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The effect of manganese  on the r e s i d u a l  oxygen concen t ra t ions  of l iquid i ron  in equi l ib-  
r i u m  with a lumina  sa tu ra t ed  i r o n - m a n g a n e s e  a lumina te  sp ine l  solid so lu t ions  was 
inves t iga ted  at t e m p e r a t u r e s  of 1550, 1600, and 1650~ The re la t ionsh ip  between the 
equ i l i b r ium concen t ra t ions  of manganese  and oxygen in i ron  mel t s  conta in ing up to 6 wt 
pet manganese  has been  es t ab l i shed .  The compos i t ions  of the sp ine l  deoxidat ion prod-  
uets,  (FexMnj-  x) O "A1203, which were fo rmed  dur ing  equ i l ib ra t ion  with the i ron  mel t s  
were de t e rmined  with e l ec t ron  mic rop robe  and neu t ron  ac t iva t ion  a n a l y s i s .  F r o m  these  
r e su l t s ,  new the rmodynamic  data pe r t a in ing  to galaxi te  fo rma t ion  r eac t i ons  have been 
der ived  and the i r  imp l i ca t ions  with r e sp e c t  to the deoxidat ion of a l u m i n u m  semik i l l ed ,  
s i l i con  f ree ,  s tee l s  have been  d i scussed .  

IN a l u m i n u m  kil led s teel ,  oxi~le morphology is gen-  
e r a l l y  well  cont ro l led .  Sulfides, however,  a re  p las t ic  
dur ing hot ro i l ing  and form s t r i n g e r  inc lus ions  which 
adve r se ly  affect fo rmabi l i ty  and t r a n s v e r s e  toughness  
p r o p e r t i e s .  This  is p a r t i c u l a r l y  the ease  in high 
s t reng th  low allow g rades  and for this  r ea son  sulf ide 
modi f ie rs  such as  z i r con ium or r a r e  ear ths  a re  gen-  
e r a l l y  added. I n c r e a s i n g  a t tent ion is now being given to 
the product ion of a l u m i n u m  semik i l l ed  s tee l s  in which 
the oxygen content  is suff ic ient ly  high to e n s u r e  the 
fo rmat ion  of r e l a t i ve ly  nonplas t ic  oxysulf ides .  This  
obviates  the need for sulfide shape cont ro l  agents .  At 
the same  t ime ,  the s i l icon  level  is m in imized  in o rde r  
to avoid the fo rma t ion  of s i l i ca te  s t r i n g e r s .  Under  
these  condi t ions ,  in the p r e s e n c e  of manganese  or 
c h r o m i u m  the main  oxide inc lus ions  should cons i s t  of 
sol id solut ions  of i r o n - m a n g a n e s e  a lumina te  sp ine ls  
or i ron  a l u m i n o - c h r o m i t e  sp ine ls ,  which a re  sol id at 
s t ee lmaking  t e m p e r a t u r e s  and r e t a i n  the i r  shape dur ing  
hot ro l l ing .  In the p r e sence  of s i l i con ,  these  com-  
pounds a re  gene ra l l y  found agg lomera ted  together  with- 
in a s i l i ca te  m a t r i x  in the fo rm of a mas s ive  defect .  1 
In the absence  of s i l icon,  and thus s i l i ca t e s ,  there  is a 
g r e a t e r  opportuni ty  for any a lumina  or a lumina te  
sp ine l  sol id so lu t ions  which r e m a i n  in the s tee l  a f ter  
so l id i f ica t ion to be more  un i fo rmly  d i s p e r s e d  and 
hence const i tu te  less  of a p r o b l e m .  

While n u m e r o u s  inves t iga t ions  pe r t a in ing  to de-  
oxidation r eac t i ons  involving the fo rma t ion  of a l u m i n a  
have been repor ted ,  2-9 the re  have been  fewer  s tudies  
concern ing  the fo rmat ion  of hercyn i te  1~ or ga lax-  
ire, 16-22 dur ing deoxidat ion of mol ten s tee l .  

The p r i m a r y  object ive of the p r e s e n t  study was to 
e s t ab l i sh  accu ra t e  va lues  for the manganese /oxygen  
content  of mol ten  i ron  in equ i l i b r i um with a lumi na  and 
sp ine l  sol id solut ions  containing hercyni te  and galaxi te ,  
and to d e t e r m i n e  the t he rmodynamic  condi t ions  which 
govern  the fo rmat ion  of these sp ine l  compounds dur ing  
deoxidat ion r eac t i ons .  E x p e r i m e n t s  to d e t e r m i n e  the 
effects  of up to 6 pct manganese  on the r e s i d u a l  oxygen 
concen t ra t ion  in i ron  mel t s  and a l so  on the compos i -  
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t ion of the deoxidat ion products ,  were conducted in the 
t e m p e r a t u r e  range  1550 to 1650~ in a l u m i n a  c ruc ib l e s  
conta ined within an induct ion furnace ,  under  an argon 
a t mosphe r e .  

EXPERIMENTAL ASPECTS 

The pure  i ron,  which se rved  as a base  ma t e r i a l ,  
was obtained in the fo rm of 25 mm d iam rods  of 
F e r r o v a c - E .  

A typica l  ana ly s i s  is  given in Table  I. C ruc ib l e s  
and thermocouple  sheaths  were of high pur i ty  r e c r y s -  
t a l l i zed  a lumina .  Manganese  dioxide, f e r r i c  oxide, and 
~-A1203 of chemica l  r eagen t  grade  were obtained in 
powder form.  These  m a t e r i a l s  together  with powders  
of meta l l i c  i ron (>99.99 pct) and manganese  (>99.9 pct) 
were  used for the p r e pa r a t i on  of synthe t ic  sp ine l s .  The 
p rocedure  is d e s c r i b e d  e l sewhere .  23 The manganese  
powder was a lso  used for the p r e pa r a t i on  of f e r r o -  
manganese  a l loys  for  addi t ions to the i ron  me l t s .  

The F u r n a c e  A r r a n g e m e n t  and 
E x p e r i m e n t a l  P r o c e d u r e  

A schemat ic  c r o s s - s e c t i o n  of the v e r t i c a l l y  mounted 
working tube, including the c ruc ib le  a s s e m b l y  is shown 
in Fig .  1. The working tube, 44 m m  ID and 610 m m  
long, was of high pur i ty  s i l i ca ,  f i t ted at the top and 
bot tom with water  cooled b r a s s  caps through 'O'  r ing  
s e a l s .  The top cap conta ined s e v e r a l  openings  for 
p r e s s u r e  m e a s u r e m e n t ,  t e m p e r a t u r e  m e a s u r e m e n t ,  
gas in le t ,  mel t  obse rva t ion ,  mel t  addi t ions ,  and s amp l ing .  

The s i l i ca  working tube containing the c ruc ib le  
a s s e m b l y  was p laced  within an induct ion coil,  powered 
at a cons tant  f requency  of 10,000 Hz by a Tocco motor  
g e n e r a t o r  d r iven  by a 3 phase-550 V sou rce .  Cleaned 
F e r r o v a c - E  rod, about 130 g in weight was placed in an 
a l umi na  c ruc ib le ,  which was in t u rn  posi t ioned within 
an outer  p ro tec t ive  a l u m i n a  c ruc ib le ,  and the space 
between the two, f i l led with a l umi na  powder .  Expe r i -  
ments  were  conducted with and without the addit ion of 
sp ine l  sol id  so lu t ions .  When an addi t ion was r equ i r ed  
approx ima te ly  0.5 g of the appropr ia te  compound was 
compacted on the base  of the r eac t ion  c ruc ib le .  P r i o r  
to mel t ing ,  the tip of the thermocouple  sheath  was 
pos i t ioned within a c e n t r a l  hole in the i ron  ingot at a 
d i s tance  of app rox ima te ly  4 mm above the base  of the 
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Fig. 1-The furnace assembly. A alumina crucible, B-melt, C-water 
cooled cap, D-crucible support, E-radiation baffle, F- 'O'  ring seal, 
G-gas inlet, H-rubber stopper, I-thermocouple sheath, J-prism, 
K-gas outlet, L-induction coil, M-quartz tube, N glass plate, O- 
fume baffle, P-pressure gage. 

Table I, Typical Analysis for Ferrovac-E 

Element Wt Pct 

C 0.004 
P 0.001 
S 0.006 
Mn 0.001 
Si O.007 
Cu 0.001 
Cr 0.010 
Sn 0.002 
Ni 0.033 
Mo 0.010 
V < 0.002 
A1 0.010 
Ti 0.002 
B 0.0005 
Cb < 0.002 
Co 0.003 
Zr 0.002 
H 0.0036 
O 0.046 
N 0.005 

r eac t ion  c ruc ib l e .  Working t e m p e r a t u r e s  between 
1550 and 1650~ were m e a s u r e d  with a p l a t i n u m -  
rhod ium the rmocoup le  (Pt /5  pct R h - P t / 2 0  pct Rh) the 
a c c u r a c y  of which was checked aga ins t  the mel t ing 
point  of pure  i ron in an a tmosphere  of hydrogen.  These  
c h e c k s  yielded va lues  within •176 of the accepted mel t -  

ing point (1536~ The ac tua l  e xpe r i me n t s  were 
conducted under  closed condi t ions  in which the p r e s -  
su re  was main ta ined  at approx imate ly  1.1 arm.  During 
an expe r imen t  suct ion s a mp l e s  were taken i n t e r -  
mi t ten t ly  f rom the melt  with a quar tz  tube.  

Sample P r e p a r a t i o n  
and Chemica l  Ana lys i s  

At the end of each expe r imen t  the r eac t ion  c ruc ib le  
was broken  into sma l l  f r a g m e n t s .  The inne r  surface  
of these f r agmen t s  exhibited homogeneous co lors  which 
were  c h a r a c t e r i s t i c  of the p a r t i c u l a r  cons t i tuents  and 
compos i t ions .  In o rder  to r emove  any meta l l i c  pa r t i -  
c les  which had adhered to the c ruc ib le  wal ls ,  the f rag-  
ments  were  t rea ted  with 5 pct HCl-a lcohol  solut ion 24 
for about 4 h at approx imate ly  80~ F r a g m e n t s  were 
then analyzed by e lec t ron  mic roprobe  and neut ron  ac t i -  
vat ion.  The accu racy  of these  an lay t ica l  techniques  
was e s t ab l i shed  by taking into account the r e su l t s  ob- 
ta ined with synthet ic  sp ine l  sol id solut ions  of var ious  
known composi t ion ,  which had been p r e p a r e d  prev ious ly  
for use as  ca l ib ra t ion  s t anda rds .  Addi t ional  in forma-  
t ion pe r ta in ing  to the composi t ion  and morphology of the 
oxide r eac t ion  products  was obtained by scanning e lec-  
t ron  mic roscopy .  F r o m  por t ions  of c ruc ib le  f ragments ,  
thin l aye r s  of deoxidation product  were flaked off, 
ground into a fine powder, and used for  X - r a y  d i f f rac-  
t ion a na l y s i s .  

A thin sec t ion  approx imate ly  2 to 3 mm in th ickness  
was cut f r o m  the top por t ion of each ingot and used 
for mic roscop ic  examina t ion .  The main  body of the 
ingot was cut into th ree  sec t ions .  The upper  por t ion 
was saved for manganese  ana ly s i s  with a Spectro-Vac 
s p e c t r o m e t e r .  The reproduc ib i l i ty  of these  ana ly t ica l  
va lues  was found to be within +3 pct of the measu red  
va lues .  The c e n t r a l  por t ion  was cut into s e v e r a l  
p ieces  and used for oxygen ana lys i s  by ine r t  gas fusion.  
F r o m  ana ly s i s  of s tandard  samples ,  r eproduc ib i l i ty  was 
found to be +2 and • ppm for samples  containing oxy- 
gen of l e s s  than 66 ppm and higher than 400 ppm, r e -  
spec t ive ly .  Dr i l l i ngs  were taken f rom the lower por -  
t ion of the ingot for manganese  ana lys i s  by co lor -  
imet ry .  ~5 The reproduc ib i l i ty  of the ana ly t i ca l  r e su l t s  
was within • pct manganese .  

Suction s a m p l e s ,  usual ly  10 to 12 mm in length, 3 mm 
in d iam,  and 5 to 7 g in weight were c leaned,  and 
cut into s e v e r a l  sec t ions  for manganese  ana lys i s  by 
c o l o r i m e t r y  or e lec t ron  mic roprobe .  The r ep roduc ib i l -  
ity of the mic rop robe  ana ly s i s  was found to be within 
• pct of the measu red  va lues .  Smal l  sec t ions  were 
a lso  used for oxygen ana lys i s .  

Severa l  sec t ions  f rom ingots were analyzed for a lu-  
minum using the Spect ro-Vac  unit .  Reproducib i l i ty  
based on a s t andard  sample  cont ianing 100 ppm, was 
within • pct.  

At ta inment  of E q u i l i b r i u m  

On equ i l ib ra t ing  liquid i ron-oxygen  a l loys  containing 
va r ious  amounts  of manganese  with a lumina ,  the r e ac -  
t ion products  formed a re  a lumina te  solid solut ions (Fe x 
M n l - x )  O .A1203, in which the value of x dec reased  
f rom one to e s s e n t i a l l y  zero  as the amount  of manga-  
nese  in the al loy melt  i n c r e a s e d .  As these  changes 
occur ,  the amount  of d i sso lved  oxygen in the liquid 
al loys p r o g r e s s i v e l y  d e c r e a s e s .  In most  expe r imen t s  
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equ i l i b r ium appeared  to be a t ta ined within approx i -  
mate ly  two h. However,  the expe r imen t s  were  gene-  
r a l ly  continued for t imes  ranging up to 8 h. 

To ensu re  that the equ i l i b r ium va lues  were  accura t e ,  
it was des i r ed  that the f inal  oxygen content  of the mel t  
be reached f rom both high and low in i t i a l  oxygen l eve l s .  
When a higher in i t i a l  oxygen content  was requ i red ,  
Fe20~ table ts  were dropped into the mel t  immedia t e ly  
af ter  the ingot was mol ten .  The amount  added was 
suff icient  to supply a total  s ta r t ing  oxygen content  
approx imate ly  300 ppm above the equ i l ib r ium level .  
This  excess  oxygen reac ted  with the manganese  in the 
mel t  and the a l u m i n a  c ruc ib l e  wall  to fo rm a sp ine l  
sol id  solut ion of appropr ia te  composi t ion  co r r e spond ing  
to the amount  of manganese  d isso lved  in the mel t .  On 
the other hand, when the in i t i a l  oxygen content  was 
lower than the equ i l i b r ium value,  approx imate ly  0.5 g 
of powdered a lumina te  spinel  was compacted on the 
bot tom of the r eac t ion  c ruc ib le .  This  m a t e r i a l  acted 
as an oxygen donor to the melt  by pa r t i a l  d i s soc ia t ion .  

PRESENTATION OF RESULTS 

The p r i m a r y  object ive of this  study was to e s t ab l i sh  
the inf luence of manganese  on the oxygen content  of 
l iquid i ron  in equ i l i b r i um with a lumina  sa tu ra t ed  sp ine l  
compounds at t e m p e r a t u r e s  in the range  1550 to t650~ 
The resu l t s  obtained may be i n t e rp re t ed  in t e r m s  of 
the following chemica l  r eac t ion :  

MnO "A1203(s) = Mn + O + A�89 [1] 

where  the under l ined  symbols  denote e l emen t s  d i s -  
solved in l iquid i ron,  and the subsc r ip t ,  (s) r e p r e s e n t s  
compounds p r e sen t  in the solid form.  E x p e r i m e n t s  
were  designed to yield in fo rmat ion  pe r t a in ing  to the 
following specif ic  a spec t s :  

1) Effect of manganese  va r i a t i ons  on the equ i l i b r i um 
oxygen content of the al loy mel t .  

2) Effect of manganese  va r i a t i ons  on the e q u i l i b r i u m  
composi t ion  of the sp ine l  r eac t ion  product .  

3) Effect of i n t e r m i t t e n t  t e m p e r a t u r e  va r i a t ions  on 
the equ i l i b r i um oxygen content .  

Effect of Manganese  Var i a t ions  
on the E q u i l i b r i u m  Oxygen Content  

of the Alloy Melt  

The r e su l t s  obtained for the effect of manganese  on 
the oxygen content  of l iquid i ron  in equ i l i b r i um with 
a lumina  and i r o n - m a n g a n e s e  a lumina te  sp ine l s  at 
1600~ are  shown in Fig .  2. In this f igure ,  the upper  
l ine shows the r e s u l t s  for manganese  concen t ra t ions  up 
to 1 pct on an expanded sca le ,  while the lower l ine 
shows a l l  the r e su l t s  obtained over  the full  range  of 
manganese  contents  inves t iga ted .  All  the r e s u l t s  ob-  
ta ined  at th ree  t e m p e r a t u r e s ,  1550, 1600, and 1650~ 
a re  s u m m a r i z e d  in F ig .  3. In these  f igures  the i n t e r -  
cepts  on the v e r t i c a l  axis  at ze ro  pct manganese  c o r r e -  
spond to the oxygen concen t ra t ions  in l iquid i ron  which 
had been equ i l ib ra t ed  with a lumina  and he rcyn i te .  With 
i nc r ea s ing  manganese  concen t ra t ions ,  the equ i l i b r i um 
oxygen content  rap id ly  d e c r e a s e s .  F o r  example ,  at 
1600~ the equ i l i b r ium oxygen level  fa l l s  f rom 740 to 
165 ppm in the p r e sence  of 0.5 pct manganese .  Above 
approx imate ly  2.5 pct manganese ,  the oxygen content  
changes only s l ight ly  with fu r the r  manganese  addi t ions .  
At manganese  contents  of more  than 3.5 pct,  the effect 
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Fig. 2-Effect of manganese on the oxygen content of liquid iron in 
equilibrium with alumina and spinel solid solutions at 1600~ The 
upper line shows the results on an expanded scale. 

E 

O~ 

1 0 0 0  A 

800 t 

6 0 0 -  

4 0 0  

zx 1 6 5 0  oC 
o 1600  oC 

�9 1550  ~ 

200 

0 L 

0 1,0 2.0 3.0 4.0 5,0 6.0 
b,ln, w t ~ 

Fig. 3-The effect of manganese on the oxygen content of liquid iron 
in equilibrium with alumina and spinel solid solutions at several 
temperatures. 

of manganese  on the r e s i d u a l  oxygen content  in l iquid 
i ron be c ome s  e s s e n t i a l l y  ins ign i f i can t .  
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Effect  of Manganese  Var i a t ions  
on the E q u i l i b r i u m  Composi t ion  of the 

Spinel  React ion  Produc t  

Fo r  p roper  i n t e rp re t a t i on  of the r e su l t s  obtained 
dur ing  the equ i l ib ra t ion  e x p e r i m e n t s ,  a knowledge of 
the ac tua l  compos i t ion  of the sp ine l  deoxidat ion product  
is e s s e n t i a l .  With this  object ive,  the composi t ion  of 
thin f i lms  of sp ine l  sol id solut ion which formed on the 
a l u m i n a  c ruc ib le  wall  du r ing  equ i l ib ra t ion  with the 
i r o n - m a n g a n e s e - o x y g e n  al loys ,  was de t e rmined  by 
neu t ron  ac t iva t ion  ana ly s i s  and also by e lec t ron  m i c r o -  
probe a n a l y s i s .  

The effect of manganese  on the composi t ion  of the 
a lumina te  deoxidat ion product  at 1600~ as de t e rmined  
by both ana ly t i ca l  techniques  is shown in Fig .  4. F r o m  
these  r e s u l t s  it is c l e a r  that as manganese  content  of 
the i ron  melt  i n c r e a s e s ,  the manganese  oxide content  
of the a lumina te  sp ine l  a lso i n c r e a s e s ,  and this is 
accompanied by an equivalent decrease in the iron 
oxide content of the deoxidation product until essen- 
tially all of the iron in the aluminate has been replaced, 
and galaxite, MnO .A12Oz, is obtained. For example, at 
1600~ if the manganese content of the iron melt is 
0.5 pet, the iron-manganese aluminate spinel will con- 
l a in  78 mol pet galaxi te  (MnO "A1203) and 22 mol pet 
he rcyn i te  (FeO .A1203). Again,  in a s i m i l a r  m a n n e r  to 
that indicated in the p rev ious  sect ion,  addit ions of 
manganese  beyond 2.5 pet have l i t t le  fur ther  inf luence 
on the compos i t ion  of the sp ine l  phase .  At manganese  
contents  of more  than 3.5 pet, the deoxidat ion products  
co r r e spond  to e s s e n t i a l l y  pure  galaxi te .  

The effect of t e m p e r a t u r e  on the manganese  a lu-  
mina te  content  of the sp ine l  solid solut ion is i l l u s t r a t ed  
in F ig .  5. It is evident  f rom this  f igure that the s t ab i l -  
ity of manganese  a lumina te  in the sp ine l  sol id so lu-  
t ion d e c r e a s e s  with i n c r e a s e  in t e m p e r a t u r e .  The 
s tab i l i ty  domains  for  pure  galaxi te  at 1550, 1600, and 
1650~ are  found to be at manganese  concen t ra t ions  in 
excess  of  3.0, 3.5, and 4.0 pet r e spec t ive ly .  

Effect  of I n t e r m i t t e n t  T e m p e r a t u r e  Var ia t ions  
on the Equ i l i b r ium Oxygen Content  

of the Alloy Melt  

One expe r imen t  was conducted with i n t e rmi t t en t  
va r i a t i ons  in opera t ing t e m p e r a t u r e  f rom a high to a 
low value and vice ve r sa ,  in o rder  to inves t iga te  the 
sens i t i v i ty  of the equ i l i b r i um oxygen va lues  to v a r i a -  
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Fig. 4-Effect of manganese on the composition of the deoxidation 
products, (FexMnl_ x) O" A12 O3, at 1600~ The lower line shows the 
results on an expanded scale. 

100 

8 0 -  

~ 6 0 -  

4 
4 0 -  

o 

2O 

" ~ S ' - -  ~ . . . . . . . .  

0 10 2.0 3.0 4 0  
M_n , w t ~ 

Fig. 5-The effect of manganese on the composition of deoxidation 
products, (FexMnl.x)O �9 A12 03, at several temperatures. 

5.0 

8 0 0  

E CL 

d, 

600  

4 0 0  

200 

oA 

1 

1550 ~ 

o o:1 o:2 o13 0:4 0.5 
Ivl_n, w t ~ 

Fig. 6-Equilibration experiment with intermittent variations in 
operating temperature. 

l ions  in t e m p e r a t u r e  and a lso  to provide a check on the 
r e su l t s  obtained f rom the individual  expe r imen t s  con- 
ducted at cons tant  t e m p e r a t u r e .  In this pa r t i cu l a r  
exper imen t ,  a 50 ml a l umi na  cruc ib le  was used to con- 
ta in  an a l loy mel t  of approx imate ly  200 g. Approxi-  
mate ly  2 g of synthe t ic  sp ine l  compound containing 
25 mol pet galaxi te  and 75 mol pet hercyni te  was com- 
pacted on the c ruc ib le  base .  The r e s u l t s  a re  presen ted  
in Fig.  6. The e x p e r i m e n t a l  points in this  f igure were 
obtained by ana lys i s  of suct ion samples  taken at two 
t e m p e r a t u r e  l e v e l s ,  1550 and 1600~ Numbers  1 
through 8 show the o rde r  in which s a mp l e s  were taken. 
Point 'A' represents the initial oxygen content of the 
iron sample. The two solid lines represent the equilib- 
rium relationships determined during the main part of 
this study, for dissolved oxygen and corresponding 
manganese contents at temperatures of 1550 and 
1600~ The broken lines show the sequential varia- 
tions in operating temperature. During the first stage 
of the experiment at 1600~ two suction samples, 
numbers 1 and 2, were taken at time intervals of 3.5 
and 5.5 h respectively while holding the melt for a 
total period of approximately 9 h. The temperature was 
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then lowered  to 1550~ and two m o r e  suc t ion  s a m -  
p les ,  n u m b e r s  3 and 4, t aken  a f t e r  f u r t h e r  t ime  i n t e r -  
va l s  of 3 and 4.5 h for  a to ta l  hea t  t ime  at  th is  t e m -  
p e r a t u r e  of 7.5 h. The e q u i l i b r i u m  s y s t e m  was then 
d i s t u r b e d  by adding a p p r o x i m a t e l y  15 g of F e r r o v a c - E  
toge the r  with 3.4 g of 14 pct  f e r r o m a n g a n e s e  and 
r a i s i n g  the ope ra t i ng  t e m p e r a t u r e  to 1600~ The 
e x p e r i m e n t  was then cont inued with the  new mel t  c o m -  
pos i t ion  at  1600 and 1550~ r e p e a t i n g  the p r o c e d u r e s  
a l r e a d y  p e r f o r m e d  dur ing  the f i r s t  s t age  of the e x p e r i -  
ment .  Dur ing th is  second  s t age ,  suc t ion  s a m p l e s  5 
through 8 we re  wi thdrawn f rom the m e l t .  Oxygen 
a n a l y s e s  of m e t a l  s e c t i o n s  taken  f r o m  the rod  s a m -  
p le  s y i e lded  va lue s  which were  in good a g r e e m e n t  with 
those  r e p r e s e n t e d  by the so l id  l i ne s .  At  the end of the 
e x p e r i m e n t ,  the  compos i t i on  of the a lumina t e  r e a c t i o n  
p roduc t  a t t ached  to the c r u c i b l e  wall ,  c o r r e s p o n d e d  to 
a mean va lue  of 57.5 mol  pct  ga l ax i t e ,  and 42.5 mol  
pc t  h e r c y n i t e .  Th i s  value  is  in good a g r e e m e n t  with the 
equ i l i b r i um c o m p o s i t i o n  of 60 tool pct  ga l ax i t e ,  40 
mol  pct  h e r c y n i t e  c a l cu l a t ed  f r o m  the e q u i l i b r i u m  con-  
s tan t  for  the r e a c t i o n  b a s e d  on idea l  b e h a v i o r  for  i r o n -  
manganese  a lumina t e  sp ine l  so l id  so lu t ions .  Th i s  
a s p e c t  of i dea l i t y  with r e s p e c t  to the b e h a v i o r  of 
a lumina t e  sp ine l s  is  d i s c u s s e d  in m o r e  d e t a i l  l a t e r .  

DISCUSSION OF RESULTS 

E q u i l i b r i u m  C o n s i d e r a t i o n s  P e r t a i n i n g  to 
G a l a x i t e  Reac t i ons  

The e q u i l i b r i u m  cons tan t  for  the a l u m i n a / g a l a x i t e  
r eac t ion ,  

MnO "A12Os(s) = Mn + 0 + A1203(s) [1] 

i s  given by the equat ion :  

a O �9 aMn 
K ,  - [ 2 ]  

aMno. AIzO 3 

where  ao  and aMn a r e  the Henr ian  a c t i v i t i e s  of oxygen 
and manganese  r e s p e c t i v e l y ,  b a s e d  on the hypo the t i ca l  
one wt pct  s t a n d a r d  s ta te ,  and aMnO'Al~O3 is  the R a o u l t -  
Jan ac t iv i ty  of ga l ax i t e  based  on the pu re  so l id  c o m -  
pound as  s t a n d a r d  s t a t e .  Dur ing  the e x p e r i m e n t s  in the 
p r e s e n t  s tudy,  the sp ine l  phase  was s a t u r a t e d  with 
r e s p e c t  to a lumina ,  and the ac t i v i t y  of a l u m i n a  in Eq.  
[1] is  t h e r e f o r e  t aken  as  uni ty.  The  e q u i l i b r i u m  con-  
s t an t  K, can be e x p r e s s e d  as  fol lows:  

log K1 = log a O + log aMn -- log aMn O . AI203 

= log f o  + log [wt pct  O] + log fMn 

+ log [wt pc t  Mn] - log aMno. AI203. [3] 

The  a c t i v i t i e s  of oxygen and m a n g a n e s e  were  c a l c u l a t e d  
f r o m  the fol lowing r e l a t i o n s h i p s :  

log f o  = eO [wt pc t  O] + e Mn [wt pc t  M___nn] 

where :  

e O = 1750/T + 0.734 (Ref. 26) 

and, 

e Mn= - 0 . 0 2  (Ref. 26). 
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Fig. 7-Manganese and oxygen activities in liquid iron equilibrated 
with alumina saturated spinel sofid solutions. 

A l s o :  

Mn [wt pc t  Mn] +eOn  [wt pe t  O] log fMn = eMn 

where ,  

eMn Mn = 0 (Ref. 26) 

and,  

eOMn =--0.083 (Ref. 26). 

A plot  of log ao  a ga in s t  log aMn should y i e ld  a s t r a i g h t  
l ine,  the s lope  of which is - 1  in that  r ange  where  the 
ac t i v i t y  of g a l a x i t e  i s  uni ty .  Such p lo t s  for  the t h r e e  
t e m p e r a t u r e  l e ve l s ,  1550, 1600, and 1650~ a r e  shown 
in F i g .  7. At  m a n g a n e s e  c o n c e n t r a t i o n s  beyond  about 3 
pct ,  the da t a  a r e  in good a g r e e m e n t  with th is  r e l a t i o n -  
sh ip  for  each  t e m p e r a t u r e .  At  lower  m a n g a n e s e  concen -  
t r a t i o n s  the l ines  g r a d u a l l y  dev ia t e  f r o m  l i n e a r i t y  due 
to  the d e c r e a s i n g  a c t i v i t y  of ga l ax i t e  in the sp ine l  so l id  
solu t ion ,  which now a l so  conta ins  h e r c y n i t e .  F r o m  Eq.  
[2], i t  i s  c l e a r  that  K1 is  g iven  by the a c t i v i t y  p roduc t  
of the so lu t e s  when the a c t i v i t y  of g a l a x i t e  is  equal  to 
uni ty .  In o r d e r  to d e t e r m i n e  p r e c i s e  va lue s  for  the 
e q u i l i b r i u m  cons tan t ,  the  ac t i v i t y  p roduc t  is  p lo t ted  
in F ig .  8 a s  a funct ion of the manganese  content  of the 
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Fig. 8-Effect of manganese on the activity product for equilibrium 
with alumina saturated spinel sofid solutions. 
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mel t .  It is c l ea r  f rom this  plot that the ac t iv i ty  product  
i n c r e a s e s  rapid ly  at low manganese  concen t ra t ions  and 
r eaches  a constant  value at manganese  leve ls  above 3 
pct .  The va lues  of the ac t iv i ty  product  in this range 
co r r e spond  to the e q u i l i b r i u m  cons tant .  A plot of the 
l oga r i t hm of the equ i l i b r i um cons tant  aga ins t  the r e -  
c ip roca l  absolute  t e m p e r a t u r e  is shown in Fig .  9. F r o m  
a leas t  squa re s  ana ly s i s  of the equ i l i b r ium data,  the 
effect of t e m p e r a t u r e  on the equ i l i b r i um constant  is :  

log K~ = - 1 5 , 8 2 8 / T  + 6.47 [4] 

and, 

A G ~  = 72,430 - 29.59T + 1700 cal  (= 303,250 

- -  123.9T • 7120 J ) .  [5] 

In an e a r l i e r  study, 2~ the effect of manganese  on the 
deoxidat ion behavior  of a l u m i n u m  at 1600~ was in -  
ves t iga ted  by equ i l ib ra t ing  i ron  mel t s  containing v a r i -  
ous amounts  of manganese  up to 4 wt pct,  in a lumina  
c r u c i b l e s .  A value for the equ i l i b r i um cons tant  K1 can 
be ca lcula ted  f rom the e a r l i e r  data,  a s s u m i n g  the 
ac t iv i ty  of galaxite  at manganese  contents  above 3 wt 
pct is uni ty .  The value obtained at 1600~ is - 1 . 9 8  
loga r i thmic  uni ts ,  which yie lds  a va lue  for  the s tandard  
f ree  energy  change of 16,970 cal  ( -  71,050 J).  This  is 
in exce l len t  a g r e e m e n t  with the value of 17,010 cal  
( -  71,210 J) obtained in the p r e sen t  work.  

The s tab i l i ty  of galaxi te  at s t ee lmaking  t e m p e r a t u r e s  
can be e s t ima ted  f rom the p r e sen t  r e su l t s  by c ombi n -  
ing the following data with Eq. [5]: 

Mn(l) = Mn (1 wt pct) 

A G  ~ = --9.11T cal (-- - 3 8 . 1 4  T J) (Ref. 27) [6] 

1/2 02(g)  = O (1 wt pct) 

A G  ~ = - 28 ,000  - 0.69T cal (~- -117 ,230  - 2.89T J) 
(Ref. 27) [7] 

MnO(s) = Mn(l) + 1/2 O2(g) 

A G  ~ = 95,400 - 19.7T cal  ( -  399,400 - 82.5T J) 
(Ref. 27). [8] 

Th i s  y ie lds  an e x p r e s s i o n  for the effect of t e m p e r a t u r e  
on the f ree  energy  of fo rma t ion  of galaxi te  f rom its 
component  oxides, i . e . ,  

0 
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- 1 1  
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McLean 
Stournara5 
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Present work  
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i i 
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f . -  
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~5 5,'4 5:3 5:2 

10'4/T ~ 
Fig. 9-Comparison of equilibrium data for the reaction: MnO" A1203(s) 
= Mn + O + A1203(s). 

MnO(s) + A1203(s) = MnO .A1203(s) 

A G ~  = - - 5 0 3 0  + 0.09T + 2400 cal ( -  - 21 ,060  + 0.38T 

10,050 J). [9] 

Combining the data from Eqs. [5] to [7] yields the fol- 
lowing expression for the oxygen dissociation pressure 
of galaxite : 

MnO "Al203(s) = Mn(/) + i /2  O2(g) + A1203(s) 

AG ~ = 100,430 -- 19.79T + 1700 cal (-  420,480 

- 82.9T + 7100 J)  (1550 to 1650~ [10] 

and, 

log PO2 = -43,894/T + 8.65. [ll] 

At 1600~ the oxygen dissociation pressure is 1.64 
• 10 -15 arm, which is in good ag reemen t  with the value 
of 1.15 • 10 -15 a tm ca lcu la ted  f rom the data repor ted  
by Jacob.  21 

T h e r m o d y n a m i c  Behavior  of I ron -Manganese  
Alumina te  Spine ls 

Subst i tut ing the e q u i l i b r i u m  constant ,  K1, together  
with the e qu i l i b r i um va lues  for the ac t iv i t ies  of oxygen 
and manganese ,  at each t e m p e r a t u r e  level  in Eq. [2], 
y ie lds  va lues  for the ac t iv i ty  of galaxite  in the deoxida-  
tion product .  The va lues  for the act ivi ty of galaxite 
thus ca lcula ted  a re  plotted aga ins t  the mole  f r ac -  
tion of galaxi te  in the deoxidat ion product ,  as  de-  
t e r m i n e d  by chemica l  ana lys i s ,  in Fig .  10 and it is 
c l ea r  that for the t e m p e r a t u r e s  invest igated,  the i r on -  
manganese  a lumina te  sp ine l s  obey Raoul t ' s  Law. This  
ideal  behav ior  was fu r the r  subs tan t ia ted  by calculat ion 
of the ac t iv i ty  of hercyni te  in the sp ine l  deoxidation 
product  at each t e m p e r a t u r e  level  inves t iga ted .  The 
act ivi ty  of hercyn i te  in the sp ine l  solid solut ion,  
(FexMnl-x)O "A120~, was ca lcula ted  by incorpora t ing  
the p r e se n t  data  for the oxygen ac t iv i t ies  in the equi -  
l i b r ium e xp r e s s i ons  for hereyni te  fo rmat ion  repor ted  
prev ious ly  by Kim and McLean:  15 

FeO .A1203(s) = Fe(l)  + O + A1203(s) 

for which, 

log K2 = -9575/T + 3.98 [12] 

where,  

a 0 �9 aFe 
K 2 =  

aFeO. AI203 

The ac t iv i ty  of a lumina  is again taken as unity and the 
act ivi ty  of i ron  in the F e - M n  al loys is set  equal  to the 
mole f r ac t ion .  The va lues  for the act ivi ty  of hercyni te  
thus ca lcula ted  a re  plotted agains t  the mole f rac t ion  of 
hercynite as determined by chemical analysis. These 
results are included in Fig. 10. Again it is evident that 
the iron-manganese aluminate solid solutions obey 
Raoult's Law at steelmaking temperatures. The ex- 
cellent agreement between the two sets of data for the 
behavior of spinel solid solutions is further confirma- 
tion of the internal consistency not only of the results 
obtained during the present study, but also of those de- 
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t e r m i n e d  dur ing t he  prev ious  inves t iga t ion  on the s t a -  
b i l i ty  of hercyni te  in the absence  Of manganese .  

The ac t iv i ty  of manganese  oxide in a l umina  sa tu ra ted  
spinel  was es t ima ted  f rom the equ i l i b r i um constant  for 
the following reac t ion :  

Mn + O = MnO(s) 

K s  = a M n O / a M n  " a 0 [13] 

where,  

log Ks = 14,450/T - 6.43 (Ref. 27). [14] 

F r o m  the equ i l i b r i um constant  together  with the solute 
ac t iv i t i es  in l iquid i ron ,  va lues  were  ca lcula ted  for the 
act ivi ty  of manganese  oxide at each t e m p e r a t u r e  level  
inves t iga ted .  These  manganese  oxide ac t iv i t i es  a re  
plotted aga ins t  the mole f rac t ion  in Fig.  11, f rom which 
it is evident  that a s t rong negat ive  devia t ion  f rom 
Raoul t ' s  Law exis ts  in the sy s t em.  In a s i m i l a r  fashion,  
i ron  oxide ac t iv i t i es  in the mixed oxide sp ine l  were  
calcula ted and plotted agains t  the mole f r ac t ion  in Fig .  
12. Again it is c l ea r  that the ac t iv i ty  of i ron  oxide in 
the a lumina  sa tu ra ted  spinel  shows a s t rong  negat ive  
devia t ion f rom Raoul t ' s  Law. 

The deoxidat ion cons tant  K4 for the r eac t ion  in which 
the deoxidat ion product  is a l umi na  can be ca lcu la ted  
f rom the following data:  

A1203(s) = 2 A l ( / ) +  3/202(g)  

A G  ~ = 401,500 -- 76.91T cal (--= 1,681,000 - 322T J) 
(Ref. 28) [lS] 

AI(/) = A__!I (1 wt pct) 

A G  ~ = 1 5 , 1 0 0 -  6.67 cal  (= - 6 3 , 2 2 0 -  27.93T J) 
(Ref. 6) [19] 

1/202(g) = O (1 wt pct) 

A G  ~ = - 2 8 , 0 0 0  - 0.69T cal  (=- -117 ,230  - 2.89T J) 
(Ref. 28). [20] 

Combin ing  these  equat ions,  the f ree  energy  change for 
the r eac t ion :  

AI20~(s) = 2A1 + 3 0  

is  given by: 

A G  ~ = 2 8 7 , 3 0 0 -  92.32T cal (-= 1 , 2 0 2 , 9 0 0 -  386.5T J) 

[21] 

and, 

log K4 = - 6 2 , 7 8 0 / T  + 20.17. [22] 

When the r e s u l t s  for the s tab i l i ty  of hercyn i te  in the 
absence  of manganese ,  Eq.  [12], a re  combined  with 
Eq.  [22], the deoxidat ion cons tan t  for the hercyni te  
r e a c t i on :  

025 / 
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A 1650 / /  o+~,~n z~~ / f o  D 

0 015 X , / /  o . 

o y o ~  
010 //// 
005 

0 
0 0.1 0:2 0'3 04 05 

XMnO 
Fig. I 1-Relationship between the activity and mole fraction of 
manganese oxide in the iron-manganese aluminate spinel, saturated 
with respect to alumina. 

F o r m a t i o n  of Spinel  Compounds Dur ing  
Deoxidat ion of Steel  with Manganese  and A l u m i n u m  

When l iquid i ron containing d isso lved  oxygen is de-  
oxidized by a l u m i n u m  in e i the r  the absence  or p r e sence  
of manganese ,  the va r ious  equ i l i b r i a  can be r e p r e s e n t e d  
as follows: 

AleOs(s) = 2A1 + 3 0  

2 / [15] K4 = aA1 ,aAl203 

FeO .A12Oa(s) = Fe(/) + 2A1 + 4 0  

/s = aFe �9 a~d �9 a~)/aFeO.Al203 [16] 

MnO'AleOs(s)  = Mn + 2A1 + 4 0  

K6 = aMn " a ~ l  �9 a 4 0 / a M n O . A l 2 O a .  [ 17 ]  
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Fig. 12-Relationship between the activity and mole fraction of iron 
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FeO "A12Oa(s) = Fe(l)  + 2A1 + 4 0  

is  given by:  

log K5 = - 7 2 , 3 6 0 / T  + 24.16. [23] 

When the r e s u l t s  of the p r e s e n t  work, in the p r e s e n c e  
of manganese ,  Eq. [4], a re  combined with Eq.  [22], the 
deoxidat ion constant  for the galaxi te  r eac t ion :  

MnO.A12Os(s) = Mn + 2A1 + 4 0  

is g iven by: 

log K6 = - 7 8 , 6 1 1 / T  + 26.64. [24] 

Using Eqs .  [22] to [24] a deoxidat ion d i a g r a m  has been 
cons t ruc ted  which shows the r e l a t ionsh ip  between the 
ac t iv i t i es  of a l u m i n u m  and oxygen d i sso lved  in e i ther  
l iquid i ron  or  l iquid i r o n - m a n g a n e s e  al loys ,  when the 
mel t  is in equ i l i b r ium with e i the r  sp ine l  compounds or 
a lumina .  The deoxidation d i a g r a m  for a t e m p e r a t u r e  
of 1600~ is shown in Fig .  13. The l ine in the upper 
left c o r n e r  of the d i ag ram r e p r e s e n t s  the a l u m i n u m -  
oxygen re l a t ionsh ip  in the absence  of manganese  when 
the deoxidat ion product  is he rcyn i t e .  L ines  1 through 
5 c o r r e s p o n d  to the a l u m i n u m - o x y g e n  r e l a t i onsh ips  
for manganese  concen t r a t ions  between 0.25 and 4 wt 
pct where  the deoxidation products  a re  i r o n - m a n g a n e s e  
a l u m i n a t e s  of i nc r ea s ing  manganese  content .  Above 3.5 
pct manganese ,  the sp ine l  compound is e s sen t i a l l y  
pure  ga laxi te .  When the deoxidat ion product  is an 
a lumina te ,  manganese  i n c r e a s e s  the deoxidat ion power 
of a l u m i n u m  in two ways.  F i r s t ,  by dec rea s ing  the 
ac t iv i ty  of a lumina  in the sp ine l  phase,  and second, by 
reduc ing  the oxygen potent ia l  of the r eac t ion  product .  

S i m i l a r  ca lcu la t ions  have been made using the most  
r e c e n t  data  of Ghosh and Kay 29 for the s tab i l i ty  of 
a lumina :  

A12Os(s) = 2Al(/) + 3/202(g)  

,aG ~ = 398,560 - 80T cal (= 1,668,700 - 335T J). [25] 

At 1600~ Eq. [25] yields  a value for AG ~ of 249 kcal 
(-= 1043 kJ). Th i s  may be compared  with the value of 
257 kca l  ( -1076 kJ) f rom Eq.  [18]. The effect of this  
f ree  ene rgy  d i f fe rence  on the a l u m i n u m  deoxidation 
d i a g r a m  is shown by the b roken  l ines  in Fig .  14. For  
oxygen ac t iv i t i e s  co r re spond ing  to the c r i t i c a l  points 
with hereyni te ,  and galaxi te  at  the 4 pct Mn level ,  the 
equiva lent  a luminum ac t iv i t i e s  a re  i nc r ea sed  by 0.51 
loga r i thmic  uni ts  at each c r i t i c a l  point .  On a concen-  
t r a t ion  bas i s ,  this  is  equivalent  to a change in the 
a l u m i n u m  r e s i d u a l  for equ i l i b r ium with he rcyn i t e  of 
l e s s  than 1 ppm. In the case  of equ i l i b r i um with 
galaxi te ,  the c r i t i ca l  a l u m i n u m  concen t ra t ion  is in -  
c r ea sed  f rom 19 to 62 ppm.  

F igu re  15 s u m m a r i z e s  the effects  of manganese  on 
the deoxidat ion behav ior  of a l u m i n u m  at 1600~ The 
l ine denoted by 'O'  shows the effect of manganese  on 
the c r i t i c a l  oxygen content  of the s tee l ,  above which the 
deoxidat ion products  a re  a lumina t e s ,  and below which 
the s table  phase is a l umina .  The 'MnO-A12Os' l ine 
depicts  the e n r i c h m e n t  in m a n g a n e s e  oxide content  of 
the a lumina te  sp ine l  with i nc r ea s ing  manganese  con- 
cen t r a t ion  in the mel t .  F r o m  the e q u i l i b r i u m  re l a t i on -  
ship be tween a l u m i n u m  and oxygen in the p r e s e n c e  of 
manganese  as exp re s sed  in Eq. [24], the effect of 
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Fig. 13-Equilibration diagram for aluminum deoxidation in the 
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manganese  on the c r i t i c a l  a l u m i n u m  content  of the s tee l  
can be ca lcula ted  when equ i l ib r ium has been es tab l i shed  
with a lumina  and a lumina te  compounds .  This  r e l a t i on -  
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ship is shown in the f igure  by the line marked  'AI'. The 
d i s so lved  a luminum concen t ra t ions  thus p r e d i c t e d  a r e  
c o m p a r e d  with the va lues  obtained by ac tua l  ana lys i s  
of the high manganese  mel t s ,  which a r e  i l l u s t r a t e d  in 
the f igure  by the t r i ang le  points .  T h e s e  points  a r e  
located above the 'A__!I' l ine.  However ,  cons ide r ing  the 
extended s ca l e  of this  d i a g r a m ,  and a lso  the e x t r e m e l y  
s m a l l  r e s i d u a l  concen t ra t ions ,  the a g r e e m e n t  is s a t i s -  
f ac to ry .  F o r  example ,  at a manganese  concen t ra t ion  
of 4.8 pct,  the p red ic t ed  value  of the d i s s o l v e d  a l u m i -  
num concen t ra t ion  is 26 ppm while the va lue  d e t e r m i n e d  
by c h e m i c a l  ana lys i s  is  38 ppm. It is i n t e r e s t i ng  to 
note that  th is  l a t t e r  vaIue is  about 40 ppm below that 
which would be p red i c t ed  if the data  of Ghosh and Kay 2~ 
were  used to ca lcu la te  the a luminum r e s i d u a l .  F o r  
r e s i d u a l  a luminum concen t r a t ions  which l ie above the 
'AI '  l ine, the compos i t ion  of the inc lus ion phase  wil l  
be pure  a lumina .  F o r  a luminum concen t ra t ions  below 
the l ine,  the deoxidat ion product  wil l  be a lumina te  
spinel ,  the compos i t ion  of which will  depend on the 
manganese  content  of the s t ee l .  When the deoxidat ion 
product  is a lumina ,  manganese  s imply  ac ts  as  an 
a l loying e l e m e n t  and has no effect  on the deoxidat ion 
behav io r  of a luminum.  

The sequence  of r e a c t i o n s  which occur  when the 
a luminum is  added to mol ten  s t ee l  wi l l  depend on the 
oxygen and manganese  contents  at the t ime  of the addi-  
t ion.  F o r  example ,  if the s t ee l  compos i t ion  is  below 
the c r i t i c a l  oxygen line in F ig .  16 when a luminum is 
added, the deoxidat ion product  is a lumina .  In this  case  
subsequent  addit ions of manganese  would play no par t  
in the deoxidat ion  p r o c e s s ,  and manganese  would 
s imply  behave as an a l loying e l e m e n t .  If the s t ee l  c o m -  
posi t ion l i e s  above the line, addit ions of a luminum will  
cause  the p rec ip i t a t i on  of a lumina t e s .  The s t e e l  corn- 
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posi t ion wil l  shif t  towards  the line, and then move 
downwards  along this  phase  boundary .  Dur ing  this  
pe r iod  the a lum ina t e s  b e c o m e  unstable ,  a lumina  is 
f o r m e d  and manganese  and oxygen r e t u r n  to the s t ee l .  
S imul taneous ly ,  a luminum r e a c t s  with oxygen to p r e c i p -  
i tate  a lumina .  With the e l imina t ion  of a lumina te s ,  the 
s t e e l  compos i t ion  wi l l  move away f r o m  the phase  bound- 
a ry  and into the a lumina  f ie ld .  

In ac tual  p r a c t i c e  fol lowing the p rec ip i t a t i on  of 
a lumina te s ,  some  wil l  s e p a r a t e  into the s lag phase  or  
into the ladle g laze ,  some  wil l  decompose  as d e s c r i b e d  
p rev ious ly ,  o the r s  wi l l  b e c o m e  coated with sol id  a lu-  
mina  which wi l l  p r even t  any fu r t he r  oxygen t r a n s f e r  
f r o m  the a l u m i n a t e s  back into the s t ee l .  These  
a lumina  c o v e r e d  sp ine ls  a r e  thus e f fec t ive ly  i so la ted  
f r o m  subsequent  com pos i t i ona l  changes  within the 
mol ten  s t e e l .  Under  these  condi t ions  fu r t he r  r eac t i on  
between a luminum and oxygen d i s s o l v e d  in l iquid 
s t ee l  wil l  r e s u l t  in the p rec ip i t a t i on  of a lumina .  

With r e s p e c t  to the sequence  of r e a c t i o n s  o c c u r r i n g  
during deoxidat ion with manganese  and a luminum,  
Straube et all8 have r e p o r t e d  that i r o n - m a n g a n e s e  
a lumina t e s  a r e  often enc losed  within enve lopes  of 
a lumina .  S i m i l a r  o b s e r v a t i o n s  have been r e p o r t e d  
m o r e  r e c e n t l y  by Venka tad r i  3~ based  on e x p e r i m e n t s  
conducted with 90 kg me l t s  held under  a rgon  and 
deoxid ized  with a luminum and manganese .  Venka tad r i  
a l so  found that  in the p r e s e n c e  of high a luminum 
r e s i d u a l s  (>0.05 pct), the sp ine l  r e ac t i on  p roduc t s  were  
p r o g r e s s i v e l y  r educed  to a lumina  a f te r  pe r iods  of 
about 5 to 8 min.  Al l  of these  obse rva t ions  a r e  in ac -  
cord  with the sequen t i a l  r e a c t i o n s  shown s c h e m a t i c a l l y  
in F ig .  16. 

It is  a l so  worth  noting that  during pour ing  of s t ee l s  
containing a luminum and manganese ,  r eox ida t ion  r e a c -  
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Fig. 15-Effect of manganese on the composition of liquid iron melts 
and the corresponding spinel deoxidation products at 1600~ 
Triangles correspond to measured aluminum concentrations. 
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t i o n s  c a n  l e a d  to  t he  f o r m a t i o n  of a l u m i n a  f o l l o w e d  b y  
i r o n - m a n g a n e s e  a l u m i n a t e s .  In  t h i s  c a s e  t he  r e a c t i o n  
p r o d u c t s  a r e  g e n e r a l l y  v e r y  m u c h  l a r g e r ,  and ,  in  t he  
p r e s e n c e  of s i l i c o n ,  f r e q u e n t l y  c o n t a i n e d  w i t h i n  a n  
i r o n - m a n g a n e s e  a l u m i n o - s i l i c a t e  m a t r i x .  E x a m p l e s  of 
s p i n e l  i n c l u s i o n s  f o r m e d  b y  r e o x i d a t i o n  h a v e  b e e n  
d e s c r i b e d  in d e t a i l  by  L u y c k x  e t  a l  .~ 

In  a c o n t i n u a t i o n  of t h e  p r e s e n t  w o r k ,  the  e f f e c t s  of 
up to  20 pc t  c h r o m i u m  on t he  r e s i d u a l  o x y g e n  c o n c e n -  
t r a t i o n  in  s t e e l  a n d  on  t h e  c o m p o s i t i o n  of v a r i o u s  s p i n e l  
r e a c t i o n  p r o d u c t s ,  h a s  b e e n  i n v e s t i g a t e d .  T h e  r e s u l t s  
of  t h i s  s t u d y  h a v e  b e e n  r e p o r t e d  in a s e p a r a t e  paper .31  

C ONC LUSIONS 

F r o m  the  e x p e r i m e n t a l  s t u d y  f o r  t h e  e q u i l i b r a t i o n  
r e a c t i o n  b e t w e e n  l i q u i d  i r o n - o x y g e n  a l l o y s  c o n t a i n i n g  
m a n g a n e s e  c o n c e n t r a t i o n s  up to  6 pc t  a n d  a l u m i n a / /  
g a l a x i t e  a t  s t e e l m a k i n g  t e m p e r a t u r e s ,  t he  f o l l o w i n g  
c o n c l u s i o n s  a r e  d r a w n .  

1) W i t h  i n c r e a s i n g  m a n g a n e s e  c o n c e n t r a t i o n s ,  t he  
e q u i l i b r i u m  o x y g e n  c o n t e n t  r a p i d l y  d e c r e a s e d .  F o r  
e x a m p l e ,  a t  1600~ t he  e q u i l i b r i u m  o x y g e n  l e v e l  f a l l s  
f r o m  740 p p m  in the  a b s e n c e  of m a n g a n e s e  to  165 p p m  
in  t he  p r e s e n c e  of 0 .5  pc t  m a n g a n e s e .  A t  m a n g a n e s e  
c o n t e n t s  of m o r e  t h a n  3.5 p c t ,  t h e  e f f e c t  of m a n g a n e s e  
on  the  r e s i d u a l  o x y g e n  c o n t e n t  in  l i q u i d  i r o n  b e c o m e s  
e s s e n t i a l l y  i n s i g n i f i c a n t .  

2) E f f e c t  of m a n g a n e s e  v a r i a t i o n s  in  t he  l i q u i d  i r o n  
on  t h e  c o m p o s i t i o n  of t h e  a l u m i n a t e  d e o x i d a t i o n  p r o d u c t  
a s  d e t e r m i n e d  w i t h  e l e c t r o n  m i c r o p r o b e  a n d  n e u t r o n  
a c t i v a t i o n  a n a l y s i s  i n d i c a t e d  t h a t  t he  m a n g a n e s e  ox ide  
c o n t e n t  of t h e  a l u m i n a t e  s p i n e l  i n c r e a s e s  w i t h  i n c r e a s -  
ing m a n g a n e s e  c o n c e n t r a t i o n s  of the  i r o n  m e l t ,  a n d  
t h i s  i s  a c c o m p a n i e d  b y  a n  e q u i v a l e n t  d e c r e a s e  in t he  
i r o n  ox ide  c o n t e n t  of t h e  d e o x i d a t i o n  p r o d u c t .  A t  
m a n g a n e s e  c o n t e n t s  of m o r e  t h a n  3.5 pc t  a t  1600~ t he  
d e o x i d a t i o n  p r o d u c t  c o r r e s p o n d e d  to  e s s e n t i a l l y  p u r e  
g a l a x i t e .  

3) F r o m  t h e  e x p e r i m e n t a l  r e s u l t s ,  t h e  f o l l o w i n g  
t h e r m o d y n a m i c  r e l a t i o n s h i p s  h a v e  b e e n  e s t a b l i s h e d  f o r  
t e m p e r a t u r e s  b e t w e e n  1823 a n d  1923 K: 

i) M n O  "A1203(s) = M n  + O + A1203(s)  

A G ~  = 7 2 , 4 3 0 - -  2 9 . 5 9 T  • 1.7 k c a l  

( - - - 3 0 3 , 2 5 0 -  124T • 7.1 kJ)  

i i )  M n O  "A1203(s)  = M n  + 2A1 + 4 0  

A G  ~ = 3 5 9 , 7 3 0 - -  1 2 1 . 9 T  �9 1.9 k c a l  

( - 1 , 5 0 6 , 1 2 0 -  5 1 0 T  �9 8 k J )  

i i i )  M n O ( s )  + A1203(s)  = M n O  "A1203(s) 

A G  ~ = - 5 0 3 0  + 0 . 0 9 T  • 2 .4  k c a l  

( - - - - 2 1 , 0 6 0  + 0 . 3 8 T  • 10 kJ )  

iv)  M n O  "A1203(s)  = M n ( / )  + 1//2 O2(g) + A1203(s) 

A G  ~ = 1 0 0 , 4 3 0 -  1 9 . 7 9 T  • 1.7 k c a l  

( - 4 2 0 , 4 8 0 -  8 2 . 9 T  • 7.1 kJ )  

4) F o r  t h e  t e m p e r a t u r e s  i n v e s t i g a t e d ,  t he  i r o n -  
m a n g a n e s e  a l u m i n a t e  s p i n e l s ,  ( F e x M n  1 _ x) O -A1203, 
w e r e  f o u n d  to o b e y  R a o u l t ' s  L a w .  

5) T h e  a c t i v i t i e s  of m a n g a n e s e  o x i d e  a n d  i r o n  ox ide  
in  a l u m i n a  s a t u r a t e d  s p i n e l  e x h i b i t e d  s t r o n g  n e g a t i v e  

d e v i a t i o n s  f r o m  R a o u l t ' s  L a w .  
6) U s i n g  t he  d a t a  f r o m  the  p r e s e n t  i n v e s t i g a t i o n  t o -  

g e t h e r  w i t h  o t h e r s  a v a i l a b l e  in  t h e  l i t e r a t u r e ,  d e o x i d a -  
t i o n  d i a g r a m s  h a v e  b e e n  c o n s t r u c t e d  w h i c h  show the  
r e l a t i o n s h i p s  b e t w e e n  the  a c t i v i t i e s  of a l u m i n u m  and  
o x y g e n  d i s s o l v e d  in l i q u i d  i r o n ,  w h e n  the  m e l t  i s  in 
e q u i l i b r i u m  w i t h  e i t h e r  i r o n - m a n g a n e s e  a l u m i n a t e  
s p i n e l s  o r  a l u m i n a .  
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C a n a d a ,  f o r  f r u i t f u l  d i s c u s s i o n s  a n d  h e l p f u l  s u g g e s t i o n s .  
A s s i s t a n c e  w i t h  c h e m i c a l  a n a l y s e s  p r o v i d e d  b y  l a b o r a -  
t o r y  p e r s o n n e l  a t  L a k e  O n t a r i o  S t e e l  C o m p a n y ,  O n -  
t a r i o  R e s e a r c h  F o u n d a t i o n  a n d  T h e  S t e e l  C o m p a n y  of 
C a n a d a  i s  g r a t e f u l l y  a c k n o w l e d g e d .  F i n a n c i a l  s u p p o r t  
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