~ i i 

O . O I  0 . 1  I . O  

Ce, Lo, or REM (wt percent) 

Fig .  5 - - E f f e c t  of  r a r e  e a r t h s  on  the  s o l u b i l i t y  of o x y g e n  in 
l iqu id  F e .  

t u re  of t h e i r  Inves t iga t ion .  The va lue  of K~z r computed  
f r o m  t h e i r  e x p e r i m e n t a l  r e s u l t s  a t  1800~ is 1.5 • 10 -6. 
Using a method s i m i l a r  to that  employed  in the p r e s e n t  
work,  Buzek and O s t rova  e s t i m a t e d  e ~  r = - 4  at  1800~ 
which c o m p a r e s  r e a s o n a b l y  wel l  with the p r e s e n t  e s t i -  
ma te .  

The mos t  ex tens ive  s tudy on the deoxida t ion  of s t e e l  
by r a r e  e a r t h s  was  made  by  L e a r y  et al.4 who d e t e r -  
mined  the ef fec t  of add i t ion  of an " R E M "  a l loy  on the 
so lub i l i ty  of oxygen in s t e e l .  The m a j o r  e l e m e n t s  In 
the REM a l loy  In wt pc t  were  c e r i u m  48 to 50, l an tha-  
num 32 to 44, and neodymium 5 to 8. They conducted  
t e s t s  on 1- ton hea t s  m e l t e d  in an a r c  fu rnace .  The i r  
r e s u l t s  a r e  g iven in Fig .  5; REM r e p r e s e n t s  the to ta l  
r a r e  e a r t h  in the f ina l  ingot.  They found oxygen con-  
ten ts  somewha t  h igher  than those  in the p r e s e n t  s tudy,  
which is  not s u r p r i s i n g  s ince  they  ana lyzed  for  to ta l  
oxygen and t h e r e  may  have been  e n t r a p p e d  oxide in-  
c lus ions  tn the Ingot. However ,  t h e i r  r e s u l t s  did  lndl-  
care that  the r a r e  e a r t h s  a r e  s t r ong  d e o x i d i z e r s ,  which 
i s  in a g r e e m e n t  with the  p r e s e n t  work .  Kusakawa and 
Watanabe  5 made  a few m e a s u r e m e n t s  on the so lub i l i t y  
of oxygen in F e - C e - 0 . 3  C a l loys  at  1600~ and found 
an oxygen so lub i l i ty  of about 20 ppm at 0.1 wt pet  Ce, 
which is  c ons i s t e n t  with the p r e s e n t  work.  

C ONC LUSIONS 

Zi rcon ium,  c e r i u m ,  and lanthanum a r e  s t rong  deox i -  
d i z e r s  which lower  the ac t iv i ty  and so lub i l i t y  of oxygen 
in l iquid i ron  tn much the s a m e  way as  a luminum.  In 
the p r e s e n c e  of 0.05 to 0.1 wt pc t  of t he se  d e o x i d i z e r s ,  
the so lub i l i t y  l i m i t  for  oxygen is  about 10 ppm.  The ln-  
t e r a c t i o n  coef f i c ien t s  (e~) a r e  e s t i m a t e d  to be  within 
the r ange  - 3 to - 5. 
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