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TIIKRMQDimMICS OF MQ1.TEN mON ALLOYS G O im iNING Q X m m . AhmmilOhU

SILICON AND CimOMIOM

A 0tudy ims bean raado o f the  aliunlnium-oxygen equilib rium  

in  l iq u id  iro n  by studying the reaction*

3 ^ è i  + 3 % 0f^)

E le c tro ly t ic  iro n  in  pure alumina c ru c ib le s  was m aintained  a t  a 

constan t tem perature under a c o n tro lle d  water -  vapou r/î^  dr ogen gas 

m ixture u n t i l  equ ilib rium  was e s ta b lish e d  W two en s o l id ,  l iq u id  

and gas phases* The m elts were then  quenched in  a  stream  of 

liydrogen and subsequently  analysed fo r  aluminium and oxygen.

The value of th is  type of work is  la rg e ly  dependent 

upon accu ra te  a n a ly t ic a l  teclm iques and in  the p re se n t case 

a n a ly t ic a l  u n c e r ta in tie s  liave been reduced by ca rry in g  out 

experiments a t  17^3^0 and 1823*^0 a t  vrliich tem peratures the 

equ ilib rium  aluminium and oxygen concen tra tions are  high enough 

fo r  accu ra te  analyses* E x trap o la tio n  of the d a ta  to  1600^0 

y ie ld s  values ifhich are  probably  more r e l ia b le  than  d ir e c t  

e^qperiraental determ inations would be a t  th a t  tem peratu re , using 

the  same technique.

In te ra c tio n  param eters have been used to  re p re se n t the 

e f f e c t  of one so lu te  on the chem ical behaviour o f another and 

equ ilib rium  co n stan ts  iiave been determ ined for the fo llow ing re ac tio n s* « 

M s Q3(s ) = 2 M  4. 3 0

AlgQj (s) 4- 3 Ha ( g) “  ^ 3

% (g) *  2  =

where the underlin ed  symbols re p re se n t substances d isso lv ed  in  . l iq u id  i i
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The re a c tio n s  have a lso  baen s tu d ie d  a t  1723% using  iron-ohromium 

a llo y s  (O-IO per cen t Cr) and iro n -s i l ic o n  a llo y s  (0-4 per cen t Si) 

to  in v e s tig a te  the  e f f e c t  of th ese  elements in  com bination w ith  

aluminium* Chromium was found to  increase  the a c t iv i ty  c o e f f ic ie n t  

of aluminium and to  decrease th e  a c t iv i ty  c o e f f ic ie n t o f oxygen 

in  l iq u id  iro n .

In  view of the r e s u l t s  ob ta ined  during t h i s  in v e s tig a tio n  

some of the pub lished  d a ta  on F e-S i-0  e q u i l ib r ia  Imve been 

re-exam ined and a b j'po thesis has been pu t forw ard based on the 

form ation of s i l ic o n  monoxide in  an attem pt to  ex p la in  the 

discrepancy which e x is ts  in  th e  pub lished  data  fo r the  a c t iv i ty  

of s i l ic o n  in  l iq u id  iro n .

Wherever p o ssib le  the r e s u l t s  derived  from th e  p re se n t 

work have been compared w ith  o ther axjperimental d a ta  as w ell as 

w ith  values d eriv ed  from a-vailaole thermodynamic data*
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1.

MRODIJCTIOM

Most of the re a c tio n s  involved in  steelm aking are  

a s so c ia te d  w ith  the removal of im p u ritie s  from the  iro n . In  

th i s  re s p e c t the most a c tiv e  re f in in g  agent i s  oxygen d isso lved  

in  the  melt* The oxygen req u ired  fo r t h i s  purpose may be 

su p p lied  to  the  bath  in  se v e ra l ways* (a) by the ad d itio n  of 

iro n  oxides> (b) by ab so rp tio n  from the furnace atmosphere v ia  

the  slag> and (c) by blowing oxygen or a i r  in to  the bath .

From the  time the  bath  i s  m olten, the co n cen tra tio n  

o f im p u ritie s  decreases and the oxygen con ten t in c re a se s . 

Consequently, towards the end of a h ea t, i t  i s  u su a lly  found 

th a t  fo r  most purposes the oxygen content of the  s te e l  is  

excessive* I f  d efec tiv e  ingo ts and in fe r io r  s te e ls  are to  be 

avoided, the  oxygen con ten t must be reduced.

Although oxygen i s  always p resen t in  s t e e l  to  some 

e x te n t, i t  can be c o n tro lle d  by the  ad d itio n  of elem ents whose 

Oxides have a  g rea te r  negative  f re e  energy o f form ation than  

th a t  of iron* Many elem ents could be used , fo r example, 

chromium, vanadium, titan iu m  and calcium , but the  most camnon 

are  manganese, s i l ic o n  and aluminium* The choice o f deox id iser 

w ill  depend on the degree of deoxidation  re q u ire d  and a lso  the  

secondary e f f e c ts  o f the  deox id ising  element on the  p ro p e r tie s



2 .

o f the f in is h e d  stee l*  Depending on th e  type of s t e e l  being 

made, th e  amount of oxygen removed may be r e la t iv e ly  la rg e  

as in  the case of f u l ly  k i l l e d  s te e l s ,  or r e la t iv e ly  sm all 

as in  rimmt® stee ls*

The e f f e c t  of an element on the osgrgen con ten t of 

l iq u id  s te e l  w i l l  depend upon* (a) i t s  own a c t iv i t y ,  (b) the 

a c t iv i ty  of oxygen and (c) the nature of the  deoxidation  product. 

The in te ra c t io n  e f f e c ts  which occur between l iq u id  iro n , 

d isso lv ed  oxygen and the deox id iser make da ox ida tion  a canplex 

p rocess even in  the  s in ^ le s t  system* In normal p ra c t ic e  i t  i s  

made even more complex by the f a c t  tiia t s in g le  deox id isers a re  

seldom used , and in  cases whore they  a re ,  o ther so lu te s  a re  

always present*  I t  i s  e v id e n t, th e re fo re , th a t  any in v e s tig a tio n  

o f the re a c tio n s  involved in  deoxidation must take in to  account 

not only the chemical belmviour o f oxygen and the  deox id iser 

when d isso lv ed  se p a ra te ly  in  iro n , but a lso  th e i r  behaviour when 

in  so lu tio n  to g e th er. In  ad d itio n  i t  must be recogn ised  th a t  the 

presence of o ther a llo y in g  elem ents may have a  profound e f f e c t  

on the re a c tio n s  under consideration#

î'ton  a  d eox id iser i s  added to  m olten iro n  con tain ing  

oxygen, the  f in a l  oxygen con ten t of the m etal w i l l  be determ ined
4*

by the equ ilib rium  in  a re a c tio n  o f thi^ type*

+ In  the  chemical" equations^ symbols rapcesent™'' ' '
substances d isso lv ed  in  l iq u id  iro n .
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MO = M + 0 K “  V  Oq/®M0

I£  the deoxidation  product i s  p r e c ip i ta te d  as a  pure 

s o l id ,  can be taken  as u n ity  and the  equ ilib rium  con ten t 

fo r  the  r e a c tio n  i s  given by*

^ ^  * %

k  convenient method fo r in v e s tig a tin g  the  above re a c tio n

i s  the use of a c o n tro lle d  w ater-vapour/l^drogen gas m ixture 

in  a  re a c tio n  of the type*

MO + := M f

The advantage of th is  approach i s  tîia t th e  oxygen a c t iv i ty  in  

the m elt can be c o n tro lle d  by ad ju s tin g  the  oxygen p o te n tia l  

o f the gas pliase* This technique i s  used in  th e  p resen t work to  

s tudy  the altaminium-oxygen equilib rium  in  l iq u id  iro n  contained  

in  alumina crucib les*  A study  has a lso  been made of the e f fe c ts

of chromium (up to  10 per cen t) and s i l ic o n  ( up to  4 per cen t)

on th e  a c t iv i ty  c o e f f ic ie n ts  o f the aluminium and oxygen d isso lv ed

in  the  l iq u id  iro n . E xtensive use has be on made of th e  in te ra c t io n

param eters in troduced  by Wagner as a  convenient means of 

rep re sen tin g  the e f f e c t  of one so lu te  on the  chem ical behaviour 

of an o th er. The d i f fe re n t  param eters and the re la tio n s h ip s  

e x is tin g  between them are  d iscussed  in  d e ta i l  in  Chapter I I .



0 H A F T E R II

Some Thermodynamic Aapeats o f L iquid H e ta llio  

S o lu tions

1 . A c tiv ity  G ooffic ien ts in  a Multi-Componont System,

2* In te ra c tio n  Param eter R e la tionsh ips .

3* In te ra c tio n  Param eters and the Chemical P o te n tia l  

o f E le c tio n s .
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8pm  TmmODYmMIG ASPECTS OF LIQUID MBiTALLIC SOLUTIONS 

1 . A c tiv ity  C o e ff ic ien ts  in  a Multi-Comnonenii System

In a study o f the chemical e q u i l ib r ia  e x is t in g  in  a  

multi-component m e ta llic  so lu tio n  i t  i s  p o ss ib le  to  express th e  

various thermodynamic p ro p e r tie s  of th a t  so lu tio n  in  terms of 

the a c t iv i ty  c o e ff ic ie n ts  and concen tra tions of i t s  components. 

However, an adequate re p re se n ta tio n  of the e q u i l ib r ia  involved 

w il l  only  be p o ss ib le  provided  the in te ra c t io n  e f f e c ts  between 

the v ario u s components a re  taken in to  account*
3

Chipman e t  a l i a  have shovm th a t  when a  so lv en t m e ta l,

1 , con ta in s a  number of so lu te  m eta ls , 2 , 3 , 4 e t c . ,  the a c t iv i ty  

c o e f f ic ie n t  of any one of th e s e , for emmple may be expressed 

as a p roduct of f a c to rs  which rep re sen t the  e f f e c ts  o f each of 

the  o ther components* Thus fo r  a so lu tio n  con ta in ing  mole 

f ra c t io n s  % , % , % , etc* of the  various so lu te s* -

 ̂  ̂ ^ ....... ' '  )  ...........[ l ]

where i s  the a c t iv i ty  c o e f f ic ie n t o f 2 in  the  b inary  so lu tio n  

1 -  2 o f  mole f ra c t io n  % , and re p re se n t the e f f e c t  of

3 , 4 , etc# on the  a c t iv i ty  c o e f f ic ie n t of 2* The re fe ren ce  

s ta te  fo r  the a c t iv i ty  c o e ff ic ie n ts  i s  based on Henry* s Law, i , e ,  

they are  measured on such a  sca le  th a t  they  become equal to  

u n ity  in  the  in f in i t e ly  d ilu te  so lu tio n

i . e .  = I " ’ where -*1,  as H 0.
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1

Wagner has derived  an equ ivalen t expression  fo r  

a c t iv i ty  c o e f f ic ie n ts  which a rc  based on B aoult*s Law, i . e .  where the 

s tan d ard  s ta te  i s  taken as th a t  of the  pure substance so th a t  the  

a c t iv i ty  c o e f f ic ie n t ,  i ,  approaches u n ity  as the  mole 

f r a c t io n  Hi approaches unity#

Thus the  a c t iv i ty  c o e f f ic ie n t of component 2 i s  given by*- 

(% , % . . . )  s  I n ’ÿ l  + [% + % à  i n ^ a  + . . . 1
a %  3 %

where the  d e r iv i t iv e s  a re  to  be taken fo r  the l im itin g  case o f 

zero concen tra tion  of a l l  so lu tes# '

I f  term s involv ing  second and h igher order d e r iv i t iv e s  

a re  d isreg a rd ed , the logarithm  of the  a c t iv i ty  c o e f f ic ie n t  becomes 

a l in e a r  fu n c tio n  of the mole f ra c tio n s  of the  various solutes*

I n  Ï  ^ (% , î% , •. # ) a  I n X ê  +% ^  ^  . . . . . . .  [2]
0*j

where the c o e f f ic ie n ts  ^  e tc . arc  defined  as*

^ A/̂  g tc , . . . . . , . [ 3]

I f  the re fe ren ce  s ta te  i s  taken as th a t  o f the in f in i t e ly  

d ilu te  s o lu t io n , ^  becomes equal to  u n ity  and equation [2] 

s im p lif ie s  to * -

I n l f a  <%,  l%-*0  = % £ ,  + % L .  +  W
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For p r a c t ic a l  a p p lic a tio n s , i t  i s  convenient to  express 

the co n cen tra tio n s in  term s of weight per cen t ra th e r  than  mole 

f ra c tio n s  and to  rep lace  the n a tu ra l logarithm s w ith  common 

logarithm s* Equation [4] can then  be re w ri tte n  in  the form t-

lOg j- £5 ^ 2  [^2] t  0{2 [^3] 4*

where the  c o e f f ic ie n ts  ^  $ e tc . a re  defined  as^

€  »  ^ lo g  f e tc ............................ [ ’s]

The c o e f f ic ie n ts  or ia te ra o tio n  param eters c .  and c . j  ^
4j —

may be reg£?-rded as a convenient means of rep re se n tin g  th e  e f f e c t  

of one so lu te  on the thermodynamic behaviour of another i A

param eter i s  expected to  vary w ith  teiiperatm- e , bu t fo r a given 

tem perature i t s  value determ ined a t  in f in i t e  d ilu t io n  may remain 

co n stan t over a range of concentration* Thus the magnitude of 

the param eter be deduced from a graph of lo g ^ %  v Hi*

S im ila r ly , a graph of lo g  v [% i ]  w i l l  y ie ld  inform ation  on

the param eter (z \  *

2* In te ra c t io n  Parameter R elationsh ips
n>i[imiiiiniw ■ HxfrmnT^gmi rTr I'ginrmi -mfurrntm-#### ii, rrirrimnnrnilTwwmm**^ —

1
(a) Magner has shown th a t  fo r the  l im itin g  case of 

a s o lu tio n  which i s  in f in i t e ly  d ilu te  w ith  re sp e c t to  so lu tes  

2 and 3 in  so lv en t 1 , th e  e f f e c t  of 2 on the  a c t iv i ty  c o e f f ic ie n t  

o f 3 i s  r e la te d  to  the e f f e c t  o f 3 on the  a c t iv i ty  c o e f f ic ie n t  

of 2 , by the  fo llow ing equation*-
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à ln 'ÿo /îiK b  = à In'ÿ’a /büîj s for % = 0, % = 0.

1. , .  £ “ =   W

(b) The param eters Sj^and ^aro r e la te d  in  the maimer 

tlm t weight per eent i s  r e la te d  to  mole f r a c t io n  and common

logarithm  to  natüBal logarithm * Where the so lv en t m etal i s  i ro n , then#

“  Ï Ü O 'Î& 'B S M5. weight of so lu te  i

a  Q».g4aS   [71
Mi.

Tills equation  i s  s t r i c t l y  v a lid  only a t  in f in i t e  d i lu t io n ,  

and thus the values ob tained  d ir e c t ly  fo r an eiiperim ental

p lo t  of lo g  V over a wide co n cen tra tio n  ran g e , may d if f e r  

s l ig h t ly  from the values derived  in d ir e c t ly  from a p lo t  of the 

same d a ta  a g a in s t weight per cent* The d iffe re n c e  i s  s ig n if ic a n t  

only fo r  elem ents whose atom ic weight i s  considerab ly  d if fe re n t  

from th a t  of iro n .

(c) Combining equations [ 6J and [7 ] ,  y ie ld s  the 

fo llow ing  axpre ssion#-

% Ma where % and % are  the atomic weights of

so lu te s  2 and 3 respective ly#

-  e ? ’=  ...............................

The r e s t r i c t io n s  p laced on the use o f equations [ 6] and [7] 

a lso  apply  to  equation [ 8] .  As mentioned p rev io u s ly , the 

equations are  s t r i c t l y  v a l id  only a t  i n f in i t e  dilution*, however, 

experim ental s tu d ie s  of a  nutnber o f m e ta llic  b inary  and te rn a ry  

so lu tio n s  Imve shown them to  be true  fo r  f i n i t e  co n cen tra tio n s ,
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w ith  d ev ia tio n s  occiirring only in  ra th e r  co ncen tra ted  eolutione#

3# Xnte r ao tio n  Parameters, and the Chemical Potent i a l  of Ele c tro n s .

In  ad d itio n  to  the in te ra c tio n  e f f e c ts  between so lu te  

ions d iscussed  in  the prev ious se c tio n s , Wagner has shown th a t  

co n s id e ra tio n  must a lso  be given to  the e f f e c t  of m etal so lu te  

atoms on the chemical p o te n t ia l  of the e le c tro n s  in  an a l lo y , i . e .  

on the  number of valence e lec tro n s  per atom*

The chemical p o te n t ia l  of a so lu te  1 i s  given by*-

M i -  H i  + ET In  Hi EÎ In'^-^ . . . [ 9 ]

where i s  the chemical p o te n t ia l  of the  substance i  in  i t s  pure

s ta te .  H - i  can a lso  be expressed as the sum of two components*-

M  'l ^  M'S ion) + z  I /%) . . . . .  [10]

where /^[(ion) rep re se n ts  the  chemical p o te n t ia l  o f i  ions of valence 

Ei and //(f)represents the chemical p o te n t ia l  of the e le c tro n s . I t  i s  

ev iden t from th is  equation  th a t  a  cîmng© in  u f fe c t  the  chemical

p o te n t ia l  o f the n e u tra l  so lu te  / d i  i^  two ways*-

( l )  d i r e c t ly ,  in  view of the second term on the rig h t-h an d  side  

of equation  [10] ,  

and(2 ) in d ir e c t ly ,  s ince  a change in  /^^w ill r e s u l t  in  a change

in  due to  a s tronger or weaker In te ra c tio n  between

p o s it iv e ly  charged m etal ions and e le c tro n s .

Wagner has p o in ted  out th a t  these e f f e c ts  w il l  predominate 

provided  (a) only p o s i t iv e ly  charged m etal ions a re  p re se n t, and 

(b) d i r e c t  in te ra c t io n  between m etal ions can be d isregarded .
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ConsoquGntly i t  may be assumed th a t  iia equation  [9 ] ,  the term 

IIT which accounts fo r  d ev ia tio n s  from id e a l behaviour, i s

mainly a  fu n c tio n  of and w il l  be a f fe c te d  by changes in  the 

a l lo y  com position only in  so f a r  as //((^varies,

i . e .  d(RT I u T l )  = 0 , i f  d(l(c0 ) -  0 . . . .  [ 11]

Gombining equations [6 ] and [11] w ith  the genera l equation fo r 

Gibbs f r e e  energy G fo r  a system co n s is tin g  of % , and % moles of 

components 1 , 2 and 3 re sp e c tiv e ly ,

i . e .  G = At
B

Wagner M s shovm that*  -

3 J 
1. a

[ 1^]

^ b N'

3 [ y z  _
Thus the  mutual e f fe c ts  o f so lu te  m etals 2 and 3 on th e ir  a c t iv i ty

c o e f f ic ie n t  are r e la te d  to  th e i r  dev iations from id e a l i ty  in  th e  

b inary  systems 1 - 2 ,  and 1 - 3 *  1*1 om th i s  p o in t of view,

equation  [12] w i l l  only be s ig n if ic a n t when the d ev ia tio n s from 

id e a l i ty  in  the b inary  systems are  of the same s ig n , otherw ise the 

square ro o t w il l  be im aginary. I t  can be shown th a t  i f  the  o r ig in a l 

assuîBptioïi i s  v a l id ,  i . e .  th a t  in te ra c tio n  between m etal ions can 

be d isreg a rd ed , then the s ig n  of '6 Ki fo r  ary* so lu te  i

in  so lv en t 1 w iH  in  f a c t  be the  same. The f a c t  th a t  th is  sign  

i s  no t always the same emphasises the l im ita tio n s  of the  assum ption.

Since the sign  of the square ro o t may be p o s itiv e  or 

n eg a tiv e , the sign  of the  param eters ^ ^ ^ an d  ^ ^ ^ ie  no t p re d ic te d
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by equation  [12] ,  However, i t  ca.n be deduced from co n sid era tio n  

of the e f f e c t  of so lu tes  2 and 3 on the e lectron-atom  r a t i o .  

Hagnor has p o in ted  out th a t  the param eters w i l l  have a p o s itiv e  

s ig n , when so lu tes  2 and 3 change the eloetron-atom  r a t io  in  the 

same d ire c tio n . Conversely, they  w ill  have a nega tive  sign  when 

so lu te s  2 and 3 change the electron^'Etom r a t i o  in  d if fe re n t  

d ire c tio n s .

In g en e ra l, d i r e c t  in te ra c tio n  between m etal ions i s  

s ig n i f ic a n t  and the change in  the chemical p o te n t ia l  of the 

e le c tro n s  can be eiigjected to  be the predominant fa c to r  only when 

d ev ia tio n s  from id e a l i ty  are r o la t iv e ly  la rg e .
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11.
LXTMlâTUEE REVIEW

1 # The A c tiv ity  of in  L iquid Iron

la  the a p p lic a tio n  o f thermodynamics to  the study of 

steelm aking re a c t io n s , p a r t ic u la r ly  re a c tio n s  a s so c ia te d  w ith  the  

deoxidation  of s t e e l ,  a  knowledge of the thermodynamic p ro p e r tie s  

o f  oxygen d isso lv ed  in  l iq u id  iro n  i s  of paramount importance*
5

P a r t of th e  iron-oxygen equ ilib rium  diagram is  

shoxm in  F ig . 1 , from which i t  can be seen th a t  the  s o lu b i l i ty  o f 

oxygen in  l iq u id  iro n  i s  lim ite d  ty  the  form ation  of a l iq u id  

iro n  oxide phase* Under equ ilib rium  co n d itio n s , an  iron-oxygen 

aH oy co n ta in in g , for example, 0*1^ oxygen, would undergo a  m onotectic 

r e a c tio n  a t  1528% when coo ling  down from some tem perature in  the  

l iq u id  reg io n . The o^o^gen con ten t of the m elt a t  the  m onotectic 

p o in t would correspond to  0*16/2. Due to  the m onotectic r e a c t io n , 

th is  oxygen would separa te  out from the iro n  in  th e  form of a 

l iq u id  ’ ' iro n  oxide phase of oxygen conten t 22*6^* I f  on the 

o ther hand, the cooling r a te  was s u f f ic ie n t ly  f a s t  th e  oxygen con ten t 

o f the iro n  in  the s o lid  s ta te  would be th e  same as th a t  in  the  

l iq u id  sta te*
6

Chipman has shovm th a t  oxygen d isso lv e s  in  l iq u id  

iro n  according to  the equation*-

Og = 20

Based on th i s  equation  i s  one of the  most im portant con sid era tio n s
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concerning the behaviour o f oxygen in  l iq u id  i ro n , namely, the 

f re e  energy o f d isso lv ed  oxygen r e la t iv e  to  th a t  o f pure oaygen 

gas. U nfo rtunate ly , the  oxygen p ressu re  in  equ ilib rium  w ith  

iro n  and i t s  low est oxide w iis tite  i s  about 10 atmospheres a t
7

1 6 0 0 %  which i s  f a r  too low fo r  d ire c t  ejqjerim ental determ inations • 

Thus in d ir e c t  methods a re  req u ired  which involve the use of gas 

m ixtures having a c o n tro lle d  oxygen p o te n t ia l .  (iï^Û -  % ) and 

(C% -  go) gas m ixtures a re  fre q u en tly  used fo r th is  purpose.

One of the  most convenient methods fo r studying th e  

a c t iv i ty  and f r e e  energy of oxygen d isso lv ed  in  l iq u id  iro n  i s  

based on the reaction**

%(g)  * 0 = HbO(g)

% 0 / ( p %  % #  0 )
6

In  one of the e a r l i e s t  s tu d ie s  o f th i s  r e a c tio n  by Chipman 

a sm all charge of e le c t r o ly t ic  iro n  was held  in  the  molten cond ition  

in  a high frequency furnace under a c o n tro lle d  w ater*vapour/kydrogen 

gas atm osphere, a t  constan t tem perature fo r  p e rio d s  up to  two hours. 

At the  end of a  heat the  m elts were allowed to  s o l id i fy  and the  

oxygen con ten t o f the m etal determ ined by vacuum fu s io n  a n a ly s is .

The r e s u l t s  ob ta ined  from th is  study were in  the main 

confined to  low oxygen concen tra tions (below 0*07 per c e n t) , and 

in  order to  extend the  d a ta  up to  the  l im itin g  s o lu b i l i ty  of oxygen
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in  l iq u id  iro n , a  fu r th e r  in v e s tig a tio n  was undertaken by Fontana 

and Chipman . Their experim ental tecîm ique d if fe re d  in  two 

re sp e c ts  from th a t  mentioned above* ( i )  an attem pt was made to  

minimise e r ro rs  a r is in g  from therm al d if fu s io n , by p rehea ting  the  

incoming g ases , and ( i i )  some of the  m elts were quenched in  l iq u id  

t i n ,  o th e rs  in  w ater, in  an e f f o r t  to  r e ta in  the  equ ilib rium  

oxygen co n cen tra tio n  in  the m etal a t  room tem peratu re . The e f f e c t
9

of tem perature on the re a c tio n  m s  s tu d ie d  by Chipman ahd Samar in  

using the same teclmiquo*
10

In  a l a t e r  study of the  re a c tio n  by f a s tu r  and Gliipman

i t  was s ta te d  th a t  e rro rs  due to  therm al d if fu s io n  had been

elim in a ted  by the  a d d itio n  o f argon to  the steam**l^drogen m ixture

in  the  r a t i o  of 4 * 1 argon-hydrogen and then p reh ea tin g  the  i n l e t

gases to  the tem perature of the m elt,
11

F lo r id is  and Chipman compared d a ta  ob ta ined  by two 

experim ental methods*

(a) A teclm ique s im ila r  to  th a t  of Dastur and Chipman 

bu t w ith  an argon t hydrogen r a t io  of 6 * 1 ,

(b) Several heats were made in  a r e s is ta n c e  furnace add 

therm al d if fu s io n  e lim in a ted  by bubbling the  gas m ixture through
12

the  m e lt, a technique p rev io u sly  used w ith  some success by Qokcon .
\

The d ata  ob ta ined  by th ese  two methods were in  reasonably  good 

agreement.
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The re a c tio n  has a lso  been s tu d ied  by Matoba and Averin 

@t a l i a  using  a  s im ila r approach to  th a t  of Dastur and Chipman#

The r e s u l t s  o f the d if fe re n t  in v e s tig a tio n s  a re  c o lle c te d  in  

Fig# 2  where a graph is  p resen ted  of Log v  [wt. % 0 ] ,

From th e  various d a ta  i t  i s  evident th a t  a l l  the 

in v e s tig a tio n s  except those  o f Fontana and Chipman, and Dastur and 

Chipman, in d ic a te  th a t  th e  equ ilib rium  r a t i o  o ; Kx i s  not a  tru e  

constan t bu t in  f a c t  decreases w ith  in c reas in g  oj<ygen co n cen tra tio n , 

i% iy in g  th a t  the  iron-oxygen a llo y s  s tu d ied  do no t obey Henry* s Law# 

On the o ther hand, the d a ta  of Fontana and Chipman and Dastur and 

Chipman in d ic a te d  th a t  the equ ilib rium  co n stan t is  independent o f 

the  03̂ Fgen co n cen tra tio n  up to  about 0*21 per cent;;

I t  i s  p o ss ib le  to  account fo r th i s  d iscrepancy  in  the 

fo llow ing way*
6

(a) Fontan i and Chipman * The conclusion th a t  th e  iron-oxygen 

system obeyed Henry* s Law for oxygen concen tra tions up to  0*21 

p er cen t was based on the r e s u l t s  of a sm all number of experim ents 

in  th e  range 0*16 to  0*22 per cen t oxygen, fo r which the values 

o f  Ki" were in  approximate agreement w ith those fo r  m elts con tain ing

le s s  than  0*07 per cen t oxygen# During th e i r  in v e s tig a tio n  i t
i s  10

was assumed from th e  work of T ritto n  and Hanson , Herty and Gaines ,
17

and KÔrber and Oelsen , th a t  the m onotectic com position in  the 

iron-oxygen system ims about 0*21 -  0*22 par cen t oxygen, from 

which i t  was concluded th a t  l i t t l e  or no se p a ra tio n  o f primary 

l iq u id  vm stite  had occurred during the  fre ez in g  of th e i r  melts*
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Subsequent work by Chipman and F e tte rs  , Taylor and Chipman ,
Ï30 21 12

Slom n , F ischer and vora Ende , and Gokcen has shown tim t the  

mmcimum s o lu b i l i ty  oF ozygen in  iro n  a t  I t s  m alting p o in t i s  about 

O'16 p ar c en t. This d iscrepancy in  the m onotectic p o in t composition 

was probably  due m ainly to  e r ro rs  in  ten p era tu re  measurement, s ince  

the  e a r l ie r  workers used o p tic a l  pyrom tters which under the 

experim ental cond itions ifould give loxi readings* Korber and 

Oelsen a ttem pted  to  c o r re c t th e i r  values by th e  use o f em ission 

c o e ff ic ie n ts#  but i t  would appear tlm t th e i r  measurements were 

s t i l l  s l ig h t ly  low. In  the more recen t work o f Chipman and 

co-workers immersion thermocouples were employed.

Thus in  the  l ig h t  of p re sen t knowledge on the m onotectic 

com position, i t  i s  very probable th a t  the values fo r  Ki in  

the  range O'16 -  0 * ^  per cen t oxygen were h ig h , due to  the lo s s  

o f app rec iab le  amounts of iro n  oxide during freoB ing , desp ite  th e  

f a c t  th a t  some o f the  hea ts  were quenched in  l iq u id  t i n  or water# 

s in ce  th i s  method of quenching induces fre ez in g  from the bottom of 

th e  m elt upwards which would tend  to  encourage the  sep a ra tio n  of 

prim ary l iq u id  iro n  oxide, U nfortunately# no h ea ts  were made in  

the range O '07 0*16 per cen t oxygen# so th a t  th e  apparent

agreement between the d a ta  fo r heats con tain ing  more than  0*16 

p er cen t oxygen and those con tain ing  lose  than  0*07 per cen t oxygen 

may have been la rg e ly  fo rtu ito u s*
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Dastur ancl Ghipman % A number of h ea ts  imre made in  the

range 1563^ to  1760^0, but the oxygen co n cen tra tio n s in  the m elts

never exceeded O '06 p er cent^ which i s  w ell below the  s a tu ra tio n

value in  th e  l iq u id  and so th e re  was l i t t l e  lik e lih o o d  of lo s s

during coo ling . On the b as is  of the r e s u l t s  ob ta ined  by Fontana 
8

and Ohipman , i t  was simply assumed th a t  the  a c t iv i ty  of o^jygen

d isso lv ed  in  l iq u id  iro n  was d i r e c t ly  p ro p o rtio n a l to  i t s  concen tra tion .
11

In the study by F lo r id is  and Ohipman , the oxygen 

co n cen trâ t ions ranged up to  0*2 per cen t and a t  the  end of a h e a t, 

the m elt was lowered in to  the cooler p a r t  of the furnace tube and 

quenched in  a  stream  of co ld  helium , a teclm iquo in troduced  by 

Gokcen and Chipman . The advantage of th i s  technique i s  th a t  

fre ez in g  begins a t  the top su rface  and thus a s s i s t s  in  the 

fre ez in g s  in** o f oxide# In th e  o r ig in a l  paper th e i r  r e s u l t s  a t  

1550^ and 1600^0 were compared w ith two values derived  from the
S3

data  o f Darken and Gurry who s tu d ied  the  eq u ilib riu m  involved 

between CO -  00^ gas m ix tu res, l iq u id  iro n  and l iq u id  oxide*

Comtin^ing th e  r e s u l t s  o f  t h i s  study w ith  the  s o lu b i l i ty  d a ta  fo r  

oxygen in  l iq u id  iro n  values were obtained iP T  th e  equ ilib rium  r a t io  

o f  the  fo llow ing reac tion»

CO(g) + 0  =  COs(g)

Ka' = PGCfe/^OO X ^ 0)

By means o f the  known f re e  en erg ies of tho gases involved , values
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fo r  K/ were deduced from the -mluee of and ae shown in  Fig* 2

th ese  a re  in  good agreement w ith the  values fo r  Ki determ ined 

experim entally# The slope of the l in e s  a t  1550^ and 1600^0 

in d ic a te s  th a t  the  a c t iv i ty  c o e f f ic ie n t o f oxygen decreases 

w ith  th e  in c reas in g  co n cen tra tio n  according to  the equation»

lo g  fo a "0'20[# 0]

In F ig . Z the in te rc e p t  a t  siero per ce n t o ^ g e n  rep re se n ts  

th e  equiliiJiium  co n stan t log'Kj The e f f e c t  of tem perature on th i s  

co n s ta n tÿ as re p o rted  by se v e ra l w orkers, i s  shown in  Fig* 3#

Since th e i r  d a ta  covered only a nai'row range, F lo r id is  and Chipman 

have rep re se n te d  the tem perature e f f e c t  by a  l in e  drawn through 

th e i r  d a ta  p a r a l l e l  to  th a t  o f Dastur and Chipman* This l in e  

corresponds to  the equations*"

lo g  Ki a  7050/T -  3*20 

and A 0  ̂ ss ‘̂ 32,2000 '*• 14*63 T

According to  the  d a ta  o f Averin e t  a l i a  the e f f e c t  of 

tem perature on log  % i s  given by*

lo g  Ki s  9440/T ^ 4* 536 

This agrees reasonably  w ell w ith the  d a ta  of F lo r id is  and 

Chipman a t  1600^C, bu t a t  h igher tem peratures the  two s e ts  o f d a ta  

g radually  d iverge .
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2# The A ctiv ity ., of Aluminium in  l iq u id  Iron-Aluminium A lloys

In tho  a p p lic a tio n  of thermodynamice to  the study of 

re a c tio n s  occurring  in  l iq u id  s t e e l ,  the  g re a te s t  u n c e rta in ty  

i s  u su a lly  a s so c ia te d  w ith  the  determ ination  of the  a c t iv i ty  of 

a  minor constituen t*  8uch i s  the case in  th e  c a lc u la tio n  o f th e  

aluminium deox idation  co n s tan t.

The most convenient method of determ ining the  a c t iv i ty  

o f  aluminium in  iro n  i s  by measuring i t s  p a r t i t i o n  between l iq u id  

iro n  and s i lv e r  which a re  alm ost im m iscible. Taking the pure 

so lu te  as  th e  re fe ren ce  s t a t e ,  then  a t  eg id lib rium  the a c t iv i ty  

o f aluminium in  the  s i lv e r  la y e r  i s  equal to  t h s t  in  the iro n  la y e r ,

^  s i lv e r  [% 1 ^

The atom f ra c t io n s  of aluminium, in  the iro n  and 

s i lv e r  aro  determ ined froin p a r t i t io n  e^qperiments and provided the  

a c t iv i ty  c o e ff ic ie n t o f aluminium in  s i lv e r  i s  Icnown, then th a t  in  

iro n  can be c a lc u la te d .

The e a r l i e s t  work dona in  th is  f i e l d  was by Chipman 

who c a lc u la te d  from d is t r ib u t io n  d ata  a, value fo r  ^ i r o n  on 

th e  assum ption th a t  aluminium in  s i lv e r  formed an id e a l  so lu tio n  

and th e re fo re  tîm t in  s i lv e r  was u n ity . This a ssu % tio n  

was based on the  f a c t  th a t  aluminium and s i lv e r  have s im ila r 

atom ic disiensions and in te rn a l  p ressu res  and have a  h igh degree
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of mutual s o lu b i l i ty .  Subsequent In v es tig a tio n s  have shown th a t

th i s  assum ption was u n ju s t if ie d .

An im portant oontrIbutionjjnade by Chou who determ ined

the  a c t iv i ty  of aluminium in  s i lv e r  by the fo llow ing  method*

(a) The a c t iv i ty  o f s i lv e r  in  lead**silver a llo y s  was

c a lc u la te d  f r m  th e  phase diagram and the known heat of fu s io n  of

s i lv e r  by means of the  equation*

1^  ^  r  J.) where /iHr and
R . Tm . T

are the heat of fu sio n  and the m elting  p o in t of s i lv e r  respect*

(b) I'l>}om the  d is t r ib u t io n  of s i lv e r  between le ad  and aluminium, 

and values fo r  the a c t iv i ty  of s i lv e r  in  le ad  from ( a ) ,  tRe a c t iv i ty  

of s i lv e r  in  aluminium was found over a wide range of concen tra tion^ .

(o) The a c t iv i ty  of aluminium in  s i lv e r  vras then  c a lc u la te d

by means of a GibbB-Duhem in te g ra tio n s

In =: -  f d In a&g
% 1 /

In  th i s  way new values were c a lc u la te d  fo r the a c t iv i ty  c o e f f ic ie n t  o f 

aluminium in  iron*

These c a lc u la tio n s  were rep ea ted  in  g re a te r  d e ta i l  by

F l l i o t t  who showed th a t  fo r  the in f in i t e ly  d i lu te  so lu tio n  of

aluminium in  iro n , V41 ^lad the value 0*043 a t  1600*^0.

Chipman and F lo r id is  estim ated  the  a c t iv i ty  of aluminium 

in  l iq u id  s i lv e r  by a  more d i r e c t  method based on th e  data  of HâEert 

e t  a l i a  • Tiiese workers had determined the a c t iv i ty  of aluminium



20.

in  s o l id  aluminium-’s i lv e r  a l lo y s  a t  tem peratures up to  820^K by 

Q.m.f. measurement^ of the  ce ll*

â l (g )  Al C3a in  Ma C l( i iq )  " ^ & {s )

(Anode) (Cathode)

The a llo y s  s tu d ied  %mre a l l  in  the te rm in a l s o l id  so lu tio n  

f ie ld #  From e.m .f* measurements a t  820^% and th e  tem perature 

c o e f f ic ie n t  dB/dT in  the range 642 -# 620^S, values were c a lc u la te d  

fo r the  a c t i v i t y  of aluminium a t  the so lid u s by means of the equation* 

ET In  s  -  3̂ Fe, wl^ere re p re se n ts  the  a c t iv i ty  o f 

aluminium r e la t iv e  to  the pure s o l id ,  Z i s  the number o f e le c tro n s

invo lved , F i s  the Faraday con stan t and e i s  the e .m .f .

The a c t iv i ty  of aluîninium r e la t iv e  to  s o l id  aluminium 

in  the equ iliîjrium  l iq u id  phase has the  same v a lu e , bu t th a t

r e la t iv e  to  l iq u id  aluminium, a^^jcan be c a lc u la te d  using  the heat of

fu s io n  o f aluminium, by th e  follow ing equation* 

in  a(^) = in  a( , )  "

For an accurate  determ ination  of the a c t iv i ty  of aluminium 

a t  h igher tem pera tu res , d a ta  i s  re q u ire d  on th e  hea t o f mixing 

of alruuiniura and s ilv e r#  Although th is  was a v a ila b le  from the  

work o f Kawakami i t  was d isregarded  by Chipman and F lo r id is  who 

b e liev ed  i t  to  be too  high duo to  the re a c tio n  of aluminium w ith  

oxygon d isso lv ed  in  the s ilv e r#  For th i s  reaso n  i t  was assumed 

tim t aluminium in  s i lv e r  formed a reg u la r so lu tio n  and th e re fo re  that*  

Î1 lo g  V i = % lo g  Y 9
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In  these ca lo u la tio n e  i t  was a lso  aso-umed th a t  the 

Ixquidiis on the equ ilib rin ra  diagram vjas a s t r a ig h t  l i n e ,  although
30 31

Hansen's diagram showed a curve. A re v ise d  diagram by P h i l l ip s  

shows th a t  t h i s  assum ption was alm ost c o r re c t .

The data  deduced from H i l le r t  e t  a l i a ,  ware combined w ith  

the r e s u l t s  of p a r t i t io n  experim ents and i t  was found th a t  a t  1600^0 

the a c t iv i ty  c o e f f ic ie n t of aluminium in  iro n  was given by i-

“  2' GO -  1*51, v a l id  fo r  « 0*0 to  =» 0*2

At = 0 , lo g ^ A l “  log  IS’Â l =* -1"51

1. 8 . M 0*031

A lso , a  ^*60
à  % i   ̂ ~

r  a  Oflf = + 6*0
^  Nr̂

The p o s it iv e  s ig n  im plies th a t  the  a c t iv i ty  c o e f f ic ie n t  o f  

aluminium in  l iq u id  iro n  in c reases  w ith in c reas in g  aluminium co n ten t. 

This can be in te rp re te d  in  terms of a com petition  fo r iro n  atoms in  

the n e a re s t neighbour s h e l l s .  As the aluminium co n cen tra tio n  

in c reases  t h i s  com petition  e f f e c t  w i l l  a lso  in c rease  w ith  th e  r e s u l t  

th a t  the a c t iv i ty  c o e f f ic ie n t  of the aluminium, and in c id e n ta lly  th a t  

o f th e  i r o n ,  w i l l  be in c reased .
38

Wilder and E l l i o t t  have re c e n tly  determ ined the a c t iv i ty  

of alurainium in  l iq u id  s i lv e r  by measuring th e  e .m .f . o f the c e l l  

^ ^ ( l iq )  I molten KGl) + Wad j Al

in  the  tem perature range 700 « 980^0.
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Their r e s u l t s  when ex trap o la ted  to  1600^0 and combined
S7

w ith  the  d is t r ib u t io n  data  of Chipman and F lo r id is  y ie ld ed  

values of + 5*3 fo r the param eter ^  and 0*063 fo r  q

These values are  probably more accu ra te  than  those of 

Chipman and F lo r id is  s in ce  in  th i s  case the e x tra p o la tio n  to  

1600% does not re q u ire  the assumption of re g u la r  behaviour in  the 

alumixiium-si3.ver system#

8. Altaminium Oxygen Equilibriim  in  liq u id  Ii' on 
8. Aluminium CbMpn Eguilibrxim in  liq u id  31'on

One method of deoxidation  in  s t e e l  making i s  to  reduce the 

o^îygeii co n ten t of l iq u id  iro n , by adding an element which has a 

g rea te r  a f f in i ty  fo r ox^'gen, than  iron* The elements commonly used 

a re  manganese^ s i l ic o n  and aluminium, the  most e f fe c t iv e  of which i s  

aluminiuia. Mhen aluminimi i s  added to  l iq u id  iro n  contain ing  

(d isso lved  oxygen, the equ ilib rium  Involved is#*

AlîjCb ^ 2 Al 4. 3 £

fo r which th e  Q quilibrltM  co n stan t 1% is  given by#

%. -  [% i] [&o]

% ls%

Provided the m elt i s  in  equ ilib rium  w ith  pu3:e alumina 

or alumina sa tru ’a ted  s la g s ,  %lgQj ^  th e  above Qxixression may be 

taken  as u n ity , and therefo re#

% -  t^A i] [ a o ]
o r , using  w eight percen tages

Ki' = [ / A l f [ f 4 ) f

s
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In one of the e a r l i e s t  d e te rm in a tio n s, Wontrup and Hiober ,

using  alumina cru o ib lo s and an induction  furnaoe w ith  an atmosphere

o o n s is tin g  m ainly o f  a i r  a t  10 * 20 m.m, me r  our y  p re ssu re , added

aluminium to  l iq u id  iro n  of a  high oxygen c o n te n t, and a f te r  a

p e rio d  of about 10 m inutes, poured p a r t  of th e  m alt in to  a copper

mould to  f re o m  the equ ilib rium . Keats were made in  the tem perature

range lOOO  ̂ to  1720%. Analyses o f the samples fo r oxygen and
/•

alurainium y ie ld e d  th e  fo llow ing data fo r log  % t

lo g  ICt' =: *71,200/!T 4* 27* 98 
ea

G eller and Die he measured the equ ilib rium  b atm en  

d isso lv ed  carbon (0*4 to  1*1 per cent) and aluminium in  l iq u id  iro n  

con tained  in  alumina c ru c ib le s . The m etal samples wore analysed  fo r 

carbon and aluininiuiu and the o^grgen contents deduced from e s ta b lish e d  

data on the 0 * 0 * GO equililrcium . This procedure y ie ld ed  values 

fo r  lo g  k/  given by»

lo g  Ik  -  ( *58,600/T 4* 18*90) j; 1*5

The s o lu b i l i ty  of oxygen in  l iq u id  iro n  con tain ing  aluminium 

in  the tem perature range 1550% to  1650% has bean s tu d ied  by
3S

K ilty  and C ra fts  using a ro ta t in g  c ru c ib le  fu rn ace . The ro ta t in g  

ac tio n  o f the furnace was in tended  to  make the l iq u id  I ro n , contained  

in  an alumina c ru c ib le , form a %up^' wîdch in  tLurn would a c t as a 

con ta iner fo r  s la g s  co n s is tin g  mainly of Al^% , and FeO. The

furnace was continuously  f lu sh ed  out w ith argon and during th e  course 

o f each hea t ad d itio n s were made of aluminium and f e r r io  oxide*

K ilty  and G rafts  have s ta te d  th a t”Throughout th e  range of aluminium
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concentrations iiweBtlgatjècl'.^, the asqaerlmenta^. molts could not

be brought in to  equ ilib rium  w ith  the pUre alumina c ru c ib le .... .# * *

This ims a t t r ib u te d  to  the form ation of a su rface  lay er on the

c r # l b l e  w alls  co n s is tin g  of some substance other than  pure

alumina and con tain ing  both iro n  oxide and alum ina. Their

r e s u l t s  iie r$  s t r e s s e d  approxim ately by bhc equation»

lo g  -  -58,60Q/T f  22*75

I t  was claim ed th a t  t l i i s  p a r t ic u la r  equation  rep re sen ted

only a deox idation  constan t and was of no o ther s ig n ific an c e  # The

d ata  from th i s  study are compared w ith  those o f Hentrup and H ieber,

and G eller and Dicke in  Tables 1 and 2.

TABhE 1 gopherimental Values of a

Temp# % G eH er and Wentrup and
Bialce (3 |j  HieberTsS j■1.1 n » III I Ml Jill Id ijiiiiiiif

•4.3 wd.0 *0
1600 4 X 10 1 X 10 2 '8  x 10

- l i  -9 -9
1700 1- 6 X 10 7 'S  % 10 1 X 10

2 Oitygan Cgm@atra.tlmB G m ta in W ^  at_160^C

a a lla y  atjd M9ntoUB...and H llty  and
Dlckg Hlebgr; G rafts

Hl l t y  and
G rafta(35

A l, wt

0*1 O'0004 0*0020 0*0066

O' 01 O' 0016 O' 0093 0* 0302

O'001 0*0074 0*0437 0*1413



25.

From the r e s u l t s  p resen ted  in  th i s  form i t  i s  ev iden t 

th a t  the d a ta  o f H llty  and G rafts  y ie ld  values fo r the  oxygen 

co n cen tra tio n  of l iq u id  iro n  a t  1600% fo r a given aluminium 

co n cen tra tio n , which are about th ree  tim es g rea te r  than  those of 

Kentrup and Hieber and twenty tim es g rea te r  than  those of G eller 

and Dicke*

The above s tu d ie s  o f the  aluminium deox idation  co n stan t a re  

a l l  su b je c t to  r e la t iv e ly  la rg e  a n a Jy tlc a l e r ro rs  due to  the sm all 

q u a n ti t ie s  of aluminium and o y g en  involved* In an attem pt to  

minimise the e f f e c t  o f e rr  ora from th i s  so u rce , Gokoen and Chipman 

c a r r ie d  out work a t  tem peratures o f 1695*^, 1760^ and 1866% , where 

both th e  aluminium and oxygen concen trations a t  equ ilib rium  a re  

g re a te r .

Their experim ental technique c o n s is te d  of m elting  e le c t ro ly t ic  

i ro n , u su a lly  w ith some aluminium p re se n t, in  alumina c ru c ib le s  

under a c o n tro lle d  water-vapour/lg^drogan .‘a t  mospbore and holding a t  

constan t temperat%3re  u n t i l  equ ilib rium  tms e s ta b lish e d  between the  

s o l id ,  l iq u id  and gas phases# The m elts were quenched in  a  stream  

of Ig^drogeîi to  r e ta in  the equilib rium  aluminium and oxygen concen tra tions 

a t  room tem perature, and subsequently analysed  for these  c o n s titu e n ts .

The r e s u l t s  ob tained from those experiments al-lowed a study to  be 

made of the fo llow ing e q u ilib r ia * -
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Al2Qj(8) = 2 A l ♦ 3 0  '

Kl = [*A1,]*̂  [ .q ]  ; %.' =

Al2% (e) + 3% (g )  = 2 ^  + 3%0(g)

K» = = [ A l ] '

% (g) + 0 = IfeO(g)

^  èî • °  nf"rNi
I t  was found th a t  tho value o f decreased  w ith

In creas in g  aluminium co n cen tra tio n , i n ly i n g  th a t  the  a c t iv i ty  

c o e f f ic ie n t  o f oxygen i s  reduced by the presence of aluminium. 

From the various d a ta  values were derived  fo r  the param eters € .q 

and ^representing the e f f e c t  o f aluminium on the  a c t iv i ty  

c o e f f ic ie n t  of oxygen and oxygen on the a c t iv i ty  c o e f f ic ie n t  of 

aluminium, respec tive ly*  These in te ra c tio n  e f f e c ts  dim inished 

w ith  in c re as in g  tem perature.

Although the values fo r the deox idation  product 

were much sm aller than  those found in  previous in v e s tig a tio n s , 

they were shown to  be of the  same order of magnitude as values
87

c a lc u la te d  from thermodynamic data  , and corresponding to  the 

equation»-

lo g  iq. = -64,Q00/T + 20.48 

Values fo r  the deoxidation  co n stan t % a t  1600% and
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X700®C have been derivad indirect3-y by* Ohipman/liBtngenberg from

a study* of the aluminium-osgrgon content o f carbon sa tu ra te d  iro n

in  equ ilib rium  w ith  pure alum ina. Heats were made in  g raph ite

c ru c ib le s  under a  carbon monoacide atmosphere. The a c t iv i ty  of

oxygen in  the m elts was c a lc u la te d  using the d a ta  of Dastur and 
10

Ohipman fo r  th e  f re e  energy of so lu tio n  of oxygen in  l iq u id

iron* The a c t iv i ty  of aluminium was c a lc u la te d  from i t s  co n cen tra tio n
07

and i t s  a c t iv i ty  e e o f f ic ie n t  as determ ined by Chipman and F lo r id is  .
<L4?

This procedure y ie ld e d  values fo r Ki o f  3*6 x 10 and 

2*8 X 10 a t  1600^ and 1700% respective ly*

k  comparison of the  various data  for the  deoxidation  

co n stan t o f aluminium i s  shown in  Fig* 4 . The s ig n ific a n c e  of 

the  v arious r e s u l t s  to g e th e r w ith  those of the p re se n t study w il l  

be d iscussed  in  th e  l ig h t  of a v a ila b le  thermodynamic data  in  

Chapter VI.

4* The A c tiv ity  of Chromium in  L iquid Iron-Ghromium A lloys

The %)Mse diagram fo r  iron-cliromium alloys^  f i r s t  determ ined
39 40

experim enta lly  by Adcock  ̂ has been reviewed re c e n tly  by H ellaw ell 

(Fig* 5), Above 800% , iro n  and cWomlum a re  m iscib le  in  a l l  

p ro p o rtio n s in  both the  s o l id  and liq u id  s ta te s*  The atomic 

s i s e  and chemical p ro p e r tie s  of chromium a re  s im ila r  to  those o f 

iro n . From co n sid e ra tio n  of these  f a c ts  and other evidence , the 

l iq u id  iron-ohromium system has been regarded  in  th e  p a s t  as an
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Id e a l so lu tion*

E econtly  I,yubimov and Granovskaya measured the p a r t i a l

p ressu re  o f  chromium above l iq u id  iron^chromium a llo y s  using a

ra d io a c tiv e  technique. Their r e s u l t s  in d ic a te d  a p o s it iv e

d ev ia tio n  from Eaoult* s law,

Using a  s im ila r  techn ique , a more d e ta i le d  study o f the

system has been made by Wada, Kawai and S a ito  , Iron-chromium
6t

a l lo y s ,  con ta in ing  the iso tope  Cr were held  a t  1630^C in  alumina 

crucib les*  A fter degassing to  a p ressu re  o f 5 x  10 m*m, Hg, 

a  ta rg e t  was p laced  in  the  stream  of vapour i s  ing atoms and a 

condensate c o lle c te d  over a  p e rio d  of 16 m inutes. The r a t io  o f 

the  amount o f clnomium condensed to  the t o t a l  amount evaporated was 

considered  to  be a  constan t since the co n d itio n s were the  same 

tliroughout the experiments* The amount o f Gr condensed on th e  

ta rg e t  was measured by a s c in t i l l a t i o n  coun ter. Due to  the high 

tem peratures re q u ire d , tho in v e s tig a tio n  was confined  to  a llo y s  

con ta in ing  up to  40 a t ,  per cent chromium.

For the  co n cen tra tio n  range s tu d ied , the  r e s u l t s  in d ic a te d  

th a t  th e  iron-chromium system could be regarded  as a re g u la r  so lu tio n , 

showing a negative d ev ia tio n  from Raoult* s Law, This d ev ia tio n  

from id e a l i ty  can be rep resen ted  by the param eter

'à ln 'K  /  = + 6*0 fo r  Mj, = 0 .0
to  He#, = 0*1

where the reference  s ta te  fo r  th e  a c t iv i ty  c o e f f ic ie n t  i s  taken  as the  

in f in i t e ly  d ilu te  so lu tio n  of cîiromium in  iro n .
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G liarlton j who s tu d ied  the r e a c tio n  between chromium 

and oxygen in  l iq u id  iro n  a t  1600% using a water-»vapour/hydrogen 

atmosphere to  co n tro l the oxygen p o te n tia l  o f the gas phase, has 

confirm ed th i s  negative  d ev ia tio n  from id e a l i ty ,

S. Chromium^Qxygen Kouilibritim in  X iauid Iron

In steelm aking processes one of the most im portant 

p ro p e r tie s  o f any m etal i s  the ex ten t to  which i t  r e a c ts  w ith  oxygen 

in  so lu tio n  in  th e  bath* This a f f in i ty  of m etals fo r  oxygen 

d isso lv ed  in  l iq u id  iro n  v a r ie s  over a wide range* Aluminium, 

fo r example, i s  a  pow erfu3^0*idising ag en t, whereas n ic k e l, in  th is  

re s p e c t, i s  p r a c t ic a l ly  in e rt*  Between these  two extrem es, th e re  

a re  a number of elem ents which have a  moderate a f f i n i t y  for oxygen 

a t  steelm aking tem peratures* An im portant a llo y in g  element in  th i s  

category  i s  cWomium.

Although the  oxide i s  not s ta b le  enough to  make chromium 

a good d eo x id ise r , i t  i s  s u f f ic ie n t ly  s ta b le  fo r chromic oxide and 

oliromite (FeO*Grj@Q}) in c lu s io n s  to  occur in  s te e l s  con tain ing  

s ig n i f ic a n t  amounts of the  element* One of the p r a c t ic a l  problems 

o f  steelm aking i s  th e re fo re  to  minimise the  o x id a tio n  o f chromium 

and i t s  subsequent pick-up by the s la g . From t l i is  p o in t o f view, 

a  c o n tro llin g  fa c to r  which has a profound in flu en ce  on the 

chromium -oxygen r e la t io n s h ip ,  i s  tem perature. T his i s  ev iden t 

from the fo llow ing  equations

2Cr + 3/gOli = CigCi . A a  = -267,750 + 62*1 T
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Tho f i r s t  d e ta ile d  experim ental in v e s tig a tio n  of the  

chromium-oxygen equ ilib rium  in  l iq u id  iro n  was made by Chen and 

Chipman . Iron-ohromium a llo y s  were m elted in  cliromic oxide 

and chrom ite c ru c ib le s  under a co n tro lle d  m ter-vapour/fcydrogen 

atmosphere and m aintained a t  constan t tem perature u n t i l  equ ilib rium  

was e s ta b lish e d  between the c ru c ib le  m a te r ia l ,  the  m elt and the 

gas phase* At the  end of a  haat the  m elt was quenched in  a 

s tro n g  c u rre n t of argon and subsequently  analysed  fo r cliromium 

and oxygen*

Although the v/ater-vapour/fiydrogen gas m ixture en te rin g  

the  furnace was p reh ea ted  by suspended platinum  w ires a t  1100% , 

in  an attem pt to  minimise therm al d iffu sion^  i t  i s  q u ite  p o ss ib le
10,11 ,2S

in  view of subsequent in v e s tig a tio n s  th a t  th i s  p recau tio n  was

in s u f f ic ie n t .  Another source o f e rro r  may be a t t r ib u te d  to  th e  

f a c t  th a t  d i f f i c u l ty  was experienced in  determ ining the oxygen 

conten t o f m elts made in  chromic oxide c ru c ib le s  due to  the entrapm ent 

of oxide p a r tic le s *  To overcome th i s  e f f e c t  a  s e r ie s  o f heats 

were made in  alundum c ru c ib le s , the q u an tity  of ciiroiaium charged 

being r e s t r i c t e d  and the gas atmosphere kep t le s s  s tro n g ly  o x id is in g  

so th a t  no cliromite or chromic oxide m s  formed.
45

In the  l ig h t  o f other in v e s tig a tio n s  Chipman has 

re a sse sse d  the  experim ental d a ta  o f  th is  study  and has concluded 

th a t  fo r the  range 0 to  10 per cen t chrcmium, the e f f e c t  of 

chromium on the  a c t iv i ty  c o e f f ic ie n t  o f oxygen a t  1600% may be 

rep resen ted  by the param eter 0*041.
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Sim ilar in v e s tig a tio n s  involving the e q u il ib ra tio n  of 

Fe-Gr-0 m elts w ith water**vapour/hydrogen atmospheres Imve since
46 49

been c a r r ie d  out by L inozinslcii and Bamarin and by Turkdogan .

Alumina c ru c ib le s  were used  in  each case so th a t  e q u ilib r iim  was 

approached by ox id is ing  chromium out of the  m etal. In  the  former 

study  equ ilib rium  was considered  to  have been a t ta in e d  as soon 

as an  oxide phase appeared on th e  melt su rfa ce . This i s  obviously 

in c o rre c t a s  i t  may have been necessary  to  ox id ise  considerab le 

amounts of cliromium out o f the  melt» fo r a p a r t ic u la r  gas com position. 

From th i s  p o in t of view i t  may w ell be th a t  th e i r  r e s u l t s  a re  su b je c t 

to  e r ro rs  due to  high cliromium co n cen tra tio n s. As no fu r th e r  

experim ental d e ta i l s  were given i t  i s  not know i f  adequate p recau tions 

were taken to  prevent therm al d iffusion*  In  a d d itio n  no  mention 

was made o f the oxygen con ten t of the m elts studied*

In the study by Turkdogan, the  gas was p reh ea ted  and argon 

was added in  the  r a t io  4 $ 1. To ensure th e  a tta inm en t of equilib rium , 

heats were continued fo r  two hours a f te r  th e  f i r s t  appearance of 

s la g  on th e  m elt surface* The com position range s tu d ied  was from 

4 to  12 p er cen t cliromium and experim ents were c a r r ie d  out a t  

1665*, 1600* and 1660%. From the r e s u l t s  ob ta ined  the a c t iv i ty  

c o e f f ic ie n t  of oxygen appeared to  be independent of tem perature.

In  a l l  tlu'Gc in v e s tig a tio n s  mentioned above, i t  was 

assumed th a t  chromium in  iro n  behaved id e a lly .
44

R ecently  C harlton has s tu d ied  the s o lu b i l i ty  o f oxygen in  
alloys

iron-cliromiumI,in equ ilib rium  w ith a w ater-vapour/hydrogen atmosphere
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and e i th e r  cliromite or chromlo oxide c ru c ib le  a* The exi^eriments 

wore c a r r ie d  out in  a  molybdenum-wound re s is ta n c e  furnace and the  

gas m ixture was bubbled through the melt* This procedure no t 

only  hastened  the  approach to  equ ilib rium , but e lim in a ted  the 

p o sB ib ili ty  o f  therm al d iffusion*

From the r e s u l t s  of t h i s  p a r t ic u la r  study  a t  1600% i t  

was ev id en t th a t  iron-chromiura a llo y s  cannot be regarded  as id e a l  

so lu tio n s , irp to  10 per cent chromium a negative  d ev ia tio n  from 

Eaoult* 8 Law was rep o rted  which su b s ta n tia te s  the tre n d  observed
43

by Via da e t  a l i a  *

The r e s u l t s  o f the d if fe re n t  in v e s tig a tio n s  are c o lle c te d  

toge ther in  Table 3 , where they  a re  summarised in  the form of 

in te ra c t io n  parame te r s *

Table 3 Gtoomium-Qxygieri Param eters a t  1600%

Param eter G hen and Turkdogan C harlton

f i i f f t i )  ^  " W T
e f ' a  à l o g i / d t f e ]  -0 * 0 4 1  -  0*064 -0*058

" b ln f ./^ N c f  -  8*6 -13*7 -12*4

6# The A c tiv ity  of B ilico n  in  Liquid I ro n -S ilic o n  Alloys

S ilic o n  is  widely used as an a31oying element in  s t e e l  and 

a lso  as a  d eox id iser in  steelmaking* A knowledge of i t s  behaviour 

in  l iq u id  iro n  i s  th e re fo re  of some,importance* The f a c t  th a t  

In te rm e ta ll ic  compounds occur in  i r o n -s i l ie o n  a l lo y s ,  L i l l ie s  

th a t  th e re  i s  a chemical a t t r a c t io n  between the two elements*
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While i t  i s  probable th a t  such compounds lo se  thear id e n t i ty  In

liq u id  m e ta llic  s o lu t io n s , the a t t r a c t iv e  fo rces  w i l l  s t i l l

p e r s i s t .  This e f f e c t  gives r i s e  to  a negative  d ev ia tio n  from

Haoult* iS Law and corresponds to  a  p o s it iv e  d ev ia tio n  from Henry* s Law. 
88

Chou has determ ined the a c t iv i ty  of s i l ic o n  in  l iq u id  

iro n  a t  1550* and 1650% by means of i t s  p a r t i t io n  between l iq u id  iro n  

and l iq u id  s ilv e r#  This work was l a t e r  rep ea ted  and extended by
48 (Fg)

Ghipman, F u lto n , Gokcen and Gaskey to  cover the  range s  0#15 to  

0*55* At concen tra tions g re a te r  t l m  0*55 p a i 't i a l  m is c ib i l i ty  

o f  the  iro n  and s i lv e r  la y e rs  occurred to  an e x te n t,  which i t  was 

thought, might « f fe e t the  a c t i v i t i e s  in  the  two pim sos.

I n  order to  determine the  a c t iv i ty  of s i l ic o n  in  l iq u id  

iro n  r e la t iv e  to  th a t  of pure s i l ic o n  some fu r th e r  inform ation  i s  

req u ired  in  ad d itio n  to  th a t  obtained  from the p a r t i t io n  experim ents. 

As a check th i s  inform ation  was derived from two independent sources» 

( l )  t i e  F e-S i pliasQ diagram and (2) the Ag-Si phase diagram*

While c a lc u la tio n s  from d a ta  from these two sources were in  reasonab le  

agreem ent, i t  was f e l t  th a t  the d a ta  derived  from the Fe-Gi pîiasa 

diagram were more dependable.

The d is t r ib u t io n  data  were ex trap o la te d  to  in f in i t e  d i lu t io n  

o f s i l ic o n  in  iro n  w ith  the a id  of data  derived  from (a) the  

work of Gokcen and Ghipman on silicon-oxygen  equ ilib rium  in  l iq u id
10,83

iro n , (b) th e  f^ee energy of so lu tio n  of oxygen in  l iq u id  iro n
49

and (c) th e  f re e  energy of form ation of s i l i c a  .
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The d is t r ib u t io n  experiments were made a t  1420*0 a;-a 

and the  d ata  fo r  ^ ^ .in  iro n  ex trap o la ted  to  higher tem peratures using  

th e  re la t io n s h ip  à  ln '& /6 ( l/T )  = 'L$i/R. Gince the tem perature 

dépendance of the hea t of mixing was unîmovm, L gj. was t r e a te d  only 

as a  fu n c tio n  of composition*

By th i s  procedure a  value of about 4 was obtained fo r 

th e  param eter ^  l^ .a t 1600%* Ghipman^^has s ta te d ,

however, th a t  a more probable value from th i s  d a ta  would be about 11.
5 1 ,6 8

Very r e c e n tly  the  r e s u l t s  o f two independent s tu d ie s  o f  the

d is t r ib u t io n  o f s i l ic o n  between l iq u id  iro n  and s i lv e r  have y ie ld e d  

a  value of about 13 fo r th i s  param eter a t  1600%*

7 . SilicQQ-Oxygen E quilibrium  in  L iquid Iron

In  steelm aking p rocesses one of the most commonly used 

deox id iser s i s  s i l ic o n . I t s  behaviour in  l iq u id  iro n  con tain ing  

03qygen can be rep re sen ted  by the follow ing reac tion*

=3 S i ♦ 2 0

H  s      .
(% i% )

When considering  the deoxidising  power o f  s i l i c o n ,  an 

im portant fa c to r  i s  the natu re  of the s la g . Thus in  the case of 

b asic  s la g s  the s i l i c a  produced during deoxidation  re a d i ly  combines 

w ith  the b as ic  oxides CaO, MgO or MhO, i t s  a c t iv i ty  i s  reduced to
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a low value and th e re  i s  a  consequent decrease in  the product

[agi][a£>]. I f  re  ox ida tion  of the melt by the s la g  can be 

p rev en ted , th i s  r e s u l t s  in  a  more complote deox idation  than  

i f  s lag s  s a tu ra te d  w ith  s i l i c a  were used, a co n d itio n  c lo se ly  

approached in  ac id  s lag  practice-*

I f  the m etal i s  in  equ ilib rium  w ith  pure s i l i c a ,  or 

s i l i c a  s a tu ra te d  s la g s ,  the equ ilib rium  constan t fo r th e  above 

re a c tio n  becomes#
u

Ki ^  [ 8&i][&o]

o r , as i t  i s  u su a lly  expressed#

The deoxidation  product m s  f i r s t  determ ined 

experim en ta lly  by Kdrber and Oelsen , who measured the equ ilib rium  

between m olten iro n  con ta in ing  manganese and FeO-^tiO-SiCb s lag s  

con tained  in  s i l i c a  c rucib les*  Their value fo r a t  1600% 

was 3*6 X 10 «

Eapffe and Bimsn s tu d ied  the silicon -oxygen  equilib rium  

in  m olten iro n  using  s i l i c a  c ru c ib le s  and c o n tro ll in g  the oxygen 

p o te n t ia l  w ith  a  water-vapour/iiydrogen gas m ixture. Only a  few 

molts were analysed  fo r oxygen, the a c t iv i ty  o f oxygen in  the 

remainder being c a lc u la te d  from the t'îater^vapour/hydrogen equilibrium ^ 

Their r e s u l t s  in d ica ted  th a t  Ki' in c reased  w ith  th e  s i l ic o n  con ten t 

o f  the m elts and th is  they  explained by assuming th a t  p a r t  of the
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s i l ic o n  ex is te d  as s i l ic o n  monoxide d isso lv ed  in  the  m etal. However, 

subsequent work by Gokcen and Chipman on the r a te  of approach 

to  equ ilib rium  in  Fo-Gi-0 m e lts , 1ms shown th a t  in  the in v e s tig a tio n  

by gapffe and Sims, in s u f f ic ie n t  time was allow ed fo r the a tta in m en t 

of equilibrium *
65

H llty  and C ra fts  Imve c a rr ie d  out an extensive study

of the sllicon -oxygen  equ ilib rium  based on the slag -m eta l technique

and using  magnesia, alumina and s i l i c a  c ru c ib le s  tog e th er w ith  a

ro ta t in g  c ru c ib le  furnace* Heats were made a t  1550*0, 1000* and

1650% and m etal samples analysed fo r  s i l ic o n  and oxygen*

Although i t  was found tlm t the  change in  oxygen con ten t

of the m etal w ith s i l ic o n  con ten t could be rep re se n ted  on a

log arith m ic  p lo t  by a  s t r a ig h t  l in e  fo r each tem perature, H llty

and G rafts  s ta te d  th a t  th e  d a ta  could be rep re se n ted  b e tte r  by two

in te rs e c t in g  curves. In a d d itio n , i t  was p o s tu la te d  th a t  the

in te r s e c t io n  of the curves rep resen ted  an in v a r ia n t p o in t which

corresponded to  an equ ilib rium  between the th ree  phases, l iq u id
66

m eta l, l iq u id  s la g  and s o lid  s i l i c a .  Darken has p o in ted  ou t, 

however, th a t  the g rad ien t o f the curves a t  the  p o in t o f  in te rs e c t io n  

v io la te s  the  law of heterogeneous e q u i l ib r ia ,  in  th a t  the  m etastable 

ex tensions p ass  in to  the homogeneous f i e ld  of l iq u id  iron*

The r e s u l t s  of th i s  study  were re p o rte d  in  the form of 

an em pirica l deoxidation  co n stan t given by%
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lo g  = log [M jt^ O ]  = -18,050/T  + 5*10
88

Gokcen and Ghipman have made a  d e ta i le d  study o f the  

in flu en ce  o f s i l ic o n  on the oxygen content of l iq u id  iro n  in  

equ llih rium  w ith  pure s i l i c a  and water-vapour/lf^drogen gas mixtures* 

In order to  minimise therm al d if fu s io n  the i n l e t  g ases , w ith  argon 

added in  the  r a t i o  4 % 1 , were p reheated  to  about 1500*0. On 

account of th e  slow approach to  eq u ilib riu m , h ea ts  were continued 

fo r perio d s extending up to  18 hours* The m elts were then  

quenched in  a stream  o f hydrogen and subsequently analysed fo r 

s i l i c o n  and oxygen. Although most o f  the work m s  c a rr ie d  out a t  

1600% , se v e ra l hea ts  were made a t  1545* and 1650%.

From the r e s u l t s  o b ta in ed , a  study was made of the  

e q u i l ib r ia  rep resen ted  by the follow ing reac tio n s»

Sipe (o r 1 s t)  “  ^  ^ ^ £

or 1 s t)  *

Kg a  [^ 8l ]  o/P%  K* ® (P% 0/P ;^  )

H»(g) + 0 = % 0(g)

% = [a « ])  *. % ' = P%0/( p % . [“A)])

Although the  r e s u l t s  when p lo t te d  in  the form log  [/?G] v  

lo g  [ ^ i ]  do not confirm the apparent break in  th e  curve re p o rte d  

by H ilty  and G ra fts , in  genera l the two s e ts  of d a ta  are  in  good 

agreement.
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An attem pt was made by Gokcen and Chipman to  measure 

the  e f f e c t  o f  s i l ic o n  on the a c t iv i ty  c o e f f ic ie n t  o f o%ygen and 

hence th e  e f f e c t  of oxygen on the  a c t iv i ty  c o e f f ic ie n t  of s i l ic o n . 

This involved the  in tro d u c tio n  of complex re la t io n s h ip s  between 

a c t iv i ty  c o e f f ic ie n t  and co n cen tra tio n  term s. However  ̂ in  view 

o f the  r e s u l t s  ob ta ined  from an analogous study of the  FcrAl-0
86 57

system , those re la tio n s h ip s  were subsequently  withdrawn .

Q u a lita tiv e ly  the  fo llow ing conclusions appeared to  ba valid»

( l )  The a c t iv i ty  c o e f f ic ie n t  of oxygen i s  reduced by the

a d d itio n  of s i l ic o n .

(Z )  In  d ilu te  so lu tio n s  the a c t iv i ty  c o e f f ic ie n t  of s i l ic o n

in c rease s  w ith  i t s  concen tra tio n .

(3) With re sp e c t to  the  equ ilib rium  between s i l ic o n  and

oxygen in  l iq u id  iro n  the above e f f e c ts  are  approxim ately

com pensating, and th e  product [^81][5^0] rem ains almost

co n stan t in  the range 0*02 to  15 per cen t s i l ic o n .  As

a  good approxim ation Ki = Kx .
68

Matoba, G unjii and Kuwana using the same type of ex p eri-

m ental toclm iquc have re s tu d ie d  the various e q u i l ib r ia  in v e s tig a te d
60

by Gokcen and Chipman, and re c e n tly  Chipman and P i l la y  have 

pub lish ed  some r e s u l t s  fo r  the follow ing re a c tio n  a t  1600^0*

SiQ3(a) + %%(g) = Ê& + 2IfeO(g)

The th ree  s e ts  of da ta  fo r th is  r e a c t io n  are  in  good
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agreement fo r  s i l ic o n  concen tra tions up to  1 p er cen t and a re

adequately  rep resen ted  by the equations proposed by e t  a lia»
2

lo g  Kg = log [agi](pugG/pgg) = -1S,640/T  + 4-8S

A s  71,540 -  22*17 Ï  ca.1

The re fe ren ce  s ta te  fo r the a c t iv i ty  of s i l ic o n  i s  the  

in f in i t e ly  d i lu te  so lu tio n  and log  %  was taken as the lim itin g  

value of lo g  Ka a t  0 per cen t S i for tem peratures 1570^, 1625* 

and 1680*0.

The values ob ta ined  by Matoba e t  a l i a  fo r the  equ ilib rium  
2

co n stan t Ki -  ? a re  only s l ig h t ly  sm aller than  those of

Gokcen and Chipman.: 1600*G the  values a re  2*3 and 2*8 % 10

resp ec tiv e ly *  Chipman and P i l la y  have c a lc u la te d  values fo r  th is
11

co n stan t by combining the data  o f F lo r id is  and Chipman w ith  th a t  

of Matoba e t  a lia»

Ife(g) ♦ 0 = lfc0(gj

a  •32,200 + 14*63 T t ï ’lo r ld ie  and Chipman) 

8i% (s )+  SHs(g) = S i  ♦ % 0(g)

A % ° = 71,540 -  22*17 ïciX (Matoba e t  a l ia )

Combining th ese  equations!

SiQg = S i + 2 0

A%° a  + 135,040 •  51*43 T c il

log  Ki = -  29,700/T 4- 11*24
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Values fo r % c a lc u la te d  from the above equation  a re  

compared w ith  e3q>QrimQntal values in  Table 4 . I t  i s  ev iden t 

th a t  the d a ta  o f Matota e t  a l l a  a re  in  very good agreement w ith  

th e  c a lc u la te d  data  o f Chipman and P i l la y .

X 10 w ith  c a lcu la te d  Valueb fo r the
Froduct^ta^i]"[a^]^^

Tem perature, *G. 1550 1600 1650

63
Korber and Oelsen 1*3 3*6 10*6

56
H ilty  and C rafts  1*6 3*0 5*3

2 a
Gokcen and Chipman 1*2 2*8 5*5

68
Matoba e t  a l i a  0*0 2*3 6*1

50
C alcu la ted  Values 0*9 2*3 6*0

Matoba and cQ-^workers Imve derived  values fo r the param eters 

assuming, in  each ca se , th a t  the in flu en ce  o f oxygen on 

th e  a c t iv i ty  c o e f f ic ie n ts  i s  n e g lig ib le . T heir value fo r

3 lo g  was *0*13 v a lid  fo r the tem perature range 1570^0 *

1680*0. The re la tio n s h ip  between and the abso lu te  tem perature 

was re p o r te d  to  be

6 sfa Ô lo g  f  S i/a [ /A i]  a  3 ,9 1 0 /ï  -  1*77

At 1600% th is  corresponds to  a value of about 36 fo r  the
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param eter ^  = oLnlf8 cougared to  the value of approxim ately
51,5S

13 derived  from the data of p a r t i t io n  experim ents •

I n  Chapter V III the  r e s u l t s  o f Gokoen and Chipman and 

Matoba e t  a l i a  are  re-^examined in  th e  l ig h t  of the  r e s u l t s  obtained, 

from the p re se n t work and an attem pt i s  made to  ex p la in  the above 

d iscrepancy in  the  d a ta  fo r  the a c t iv i ty  o f s i l ic o n  in  l iq u id  iron#

8 # The E ffe c t  o f  S ilic o n  on the A c tiv ity  C o e ff ic ien t of Aluminium 
in  l iq u id  Iron*^SilioQn**AluniiniiaiQ A lloys

In an ex tension  of th e i r  work on the  d is t r ib u t io n  o f 

aluminium between l iq u id  iro n  and l iq u id  s i lv e r  a t  IGOÔ G Chipman 

and F lo r id is  have s tu d ied  the  d is t r ib u t io n  of aluminium between*- 

(a) Fe-C a llo y s  and s i lv e r  and (b) Fe-*G«Si a l lo y s  and s ilv e r#

The e f f e c t  o f s i l ic o n  on the  a c t iv i ty  c o e f f ic ie n t o f  aluminium, 

was given by*-

l o g 'S ' f »  l o g ï f l / -  

where i s  th e  a c t iv i ty  c o e f f ic ie n t o f aluminium in  Fe-Al-C-Si aJloys,

re p re se n ts  the e f f e c t  of carbon on the a c t iv i ty  c o e f f ic ie n t 
o f aluminium 3

and rep re se n ts  the a c t iv i ty  c o e f f ic ie n t of aluminium in  the
b im ry  Fe-Al so lu tio n  o f the same aluminium co n cen tra tio n .

When the  r e s u l t s  were p lo t te d  in  th e  form log'X^v 

a s t r a ig h t  l in e  was obtained fo r s i l ic o n  co n cen tra tio n s up to  about 

0*23 % i* At irigher s i l i c a  concen tra tions a s l ig h t  cu rvatu re  was 

ev id e n t. I t  was suggested th a t  th is  might be due in  p a r t  to
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in te ra c t io n  o ffc c ts  in  the  s i lv e r  lay e r where the atom f ra c t io n  

of s i l ic o n  was as high as 0»08.

This suggestion  was l a te r  confirmed by Chipman and
0 8 ,

Langenberg who ap p lied  a co rrec tio n  fo r the e f f e c t  of s i l ic o n

on th e  a c t iv i ty  c o e f f ic ie n t  o f  aluminium in  the s i lv e r  lay er

corresponding to  -  7*0.

From th i s  work i t  was found t h r t  fo r  s i l ic o n  concen tra tions
ysi

up to  0*4 in  iro n , th e  param eter 6.̂ ==̂  A i / ^ % i  had the

value -f 6* 9 a t  1600%.
88

This d a ta  was l a t e r  re c a lc u la te d  by Wilder and E l l i o t t

on th e  b a s is  of th e i r  r e s u l t s  fo r  the  a c t iv i ty  o f aluminium in
^cso

liq u id  s ilv e r#  This procedure y ie ld ed  a  value fo r  C.^^of +7*0  

a t  1600%.
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SOME JUgPMlXMEtTAL OOHSlDjSRATMa 

1* E ffe c t of Thermal DiffuBion on Gas-Motal E quilibrium  S tudies

When ttjo gases o f u n lik e  molecular weight en ter a  tube in  

which th e re  i s  a  tem perature g ra d ie n t, a p a r t i a l  se p a ra tio n  occurs, 

th e  heav ier gas molecules tending  to  concen tra te  in  th e  cooler gone, 

while the l ig h te r  molecules move to m rd s  the h o tte r  jsone. This 

phenomenon, known a s  therm al d if fu s io n , i s  probably  one o f the most 

s ig n i f ic a n t ,  though le a s t  obvious, sources of e rro r  occurring in  

the determ ination  of equ ilib rium  between a gas m ixture and a  condensed 

phase a t  an e lev a ted  tem perature.

In the study o f equ ilib rium  between m olten iro n  and a gas 

m ixture o f hydrogen and w ater vapour, one of th e  s in ^ le s t  ways of 

s t i r r i n g  th e  m elt and thus hasten ing  the approach to  equilib rium  i s  to  

use h igh  frequency induc tion  heating* However, th i s  method of 

heating  ims th e  disadvantage th a t  a  slmrp tem perature g rad ien t i s  

s e t  up a t  the gas-m etal in te rfa c e -  w ith the r e s u l t  tim t the a c tu a l 

w ater“vapour/hydrogen r a t io  immediately above th e  m elt su rface  i s  

lower than the i n l e t  r a t i o  used in  the com putation of K values*

Because of t i l ls  e f f e c t ,  the oxygen con ten t of the  m etal i s  lower 

than  t l ia t  which would be in  equilib rium  w ith  gas of the i n l e t  

com position.

The phenomenon of therm al d ifiU sion , p re d ic te d  in  1911
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59 00
by Enskog and independently  by Glmpman in  1916 , was f i r s t

61
observed by Chapman and Dootson in  1917. More re c e n tly ,

d e ta ile d  in v e s tig a tio n s  o f  the e f f e c t  Imve been made by*-
68

Emmett and Golmlts , who p o in ted  out e r ro rs  o f as much

as 40 p er cent in  the  water"Vapour/l:ydrogen ra tio s  used in  some of

the  e a r l ie r  s t a t i c  determ inations o f eq u ilib r ia#
68

Darken and Gurry , who described  cond itions fo r avoiding

e r ro rs  due to  therm al d if fu s io n  in  gaseous m ixtures flow ing in to

or out of a  v e r t i c a l  tube furnace*
6*

Dastur and Chipman , who in v e s tig a te d  methods fo r  

e lim in a tin g  th e  e r ro r  under e^cperimetital co n d itio n s s im ila r to  

those e x is tin g  during the  p re se n t study.

In  the  l a s t  mentioned work, two methods ware used to  

minimise e r ro rs  due to  therm al d if fu s io n . The f i r s t ,  and more 

obvious, method was to  e lim in a te  as fa r  as p o s s ib le , the sharp 

tem perature g rad ien t e x is tin g  a t  the gas-m etal in te r fa c e  by p re ­

h ea tin g  the incoming gases* The second method m s  based on a
65

Icinetic approach to  the problem , developed by G ille sp ie  , in  

which i t  was shoi-m th a t  the r e la t iv e  sep a ra tio n  of two gases by 

therm al d if fu s io n  was in v e rse ly  p ro p o rtio n a l to  the square ro o t o f 

the  mean m olecular w eight o f the m ixture, and c o u ld ,th e re fo re , be 

decreased by the  ad d itio n  of a th i r d  gas of high molecular w eight. 

D astur and Giripman concluded th a t  the e r ro r  could  be e lim in a ted
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by adequate p reh ea tin g  of the  incoming gases, and in  the absence 

of s u f f ic ie n t  p reh ea t, dim inished by the a d d itio n  of a heavy in e r t  gas.

In  recan t s tu d ie s  of gas-m etal e q u i l ib r ia  in  th e  tem perature 

range 1550* to  1870% j the gas p rehea ter has been run a t  1550 to  1600% 

and argon added to  the iiydrogen in  r a t io s  between 4 » 1 and 6 » X.

In the p re se n t work se v e ra l heats were made in  the  absence of 

p reh ea t and a  comparison of th e  r e s u l t s  obtained^ i s  given in  Table 5#

TABLE 5 E ffe c ts  of Thermal D iffusion

With P reheat I n le t  Gas No P reheat
Heat No* A l,w t.p c t Composition 

PHeQ/PHb *
Heat No A l,w t p o t

21 0* 067 3* 6 19 0* 068

22 0*049 5*1 17 0* 065

20 0* 034 6*7 18 0*062

From co n s id e ra tio n  of the reaction»

AlsQi(g) + 3 % (g ) “  2 ^  + » % " ( : )
i t  i s  ev iden t th a t  the higher aluminium co n cen tra tio n s In  the m elts 

made w ithout p reh ea t in d ic a te  th a t  the oxygen p o te n t ia l  of the  gas 

pirnse a t  th e  gas-m etal in te rfa c e  was lower tim n th a t  in  the 

corresponding heats made w ith preheat#

Thus throughout the  p re se n t study in  order to  minimise
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e rro rs  a r is in g  from therm al d if fu s io n , the gas m ixture was p rehea ted  

to  about 1550*G and argon added in  the approximate r a t i o  6 * 1 .

£. The D eterm ination o f the Water Vapour P re ssu re above S a tu ra ted
Lithium Cliloride S o lu tions

To ob ta in  the very  low water vapour p re ssu re s  re q u ire d

fo r  the p re se n t s tu d y , by bubbling hydrogen through pure w ate r,

would n e c e s a its te  r a th e r  aw W ard tem perature c o n tro l in  the  range

-15 to  + 16*0. However the  same vapour p re ssu re s  can be ob ta ined

by bubbling the  I-jydrogen tlirough a  s e r ie s  of s a tu ra te d  lith iu m

ch lo rid e  so lu tio n s  held  a t  te rfperatu res between 20 and 50%, Because
6G,6?,68

of the dmsagreement between rep o rted  values fo r  the vapour 

p ressa i'e of water above s a tu ra te d  lith iu m  ch lo rid e  s o lu t io n s , i t  

was decided to  make an  independent determ ination  of the vapour p ressu re  

curve, A diagram of the appara tus used i s  shomi in  F ig . 6.

Cylinder I'ydrogen, v ia  a  c a lib ra te d  flow m eter, was L

bubbled through a  system of four g la ss  v esse ls  con tain ing  s a tu ra te d  

lith iu m  ch lo rid e  so lu tio n s  to g e th e r  w ith  excess c ry s ta ls  o f the

s a l t .  The v esse ls  were immersed in  a  la rg e  w ater b a th , the

tem perature o f  which was au to m atica lly  c o n tro lle d  to  w ith  + 0*05%,

The tem peratures were measured w ith a thermom eter, c a lib ra te d  a t  the 

N ational P h y sica l la b o ra to ry .

From p re lim in ary  experim ents i t  was found th a t  the  bubbler 

in  the f i r s t  v e s se l tended to  choke up a f te r  about tw enty-four hours 

duo to  c r y s ta l l i s a t io n  of lith iu m  ch lo rid e) however, t h i s  d i f f i c u l ty
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was overcome by ko oping the en tra n t tube about h a lf  an  inch  above

the su rface  of the so lu tion*  A fter s a tu ra t io n , the p ressu re  was

measured on a manoneter and the gas mixture le d  o ff  ttoough a

g la ss  tube which,in  order to  p reven t condensation , was m aintained

a t  about 70% by an Isothermal** heating  ta p e . The water vapour

was absorbed by lead ing  the  gases through two weighed midvale

bulbs con ta in ing  magnesium per ch lo ra te  and th e  t o t a l  volume o f

hydrogen passing  through the system in  a given time measured w ith

a wet“type lab o ra to ry  gas m eter.

The performance o f the sa tu ra to r  system was checked using

d i s t i l l e d  m te r  in  p lace  of the lith iu m  ch lo rid e  so lu tio n s  and

the r e s u l t s  were w ith in  + 0*2 per cent o f the th e o re t ic a l  values*

A number of runs were made u s in g -lith iu m  ch lo rid e  so lu tio n s  w ith

gas flow  r a te s  varying from 75 to  300 co/m inute, and under the

experim ental donditions d esc rib ed , the r e s u l t s  were reproducib le

to  w ith in  + 0*03 mm Hg. In the  c a lc u la tio n  o f  vapour p re s su re s ,

i t  m s  assumed th a t  water vapour îiad the  p ro p e r tie s  o f an id e a l  gas

since th e  c o rre c tio n  fo r d ev ia tio n  from id e a l i ty  in  the p ressu re
66

range covered here i s  le s s  than  0*07 per cen t *

The vapour p ressu re  d a ta  used tlrcoughout the  p re sen t study 

toge ther w ith  the  r e s u l t s  of previous workers are  shown in  f i g .  7 .

At lower ten ^ e ra tu ree  the p resen t r e s u l t s  agree w ell w ith  those of
66 67

Gokcen , H u ttig  e t  a l ,  and , when ex tra p o la te d , w ith  the s in g le
66

determ ination  by Lannung , although in  th is  case th e re  i s  some doubt
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as to  tiiQ ccxnposition of th e  so lid  phase p re s e n t, due to  the f a c t  

th a t  lith iu m  clilo ride undergoes the follow ing tran sfo rm a tio n s ,
69

according to  measurements made by  Appleby and Cook

L lC l'2% 0 — LI GI ' %0 + % 0
QQ,KKOn

and h iC l'% 0  y LiGl f  IfeO

As the ten^Derature in c re a se s , the curves g radually  d iverge.

Ill th is  ra sp e c t i t  i s  perhaps worth noting th a t  the  r e s u l t s  of th e  

e a r l ie r  in v e s tig a tio n  by H u ttig  showed poor r e p ro d u c ib i l i ty  in  comparison 

w ith  those of Gokcen, which were reproducib le  to  w ith in  + 0*0^ mm Hg*

One reason  fo r  the  lack  o f consistency  in  th e  d a ta  may be the 

presence of d if fe re n t  in p u r i t ie s  in  the  lith iu m  chloride* For 

the  lith iu m  ch lo rid e  used in  the  p re sen t work the maximum l im its  o f 

im p u ritie s  were as follow s»-

0*02 per cen t su lphate (8% )^ 0*ÛÛ2 per cen t iron* 0*001 p er cent lead* 

0*0001 per cen t a rse n ic .

Dther e r ro rs  may occur i f  in s u f f ic ie n t  time i s  allow ed 

fo r the lith iu m  clilo ride  so lu tio n s  to  come to  equ ilib rium  w ith  

s o lid  lith iu m  o lilo ride a t  any p a r t ic u la r  tem perature# Thus in  

the p re se n t work e r r a t i c  r e s u l t s  were ob ta ined  when runs were made 

about two hours a f te r  a l te r in g  the water bath  tem perature by about 

10^0, In  the procedure adopted, th e re fo re , the therm ostat was 

ad ju s ted  to  the d es ired  v a lu e , and the so lu tio n s  l e f t  overn igh t 

before measuring the  vapour p ressu re  a t  th a t  temperature#
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3. Temperature Maasurements w ith  a D isappearing F ilam ent O p tica l Pyrometer

During the experim ental ruiis tem perature measurements were 

made a t  freq u en t in te rv a ls  by means of an Ever shed High P rec is io n  

D isappearing Filam ent O p tica l Pyrometer s ig h ted  on th e  c lean  su rface  

of the  melt* A c a l ib ra t io n  curve fo r  the instrum ent was ob ta ined  

in  th e  fo llow ing way* A charge of 20 g of e le c t r o ly t ic  iro n  

contained in  a sp e c ia lly  designed b e ry l l ia  c ru c ib le  having a  re -e n tra n t  

tube a t  the bottom was held  in  the furnace under e s a e tly  the same 

cond itions as those p re v a ilin g  during the equ ilib rium  determ inations, 

i*e* in  a p rehea ted  gas stream  of p u r if ie d  argon and hydrogen 

con tain ing  a sm all c o n tro lle d  amount of im ter vapour [Fig* 8 ]. This 

gas stream , sweeping ac ross the su rface o f the  m olten iro n  minimised 

e r ro rs  r e s u lt in g  from the presence o f iro n  vapour* A 5 per cen t 

Eh-Pt/20per ce n t Rh-Pt therm ocouple, p rev iously  checked ag a in s t 

the m elting p o in t of palladium  was pushed up through the c e n tra l  

c ru c ib le  support u n t i l  the bead ju n c tio n  was p o s itio n e d  in s id e  the 

r e -e n tra n t  tube#

By c a re fu l  adjustm ent of the power in p u t from the high 

frequency u n i t ,  i t  was p o ss ib le  to  check both the  o p tic a l  pyrometer 

and the thermocouple a g a in s t the m elting p o in t o f the  e le c t ro ly t ic  

iro n , tak en  as 1535^0* The power input was th an  increased  s l ig h t ly  

and when a co n stan t and steady tem perature had been ob ta ined , 

sim ultaneous read ings were taken  on the o p tic a l  pyrometer and the 

therm ocouple-potentiom eter * This procedure was rep ea ted  a number 

o f  tim es and read ings taken  a t  in te rv a ls  during heating  agreed
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w ell w ith those taken  a t  in te rv a le  during eooling^ thus in d ic a tin g  

the absence of a  tem perature g rad ien t between the  molten m etal 

and thermocouple*
70

The observation  by Schofield  and Grace , th a t  platinum * 

rhodium a l lo y  thermocouple read ings were u n a ffec ted  by the f i e l d  

p re se n t in  a  Iiigh frequency induction  c o i l  was confirm ed during the 

c a l ib ra t io n  experim ents when i t  was found th a t  momentarily c u ttin g  

o f f  the  in p u t supply had no e f f e c t  on the po ten tiom eter read in g s.

Erom a number of measurements made w ith  the gas p reh ea tin g  

c o i l  co ld , i t  was concluded tîm t the o p tic a l read in g s were independent 

o f  the p reh ea te r  tenperatu re*  This i s  in  agreement w ith  the
71

fin d in g s  o f Dastur and Gokcen who c a l ib ra te d  an qptioaj. pyrometer 

under somewhat s im ila r conditions*

The r e s u l t s  o f tru e  (thermocouple) and observed (o p tic a l)  

tem perature read ings are  p lo t te d  in  ?ig* 9 to  give the c a lib ra tio n  

curve which was used throughout th i s  study. TJiis takes in to  

account th e  em iss iv ity  of the iro n  a s  w ell as the abso rp tion  o f the  

o p t ic a l  system. S t r i c t l y  speaking th i s  curve r e f e r s  to  pure iro n , 

but Gokcen and Chipman have shown th a t  the e m iss iv ity  of iro n  

i s  u n a ffec ted  by the ad d itio n  o f s i l ic o n  up to  13* 6 per cent provided  

the m elt su rface i s  not covered by scum* T his was confirm ed in  

the  p re se n t work by checking the m elting p o in t o f th e  various iron* 

s i l ic o n  a l lo y s  used a t  the beginning of a h ea t. I t  was assumed 

from o b serva tions made on the m elting p o in ts  o f  ii^on-cliromium a llo y s  

th a t  the  d a ta  was a ls o  u n affec ted  by the presence of chromium up
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to 10 por cent*

A ctual read ing  on the pyrometer were reproducib le  to  

w ith in  + 3®G and the tem perature during eq u ilib rium  runs could 

be kept co n s tan t w ith in  + 10*^0 by c o n tro llin g  th e  p o w r inpu t from 

th e  generator* The es tim ated  tm ce rta in ty  in  the c a lib ra t io n  

curve i s  a ls o  o f t h i s  order*
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APPAEATUS AHD WERIMBMTAI, TEGH ÎQUS

1. The, Gas Gyatem

A diagram of the gas system is  shovm in  Fig* 10*

High p u r i ty  hydrogen con ta in ing  le s s  than  10 p a r ts /m il l io n  

oxygen was le d  through*

a c a l ib ra te d  flowmeter (A) #

soda asbesto s (b) to  remove aiiy carbon d iox ide p re s e n t, 

anî^drone (G) to  remove m oistu re ,

p la t in is e d  asbestos a t  450^0 j(û) to  ooxwert any oxygen p re se n t in

tiie hydrogen to  w ater vapour, and

s a tu ra te d  lith iu m  ch lo rid e  so lu tio n s  (B)*

F in a lly ,  p u i 'if ie d  argon was added in  the r a t i o  G % 1 and the

te rn a ry  m ixture in troduced  in to  the furnace*

In  the argon p u r i f ic a t io n  l i n e ,  the gas was passed  through»

a  c a l ib ra te d  flowmeter (A),

soda asbesto s (b) to  remove carbon d io x id e ,

aniiydrone (C) )
j to  dry th e  gas, and

phosphorous pentoxide (G})

calcium  tu rn in g s a t  700^G (H) to  take up any osqrgen p re se n t.

A by*pass (J )  was provided so tlia t the hydrogen l in e  could be 

flu sh ed  out w ith  ai'gon whenever required* The two floim ieters 

were c a l ib ra te d  by displacem ent of water from an in v e rted  l i t r e  

f la s k  and the c a l ib ra t io n  curves checked w ith a  w et-type lab o ra to ry  

gas m eter.
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Copper tubing  was used to  convey the  argon from the oalolum 

furnacQ^ and the hydrogen f^om the sa tu ra to r  system in to  the  

re a c tio n  chamber* This tu b in g  was heated by mi Iso therm al** 

hea ting  tape to  about 70*0 to  p reven t condensation of water vapour.

The p ressu re  w ith in  the-.system was measured w ith  a  sraaXL manometer 

connected by a tap  to  the gas l in e  in  the  p o s it io n  shown in  F ig i 10, 

and was u su a lly  o f the order of 5 mm mercury.

The Furnace Arrangement

(a) The R eaction Chamber « The re a c tio n  chamber, a  diagram of which i s  

shorn: in  Fig* 11, m s  s im ila r  to  tim t used by Chipman and co-workers 

fo r the study of a number of gas^m atal re a c tio n s  * I t  co n s is ted  

o f a  g lased  su rface  s i l i c a  tube (K) 24 inches long and 2 inches in te rn a l  

diameter w ith  w ater cooled b rass  end p la te s  ( h) .  The top p la te  

was f i t t e d  w ith  a  gas i n l e t , a  sm all s ig h t g la ss  (A) to  allow  

tem perature measurements to  be made w ith an o p tic a l  pyrom eter, 

and a  pro heater tube (à) cemented in to  p o s it io n  w ith  water g la s s .

The alumina c ru c ib le  (m) was p o s itio n ed  on an alundum d isc  (o) 

which r e s te d  on an alumina tube (p{ which was in  tu rn  supported by a 

s ta in le s s  s t e e l  tube ( q) .  This support system , which a ls o  served 

as a  gas o u t le t ,  could be moved up or doim in s id e  the furnace as 

do s i r e d  by means of an asbesto s gasket (U) s e t  in to  the b rass  base 

p la te  (T)* This p la te  was a lso  f i t t e d  w ith  two copper tubes (e ) 

p ie rc ed  a t  in te rv a ls  w ith  sm all holes so th a t  th e  m elt could be 

quenched in  a stream  of hydrogen when lowered in to  p o s it io n  b e tw cn
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th e  j e t s  a t  the end of o. heat*

The power req u ired  fo r m olting was supp lied  by a  20 k i lo ­

w a tt, 400 k ilo«oyol0s /s e c  P h ilip s  high frequency g en era to r.

The P reheater A r e e r y s ta l l i s e d  alumina tube 14 inches long and

0* 5 inches interntwX diam eter waa wound over a  d is tan ce  o f 10 inches 

a t  10 tu rn s  per inch  w ith 22 gauge platinum  -10  p e t rhodium wire 

and the wire loads connected to  ceramic coated te rm in a ls  so ld ered  

in to  the b rass  top* A th in  coating  of s i l i c a - f r e e  alumina cement 

held th e  winding in  p o s it io n  on the alumina tu b e . As shown in  

Fig* 11, the pro h ea te r was enclosed by an alundum in su la tin g  

s le e v e , 12 inches long and 1*25 inches in te rn a l  diam ter suspended 

w ith  iro n  wire frcm two hooks screwed in to  the b rass  cap. The 

pro heater tem perature was c o n tro lle d  by means of a v ariab le  transform er 

and measured by j^ocussing the o p tic a l  pyrometer on the inner w alls  

o f the tu b e .

Under the experim ental co n d itio n s , contam ination and

subséquent f a i lu r e  o f the winding occurred a f te r  about 100 hours a t

1550*0# The f ra c tu re d  se c tio n s  of the wire were b r i t t l e ,  co a rse ly

granu lar and adhered s tro n g ly  to  the alumina p ro te c tiv e  co a tin g .
88

This e f f e c t  has a ls o  been observed by Gokcen and Chipman who 

suggested  th a t  lo c a lis e d  im p u ritie s  in  the alumina were reduced by 

iydrogen a t  very  low m te r  vapour-hydrogen r a t i o s ,  and then  absorbed 

by the w ire , thus making i t .v e r y  b r i t t le #  In  a  subsequent
36

in v e s tig a tio n  by the  same au tho rs the p reh ea ter im s  run  a t  a  lower
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temper atm:'G in  an attem pt to  prolong the l i f e  o f th e  oq31.

In the p re se n t work, a f te r  the failux*e o f two p latinum - 

rhodium a l lo y  w indings, i t  was decided to  rep lace  them w ith a 24 gauge 

molyhdenum w ire. This proved to  be much more su c cessfu l in  th a t  

the  c o i l  had a working l i f e  in  excess of 500 hours a t  1550*0.

( c) (^tuenohing Teclmique -  At th e  end of a  h e a t, the m elt was low ered 

to  a  p o s it io n  ju s t  below the upper j e t  ho les in  the copper tubes and 

quenched in  a  stream  of hydrogen a t  15 to  20 p s i ,  a  technique 

in troduced  by Gokcen and Chipman * The time re q u ire d  fo r fre ez in g  

was u su a lly  about 5 to  10 seconus* On a  few occasions, when the 

c ru c ib le  support was p u lle d  down, the c ru c ib le  was l e f t  s tic k in g  to  

the  end of the p reh ea te r tube due to  the presence of an iro n  d ep o sit 

caused by v o la t i l i s a t io n  o f  the  melt* In  such ca se s , the s o l id i f ic a t io n  

time was about 15 to  20 seconds# Daring the quenching trea tm en t, 

tap  2 (Fig* 3.0) was c lo sed  to  prevent "blow-back** o f  the  litliiu m  

ch lo rid e  so lu tio n s  in to  the p la t in is e d  asb esto s fu rnace.

g.,.îto mtgrlalBjIs.a.4

M etal charges weighing 20 g were prepared  from the 

fo llow ing m a te ria ls  mixed to g e th e r in  the req u ired  p ropo rtions and 

compressed in to  c y l in d r ic a l  shaped pel3.et8 14 mm in  diameter and 

10 mm high»

(a) "S in trex* e le c t r o ly t ic  iro n  powder su pp lied  by G. Gohen,

Sons and Co., L td#, London(containing a  maximum of 0*015 p e t

carbon, 0*040 p e t manganese, 0*010 p e t  s i l ic o n ,  0*020 p e t 
sulphur and 0*015 p e t  phosphorus#
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(h) Grade A e l e c t r o ly t ic  lianp cliromimi (con ta in ing  a maximum 

' • of 0*015 p e t carbon, 0*010 p e t eulpliur and 0*04'0 p e t s i l ic o n ,  

and ( g )  High pui’i t y  s i l ic o n  m etal (co n ta in in g  a maximum of 0*1 p e t 

aluminium.

Both (b) and (c) imro supplied  by Union Carbide and Carbon 

C orporation .

The p e l l e t s  were con tained  in  c y l in d r ic a l ,  r e c r y s ta l l i s e d ,  

alumina c ru c ib le s  (heigh t 33 mm, outside diam eter 22 mm, w all th ick n ess 

1 mm) su p p lied  by Morgan R e fra c to r ie s , l t d .

4 « ■ ISxperimental Procedur a

The m etal charge , weighing about 20 g and contained  in  

an alumina c ru c ib le  was p o s itio n e d  by means of the movable c ru c ib le  

su p p o rt, such th a t  the e x i t  end of the p rah ea to r tube was 0*3 inches in side  

the  c ru c ib le . The appara tus was checked to  ensure th e  absence of 

leaks by passin g  gas through the system a t  a slow f lo i; r a t e ,  c lo sin g  

the gas o u tle ts  from the  furnace and observing th e  behaviour of the 

flowmeters* The water bath  therm ostat was s e t ,  th e  p u r if ic a t io n  

fu rnaces and hea ting  tape sw itched on, the gas flow  ra te  ad ju s ted  to  

approxim ately 15 cc per min hydrogen and 90 cc p er min argon, the 

p reh ea te r brought up to  about 1200*^0 over a  p e rio d  of about one hour 

in  order to  avoid  excessive therm al shock, and the apparatus l e f t  

overn igh t.

Hext day, the  gas flow ra te  was in c reased  to  150 cc per min- 

^ d ro g e n  and 900 cc per min argon, the pro heater tem perature brought
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up to  about 1550^0, the high frequency induc tion  furnace sw itched on 

and th e  m etal heated  to  the req u ired  tem perature w ith in  two m inutes. 

Heats ware made a t  the two tem perature le v e ls  1723* and 1823*0.

During a heatj, th e  tem perature o f the m elt vras observed 

w ith  the o p tic a l  pyrometer and c o n tro lle d  to  w ith in  f  10*0 of the 

req u ired  tem peratui'e by a l te r in g  the e i r o u i t  in d u c tio n . A fter 

holding the  m elt a t  constan t tem perature^or s u f f ic ie n t  time to  ensure 

the a tta inm en t of eq u ilib riu m , u su a lly  between te n  and tw elve hours, 

i t  was quenched in  a stream  of Iiyckogen as d escribed  previously*

5. Approach to  E quilibrium

Several heats wars made a t  1723* and 1823*C in  order to  

e s ta b l i s h  the approximate tim es req u ired  fo r the  a tta inm ent o f 

equ ilib rium . Data fo r  those heats ai'o given in  Table 5 and F ig . 12.

TABLE 6 Approach to  Equilibrium

Heat Ho Temp *C Hours a t  
Temp

A l, wt p o t

1 1823 6*0 4 '9 8 O' 0265

2 1823 10*0 4* 98 O' 0328

3 1823 1*0 3* 48 O' 0193

4 1823 4*5 3>48 O' 0467

5 1823 12*0 3*48 O' 0666

6 1723 6* 0 3*54 O'0174

7 1723 12*0 3*54 O' 0217
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Xn Heat 0 '02  p er cent aluminium was added to  the 

cimrge in  the form of a 10 per cen t Fe»Al a l lo y . In the remainder 

of the h ea ts  the  i n t i i a l  charge co n s is ted  o f pure iro n .

From the  various data  i t  i s  ev ident th a t  a  p e rio d  o f 

between te n  and twelve hours I s  req u ired  fo r  equ ilib rium . Longer 

tim es are  not j u s t i f i e d  s in ce  the an a ly s is  fo r  aluminium is  not
t k e

s u f f io ie n t ly  p rec ise  to  d e te c t sm all/changes involved.

6. The D eterm ination of Aluminium
f r m  p f n i im iîift i p in i n i # # # ,* * ! i i h im t  ifi W T f t  t h i— m i i i B i K PH T w i # # # # # # # m iw #

The alimiiniiim conten t of the iro n  samples was determ ined
72

by a c o lo rim e tric  technique based on a method d escribed  by H il l  

fo r  carbon and low a llo y  s te e l s .  This method depends on the f a c t  

th a t  when asco rb ic  ac id  i s  added to  a n  acid  so lu tio n  of t r iv a le n t  

iro n  g an ox id ised  d e riv a tiv e  o f asco rb ic  ac id  i s  formdd which 

complexes the iro n  and minor amounts of o ther red u c ib le  elements 

p re se n t in  th e  s t e e l .

"Holochrome Gyanlne R" was used in  the n i t r a te d  cond ition  

to  form a coloured  complex w ith the aluminium. The n i t r a te d  dye 

so lu tio n  was made up by adding 2 cc of 1*20 sp e c if ic  g rav ity  

n i t r i c  a c id  to  0*3500 g o f solooi^irome cyanine R in  a dry beaker, 

the so lu tio n  sw irled  fo r 2 minutes a t  room tem perature u n t i l  orange* 

ro d , 75 00 of water added follow ed by 0*25 g of u rea to  remove 

the  n itro u s  ac id  formed during the n i t r a t in g  trea tm en t and which 

would otherw ise decrease the dye s t a b i l i t y .  A fter sw irlin g  again  

the so lu tio n  was d ilu te d  to  1 l i t r e .  In  th i s  co n d itio n  the  dye was 

s ta b le  fo r a  p e rio d  of a t  l e a s t  s ix  months*
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The coloured aluminium complex i s  most s ta b le  a t  a pH of 

5*5 and th i s  cond ition  was obtained  w ith the  a id  of a sodium a c e ta te  

b u ffe r made up by d isso lv in g  4Ü0 g of sodium a c e ta te  tr ih y d ra te  in  a 

l i t r e  of water and a d ju s tin g  the pH w ith e i th e r  sodium hydroxide or 

a c e tic  ac id  to  give a  value of 6* 5, which, under the experim ental 

cond itions described , g ives a pH o f 5*5 in  the t e s t  so lu tions*

4  0*5000 g sample m s  d isso lved  in  10 cc o f 10 per cen t 

su lp h u ric  a c id , 25 oo o f 3M n i t r i c  ac id  added, the  n itro g en  oxides 

b o ile d  o f f ,  a sm all excess of s a tu ra te d  potassium  permanganate 

so lu tio n  added, the  so lu tio n  b o iled  fo r a fu r th e r  2 minutes to  

ensure complete o x id a tio n  and the excess permanganate reduced by a 

dropwise ad d itio n  of 10 per cen t sodium n i t r i t e  so lu tio n  and 2 drops 

added in  excess. The oxides of n itrogen  were again  bo iled  o f f ,  

the  so lu tio n  cooled , t r a n s fe r re d  to  a 250 cc volum etric f la s k ,  

d ilu te d  to  volume and w ell shaken.

To a  5 oe a liq u o t in  a  25 cc volum etric f la s k  were added 

5oo of 1 per cen t asco rb ic  ac id  toge ther w ith  5 cc of the  dye so lu tio n

follow ed a f te r  1 minute by 5 cc o f the b u ffe r so lu tio n . A fter

stand ing  fo r  3 minutes to  allow  the coloured complex to  form , the 

so lu tio n  was d ilu te d  to  volume, w ell shaken and the absorbance 

measured a g a in s t an aluminium f r e e ,  pure iro n  bH.ank, c a rr ie d

through a ^ l l  the s te p s  o f  the  above procedure a t  535 m /tin  1 or 2 cm c e l ls

on a Unicam S .P . 600 spectrophotom eter*

The per cent aluminium p resen t in  the  sample was determ ined 

from a c a l ib ra t io n  curve p rev io u sly  co n s tru c ted  by adding known
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amounts o f aluminium in  the form of almninltmi ammonium aulplm te to  

0*5000 g o f pure iro n  and p rocessing  these samples as described  

previous.Tj^'. The c a l ib ra t io n  curve iias checked ag a in s t standard  s te e l  

samples issu ed  by the Bureau of Analysed Samples, Ltd, The tt-jo 

standards M#S* 271 and M.S. 272 bad aluminium con ten ts of 0*008 and 

0*064- per cent re sp e c tiv e ly . Average d ev ia tio n  in  d u p lica te  

analyses was u su a lly  of the order t  0*0005 p er cen t.

I t  i s  worth no ting  th a t  the asco rb ic  a c id  so lu tio n  must 

bs mads up f re s h  fo r  each determ ination  and th a t  the coloured t e s t  

so lu tio n  should be examined w ith in  30 minutes of making up the  

asco rb ic  ac id  a f te r  which time the  colour of the so lu tio n  g rad u ally  

changes. In  the  p re se n t work t e s t  so lu tio n s  were examined 20 minutes 

a f te r  making up the asco rb ic  a c id  and steady  read ings ware then  ob tained  

on the speotrophotom eter over a p e rio d  o f about 10 m inutes.

Although the above procedure was e à t is f a c to ry  fo r iron** 

aluminium a llo y s  and even iron^silicon-alu in in ium  a l lo y s ,  a t  l e a s t  

w ith in  the  range of s i l ic o n  conten ts s tu d ie d , i t  was found th a t  2 per 

cent chromium and above, blocked th e  form ation o f the aluminium complex. 

Thus, in  the case of the iroa-^Ghromiunt'^aluminium a l lo y s ,  the  chromium> 

and in c id e n ta lly  the iro n , was f i r s t  removed by a mercury cathode 

e le c t ro ly s is  sep a ra tio n .

The sample was d isso lv ed  as before by wamnin/g w ith 10 cc 

of 10 per cen t su lp h u ric  a c id , the  so lu tio n  d ilu te )  to  100 cc and 

e le c tro ly s e d  using a mercury cathode and a  platiniîm d isc  anode. A fter
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about 30 minutes the green colour of the so lu tio n  g rad u ally  

disappeared  as more and more chromium was taken  up in  the mercury.

A fter a fu r th e r  15 minutes spo t t e s t s  made on the e le c tro ly te  fo r 

chromium and iro n  confirm ed th e i r  absence and the e le c t ro ly te  was 

then ra p id ly  t r a n s f e r r e d  to  another beaker, and th e  rem aining mercury 

washed by d écan ta tio n . The minute q u an tity  o f  chromium or iro n  

which might be re tu rn ed  to  the  so lu tio n  during th i s  trea tm ent i s  

sm all and can re a d ily  be completed la te r  by the asco rb ic  a c id .

The so lu tio n  was b o iled  to  reduce i t s  bulk, t r e a te d  w ith  3H n i t r i c  

ac id  and the  e s tim a tio n  completed as p rev io u sly  described .

7 . The D eterm ination o f Oxygen

The oxygen conten t of the  m etal was determ ined by a vacuum 

fu sio n  tecimiquQ* A schem atic diagram of the  appara tus i s  shoim in  

F ig . 13 and 14. The furnace s id e  of the equipment i s  s im ila r to  

th a t  describ ed  by Murad , but the  pumping and gas an a ly s is  systems 

have been a l te r e d .

Evacuation o f the apparatus was c a r r ie d  out by means o f  an Edwards 

’̂Speedivac** ro ta ry  pump, type 1S50 w ith an in te g ra l  phosphorous 

pentoxide m oisture t r a p ,  backing L.. an Edwards mercury d if fu s io n  pump, 

type 2 M 4* An Edwards ^Speedivac” 1/2** magnetic valve a t  the 

ro ta ry  pump end o f the backing l in e  ac ted  as a s a fe ty  device in  case 

of e l e c t r i c a l  f a i lu re  by is o la t in g  the vacuum system and adm itting  

a i r  to  the ro ta ry  purap and so p reventing  flood ing  o f the system w ith 

pump o i l .



7

w



Il
I I

zo
h*
U
W
V»

en
Oî

b

Z<

ù
LÛ

t . 6 ITT»’ 44 \'i 4ŷ i. w* N.'. « ‘
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The d if fu s io n  pump gave an u ltim ate  pressuxe o f lo"' mm of Hg 

and the  x o ta ry  pump gave a backing p ressure  of 5 x 10 mm of Hg.

An Sduards "%»G8divac" ro ta ry  pump, type 1S150 was used to  operate 

the McLeod gauges and a lso  the Toepler pump on the  gas a n a ly s is  s id e  

o f the equipment

The Gas

The gas c o lle c tio n  space co n s is ted  of a 90 era g la ss  

manometer mounted beside a  Toepler pump having an approximate 

volume of 1000 co to g e th er w ith a s c r ie s  o f c a l ib ra te d  bulbs giving 

t o t a l  volumes o f 1*26, 5*21, 20*66 and 51*76 cc.

The gas c o lle c te d  from th e  m etal samples was mainly carbon 

monoxide and hydrogen and a f t e r  compression to  a  knoi-m volume in  the 

c a l ib ra te d  b u lb s , i t s  p ressu re  was read  on th e  mancmeter by using 

the Toepler pump as a form of McLeod gauge. The various taps 

were then  s e t  so th a t  the  gas could be drawn tlirough the  a n a ly s is  

system by means of an Edwards ’’Speedivac’* mercury d if fu s io n  pump, 

type 1 M 2 A which gave an u ltim ate  p ressu re  o f  10 mm o f Hg. The 

carbon monoxide and liydrogen wore ox id iséd  a t  350°G over cupric  oxide, 

formed by heating  copper powder in  a i r .  The w ater vapour formed 

was absorbed by passing  th e  gases over phosphorous pentoxido and the 

remaining gas once again  c o lle c te d  in  the c a l ib ra te d  bu lbs, compressed

to  the  same volume as  before and i t s  p ressu re  noted . 8 i% le



6 3 .

su b tra c tio n  o f the two p ressu re  readings ^ v e  the  p a r t i a l  p ressu re  

of the hydrogen. The gas was again  c irc u la te d  in  t h i s  in stan ce  

w ith  l iq u id  oxygen in  the co ld  t r a p ,  thereby  fre e z in g  out the  

carbon d iox ide . The rem aining gas was c o l le c te d , con^ressed, the 

p ressu re  noted and the p a r t i a l  p ressu re  o f  carbon dioxide ob ta ined  

by su b tra c tio n .

Erom the p a r t i a l  p re s su re s , volumes and tem peratures o f  

th e  g ases , th e i r  re sp e c tiv e  volumes a t  can be c a lc u la te d , which,

toge ther w ith  a Imowledge of the blank fo r  the ap p a ra tu s , allow s the 

gas co n ten t of the m etal to  be determined.

Some Hotes on the E xperin en ta l Tcchniqué

( i )  P rep ara tio n  of the Samples

Samples were taken from the m etal by means of a f in e  too thed  

hacksaw and the su rfaces and edges abraded w ith  a  f in e -c u t f i l e  to  give 

specimens roughly c y l in d r ic a l  in  shape w ith  roimded ends, about 15 mm 

lo n g , 5 mm in  d im e te r  and weighing 2 to  3 g. They were then  

cleaned in  benzene and ace to n e , d r ie d , weighed and in troduced  In to  

the sample arm of the ap p ara tu s,

( i i )  Evacuation o f  the Furnace Chamber

The furnace tube was packed w ith -200 mesh high grade g raph ite  

powder and sea led  in  p o s it io n  w ith  Apia son Wax W-40, The i n i t i a l  

pump dom  o f the  furnace side  m s  c a rr ie d  out by means of the 

ro ta ry  pump w ith tap  2 open and ta p  1 c losed . In  th i s  way the
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d iffu s io n  pump was bypassed and could th e re fo re  be kept under high 

vacuum except when tap s  1 , 3 and 4 req u ired  c lean in g , a f te r  which about 

100 hours continuous running were necessary  to  degas the pump#

In order to  avoid p u ffin g  of the g rap iiite  powder w ith  

consequent lo s s  of in s u la tio n  and carry -over of carbon In to  o ther 

p a r ts  of th e  equipment, the  a i r  i n l e t  on the  m agnetic v a lv e , f u l ly  

open a t  the  s t a r t  of the pump-dovm, was g radually  c lo sed  over a 

perio d  of about 15 minutes# As a  fu r th e r  p recau tio n  ag a in s t p u ff in g , 

f re s h  g rap h ite  powder was always d ried  overnight a t  200^0 before use#

( i i i )  Degassing Procedure

With the  d if fu s io n  pump in  o p era tio n , tap  2 was c lo sed ,

ta p s  1 and 3 opened and the c ru c ib le  assembly heated  slow ly to  rod
th e  higher

hea t and then  more ra p id ly  to  about 2250‘̂ C# In g en e ra l/th e  degassing 

tem pera tu re , the sh o rte r  the  time req u ire d  fo r  degassing* However, 

a  number of runs made in  the  range 2300 to  2500^0 brought to  l ig h t  a 

number o f d isadvan tages!-

(a) V o la t i l is a t io n  of g raphite  from th e  h o tte r  reg ions and 

i t s  condensation on the coo ler p a r ts  of the app ara tu s was q u ite  marked# 

Sometimes t h i s  le d  to  th e  welding toge ther of the b a l l  stopper and 

the  funnel o f the c ru c ib le  assem bly,but th i s  could be prevented  by 

ra is in g  the  stopper o ccasio n a lly  during the  degassing period* A 

more se rio u s  e f f e c t  o f v o la t i l i s a t io n  was the  form ation of a f a i r l y  

th ic k  g rap h ite  f ilm  on the s i l i c a  furnace tube w alls# On a few 

occasions, runs had to  be abandoned due to  gas ev o lu tio n  from
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p a r t ic le s  of th i s  f ilm  which dropped in to  the c ru c ib le  when the b a l l  

s to p p e r, r a is e d  fo r sample adm ission or tem perature measurement, came 

in to  co n tac t w ith  the tube w a lls .

(b) O ccasionally , th e re  was a lo s s  of in s u la tio n  w ith  the  

consequent development of hot spo ts in  the packing due to  s in te r in g  

of the g raph ite  powder.

(c) The working l i f e  of the c ru c ib le  assembly was g re a tly

reduced.

In  the p re sen t work a s a t is f a c to ry  blank could u su a lly  bo ob ta ined  

a f te r  degassing fo r 7 to  6 hours a t  a tem perature somewhore in  the range 

2200 to  2300^0. T h irty  minute blank c o lle c tio n s  made over the  

tem perature range covered d in ing  a c tu a l sample a n a ly s is ,  i . e .  1400 to  

1650*^0, were of the order 0*06 cc per hour a t  M.T.P* and contained 

about 72 p er cent carbon monoxide, 21 per cen t hydrogen and 7 per cen t
20

n itro g en  by volume* This data  i s  compared w ith  thsit from other sources 

in  Table 7t

Table 7 Comparison of Vacuum Ids ion Data

Source Degassing
Temp

Degassing 
Time-Nr8

Working
Temp

Blank cc/IIr

N ational P h y sica l la b . 2600 2 -2 .1 /2 1550-1600 0*004

U nited S te e l  Cos,Ltd. 2000 2 1650 0£3 -  0*4

S h e ff ie ld  U n iv aris ty 2100 3 1650 0*9

Brow n-Pirth Research Lab.. 2100 2 1650 0 * 5 - 1

P resen t Work 2200-2300 7-8 1650 0* 06
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Temperature measurements were made by r a is in g  the  b a l l  stopper 

and focussing  the p rev io u s ly  mentioned o p tic a l pyrometer on the base 

of the inner c ru c ib le .

( iv )  The E x trac tio n  P eriod

During the ex tra c tio n  period  i f  the ev o lu tio n  of gas from 

the sa % le  takes p lace too  ra p id ly , th e re  i s  a  tendency fo r  the m etal 

bath  to  s p a t te r ,  and th i s  can le ad  to  low r e s u l t s  due to  imcomplete 

gas e x tra c tio n  from m etal p a r t ic le s  adhering to  the c ru c ib le  assembly 

and b a l l  stopper* In  order to  avoid t i i is  s p a tte r in g  e f f e c t ,  the  

tem perature was always lowered to  about 1400^0 before dropping a 

sample, and then  g radually  increased  to  th e  f i n a l  e x tra c tio n  tem perature^ 

which, from the p o in t of view of keeping the  e x tra c tio n  p e r io d , and 

th e re fo re  the blank c o rre c tio n  to  a minimum, should be as high as 

possib le*  However, i f  the e x tra c tio n  ton^serature i s  too high th e re  

i s  a p o s s ib i l i ty  of m etal v o la t i l i s in g  from th e  bath  and condensing 

on the cooler p a r ts  of the furnace tu b e , and t h i s  a ls o  can be the  

cause of low r e s u l t s  due to  ad so rp tion  of gas on th e  f re s h ly  

deposited  and higlily re a c tiv e  m etal film*

In the p re se n t work i t  was found th a t  an e x tra c tio n  

tem perature of 1650% y ie ld ed  reproducib le  r e s u l t s  while a number of 

runs made a t  1750% did not, y # l d  any more gas. During p re lim inary  

t e s t s  on th e  appara tus w ith  standard  s te e ls  of known o^grgen co n te n t, i t  

was found th a t  gas evo lu tion  from the  f i r s t  sample was very slow and
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th a t  the f in a l  r e s u l t  was always low sometimes by as much as 25 por 

G Q i i t .  To avoid e r ro rs  from th is  source, 4 to  6 g of Armco iro n  were 

always added to  the  c ru c ib le  and degassed, p r io r  to  the ad d itio n  of 

the  f i r s t  sample* In  t h i s  way a pool of m olten m etal \jas obtained 

which enable complete so lu tio n  and c a rb u r is a tio n  of the samples 

to  take p lace much more ra p id ly . By th is  technique gas ev o lu tio n  

from most samples v/as u su a lly  complete a f te r  about 15 to  20 minutes*

The performance of the Qquipment was checked a t  frequen t 

in te rv a ls  w ith  standard  s te e l  samples supp lied  by the Gases and 

Non-M etallic Sub-Gommittae of the  B r i t is h  Iron  and S te e l Research 

A ssociation* The two standards used, No. 6652/4 and No 784/4 had 

oxygen con ten ts of 0*0145 and 0*0105 per cen t re sp e c tiv e ly . In 

general re p ro d u c ib il i ty  m s  of the  order + 0*0005 per cent* (Table 8)

.Table.8 S tandard S tee ls

Standor d Oxygen Content Analysed Osygen Content

8652/4 0*0145 O' 0139 O' 0142 O'0147

784/4 0*0105 O' 0102 O' 0107 O'0107
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ALUMINIUM OXïaükN E(^UILIBKIà IN LIQUID IRON

1* In tro d u c tio n

Experim ental in v e s tig a tio n s  of the  r e la t io n s h ip  e x is tin g  

between alUBiinium and oxygen in  liq u id  iro n  have been Immpered by 

many of the d i f f i c u l t i e s  oomnion to  s tu d ies  a t  high tem pera tm es, fo r 

example, c o n tro l of the furnace atmosphere^ measurement and co n tro l 

o f temperature*, adequate co n tac t be tw eh  the d if fe re n t  phases 

p re sen t and r e te n tio n  of the equ ilib rium  com position of the 

d if fe re n t  phases a t  room temperature* In a d d it io n , the  value 

o f  experim ental work on aluminium do ox idation  i s  la rg e ly  dependent 

upon accu ra te  a n a ly t ic a l  techn iques. This fa c to r  has p a r t ic u la r  

relevance where experiments have been conducted a t  about 1600% , 

a t  which temperatiur-e the co n cen tra tio n s of both oi^gen and aluminium a t  

equ ilib rium  are  extrem ely low.

In th e  p re se n t in v e s tig a tio n , a n a ly t ic a l  u n c e r ta in tie s  

have been reduced by cou-rying out the experim ents a t  1 7 2 3 and 1623%.

At these  tem peratures the  equ ilib rium  aluminium and mygen concen tra tions 

in  the m elts were high enough fo r  accurate  a n a ly s is . E x trap o la tio n  

of the  d a ta  to  1 6 0 0 y ie ld s  a value fo r th e  deox idation  constan t 

which i s  probably  more r e l ia b le  tlian could have been obtained by a 

d ir e c t  experim ental determ ination  a t  1600^G using  the  p re sen t technique.

The experim ental method co n s is ted  of m elting e le c t ro ly t ic  

Iron  in  pure aliamina c ru c ib le s  under a c o n tro lle d  w ater-vapour/l^drogen 

atmosphere and holding i t  a t  constan t tem perature u n t i l  equilib rium  

was e s ta b lish e d  between s o l id ,  l iq u id  and gas piiaees* The m elts
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were then  quenched in  a stream  of co ld  hydrogen to  r e ta in  a t  room 

tem perature the equ ilib rium  concen tra tions o f aluminium and oxygen. 

Subsequently th e  m elts were anlXysad fo r these  elem ents and on th e  

b as is  of th e  r e s u l t s  ob ta ined , a  study m is  made of the e q u i l i to ia  

rep re sen ted  by th e  fo llow ing  equations»-

AlsCb(gj = 2A 1  ^ 3 0  Ki =, [ h x f i i o f , . . { ! )

AigQ)(s)*̂ ^̂ (g) ° % Ai 3ife0(g) % =[Ai] ^£Sa^*"(2)

 ̂ ™ ...........L/»oj

Data fo r a number of m elts which are  b e liev ed  to  have 

reached  equ ilib rium  a t  1723^ and 1823'^C a re  shoim in  Table 9 

to g e th er w ith  dor responding values fo r  , K» and % . The 

apparent equ ilib rium  r a t io s  a re  r e la te d  to  the tru e  equ ilib rium  

co n stan ts  fo r  the  th ree  re a c tio n s  through th e  a c t iv i ty  c o e ff ic ie n ts

fikl fo  ̂ where j  io  the a c t iv i ty  c o e f f ic ie n t  of

aluminium and ^  i s  the a c t iv i ty  c o e f f ic ie n t o f oxygen in  the 

te rn a ry  Fe-Al-G m elts . In  each case the  stan d ard  s ta te  i s  

such th a t  the a c t iv i ty  approaches the weight per cen t a t  in f in i t e  

d ilu t io n .
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Thus, 71.
s a

^ = L%iJ '[Go]

= N aI  X A l] . |^ '/^

“  * f à l  ■ f o    (*)

Ka = [ % l f ' &

%
~ '  J a i  . • • • . • «  ( 5)

and Kb 3 fgaO 1 _
P%

a
Adopting the method developed by Ghlpman e t  a l i a  and 

d iscussed  in  Chapter I I ,  each o f the  c o e f f ic ie n ts  andj^g

be expressed  as a product o f two fa c to rs» -
fCflO rco) 

f  A l lA l * JAl
^  ^co) r(&0

and j- 0 a  J 0 ‘ J  0
r(pe)

where i s  th e  a c t iv i ty  c o e ff ic ie n t of aluminium in  the binary
iro n  aluminium so lu tio n  of the same aluminium concen tra tion  
as the te rn a ry  so lu tion^

^  k s  the a c t iv i ty  c o e f f ic ie n t  of os^gen in  the b inary  iro n -
oxygen so lu tio n  o f the  same oxygen concen tra tion  as the
te rn a ry  so lu tio n )

jÇo)
Jfl^is a  fa c to r  rep re se n tin g  th e  e f f e c t  of oxygen on the 

a c t iv i ty  c o e f f ic ie n t  of aluminium)

and i s  a fa c to r  rep re sen tin g  the e f f e c t  of aluminium on the
a c t iv i ty  c o e f f ic ie n t of oxygen.

In the  fo llow ing se c tio n  a b x ià f  ^ tudy  i s  made of the 

re le v a n t d a ta  fo r  the iron-aluminrlura and th e  iron-oxygen binaryi
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systems and i t  i s  found th a t  in  the  p resen t case no g re a t e rro r
■ ' r(Q)

i s  in troduced  by tak ing  each of the c o e ff ic ie n ts  j^^and as u n ity .

2 . A c tiv ity  C o e ffic ien ts  in  th e  Iron-Aluminium and th e  Iron-Oxygen
Binary Systems

(a) The Xron-Alumin^um Binary system» From th e  data  o f  Ghlpman
87

and F lo r id is  on the d is t r ib u t io n  of aluminium between iro n  and s i l v e r ,
38

Wilder and E l l i o t t  have c a lc u la te d  a  value of 5*3 fo r th e  param eter 

w ith  re fe ren ce  to  iron-aluminium a llo y s  a t  16QQ?C. The 

value o f th is  param eter a t  higher tem peratures can be c a lc u la te d  on 

the  assum ption th a t  in v e rse ly  p ro p o rtio n a l to  the  ab so lu te

tem perature. At 1723^ and 1623*^C,^^^takes th e  values shown in  

Table 10.
M )

TABLE 10 E x trap o la ted  Values fo r  the P a r a m e t e r a n d  ,

Parameter

c -
Ô [ m ]

1600“G 1723®C 1623%

5" 3 5*0 4*7

0*048 0*045 0*042

The la rg e s t  d ev ia tio n  from id e a l i ty  w il l  occur in  those 

m elts co n ta in in g  the  g re a te s t  amounts o f aluminium, i . e .  in  h ea t 7 

a t  1723^ and heat 5 a t  1823% . The a c t iv i ty  of aluminium in  b inary  

iron-alum inium  a l lo y s ,  of the  same aluminivum concen tra tions as in  

m elts 7 and 5 , i s  c a lc u la te d  in  Table 11, from which i t  can be seen 

th a t  the maximum e f f e c t  o f ^  r e s u l t s  in  a change o f a c t iv i ty ,  which
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i s  w ell w ith in  the accuracy l im i ts  of the aluminium determ inations.

In  view o f t l i is ^ f a o t , i s  taken as u n ity , tiu ’ougliout the  ex p eri­

m ental range of the p re sen t study .

Table 11 A c tiv ity  of Aluminium in  Binary Fe-Al Alloys

Tsmparatura Al,Wt P e t logf^^L

1723°C O'0217 O'045 0*0010 1*002 0*0218

1823% 0*0666 0*042 0*0028 1'007 0*0670

11
lb )  The I f  on-Oxygen Binary Bvstemt F lo r id is  and Chipman have 

found th a t  the a c t iv i ty  c o e f f ic ie n t  of oxygen in  iro n  a t  1600% 

i s  given by#-

log  = -Q '20[?S o]

Asevuning tliat 2^ Is  invarsoly proportional to  tho absolute

tem pera tu re , the value of the param eter a t  1723^ and 1823^0 i s  -0*19 

and -0*18 re s p e c tiv e ly . In  th i s  case the  la r g e s t  dev ia tions 

from id e a l i ty  w il l  occur in  those  m elts con ta in ing  the g re a te s t  amounts 

o f oxygen, i . e .  in  heat 15 and 10. In Table 12 oxygen a c t iv i t i e s  a re  

c a lc u la te d  fo r  two b inary  iron-oxygen a llo y s  o f  the same oxygen content 

aa m elts 15 and 10* The r e s u l t s  of th ese  c a lc u la tio n s  show th a t  the
rCo)

maximum e f f e c t  of i s  very much le s s  than  the  e r ro r  l im its  p laced  

on the  oxygen analyses*.' In the oxygen co n cen tra tio n  range of the 

p re se n t study  th e re fo re , the e r ro r  in troduced  by tak in g  as  u n ity  

i s  n e g lig ib le .
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TABLE 12 A c tiv ity  of ̂ Qsiygen in  Binary Fe-Q A lloys

Tenderature 0 ,Wt Pot 2 ^ ^  lo g  ^

1723% 0* 0050 -0*19 -0*0010 0*9977 0*00499

1823% 0*0107 -0*18 -0*0019 0*9956 0*01065

Thus w ith in  tho range of com position o f iron-alum inium -

Qxygen a llo y s  encountered in  th e  p resen t work, v a r ia tio n s  in  the

a c t iv i ty  c o e f f ic ie n t  of oxygen iiave been a sc r ib e d  e n t i r e ly  to  the

e f f e c t  o f aluminium, and v a r ia tio n s  in  the a c t iv i ty  c o e f f ic ie n t o f

aluminium e n t i r e ly  to  the e f f e c t  of oxygen*
Cfl̂ )fo“ fci .e .

■ ”

and equations 4 ,  5 and 6 may be re w ritte n  in  the form t-
/ f (pi) /’ (ft̂  )

lo g  Ki « log  Ki *  2 lo g  j ^2 + 3 log  j g  . . . . . . f? )
/ f  . k

lo g  %  C log %  f  2 log  Tax . . . . . . ( 6)
/ f  (ft̂ ) y .

lo g  iQs ^  lo g  K3 — log  iq  \ 9^

3. Aluminium-Oxy^en In te ra c tio n  in  Liquid Iro n .

The equ ilib rium  co n stan t fo r  the re a c tio n * -

% (g ) * 5  = % 0(g)

may be expressed  in  the  form*

log  % =! lo g  ï<e -  lo g  f®
= log  -  e ^ f A i ]  

i.«. log % §Ai] + log %
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In Fig* 15 a  graph i s  p resan tod  of log  v  fAl]*

A curve, im plying a v a r ia t io n  in  e ^ ^ i t h  aluminium co n cen tra tio n  

would be a  p o ss ib le  re p re se n ta tio n  of the d a ta , but th e  l a t t e r  i s  no t 

s u f f i c ie n t ly  p rec ise  to  w arrant th is  treatm ent* The g rad ien ts  o f 

the two l in e s  y ie ld  values fo r the  param eter € o ^ f  -3*45 and -2*04 

a t  1723^ and 1823% re sp e c tiv e ly . The in te rc e p t  a t  zero per cen t 

aluminium re p re se n ts  log  but a more accu ra te  value w i l l  be ob ta ined

a f te r  e s ta b lish in g  average values fo r the param eter
‘,1,1

The d a ta  of F lo r id is  and Chipman fo r % in  aluminium

fre e  m olts ate a lso  inc luded  in  Fig*. 15* According to  equation  [9 ] , 
a c t iv i ty

th e /c o e f f ic ie n t  o f  oxygen, f  , could be determ ined qu ite  s in p ly  by

d iv id ing  each experim ental value fo r  % by % * Using the values
(pÔ 

>0

shown in  Table 13* Their p o in ts ,  th e re fo re , a t  zero per cen t aluminium
(pf)
o

of F lo r id is  and Chipman fo r % gives th e  vary low values fo r

are  ignored  in  drawing the l in e s  and values fo r j_ a re  determ ined

independently  on the b as is  o f the p resen t work*
f M  (RÔ /

Table 13 G alou lation  o f To Using the Eagjresslom logfo s= log  - lo g  K» 

Temperature

1723»C

1823

Heat No Log lo g  % log  f f rCmf)
I o'

7 0*118 O' 335 -O '217 0*61

12 01149 0* 335 -O '166 O' 65

31 0*204 0* 335 -0*131 0*74

15 0*236 O' 335 -O' 099 O '80

5 -0*081 0*170 -0*251 O' 56
2 -0* 043 0*170 -O '213 0*61
0 -0* 032 0*170 -O '202 0* 63
9 ^0* 006 0*170 -O '164 0*69

10 +0* 037 0*170 -O '133 0*74
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To I l l u s t r a t e  th e  s e n s i t iv i ty  of the p l o t ,  l im its  are  

shown which re p re se n t e r ro rs  of ^  0*0005 per cen t in  the oxygon 

an a ly sés . The e f fa o t of an e rro r of ^ * 0 3  iim. Hg in  the p a r t i a l  

p ressu re  o f water vapour would le a d  to  a maximum e rro r  of only 

^0* 005 in  log  and s in ce  th i s  maximum would occur in  m elts a t  

the  low est oxygen le v e ls^  where the e r ro r  l im i ts  fo r  log  K3 are  

g rea te s t^  th e  e f f e c t  i s  disregarded*

Values fo r the  param eter a lso  be determ ined from

co n s id e ra tio n  o f the r e s u l t s  ob tained  fo r the ra a c tio n  rep resen ted  

by equation  [ 1]

i , e ,  ^ 30
Î3 3

The equ ilib rium  co n stan t for th is  r e a c t io n , Ki == i ^ k l ]  * [®oJ
ae

may be expressed  in  the  follow ing way * w ith  th e  a id  o f equation  7*- 

lo g  Ki =  lo g  14 *  2  1 o g fj^  +  3 log  f  Q

a log  + 2 € a i[5^] + 3 6 q [%A1]

And from equation  [0] of Chapter I I

% ^ 3  ̂ = where Mi i s  the atom ic weight of i

e m  = g  €   (10)

T h u s  l o g  K i  =  l o g  K i '  f  3 , 3 7 5 6 0  [ ^ 0 ]  ♦  3 6 0  [ A i )

1 . 0 . l o g  K i '  = - 3 6 0  ( 1 * 1 2 5  [ 5 ^ 0 ]  +  [ ^ A l ] )  .!• l o g  K i  . . . . . . . . . . . . . . . . ( 1 1 )

Values fo r the expression  (1*125 [%0] f  [ A l ] )  

are  c a lc u la te d  in  Table 14, and a graph of log  li± v  (1*125 [%0] + [A l] )  

i s  shown in  Fig* 16.
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f e t a  f o r .P lo t  o f  log  (1-12S > 1 ^ 1 )

Ism perature Haa-fc 0,H t P e t 1.125[^0] Al,Wt P a t (l*125[7;0]+['À l])lo |{ k/
No.#*=!T  ....

1723%

1823

7 0* 0027 0*0030 0*0217 0*0247 -11*03

12 0*0035 0*0039 0*0105 0*0144 -11*33

31 0* 0041 0* 0046 0* 0060 0*0106 •*11*61

15 0*0050 0*0056 0*0030 0*0086 -11*95

5 0*0042 0*0047 0*0666 0*0713 -  p*48

2 0*0055 0*0062 0* 0326 0*0390 -  9*75

8 0*0070 0*0079 0* 0227 0*0306 -  9*75

9 0* 0066 0*0097 0*0098 0*0195 -10*21

10 0*0107 0*0120 0*0073 0*0193 -10*19

The l im i ts  shomi on the graph re p re se n t e r ro rs  of

(+•0005^0, 0005^1) except in  the ;case of h ea ts  12 and 31, where

th e  p o ss ib le  e r ro r  in  the  aluminium analyses i s  ^  *001 per cent* The

g rad ien t o f the  l in e s  i s  eq u iv a len t to  y ie ld s  values fo r

of *3*15 and ~2#?3 a t  1723° and 1823°G resp ec tiv e ly #  Again a  value

fo r  thB  equ ilib rium  c o n s tan t, in  th i s  case K i, could be ob ta ined  from

the in te rc e p t  o f the  l in e s  a t  sero  per cen t aluminium and oxygen,

however I as b e fo re , a  more accura te  value w il l  be obtained a f te r
jRf ̂

e s ta b lish in g  average values fo r  the param eters and

In  Fig# 17, the two s e ts  of values which have now been 

ob ta ined  fo r  (2o are  p lo t te d  ag a in s t the re c ip ro c a l of the  abso lu te
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tem pérature and the beet s t r a ig h t  l in e  drawn through them. Although 

the two s e ts  of d a ta  are  no t e n t i r e ly  independent in  th a t  both  

involve cuggen an a ly ses , the  f i r s t  s e t ,  derived  from g'ig. 15, demands 

a knowledge of the gas com position, while the second does n o t.

S u b s titu tio n  o f th e  average values ob ta ined  fo r 6 p in  equation  [10] 

itc*  2 7^ 0 / 16, y ie ld s  values fo r the param eter C ^ f  *5*56 and #4*03

a t  1723"  ̂ and 1823*^0 resp ec tiv e ly *  Inform ation  on the  param eter 

could a ls o  be ob ta ined  from co n sid era tio n  of the  reaction»-*

Al^Cb^gj + 3 1 % ^ c  2 M  t

s in c e , according to  equation  [8 ] ,  the eq u ilib riu m  co n stan t fo r th is  

r e a c t io n , can be expressed  in  the form*-

log  % = lo g  Ka + 2 lo g

i . e .  lo g  Kg ^  + log  %

A graph o f log %  v [?îO] i s  shown in  F ig , 18. The l im its  

shown on t h i s  graph take in to  account the e f f e c t  of e r ro rs  from two 

sources*

( i )  A n a ly tic a l e r ro rs  of j  0*005 per cen t in  the determ ination  of 

aluminium except in  heats 12 and 31, where the e rro r  i s  about 

f  0*001 per cen t.

( i i )  E rro rs  of j  0*03 mm merciu^y in  the p a r t i a l  p ressure  of w ater-vapour.

The second fac to r  i s  included w ith in  the  l im i t s ,  ainco in  

th i s  in s tan ce  the  e f f e c t  of such an e rro r in  the  gas com position, would 

be g re a te s t  a t  low water-vapour/liydrogen r a t i o s ,  i . e .  in  heats where 

th e  aluminium co n cen tra tio n s are  g re a te s t  and the e r ro rs  a s so c ia ted  

w ith  the  aluminium an a ly ses , l e a s t  s ig n if ic a n t .
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îhQ Xiïies drawn tlirough the  d a ta  in  F ig , XB Imw g rad ien ts  

which a rc  equ ivalen t to  where (2̂®̂ hae the values c a lcu la te dwe fig
previously# I t  i s  ev id en t, however^ th a t  th e  d a ta  when p resen ted  in  

th i s  form, does no t y ie ld  accu ra te  values fo r the param eter 

&Ï the fo llow ing se c tio n s  th e re fo re  the values adopted fo r the 

param eter C ^ a r e  those derived  fro h  the average values fo r

In  Fig* 19, the  d a ta  fo r  6 and a re  e^ctrapolated to  

1 0 0 0 ,  and the average ■^mlues fo r the param eters a t  se v e ra l 

tem peratures are  c o l le c te d  in  fab le  15. The corresponding va.lues
36

ob ta ined  by Gokoen and Ghipman fo r  the various param eters a re  a lso

included  in  F ig 19 and Table 15* From the vario u s r e s u l t s  i t  i s

TABXiEI 15 In te ra c tio n  Parameterg^of Aluminium and Oxygen in  L iquid  Iron

Param eter 1600^0 1723^0_________ 18g3^0________
Gokoen P resen t Gokoen P re sen t Gokoen P resen t 

and Work and Work and Work
..................... Qltipnian

€ o  '  àJ>efaJbZl.f (̂'l -12 

£o^ f'lfl'f -13/

Chlpman Chim an

60 -7*9 ^3# 30 < *  9 •2*39

-7^75 -5*56 -8*2 -4*03

-512 ^880 -367 -545 -266

ev iden t th a t  the d ata  from the p re sen t study y ie ld  values fo r th e  

d if fe re n t  param eters which are  no t quite so la rg e  a s  those of Gokoen 

and Ghipman* Both s e ts  o f d a ta  agree th a t  th e re  i s  a la rg e  negative  

d ev ia tio n  from Hom*y*s Law in  the  l^e-Al-O system , which i s  in d ic a tâ te  

o f a Mgh Al-O bonding energy* The discrepancy between the  two se ts  

o f  data  can be a t t r ib u te d  m ainly to  the ezperim ental d i f f i c u l t i e s  a t
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low conoen tra tions o f  aliuainiiim and oinygQn,

ïhQ negativQ values fo r the param eter C^^^lmply th a t  as 

the aluminium co n cen tra tio n  increases^  tlis a c t iv i ty  c o e ff ic ie n t of 

oxygen decreases^ from which i t  follow s th a t  aluminium does no t 

fu n c tio n  so m H  as a  deoxid iaer a t  higher co n cen tra tio n s as one 

might expect from co n sid era tio n  of i t s  heijaviour a t  lower co n cen tra tio n s , 

Froa a  p h y s ic a l standpoint^ th i s  phenomenon can be exp lained  in  terms 

o f an a s so c ia tio n  botvxeen the aluminium and oxygen so lu te  atomst

In  the case of a  simple iron-^-oxygen s o lu t io n , each oxygen 

atom is  surrounded by a c e r ta ih  nuanber of iro n  atoms which share the  

iron-toxygen bonding e n e r ^ .  When aluminium i s  p re s e n t, the  bonding 

energy between the aluminium and oj^gen i s  g re a te r  than tlm t between 

the  iro n  and oxygen w ith the r e s u l t  th a t  the r a t i o  o f aluminium atoms 

to  iro n  atoms i s  g re a te r  in  the v ic in i ty  of oxygen atoms than  in  th e  

bulk o f tW  so lu tion# As the  aluminium co n cen tra tio n  incroasoss th i s  

e f f e c t  be comes more s ig n i f ic a n t ,  and as the oxygen atoms become more 

and more f irm ly  bonded, the  oxygon a c t iv i ty  decreases.

Another fa c to r  which probably c o n trib u te s  to  the la rg e  

negative d ev ia tio n  from id e a l i ty  i s  a s so c ia te d  w ith  th e  la rg e  Al#,Fe 

bonding energy, an in d ic a tio n  of which i s  the high p o s it iv e  value
(f\£)

o f 5*3 ob ta ined  fo r  from a study of i r  on*aluminium a llo y s  a t
eg

1600^0 • In  such a l lo y s ,  as the aluminiuja co n cen tra tio n  in c re a s e s |

the com petition  fo r iro n  atoms in  the n e a te s t neighbour s h e l l s ,  a lso  

in c re a se s , w ith  the r e s u l t  th a t  the  a c t iv i ty  of aluminium gradually  

in c re a se s .
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In  Fe-Al-Q s o lu t io n s , t h i s  e f f e c t  i s  conceàled by A l-0 

in te r s o lu te  a t t r a c t io n ,  bu t must s t i l l  be p re se n t and i t  has been 

suggested  th a t  in  such te rn a ry  so lu tio n s , th e  surrounding of 

aluminium atoms by iro n  atoms occurs, as w e ll as the  surrounding of 

oxygen atoms by aluminium and iro n  atoms* The strong  a t t r a c t io n  

between any two such a t  «nie groupings, or p o ss ib le  even th e ir  coming 

to g e th e r , wiiich might bé considered as a so lu t io n  o f  A1Û would account 

fo r the la rg e  negative value of £ ^ 9

4 * E quilibrium  Study of the Reaction»^ ^

The v»lues fo r  the  equilib rium  constan t % ,  shown in  

Table 16, a re  ca lcu la ted ^u sin g  the  follow ing eq u a tio n s i-  

F^om equation  [9] log  -  log  * log

i*8*log % = log

FTora S ection  3 , a t  1723^0 lo g  % a  log  f  3*3 ]^ â l]  

and a t  1823^G log  % a  log + 2*39 [f<A l]

From Table 16 i t  can be seen th a t  a t  1723^ and 1823°G, 

log  Kq has the  values 0*21 and 0*04 re sp e c tiv e ly  w ith  an es tim ated  

u n c e rta in ty  o f  f  0* 06 in  the f i r s t  case and jh *03 in  the second* 

E x trap o la tio n  o f the l in e s  in  Fig# 15 to  aero per cen t aluminium 

y ie ld s  values o f 0>:22 and 0*04 a t  the  same tem perature le v e ls .



82.
i .  PllaO

JABllS 16 C a lcu la tio n  o f the Equilibrium  Constant K* = [ sq] pj|

Temperature Heat No. Al,Wt Pot -lo g fo Log lo g  %

1723% 7 0*0217 0*072 0*116 0*190

12 0*0105 0*035 0*149 0*184

31 0*0060 0*020 0*204 0*224

15 0*0030 0*010 0*236 0*246
Average 0*21

1823% 5 0*0666 0*159 -0*081 0*078

2 0* 0328 0*078 -0*043 0*035

8 0*0227 0*054 -0* 032 0*022

9 0*0098 0*023 .0*006 0*029

10 0*0073 0*017 ♦0*037 0* 054
Average 0*04

In F ig . 20 the  average values fo r lo g  % from Table 16 are  

p lo t te d  a g a in s t the r e c ip ro c a l o f the ab so lu te  tem perature. A lso

included  fo r com parison, a re  the r e s u l t s  o f a  number o f o ther s tu d ie s .
t o

The e a r l i e r  d a ta  shown, th a t  o f Dastur and Ghipman were based on a

number o f h ea ts  made in  the tem perature range 1563^ to  1760^G, in  which

the oxygen concen tra tions d id  no t exceed 0*06 per c e n t. S lig h tly
11

lower values fo r  log  % were ob tained  by F lo r id is  and Ghipman from

se v e ra l h ea ts  a t  1550^ and 1600^G. They found tlm t the e f f e c t  of

tem perature on the equ ilib rium  constan t was adequate ly  rep resen ted ,

by a l in e  drawn through th e i r  d a ta  p a r a l le l  to  th a t  o f Dastur and
1»

Ghipman. In  Gokeen*s in v e s tig a tio n  the maximum experim ental 

te n d e ra tu re  was 1600^0 and in  th e  case of 3amarin e t  a l  1645%.
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When the various d ata  are  ex tra p o la te d  to  higher tem peratures 

a s  shown in  f i g .  20 , i t  i s  found the.t the values fo r log % derived  

f r m  the p re se n t work are  about 0*13 lower than  those of F lo r id is  

and Ghipman, On th e  o th er hand they exceed the values of 8amarin e t  a l  

by only 0* 02 a t  1723® and 0*08 a t  1623®G* The g re a te r  d iffe ren ce  

between the  values a t  the higher tem peratu re, d e sp ite  the s l ig h t ly  

c lo se r l im i ts  p laced  on the value of log % a t  1823®G, may be due in  

p a r t  to  m agn ifica tion  o f e r ro rs  in troduced  by e x tra p o la tio n  o f the 

data  from 1645®C.

Also inc luded  In  F ig , 20 are  two s e ts  of values for log K3 a t
36

1760® and 1866®G deduced from th e  data  of Gokoen and Ghipman , The

higher v a lues re p re se n t the  l im itin g  values o f log  % a t  zero per cen t

aluminium obtained from a graph o f log K3 v; [ ^ I j .  When compared

w ith  the  b e s t da ta  a v a ila b le  a t  th a t  time fo r log  % , namely the d ata
10

of Dastur and Ghipman , th e i r  values of 0* 16 and -.0*03 were low to  the  

ex ten t o f 0*12 and 0*16 a t  1760® and 1866®G rasp ec tiv e ly *  Although th e  

au thors were unable to  ass ig n  d e f in ite  causes for the d e v ia tio n s , they  

d id  p o in t out the  p o s s ib i l i ty  th a t  th e i r  r e s u l t s ,  which were a l l  a t  

vary low oxygen co n cen tra tio n s , might co n ta in  some sm all system atic  

e rro r  which could make th e ir  values fo r log  % ,  s l ig h t ly  lower than  they 

should be.

In  Table 17 average values are  c a lc u la te d  for log  % ,using  the

experim ental d a ta  of Gokoen and Ghipman fo r log to g e th er w ith
AffO

values fo r  the  a c t iv i ty  c o e f f ic ie n t  of oxygen, , based on the values derive# 

fo r the param eter 0 o^kn the  previous sec tio n .
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f ip m S a f . 1m );.

T snçw atu rs1 Al,Wt Pot
AfiO 

*-l0g |Q lo g  Kg log  %

1760% 0*008 0*024 0*167 0*191

0*008 0*024 0*057 . 0*081

• 0- 0150 Of 044 0*057 0*101

0*023 0*068 0* 000 0* 066

0*019 0* 056 0.021 0*077
Average 0*10

1866% 0*0085 0*017 «0*097 «0*080

0*0066 0*017 «0*208 «0*191

0*0 MO Ot 046 «0*051 -0* 005

0* 0260 0* 052 «0*167 «0*115

0*0570 0*114 «0* 366 «0*252
Average -0*13

As can be seen from F ig. 20 these average values for log  % are in
'X ■5:

very good agreement w ith  the ex trap o la ted  d a ta  of Samar in  e t  a l i a  

which i s  rep re sen ted  by the equation

log  Kg a  9440/Ï -* 4* 536

At tem peratures of approxim ately 1650® -  1600®G, the  

d a ta  of F lo r id is  and Ghipman and Samar in  e t  a l i a  a re  in  reasonable 

agroeraent* The data  o f th e  l a t t e r ,  however, in d ic a te  a g rea te r  

tem perature dependence fo r lo k  % , so th a t  as the  tem perature in c re a se s , 

the d iffe ren ce  between the two s e ts  of values fo r  log  % becomes 

in c re a s in g ly  s ig n if ic a n t .

From the r e s u l t s  of the p re se n t s tu d y , together w ith
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the re ca lo iila te d  d a ta  of Gokcen and Ghipman, I t  i s  apparent th a t  for 

tem peratures above 1700®G th e  equation proposed by Samar in  e t  a l i a  

i s  in  b e t te r  agreement w ith  the p resen t experim ental d a ta  th an  

tlm t of F lo r id is  and Ghipman,

5, E quilibrium  Study of the R eactiom  ^ A i +

The e f f e c t  of oxygen on the equ ilib rium  r a t io  fo r the above 
i s

reac tio n , tfi.Kg ,/shown in  F ig , 18, E x trap o la tio n  o f the  d ata  to  zero

per cen t oxygen y ie ld s  values fo r  log  K» which a re  su b jec t to  an

u n c e rta in ty  o f j^*5* More accu ra te  values, fo r  the equ ilib rium

co n stan t can be c a lc u la te d  from the  experim ental values fo r log Kg

w ith  th e  a id  o f  th e  fo llow ing  equations. The r e s u l t s  o f th is

c a lc u la tio n  a re  shotni in  Table 18, and Fig* 21,

 ̂ O i
fî̂From equation [ 8] ,  log  Kg = log Kg 2 lo g

= log Kg + 2 

From S ection  3 , a t  1723®G log  Kg lo g  « 11*12 [^!0]

and a t  18230C log  Kg = log  Kg -  8*06 [^0]

The only experim ental data  pub lished  fo r th i s  re a c tio n
36*

is  th a t  o f Gokcen and Ghipman Their values fo r log % were
oxygen:

taken  a s  the  lim itin g  values o f  liogKjat zero per cen t/from  a graph

s im ila r  to  t i i a t  shown in  Fig* 18 and were su b je c t to  an u n c e rta in ty  

of JK 0*5, Using th e i r  d a ta  fo r log  K» a t  1695, 1760 and 1866®G
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a
TABLE IB C alcu la tio n s of th e  Equilibrium  Constant Kg a  [

Temperature Heat Mo 0,H t P et -2  l o g ^
/

« lo g  Kg " log  Kg

1723®G 7 0* 0027 0*03 10*68 10*71

12 O' 0035 0*04 10*88 10* 92

31 0*0041 0*05 10* 99 11*04

15 0* 0050 0* 06 11*24 
Average Value

11* 30 
« 10* 99

1823®G 5 0* 0042 0*03 9*73 9*76

a 0*0055 0*04 9* 88 ^*92

• 8 0* 0070 0*06 9*85 9*91

9 0* G086 0*07 1 0*20 10*27

10 0*0107 0* 09 1 0*08 
Average Value

10*17 
^ 10*01

to g e th er w ith  values fo r C^iieduoed iTom F ig , 19 , average values 

fo r  the equ ilib rium  con stan t are  redeterm ined (Table 19) and inc luded  

in  F ig . 21,

The s t r a ig h t  l in e  û tm m  tlirough the d a ta  in  F ig. 21 i s  

rep re se n te d  by th e  equation»"

lo g %  = -^2 |622  + XQ.9

which was c a lcu la te d  from ava.ilable thermodynamic d a ta  in  the  follow ing way* 

From data  fo r th e  heat and f re e  energy o f form ation o f alumina given by
74:

B33lott and G le iser fo r  th e  tem perature range 1800® to  23Q0®K*«

2A1K)+ I  08(g) A Q °=  400,900 -  76.6 T c a l . . . . [12]
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TABLE 19 C a lcu lâ t ion  of th e  Equilibriiini G one ta n t  Kq , uslnR Values f  or
»iiw,>niim»iHini.w II mil!,* lü ii ii ii him m i .11 1— W  m  ■ j hwihp.  A.» * ifa w n w i..* ^ * w iii i» < m n —

?rom iiQj

Temperature 0 , Wt P et « 2 log - lo g  Kg 'log  Kja

1695%

1760%

1866%

MW##!##***##

0* 0065 0* 078 10*889 10* 967

0* 0052 0* 062 11*153 11*215

0*0038 0*046 11-126 11*172

0*0032 0* 038 11*278 11* 316

0*0026 0* 031 11*472
Average Value

11^*503 
C 11*23

0* 0065 0* 065 10*250 10* 315

0* 0062 0* 062 10* 650 10*712

0* 0046 0*046 10*467 10* 533

0* a)38 0* 038 10* 538 10*576

0*0036 0* 036 10*710 
Average Value

10*746 
= 10* 68

0*0164 0*115 9*799 9* 914

0*0155 0*109 10*187 10*296

0* 0080 0* 056 9*719 9*775

0* 0076 0* 053 10*022 10* 075

0*0057 0* 040 10* 319
Average Value

10*359 
^ 10*08
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38

H ilder and E l l i o t t  gave th e  a c t iv i ty  c o e ff ic ie n t  of

aluminium in  l iq u id  iron^ a t  in f in i t e  d i lu t io n ,  on a mole f ra c t io n

has la  as =: 0*064 a t  ISOQ^C, Conversion from a s tandard  s ta te  of

u n it  mole f r a c t io n  to  one of u n it  weight per cen t involves a change
7 6

in  s tan d ard  f re e  energy, given by i -

= M  (:^) •,A a‘̂  = 4*575 Î  log  c a l

= - 10,^00 -  7#7 f  c a l  assuming
reg u la r behaviour

For 2 Al^^^= ^ ( f „ )  -, AG" = -20,400 -  15*4 Ï  c a l ................ [13}

The fre e  energy of form ation  of water vapour in  the tem perature
7 4

range 1800^ » 2300^K i s  g iven by »*

4 I  ::: % ^(g) ') A = -GO,285 ^ 14* OT c a l .  . .[1 4 ]

. .  3% (g) + |0 « (g )  -  3HaO/g\ i A 0“ =5 -180,855 + 42*0 Ï  o a l . . [ l 5 ]

Combining equations [1 2 ], [13] and [15] gives*-

AlsQi(s)-*- % ( g )  = 2 ^  + 3îfeO(g)iAO° = +199,645 -  50-0 T c a l

and log %  = ^ '1 *̂ 20 + 1 0 .9 ................ [16]

As can be seen from Fig 21, w ith th e  p o ss ib le  exception  of 

th e  p o in ts  a t  1866*^0, th e re  i s  good agreement between the two s e ts  

of experim ental d a ta  and the  s t r a ig h t  l in e  rep re se n ted  by equation  [16] 

derived  from thermodynamic d a ta . Even a t  1866% , th e  re c a lc u la te d  

value fo r  lo g  %  d if f e r s  from th a t  of the  equation  by only 0* 5 

which i s  s t i l l  w ith in  the l im its  p laced  on th e  o r ig in a l  d a ta  by 

Gokcen and Ghipman*
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6, ^Equilibrium Study of the React lo rn -  / g\ =: 2 M  + SO

Approxirnate values fo r the  deoxidation  co n stan t o f aluminium a t  

1723'^ and 1823^0, could be ob tained  from the l im itin g  values o f log 

k/  a t  gero oxygen and aluminium concen tra tions on the graph shotm in  

fig*  16* However, more accurate  values can now be c a lc u la te d  as

shovm in  Table 20 using the values e s ta b lish e d  f o r^ ^ \n d  6 ^^ to g e th e r
Rf

w ith equation  [7]&- 

i* e* log  Ki := log Ki"
r (o')

+ 21og t  A1 + a lo g  IQ

= log  l i l ♦ 2 ^  [?̂ 0] + s e r i N

From S ectio n  3
a t  1723%, log Ki =5 log %' -  11.1,2 [%0] — 9- 90 %A1]

a t  1823% , log Ki a log  Ki # 6.06 [^0] — 7- 17 [:&1]

TABXiE 20 C a lcu la tio n  o f the Equilibrium  C onstant Ki -  [% l] *

Temperature Heat No 0 , Ht P o t A1 Wt P et -3 lo g jg
Jo) ,

*2 l o g ^  - lo g  Ki -logKj,

1723% 7 0#0027 0.0217 0 .22 0-03 11-03 11-26

12 0  ̂0035 0.0105 0 .10 0- 04 11- 33 11-47

31 0*0041 0.0060 0.06 0- 05 11- 61 11-72

15 0* 0050 0.0030 O' 03 0- 06 11- 95 
Average Value = 11* 53

12-04

1623% 5 0*0042 0* 0666 0*48 0-03 9-48 9-99

2 0* 0055 0*0328 0.24 0-04 9-75 10-03

8 0# 0070 0.0227 0.16 0-06 9 .75 9-97

9 0#0086 0.0098 0*07 0-07 10-21 10-35

10 0* 0107 0-0073 0- 05 B '09; 10-1:9 
Average Value a 10-13

10-33
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A graph of log  Ki v  la  shown in  F ig . 22* The

lin e  dz'awn through the data  of the p resen t study corresponds to

the eq u a tio n i-
.  „  -SSoSgO. + 19-67  [171
log  Ki  ̂ J
Also included  in  F ig 22 fo r comparison, are, the  r e s u l t s  

o f a  number of o ther in v e s tig a tio n s . The r e s u l t s  of tliree of 

the  e a r l i e r  s tu d ie s , a l l  of which liave been mentioned in  Gha.pte r I I I ,  

can be rep re sen ted  by the fo llow ing equations*-

Hentrup and Hieber , lo g  Kî  ^  »*Zixé2S«* +27*98 .* ••  [16]

Go l i a r  and lo g  l<k' ~ ^ S |S 2 9  + 18*90 . . . .  [19]

H llty  and Crafiis , lo g  Ki' = + 2 2 * 7 5 . . . . .  [20]

I t  should be noted th a t  i n  each of the above eq u a tio n s,

the deox idation  product i s  expressed in  terms of weight concen tra tions 

and no t a c t i v i t i e s .  In  each case the equations are  v a lid  fo r  the  

tem perature range 1600^ ^ 1700%.
36

In the  more re c e n t work rep o rted  by Gokcen and Ghipman , 

average values fo r  Ki were c a lcu la te d  from experim ental values o f  

log  K± , by a  method s im ila r  to  th a t  used in  Table 20. Their

values were in  good agreement w ith  an equation c a lc u la te d  from
37

thermodynamic d a ta  , although they  d id  in d ic a te  a  s l ig h t ly  sm aller 

tem perature c o e f f ic ie n t .  However the experim ental d a ta  were not 

s u f f ic ie n t ly  p re c ise  to  ju s t i f y  a l te r in g  the slope of the c a lc u la te d  

lin o  which was rep re sen ted  by the fo llow ing  equation*-

log  Ki a  -*64:^000 + 20*48   [21]
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In  thiB case tlia deoxidation product i s  exprecsad in  

terms o f a c t i v i t i e s .  The c h ie f  u n ce rta in ty  in  the c a lc u la tio n  

o f equation  [^1]  ̂ was the a c t iv i ty  c o e f f ic ie n t  o f aluminium in

l iq u id  s te e ly  The b e s t data  then a v a ila b le  was th a t  o f
se . a

Chou and E l l i o t t  who est:hnated a value fo r  Opgof 0*043 a t  1600*^0.

In Table Gokcen and Ghipman's average values fo r  log Ki aro

re c a lc iila te d  using the values fo r and from the  p re se n t study.

The two s e ts  o f d a ta , the o r ig in a l  and the re c a lc u la te d ,

a re  inc luded  in  Fig* A lso sliotm axe two values fo r the

deoxidation  constan t a t  IGOO® and lYOO'-'G c a lc u la te d  by I^ingenberg
30

and Ghipman from the r e s u l t s  o f th e ir  study on the  aluminium 

conten t o f  carbon s a tu ra te d  iro n  in  equ ilib rium  w ith  pure alumina.

The two c a lc u la te d  l in e s  given in  F5-g* 22 ore based 

on the  Imown heat of form ation of alumina  ̂ the  a c t iv i ty  c o e ff ic ie n t
8S

of aluminium in  iron-alum iniura a llo y s  , and the  f re e  energy of

s o lu tio n  o f oxygen in  l iq u id  iro n  as deduced from the data  o f
11

(a) Samar in  e t  a l  and (b) F lo r id is  and Ghipman . The equations 

fo r  the  two l in e s  were c a lc u la te d  in  th e  fo llow ing  manner*
76

From the d a ta  c o lle c te d  by K13.iott and G leiser , the  

f r e e  energy of form ation  of in  the teniperature range 1800^ -

i s  g iven by*-

AIbQî(b) "• 2 *1( 1) I  % (g) ' ^  “  400,900 -  76*6 T c a l

From equa tion  [ l 3 l , S A lfi\ a  2 ^ { % )  1 A g^ «  .^20,400 ^ 15*4 T c a l
 ̂  ̂  [13]



9S.
TâBIiE G alcialation of the Equilibrium  Constant Kl . using

Value fo r I t /  from Ref, (36)

Tamperature 0,Vlt P e t A l, Wt P e t -3 Ipg-f^ *̂*2 *log ï<i - lo g  %,

1695%

1760^0

1866%

0#0065 0* 0038 0*041 0*078 11*41 11* 53

0^0052 0* 0045 0*049 0*0622 32* 55 11*66

Of 0038 0* 0073 0*079 0*04-6 11*54' 11* 66

0* 0032 0*0125 0*135 0* 038 3a* 29 11*46

Q« 0026 0*0104 0*177 0* 081 11* 32 11*53

Average ™ 11* 57

0#0065 0* 008 0*071 0* 065 10*75 10*89

O' 0062 0* 008 0* 071 0* 062 10*82 10* 95

O' 0046 0*015 0*133 0*046 10* 66 10*84

0* 0038 0*023 0*204 0*038 10*54 10*78

0*0036 0*019 0*168 0*036 10*79 10*99

Average ss 10*89

O' 0164 0* 0085 0*051 0*115 9* 50 9*67

0*0155 0* 0086 0* 052 0*109 9* 56 9*72

0*0080 0*0230 0*138 0* 056 9*57 9*76

Q* 0076 0*0260 0*156 Q* 053 9* 53 9*74

O' 0057 0* 0570 0* 342 0*040 9*22 9*60

Average =: 9*70
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14-

?rom th e  data of Samar in  e t  a l

% (g) 0_ ^  % 0(g) a  -43,200 + 20*8 T c a l
.*•***[22]

From equation  [1 4 ], % / % % , \ ? Ĥoj A 0^ -  ^60,285 14*0 T c a l
[g] -  - (g )  (ÏÎ ...* * * [1 4 ]

Combining equations [22] and [14] gives the fo llow ing expression  

fo r the  f re e  energy of so lu tio n  of oxygen in  l iq u id  iro n , where 

the  standard  s ta te  i s  taken  as the 1 per cen t d i lu te  so lu tion» -

Z
(k 0 (%) \ AG^ "  -17,085 -  6*8 T c a l

I  % (g ) “  ^ S{%) ; AG'' == * * 5 1 , 2 5 5  •* 20*4 T c a l . , . .  [23]

Combining equations [1 2 ], [13] and [23] g ives»-

*** ^ ]Q(^) i AG® s  329,245 -  112*4 T c a l  
and log 1% = -7 1.900 -h 24*6**•*•*[24]

T
11

[Bl From the data  of F lo r id is  and Ghipman.

I f e ( g )  ^  0  =3 % 0 /  \  i à.Q<= = - 3 2 , 2 0 0  +  1 4 * 6 3  Ï  o a l  . . .  [ 2 5 ]

F r o m  a q u a t i o n  [ 1 4 ]  , % ( g )  ■»■ f ^ ( g )  =  I f e O ^ g ^ . A Q O  =  - 6 0 , 2 8 5  +  1 4 * 0  Ï  c a l
. . .  [ 1 4 ]

C o m b i n i n g  o q u a t i o n s  [ 2 5 ]  a n d  [ 1 4 ] t -

| Q s ( g )  * S {%) -, A g «  =  - 2 8 , 0 8 5  »  0 * 6 3  T  o a l

| < % s ( g )  «  3  Qii) ■> A G "  =  - 8 4 , 2 5 5  -  1 * 6 9  T  O Q l  . . . [ 2 6 ]

C o m b i n i n g  o q u a t i o n s  [ 1 2 ] ,  [ 1 3 ]  a n d  [ 2 6 ]  g l v a s t -

A 1 « Q 5 / - ' i =  2  A L  ( ^ )  +  3  0{i) \ A G “  =  2 3 6 , 2 4 5  -  9 3 * 8 9  Ï  o a l
^  '  *  ”  a n d  l o g  K i  a  - 6 4 . 7 0 0  +  2 0 *  5

Ï
. . . .  [27]



îh e  bwo equat-ione fo r log , [§4] and [27]  ̂ o a leu la tad  

from thermodynamic data^ ai'a rep resen ted  in  F ig . 2Z by lln o a  A and B 

re sp e c tiv e ly . From the v arions d a ta  recorded  in  Fig* 22, values are  

deduced fo r log  % or log as the  case may be a t  1600^, 1700^ 

a,nd 1800% and p resen ted  in  Table 22»

T&ÜLS 28 Values o f Log Ki s  Log [a s il® .[ a n f

Temperature H ilty  Hentrup G eller langenberg Gokcen P resen t Line'*à^ Line 
and and and and and Study **B**

G rafts  Hieber Dicke Ohipman Chlpman ......

1600 - 8*6 -10*0 -12*4 -13*4 -13*7 -13*7 -13*6 -14*1

1700 -7*0 -8*1 -10*9 -12*6 -11*9 -12* 0 -11*9 -12*3

18B0 -  -  -  -  -10*4 -10*5 -10*1-10*7

^ hog s; log  [ A l ]  *[#0]

From the data  given in  F ig , 22 and Table 22, i t  can be 

seen th a t  the  r e s u l ts  o f the p re se n t study a re  in  good agreement w ith  

the values of Ookcen and Ghipman, xiliich in  th e  above Table a re  based 

on the  c a lc u la te d  equation  o f Ref, (37), ^hoy a lso  agree f a i r l y  w ell w ith 

the  r e s u l t s  o f langenberg and Ghipman* With re fe ren ce  to  th e  

c a lc u la te d  l i n e s ,  the  d a ta  i s  in  b e t te r  agreement w ith  equation  [24] 

corresponding to  lin o  k  a t  tem peratures beloif 1770% and w ith 

equation  [27] oorresponding to  ],ine B above 1770%,

The divergence of th e  two l in e s  A and B, as the tem perature 

in c re a s e s , i s  due e n t i r e ly  to  the d i f fe re n t  d a ta  used fo r com putation 

o f the f re e  energy of s o lu tio n  of oxygen in  l iq u id  iron*
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With regard  to  the e a r l ie r  d a ta  o f H ilty  and C ra f ts ,

Hentrup and Hieber^ and^Geller and Dloke, i t  i s  c le a r  th a t  

d isc rep an c ies  e x is t  between them and the v arions o th e r d a ta  

mentioned in  the p ravions paragraphs. I t  i s  p o ss ib le  to  account 

fo r  th ese  disG repanciea in  se v e ra l ways.

In  a l l  th ree  In v e s tig a tio n s  under co n s id e ra tio n , the 

deox idation  p roducts are  expressed  in  terms of x-jeight co n c en tra tio n s , 

whereas the various other d a ta  a re  given in  term s of a c t i v i t i e s .

The magnitude of the a f f e c t  of the  a c t iv i ty  c o e f f ic ie n ts  o f 

aluminium and oxygen on the  deoxidation  product can be determ ined 

w ith  the  a id  of the equatiom»^

log  Ki 3 log  + 2 logfjj^3_ + 3 l o g f g

Of th e  t  lire a s e ts  o f d a ta , th a t  o f G alle r and Dieke acmes 

c lo s e s t  to  the c a lc u la te d  values fo r log K i. During th e ir  

in v e s tig a tio n  the eq u ilib riu m  s tu d ie d  was t h a t  between d isso lved  

carbon (0*4 to  1»!^) and almxinium in  l iq u id  iroxi contained  

in  an alumina c ru c ib le . The oxygen co n cen tra tio n  was c a lc u la te d

from a knowledge of th e  carbon con ten t and pub lished  data on the
7G

e q u ilib r iim  £  + Ê  ™ ^^(g)  ̂ In  th is  case in  order to  c a lc u la te

values fo r lo g  % , i t  i s  necessary  to  take in to  account th e  e f f e c t  

o f carbon on the  a c t iv i ty  c o e ff ic ie n ts  o f aluminium and oxygen.

E l l i o t t  Ims derived  an equation  fo r  the  e f f e c t  o f 

carbon on the a c t iv i ty  c o e f f ic ie n t  of oxygon, based on the d a ta  of
76

M arshall and GMpman

lo g  -0 .4 2  t ^ l  + 0.008 [ f j i f  . . . . . . [ 2 8 ]
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This equation is  r e a l ly  onliy v a lid  fo r carbon concen tra tions 

tip to  2 per cent a t  1540^^G, E l l i o t t  has B tated  however th a t  th e  

e rro r involved in  i t s  ubq a t  1600% Is  probably  q u ite  sinall in  

oompsvison w ith  the u n c e rta in ty  inheren t In i t s  d e r iv a tio n ,
27

Üaing the d is t r ib u t io n  d a ta  o f Chlpraan and F lo r id is  ?

Wilder and E l l i o t t  have c a lc u la te d  a value of 5̂* 3 fo r  the param eter 

^A 1 1600%, which y ie ld s  the folloxiiiig expression  fo r the

e f f e c t  o f carbon on th e  a c t iv i ty  c o e ff ic ie n t of aluminium^ v a lid  

fo r  carbon concen tra tions up to  about 5 per cent*

l o g  f  *  0.107 [^3]   [89]

Taking G eller and Dickers walue fo r lo g  a t  1600%, i . e .  

-12*4 , values can be c a lcu la te d  fo r  log % ? using  th e  equation

log  % a  log  Ki *  8 log  * 3 log  f 0
W h«. J » s f A i =  t e / u  * l o a f S

and log  f  ̂  lo g  ^ + lo g  j

Values fo r lo g  and log ^can be determ ined using  

th e  param eters (2^^ and the p re se n t work and l o g a n d

log  be c a lc u la te d  from equations [28] and [29] re sp e c tiv e ly .

For carbon concen tra tions o f  0*4 and 1*0 per cen t

the corresponding oxygen concen tra tions a t  1600% arc  0*0075 and
79 above

0*004 per cen t i  when combined w ith  the  I data  th i s  y ie ld s  values

fo r log  % of *13*0 and-3,3*5 re sp e c tiv e ly .

Thus, when the  r e s u l t s  o f G eller and Dicks are  expressed  

in  term s o f a c t i v i t i e s ,  the discrepancy which e x is ts  between them 

and the d a ta  ob ta ined  from th e  more recen t s tu d ie s ,  i s  probably of
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the same order as the u n c e rta ln ty  iiihersn t lm * (a )  the experim ental 

work, whioh xfould Involve the  déterm ination  o f very  smal]. q u a n titie s  

of aluminium*, and (î^) the th e o ra t ic a l  trea tm en t of the d a ta .

I:C the values obtained  by H ilty  and C rafts  and Wentrup and 

Hieber fo r log  k /  a re  used to  compute values fo r log  K± , as shown in  

Table 23, i t  i s  found th a t  the c o rrec tio n  provided by the use of 

a c t i v i t i e s  r a th e r  than  weight concen tra tions i s  sm all when compared 

w ith  the  d iscrepancy which e x is ts  betx^een the  experimenbal and 

c a lc u la te d  d a ta .

B a t a  a t  1 6 0 0 %  0 ,  H t  P e t  A l ,  H t  P e t  2  l o g ^ ^  3  l o g f g  l o g  K / l o g  ü k  l o g  i Ç t ,
 ..- .,( jr .X S g .A )#1 >n<im

H ilty  and C ra fts  0*010 0*005 -0*152 -0*069 - 8*6 - 8*8 -13*6

Wentrup and
Hieber 0*010 0*010 -0*152 -0*138 -100-10*3  -13*8

Thus in  those two in v e s tig a tio n s , th e  major p a r t  o f the 

discrepancy  must be accounted fo r by some fa c to r  or fa c to rs  o ther 

th an  a c t iv i ty  c o e f f ic ie n ts .

H ilty  and G rafts  have po in ted  out th a t  during th e ir  

experimental, h e a ts , extreme d if f i c u l ty  in  a t ta in in g  equilibriuiri was 

Gxperienced, due to  ex tensive re a c tio n  between the l iq u id  m etal and the 

alum ina c ru c ib le , p a r t ic u la r ly  a t  a].umlnium co n cen tra tio n  below 0*1 

per ce n t. Due to  th is  r e a c t io n , the inner su rfaces of th e ir  

c ru c ib le s  were covered w ith  a la y e r o f m a te r ia l o f v a ria b le  com position.
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but con tain ing  both iro n  oxide and alumina. %  means of X-ray 

d if f ra o tio ii ,m a te r ia l  removed from one of the  o ru c ib les  was id e n t i f ie d  

as a m ixture o f the sp in e l h sroyn lte  (FoO^AX^Qs), and ai-umina.

When aluminium was added to  a high oxygen, low aluminium 

m elt, excessive amounts were req u ired  to  give even a s l ig h t  in c rease
78

in  th e  aluminium concen tra tion  of the metal# B oll has suggested 

th a t  th i s  could have been due to  the f a o t ,  th a t  the f i r s t  ad d itio n s  

of aluminium served  only to  reduce the m e ta l-c ru c ib le  su rface  layer# 

The alumina formed diU’ing th i s  re a c tio n  would sep ara te  out from th e  

m elt and the aluminium con ten t of the m etal rem ain unoimnged# I t  was 

a ls o  observed, th a t  when f e r r i c  oxide was added to  high aluminium, 

low oxygen m e lts , excessive amounts were again  re q u ire d  to  e f f e c t  an 

increm ental low ering of the  aluminium co n ten t, prolm bly because th e  

f i r s t  oxide added, was used up in  the form ation of the su rface  layer* 

âlthoug;h i t  i s  not c e r ta in  th a t  the m etal was in  

equ ilib rium  w ith  th e  su rface  la y e r , i t  i s  qu ite  c le a r  th a t  i t  was 

not in  oqu illb rium  w ith  pure alumina* Thus the a c t iv i ty  of alum ina 

in  the oxporiments was not u n ity , as might be expected from the  use 

o f alumina c ru c ib le s , but in  f a c t  something le a s  th an  unity#
79

Ghipman has p o in ted  out th a t  i f  the f re e  energy of form ation o f  

hercyn ite  i s  taken in to  account in  the c a lc u la tio n  of the deoxidation  

p ro d u c t, th e  d iffe re n ce  between the c a lc u la te d  and experim ental 

values i s  of the same order as the experim ental u n ce rta in ty r

Wentrup and Hieber in  th e ir  s tudy , added aliminiura to  

molten iro n  of h igh oxygen conten t and considered  a  p eriod  o f te n
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minutes s u f f ic ie n t  fo r th e  removal of th e  p roducts of deoxidation  from 

the  m elt. Ten minutes a f te r  adding th e  aluminium a sample was taken  

by pouring a p o r tio n  o f  the m elt in to  a  copper mould to  f re e z e  the 

eequilibrium. The sample was th en  analysed  fo r  aluminium and

Qiiygen and th e  assumption made, th a t  02d d e  in c lu s io n s  p re se n t 

in  th e  sample had been in  so lu tio n  when th e  m elt was sampled*

I f ,  however,  th e  tim e allow ed fo r sep a ra tio n  o f alum ina from th e  m elt 

was in s u f f ic ie n t ,  then  th e  assum ption was u n ju s t i f ie d  and consequently  

the  values ob ta ined  fo r th e  deoxidation  product would be higher than  

those expected from th e o re t ic a l  considerations*

Another p o ss ib le  source o f e rro r in  the  same in v e s tig a tio n  

was the fu rnace atm osphere, which co n s is ted  alm ost e n t i r e ly  o f a i r  a t  

10 -  20 mm mercury p re s su re , and as such formed a p o te n tia l  source 

fo r continuous o x id a tio n  of the melt* I t  i s  q u ite  p o s s ib le , th e re fo re , 

th a t  the oxygen values used in  th e ir  c a lc u la tio n s  of the deoxidation  

product were too  high*

Thus the d isc rep an c ies  which e x is t  in  the d a ta  of G eller and 

D icke, H ilty  and C rafts  and Wcntrup and Hieber can be exp lained  on

the b as is  of th e  follow ing fac to rs»

(a) in  a l l  th ree  in v e s tig a tio n s , th e  use of a c tu a l weight 

co n cen tra tio n s ra th e r  than a c t iv i t ie s *

(b) In  the study  by H ilty  and Grafts» a  la ck  o f equ ilib rium  

w ith  pure alumina*

(c ) In  the study by Hentyup and Higher» ( l )  in s u f f ic ie n t  tim e

allow ed fo r the removal of the p roducts of deox idation  from
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the m elts) and ( i l )  continuous o x id a tio n  of the m elt by 

the furnace atmosphere.

From th e u ro su lts  obtained  in  the p re se n t work fo r the 

deox idation  co n s tan t, % , a t  1600^, 1723^ and 1823%, corresponding 

aluminium and oxygen a c t iv i t i e s  can be ca lcu la ted*  A graph showing 

th e  re la t io n s h ip  between th e se  two q u a n titie s  a t  th ree  tem perature 

le v e ls  i s  given in  Fig 23. Data a re  a lso  given fo r  a c tu a l 

concen tra tions o f  aluminium and oxygen. These were ob tained  by 

s u b s t i tu tin g  the ap p ro p ria te  values of log  % and equation  [11]
/ûf\

l .G , log  % = log  Ki *  3 Co (1 '125  [%0] + [ ^ ] )

R 2 log  [ A l ]  + 3 log  [?Co] + 3e^oU*125[^0]+[fAl])

Included in  Fig 23 are  th ree  l in e s  rep re sen tin g  the d a ta  a t  

1600% of H ilty  and C ra f ts ,  Wentrup and Hieber and G eller and Dicke*

An in te re s t in g  fe a tu re  o f the d a ta  from the p re se n t s tu (ÿ  

i s  t i ia t  above a  c e r ta in  percentage of aluminium, th e  a c t iv i ty  

c o e f f ic ie n t  o f o:cygen i s  low ered to  such an e x te n t, tim t the oxygen 

co n cen tra tio n s a c tu a lly  in c rease  w ith fu r th e r  ad d itio n s  of aluminium.

A s im ila r  tre n d  was p o in ted  out by Gokcen and Ghipman, and th e i r  

r e s u l t s  fo r 1600^ 0 a re  a ls o  included  in  F ig  23* At 1600% th e ir  

value fo r  % i s  the  same as th a t  obtained from the p re sen t work and so 

th e  two l in e s  rep re sen tin g  a c t iv i t i e s  are  th e  same. Since the values 

used fo r  the  param eter6^%rc d i f f e r e n t ,  the two l in e s  rep re sen tin g  

the corresponding percen tages a re  s l ig h t ly  d i f f e r e n t .  Thus the  

d ata  of Gokcen and Ghipman in d ic a te  th a t  a  tu rn in g  p o in t occurs 

a t  0*02 per cen t aluminium, whereas the new d a ta  shows the tu rn in g
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point at 0#06 per cent almiiniim*

I t  ean a lso  be seen  from Fig* 23 th a t  as the tem peraturo 

in c reases  from 1600° to  1723°G the aluminitM co n cen tra tio n  a t  th e  

tm m ing p o in t in c reases  from 0*06 to  0*08 per cen t, This e f f e c t  

i s  'due to  the f a c t  th a t  a s  the tem perature increases*  the  d ev ia tio n  

from id e a l i ty ,  and th e re fo re  the aXumitiium-^oxygen in te ra c t io n , 

g rad u a lly  decreases.

An experim ental study Ims been made a t  1723° and 1823°C o f

th e  e q u i l ib r ia  involved betw em ipure alum ina, l iq u id  iro n  con tain ing

aluminium and oxygon and c o n tro lle d  w ater-vapour/liydr ogen gas misctures.

From th e  data  o b ta in ed , values have been c a lc u la te d  fo r  
(flO ^»> (T ab l9 15)

th e  param eters G q an d ^A l,/w h ich  in d ic a te  th a t  the  a c t iv i ty  c o e f f ic ie n t

o f oiigrgen in  l iq u id  iro n  i s  g re a tly  reduced in  the presence of aluminium 

and the a c t iv i ty  c o e f f ic ie n t  of aluminium is  g re a t ly  reduced in  the  

presence o f oxygen,

Mith the  a id  o f the above param eters, values have been 

c a lc u la te d  fo r  the  equ ilib rium  constan ts o f th e  fo llow ing reac tio n s# -

AI^Qï ( q) -  2 ^  4» 3 0

I f e ( g ) +  0  a  I f e O ( g )
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ïtix trapolation  of the  various data  to  lôOO°G y ie ld s  

values which are  probably more accurate  than  a  d i r e c t  experim ental 

determ ination  would be a t  th a t  tem perature, Hherever p o ss ib le  

these  values have been compared w ith  o ther experim ental data
Values

and also /deduced  from av a ila b le  thermcx^namic d a ta .
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GimOMIÜM-AmaNIUM-OXmEM BQUILIBEm IN LIQUID laON.

1* In tro d u c tio n

2, C a lcu la tio n  of E quilibrium  R atios and E c la ted  Functions

3* Cjbiromium-Qxygon In te ra c tio n  in  l iq u id  Iron

4$ Chromium-Aluminium In te ra c tio n  in  L iquid  Iron

5, G hr omium#Aluminium*^Oxygen In te ra c tio n  in  L iquid  Iron
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CfEGMÏlttî-ALroOTIÜM-OXZOSH EQUILIBEI/l lU LIQUID IRON 

1* In tro d u c tio n

In  th i s  qîiaptçr a  study i s  made of the  e f f e c t  of cliromium 

on the a c t iv i ty  c o e f f ic ie n ts  o f aluminium and oxygen in  l iq u id  iron* 

20 g samples con tain ing  the  req u ired  amounts of e le c t ro ly t ic  iro n  

and chr(mium were made up in  the  form of p e lle ts*  Heats were made 

a t  1723°C w ith  ciiromium concen tra tions o f  2 , 6 and 10 per cen t by 

w eight.

The m e lts , con ta ined  in  pure alumina c ru c ib le s , were held  

a t  constan t tem perature fo r  12 hours under c o n tro lle d  water*#vapour/ 

hydrogen atm ospheres, quenched w ith  cold hydrogen and analysed* In 

the determ ination  of alurainiusi using  solochrome cyanine H, chromium 

causes in te rfe re n c e  and i t  was tlm refo rq  necessary  to  remove the  

Gîîromium from the t e s t  so lu tio n  before a ttem p ting  to  measure th e  

aluminium concentration* This was accom plished by means of a 

mercury cathode separaticiv Under those co n d itio n s i t  was found tlm t 

d u p lic a te  analyses were no t q u ite  as close to g e th e r as they were in  

the  absence of chromium* For t l i is  reason s l ig h t ly  wider l im its  

( j  0*001 ra th e r  than  f  0*0005) a re  p laced  on the aluminium r e s u l t s .

2 * G a lc u la tio n  of E g u ilib r  ium R atios and Re l a te  d, Functions

In  Table 24  ̂ equ ilib rium  r a t io s  a re  given fo r the 

fo llow ing  re a c tio n s  to g e th e r w ith  mq)erim ental d a ta  from a s e r ie s  

o f  h ea ts  tfhich are  thought to  imve reached equ ilib rium  a t  1723
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» . a

= . 2 A l ♦ 3 0 ; «  L/Al] • [7.0j

AlaQ5(g)> 3% (g)=  3% 0(g) ; Kg' = [ A l f ( % 0/ p ^ )

In  Table 25 the in te ra c tio n  param eters ^ m : d  ^^V h ioh  

wera determ ined in  the prev ious ch ap ter, a re  used to  c a lc u la te  

values fo r  the c o e f f ic ie n ts  {^mid ^  These c o e ff ic ie n ts  are  

combined w ith  th e  eq u ilib riu m  products of Table 24 to  give tliree  

fu n c tio n s , which, when p lo t te d  ag a in st per c en t elrromlum, y ie ld  

values fo r the param eters ^ a n d  £ ^ a s  d escribed  in  th e  fo llow ing sections#

3* Giircmiiiim

The e f f e c t  o f cliromium on the a c t iv i ty  of oxygen in  l iq u id  

Iron  was determ ined as fo llow s from the ré a c tio n * -

% (g ) S ^  % ^(g)

The aqu ilib riivn  constan t fo r th i s  r e a c t io n , % may be

expressed  as**

% = 3 i a S
%  I f o i o ]

'M o
Co)MrC^-r)r  f<o)ÆU(

In  th i s  in s ta n c e , Jo Jo J o

where £  rep re se n ts  th e  a c t iv i ty  c o e ff ic ie n t of oxygen in  Fe-Cr-^Al-O m o lts , 
/o)
j'^represQ nts the a c t iv i ty  c o e ff ic ie n t of oxygen in  b inary  Fe*0 m elts 

of the  same oxygen concentration# As exp lained  in  tho previous 

ch a p te r , s in ce  th e  concen tra tions of oxygen involved were 

sm a ll, f  may be taken  as u n ity .
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TABLE 24 Computation of the Equilibrium  R atios  ̂ and

=
AT tppp/̂ -h n M - k 1 Ï 4nl  v /Heat Ho PlfeO/pj^ Al,HTPct 0,H tPot %0 4^% l]x  (% 2P/p% )

ïc f  l i  (PHgO/PH,f [%0]

9  P e t Or
« j O o a M i m  „ L , i i „ » # i i w

7 3*54 21*7 2*7
"1 B

9*27 X l a
«11

2*09 % 10 1*31

12 4-92 10*5 3*5
wj. s

4*72 X 10
*11 

1* 31 K 10 1*41

31 6* 56 6*0 4*1 2*48 X 10
«11 

1*02 X 10 1*60

2 Pot Cr 
49 3*53 31 3*2

•4.1
3*14 X 10

«L1
4*23 X 10 1*104

44 4*78 13 5*1
«11 

2*24 X 10
•11

1*85 X 10 0* 937

43 6* 55 5 6*7
-42

7* 52 X 10
«11 

0*70 X 10 0*979

iE s i J J î
SI 3*53 24 6*0

«10 
1*24 K 10

«11 
2* 54 X 10 0* 590

4V 4* 64 8 7*9
«11 

3*16 X 10
«11 

0*73 X 10 0*612

48 6*75 2 9*0 2*92 X 10
«IB 

1*23 % 10 0*750

m i S L S r
50 33.-56 20 9*0

«•tio
2* 92 X 10

«11 
1*01 X 10 0* 396

45 4*82 5 10*5
«11

2* 90 X 10 0*28 X 10 '̂*’ 0*458

46 6*58 1 11*4
«18 

1*46 X 10
1

0*03 X 10 0*577

##CÂ«l!l4#4 ^!i#züf,n ';ii # , f  i###  h< i# * #N% # à wim  M*r t i  <n >HHwa
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re p re se n ts  the  e f f e c t  of aluminium on the a c t iv i ty  c o e f f ic ie n t

o f oxygen,

and +. % ^ / '  " W  '
T h u s #  l o g  «  l o g  %  ^  l o g f  «  l o g  j

T W  , M )  " f(c^ °
l .G . log  %a -  lo g j^  = lo g  + lo g

= ♦ log  %

S t o n  tho data in  Tabla 25, for tho function  lo g  5̂ ' -
From th e  d a ta  in  Table 25, fo r  the fu n c tio n  lo g  % -  lo g j^ ” '' ^

a graph i s  co n s tru c ted  as shown in  Fig* 24. The l in e  drawn through

the  d ata  i s  such th a t  th e  in te rc e p t  a t  zero per cen t chromium corresponds

to  the average value c a lc u la te d  fo r log  % , in  the  previous chapter*

The g rad ien t of the lin o  i s  équ ivalan t to  the  param eter and

y ie ld s  a  value fo r  t h i s  param eter of «0*057 a t  1723°G* Assuming

reg u la r  beimviour th i s  corresponds to  a value f o r ^ ! ^ a t  1600°C, o f

■0*061* This value do compared w ith  data from o ther in v e s tig a tio n s

in  Table 26 , from which i t  i s  ev iden t th a t the d a ta  from a H  the

s tu d ie s ,e x c e p t th a t  of Chen and Ghipman,are in  rjjasonab le agreement*

TABLE 26 Ghromium«Oxymn In te ra c tio n  in  L iquid  Iron  a t  1600°C
<1-1

Param eter Chen and Ghipman Turkdogan C harlton  P resen t Study

-o*04i -o*064 -o*ose - ü .06i

tb ^ n fo /ô N c r  -8 ,8  -13 .7  -12 ,4  .-13«1
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4 . Gtffomim=MMlnlTm..In ts ra c t io n  J j i  Uguid... I r  on

TÎ1S of f a c t  of cbromiim on the  a c t iv i ty  c o e f f ic ie n t  o f 

alvmlnium can bd deduced from tlia  da.ta recorded  in  fa b le s  24 and 25 

if l tb  re fe ren ce  to  the  foSlom ng reactions»

The equ ilib rium  co n stan t fo r th in  re a c tio n  may be 

es^resaed  in  terras of the equ ilib rium  product li% and a c t iv i ty  

c o e ff ic ie n ts» ^

PïL- Tk\®i.e *  Kg = X A l  ] '  [ % o l

f m  -Ka
(P) f

A1and in  tM .e caae :? f  AX ' f

1 /-(c-f)
m e re  rep re se n ts  the e f f e c t  o f oxygen^ o .n4 j^^  the  e f f e c t  of

chromium on the a c t iv i ty  c o e ff ic ie n t of aluminiira* Ac in  the previous

chap ter f  i s  assumed to  be u n ity .
/ rCo) r MThus log  Ks -  log Kg 4' 2 log 4- Z i o g j ^ .A1 ' J A1

i#G. log  liu  'Î' 2 log SÎ * 2 ^  lo g  Kg
/ .Co)

in  Fig 25, a  graph i s  p resen ted  of log  Kg f  Z l o g ] ^  [ ^ r ]  

l im i ts  shown on th i s  graph i l l u s t r a t e  the e f f e c t  o f an e rro r of + O-OOl 

per cen t in  the  aluminium a n a ly s is . There i s  a  degree of s c a t te r  

in  the d a ta  which i s  g rea te s t in  those m elts which have a very  low 

aluminium co n ten t. At t h i s  le v e l ,  the e r ro r  l im i ts  are g re a te s t ,  e*g, 

heats 48 and 46 , where the aluminium concen tra tions are  0*002 and 0*001 

per cen t respeetive ly*
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The l in e  drax-m through the cfeita i s  such th a t  the in te rc e p t 

a t  zero per cen t cliromium corresponds to the value determ ined fo r  

log  Kg in  the  previous ch ap te r. The g rad ien t of the lin e  i s  of 

opposite sign  to  the param eter and tw ice i t s  magnitude. From 

th i s  d a ta  the  value f  0*025 a t  1V23^G, which corresponds to

a value of t5*36 fo r the param eter ^ ^ I t  the  same tem perature.

At 1600^0, £ ^ ^ w ill  have the value 4- 5»7, assuming reg u la r behaviour*

Those values fo r the param eter f  are  of p a r t ic u la r
S '

in te r e s t  from th e  p o in t of view th a t  no eaqxprimontal data  appear to  

have been pub lished  for the e f f e c t  of chromium on the  a c t iv i ty  c o e f f ic ie n t 

o f aluminium in  l iq u id  irOn*
<t3

R ecently  Wada, Kawai and S aito  re p o rte d  data  fo r th e

a c t iv i ty  of cliromium in  l iq u id  iroii'*«chroinium alloys*  X^om th e i r

r e s u l t s  a value o f about + 6 i s  ob tained  fo r th e  param eter ^

a t  1600*^0 and fo r  concen tra tions up to  about 0^1 For iro n -
as

aluminium a llo y s  a t  the same tem perature, Wilder and E l l i o t t  h^ave
W

With the  a id  of equation  [12] from G Imp t e r  11^, and the

c a lc u la te d  a value of + 5*3 fo r  the param eter

above d a ta  fo r  Fe-Gr and Fe-Al b inary  s o lu t io n s , a  value can be 

deduced fo r  the e f f e c t  of cliromium on the a c t iv i ty  c o e ff ic ie n t o f 

aluminium in  te rn a ry  ITe-Cr-Al so lu tio n s . ^

From Chapter I I ,  equation [12]* ~  ̂ -  t  ' 6 3  ^

Yz

»  Î. [6  ̂ ^  Î  S 'b .
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Wagner has p o in te d  out th a t  in  a te rn a ry  so lu tio n , the 

a c t iv i ty  of so lu te  m etal 2 , w il l  foe Increased  by the preseiP# o f so lu te  

m etal 3, provided  m etals 2 and 3 change the e lec tron /a tom  r a t i o  in  

th e  same d ire c tio n . For th i s  reason the negative  value in  the  

above exp ression  i s  r e je c te d  and £^^^taken as -î- 5*6. This value le  

in  very  good agreement w ith  th a t  o f  f  5*7 ob ta ined  from the p resen t

study*
27

Using the  d is t r ib u t io n  data  of Ghipman and F lo r id is  , Wilder 

and E l l i o t t  have a ls o  shown th a t a t  1600^G, 5*3 and =2 + 7 ,0 .

In  each case the  param eter i s  fo r th e  in f in i t e ly  d i lu te  so lu tio n  

o f i  in  Fe-Al a llo y s .

The r e la t iv e  e f f e c ts  o f the th re e  s o lu te s ,  chromium, carbon 

and s i l ic o n ,  on th e  a c t iv i ty  c o e ff ic ie n t  o f aluminiuîïi a t  1 6 0 0 ,  a re  

shorn in  F ig . 26 from which i t  i s  c lea r t h i t  the e f f e c t  of chromium 

i s  o f th e  same order as th a t  of carbon and s i l i c o n ,  and in te rm ed ia te  

between them*

The p o s it iv e  param eters can be in te rp re te d  in  iterms of a  

com petition between the v arious so lu te  atoms, fo r  iro n  atoms in  the 

n e a re s t neighbour s h e l ls .  For example, the Isonding of Iron  atoms 

to  oiiromium m il, leave fewer iro n  a t  mis fo r the aluminium and so 

the a c t iv i ty  c o e f f ic ie n t o f the l a t t e r  x^rill be increased . %e 

p o s it iv e  param eters a lso  iîtp ly  th a t  th e re  aro  l i t t l e  or no in te r  so lu te  

a t t r a c t iv e  fo rces  p ro sen t in  contx'ast to  systems such as Fe-Al-0 

or Fe-Cr-O.
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5. Chromiiua»Aluininiijm*Qxygen In te ra c tio n  in  l ig u id  Iro n

ïhQ e f f e c t  o f  chromium on the deox idation  product 

[JJaI] *[^0] can be deduced from the values o f  ̂ o^^and é ^ f  ̂  k  

chcck.on these  values can be ob ta ined  from co n s id e ra tio n  of the  

<^ta in  fa b le  25 w ith  re fe ren ce  to  the fo llow ing  re a c tio n . This 

r e a c t io n  i s  to  some ex ten t independent o f  the two o ther re a c tio n s  

s tu d ied  in  th a t  i t  does not involve w ater-vapour/hydrogen ra tio s »

^ 4" 3 0

The equ ilib rium  constan t % may be w r i t te n  as#*

. (0) JCt)
From the p rev ious s e c tio n s , • j- ^

r ft
and T o = TO JO

(Af) KCf)
0 ' Jo

/ AO) rCAf) ÆĈ )
so th a t ,  log Ki = lo g  Ki 4̂ Z log  4* 3 lo g  f  q ^  Z log f  + 3 log  j  q

i . e .  lo g  Ki f  2 l o g j ^  f  3 lo g f^ ^ w  #,2 ^ t ^ r ]  •  3 ^ ^ t ^ r ]  + log

a  -2  [  + I 'S  é o j  [ ^ r ] + log  %.

à  graph o f jx o g  i?L + 2  log  + 3 l o g |^ j v  [ î^ r ]  i s  shown in

F ig . 27 . I t  i s  apparent th a t  th e re  is  a s c a t te r  a s so c ia te d  w ith  

the d a ta  s im ila r  to  t i ia t  observed in  Fig 25, where i t  was a t t r ib u te d  

mainly to  e r ro rs  in  the determ ination  of very  sm all q u a n tit ie s  of 

aluminium. As the d a ta  o f  F ig  27 is  a lso  dependent on aluminium 

a n a ly s is ,  a  s im ila r  type o f s c a t te r  i s  to  be expected. At zero per 

cen t chromium, the in te rc e p t corresponds to  the equilibrium constan t %

c a lc u la te d  in  Chapter VI. The g rad ien t o f the  l in e  i s  equal to

+ 0 .123.
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l . G .  é^o] = +0-023

o r , e^"^+ i - e e " ^  = - o - o s i s

From 0Qc1iiona 2 and 3, ^ 1* 5 -0*06Q6

îhuB oonsidera tion  o f  th e  r e s u l t s  p e r ta in in g  to  the 

deox idation  re a c tio n , y ie ld s  data  which a re  in  good agreement 

w ith  th e  values c a lc u la te d  for the two param eters in  the  previous 

s e c t io n s .

i . e .  a t  1723% = -Û-Û57

and e f i ’ = +0-025

On the  b as is  of th ese  param eters a graph i s  co n stru c ted  

as shown in  F ig  28# This i l l u s t r a t e s  th e  e f f e c t  of chromium 

on the a c t iv i ty  c o e f f ic ie n ts  of aluminium and os^gen in  l iq u id  

iro n  a t  1723%.

The e f f e c t  of chromium on the aluminium-oxygen conten t 

o f l iq u id  iro n  i s  shown in  F ig 29 where th e  broken l in e  rep re se n ts  

aluminium and oxygen a c t i v i t i e s ,  and the f u l l  l in e s  re p re se n t a c tu a l  

co n cen tra tio n s . The f u l l  l in e s  were deduced from co n sid era tio n  of 

the equation**

log  % = log  Ki + 2  log  4. 3 log  f  Q 4* 24^^^ + 1*5 ^ j [ / G r ]

Taking the  m in e s  fo r Ki , 6 o  and ca lcu la te d  in  Chapter VI 

toge ther w ith  the values fo r deduced In. th e  p re sen t ch ap te r,

t h i s  aquation  can be expressed in  the  foll(oWntg form**

*11*63 = 2 lo g [A l]  4- 3 log  [^0] ^ 9*9[:lâl] -11*13[^0] .0*12l[#Cj 

From th is  equation oxygen concen tra tions corresponding to  a  s e r ie s  o f 

aluminium and cliromium concen tra tions were c a lc u la te d  and a re  shoim 

in  Fig 29.
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A study  has bean made of the e q u i l ib r ia  e x is tin g  between 

pure alumina I F6*-Gr-Al-0 m elts and c o n tro lle d  water** vapour/hydrogen 

gas atmospheres a t  1723°G. When cc^bined w ith  the values for the
tô ) çp)

param eters and C  from Chapter VI, the data  from til ls

in v e s tig a tio n  y ie ld  values fo r  the param eters Co and

On the assumption th a t  the  param eters are in v e rse ly  propdfcional to
Xcr)

the ab so lu te  tem perature values are  deduced fo rc ^  and Cq^at 16G0°G* 

Reasonable agâ^eemeat w ith  pub lished  d a ta  i s  in d ic a te d  by 

a d i r e c t  comparison in  the  case of f f i i n d  an in d ir e c t  comparison in  

the  case  o f « For th e  comparison depends on th e  v a l id i ty  

of Wagner* s re la tio n s h ip  i C  ^  î  ^
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8iLiG0M**Am4mmiwQxiGim equilibria  i n  liquid  u m

1# In tro d u c tio n

2* P ré se n ta tio n  of the B asic Data

3# Im p lica tions o f the Experim ental Data

4* Reassessment of the  De.ta on the Basis of S ilic o n

Monoxide Formation

5. C onsideration  o f Some Published Data on the  A c tiv ity

o f S il ic o n  in  L iquid Iron*
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aiLICOm̂ ALUMINIUM-OXYGEM KQUÎLIBRm M  LIQUID IRON

1# Xntr oduction

îh e  e f f e c t  of s i l ie o n  on the  a c t iv i ty  c o e f f ic ie n t  of 

aluminium in  l iq u id  iro n  has been the su b je c t of a  number of 

in v e s tig a tio n s  based on p a r t i t io n  experiments* Bbqieriments

o f th i s  type have shown th a t  the  a c t iv i ty  c o e f f ic ie n t  o f aluminium 

i s  in c reased  by th e  presence of s i l ic o n . Thus a t  1600*^C, + 7*0.

3h(?om th e  data  of the prev ious ciiapter th i s  e f f e c t  i s  s l ig h t ly  g rea te r  

than  th a t  of chromium*
UB ,5? ,56

Gas-metal equ ilib rium  s tu d ie s  of th e  Fe*8i-0 system 

have shown th a t  the a c t iv i ty  c o e f f ic ie n t of oxygen i s  decreased  by 

the  presence of s i l ic o n  and th e  a c t iv i ty  c o e f f ic ie n t  of s i l ic o n  is  

decreased  by the presence of oxygen. Since the  oxygen co n cen tra tio n  

i s  u su a lly  low , th i s  l a t t e r  e f f e c t  i s  o ften  n e g lig ib le  and the 

a c t iv i ty  c o e f f ic ie n t  o f s i l ic o n  may be taken  a s  equal to  th a t  in
80?56

the Fe**Si b inary  * Using t h i s  assumption to g e th e r w ith d ata
60

derived  from s tu d ie s  o f gas-m etal e q u i l ib r ia  Ghipman and P i l la y  

iiava c a lc u la te d  an average value o f f  36 fo r the param eter ̂ ,^ a t  1600°C, 

This v a lu e , however, i s  in  marked disagreem ent w ith  th a t  ob ta ined  

from experim ents involv ing  the  p a r t i t io n  of s i l ic o n  between l iq u id
51 9BB

iro n  and l iq u id  s ilv e r*  Such experim ents y ie ld  a  value of about 

13 fo r 1600*^0.

Thus th e re  i s  a  discrepancy in  the d a ta  fo r th e  a c t iv i ty  

o f s i l ic o n  in  l iq u id  iro n .

This chap ter i s  devoted to  a d iscu ss io n  of the data
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deriv ed  from a  study o f th e  e f f e c t  o f o il ic o n  on the  a c t iv i ty  

c o e f f ic ie n ts  o f  aluminium and oaygen in  Fo-Si«Al»0 melts* In 

the  l ig h t  o f the r e s u l t s  ob ta ined , soma of the  p u b lish ed  data  on 

Fe-B i-0 gas-m etal e q u i l ib r ia  are  re-exam ined and a hypothesis i s  

pu t forw ard to  exp lain  the  discrepancy mentioned above.

The experim ental technique was s im ila r  to  th a t  described  

in  th e  prev ious ch ap te rs ,

2* P re se n ta tio n  of the  B asic Data

Data ob tained  from a number of hea ts involv ing  Fe, S i ,

A1 and 0 , a re  used to  c a lc u la te  values fo r the products Kî  »

and as shown in  Table 27,

In  the fo llow ing  th re e  sec tio n s  expressions a rc  deduced,

which when combined w ith  the d a ta  o f Table 28, y ie ld  in f  or m t  io n

on the e f f e c t  o f s i l ic o n  on the a c t iv i ty  c o e f f ic ie n ts  of oxygen and 

aluminium*

(fiy The E ffe c t of S ilic o n  on the A c tiv ity  C o e ff ic ie n t of Oxygon 

For the  reaction»-*

Ifc(g) ♦ £  => % 0(g)

% = 2 m  • J L  =  S u -

where th e  a c t iv i ty  c o e f f ic ie n t of oxygen ^  i s  given by»*

i = C
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The ô ffô e t of alum lnlim  oa the a c t i v i t y  c o e f f ic ie n t of

oxygen i s  rep resen ted  aa before by S im ila rly  th e  e f f e c t  of s i l ic o n

is  re p re se n ted  by As in  previous clm pters taken as u n ity .

Thus»; lo g  Ka -  lo g  Be « log  fc

3: log

i . e .  lo g  -  l o g f f  = + lo g  Ko

Tills expression  i s  in  the form of the equation  fo r  a  

s t r a ig h t  l i n e ,  the g rad ien t of which re p re se n ts  the param eter

1. 0 , the e f f e c t  of s i l ic o n  on the a c t iv i ty  c o e f f ic ie n t  of oxygen. The

values fo r log  from Table 27 toge ther w ith  values fo r log

S
/f,A

log  * l o g £  3rY [ ^Si] in  

F ig  30. From the spread  of the data i t  i s  obvious th a t  the 

experim ental r e s u l t s  in  th is  case cannot be rep re se n ted  adequately  

by a s t r a ig h t  l in e .  The im p lica tio n  o f th e se  r e s u l t s  w iH  be d iscussed

more f u l ly  in  a l a t e r  s e c tio n .

j b L 'f te -M fe e t  of S ilic o n  qq tha A c tiv ity  C9Qf£icignt_of Alumtaiaia 

For the Reaction»*
^1s Q}(b ) + 3 % /  \  a  2 ^  + aifeO (g)

Ks = [ i , %  h l f  _

=  • t  A1
Where th e  a c t iv i ty  c o e ff ic ie n t of alim in iim  ie  given by»-

i » r '  ■ifl£ } f \ i  j  ae 
r(p )  f ( 0
+ re p re se n ts  the e f f e c t  o f oxygen, andf the  e f f e c t  of s i l ic o n  

on the  a c t iv i ty  c o e f f ic ie n t of aluminium. As before f  i s  taken  as u n ity
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Thusi” log  Kg =î lo g  Kg + 2 log  T

= log  Kg' + 2 l o g f ^  + 2 log  

i . e .  log  Ks *  Z l o g j ' ^ ° ^ a  -  [ p i }  *  log  Ka

Üaing the  data  o f  Table 28 ̂  a p lo t  i s  given in  Fig 31 

o f  ^,og 1̂ 4 ^ [?&!]♦ I f  t h i s  oonld be rep resen ted

by a s t r a ig h t  l i n e ,  i t s  gradient would be » However^ as in

the p rev ious s e c tio n , the  sp read  of the data  i s  such th a t  a  s t r a ig h t  

l in e  would foe u n ju s t if ie d . Again, the im p lica tio n s of the d ata  

w in  be d iscussed  in  a l a t e r  section*

The equlliforiimi co n stan t fo r the  deox idation  r^eaetion may be 

03q)ressed  in  the fo llow ing way»«*

A l8% (g) 2A 1  + 3 0

Ki = tfjyL »= ^0]

K / f l l  f  0

i.Q . log  Ki a  log  Ki i' 2 log  h i  * 3 lo g f o

= lo g K i + 2 iO g fA l "• 3 2 logfJ^V  3 l o g f f ’

i , e ,  log  l i '  ♦ 21ogjj^(') + 3 l o g j ^ t  -  *  lo g  %

= 2 + i ' 5 e f ] [ ^ s i ]  * lo g  &

Values fo r the expression  on the l e f t  imnd side  of th e  above

equation  a re  c a lc u la te d  in  Table 28 and p lo t te d  ag a in s t [% S i] in  F ig 32.

Again th e  d a ta  cannot be rep re sen ted  by a s t r a ig h t  l in e .

3 Ih ip lioations of  the R m crim ental Data

The various data can be assessed  in  a  q u a l i ta t iv e  way as

follow s*"
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iâl».^4S2ScSSS2S-,i2Îâm tiSn* tw  tabiùated data and Flg 30

i t  can be seen tlm t In  ganeral as the s i l ic o n  con ten t of the m etal 

in c re a se s , th e  oxygen con ten t fo r a given c^ygen p o te n t ia l ,  a f te r  a 

sm all I n i t i a l  in c re a se , p ro g re ss iv e ly  decreases. Bi*oni th i s  d a ta , 

i t  would appear tlm t the  a c t iv i ty  c o e f f ic ie n t of oxygen i s  in c reased  

by the  presence of s i l ic o n ,  i#e* g rea te r  th an  u n ity  and i s

p o s i t iv e .  .This i s  in  f a c t  the rev erse  of what i s  îmovm to  be the
S2 67*60

case# Ihdependent s tu d ie s  have shown tlm t the belmviout of

s i l ic o n  in  iron-oxygen a l lo y s , i s  sim ilar to  th a t  of aluminium in  

th a t  the a c t iv i ty  c o e f f ic ie n t  of ozgrgen is  reduced by the presence of 

e i th e r  elem ent, although the e f f e c t  i s  much more pronounced in  the ease 

o f aluminium. In  the presence of s i l ic o n ,  th e re fo re , the  equ ilib rium  

r a t i o  Kg would be expected to  decrease w ith  in c reas in g  s i l ic o n  co n ten t. 

In the p re se n t study , the opposite e f f e c t  lias occurred . In  view of 

these  f a c ts  i t  would appear tlia t the oxygen p o te n t ia l  of the gas 

m ixture a t  the  m etal"gas in te r fa c e  was much lower than  had been 

a n t ic ip a te d  from co n s id e ra tio n  of the i n l e t  gas r a t i o .

(b) Silicon-Alundnium  In te ra c tio n : t From the  ta b u la te d  data  and Fig 31

itican be seen th a t  fo r th e  same apparent oxygen p o te n t ia l  in  th e  gas 

plm se, the aluminium co n cen tra tio n  of the m etal in c re a sss  as the 

s i l ic o n  con ten t in c re a se s . This would impjyr tlm t the a c t iv i ty  

c o e f f ic ie n t o f aluminium i s  decreased  by the presence of s i l ic o n  and 

th a t  n eg a tiv e . Previous s tu d ie s  of the  e f f e c t  of s i l ic o n  on

th e  a c t iv i ty  c o e ff ic ie n t of aluminium " a re  in  agreement
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p o s i t iv e .  Thus fo r  the seme oxygen p o te n t ia l  in  the 

gas phase, th e  aluminium concen tra tion  o f the m elts would be expected 

to  decrease w ith  in c reasin g  s i l ic o n  content* In  the p resen t work 

th e re fo re  the aimmit of alumina which has been reduced i s  g rea te r  than  

th a t  esîpeoteÉ» Ae in  the  prev ious se c tio n , tliia  would suggest th a t  

fo r  some reason , the oxygen p o te n t ia l  of the gas phase a t  the m etal" 

gas in te r fa c e  was much lower than  th a t  an tic ipa ted*

(c) The Deoxidation Product % Although the d a ta  p resen ted  in  F ig  32 i s  

independent o f P ||jq/P |^  r a t i o s ,  i t  i s  not e n t i r e ly  independent of the 

d ata  given in  .ï'ig 30 and 31, s ince  a l l  th ree  s e ts  o f d a ta  involve 

analyses fo r  osggen and/or aluminium* Tims the  e f f e c ts  mentioned

in  s e c tio n s  (a) and (b) are  a lso  r e f le c te d  in  th e  d a ta  of Fig 32.

(d) Loss of S ilic o n » Analyses o f the m elts fo r s i l ic o n ,  by the
80

standard  su lp h u ric  ac id  method in d ic a te d  th a t  the s i l ic o n  con ten t a t  

the end of a hea t ims lower than  a t  the beginning (see  Table 27 ). In 

g e n e ra l, the g rea te r  the ox id is in g  p o te n tia l  of the i n l e t  g ases , the 

g rea te r  th e  decrease in  s ilico n *

e) G eneral Trend of the Data $ FTom Figs 30 and 31 i t  i s  apparent
a s  *56

the.t th e  d ev ia tio n  of the p re se n t data from th a t  o f e a r l ie r  s tu d ie s  

increases#  ( i )  as the s i l ic o n  content in c re a se s , and ( i i )  as the  

o x id is in g  p o te n t ia l  of the gas mixture increases*

The various fa c to rs  di.seussed o-bove can be sufamarisad as

follows# -

( l )  The ox id is in g  p o te n tia l  o f the gas m ixture a t  the
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gas-metaX in te r fa c e  appeared to  be much lower than  th a t  a n tic ip a te d  from 

co n sid era tio n  o f the com position o f the  in l e t  gases.

(2) The decrease observed in  the s i l ic o n  con ten t of the m elts

was g re a te s t  when the ox id is ing  p o te n t ia l  of the i n l e t  gases was g re a te s t .

( 3) The d ev ia tio n  of the d ata  from th a t  of p rev ious s tu d ie s  in c reased  

%fith (a) the s i l ic o n  con ten t and (b) the o x id is in g  p o te n tia l  o f th e  

i n l e t  gases.

FTom th ese  conclusions i t  would appear th a t  a chemical 

re a c tio n  was tak ing  p lace  a t  the gas-m etal in te r fa c e  between the 

s i l ic o n  in  the melt and the  water vapour in  the i n l e t  gases, thus 

lead ing  to  a. decrease in  both  of these components#

k  re a c tio n  s a tis fy in g  th ese  con d itio n s is»

S i ^ IfeO(g) = 810(g) i. % (g )

4 Reassessment of the  Data on the  Basis of S ilic o n  Monoxide^J'ormatlon

In  Table 29 the  oxygen concan tra tions o f the various 

m elts are  used to  determine oxygen a c t iv i t i e s  tak in g  in to  account the 

e f f e c t  of aluminium, but n eg lec tin g  the  sm aller e f f e c t  of s ilico n *

Assuming log  lix ~ 0*21 from the previous work on Fe^M^O equ ilib rium  

(Gimp VI) i t  i s  p o ss ib le  to  cal.culata gas r a t i o s ,  PH^Q/P%, which 

would be in  equ ilib rium  w ith  the oxygen a c t iv i t i e s  of th e  m elts
\ ( g ) /  5  ^

lo g  k  -  -  log  [ a j
0-

1 . 0. lo g  = O'21 + lo g
Pife

ïhaee  oaleulataci gas r a t i o s ,  donotod hy /  P ll^ O \

l " ^ / o  ’
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ÏABLË 30 Computation o f a». Values

Heat
Ho

S i 
Wt Pût ? i c P

logY  S i Y is i * ^Si ^

25 0* 34 6*5 -2*6523 2*23 l '4 5

20 0.50 10*0 -2*6320 2* 33 2*33

32 > 8 1 35*0 -2*4870 3*26 11*4

33 1-73 33» 3 -2*4970 3*18 10*6

34 1*70 32*5 -2* 5015 3*15 10*2

39 3*44 66*0 -2* 3075 4* 93 32*5

37 3 ^ $
1

64*2 -2*3160 4*81 30ê$':

40
i

3*25 62*2 -2* 3290 4* 69 29*2

TABJjE 31 Compulmtion o f the  ISqulâiibrium Con stan t  fo r  the R éaction»
S i + % o (g ) '=  810(g)

Heat
No* PHs O

P a
X 10

A
PsiO X 10 K = %10 

Ta
I û/ hs \
s Ï a ^ sQ/

X 10
-3

m c » i L i

25 1*45 5*25 2*18 2*66

20 2*33 3*80 4* 30 4*86

32 11*4 2*51 1*72 0* 60

33 10*6 3*16 2*80 0* 84

34 10*2 2*82 6*04 2*10

39 32*5 1*26 3*69 ü* 90

37 30*9 2* 63 3* 60 0*44

40 29*2 2* 09 7*52 1*24
Average value 1»73

i <  %  p u  « i *  M  M » i r »  r  :



ii 32 Recalculation of % Values

Heat
Ho

A1 X 
jo

l ( f
X^ÎO"

f
*-log Kg *-2l0g /

CO)

A1 "
lo g  Kg 

+ 2 1 Ht^^ct

25 21* 1 5*25 6* 44 10*19 0*04 10*23 0*34

20 34*1 3*80 6* 36 10*20 0* 03 10*23 0* 50

32 78*0 2# 51 9*65 10*02 0*03 10*05 1*81

33 60*0 3*16 11*40 9*94 0* 03 9* 97 1*73

34 41*0 2*82 3*76 10*42 0* 03 10*45 1*70

39 123*6 1*26 3*05 10* 52 0*02 10*54 3*44

37 73*6 2* 63 9*66 10*01 0* 03 10*04 3*35

40 63* 0 2* 09 3* 62 10*44 0*02 10*46 3*25

TABI,S 33 Formation of Sil ic o n  Monoxide

I n i t i a l  Saii^ïle S i V/t Loss Vol SiO ^SiO^ 
X ICr 
from 
T. 29

T o ta l Vol 3 iO %
Heat

Ho
Wt Grams P e t Grams 

X l ÿ %cc(HTP)
Gas

Flow
cc/min

% co(lW )Fg

25 19*1 0*16 3* 05 24 2*18 1170 184 0*13

20 20*9 0*50 10*45 83 4*30 1170 362 0*23

32 20*4 0*19 3*87 31 1*72 1060 131 0*24

33 19*5 0*27 5*26 42 2*80 1060 214 0*20

34 19*9 0*30 5* 97 48 6*04- 1060 461 0*10

39 19*2 0* 56 10*75 86 3*69 1060 282 0* 31

37 19*5 0* 65 1 ,2 '70 101 3* 60 1060 275 0* 37

40 20*0 0*75 15*00 120 
Mij ###*'!# n

7* 52 1060 
_  Av0ra,20_

573 0*2t
0*22
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compared w ith  tlio in lo t  r a t i o s ,  and at’to r  tak in g  in to  account the 

e u f g o n / l ç r d i ' o g e r i  r a t i o s ,  y i a l d  v a l u e s  f o r  p g ^ Q ^  G i n o a  a c c o r d i n g  t o  t h e  

reac tio n » "
S i  ^  H s O ( g )  =  S d O ( g )  f  I f e ( g )

any decrease in  w i l l  be accompanied by an Increaso  in  Pg^g*

At low s i l ic o n  co n cen tra tio n s , p a r t ic u la r ly  a t  the  lower 

oxygaxa p o te n tia ls  th i s  trea tm en t of the  d ata  i s  su b je c t to  such la rg e  

e r ro rs  th a t  the values of in  th is  range have been ro jo c te d .

In  g en era l, in c reases  w ith  (a) the  s i l ic o n  co n ten t,

and (b) th e  ox id is ing  p o te n t ia l  o f the i n l e t  gases. This tre n d  

corresponds ex a c tly  to  th a t  observed fo r the d ev ia tio n  of the p re sen t 

experim ental r e s u l t s  from those of previous in r« ca tig a tio n s.

In  Table 30 the  a c t iv i ty  of s i l ic o n  r e la t iv e  to  the pure 

l iq u id  i s  c a lc u la te d  using the follow ing data»
s i

(a) the work o f Smith lias re c e n tly  shown th a t  the  a c t iv i ty  

c o e f f ic ie n t  of s i l ic o n  in  l iq u id  iro n , i s  r e la te d  to  the mole 

f r a c t io n  o f  s i l ic o n  by the equation»^ ^ lo g  c  5. 6 , v a l id

fo r  the range 0*0 to  0*4 HSi,
as

(b) From the  d a ta  of Ghipman and B asch w it^

l o g  =  -  2 * 0 9  a t  1 7 a 3 " 0

Combining th ese  two equations»- =% 5*8 * 2*69

In  Table 31 th e  s i l ic o n  a c t iv i t i e s  c a lc u la te d  in  Table 30 

or© c-mbined w ith  the data  lo r  and^^JgO ^ from Table 29 to  give 

values fo r the equ ilib rium  constan t of the  re ac tio n * -



Si + S i

= - jS io  yP}L, \

ip .w  K
A value fo r the  equ ilib rium  constan t of the s i l ic o n  monoxide 

re a c tio n  can foe c a lc u la te d  from a v a ilab le  thermodynamic da,ta in  th e  

follow ing way#
7<L‘

The d a ta  of E l l i o t t  and d ie  le e r  , co rre c te d  fo r the
81 ,88

recently»’ re v is e d  hea t of form ation  of a  - q u a r ts  gives*

S i(^ )  * 1  0@^g\ = S i  0 (g ) i A g|ooo"K  = -6 2 ,6 0 0  c e l

^ ( g )  * 3  ^ ( s )  -  % °(g ) : ‘ûülooo^K q  -32,310 oal

* * ^  g)^ ^ ^ (g )’> ^  *#30,290 oal

lo g  K -  _ =: 3*32
4* 575 X 2000

i . e .  K a  2*1x10®

And from Table 31 K =j 1*7 x  ICP

Thus the  values derived  fo r the oqulliW ium  constan t o f tlie 

s i l ic o n  monoxide re a c tio n  from ( i )  ex p erm en ta l d a ta , and (la.) thermo*- 

dynamic d a ta , a re  of the same or'dor# h i  th e  l i g h t  of t h i s  agreement

i t  would appear th a t  the  o x id is in g  p o te n t ia l  of the gas phase a t

the gas-m etal in te r fa c e  was lower than th a t  expected from the i n l e t  gas 

com position, due to  the form ation of s i l ic o n  monoxide#

Reca lc u la t io n  o f Values * In  Table 32 the eqiii3.ihrium r a t i o  -
S

Ka « [ A l ]  l . ^ l k o Y  i s  re c a lo u la to d  U8lnR/^% 0  \ v a lu es .
. a , ^  ,3

The re c a lc u la te d  values fo r  the expression lo g  [%A1] ( :% 0 ]  + 2 lo g f "
\ PRg J

are  inc luded  in  Big 31. The s c a t te r  a sso c ia ted  w ith  the d a ta  may 

be due to  the fo llow ing fa c to rs* -

( i )  Small e r ro rs  in  the  oxygen an a ly ses , which would a f f e c t  the
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values c a lc u la te d  for

( i i )  In the  thermodynamic data  used fo r c a lc u la tio n  of s i l ic o n  

a c t i v i t i e s ,  the  l im its  p laced  on the values fo r  log ^ a r e  + 0*1.

( l i i )  F a ilu re  o f the m elts to  reach  equ ilib rium  w ith SiO, % and % 0.

With re sp e c t to  th e  th i r d  f a c to r ,  i t  i s  &f in te r e s t  to  

c a lc u la te  and compare the amounts of s i l ic o n  monoxide which would 

be expected to  form during a  12-hour ru n , from co n s id e ra tio n  o f ( i )  

the  decrease in  s i l ic o n  con ten t o f the  m elts and ( i i )  the p a r t i a l  

p ressu re  of s i l ic o n  monoxide above the m elt surface* The r e s u l t s  o f 

t h i s  c a lc u la tio n  are  shown in  Table 33* In  th e  l a s t  column o f th is  

ta b le ,  the corresponding volumes of s i l ic o n  monoxide ore expressed  

in  the form of a r a t i o  of % ./%  where % and %  re p re se n t re s p e c tiv e ly  

the volumes o f s i l ic o n  monoxide formed from a co n s id e ra tio n  of ( i )  the  

decrease in  s i l ic o n  con ten t of the m elt and ( i i )  the  p a r t i a l  p ressu re  

of s i l ic o n  monoxide above th e  m elt su rface .

I t  i s  ev iden t th a t  the amount of s i l i c o n  ox id ised  from the 

m elts i s  on average only aboût 22 per cent of the# expected from 

co n sid e ra tio n  of the p a r t i a l  p ressm e of s i l ic o n  monoxide a t  the gas- 

m etal in te r fa c e  and the  o v e ra ll  gas f lo w -ra te . Since the  r a te  of s i l ic o n  

o x id a tio n  w i l l  be c o n tro lle d  by the r a te  of d if fu s io n  of water-vapour 

to  th e  m etal su rfa c e , the above data  would suggest t l ia t  th i s  d if fu s io n  

r a te  was le s s  than  the r a te  o f flow  of water vapour to  th e  re a c tio n  

chamber*

Although gas-m etal equ ilib rium  m y  not have been e s ta b lish e d , 

th e  c lose  agreement between the values derived  fo r  the equ ilib rium
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constan t K % "P% 0 frommoxporimental data  and ( i i )

thermodynamic d a ta  would imply ti ia t  the  p a r t i a l  prcssiu 'c of s i l ic o n  

monoxide a t  the  gas-nietal in te rfa c e  was not f a r  removed from th e  

eq u ilib rium  value*

5. C onsideration  of Some P ublished  Data on th e  A c tiv ity  of S ilic o n  in.,.r  ,n-nm.r.n.T. r r - T ~  . i ■ fV - .. .- , .,.L u -.L.nT.n-

(g) In tro d u c tio n

I^om the r e s u l t s  obtained during the p re se n t study 

w ith  i'’e-S i"A l"0  m e lts , i t  i s  ev ident th a t  oqu ilib riun i measurements 

involv ing  s i l ic o n ,  s i l i c a  and w ater-vapour/lyarogen gap m ixtures 

must be tr e a te d  w ith  some sueploion* In view o f th e  f a c t  th a t  a 

d iscrepancy  e x is ts  in  the pub lished  d a ta  on th e  a c t iv i ty  of s i l ic o n  

in  iro n  as determ ined by ( i )  d is t r ib u t io n  between s i lv e r  and iro n , 

and ( i i )  gas-m etal o q u i l ib r ia ,  i t  i s  worth w hile applying the  above 

ly p o th e s is  of s i l ic o n  monoxide form ation in  an attem pt to  reso lvo  

the discrepancy*

From experiiian ts on the d is t r ib u t io n  of s i l ic o n  between
4f8

l iq u id  iro n  and liq u id  s i l v e r ,  Ghipman, i l i l to n , Gokcon and Caskey

have re p o rte d  a value o f about 4 fo r the param eter ^ ^ 'L ^ ln T fg ^ y  ô

a t  1600*^0. However, a  more probable value from th e i r  data  would 
60

be about 11 , This higher value has been confirmed re c e n tly  by

the r e s u l t s  from two independent in v e s tig a tio n s  a ls o  based on
61 ,68

p a r t i t io n  esq^eriments * In both cases the value rep o rted  

fo r  ^ 9 a t  1600^0 was approxim ately 13* Ghipman and P i l la y  have 

deduced an average value o f about 36 for£^^^^t 1600^0. Th*$ value
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WE8 based mainly on the r e s u l t s  o f  I&toba e t  a l i a  to g e th er w ith
ss

some o f th e  e a r l ie r  d a ta  o f Gokcen and Ghipman . In each of

the in v e s tig a tio n s , th e  d ata  was derived from equ ilib rium  s tu d ie s

of Fe"Si"0 a llo y s  in  s i l i c a  c ru c ib le s  under c o n tro lle d  m te r« v ap o u r/

Hydrogen atm ospheres.

In  the  follow ing se c tio n , the assum ption i s  made th a t
^(sù

the  c o r re c t  value fo r the param eter t  Q-t 1600^0 i s  about 13 ra th e r  

th an  36, and on th i s  b as is  the re le v an t d a ta  o f Gokcen and 

Ghipman and Blatoba e t  a l i a  a re  reca lcu la ted*

(b)^ R eca lcu la tio n  of Some Published  Bata

Although no experim ental r e s u l ts  ware a c tu a lly  quoted
50

in  the paper by Giripman and P i l la y  , i t  was re p o rte d  tlm t d ata  

ob tained from seven h e a ts , which were thought to  have reached

equ ilib rium  a t  16W G , were in  good agreement w ith  the d a ta  of
m  58

Gokcen and Ghipman and Matoba e t  a l i a  , fo r s i l ic o n  concen tra tions

up to  1 p er cen t , I t  was a ls o  s ta te d  tlm t **Attempts to  extend the

study  to  higher s i l ic o n  concen tra tions were unsuccessfu l on account

of the  t r a n s fe r  of s i l i c a  from the m etal bath  to  th e  upper p o rtio n s

o f the  c ru c ib le  by means of a  silicon-m onoxide mechanism*** In

th i s  r e s p e c t ,  i t  i s  perhaps s ig n if ic a n t t l ia t  wiiile the data  of

Gokcen and Ghipman and Matoba e t  a l i a  are in  reasonable agreement

fo r low s i l ic o n  co n cen tra tio n s , the two so ts  o f d a ta  g radually

diverge as tho s i l ic o n  concen tra tion  in c rease s  above 1 per cent*

In  the follow ing trea tm ent a t te n t io n  i s  confined to

r e s u l t s  re p o r te d  by Gokcen and Ghipman and Matoba e t  a l i a  a t  ICOO^G
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and 1625^0 re sp e c tiv e ly .

The a c t iv i ty  of s i l ic o n  in  the  Fe-B i-0  m olts under

co n s id e ra tio n  can be c a lc u la te d  ^d th  th e  a id  o f the follow ing equations
Si 58

deduced from the caabinod data o f Smith and Ghipman and Baschw rtz »-

At 1600% , log  X a i  -  S#e %  ^ "  2#90

At 1625% , log  ï g i  = 5.8 .  g,85

In  thaea o a le n la tio n s , I t  i s  assumad th a t  ( l )  the

in flu en ce  o f oxygen on the  a c t iv i ty  o f s i l i c o n  i s  n e g lig ib le , and

(2) fo r  the  ten d era tu re  range involved, éf?is constant*

Water vapour/hydrogen r a t io s  denoted by (p ;^g /pg^)c and 

corresponding to  the various c a lc u la te d  s i l i c o n  a c t i v i t i e s ,  can be 

deduced from the fo llow ing equations based on pub lished  thermodynamic 

data»"

R e f ,(74) co rrec ted  by the data  of Ref (8 1 ),(8 2 ) gives*-*

B i ( 0 ) ^  Q»(») =s SiQg(«); A = «137,670 c a l
'   ̂ A a  "136,370 c a l

BTom Ref (74)

%%(g)+08(g) -  y, A 0(^1873""K =* -68,180 c a l
vs/ VW aG % 90?K « "6 7 ,4 2 0  c a l

com bination o f these  equations gives*-

Si(fe(s)+2Ife/„N« 2%Û(«) ; A 0^1673% =s + 69,490 c a l
 ̂  ̂ A a% 9oo^K «  + 68,960 c a l

^ assuming «  1 .

At the experim ental tem peratures 
the s ta b le  form of s i l i c a , t o  which the 

equations a p p ly ,is  o r i s to h a l i te .
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4^57 5x1 873

At 1873«K, log K =

. ' .  K = 7'7G X 10

=  G'81 % lo '
•5

P% /®

S im ila r ly , a t  1900“Y | i ^ \  _ 1»07 x 10

l% 0  À  V®sT

TIiq o f the  ca lc u la tio n s  are  shown in  Table 34.

L is te d  in  th e  l a s t  column o f th i s  ta b le  a re  the  apparent w ater-vapour/ 

hydrogen r a t io s  in  co n tac t w ith  the melt» based on the  com position 

o f th e  i n l e t  gas mixture*

From the data  in  Table 34  ̂ i t  i s  ev iden t th s,t on the 

assum ption o f 13 » the oxygen p o te n t ia l  o f the gas phase i s  

g re a te r  than tî ia t  expected from co n sid era tio n  o f the in le t  gas 

composition* This i s  th e  rev erse  of what was found to  be the  case 

in  the p re se n t study o f I-e-Sl**Al-0 a llo y s  » where th e  oxygon p o te n t ia l  

o f  the  gas phase was lower ttmn th a t  expected from th e  i n l e t  gas 

canposition* N evertheless ; in  the follow ing se c tio n  i t  w il l  be 

shown th a t  the data of Table 34 can a lso  be exp lained  in  terms of 

s i l i c o n  monoxide formation*

{ Ç) k  P o ss ib le  Meolmnism Based on t he Reaction#*■ SiQe^g) +II2 ^= :^ iO ^+ H g O (

The two s e ts  o f da ta  shorn in  Table 34 in d ic a te  th a t  the 

c a lc u la te d  w ater-vapour/hydrogen r a t io s  a rc  g re a te r  than  the 

corresponding i n l e t  ra tio s *  This would imply th a t  th e  o x id is in g  

p o te n t ia l  o f the gases a t  the  m elt su rface  was g re a te r  than th a t  

an tic ip a ted *  Since both s e ts  of d a ta  were derived  from s tu d ies
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o f e q u i l ib r ia  involving pure s i l i c a ,  a  re a c tio n  which would account 

fo r  th e  increase  in  o x id is in g  p o te n tia l  of the gas mixture would be#- 

81% (s)  + % (g ) = 310(g) +

^  ^  P31Û , assuming -  1#

In  Table 35, th e  equilib rium  co n stan t fo r the above

re a c tio n  i s  c a lc u la te d , assuming tlm t 1^ equ iva len t to  the 

d iffe re n c e  between corresponding water -  vapour/hydr ogen r a t io s  and 

tak in g  in to  accoun^a fo u r- fo ld  admixture o f argon*

The equilibriuJîi constan t fo r th i s  re a c tio n  can a lso  be 

c a lc u la te d  from thermodynamic data  in  the  fo llow ing xmy#- 

Frcm Hof (74) co rrec ted  by the data of Ref (61)(&2)

8 i/n  Cb(g) -S iQ 3(B ); Aa^ieva^K =; -137,670 caliAG^ooo^K a  -136^370
c a l

r% (g) = 810(g) ; AG‘"io7Q°K »  -61 ,200 ca ll AG^soo^K = -61,500
c o l

From Ref (74)#

î% (g ). ■|Q8(g)= % 0(g) -, AG“io 73“K = -34 ,090 ca r, AG“ig o o '’K =-33,710
cal

Combining these  equations gives#

a ic ! .fe )*  « . ( s )  -  m g )  * ■‘■0(g) ' :  g g s  s

At 107S“K, lo g  B = “

K a  1*12 X lo ”® From Tabla 35 K = 1*7B x lo"“
S im ilarly  a t  1900°K, K = 1'G2 % 10® From Table 35 K = 2»23 x  lO"®

Thus the  values derived  fo r  the equ ilib rium  co n stan t from

thermodynamic d a ta  are  in  reasonable agreement w ith  the  values in

Table 35. The evidence would tend  to  suggest, th e re fo re , th a t  the

o x id is in g  p o te n t ia l  of the gas m ixture in  co n tac t w ith  the  m elts



TABLE 34 Oxygon P otan tla l of the Gas Phase

81, Wt P et 
C barged Analysed

^81
!c f !o*

(*’' W ph0 )o

i§*
^PlfeO/pn )

x n le t

Gokoen and GMnman # IGOÔ G

0*20 0*227 4*5 1* 34 6*03 2» 46 35*8 32*3

0» 35 0* 376 7*0 1*38 9# 65 3 .10 28*4 23*05

0"73 0*613 12*0 1*48 17*8 4» 22 20*9 17*03

I 'lO 1*01 19*0 1* 62 30*8 5* 55 15*9 13*10

1*77 1* 61 31*0 1*91 59*1 B'GB 11*5 9* 69

4* 60 4*39 84*0 3*86 324* 0 18 .00 4*9 4* 56

Matoî^a e t  ,

0*101 0* 033 0*7 1*43 1*00 1.00 107 104*5

0*162 0*070 1*4 1*44 2*02 1.42 75*4 70*0

0* 340 0*198 4*0 1*49 5*95 2*44 43*8 43*7

0*430 Ü* 337 7*0 1*55 10*9 3*30 32*5 32*3

0* 600 Q* 580 11 1* 64 18*0 4* 24 25*2 21*8

0*800 0*830 16 1*75 28*0 5* 29 20*2 17*5

I t  24 1*120 22 1*90 41*8 6* 46 16*6 13*4

1*62 1*60 31 2*14 66*2 8*13 13*2 10*3

1"91 1*88 36 2*29 82* 5 9*07 11*8 8*1

2*51 2* 33 45 2* 58 116* 0 .10*8 9*9 6*1

2*29 2*31 45 2*58 116*0 10*8 9*9 6*1

2*88 2*84 55 2*94 162*0 12*7 8*4 4*7



of the Equl llbîi’lurd C onstant fo r the E saotiom

3
% 10 3: 10 (Pi«0/PHs)e ^

Gokogn 
0.88

1.33

0.98

0.70

0.4-S

0.08

.  1600*0 
35. 8

28.4

20.9

15.9

11.5 

4*9

Matote e t  a l i a  -  1625°C

K = i% io(p% q/p% )^x 10°

3.15 

3.78

,8'OS

I ' l l

0 .52

0.04
Average Value — 1.78

0*63 107 6*74

1*35 75*4 10*15

0* 03 43*6 0*13

0* 05 32*5 0*16

0*85 25*2 2*14

0* 68 20*2 1* 37

0* 80 16* 6 1*33

0*73 13*2 0*96

0*93 11*6 1*10

0* 95 9*9 0*94

0*95 9*9 0* 94

B* 93 8*4 0*78

Avexa.6f V a lv e .  2 23



tàMM M  OomDUtatlon o f  the R a tio  fo r .the Reaction
**# # « a , i 11.11,1.1. 1 # im | '.H'in y e i m i # » ™» ! * i n'wM# HWim. m w M i J i I t i . * » * W iüin  m

0 Hf jOi

U, W tP o t (PHsC/Ph,)® „ /  .  _ /
% a JÏ „
10 id»

wti P e t S g  %  le g  %

„^M âB0aB-2-M â$S

0.887 31*7 33*8 3*06 0*49

0*378 9*0 28*4 3*16 Ü*SO

0*613 a* a 20*9 3*32 0*52

1*01 5*0 16*9 3*18 0- 80

1*61 4*6 11* ü 2* SO 0*40

4* 39 2*3 4*7 2*13 0*33

0-033 31*1 107 3*44 0*54

0-070 20*0 7S*4 3*03 0*S6

0*1SS 14*0 43* e 3*14 0*50

0*337 11*1 32*5 8*93 0-47

0*580 7*7 25*2 3*27 0*51

0*830 6*2 20-2 3*26 0*51

1*120 8*8 16*6 2*96 0*47

1*80 • 4'* 7 13*2 2*61 0*45

1*88 4*2 11*8 2*81 0*45

2*33 4-4 9*9 2* a s 0*35

2*31 4* 5 B*9 2*20 0*34

S» 04 ■3,5 5 8*4 2*40 0*30
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was much c lo se r  to  th a t  in d ic a te d  by the c a lc u la te d , ra th e r  than  

th e  i n l e t ,  water -  vapour/ hy dr oge n r a t i o s ,  due to  th e  red u c tio n  of 

s i l i c a  by l:ydrogdn w ith th e  conséquent form ation of s i l ic o n  and 

water vapour*

(d ) The A c tiv ity  C o e ff ic ie n t of Oxygon in  Fe-Si-Q M elts

The e f f e c t  of s i l ic o n  on the  a c t iv i ty  c o e f f ic ie n t  of 

oxygen can be deduced from a co n sid era tio n  of the  follow ing ro s c t io n i-

H s ( g )  <■ 0  =  % 0 ( g )

= ^HfaO » ^

= 4 / i o

On tha aBGumptlon th a t  fe ~

lo g  = lo g  f fV  log  %

a * lo g  %

The r e s u l t s  ob ta ined  by Gokcen and Chipraan and î^ to b a

e t  a l i a  fo r  th i s  re a c tio n  a re  given in  F ig 33* The slope of the

l in e  drawn through the  d ata  o f Matoba y ie ld s  a  value fo r the

param eter cf^'of -0*13» A broken l in e  has been drawn tlirough

the  d a ta  of Gpkcen and Ghipman fo r the fo llow ing  reason. In  the

o r ig in a l  p ap er, an attem pt was made to  f i t  bo th  th e i r  own d a ta  on th e
10

F e-S i-0  system and th a t  of Dastur and Ghipman on the Fe-O b inary

system , by a s in g le  curved line*  This c u rv il in e a r  re la t io n s h ip
6V

was l a t e r  r e t r a c te d  since i t  was a t  variance  w ith  the  th e o re t ic a l  

requirem ent o f a  f i n i t e  slope a t  in f in i t e  d ilu tio n *

The values ob ta ined  by Gokoon and Ghipman and Mhtoba e t  a l i a
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fo r  the equ ilib rium  r a t io  are  re  c a lc u la te d  in  Table Z6 using  the 

(p% c/P% )c r a t io s  given in  Table 34* The ne\j values fo r are  

included  in  F ig  33* C onsideration o f th i s  graph lead s to  the  

fo llow ing  conclusions*
88 68

(1) There i s  reasonable agreement between the  two se ts  of d a ta

over the  f u l l  range of s i l ic o n  concen tra tions involved*

(^) At Boro per cen t s ilico n ^  th e re  i s  good agreement between 

each s e t  o f d a ta  and t i ia t  o f F lo r id is  and Ghipman fo r  the  Fe-0 

b inary  system*

(3) Although the two s e ts  o f data are a t  s l ig h t ly  d if f e r e n t  

tem peratu resÿ th e  data  a re  not s u f f ic ie n t ly  p re c ise  to  in d ic a te  

any v m :ia tio n  in  the  param eter ^ o '^ ith  temperaturo* The g rad ien t 

of the l in e s  y ie ld  a value fo r  th i s  param eter o f  **0*045. Using 

th i s  value a graph has been construc ted  of log  and

th is  is. shown, in  F ig 34V
8

( e) The D eoxidation Gone ta n t  f ] T aed

The de ox ida tion  con stan t fo r s i l ic o n  i s  ob ta ined  from 

th e  reac tion*

^ % ( s )  m  ^ ^ 0
8

% «  E®Si](ao]

On tho aseumption th a t  |^ /a n d  ^  % i . g .  neg locting  the  a f f e c t

of oxygen in  each case***
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lo g  % = log  * l 0gf^^‘̂ a s

= lo g  % ' * <• 2 4 ‘V ^Sij

a  log  % + [^Sij|^,6 j . l  2 6 0

At tempez^tiiyee about 1600*^0

€ f i ^ ^  ^  13 and th e re fo re  **• 0*112

S’rom Fig 34 Q q ^  -*0*043

Thus [ 65!+  % 6 0  j  a  0*112 -  0*090 = +0*022

Tills would :Wply th a t  a t  tsK ^eratm ’es of approxxim tely 

IdDO^G j the  deoxidation  product and the deox idation  constan t % 

should  be almost id e n t ic a l  since the param eters Chanel ^o'^^end 

to  compensate each other* T his i s  confirm ed h j  the f a c t  th a t  

in  each o f the in v e s tig a tio n s  the  product [5SsiJ[;iCo] was 

approxim ately c o n s tan t, and equal to  th e  product [ao]#

At 1600^0 the average value suggested fo r e i th e r  product by
-5

Ghipman and P i l la y  i s  2*3 x  10 *

A study  has been made of Fe*Si-Al-0 a llo y s  in  pure 

aluîBina c ru c ib le s  m aintained a t  a  constan t tem perature of 

1723% , under c o n tro lle d  water* vapour/bydr ogen atm ospheres.

A fte r a  perio d  o f about 3*2 hours, the m elts ware quenched in  

hydrogen and analysed^

From the r e s u l t s  obtained i t  i s  apparen t th a t  the 

oxygon p o te n t ia l  o f the gas phase a t  the gas*m etal in te rfa c e  %ms
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lower tlm n th a t  expected from co n sid era tio n  of the i n l e t  gae 

composition# This was p a r t ic u la r ly  ev iden t from the  a3*uminium 

con ten t of the melts# A decrease in  the s i l ic o n  con ten t was 

a lso  observed and th i s  was moot obvious a t  th e  h ighest oxygen 

p o te n t ia l s .

In  an attem pt to  exp lain  these  e f fe o ts  a  hypothesis has 

been p u t forward based on the form ation o f s i l ic o n  monoxide by 

the  re a c tio n !

B  *  % 0(g) «  s i i o y  + % (g )

Values fo r  the  equ ilib rium  co n stan t o f th i s  re a c tio n  

c a lc u la te d  f r c a  both experim ental and thermodynamic data are  in  

reasonable agreementè

In  view of the above r e s u l t s  and th e  discrepancy which 

e x is ts  in  the  pub lished  d a ta  fo r  the a c t iv i ty  of s i l ic o n  in  

l iq u id  i r o n ,  Bom  gas*m etal equ ilib rium  data  have been re-exam ined # 

On the  assumption th a t  s i l ic o n  a c t iv i t i e s  deriv ed  from p a r t i t io n  

experim ents a re  r e l i a b l e ,  c a lc u la tio n s  have been made the  r e s u l t s  

o f  which in d ic a te  th a t  the oxygen p o te n tia l  o f  the gas pimse a t  the 

gas-m etal in te rfa c e  was g rea te r  than  th a t  expected from co n s id e ra tio n  

o f  the  i n l e t  gas composition# This f a c t  has been shoim to  f i t  in to  

the  hypothesis o f s i l ic o n  monoxide formation# In th i s  in stan ce  

the re a c tio n  involved is%*

s ia ^ (s )  * % (g) =

Again th e re  i s  good agreement between th e  experim ental 

and thermodynamio data  fo r th e  equ ilib rium  co n stan t o f th is
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reac tion#

Using ca lc iJ la ted  values fo r  the  oxygen p o te n tia l  o f 

the  gas p hase , th e  a c t iv i ty  c o e f f ic ie n t of oxygen in  Fe*Si*0 

m elts has been redeterm ined and a new value es tim a ted  fo r 

the param eter € ^ i

The e f f e c t  of the new d a ta  on the  s i l i c o n  deoxidation 

co n s tan t i s  extrem ely sm all due to  the  f a c t  th a t  in  dx3.ute 

so lu tio n s  th e  param eters € ^ ^ a n d a p p r o x i m t e l y  compensate 

each other#

In conclusion , th i s  work Jms shown th a t  s tu d ie s  of 

e q u i l ib r ia  involving s i l ic o n ,  s i l i c a  and water*vapom '/Iydrogen 

gas m ixtures are  su b jec t to  la rg e  e r ro rs  due to  the form ation 

o f s i l ic o n  monoxide# I t  i s  th e re fo re , e s s e n t ia l  tlm t th is  

type of e f f e c t  should be taken  in to  account in  a l l  gas-m etal 

In v e s tig a tio n s  where th e re  i s  a  p o s s ib i l i ty  o f  th e  form ation 

o f a  v o la t i le  oxide*
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A f P E M D l X



m TO BîEim L im x a

A ll h ea ts  rep o rted  in  tho follow ing ta b le s  were made 

w ith  gas flow r a te s  of approxim ately 150 cc/min hydrogen and 

900 cc/min argon# The p reh ea te r  was m aintained a t  1550% un less 

otherw ise sta ted*

Table ( i )  .fton-Aluminim-Cbcygeii M elts

Heat Ho Temp Honrs a t  Temp Temp o f S a tu ra ted  Atm* In te rn a l
Xii C l Soln# P ress ,

mm Hg
P ress 1 
mm Hg

1 1623 6*0 30*5 745*5 5

z 1823 1 0 .0 30*5 759*7 5

3 1823 24*8 759*0 5

4 1623 4» 5 24*8 766*7 5

5 1823 12*0 24*8 764*1 4

6 1723 6.Q 25*0 765*5 4

7 1723 12*0 25*0 761*0 5

8 1823 m s 35*4 766 0 5

9 1823 10.5 40*5 756*7 5

10 1823 11*5 45*5 751*0 5

12 1723 12*0 30*4 767*6 5

15 1723 12*0 40*4 763*3 4

31 1723 12.0 35*4 762*2 5



Table ( i l ) I r  o n -S l l icQn-Aluminium-QKyaQ n Me I t s

The fo3„lowing h sa ts  i-iere m aintained a t  1723*^0 fo r 12 hours 

under a 6 t 1 argon/hydrogen r a t io .

Heat Ho S ilic o n  charged Temp o f Atmospheric In te rn a l
wt p e t  S a tu ra ted  P ressu re  P ressure

Li 01 Soln# mm Hg mm Hg
_  %  . ,

17 '■' 1 30*2 743*2 4 No

18 1 35*4 748*3 4 No

19 1 25*0 752*5 4 No

20 1 35*5 750*1 3

21 1 25*0 751*3 3

22 1 30*1 730*5 4

23 0*5 30*1 744* 8 4

24 0* 5 25*1 749*0 4

25 0*5 35*6 752*9 4

Î 30 0*25 30*3 755*0 5

32 2 25*0 758*5 7

33 2 90*2 757*4 6

34 2 35*4 768*8 6

35 0*25 25*2 760*6 7

36 0*25 35*5 767*5 3

37 4 30*1 764*1 7

39 4 24*7 755*7 7

40 4 35*5 752*4 6



Table t i i )  Iron  GbroraiinQ-Aluminium Oxyaen Molts^  r  irrrT ^^ iimiTi rm T iia ain T irr  inm  m m i i M' ‘im a  i ii- m —T - "  n r  i ir i #,#M |5ï#rM imnT#W iij, »i.i.«imr r i

Tho fo llow ing  heats were m aintainod a t  1723% fo r  12 hours 

under a  6 » 1 argon-hydrogen r a t i o .

Heat Ho

 ̂Tl l#a

Chromium 
Charged 
Wt P e t

Teiîp o f 
S a tu ra ted  
L i Cl Coin.

% _̂_____

Atmospher ic  In te rn a l 
P ressu re  P ressu re  

mm Hg mi Hg

43 Z 35*4 750* 6 6

44 Z 29*9 755*7 6

45 10 30*1 765*5 6

46 10 35*5 753*1 5

47 6 3D* 2 766*6 6

48 6 35*7 753*2 6

49 Z 24*9 758*5 6

50 10 24*9 752*1 6

51 6 24* 9 757*3 6

On occasions during the in v e s tig a tio n  heats had to  be abandoned 

fo r  se v e ra l reasons, fo r  example, ( i )  blockages in  the  bubbling 

tubes due to  c r y s ta l l i s a t io n  of lith iu m  c h lo rid e , ( i i )  f a i lu r e  

of the  p reh ea te r winding a n d ( i i i )  f a i lu r e  of the power f^upply- 

Such hea ts are not rep o rted  in  the  above ta b le s .


