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The kinet ics  of oxidat ion of Fe-S i  and F e - A l  mel ts  by pure oxygen, and that of pure  Fe by 
He-O~, N2-O~, or Ar-O2 mix tures  have been  invest igated by a modified S iever t s '  method at 
1600~ Cons iderab le  dec rease  in the oxidation r a t e  has been  observed  for the al loy mel t s  
containing a few pe rcen t  of Si or  A1 s ince  fo rmat ion  of a s i l i c a -  or a l u m i n a - r i c h  oxide 
layer  on the mel t s  p reven ts  fur ther  p r o g r e s s  of the exothermic  chemica l  react ion.  The 
oxidation ra te  for me l t s  high in A1 has been  cons ide red  to be l imi ted  by the diffusion of 
ions through the oxide l ayer .  Addition of di luents  to O 2 marked ly  and cont inuously  de-  
c r ea se s  the oxidation ra te  of a pure  Fe mel t .  The la t te r  ra te  has been show to be cont ro l led  
by the diffusion of 02 ac ros s  the gaseous boundar ies  at g a s / m e l t  in te r faces .  

r e m a r k a b l e  developments  of bas ic  oxygen s t ee l -  
making  p roce s se s  in the l a s t  decade have genera ted  
cons ide rab le  i n t e r e s t  in the k ine t ics  of r eac t ions  b e -  
tween gaseous oxygen and l iquid i ron  al loys.  The k i -  
ne t i c s  have also a t t rac ted  much at tent ion because  they 
b e a r  a close connect ion with p rob lems  a r i s i ng  f rom 
s t r eam- reox ida t i on .  

Many exper imenta l  and theore t ica l  s tudies  have been 
conducted on the k inet ics  of oxidation of carbon in liquid 
i ron al loys,  whereas  only a few are  avai lable  on that of 
l iquid i ron al loys conta in ing deoxidizing e lements  such 
as s i l icon  and a luminum.  The l a t t e r  s tudies  a re  con-  
s ide red  impor tan t  to be t t e r  unders tand ing  of s t r e a m -  
reoxida t ion  of s tee ls  dur ing  teeming.  Oxidation of i r o n -  
s i l icon  al loys was studied by Filippov and Martynov 1 
and by R. Bakerf i  The l a t t e r  oxidized f ree  fa l l ing d rop-  
le ts  containing up to 7 pct Si at 1600~ by pure  oxygen, 
and found that drops conta in ing  less  than 6 pct Si bu rned  
ex t r eme ly  br igh t ly  and became  covered with a thick 
l aye r  of b r i t t l e  sca le  while a pass ive  f i lm was fo rmed  
on drops containing more  than 6 pct Si r e su l t i ng  in the 
cooling of the drops dur ing  the i r  fall .  Bake r ' s  expe r i -  
ments  were a imed at s imu la t ing  sp ray  re f in ing  p r o -  
ce s se s ,  and detai led d i scuss ion  of the k ine t ics  was not 
given. Kaplan and Phi lbrook 3 oxidized l ev i t a t ion -me l t ed  
samples  of i r o n - s i l i c o n  al loys by mix tu res  of 5 or 1O 
pct oxygen in he l ium at 1850 to 2050~ and observed  a 
t e m p e r a t u r e  i n c r e a s e  of the samples  dur ing  the f i r s t  
seconds  of the oxidation per iod  and then a rapid  t e m -  
pe ra tu r e  dec rease  which may have been due to the in -  
c r ea se  in the emi s s iv i t y  of the samples  caused by s lag  
format ion .  Fu r the r  deta i ls  of the exper imen ta l  r e s u l t s  
were  not repor ted .  Kawai and Mori 4 also studied oxida-  
t ion of s i l icon in i ron by a c a r r i e r  gas method with 
a rgon-hydrogen-wa te r  vapor  mix tures  at 1620 to 1710~ 
Sano and Matsushi ta  s tudied the oxidation of i r o n - s i l i c o n  
al loys in gas mix tu res  of CO2 or O~ with He as a di luent  
at t e m p e r a t u r e s  f rom 1550 to 1800~ They found the 
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fo rmat ion  of sol id or  l iquid oxide at lower t e m p e r a t u r e s  
was explained by diffusion of oxygen ions through the 
oxide l aye r .  Exper imen t s  with He-Oa mix tu res  were  
l imi ted ,  however .  The oxygen pa r t i a l  p r e s s u r e  of the 
mix tures  was v e r y  low. Rober tson and Jenkins  a c a r -  
r ied  out more  comprehens ive  expe r imen t s  by oxidiz-  
ing l ev i t a t ion -me l t ed  droplets  of i r o n - s i l i c o n  alloys in 
pure  oxygen or gas mix tu res  conta in ing 10 or 20 pct 
oxygen with argon as a diluent.  They followed the 
course  of reac t ion  by a c inematographic  technique and 
de t e rmined  funct ional i ty  of b u r n i n g -  or p a s s i v e - b e -  
havior  of the r eac t ion  with oxygen p r e s s u r e  and alloy 
composi t ions .  They observed,  as did Baker,  2 that pa s -  
s ive behavior  a rose  when a l iquid s lag  layer  approach-  
ing 50 g in th ickness  formed dur ing  the f i r s t  seconds 
of r eac t ion  at 1600~ and subsequent ly  acted as a b a r -  
r i e r  to fu r the r  rapid oxidation of the alloy. On the other  
hand, s lags  conta in ing less  s i l i ca  did not so act dur ing  
burn ing  reac t ions  and rapid oxidat ion ensued.  In the 
above inves t iga t ions ,  ne i the r  expe r imen ta l  se t -up  p ro -  
duced data of high accuracy,  nor  were the t r ans i en t  ex-  
pe r imen ta l  condit ions suff ic ient ly  c la r i f ied  to allow one 
to de t e rmine  kinet ic  p a r a m e t e r s .  F u r t h e r m o r e ,  no pub- 
l i shed data a re  avai lable  on oxidation of i r o n - a l u m i n u m  
alloy mel t s .  

The purpose  of this  study was to invest igate  r a t e - d e -  
t e r m i n i n g  s teps  and to de te rmine  kinet ic  p a r a m e t e r s  of 
the oxidation of i r o n - s i l i c o n  and i r o n - a l u m i n u m  alloy 
mel t s  as a function of alloy composi t ions  and gaseous 
oxygen p r e s s u r e s ,  thus providing informat ion  useful in 
evaluat ing s t r e a m- r e ox i da t i on .  

EXPERIMENTAL PROCEDURE 

Alloys of des i r ed  composi t ion were  p repared  by p r e -  
mel t ing  pure  i ron  (Fe r rovac  E, Fe _>- 99.92, C and S 
< 0.005, O < 0.0009 pct), ana ly t ica l ly  pure  a luminum 
(Al _>- 99.9 pct), or  ex t ra  pure  s i l icon  (Si => 99.999 pct) 
in vacuum in a r e c r y s t a l l i z e d  a lumina  crucible .  A 
known amount ,  Vst (nominal ly  360 cm a STP), of ex t r a -  
d ry  oxygen gas (O~ = 99.9+ pct) or  premixed,  high p u r -  
ity he l ium-oxygen ,  n i t rogen-oxygen ,  or argon-oxygen 
gases* were  p r e s s u r i z e d  in a s torage  bulb,  volume 

*Subsequently dried in a standard gas train. 
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Vr = 317 cm s STP,  which was connected  v i a  a so lenoid  
va lve  to a S i e v e r t s '  type  r e a c t i o n  bulb.  

A po l i shed  a l l oy  s a m p l e ,  weight W ~ 100 gin, was 
then me l t ed  at  i600~ under  a rgon  in a r e c r y s t a l l i z e d  
a lumina  c r u c i b l e  (ID 32 ram) which was p l aced  in the 
r e a c t i o n  bulb,  the hot  vo lume,  Vb, of which was d e t e r -  
mined  for  each run to be  about 85 cm 3 STP.  The r e a c -  
t ion bulb was subsequen t ly  evacua ted  of a rgon ,  and the 
so leno id  va lve  was in s t an taneous ly  opened,  a l lowing 
the gas in the s t o r a g e  bulb to flow out and f i l l  the  
c lo sed  s y s t e m ,  i.e., the  s t o r a g e  b u l b - r e a c t i o n  bulb 
e n c l o s u r e .  

The abso rp t ion  r a t e  of oxygen was m o n i t o r e d  by  
au t oma t i ca l l y  r e c o r d i n g  the d e c r e a s e  in the s y s t e m  
p r e s s u r e  which was de t ec t ed  by  a s t r a i n - g a u g e  type 
d i f f e r en t i a l  p r e s s u r e  t r a n s d u c e r  a t t ached  to the  s t o r -  
age  bulb.  F u r t h e r  d e t a i l s  of the e x p e r i m e n t a l  appa ra tu s  
an~ p r o c e d u r e  a r e  d e s c r i b e d  e l s e w h e r e .  7 

RESULTS 

Str ip  c h a r t  r e c o r d i n g s  of the p r e s s u r e  change ind i -  
ca ted  two distinct stages for  the oxida t ion  of pu re  i ron  
m e l t s  by the gas  m i x t u r e s  and of a l loy  m e l t s  by  pure  
oxygen gas .  This  a l so  has  been o b s e r v e d  for  the ox ida -  
t ion  of pure  i ron  m e l t s  by  pure  oxygen gas .  7 

The f i r s t  s t age  o c c u r r e d  i m m e d i a t e l y  a f t e r  the  in -  
t roduc t ion  of g a s e s  onto the  su r f ace  of the m e l t s ,  and 

involved r a p i d  e xo the rmic  c h e m i c a l  r e a c t i o n  be tween  
oxygen in the  gases  and the s u r f a c e  of the me l t s .  The 
s u r f a c e  of the  m e l t s  for  (pure O2)-(Fe-A1 o r  F e - S i  a l -  
loys)  and (02 -> 95 pet  in He, N2, o r  A r ) - ( F e )  s y s t e m s  
was o b s e r v e d  to he c ove re d  by  an oxide  f i lm at the end 
of the  f i r s t  s t age  which l a s t ed  only  a f r ac t ion  of a s e c -  
ond. F o r  (02 -< 90 pe t  in He, N,, A r ) - ( F e )  s y s t e m s ,  f o r -  
mat ion  of such  a d i s t inc t  oxide f i lm  was not c l e a r  b y  
v i sua l  inspec t ion .  A subsequent  second  s t age  which e x -  
h ib i ted  much s lower  r a t e s  o c c u r r e d  when the me l t  t e m -  
p e r a t u r e  d e c r e a s e d  to i ts  in i t i a l  va lue .  

The p r e s s u r e  change dur ing  the en t i r e  pe r iod  of a b -  
so rp t ion  was  conver t ed  by  a r e g r e s s i o n  ana lys i s  into 
po lynomia l s  of the fo rm 

v = V  i + v  s =V i + q l t + q 2 t  2+qst  3+q4t ~+qst s [1] 

where  v is  the  to ta l  vo lume of O2 consumed  dur ing  a 
t ime  p e r i o d  t ;  Vi, the vo lume of O2 a b s o r b e d  in the f i r s t  
s t age ;  Vs,  tha t  a b s o r b e d  in the s econd  s tage ,  a l l  in cm 3 
STP;  and q ' s  a r e  cons tan t s .  The va lue s  of V i and V s 
thus c a l c u l a t e d  a r e  s u m m a r i z e d  in Table  I toge the r  with 
e x p e r i m e n t a l  condi t ions .  

The dependence  of V i on the in i t i a l  concen t ra t ions  of 
a l loy ing  e l e m e n t s  in the m e l t s  and those  of d i luen ts  in 
the gas  m i x t u r e s  is  shown in Fig .  1. The effect  of Si 
on V i was neg l ig ib le  up to 3 pet ,  then b e c a m e  s i g n i f i -  
cant  a round  4 pe t  beyond which a m a r k e d  d e c r e a s e  of 
V i was o b s e r v e d .  S imi l a r l y ,  addi t ion  of A1 up to 5 pe t  

Table I. Experimental Oxidation Data Obtained by a Modi f ied Sieverts' Method at 1600~ 

A v=Vi+qlt+q2t2+qata+q4t4+qstS 

No. (cm 2) Systems Vb Vr Pr Vi ql  q2 qa qa qs 

Si-4 8.1 (Fe-0.50 pct Si)-(pure 02) 85.3 317.0 939 191.0 5.011 -0 .07020  3.800 X 10 -4 
Si-3 7.8 (Fe-l.00 pct Si)-(pure 02) 83.2 317.0 947 198.8 4.433 -0 .05724  2.713 X 10 -4 
Si-9 7.6 (Fe-l .00 pct Si)-(pure 02) 87.0 317.0 945 187.1 5.244 -0 .06510  2.943 X 10 -4 
Si-5 7.7 (Fe-l.99 pet Si)-(pure 02) 83.9 317.0 953 191.6 3.237 -0 .02585  
Si-2 7.9 (Fe-2.89 pet Si)-(pure 02) 81.5 317.0 956 198.6 1.556 -0 .01687  
Si-7 8.0 (Fe-4.31 pct Si)-(pure 02) 85.5 317.0 942 50.2 0.575 -0 .00113  
Si-6 7.8 (Fe-5.74 pet Si)-(pure 02) 85.9 317.0 947 25.7 0.457 -0 .00087  
AI-5 8.0 (Fe-l.0 pct A1)-(pure 02) 87.1 317.0 938 152.7 5.860 -0 .08505  6.253 X 10 -4 1.818 X 10 -~ 
A1-4 8.0 (Fe-l.O pct A1)-(pure 02) 86.1 317.0 939 160.1 5.685 -0 .07144  3.260 X 10 -4 
AI-1 7.7 (Fe-l.5 pct A1)-(pure 02) 78.7 317.0 956 160.8 6.040 -0 .08760  4.090 X 10 -4 
A1.3 8.0 (Fe-3.0 pet Al)-(pure 02) 82.2 317.0 943 210.1 4.930 -0 .07362  3.958 X 10 -4 
A1-6 7.9 (Fe-5.0 pct Al)-(pure 02) 85.2 317.0 944 148.9 0.121 
AI-9 7.4 (Fe-6.5 pet Al)-(pure 02) 85.3 317.0 948 119.9 0.317 
AI-10 8.5 (Fe-10 pct A1)-(pure 02) 85.3 317.0 948 25.3 0.075 
He-3 7.9 (pure Fe)-(He-98.95 pct 02) 85.0 317.0 948 80.7 6.320 -0 .1181  1.337 X 10 "a 7.622 X 10 -6 
He-6 7.8 (pure Fe)-(He-95.05 pet 02) 85.0 317.0 940 47.0 4.892 -0 .0784  0.678 X 10 "a 2.839 X 10 -~ 
He-5 7.8 (pure Fe)-(He-89.95 pct O2) 86.0 317.0 942 40.7 1.604 -0 .0120  0.051 X 10 -3 -0 .113  X 10 -6 
He-7 7.8 (pure Fe)-(He-79.18 pct 02) 86.0 317.0 947 20.2 0.892 -0 .0059  0.021 X 10 -3 -0 .037  X 10 -6 
N r l  8.5 (pure Fe)-(Nr98.89 pct 02) 85.0 317.0 939 92.0 4.538 -0 .0640  0.498 X 10 "3 - 1 . 8 9 0  X 10 -6 
N r 9  8.3 (pure Fe)-(Nr94.99 pet 02) 85.0 317.0 935 62.4 2.112 -0 .0157  0.069 X 10 "3 -0 .153  X 10 -6 
N r 8  8.7 (pure Fe)-(Nr89.62 pet O2) 84.1 317.0 936 41.8 0.751 -0 .0020  0.003 X 10 -3 -0 .152  X 10 -8 
N r 7  8.1 (pure Fe)-(Nr79.91 pet 02) 85.0 317.0 936 20.9 0.423 -0 .0010  0.129 X 10 "s - 0 . 0 6 4  X 10 -8 
N r 2  8.0 (pure Fe)-(Nr59.07 pet 02) 85.0 317.0 944 17.2 0.235 -0 .0009  0.233 X 10 -s - 0 . 0 6 4  X 10 -s 
N2-4 8.0 (pure Fe)-(Nr39.50 pet O2) 85.0 317.0 952 12.0 0.152 -0 .0006  0.128 X 10 -s - 0 .104  X 10 -8 
N2-6 7.9 (pure Fe)-(N2-21.10 pct 02) 85.0 317.0 930 7.9 0.103 -0 .0002  0.136 X 10 -6 
Ar-5 8.6 (pure Fe)-(Ar-98.90 pct 02) 85.0 317.0 945 98.6 0.403 -0 .0542  0.412 X 10 -3 -1 .537  X 10 -6 
At-6 8.1 (pure Fe)-(Ar-95.11 pct 02) 85.0 317.0 935 44.6 1.946 -0 .0165  9.575 X 10 -6 -0 .298  X 10 -6 
Ar-4 8.3 (pure Fe)-(Ar-90.06 pet 02) 81.2 317.0 945 41.8 0.762 -0 .0022  0.321 X 10 "s -0 .172  X 10 -8 
Ar-7 7.9 (pure Fe)-(Ar-79.76 pet O2) 85.0 317.0 924 20.1 0.523 -0 .0020  0.484 X 10 -s - 0 .588  X 10 -s 
Ar-3 8.0 (pure Fe)-(Ar-58.47 pct 02) 85.0 317.0 937 7.4 0.167 -0 .0004  0.367 X 10 -6 
Ar-2 8.0 (pure Fe)-(Ar-39.78 pct O2) 85.0 317.0 950 4.9 0.050 - 8 . 5  X 10 "s 0.547 X 10 -s 
Ar-1 8.1 (pure Fe)-(Ar-20.96 pct 02) 85.0 317.0 947 3.5 0.038 - 9 . 5  X 10 -s 0.115 X 10 -6 -0 .525  X 10 "1~ 

1.669 X 10 -a 
0.452 X 10 "s 
0.974 X 10 -l~ 
0.245 X 10 -l~ 
0.273 X 10 -s 
0.013 X 10 -s 

0.218 X 10 -s 

0.280 X 10 - n  

A is surface area of the melts, V b and V r are the volume of reaction bulb and storage bulb, respectively, in STPcm 3, Pr is the pressure of  gases initially stored in the 
storage bulb in mmHg. v is the total amount of oxygen consumed during the first and second stages of  oxidation, V i is that consumed during the first stage, both in 
STPcm a, and t denotes time of reaction for the second stage in s. 

9 6 - V O L U M E  6B, M A R C H  1975 M E T A L L U R G I C A L  T R A N S A C T I O N S  B 



d e c r e a s e d  Vi only s l igh t ly  c o m p a r e d  to a sudden de -  
c r e a s e  in Vi beyond about 7 pc t .  

On the o the r  hand, the d i lu t ion  of Oz with tie,  N2, o r  
Ar  caused  a s t eep  but  cont inual  d e c r e a s e  in the va lue  
of V i for  pu re  i r on  m e l t s .  It is  to be noted that  even  
a 1 pc t  addi t ion of t he se  d i luen ts  d e c r e a s e d  V i b y  a l -  
m o s t  one half  of tha t  fo r  p u r e  O~. The extent  of the  
change was ,  within the e x p e r i m e n t a l  e r r o r ,  a l ike  fo r  
the  t h r e e  m i x t u r e s  up to a d i luent  concen t ra t ion  of 20 
pct .  

The r a t e  of abso rp t ion ,  dV s/dt, of Oz in the s econd  
s t age  fol lowed the s a m e  t r e n d  as  above,  al though a 
s t eep  fa l l  of dV s/dt took p l a c e  at  lower  concen t r a t i ons  
of $i o r  Al, ove r  a r ange  of 1 to 4 pct  for  Si and 4 to 
6 pc t  for  A1, and at h igher  concen t r a t i ons  of the g a s -  

200 
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Fe-Si '~ Fe-Al 

( 20 40 60 
He (o), N, (e), Ar (A) % 

l I I l I 
0 2 /4 6 8, 

Si AI ~ 
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80 

Fig. l--Effect of the concentration of alloying elements and 
gaseous diluents on V i. 

~ o ~ e  P02 500 mrnHg 

0 2 4 6 8 10 
Si, Al~176 

Fig.  2 - -Effec t  of the concen t ra t ion  of a l loying e l e m e n t s  on 
dV s/dt .  

eous i m p u r i t i e s .  An example  is  shown in Fig .  2 where ,  
a s  in Fig .  1, the a b s c i s s a  i nd i ca t e s  in i t i a l  c o n c e n t r a -  
t ions  of the  a l loy ing  e l e m e n t s .  

These  o b s e r v a t i o n s ,  t oge the r  with the effect  of the 
gaseous  i m p u r i t i e s  on dV s/dt for  pu re  i ron  m e l t s ,  wil l  
be  d i s c u s s e d  in the fol lowing p a r a g r a p h s .  

DISCUSSION 

The o v e r a l l  oxida t ion  r e a c t i o n  involves  the fol lowing 
s t eps :  a) t r a n s p o r t  of oxygen f r o m  the bulk gas  to the 
gas/metal interface, b) chemical reaction at the inter- 
face to form dissolved oxygen and/or oxides, and c) 
transfer of dissolved oxygen to the bulk melt and/or 
the growth of the oxides at the interface. 

In the f irs t  stage, a d e c r e a s e  of the s y s t e m  p r e s s u r e ,  
which was caused  by  the ins tan taneous  e x o t h e r m i c  
c h e m i c a l  r e a c t i o n  tak ing  p l ace  upon the in t roduct ion  
of pu re  oxygen to the r e a c t i o n  bulb,  was too r a p i d  to 
be  fol lowed by  the p e n - r e c o r d e r  employed  in th is  s tudy.  
The b e h a v i o r  of the p r e s s u r e  change was fu r t he r  c o m -  
p l i ca t ed  for  the  g a s - m i x t u r e s  by  t h e r m a l  expans ion  of 
the i n e r t - g a s  components .  F o r  t hese  r e a s o n s ,  the 
p r o g r e s s  of the oxidat ion  r e a c t i o n  dur ing  th is  s t age  
cannot  be i n t e r p r e t e d  r e l i a b l y ,  and hence,  d i s c u s s i o n  
wil l  be confined only to the to ta l  vo lume,  Vi, of oxygen 
consumed  in the f i r s t  s tage .  

It has  a l r e a d y  been  shown in a p r e v i o u s  p a p e r  7 that  
V i for  the  (pure  O2)-(Fe) s y s t e m  involves  c o n t r i b u -  
t ions both of s t ep  b) to fo rm i r o n  ox ides  and of c) to 
grow the oxide  l a y e r .  The va lue  of Vi o b s e r v e d  in the 
p r e s e n t  e x p e r i m e n t s  for  the (pure  O2)-(Fe-Si)  s y s t e m  
conta in ing up to 3 pct  Si exhib i ted ,  as  shown in Fig .  1, 
roughly  the s a m e  value  as  that  for  the (pure O2)-(Fe) 
s y s t e m .  This  ind ica t e s  that  the f o r m a t i o n  and growth 
of an i ron  oxide  l a y e r  on the s u r f a c e  of i r o n - s i l i c o n  
a l loys  we re  not s ign i f i can t ly  a f fec ted  by  the p r e s e n c e  
of Si up to 3 pct ,  i.e., e n r i c h m e n t  of s i l i c a  in the i ron  
oxides  f o r m e d  was not m a r k e d  when s i l i c on  c o n c e n t r a -  
t ions  in the m e l t  we re  l imi t ed .  F o r  h igher  s i l i con  con-  
cen t r a t i ons ,  however ,  s e l e c t i v e  oxida t ion  of s i l i con  took 
p lace  to f o r m  a s i l i c a - e n r i c h e d  oxide  l a y e r  on the me l t  
su r f ace .  The v i s c ous  i r o n - s i l i c a t e  l a y e r  s h a r p l y  d i m i n -  
i shed  fu r t he r  growth by  l ower ing  the d i f fus iv i ty  of ions 
in the oxide l a y e r .  This  exp la ins  the sudden d e c r e a s e  
of V i for  the  (pure  O2)-(Fe-Si)  s y s t e m  at about 4 pct  Si. 
It is  i n t e r e s t i n g  to note that  th is  d e c r e a s e  of Vi a g r e e s  
v e r y  wel l  with the t r a n s i t i o n  o b s e r v e d  by  Robe r t son  and 
Jenkins  5 of r e a c t i o n  behav io r  f r o m  burn ing  to p a s s i v e  
at  about 3.6 pc t  Si fo r  (pure  O2)- (Fe-Si )  s y s t e m s  at  
1660~ (Fig .  3 of Ref .  6. It i s  a l so  i n t e r e s t i n g  in 
th is  r e g a r d  that  s i l i con  r e m o v a l  c u r v e s  r e p o r t e d  by 
Bake r  ~ for  ox ida t ion  of 2 m m  diam.  F e - S i  a l loy  d r o p -  
l e t s  exhib i ted ,  as  shown in Fig .  3, e xa c t l y  the  s a m e  b e -  
hav io r  as  the  V i cu rve  for  F e - S i  a l loy  m e l t s  d e t e r m i n e d  
in the p r e s e n t  s tudy  (Fig.  1). The s i l i con  r e m o v a l  
cu rve  2 c l e a r l y  sugges t s  in i t ia t ion  of s e l e c t i v e  oxidat ion 
above 3 pc t  Si which a g r e e s  r e m a r k a b l y  wel l  with the 
s i l i con  concen t ra t ion  above which V i shows a s h a r p  
drop .  At 5 pc t  Si, V i d e c r e a s e s  to about  1/6 of that  for  
pu re  i ron ,  whi le  a S i / S i  of the s i l i c on  r e m o v a l  cu rve  2 
at the s a m e  s i l i con  concen t ra t ion  is  about 1/5 of that  
for  n e a r l y  pu re  i ron .  

Although e x p e r i m e n t a l  condi t ions  in each  of the above 
e x p e r i m e n t s  we re  d i f fe ren t ,  th is  good a g r e e m e n t  shows 
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Fig .  3 - -S i l i con  r e m o v a l  f r o m  F e - S i  a l l o y s  ( r e d r a w n  f r o m  
Baker2}. 

tha t  the in i t ia l  p e r i o d  of the  oxidat ion of i r o n - s i l i c o n  
a l loys  is  p r e d o m i n a n t l y  con t ro l l ed  by the p r o p e r t i e s  of 
s l ag  f i lms  f o r m e d  on the su r f ace  of the m e l t s .  The 
h ighe r  the s i l i con  concen t ra t ion  in the me l t s ,  the m o r e  
the  oxide l a y e r  is  e n r i c h e d  in s i l i c a .  This  r e s u l t s  in 
a d iminut ion  of the growth r a t e  of the l a y e r ,  and hence 
a lower  va lue  of V i .  The behav io r  of V i in the (pure  02)- 
( Fe - A l )  s y s t e m  is  qui te  s i m i l a r  to that  of the (pure 02)- 
(Fe-S i )  s y s t e m ,  al though a s l ight  d e c r e a s e  in V i is  ob-  
s e r v e d  at  low a luminum concen t ra t ions  (Fig.  1). 

On the o ther  hand, s t e p s  b) and c) m a y  not be the  
r a t e - d e t e r m i n i n g  s t eps  for  the oxidat ion of pu re  i ron  
by  the gas m i x t u r e s ,  b e c a u s e  Vi for  the m i x t u r e s  with 
99 pc t  O3 was l e s s  than one-ha l f  of that  for  pu re  oxy-  
gen, the oxidat ion  by  which is known to be l i m i t e d  by  
s t ep  b) as  well  as  c). With the s a m e  e x p e r i m e n t a l  con-  
d i t ions ,  the di lut ion of oxygen by  addi t ion of 1 pc t  ine r t  
gas  may  not expla in  such a d r a s t i c  d e c r e a s e  of V i for  
pu re  i ron  me l t  if s t eps  b) and c) a r e  a l so  con t r ibu t ing  
equa l ly  to l i m i t  the  f i r s t  s t age  of oxidat ion  by  the gas  
m i x t u r e s .  Ins tead,  it  a p p e a r s  r e a s o n a b l e  to a s s i g n  
s tep  a) to the  r a t e - c o n t r o l l i n g  s tep  of the  oxida t ion  by  
the gas  m i x t u r e s .  Owing to the r a p i d  consumpt ion  of 
oxygen in the e a r l y  p e r i o d  of the f i r s t  s tage ,  the l a y e r  
of gases  in contac t  with the me l t  s u r f a c e  b e c o m e s  in-  
s t an taneous ly  e n r i c h e d  with an i n e r t - g a s  component  of 
the  mix tu re  to deve lop  a gaseous  bounda ry  l a y e r  which 
p r e v e n t s  fu r the r  r a p i d  t r a n s f e r  of oxygen f rom the bulk 
gas  to the g a s / m e t a l -  o r ,  in the ca se  where  ox ides  a r e  
a l r e a d y  fo rmed ,  to the  g a s / o x i d e - i n t e r f a c e .  

In the s e c o n d  s tage ,  where  the s u r f a c e  t e m p e r a t u r e  
r e s u m e s  a p p r o x i m a t e l y  i t s  in i t ia l  va lue ,  oxidat ion  p r o -  
ceeded  at r a t e s  which could be mon i to red  cont inuous ly  
and which offer  a b a s i s  for  i n t e r p r e t a t i o n  of r e a c t i o n  
behav io r .  

R a t e - C o n t r o l l i n g  Steps for  the Oxidat ion of 
B ina ry  Al loy Melts  by  Pure  Oxygen 

The k ine t ics  of oxidat ion  of pure  i ron  by pure  oxygen 
in the second s t age  have been  shown 7 to be  d e s c r i b e d  
by  the equation 

dv  dVs  )t/a 
dt-'-:- = --d-t-- = A k l  (Pb2 [2] 

where  k 1 is  the spec i f i c  r e a c t i o n  r a t e  constant ,  A is the 
i n t e r r a c i a l  a r e a ,  and P~2 is  the ins tan taneous  p r e s s u r e  
of oxygen in the c lo sed  s y s t e m  when d v / d t  is  d e t e r m i n e d .  
In Eq. [2], z e ro  t ime  for  the second  s t age  is  taken to be the 
end of the f i r s t  s t age  which can be c l e a r l y  d i s t ingu i shed  
on the s t r i p  c h a r t  r e c o r d i n g  of the s y s t e m  p r e s s u r e .  7 
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Fig. 5--Rates of oxidation of binary iron melts by pure oxy- 
gen gas. 

A good l i n e a r  r e l a t i onsh ip  is  ob ta ined  between ( l / A )  
�9 (dv /d t )  and ( p b ) , / a  for  the a l l oy  m e l t s  under i n v e s t i -  

u2 
gation,  as  shown in Fig .  4. Thus,  kt  s e r v e s  to d e s c r i b e  
the change of oxidat ion r a t e  with concen t ra t ion  of a l l o y -  
ing e l emen t .  This  is  shown in Fig .  5, where  the a b -  
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s c i s s a  ind ica tes  in i t i a l  concen t ra t ion  of the a l loy ing  
e l e m e n t s .  

The r a t e - c o n t r o l l i n g  s t ep  fo r  the second  s t age  ox i -  
dat ion,  which fol lows Eq. [2], of a pure  i r on  me l t  by  
pu re  oxygen gas has  been  shown ~ to be  the growth of 
the  s u r f a c e  oxide l a y e r  b y  d i s s o c i a t i v e  a d s o r p t i o n  of 
oxygen mo lecu l e s  at  the g a s / o x i d e  in t e r f ace ,  Oz (gas)  
~- O s (phys i so rbed)  ~ 20 ( chemiso rbed ) ,  fo l lowed by 
i nc o r po ra t i on  of the a d s o r b e d  oxygen a toms  into the 
oxide ,  O ( c h e m i s o r b e d )  ~ O ( incorpora ted) .  The va lue s  
of kz for  F e - S i  and Fe-A1 m e l t s  up to 1 pc t  Si and 3 
pc t  A1 a r e  c lo se  to k z for  pu re  i ron,  hence the above 
s t ep  is  c o n s i d e r e d  to c o n t r o l  the  r a t e  for  t he se  m e l t s  
too.  On the o the r  hand, the  m a r k e d  d e c r e a s e  of k z for  
F e - S i  and Fe-A1 m e l t s  beyond the above ment ioned 
concen t r a t i ons  of Si and Al  i nd i ca t e s  that  a s l o w e r  p r o -  
c e s s  for  the growth,  p r e s u m a b l y  the di f fus ion of ions 
th rough  the oxide l a y e r ,  b e c o m e s  dominant .  Namely ,  
i ron  oxides  a r e ,  with i n c r e a s i n g  concen t ra t ion  of the  
a l loy ing  e l e m e n t s  in the m e l t s ,  g r adua l l y  en r i ched  with 
s i l i c a  o r  a lumina  p roduced  b y  the s e l e c t i v e  oxida t ion  
of the  c o r r e s p o n d i n g  a l loy ing  e lement .  The t r a n s f e r -  
ence number  of e l e c t r o n s  and ions in the s i l i c a -  o r  
a l u m i n a - e n r i c h e d  oxide l a y e r  b e c o m e s  c o r r e s p o n d -  
ingly  d i f fe ren t  f r o m  that  in i r on  ox ides .  In an e x t r e m e  
c a s e ,  a l m o s t  pu re  s i l i c a  o r  a l umina  m a y  cons t i tu te  the 
s u r f a c e  oxide l a y e r ,  inhibi t ing  any fu r t he r  oxida t ion  of 
the m e l t s  by  r e t a r d i n g  c o n s i d e r a b l y  the diffusion of 
ions a c r o s s  the l a y e r .  This  pe rhaps  was the c a s e  for  
F e - S i  (Si => 4 pct) and Fe-A1 (A1 => 5 pct) me l t s  for  
which p r a c t i c a l l y  pure  s i l i c a  and a lumina  we re  r e -  
s p e c t i v e l y  ident i f ied  on the s u r f a c e  of quenched m e l t s .  

If so,  tak ing  into account  the fact  that  the dependency  
of the r a t e  on P b  2_ could be  neg lec ted  in the above in-  
s t a n c e s  s ince  the r a t e  was too s m a l l  to cause  no t i c e -  
ab le  d e c r e a s e  in P b  2, a p a r a b o l i c  growth f o r m a l i s m  s 
which inc ludes  the t r a n s f e r e n c e  number  of ions should  
apply  to the growth of the  oxide  l a y e r  as  

2 
v = (700A)S(ks t  + Q) [3] 

whe re  

dMaXb k TM~ 
fP~ '  te( t  M + tx)9+ d In ks = NAe~z%,I :p~: PO: 

[4] 
and 

Q = (Vi/7OOA) s [5] 

whe re  Q is the  in i t i a l  amount  of oxide l a y e r ,  and o the r  
t e r m s  a r e :  d and M, dens i t y  and m o l e c u l a r  weight  of 
s u b s c r i p t  s p e c i e s ;  NA, A v o g a d r o ' s  number ;  k, B o l t z -  
m a n n ' s  cons tant ;  MaX b s tands  e i the r  for  SiOs (a = 1, 
b = 2) o r  for  AlsO a (a = 2, b = 3); z,  the va l ence  of oxy -  
gen anion (2); e, the c h a r g e  of an e l ec t ron ;  te, tM, and 
t x ,  the  t r a n s f e r e n c e  number  of e l e c t rons ,  me ta l  ions,  
and oxygen anions,  r e s p e c t i v e l y ;  P g  and P ~ , ,  oxygen 
p r e s s u r e s  at  g a s / o x i d e -  and m e t a l ~ x i d e - i n t ~ r f a c e ;  
and 7 + i s  the e l e c t r i c a l  conduct ivi ty  of the ox ide ,  M a X  b. 
Dif fe ren t ia t ing  and r e a r r a n g i n g  Eq. [3], one ge ts  the 
fo l lowing t ime  independent  r a t e  of oxidat ion,  

dv /d t  ~- (A /2qZ fz)k s [6] 

p rov ided  that  the va lue  of Q is  su f f i c ien t ly  l a r g e r  than 
tha t  of k~t. This  r e l a t i o n  i s  ac tua l ly  o b s e r v e d  in Tab le  

I for  Fe-A1 m e l t s  with m o r e  than 5 pe t  Al, i .e . ,  v for  
t h e s e  m e l t s  i s  e x p r e s s e d  by  

v =  V i + v s = V i + qz t  [7] 

t h e r e f o r e  

d v / d t  = qz [8] 

Thus,  denot ing qz to be equal  to (A/2QZ/Z)k~ one can 
c o m p a r e  e x p e r i m e n t a l l y  obta ined  k obs with t h e o r e t i c a l l y  
ca l cu la t ed  ks va lues  f rom Eq. [4]. 

F o r  a l umina  at  1600~ ~+ is  r e p o r t e d  to be 3.1 • 10 -5 
(f~em) -~, t e and (t M + t X) do not depend on the p r e s s u r e  
of oxygen and a r e  0.29 and 0.71, r e s p e c t i v e l y ,  9 in P~z 
i s  about - 46, and Q can be  ob ta ined  f r o m  Eq. [5] and 
V i in Table  I. The r e s u l t s  of the ca l cu la t ion  a r e  s u m -  
m a r i z e d  in Table  H toge the r  with k ~  obta ined  f rom 
q l ' s  in Table  I. F o r  a F e - 1 0  pe t  A1 mel t ,  a l a r g e  d i f f e r -  
ence i s  o b s e r v e d  be tween A k s  and A k  ~ in Table  H. 
This ,  however ,  is  not s u r p r i s i n g  in view of the fact  that  
the va lue  fo r  @ for  the me l t  is  so s m a l l  as  to v io la te  
the r e s e r v a t i o n  made  on Eq. [6]. Excep t  for  th is ,  the 
ca lcu la t ion  s e e m s  to be  cons i s t en t  with the e x p e r i m e n -  
t a l  o b s e r v a t i o n s  and to suppor t  the pos tu la t ion  that  d i f -  
fus ion of ions  a c r o s s  the l a y e r  of a l u m i n a  con t ro l s  the 
r a t e  of growth of the l a y e r ,  hence  the r a t e  of oxidat ion  
of Fe-A1 m e l t s  conta ining m o r e  than 5 pe t  A1. 

The t heo ry  p r e s e n t e d  h e r e  i s  not capab le  of quant i -  
t a t ive  eva lua t ion  for  F e - S i  m e l t s  conta in ing  m o r e  than 
4 pe t  Si s ince  a t r a n s f e r e n c e  number  has  not ye t  been 
r e p o r t e d  for  s i l i c a  at  1600~ However ,  the l i n e a r  d e -  
c r e a s e  of kz in Fig .  5 for  F e - S i  m e l t s  ind ica tes  that  the 
compos i t ion  of the  su r f a c e  oxide  is  cont inuous ly  in-  
c r e a s i n g  in s i l i c a  and, c o r r e s p o n d i n g l y  in v i s c o s i t y .  
The r a t e  of t r a n s p o r t  of ions a c r o s s  the oxide l a y e r  
d e c r e a s e s ,  r e s u l t i n g  in a lower  r a t e  of oxygen gas con-  
sumpt ion.  On the o ther  hand, the r a t e  for  Fe-A1 me l t s  
exhib i t s  a sudden d e c r e a s e  within a n a r r o w  c o n c e n t r a -  
t ion r ange  at  about 4 pc t  A1. This  m a y  r e f l e c t  a change 
in the compos i t ion  of the s u r f a c e  oxide  f rom i r o n - r i c h  
to a l u m i n a - r i c h  at th is  concen t ra t ion .  In a l l  of the 
above d i s c u s s i o n s ,  the concen t ra t ion  of the a l loy ing  
e l e m e n t s  in the m e l t s  has  been  taken to be  the in i t ia l  
concen t ra t ion  b e c a u s e  the l o s s  of the  e l e m e n t s  caused  
main ly  by  the f i r s t  s t age  oxidat ion  amounts ,  even with 
V i of 190 cm 3 (STP) and a s s u m i n g  V i to be to t a l ly  ex-  
pended to ox id ize  the e l e m e n t s ,  only  to l e s s  than 0.3 
pct  of r e a c t i n g  a l loy ing  e lement .  

R a t e - C o n t r o l l i n g  Step fo r  the  Oxidat ion of Pu re  
I ron  Melts  b y  B i n a r y  Gas Mix tu res  

The da ta  in Table  I a r e  r e a r r a n g e d  to d e t e r m i n e  the 
func t iona l i ty  of the  v a r i a b l e s  P b  2 and A with d v / d t  for  
the oxida t ion  of pu re  i ron  m e l t s  by  H e - O 2 ,  N2-O2, and 

A l i n e a r  c o r r e l a t i o n  be tween  (Pb 2)n Ar-O2 m i x t u r e s .  

Table II. Predicted Compared to Measured Parabolic Rate Constant 
for Oxidation of Iron-Aluminum Alloy Melts 

Systems Ak2 Ak~ b~ 

Fe-5.0 pct AI 0.12 0.12 
Fe-6.5 pet AI 0.15 0.32 
Fe- 10.0 pet AI 0.70 0.08 
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vs .  ( l / A )  (dv/dt) i s  b e s t  r e p r e s e n t e d  by  t ak ing  n equal  
to  unity for  the m i x t u r e s  conta in ing  l e s s  than 85 pc t  
02, whe rea s  both n ' s  of one -ha l f  and uni ty  y ie ld ,  with 
l a r g e r  dev ia t ions ,  l i n e a r  c o r r e l a t i o n s  be tween  the two 
v a r i a b l e s  for  the m i x t u r e s  containing m o r e  than 85 pct  
O~. In the case  of pu re  O~, n equal  to one -ha l f  r e s u l t e d  
in the  b e s t  l i nea r  c o r r e l a t i o n  be tween the two v a r i -  
ab le s .  7 The change in n of one-ha l f  to uni ty c l e a r l y  in-  
d i ca t e s  that  the r a t e - d e t e r m i n g  s t ep  changes  with oxy-  
gen concent ra t ion .  This  can a lso  be r e c o g n i z e d  in Fig .  
6 in which an appa ren t  r a t e  cons tant  k s def ined by  the 
r e l a t i o n s h i p  

dv /dt - Ak ~ ~b [9] 
- 3 J'02 

i s  d e r i v e d  f rom Tab le  I and p lo t ted  aga ins t  oxygen con-  
cen t ra t ion .  It mus t  be  noted he re  that  the t e r m  oxygen 
concen t ra t ion  in the  gas  m i x t u r e s  is  def ined not  as  the 
in i t i a l  concen t ra t ion  of oxygen s t o r e d  in the s t o r a g e  
bulb but  as  that  in the  r e a c t i o n  bulb ( t he r e fo r e  in the 
c l o s e d  sy s t em)  at  the  t i m e  when dv/dt  is  d e t e r m i n e d .  
One may  note in F ig .  6 tha t  k ~ d e c r e a s e s  s h a r p l y  
down to 85 pct  O~, then b e c o m e s  cons tant  be low th is  
compos i t ion .  The va lue  of k ~ for  th is  cons tan t  p o r -  
t ion is 0.26 for  Na-O2 and Ar-O2 m i x t u r e s ,  while  0.55 
(STP cmS)/ (cm2s  . a t m )  is  obta ined  for  He-Oz m i x t u r e s .  

These  o b s e r v a t i o n s  ind ica te  that  the t r a n s p o r t  of 
oxygen through the b o u n d a r y  l a y e r  within the gas  phase  
conta ining l e s s  than 85 pc t  oxygen l i m i t s  the r a t e  of 
oxidat ion.  The v a l i d i t y  of th is  pos tu la t ion  i s  t e s t e d  by  
c o m p a r i n g  the o b s e r v e d  va lue s ,  k ~ ' s ,  with those  theo-  
r e t i c a l l y  deduced as  fo l lows .  

If the boundary  l a y e r  t r a n s p o r t  is  con t ro l l i ng  the 
r a t e ,  one has  

dv /dt = (ADg/6g) ( P b  2 --  P~)m 2 ) = A(Dg /6g) Pbo2 

= AIe3Pb02 [101 

where  Dg i s  the  b i n a r y  d i f fus iv i ty  for  a gas  mix tu re ,  
and 6g is the t h i cknes s  of the  gas  f i lm  at  the  g a s / o x i d e  
In te r face .  The d i f fus iv i ty  can be e s t i m a t e d  d i r e c t l y ,  
e.g. ,  using equat ions  and da ta  t abu la ted  by  H i r s c h -  
f e l de r ,  B i rd  and Spotz.  l~ 

Es t ima t i on  of  6g for  the p r e s e n t  e x p e r i m e n t a l  s e t - u p  
s e e m s  r a t h e r  d i f f icul t ,  but  8 ,  should be p r o p o r t i o n a l  to 
(ogt) ~/~. One has  then,  with bg/Sg o: (Dg/t)~/2, 

k a for  Ar-O~; k a for  N2-O~; ha for  He-O 2 

= (Dg for  Ar-O~)~/2; (Dg for  N2-O~)~/2; 

(Dg for  He-O2) 1/2 [11] 

at  an iden t ica l  t ime ,  p rov ided  that  s imu l t aneous  a b -  
so rp t ion  of N~ in the m e l t  can be  neg lec ted  for  Nz-O2 
m i x t u r e s .  

The t h e o r e t i c a l  r e l a t i o n s h i p ,  Eq. [11], is  c a l cu l a t e d  
and c o m p a r e d  with e x p e r i m e n t a l  o b s e r v a t i o n s  in Table  
IT[. The o b s e r v e d  r a t i o ,  (k s for  Ar-O2)/(k  a for  N2-O2)/ 
(k s fo r  He-O 2) of 1 /1 /2 .1  a g r e e s  within e x p e r i m e n t a l  
e r r o r  with the  t h e o r e t i c a l l y  deduced r a t io ,  
(Dg for  Ar-Oa)~/2/(Dg for  Nu-O2)I/Z/(Dg for  He-O2) t/2, 
of 1 /1 /1 .9 ,  ind ica t ing  the va l i d i t y  of the p r e v i o u s  p o s -  
tu la t ion .  

It m a y  be r e a s o n a b l e  to conclude,  t h e r e f o r e ,  that  the 
di f fus ion of oxygen gas  through the gas  f i lm  on the s u r -  
face  of the me l t  c o n t r o l s  the r a t e  of oxida t ion  of l iquid 
i r on  by  the t h r e e  gas  m i x t u r e s  conta in ing l e s s  than 85 
pc t  oxygen. Negl ig ib le  effect  of Nz abso rp t ion  might  be 
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F i g .  6--Rate constants for diffusion controlled oxidation of 
liquid iron by oxygen bearing gas mixtures. 

Table Ill. Observed Compared to Theoretical Ratio of Oxygen 
Transfer through Gaseous Boundary Layer 

Systems 
Parameters Ar-O2 N2-O2 He-02 

k ~ 0.26 0.26 0.55 

(~)1/2 1.26 1.26 2.35 

k ~ ratio 1 1 2. l 

(Dg) ~4 ratio 1 1 1.9 

k~3 bs and/3g are in units of STPcm3/cm 2 s 'atm and cm2[s, respectively. 

due to the fo rma t ion  of an oxygen en r i ched  su r f a ce  
l a y e r  on the m e l t  which is  wel l  known to s low down the 
r a t e  of N2 abso rp t ion .  11'12 F o r  the  gas  m i x t u r e s  con ta in -  
ing m o r e  than 85 pc t  oxygen,  both c h e m i c a l  r e a c t i o n  and 
dif fus ion l i m i t  the r a t e ,  al though the f o r m e r  begins  to 
p l ay  a dominan t  ro l e  with i n c r e a s i n g  oxygen c o n c e n t r a -  
t ion in the m i x t u r e s .  

R a t e - C o n t r o l l i n g  Steps as  D i sp l ayed  on 
Oxygen Gas C o n c e n t r a t i o n - A l l o y  

Compos i t ion  C o o r d i n a t e s  

A c l o s e  examina t ion  of F igs .  5 and 6 can give a d i a -  
g r a m  on which one can loca te  which m e c h a n i s m  is d o m -  
inant  at what gas  and me ta l  compos i t i ons .  Once a r a t e -  
l imi t ing  s t ep  is  found at  a d e s i r e d  compos i t ion  of gas  
and me ta l ,  the c o r r e s p o n d i n g  r a t e  cons tan t  is  s u b s e -  
quently found in F igs .  5 and 6, o r  in the p r eced ing  s e c -  
t ions of th i s  a r t i c l e .  

In F ig .  7, the  o rd ina t e  i s  the  concen t r a t i on  of a l l o y -  
ing e l e m e n t s  and the a b s c i s s a  is  the  concen t ra t ion  of 
gaseous  oxygen.  If the r a t e  of a s t ep  at  one point  on 
the d i a g r a m  is  l e s s  than about o n e - t h i r d  of that  of the 
o ther  s i m u l t a n e o u s l y  work ing  s t eps ,  then the f o r m e r  
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Fig. 7--Schematic representation of rate-controlling steps 
on oxygen concentration vs alloying element concentration 
coordinates. 
Nomenclature: 
CR = Chemical Reaction Control (�89 (g) ~ O (oxide)) 
Dg O = Diffusion Control of O 2 in the Boundary Layer within 

the Gas-Mixtures 
D s = Diffusion Control of Ions through the Surface Oxide 

Layer. 

is cons ide red  to be a s ingle  r a t e - c o n t r o l l i n g  step at 
that point.  If the ra t io  is more  than one- th i rd ,  a mixed 
cont ro l  of r e l evan t  s teps is ass igned  to that point.  The 
choice of one - th i rd  is of cour se  a r b i t r a r y .  Although in 
this  case ,  the d iag ram is l imi ted  in par t  to the p a r t i c u -  
l a r  expe r imen ta l  a r r a n g e m e n t ,  this form of p r e s e n t a -  
t ion is suggested as a useful  quick r e f e r ence  to d e t e r -  
mine  the ra t e  con t ro l l ing  step for ga s -me ta l l i c  a l loy 
r eac t ions .  

C ONC LUSIONS 

Oxidation r a t e s  of pure  i ron  mel t  by the mix tu res  of 
02 and He, N2, or At ,  and that of Fe-Si  or Fe-A1 al loy 
me l t s  by pure 02 have been  de t e rmined  using a modi -  
fied S ieve r t s '  method. 

Two d is t inc t  s tages of oxidation were observed  in 
eve ry  exper iment ;  the f i r s t  s tage occurs  immedia t e ly  
af ter  the in t roduct ion of gases  onto the sur face  of 
mel t s ,  and involves rapid  exothermic  chemica l  r e a c -  
t ions  between oxygen in gases  and the sur face  of the 
mel t s .  A subsequent  second stage,  where t e m p e r a t u r e  
r e s u m e s  i ts  in i t ia l  value,  then takes place,  exhibi t ing 
much s lower  ra tes .  

The effect of Si on the amount  of O2 consumed du r -  
ing the f i r s t  s tage is negl igible  up to 3 pet, then be -  
comes  s igni f icant  around 4 pct beyond which a marked  
dec rease  of the amount  is observed .  The c r i t i ca l  con-  
cen t ra t ions  a re  5 pct for Fe-S i  and 8 pct for Fe-A1 
mel t s .  

The effect  of Si on the oxidation r a t e  in the second 
stage is to dec rea se  the ra te  cons tan t  l i n e a r l y  with in -  
c r e a s i n g  concen t ra t ion  up to about 4 pct, beyond which 
the ra te  cons tant  r eaches  a cons tan t  low value.  The ef-  
fect of Al on the ra t e  constant  is negl igible  up to 4 pct, 
then beyond 5 pct the ra te  becomes  v i r t ua l l y  zero.  

The amount  of O2 consumed f rom gas mix tu res  by 
i ron mel t s  dur ing  the f i r s t  s tage d e c r e a s e s  marked ly  
even with only 1 pct di luent  in 02, but  cont inual ly  de-  
c r e a se s  up to 80 pct diluent.  The ra te  constant  of oxi-  
dation by e ve r y  mix ture  in the second stage de c r ea se s  
cons ide rab ly  up to 20 pct d i luent ,  then exhibi ts  a con- 
s tant  low value .  

Theore t ica l  cons idera t ions  on the k ine t ics  r evea l  
that the oxidat ion of the al loy mel t s  by pure  oxygen 
gas is cont ro l led  by the diffusion of ions through ox- 
ide f i lms  fo rmed  on the sur face  of the mel t s ,  whereas  
that of a pure  i ron  mel t  by a gas mix tu re  containing 
less  than 85 pct oxygen is l imi ted  by the diffusion of 
O2 ac ross  the gaseous boundary  l ayer  at g a s / m e l t  in -  
t e r faces .  

These r a t e  l imi t ing  s teps a re  displayed on a d iagram 
as a function of the concen t ra t ion  of the al loying e le -  
ments  in i r on  mel t s  and that  of d i luen ts  in gas mix -  
tu re s .  
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