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I N T R O D U C T I O N .



INTRODUCTION.

The manufacture o f s te e l  from p ig  iro n  and scrap i s  an oxidation  

process in  which im purities  such as  phosphorus, carbon and s i l ic o n  a re  

oxidised and taken in to  th e  s lag . During th i s  process the  molten metal 

d isso lves oxygen to  an ex ten t which depends on the  composition and 

tem perature of the  metal and s lag . Normally th e  amount of oxygen d is s -  

*olved in  the  s te e l  a t  the end of re f in in g  i s  in  excess of th a t  desired  

and before th e  metal i s  teemed th is  excess must be removed. The amount 

of deoxidation necessary depends on the q u a lity  of s te e l  and on the  type 

of ingot which i s  to  be produced. Thus rimming s te e ls  are not as fu lly  

deoxidised as k i l le d  s te e ls .

There are th ree  d iffe re n t methods of deoxidation, namely, d iffu s io n  

deoxidation, carbon deoxidation and p re c ip ita tio n  deoxidation. D iffusion 

deoxidation which i s  p rac ticed  in  e le c tr ic  steelmaking involves covering 

the molten metal with a s lag  containing only a very small amount of 

fe rro u s  oxide. This slag  being out of equilibrium  with the  molten metal 

w ill  remove ferrous oxide from the metal t i l l  equilibrium  i s  a tta in e d .

In  deoxidation by carbon the  deoxidation product i s  carbon monoxide which 

can be r e la t iv e ly  e a s ily  removed from the m etal. P re c ip ita tio n  deoxida- 

t t io n  i s  the  most widely p rac ticed  method and i s  used almost exclusively  

in  the  open hearth  and converter steelmaking processes. In  th i s  method, 

elements having g rea te r a f f in i t i e s  fo r  oxygen than iro n  are added to  the  

s te e l .  In  add ition  to  removing oxygen from the  s te e l  these elements 

must give products of reac tio n  which can rap id ly  separate from the  molten 

m etal. The requirem ents of a good deoxidiser a r e t -



(a) Higher a f f in i ty  fo r  oxygen than iro n

(b) Rapid so lu tio n  in  l iq u id  iron*

(c) High r a te  of re a c tio n  w ith oxygen d isso lved  in  iron*

(d) Rapid r i s e  of th e  products of reaction*

The most commonly used elements a re  manganese, s il ic o n  and aluminium and 

these s a t i s fy  the  f i r s t  th re e  requirements*

The r a te  of r i s e  of the deoxidation products in  l iq u id  s te e l  

increases as the  s ize  of th e  product increases  and a lso  the  nearer the  

shape approaches to  a sphere. I f  the deoxidation product i s  a l iq u id  

i t  can increase  i t s  s ize  by coalescing w ith other p a r t ic le s  and w ill  a lso  

tend to  be sp h e rica l, whereas i f  the  product i s  s o lid ,  i t  i s  unable to  

coalesce w ith o ther p a r t ic le s  and i s  u su a lly  ir re g u la r  in  shape. Thus 

wherever possib le  deoxid isers should be chosen which give l iq u id  deoxida- 

» tion  products* The l a t t e r  are more l ik e ly  to  r e s u l t  from the use of 

a llo y s  than  s in g le  elem ents.

The study of the  oxygen content of iro n  in  equilibrium  with liq u id  

oxides which may be produced during deoxidation i s  thus very im portant 

from the  po in t of view of understanding and improving deoxidation practice* 

Thermal equilibrium  diagrams in d ica te  s lag  compositions which w ill  be 

liq u id  a t  steelmaking tem peratures, and by performing slag /m etal m elts 

w ith these  slags th e  r e la t io n  between the metal composition and the 

deoxidation product can be determined. In  th is  work a study has been 

made of deoxidation using  manganese and s ilic o n . The approach has been 

to  determine the  equilibrium  between molten iro n  and iro n  manganese 

s i l i c a te s .  Deoxidation using manganese and s il ic o n  i s  one of the  most



widely p rac tise d  methods in  steelmaking* Before deoxidation can be 

completely understood and placed on firm  s c ie n ti f ic  bases many in v e s ti-  

tg a tio n s  of th is  type w il l  be necessary* C alculations can then be made 

to  f in d  the best deoxidation a llo y  to  use fo r  any p a r tic u la r  purpose and 

th e  amount necessary to  achieve any given degree of deoxidation*



DISCUSSION OF PREVIOUS WORK*



I I .  ' DISCUSSION OF PREVIOUS WORK*

1* Oxygen S o lu b ility  in  Liquid Iro n *

The phase diagram of the  iron-oxygen system (l) i s  shown in  

Fig*1* This shows an im m isc ib ility  gap in  which th e  two phases a re  

l iq u id  iro n  containing dissolved oxygen and a l iq u id  oxide phase*

The l a t t e r  has a v a riab le  composition but i s  always s lig h tly  r ic h e r  

in  oxygen than would be represen ted  by the  formula FeO* Richardson(2) 

has given i t  the  formula F©ov950 and i t s  fre e  energy of form ation as

0*95Fe(t ) + ItQa =  Feb.9s 0 (u ) AG° = -59,050 + 12,85T.

In  discussions on steelmaking reac tio n s  the  phase i s  normally re fe rre d  

to  as ferrous oxide and w ill be tre a te d  as such in  th is  discussion*

The boundary BC gives the composition of the metal phase in  equilibrium  

w ith the  l iq u id  oxide phase* I t  a lso  marks the l im it  of s o lu b il i ty  of 

oxygen in  liq u id  iro n , as once th is  oxygen content i s  reached a t  any 

given tem perature a l iq u id  oxide phase appears*

Many determ inations of th is  lim itin g  s o lu b il i ty  of oxygen in  

iro n  have been made* In  a l l  these in v estig a tio n s  im purities  have been 

present in  the  oxide phase because of the  inherent experimental 

d i f f ic u l ty  o f obtain ing  a container which w ill  not be attacked  by 

molten iro n  or by the oxide phase*
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L© C hate lier(3 ) rep o rted  a s o lu b il i ty  of oxygen in  iro n  as 0*244$ 

a t  1600°C. A ustin(4) using  magnesia c ru c ib les  found the s o lu b il i ty  to  

be 0*288$ but did not s ta te  a temperature* T ritto n  and Hanson(5) found 

th e  s o lu b il i ty  to  be 0*21$ a t  the  m elting po in t o f iron*

Herty and Gaines(6) made the f i r s t  study of the  e f fe c t of temper- 

ta tu re  on th e  s o lu b il i ty  of oxygen in  iro n  and gave the  s o lu b il i ty  as 

[0]
Fe, x = 0*1475 10 3T°C -2*038 

(.max;

which gave a s o lu b il i ty  of 0*25$ a t  1550°C*

Korber and Qelsen(7) measured the oxygen content of iro n  melts 

made under FeO-MnO-MgO slags* They found th a t  the  oxygen content of 

these m elts was d ire c tly  p roportional to  the  fe rro u s  oxide content of 

the  s lag s  and by ex trapo la ting  to  100$ fe rro u s  oxide found th e  s o lu b il i ty  

of oxygen in  iro n  a t  d if fe re n t temperatures* They found th is  s o lu b il i ty  

to  be

[0]
Fe(max) = 0-131 t*C -1-77 

giving a s o lu b il i ty  of 0*26$ oxygen a t  1550°C* This f ig u re  was in

agreement w ith th a t  of Herty and Gaines*

Chipman and Samarin(8) by studying the equilibrium  between molten 

iro n  and a hydrogen-water vapour gas mixture found th a t  th e  concentration
ptr Q

of oxygen in  liq u id  iro n  was p roportional to  the r a t io  and hence
FHa

to  the p a r t ia l  pressure of oxygen. Thus a so lu tio n  of oxygen in  iro n  

obeys Henry* s Law up to  sa tu ra tio n  and i t s  a c t iv i ty  i s  d ire c tly  

proportional to  i t s  concentration*



Dastur and Chipman(9) using  a more re fin e d  experim ental technique 

than Chipman and Samarin have measured th e  standard f re e  energy charge 

fo r  a so lu tio n  of oxygen in  iro n .

1$ a c t iv i ty  in  l iq u id  iro n  

A g° = -27,930 -  0-57T c a l .

An in v e s tig a tio n  of the s o lu b il i ty  of oxygen in  iro n  has been made by

Chipman and F e tte r s (10) using  magnesia c ru c ib les  and heating in  a high

frequency induction  furnace. The slags consisted  mainly of fe rrous

oxide w ith small amounts of magnesia and calcium oxide picked up from the

c ru c ib le . They found a much lower s o lu b il i ty  than th a t  obtained by

Korber and 0elsen(7) and Herty and Gaines(6 ) , rep o rtin g  i t  as

log  $ oxygen = + 1*935

giving a s o lu b il i ty  of 0*19$ a t  1550°C.

This s o lu b il i ty  was found to  be independent of the nature of the

furnace atmosphere and of th e  p u rity  of the ferrous oxide s lag  when i t s

to t a l  FeO content was above 90$. Chipman and F e tte rs  a lso  found th a t

f e r r ic  oxide was not completely reduced to  fe rro u s  oxide by molten iro n

but th a t  th e  r a t io  of in  th e ir  s lags a t  the m elting p o in t o f iro na eu
was 0*072. This was s l ig h tly  higher than the r a t io  0*055 reported  by 

D arken(ll) fo r  ferrous oxide slags melted in  iro n  c ru c ib les . The 

presence of magnesia in  th e  slags possib ly  increased  the  f e r r ic  oxide 

content by s ta b i l is in g  f e r r i t e s .

Sloman(l2) found the s o lu b il i ty  of oxygen in  iro n  a t  i t s  m elting 

po in t to  be 0*15$ which agreed with th e  value of Chipman and F e tte rs  

and disagreed w ith th a t  of Korber and Oelsen and Herty and Gaines.



Chipman and T aylor(l3) using a ro ta tin g  crucib le furnace with magnesite 

c ru c ib les  checked the data of Chipman and F e tte rs ( lO ). They found the

s o lu b il i ty  of oxygen in  iro n  to  be

log $ oxygen = + 2*734

giving a s o lu b il i ty  of 0*19$ a t  1550°C. This work gave re s u l ts  of th e

same order as those of Chipman and F e tte rs ,  only d iffe r in g  a t  higher 

tem peratures as in d ica ted  in  F ig .2 .

F ischer and vom Ende(l4), who a lso  used a high frequency furnace

w ith magnesite c ru c ib le s , redeterm ined the  s o lu b il i ty  of oxygen in  iro n  and
\

reported  a value of the sane order as Chipman and F e tte rs  and Chipman and 

Taylor.) th e i r  r e s u l ts  are shown in  F ig .2 .

The most probable cause of the discrepancies between th e  values

obtained by Korber and 0elsen(7) and Herty and Gaines(6) on the  one hand

and. Chipman and h is  co-workers(10 ,13), and F ischer and vom Ende(l4), on 

the o th er, i s  the d iffe re n t methods used fo r tem perature measurement as 

Chipman and h is  co-workers(10,13) have shown th a t  the e ffe c t of d iffe r in g  

atmospheres and sampling techniques cannot be the cause. Korber and Oelsen 

and Herty and Gaines used o p tic a l pyrometers fo r tem perature measurements 

whereas Taylor and Chipman, and Chipman and F e tte rs  used immersion 

thermocouples. O ptical pyrometers would be inaccurate due to  the  absence 

of black body conditions and the v o la t i l is a t io n  of ferrous and manganous 

oxides. Although Korber and Oelsen used emission co e ffic ie n ts  to  ad ju st 

th e ir  tem perature readings i t  would appear th a t  th e ir  temperature measure

m ents were s t i l l  too low, and th a t th is  led  to  higher values of oxygen 

s o lu b il i ty .
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2 . Manganese and Oxygen equilibrium  in  liq u id  iron*

The s tab le  oxide of manganese in  con tact w ith liq u id  iro n  i s  

manganous oxide (MnO) • The fre e  energy of formation of manganous 

oxide(15) i s

Mn(^) + ^ 0 3  =  MnO(s ) AG = -95,400 + 19*62T c a l .

Ferrous oxide and manganous oxide are  completely m iscible in  th e  l iq u id  

s ta te  but evidence on the so lid  s tru c tu re  of the mixed oxide i s  s t i l l  

co n f lic tin g . Hay, Ho\>rat and White(16) and Benedicks and L ofqu ist(l7 ) 

have published diagrams showing a two phase reg ion  in  the so lid  s ta te  

while Andrew, Maddocks and Howat(lS) and Herty and D an ilo ff(l9 ) have 

in d ica ted  th a t  ferrous oxide and manganous oxide are completely m iscible 

in  the so lid  s ta te .  Jay and Andrews(20), P e tte rsso n (2 l) ca rried  out an 

X-ray study of the  so lid  s ta te  and found only one phase p resen t throughout 

the system. C arte r, Murad and Hay(22) have p ro v is io n a lly  accepted the  

evidence of complete s o lu b il i ty  in  th e ir  d iscussion  of the  FeQ-MnO-SiQj 

system. Sloman and Evans(23) and Whiteley(24) by examining FeO-MnO 

inc lusions from s te e l  f in d  no evidence of im m isc ib ility  in  the in c lu sio n s . 

The weight of evidence i s  in  favour of complete m isc ib ili ty  in  both the  

liq u id  and so lid  s ta te  but as y e t no r e l ia b le  diagram showing the  liqu idus 

and so lidus has been published. The appearance of a two phase region in  

the work of Hay, Howat and White may have been due to  the form ation of 

f e r r i t e s  in  the s lag s . Darken and Gurry(25) have shown in  experiments 

on the Mn-Fe-0 system th a t  MnO has almost as g rea t an influence as CaO 

in  s ta b i l is in g  FeaQj.

When manganese i s  introduced in to  liq u id  iro n  containing oxygen, 

the  equilibrium  i s



(aMnO)
(FeO) + [Mix] =  (MnO) + Fe K =-- ---------(aFeO) [ aMn]

The a c t iv i ty  of iro n  i s  taken  as u n ity  in  the  concentrations occurring 

in  steelm aking. When weight percentages are  su b s titu ted  fo r  a c t iv i t ie s  

the  constant has been designated

K'lfa  =  ( f e o j ___
($FeO) [pin]

As MnO and FeO are  s im ila r and are  assumed to  be completely m iscible in  

both the liq u id  and so lid  s ta te s ,  th e ir  a c t iv i t i e s  can be rep laced  by 

concentrations and because of th e i r  s im ila r ity  in  molecular w eight, by 

weight concen trations. This gives 

IOOK'Mu = K-

and the  equilibrium  constant K‘^  can be taken as the  tru e  equilibrium  

constant fo r  the manganese rea c tio n  i f  the s lag  co n sis ts  almost e n tire ly  

of fe rro u s  and manganous oxides.

A value fo r  th is  equilibrium  constant can be calcu la ted  from funda- 

imental thermodynamic data.

Mn(j.) + %  03 MnO(*) AG = -95,400 + 19*62T c a l. (15)

FeCt) + \  Qj FeO(t) AG = -56,830 + 11-94T c a l. (15)

HnO(i) MnO(;i.) ag  = +10,700 -  5*2T c a l .  (15)

Assuming th a t  a so lu tion  of manganese in  iro n  behaves id e a lly  then 

Mn(*) ** [Ma] 1% so ln . ^  Fe.  AG = ET In  0-01

= -9*15T ca l.

Hence



[Mq] ^  + FeO(,0 =  MnOU) + Fe(.*) AG = -27,870 + 11-63T c a l .

In  K = ^ 5  = 27^870 - 1 1 * 63T
RT 4* 57ST'*

log  ^= 6080 

a t  1550°C YLm  = 6*1

The accuracy of th is  ca lcu la ted  constant depends on the accuracy of the  

thermodynamic data and the  e rro rs  in  these are  la rg e  enough to  have a 

considerable e f fe c t on th is  constant* Gero, Winkler and Chipman(26) 

c a rrie d  out a s im ila r c a lcu la tio n  based on s lig h tly  d iffe re n t data and 

ca lcu la ted  a constant of

logK jfc = ^ 2  - 2 - 8 2

a t  1550*C = 5*1

which i s  considerably lower than the value ca lcu la ted  above*

Several in v estig a tio n s  of the manganese equilibrium  have been made* 

Krings and Sckackmann(27) c a rr ie d  out melts in  small alumina and magnesia 

c ru c ib le s , th e ir  slags thus containing e ith e r  magnesia or alumina as 

im p u rities . The r e s u l ts  from m elts made in  magnesia or alumina showed 

no s ig n if ic a n t differences* They repo rted  a value fo r  KMn of 3*1 + 0 2  

a t  1550/1560°C* Korber and 0elsen(7) used a small high frequency furnace

w ith magnesia c ru c ib le s , measuring the tem perature with an o p tic a l pyrometer.

Quench samples were obtained by dipping a spoon in to  the slag  and metal*

The r e s u l ts  were summed up in  the  equation 

log Kjfo = £ |31  -  1-0263 

which correspond to  a of 2- 5 a t  1550°C*



Gero, Winkler and Chipman(26) have re-examined the  manganese

equilibrium  using data  from m elts made by Winkler and Chipman(28) • These

m elts were made in  a la rg e  magnesia cruc ib le  the metal being heated by

induction  and th e  s lag  by an e le c tr ic  arc held  above the  melt* The

slags consis ted  of fe rro u s and manganous oxides with magnesia, s i l i c a

and calcium oxide as im purities* From th is  data Gero, Winkler and

Chipman ca lcu la ted  two values of K*^, one using th e  to t a l  fe rrous

oxide content of the s lag  (£FeO) and the other only the ac tu a l FeO content
+

as determined by a n a ly s is , and designated Kjj^. The values obtained

Were 6440log  Kjfc = ^  -  2* 95

log = 6760 " 2*98

(7 )These values of K ^  d iffe red  considerably from those of Korber and Oelsen 

and are  compared w ith those of other workers in  Table I*

Table I . Values of K ^  a t  1550°C.

(26;
Ref. Korber and Krings and Gero Winkler and Chipman

0elsen(7) SchacHmann( 27) •̂Mn ETta

KMn 2*4 3*1 3*8 5*2
■* **

The low value found by Korber and Oelsen i s  probably due to  th e  use of

o p tica l pyrometers*

The oxygen data of Winkler and Chipman and Korber and Oelsen showed

th a t fe rro u s  oxide behaved id e a lly  in  an FeO-MnO-MgO s lag , as the  r a t io  
[fcOl
(FeO) Was ^n^ePenden^ “kke s lag  composition and depended only on 

temperature*



Hi Tty  and C rafts (29) attem pted to  check the equilibrium  constant 

% h using  a furnace w ith a ro ta tin g  c ru c ib le , and found th a t  an FeO-MnO 

slag  would not remain in  the  ro ta tin g  metal cup, but c rep t up the sides 

of the c rucib le  on ro ta tion*  They were only able to  rep o rt th e i r  r e s u l ts  

as a r e la t io n  between the  oxygen and manganese contents of the  liq u id  

iro n . This data agreed with those of Winkler and Chipman but not w ith 

those of Korber and Oelsen* The th ree  s e ts  of r e s u l ts  are  compared in  

F ig .3.

Sloman and Evans(23) stud ied  the deoxidation of iro n  by manganese 

a t  the m elting po in t of iro n , by adding a known amount of iro n  oxide 

followed by a weighed amount of manganese to  l iq u id  iro n  held  in  an 

alumina cruc ib le  in  an argon atmosphere* The melt was analysed fo r 

manganese and oxygen and th e  inclusions separated by the a lcoholic  iodide 

method fo r  X-ray analysis* This in v es tig a tio n  did not lend i t s e l f  to  

the  determ ination of K ^  in  l iq u id  iro n  but fo r  comparative purposes 

Sloman and Evans assumed equilibrium  to  be a tta in ed  a t  the m elting point 

of iro n  (l527°C). Their r e s u l ts  agreed f a i r l y  well with the th e o re tic a lly  

determined equilibrium  between iro n  and so lid  FeO-MnO slags as ca lcu la ted  

by Kubaschewski(30). Above 0«7/£ manganese in  the iro n  the  inclusions 

were almost pure MnO* The r e s u l ts  are of l i t t l e  value in  showing the 

e f fe c t of manganese on the s o lu b il i ty  of oxygen in  liq u id  iron*

In  a l l  the  work ca rrie d  out on the manganese equilibrium  i t  has 

been assumed th a t  manganese has no e f fe c t on the  a c t iv i ty  c o e ff ic ie n t of 

oxygen in  iron* Richardson(31) has suggested from th e  e ffe c ts  of

vanadium and chromium on the  a c t iv i ty  c o e ffic ie n t of oxygen in  iro n  

(fo) th a t  0*5$ manganese might lower i t  to  0*9 and 11 Mn lower i t  to  0  8*
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Manganese i s  in term ediate between chromium and vanadium in  a f f in i ty  fo r  

oxygen and 1% vanadium reduces fo to  0* 52 while 1% chromium reduces i t  

to  0*9. In  the  range of manganese contents in  which the  work on th e  

manganese equilibrium  has been ca rried  out th i s  e f fe c t  w ill  be very small 

and w ith in  th e  experimental e rro rs  involved. When a deoxidising element 

reduces fo i t s  e f fe c t on the  oxygen concentration of the  melt i s  not as 

g reat as would be expected from a f f in i ty  considerations*

3* Ferrous Oxide -  S i l ic a  system*

The approximate phase diagram fo r  th is  system i s  shown in  Fig*4j 

i t  shows th a t  fe rrous oxide and s i l i c a  are not completely m iscible in  

e ith e r  th e  liq u id  or so lid  state*  In  the liq u id  s ta te  th ere  i s  a region 

of im m isc ib ility  ty p ic a l of most systems between s i l i c a  and a basic oxide 

while in  th e  so lid  s ta te  a compound 2FeO.SiQj ( fa y a lite )  exists*  The 

existence of the  zone of im m isc ib ility  in  the l iq u id  s ta te  suggests th a t  

there  might be a p o s itiv e  dev iation  from id e a l i ty  in  the  a c t iv i ty  of ferrous 

oxide in  FeO-SiQg slags and the existence of the compound fa y a li te  in d ica tes  

a tendency fo r  a negative deviation* These opposing fa c to rs  suggest th a t 

fe rrous oxide should not behave id e a lly  in  these slags but th a t  the 

deviations from id e a l i ty  should not be as g rea t as would be the  case i f  

only one fa c to r  was involved*

Some data obtained by Taylor and Chipman(l3) on the  oxygen p a r t i t io n  

between l iq u id  iro n  and Fe0-Si02 slags ind icated  th a t  fe rrous oxide 

behaved id e a lly  in  these slags up to  s i l i c a  saturation* A more extensive 

and p rec ise  measurement of aFeO in  FeO-SiCfe slags has been made by



Schuhmann and Ensio(33) who stud ied  the equilibrium  between these  s lag s ,

) ( - iro n  and a CQ3 gas mixture* From th is  study they found the  

a c t iv i ty  of fe rro u s oxide in  these slags> th e i r  r e s u l ts  are  used fu r the 

b inary  FeO-SiC^ p a r t of Fig* 15. This in d ica te s  a s lig h t  p o s itiv e  

dev ia tion  from id e a l i ty  w ith s i l i c a  contents up to  25 mol. per cent and 

a negative dev ia tion  above th is  which in creases w ith s i l i c a  content up 

to  s i l i c a  satu ration*  At s i l i c a  sa tu ra tio n  Schuhmann and Ensio found 

th e  apeo to  be

log ajpgQ = 300 -  0*590
T

in  con tact w ith X “iron* I f  th i s  i s  ex trapo lated  to  the m elting po in t

of iro n  i t  in d ica tes  a o f  0*377 a t  th i s  tem perature, the concentration 

of fe rro u s  02d.de being 0*48 mol. frac tion*

4* Silicon-oxygen equilibrium  in  l iq u id  iron*

When s il ic o n  i s  added to  liq u id  iro n  containing oxygen th e

equilibrium  is

[S i] + 2[0] =  (SiCfe) K = -----
[> S iM ao]a

The a c t iv i ty  of s i l i c a  can be a ffec ted  by combination w ith ferrous oxide 

but v i r tu a l ly  a l l  experim ental work ca rried  out on th is  equilibrium  has 

been performed using s i l i c a  crucibles* This f ix e s  the a c t iv i ty  of s i l ic a  

as u n ity  and the deoxidation constant reduces to
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Two experim ental methods have been used in  studying th is  equ ilib rium , the  

gas-m etal and slag-m etal methods* Zapffe and Sims(34) and Chipman and 

Gohcen(35) have used the gas-m etal approach* In  th i s  method a mixture 

of hydrogen and water vapour was used to  co n tro l the  oxygen p o te n tia l of 

th e  gas and the molten iro n  held in  a s i l i c a  c ru c ib le  was brought to  

equilibrium  with th is  gas*

Zapffe and Sims c a rr ie d  out an in v es tig a tio n  of the  re a c tio n  

2ife0 + [S i] =  2% + SiCb(s o lid )

i s ]

but d id  not carry  out any extensive in v es tig a tio n  of the oxygen contents 

of the m etal. The oxygen determ inations which Zapffe and Sims did make 

in d ica ted  th a t  s il ic o n  a ffe c ted  the a c t iv i ty  co e ffic ie n t of oxygen in  

iro n , which they explained as being due to  the  presence of s il ic o n  

monoxide in  th e  melt reducing the e ffe c tiv e  concentration of oxygen, in  

terms of the s tru c tu re  of the  melt one atom of oxygen would tend to  be 

associa ted  w ith one atom of silicon*

The work of Zapffe and Sims lias been repeated  by Chipman and Gokcen 

using a more re fin ed  experim ental technique in  which steps were taken to  

prevent e rro rs  due to  thermal d iffu s io n  and also  a study was made of the  

ra te  of approach to  equilibrium . I t  i s  in te re s tin g  to  note th a t  the  

co n tro llin g  reac tio n  was the  one between the  gas and metal and th a t  the 

crucib le  and metal were always in  equilibrium  with each other* The 

e q u il ib r ia  involved were
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(siCfe) =  [S ij 2[0] r* = [ ’/S i]  [iaf
(SiCfe)+2% =  [S i]+  tia KjJ = r fo S ll(^ ° V

( K l

On p lo ttin g  the  oxygen content of the metal against the  r a t io

^ 9 /lfe  w ith which i t  was in  equilibrium  a r a t io  was reached a t  which the

oxygen content of the  m etal remained constant w ith increasing  values of

JfeO/Hg, This oxygen content was the concentration  a t  which a s i l i c a

sa tu ra ted  FeO-SiQ^ slag  was formed and was the  concentration in  equilibrium

w ith th i s  slag* At 1600°C the concentration was 0*088$ giving a value of

~ = 0*39 fo r  the a c t iv i ty  of ferrous oxide in  th is  s i l i c a  sa tu ra ted  
0 2 2 5
FeO-SiOs s lag , 0*225$ being the oxygen sa tu ra tio n  value a t  1600°C. This 

value agrees reasonably w ell w ith the f ig u re  of 0*377 obtained by ex tra 

po la ting  the re s u l ts  of Schuhmann and Ensick (33) to  1527°C., the  m elting 

poin t of iron*

F ischer and vom Ende(l4) using s i l i c a  c ru c ib les  and high frequency

heating  have studied the  e f fe c t  of temperature on the oxygen content of

l iq u id  iro n  in  equilibrium  with s il ic a - s a tu ra te d  FeO-SiQg slags* The

ra th e r  high f e r r ic  oxide contents of th e i r  s lags was probably due to  the

a i r  atmosphere used* From F ischer and vom Ende1 s re s u lts  the  a c tiv ity  of

ferrous oxide i s  shown in  Table 2*

Table 2*

Temperature 1550°C 1600°C 1650°C 1700°C

aFeO 0*43 0*42 0*39 0*37

Mol* f ra c tio n  FeO^32^ 0*48 0*47 0*43 0* 37
a t  saturation*

X FeO 0*9 0*9 0* 91 1*0



These data in d ic a te  th a t  th e  a c t iv i ty  of fe rrous oxide in  a s il ic a - s a tu ra te d  

FeO-SiQj s lag  f a l l s  w ith increasing  tem perature, a tren d  which was in  

c o n f lic t  w ith th e  work o f Schuhmann and Ensio^ who found th a t  apeQ increased  

w ith increasing  tem perature in  s i l i c a  sa tu ra ted  FeO-SiOjg slags* Rey(36) 

has a lso  shown from the  heat of so lu tio n  curve fo r  FeO in  FeO-SiQg slags 

th a t  a p ^  should increase  with increasing  temperature* But i t  should be 

noted as shown in  Table Z th a t  in  F ischer and vom Ende1 s work the a c t iv i ty  

c o e ffic ie n t of fe rro u s oxide ( y FeO) increased with increasing  tem perature 

due to  the fa c t  th a t  the concentration of FeO in  s i l i c a  sa tu ra ted  FeO-SiOg 

slags decreases as the temperature rises*  Thus the r e s u l ts  of F ischer 

and vom Ende are  not in  c o n f lic t  w ith Rey and Schuhmann and Ensio, as 

has been suggested by Turkdogan and Pearson(37)*

For the  equilibrium

S iQ g ^ R u T .)  =  +

Chipman and Gokcen(35a) have given the follow ing values 

AG° =s 133,340 -50-37T 

log  Is. = + 11-01 where kj. = [aS i] [a0]3

Their data on the  equilibrium  was summed up in  the  te rn a ry  system Fe-O-Si 

shown in  F ig .5*

Korber and Qelsen(38) have stud ied  th is  equilibrium  using s i l i c a  

crucib les and heating  in  a carbon tube re s is ta n ce  furnace in  an atmosphere 

of nitrogen* Temperature measurements were made by an o p tic a l pyrometer 

checked occasionally  by immersion readings w ith a platinum -platinum  rhodium 

thermocouple. The slags used were FeO-MnO;* SiQg slags w ith a small quan tity  

of alumina picked up from the cru c ib le . From a la rg e  number of melts 

Korber and 0elsen(38) obtained a value fo r  the equilibrium
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S i + 2 FeO == SiOfe + 2Fe k =  ̂ Fe^  SiCfe)
(aFeO) 3  [as i ]

Since th e  a c t iv i ty  of iro n  was approximately constant and th e  a c t iv i ty  of 

s i l i c a  was u n ity  th i s  reduces to

K = (aFe0) [a SiJ

or using  weight concentrations K = (^FeO) 3  [$Si]

Korber and Oelsen found K to  be independent of the r e la t iv e  amounts of

FeO and MnO in  the s lag  and a lso  of the  composition of the m etal and

reported  i t s  value as

log  K = + 1 1 * 1008 where K = ($FeO)3 [$Si]

giving K = 4*5 a t  1550°C.

Since Korber and Oelsen determined the oxygen content of th e i r  m elts, th is

can be su b s titu te d  fo r  (FeO) in  the expression fo r  K giving

Kgi = [ f o f U Si] = 1*34 x lCf5 a t  1550°C.

This r e s u l t  compares w ith the  value of l ' l  x 10“5 obtained by Chipman

and Gokcen and 1*6 x 10”5 obtained by H ilty  and C ra fts (29),

The fig u re  obtained by H ilty  and C rafts was from experiments c a rrie d

out in  a ro ta tin g  crucib le  furnace using s i l i c a ,  magnesia and alumina

c ru c ib les . Owing to  th e  d i f f ic u l t ie s  already mentioned only metal data

were obtained and the re s u l ts  were p lo tte d  as a r e la t io n  between the oxygen

and s il ic o n  contents of the m etal. This ind icated  th a t  the  d iffe re n t

cru c ib le  m ate ria ls  had no s ig n if ic a n t e f fe c t on the equilibrium  except a t

very low s il ic o n  con ten ts. This was surp rising  since i t  might have been

expected th a t  magnesia and alumina would increase the deoxidising power

of s il ic o n  by reducing the  a c t iv i ty  of s i l i c a  because of the  tendency to

s i l i c a te  form ation.
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H ilty  and C rafts  p lo tte d  the r e la t io n  between s il ic o n  and oxygen 

as two in te rs e c tin g  curves (Fig. 6 )* I t  was suggested th a t  th i s  in te r 

sec tio n  marked the  change from equilibrium  with a l iq u id  s i l i c a t e  to  

equilibrium  with so lid  s i l i c a ,  i . e . ,  was the  poin t of th ree  phase eq u il

ib r ia ,  so lid  s i l i c a ,  l iq u id  s i l i c a te  and liq u id  iro n . Darken(39) has 

poin ted  out th a t  the  gradient of th e  curves a t  the jo in  v io la te s  the  laws 

of heterogeneous e q u ilib r ia  as th e i r  m etastable extensions pass in to  the  

homogeneous phase f i e ld ,  i . e . ,  l iq u id  iro n . H ilty  and C rafts re su lts  

in d ica te  th a t  the  oxygen content of iro n  in  equilibrium  with a s i l ic a  

sa tu ra ted  FeO-SiO^ slag  i s  0*04$ a t  1600°C, i . e . ,  the  value a t  the po in t 

of th ree  phase equilibrium . This i s  much lower than th e  fig u re  of 

0*088% oxygen obtained by Chipman and Gokcen fo r  the  same equilibrium .

The r e s u l ts  of Korber and 0elsen(38), H ilty  and C ra fts (29) and Chipman 

and Gokcen(35) fo r  the s i l i c a  oxygen equilibrium  are compared in  F ig .6 .

Using a s im ila r technique to  th a t  already discussed fo r th e ir  work 

on the deoxidation of iro n  by manganese, Evans and Sloman(40) have studied  

deoxidation by s il ic o n . The to ta l  oxygen content of th e ir  melts fo r  any 

given s il ic o n  content was much higher than th a t  expected from Chipman and 

Gokcen1 s r e s u l ts  a t  1527°C*, th is  was probably the r e s u l t  of incomplete 

removal of the  deoxidation product, s i l i c a ,  from the iro n . This work 

gave l i t t l e  inform ation on the silicon-oxygen equilibrium  in  l iq u id  iro n  

but may be u se fu l in  showing the  composition of the  deoxidation products 

formed when iro n  i s  deoxidised by s il ic o n . The re s u l ts  showed th a t  a t  

s il ic o n  contents above 1% the  inclusions consisted  of almost pure s i l i c a .
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5»- Oxygen Equilibrium  between molten iro n , manganese and s il ic o n *

A ll the  experim ental data on th i s  equilibrium  has been obtained from 

slag-m etal experiments* Korber and 0elsen(38) have stud ied  the eq u ilib 

rium under s i l i c a  sa tu ra ted  FeO-MnO-SiOfe s lag s , th e ir  technique having 

already been mentioned* They determined K‘ ^  fo r  a wide range of FeO 

and MnO contents and found i t  to  be independent of the  r a t io

w ith in  the  l im its  of experimental error* K* was found to  be consider-Mn
tab ly  higher in  these slags than w ith simple FeO-MnO s lag sj Korber and 

Oelsen repo rted  i t  as

log  K 'jk  = 2212 -  3*172
r- T

giving a value of 15*5 a t  1550°C, compared with 3*8(26) and 2*4(7) found

fo r  FeO-MnO slags* The data of Korber and Oelsen on th i s  equilibrium

show a la rg e  s c a tte r  and i f  p lo tte d  on a s t a t i s t i c a l  b as is  as in  Fig* 7 ,

values of 13 to  18 fo r  occur w ith almost equal frequency in d ica tin g

a value of of 15*5 + 2*5.

The oxygen determ inations made by Korber and Oelsen showed th a t

the r a t io  <1-^ 21 was independent of the r a t io  of the slag  and was
(FeO)

0*17 a t  1550°C.

Krings and Schackmann(4l) have made a study of the e f fe c t  of 

s i l i c a  on in  slags which were not s i l i c a  sa tu ra ted . This work was 

c a rrie d  out using alumina cru c ib les  giving slags which contained up to  

26% alumina. No determ inations were made of the  oxygen content of the  

melts* The r e s u l ts  fo r  K1̂  showed th a t  the  value increased  with 

increasing  s i l i c a  content in  the  slag  and a t  a mole f ra c tio n  s i l i c a  of 

0*5 i t  was 1 0 *8 . Krings and Schackmann* s r e s u l ts  are  shown in  Figs*

12 and 13.





Korber and Oelsen obtained data on the m anganese-silicon e q u ilib 

rium in  l iq u id  iro n , which can be represented  by the equation*- 

S i + 21-lnO =  SiCfe + 2ffii K™ =
[ S lM ® } ^ ) )3

Using weight concentrations in  p lace of a c t iv i t ie s  and p u ttin g  ^iCfe

equal to  u n ity  as the  slags were s i l ic a - s a tu ra te d , the  equilibrium  becomes
\

K» _ [Mn]3
• MnSi “  -

(^ 0 )3  [S i]

Korber and Oelsen found th is  to  be represented  by the  equation

(l6 g  K,MnSi) = +Jf ZZ '  i ' 757
giving a value of 9*6 x lO”* a t  1550^0•

When manganese i s  used in  conjunction with s il ic o n  i t  i s  a much more 

e f fe c tiv e  deoxidiser than when used alone* This i s  shown by F ig .8 ,  where 

a comparison i s  made between the  e f fe c t of manganese on the oxygen content 

of molten iro n  in  the presence and absence of s il ic o n . This in d ica tes  

th a t  w ith I % manganese the oxygen concentration  in  the presence of s il ic o n  

i s  only 2/9th  of th a t  in  i t s  absence.

H ilty  and C ra fts (29) have c a rrie d  out work on the  r e la t io n  between 

manganese, s il ic o n  and oxygen in  molten iro n , using alumina and magnesia 

c ruc ib les  in  the  ro ta tin g  furnace. Their r e s u l ts  were p lo tte d  from the 

data obtained using alumina c ru c ib les  and on the  basis  of the composition 

of th e  metal since the slag  data was u n re lia b le . The oxygen contents fo r 

corresponding s il ic o n  contents were higher in  the m elts made in  magnesia 

c ru c ib les . This may have been due to  e ith e r  alumina lowering 2 peQ in  

FeO-MnO-SiQ  ̂ s lags or to  magnesia ra is in g  i t .  This e ffe c t was most marked 

in  m elts w ith low s il ic o n  contents* in  these m elts the FeO content of the





s lags was h ighest and th e  alumina p ick  up was th e re fo re  g re a te s t ,  whereas 

the magnesia p ick  up was le a s t  in  these  slags* .

In  th e i r  graphs showing the e f fe c t of s il ic o n  on the oxygen content 

of the metal con tain ing  d iffe re n t concentrations of manganese, a s im ila r 

in flex io n  to  th a t  already mentioned fo r  th e ir  work on the silicon-oxygen 

equilibrium  was in d ica ted  and i s  open to  the same objections*

No r e l ia b le  conclusions can be drawn from the  slag  data of H ilty  

and Grafts* Values of K‘ ̂  fo r  both magnesia and alumina crucib le  

data showed no tre n d  with s i l i c a  content and there  was a very la rg e  s c a tte r  

in  the  re su lts*  A c tiv itie s  of fe rro u s  oxide ca lcu la ted  from the oxygen 

contents of the m elts showed a la rg e  s c a tte r  and the only fa c to r  n o tice 

able was a tendency fo r  Jf j .qq to  be le s s  than u n ity , a tendency more 

marked with alumina crucib le  m elts than with those made in  magnesia 

crucibles*

Some data on the e ffe c t of s i l i c a  on K1̂  and on K peQ in  

FeO-MnO-MgO-SiQs slags can a lso  be obtained from the  work of ifinkler and 

Chipman(23)* This w ill  be discussed la te r*

( 6 ) Slag-Metal E q u ilib r ia .

Several methods have been used in  an attem pt to  in te rp re t  slag- 

metal e q u ilib r ia  in  terms of the  law of Mass Action. I t  was soon re a lis e d  

th a t the  use of molar concentrations fo r  slag  components as determined 

by chemical an a ly sis  r a re ly  gave constant equilibrium  constants* Slags 

could not th e re fo re  be regarded as id e a l so lu tions. Various hypothesis 

have been advanced to  explain the deviations from id e a l i ty .  The f i r s t  

to  achieve prominence was th a t  in  which c e r ta in  compounds were assumed to



e x is t  in  the slag* A c tiv it ie s  were then equated to  the  uneombined or 

“f r e e ” oxides present* Schenck (42) in  p a r tic u la r  has used th is  method 

ex tensively  to  in te rp re t  the  various slag-m etal e q u il ib r ia .  Thus in  

molten iro n  s i l i c a te s

(SFeO) = (FeO) + 0*7 (2FeO.SiCh) 

where (ZFeO) = to ta l  fe rrous oxide 

(FeO) = " fre e ” FeO 

(2FeO. SiO^) = concentration of f a y a l i te  in  the  l iq u id  s i l i c a t e .

The "free" FeO content can th ere fo re  be calcu la ted  i f  the  "d isso c ia tio n  

constant" of fa y a li te * -

DpgS = (FeQ)3 ( SiQa)
(2Fe0.3iCfe)

i s  known* By using the  concept of fre e  concentrations, which i s  s im ilar 

to  the concept of a c t iv i ty  in  the  modern thermodynamic approach, Schenck 

has constructed  diagrams showing "free" ferrous oxide contents in  slag  

systems a t  various tem peratures. Thus F ig .9, which shows the "free" 

fe rrous oxide contents in  FeQ-MnO-SiC^ slag s , in d ica te s  th a t  the "free" 

ferrous oxide contents are lower than the to t a l  fe rro u s  oxide con ten ts, 

i . e . ,  the  a c t iv i ty  c o e ffic ien t i s  lowered in  the  presence of MnO and SiOg • 

Further diagrams were constructed by Schenck showing the  manganese, s il ic o n  

and oxygen contents of iro n  in  equilibrium  with FeO-MnO-SiOg slags*

White(43) has used a sim ilar approach, which was applied  by Murray 

and White(44) to  the equilibrium  between liq u id  iro n  and FeQ-MnO-SiQa 

slags a t  1600°C assuming th a t  the  compounds FeO. SiOg, 2FeO.SiQs and 

MnO.SiOg e x is t  in  the  s lag . C alculations were made of the  e ffe c t of 

s i l ic a  on K1̂  tak ing  the  value of obtained by Korher and Oelsen in



O S'

^ 0 6

cT"o0-1 X*

0-9

FeO0-*
NoL£ FtLACi <OH FeO

F/c 9 Fhe£ Fee coNcEMT/iQT'otfs //v

0 / (̂ > ) \  FeO - FlsnO- S,PZ r i T  / S 77 C . (scHCrJCK J



24t •

simple oxide s lags as the  tru e  value* Their ca lcu la tio n s  showed th a t  

K'Mn increased  w ith increasing  s i l i c a  content up to  s i l i c a  saturation*

Although the  concept of the ex istence of compounds in  liq u id  slags 

i s  somewhat formal and can hardly  be regarded as an exact p ic tu re  of th e i r  

c o n s titu tio n  -  as was pointed out by Murray and White -  i t  i s  u se fu l in  

p red ic tin g  the  e f fe c t  of one slag  co n s titu en t on the  a c t iv i ty  of another*

A more accurate  p ic tu re  i s  probably th a t  in  which liq u id  slags are  

assumed to  co n s is t of io n s , since th i s  i s  in  l in e  w ith modern views on 

the  s tru c tu re s  of so lid  oxides and s i l i c a te s  which have been shown by 

X-ray d if f ra c tio n  work to  be e s se n tia lly  ion ic  in  character* As the low 

entropy of fu sion  of s i l ic a te s  suggests th a t  th e re  i s  no ra d ic a l change 

in  s tru c tu re  on p e lt in g , i t  seems reasonable to  assume th a t  the l iq u id  slag  

i s  merely a d isordered version  of th e  so lid  slag* There i s ,  however, 

some disagreement on the  nature of th is  ion ic  structure*  Thus, 

Herasymenko(45) assumed th a t  the  cations and anions were randomly d i s t r i 

buted in  the  melt and took up p o s itio n s  reg ard less  of sign  or charge, 

whereas Temkin(46) p o stu la ted  th a t  the ca tio n  p o s itio n s  were f i l l e d  by 

cations only but qu ite  randomly and irre sp e c tiv e  of charge, th e  anion 

p o s itio n s  being s im ila rly  occupied by anions* Herasymenko* s concept i s  

s im ilar to  th a t  of a gas in  which the  thermal movement of the ions over

come the e le c tro s ta t ic  a t t ra c t iv e  fo rces between oppositely  charged ions* 

Thus i f  i s  th e  t o t a l  number of cations and of anions, then th e  

io n ic  f ra c tio n  on th e  Herasymenko model i s

Nm+ = _______
£ %  1- Za*,
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On th e  Temkin model the  s tru c tu re  of the  slag  i s  determined to  a 

la rg e  ex ten t by e le c tro s ta t ic  fo rc e s , and the  ion ic  f ra c tio n  i s  given by

V  =_____   .2Lxi_____________
2/Vc* ^ V 1 " '

Flood;F^rland and Gr jotheim4  iiave poin ted  out th a t  th e re  i s  an

im portant d iffe ren ce  between Temkin1 s model and a mixed ion ic  c ry s ta l

in  th a t  th e  su b s titu tio n  o f a monovalent ion  by a d iva len t one req u ires

the c rea tio n  of a vacant ca tio n  p o s itio n , hence a d iva len t ca tio n  i s

equivalent to  an ad jacent p a ir  of monovalent cations* Flood th ere fo re

defines th e  io n ic  f ra c tio n  by

V  = * n "~  -  -

^ n M++

since th is  rep resen ts  the so lid  s tru c tu re  of the  c ry s ta l better*  These 

io n ic  fra c tio n s  a re  used in s tead  of concentrations in  expressions fo r 

equilibrium  constants* In  th e  above approaches to  slag-m etal e q u ilib r ia  

assumptions must be made w ith regard  to  the co n s titu tio n  of liq u id  slags* 

This i s  not necessary in  the  purely  thermodynamic approach, in  which 

experimental determ ination o f the  a c t iv i t i e s  of s lag  components and of 

elements dissolved in  l iq u id  iro n  and th e i r  heat and entropies of mixing 

a re  made* Various methods have been used to  ca lcu la te  these thermo

dynamic q u an titie s  including  s tu d ies  of g as-s lag , gas-m etal and slag-m etal 

equ ilib ria*  Since a g reat deal of experimental data on these q u an titie s  

i s  not y e t av a ilab le , approximate ca lcu la tio n s  have been made using phase 

diagrams notably by Ricbardson(48), Rey(36) and Chipman(49)*

This l a t t e r  approach in  which deviations from id e a l i ty  are 

expressed in  terms of a c t iv i ty  c o e ffic ie n ts  w ill  be used in  the p resen t 

work*
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I I I .  EXPERIMENTAL TECHNIQUE*

1* Crucibles*

One of th e  b iggest p ra c t ic a l  d i f f ic u l t ie s  in  slag-m etal ex p eri-
{'A

iments i s  obtaining a su ita b le  container which w ill  r e s i s t  a ttack  byr-
both s lag  and m etal and which w il l  not have a g rea t e f fe c t  on the  

equilibrium  being stud ied . The ro ta tin g  crucib le  furnace developed by 

Taylor and Chipman(l3) appeared to  o ffe r  b ig  advantages fo r  slag-m etal 

work when i t  was f i r s t  described , but these  advantages now' appear to  be 

confined to  a very lim ited  range of s lag  composition. I t  was found by 

H ilty  and C rafts  (29) and Murad(50) th a t  using FeO-MnO-SiQg slags in  th is  

type of furnace i t  was im possible to  keep th e  s lag  in  the  metal cup and 

th a t  i t  c rep t up the w alls of the  ro ta tin g  cru c ib le . I t  has been pointed 

out (B e ll, Murad and C arte r(5 l))  th a t  the  height of r i s e  of the ro ta tin g  

l iq u id  i s  independent of i t s  density  and th a t  i f  surface and in te r f a c ia l  

tension  e f fe c ts  a re  excluded th e  slag  must come in to  contact w ith the 

c ru c ib le . For the ro ta tin g  crucib le  to  be successfu l the  s lag  must 

have a high con tact angle and in te r f a c ia l  tension  ag a in st molten metal 

and a lso  the metal must wet the  c ru c ib le . These conditions do not e x is t  

in  molten iro n  and FeO-MnO-SiQg s lag s . I t  i s  a lso  probable th a t  even 

i f  contact between the s lag  and crucib le  were prevented crucib le  a tta c k  

could s t i l l  take p lace through oxygen in  the  m etal. In  th is  case the  

m etal might tend to  come to  equilibrium  w ith th e  c ru c ib le  ra th e r  than 

w ith the  s lag  lay e r which i s  u su a lly  th in  with induction  heating . The 

use of induction heating in  slag-m etal work although giving a c e r ta in  

amount of s t i r r in g  to  the  melt has the  disadvantage th a t  th e  s lag  layer



i s  not heated d irec tly *  Attempts have been made to  overcome th is  draw- 

-back by using a c o i l  of molybdenum s t r i p ,  heated e le c t r ic a l ly ,  held  

above the slag  (F e tte rs  and Ghipman(lO)) or by an e le c t r ic  arc above the  

s lag  (Winkler and Chipman(28))* As in  th is  work i t  was decided to  heat 

th e  s lag  and m etal equally , i t  was necessary to  f in d  a c rucib le  which 

would be impervious to  s lag  and m etal a t  tem peratures above th e  m elting 

po in t of iro n .

A study of the thermal equilibrium  diagrams fo r  m e ta llic  oxides 

showed th a t  magnesia appeared th e  b es t av a ilab le  c ru c ib le  m ateria l fo r  

use w ith FeO-MnO-SiQj slags* Magnesia forms so lid  so lu tio n s  w ith both 

fe rro u s  and manganous oxides and the  m elting po in t of these  so lu tions 

r i s e s  rap id ly  w ith increasing  magnesia content. The magnesia pick up 

in  s lag  a tta c k  by these  oxides i s  th e re fo re  not la rg e . The ad d itio n  

of s i l i c a  to  these  oxides in creases the  s o lu b il i ty  o f magnesia as i s  

in d ica ted  by the FeO-MgO-SiCh te rn a ry  system (52)(Fig*10), but w ith 

s i l i c a  contents below 30/° the a tta c k  i s  not serious enough to  destroy 

the  c ru c ib le . The use of magnesia as a c rucib le  m ateria l meant th a t  

another component was introduced in to  th e  s lag s , but as y e t no method 

has been found of varying the concentrations of th re e  components of a 

s lag  in  slag-m etal experiments w ithout in troducing  a fo u rth .

Several methods have been t r i e d  to  produce magnesia crucib les 

w ith a low perm eability . B arre t and Holbrook(53) attem pted to  make 

fused magnesia c ru c ib les  by f i l l i n g  a g raphite  c ru c ib le  w ith magnesia 

powder and heating  i t  by high frequency heating to  give a fused lay er
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of magnesia on th e  in te rn a l w alls of the  g raph ite . This method was t r i e d  

and although producing a c ru c ib le  which would hold molten iro n , as soon 

as a s lag  was added i t  soaked in to  th e  cruc ib le  and would not remain as 

a lay er on top of th e  m etal. These c ruc ib les  were th e re fo re  unsu itab le  

fo r  slag-m etal work.

A sim ilar technique to  th a t  of B arret and Holbrook was used by 

Dancy(54) but in s te ad  of a g raphite c rucib le  the magnesia powder was packed 

round a g raphite  core. This assembly was heated by high frequency curren t 

to  produce a fused lay er of magnesia round the core, th e  core being removed 

while the c ru c ib le  was hot to  prevent cracking during cooling. I t  was 

found th a t  using th i s  method the fusion  tem perature of magnesia was 

ea s ie r  to  a t ta in  as the  g raphite  was in su la ted  by the  magnesia powder, 

but considerable reduction  of magnesia took p lace. Although the cruc ib les  

produced by th is  method were found to  be an improvement on those of B arret 

and Holbrook, they had a high perm eability  and did not r e s i s t  s lag  

p en e tra tio n . This find ing  was confirmed by Dancy(55) when in  a paper on 

th e  reduction  of fe rrous oxide by carbon sa tu ra ted  iro n  i t  was shown th a t 

as soon as  ferrous oxide came in to  contact w ith the  cruc ib le  i t  was 

destroyed. As these  c rucib les have only a th in  fused lay er on the surface 

of th e  c ru c ib le , when th is  lay er i s  penetra ted  the  cruc ib le  i s  u se le ss .

They w ill  contain  molten iro n  only because of the high contact angle 

between molten iro n  and magnesia.

Several p ro p rie ta ry  cruc ib les  were t r i e d  and although an 

improvement on the  above, they were not s u ff ic ie n tly  impermeable to  s lag .



E ffo rts  were th e re fo re  made to  produce an impermeable crucib le  by s l ip -  

* cas tin g . I t  had been shown by Thomson and M allet (56) th a t  any 

re fra c to ry  oxide can be made s u ff ic ie n tly  p la s t ic  to  be s l ip  cas t by 

grinding very f in e ly . I t  was recommended th a t  magnesia be ground fo r 

17 hours to  make i t  su itab le  fo r s l ip  ca s tin g . I t  was found in  the 

presen t work th a t  longer grinding periods gave b e tte r  r e s u l ts  and 24 to  

30 hours was used. Due to  i t s  tendency to  hydrate, magnesia cannot be 

s l ip  c a s t using an aqueous s l ip .  Crucibles cas t by aqueous s lip s  were 

r id d le d  w ith cracks when d ried . Some patented methods fo r  producing 

magnesia c ru c ib les  using an aqueous s l ip  e x is t ,  but these Jise added oxide 

such as B2 Q3 to  prevent hydration thus adding fu rth e r  im purities to  the 

c ru c ib le .

I t  was found using ordinary alcohol (contain ing about 5$ water) 

th a t  i t  was aliaost im possible to  obtain  c rucib les  which did not crack e ith e r  

on drying or f i r in g .  Absolute alcohol was t r ie d  as Thomson and M allet had 

found th a t  c ru c ib les  f re e  from cracks could be produced using th is  as a 

s l ip  cas tin g  medium. This proved successfu l in  producing crucib les but 

o ften  up to  50$ of thefcrucibles showed cranks a f te r  f i r in g .  I t  was, 

th e re fo re , decided th a t  complete drying of the alcohol might increase the 

y ie ld  of sound c ru c ib les . The Grignard method of drying alcohol was used 

and alcohol d ried  by th is  method gave very s a tis fa c to ry  r e s u l t s ,  producing 

a y ie ld  of 95$ sound c ru c ib les .

The technique used to  make these crucib les  was f i r s t  to  grind 

fused magnesia in  a b a l l  m ill fo r  about 24 hours. A ll the crucib les 

used in  th is  work were made from magnesia ground in  a s te e l  b o ll m ill using 

s te e l  b a lls .  This re su lte d  in  a small p ick up of iro n  but did not lead



to  any d i f f i c u l t i e s  in  the  process or in  the experimental work. C rucibles 

have a lso  been produced using magnesia ground in  rubber lin ed  b a l l  m ill 

w ith alumina b a l ls  and w ith only a very small alumina pick up*

The ground magnesia was mixed with d ried  a lcoho l, adding the 

magnesia to  the  alcohol a l i t t l e  a t  a time u n t i l  a s l ip  of the desired  

consistency had been produced* This u sually  contained about 50$ by volume 

of powdered magnesia but the quan tity  was not measured, i t  being judged by 

the consistency of the slip* At f i r s t  the  s l ip  was a l lw e d  to  stand 

overnight before being used but l a te r  i t  was found th a t i t  could be used 

immediately a f te r  mixing*

Good p la s te r  of P aris  moulds were found to  be e s se n tia l fo r  the  

production of magnesia crucibles* These moulds were made using f in e  

p la s te r  of P aris  and sp rink ling  i t  in to  w ater, avoiding lumps and keeping 

the mixture w ell s t i r r e d  u n t i l  i t  was of a creairy consistency* The 

mixture was then poured in to  a greased mould containing a m etal core which 

was the shape of the c rucib le  desired* Once the p la s te r  had se t the metal 

core and the  mould were removed and the  p la s te r  mould allowed to  a i r  dry 

fo r  several days* A crucib le  shape was chosen w ith a s lig h t tap er from 

top to  bottom to  make i t  e a s ie r  to  ex trac t the s l ip  cas t crucib le from the 

p la s te r  mould*

The c ru c ib les  were made by f i l l i n g  the  p la s te r  mould w ith the  

alcohol s lip  and when a su ff ic ie n t th ickness of magnesia had formed round 

the  w alls the superfluous s l ip  was poured off* Considerable d if f ic u lty  

was encountered a t  f i r s t  in  removing the  crucib les from the mould since 

they tended to  s tic k  to  the p la s te r  and did not shrink away on drying*



I t  was found th a t  i f  the p la s te r  mould was dusted with French chalk before 

c a s tin g  each c ru c ib le , .>tro u b le  due to  s tick in g  was obviated* In  some 

experiments on the e f fe c t  of grinding time i t  was found th a t  longer grinding 

reduced th e  tendency fo r  s tic k in g  in  the mould, and only an occasional 

dusting with French chalk was necessary i f  the  magnesia was ground fo r 

30 hours* An almost l im itle s s  number of crucib les could be produced from 

one p la s te r  mould since the alcohol s l ip  had no e f fe c t on the p laster*

The c ru c ib les  were d ried  fo r about 24 hours before being f i r e d ,  

and in  the d ried  s ta te  were f ra g i le  although some shaping could be done 

on them i f  c a rrie d  out carefully* The crucib les were f ir e d  in  a gas 

f i r e d  muffle to  about 1600°C, the tem perature being ra ise d  slowly and the 

cru c ib les  being allowed to  cool in  the furnace*

A fter f i r in g  the cruc ib les  were mechanically strong and almost 

impervious to  gases* Their main drawback was a low sp a llin g  re s is ta n ce  

which rendered them unsu itab le  fo r  high frequency heating*

Two types of crucib le  were produced, one using fused magnesia 

which contained approximately 3$ s i l i c a ,  the  other using a high p u rity  

fused magnesia containing about 0 * 3$ s ilica*  On f ir in g  the f i r s t  type 

had a polished surface showing some s lig h t  fusion  of the bond a t  1600°C where- 

«as the purer magnesia crucib les had a matte surface a f te r  firing*  Both 

types of cruc ib le  were impervious a f te r  f i r in g .  The purer magnesia 

cruc ib les  were used when i t  was necessary to  keep the s i l i c a  content of the 

slags as low as p o ssib le .

Using s l ip -c a s t  magnesia c ru c ib les , molten iro n  could be maintained

in  contact w ith an FeO-MnO-SiQa s lag  fo r  an almost unlim ited time a t  1550°C*



The slag  picked up magnesia by a tta c k  on the surface of the crucib le  but 

did not pen e tra te  i t .  This pick-up of magnesia depended mainly on th e  ; i  

s i l i c a  content of the  s lag , being g rea te r the higher the s i l i c a  content. 

There was a s l ig h t  v a r ia tio n  in  the  amount of magnesia pick-up depending 

on the FeO/MnO ratio*, a t  any given s i l i c a  content the  pick-up tended to  be 

higher the g rea te r  th is  ra tio #

For some m elts s i l ic a  c ru c ib les  were requ ired  and several types 

of fused s i l i c a  cruc ib les  were t r ie d .  I t  was found th a t  th e  main 

cause of f a i lu r e  in  s i l ic a  c ru c ib les  was due to  d e v itr i f ic a t io n  of the 

s i l i c a .  As long as the slag  added contained enough s i l i c a  to  prevent 

too g reat an a tta ck  on the crucib le  th e re  was l i t t l e  or no troub le  from 

fa i lu r e  due to  s lag  a tta c k . D e v it ir if ic a tio n  appeared to  s ta r t  a t  the 

w alls of the c ru c ib le  and progress inwards so th a t  i f  a th ick  walled 

cru c ib le  were used f a i lu re  due to  th is  cause could be delayed. Using 

s i l i c a  c ru c ib les  w ith a w all th ickness of 1/4 inch , s lag  and metal could 

be held  a t  1550°C fo r  a t  le a s t  two hours without c rucib le  f a i lu r e .  The 

s i l i c a  c ru c ib les  used in  th is  work were made from s i l i c a  tubing 1 ^ 2  inch 

external, diameter and 1/4 inch w all th ickness onto which an end had been 

fused using s i l i c a  sheet of the same th ickness. These cruc ib les  proved 

very s a tis fa c to ry  fo r th is  work.

To p ro te c t the magnesia c ru c ib les  from contact with the furnace 

tube th in  s l ip  cas t alumina cruc ib les  were used. These crucib les were 

made by grinding fused alumina fo r  about 1 2  hours in  a b a ll  m ill and 

afterw ards tre a tin g  i t  w ith 10$ hydrochloric ac id . This removed the 

iro n  picked up during grinding and gave the  necessary a c id ity  fo r s l ip



cas tin g  alumina* The alumina was allowed to  s e t t l e  in  the  ac id , the  

excess ac id  decanted o ff  and the consistency of the s l ip  ad justed  with 

water. The c ru c ib les  were then made in  p la s te r  moulds, d ried  and f ir e d  

a t  1600°C. This f i r in g  tem perature did not give an impermeable c ru c ib le  

but was s a tis fa c to ry  fo r th e  purpose requ ired .



1 1 . M ateria ls used in  melts*

M etallic  charge.

Armco iro n  from which the scale  had been completely removed was 

used as a source of iro n . The main im purities were*- 

Carbon Manganese Phosphorus Sulphur S ilico n  

0*012$ 0*017$ 0*005$ 0*025$ 0*003$

Manganese was added as e le c tro ly tic  manganese and s il ic o n  as lump s il ic o n . 

Slag m ate ria ls .

The s i l i c a  used to  make the slag  add itions was a natural, s i l ic a  

of ^99$  SiOfe. I t  was ground and fu rth e r  p u rif ie d  by bo ilin g  with 

concentrated hydrochloric ac id  to  remove any m eta llic  oxide im p u rities .

Ferrous oxide was prepared from ferrous oxalate by heating in

vacuum in  an iro n  tube to  1000°C. A fter holding fo r  about an hour a t

th is  tem perature the  tube was sealed to  hold the vacuum and then quenched 

in  w ater. This gave ferrous oxide s l ig h tly  r ic h e r  in  oxygen than the  

sto ich iom etric  formula FeO.

Manganous oxide was made by heating manganese oxalate up to  1100°C 

in  an atmosphere of cracked ammonia. The gas was con tinually  passed 

during heating and the m ateria l was cooled in  the same atmosphere. This

method produced manganous oxide of a b rig h t green colour and th is  was

sto red  in  a sealed  b o tt le .



111. Furnace and Apparatus.

The m elts were c a rrie d  out using a platinum wound re s is ta n c e  

fu rnace , as shown in  Fig* 11* The furnace tube used was a i 'hk inch 

in te rn a l  diameter m u llite  tube which could be used up to  1700°C and which 

was impervious to  gases up to  th is  tem perature. This tube was placed 

in s id e  a th in  alundum tube on which the platinum wire was wound. The tube 

was wound over a leng th  of 14 inches w ith 20 S.W.G. platinum wire and the 

furnace in su la te d  as shown in  the sketch. This gave a furnace which a t  

1550°C was found to  have a hot zone of 2 inches in  which the tem perature 

did not vary by +5°C., and which did not vary by + 10°C over 3 inches.

The input to  the furnace was co n tro lled  by a 16 ampere Variac which gave 

very sen s itiv e  co n tro l of the  furnace tem perature. With th is  method of 

co n tro l the furnace could be held a t  1550°C +5°C fo r  long periods w ith only 

occasional a tte n tio n .

I t  was found th a t  i f  the  magnesia c ru c ib les  came in to  contact with 

the  m u llite  tube a t  high tem peratures they fluxed w ith th e  s i l ic a  in  the 

m u llite  and stuck to  the tube. To prevent th is  the magnesia crucib le  was 

placed in sid e  a th in  alumina c ru c ib le . A small depression was made in  

the base of th e  alumina crucib le  in to  which a fused alumina thermocouple 

sheath was in se r te d . The cru c ib les  were supported in  the furnace on 

alundum s to o ls  which re s te d  on a rubber bung a t the base of the furnace 

tu b e , as shown in  F ig . 11.

The c ru c ib les  were loca ted  in  the furnace so th a t  they were 

in sid e  the  hot zone, as a lso  was the thermocouple t i p .  The magnesia 

c ru c ib les  were lV 2  inches high} thus they could s i t  completely in  the
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hot zone leaving * /̂2 inch in to  which the thermocouple sheath could project* I 

The accuracy of th is  method of measuring the furna.ce temperature was checked | 

by suspending a thermocouple in sid e  the cruc ib le  and comparing i t  w ith the ! 

sheathed couple. This showed th a t  the method of tem perature measurement | , 

was r e l ia b le  as th e re  was almost no d ifference in  reading between the two j  

thermocouples. Platinum -13$ rhodium-platinum thermocouples which had i

been c a lib ra te d  ag a in st the m elting po in ts  of gold (1063°C) and palladium 

(l554°C) were used. The E,M,F, generated by these couples was measured ; |

on a Tinsley v ern ie r potentiom eter.

Using th is  method of heating both the s lag  and metal could be jj

heated d ire c tly  to  the same tem perature. As the m u llite  tube was 

approximately 36 inches long both ends were cold enough to  hold rubber 

bungs without water cooling. The bung a t  the  top of the furnace held a 

T-tube with a window and a n itrogen  in le t  as shown in  F ig ,11, The n itrogen 

used was commercial cylinder n itrogen which was p u rif ie d  by passing through 

a furnace containing four tubes connected in  s e r ie s , the nitrogen passing 

in  succession over copper gauze, s te e l  wool and magnesium turnings held 

a t  600°G, The n itrogen  was then d ried  and passed in to  the furnace, the  

gas pressure being maintained a t  about 1 inch of water above atmospheric 

p ressu re .



IV. j&perimental Method.

In  carry ing  out a melt a magnesia crucib le  was f i r s t  charged with

approximately 60 grams of Armco iro n , in  some cases w ith the add ition  of

manganese or s il ic o n . The cruc ib le  was placed in  the furnace as in  F ig .11. j

The n itrogen  supply was then connected to  the furnace and heating commenced, 

tak ing  approximately 5 hours to  reach 1550°C. The power input to  the  

furnace was co n tro lled  so th a t the r is e  from 1450 to  1550°C took about one 

hour, the l a s t  20°C req u irin g  about 20 minutes. This slow method of 

heating  the furnace was adopted to  ensure th a t the platinum winding of the

furnace was only s l ig h tly  above the temperature measured by the thermocouple j

th i s  increased the l i f e  of the furnace and gave a more accurate con tro l of 

furnace tem perature. A check was obtained on the thermocouple by noting j

the temperature a t  which the iro n  began to  m elt. Once the furnace temper- J

ta tu re  had been s ta b i l is e d  a t  1550°C the slag  was added as a p e lle te d  j

mixture of fe rrous oxide, manganous oxide and s i l i c a .  In  the melts made

in  magnesia c ru c ib les  i t  was found th a t  10 grams of slag  was su ff ic ie n t 

to  cover the molten iro n . By making the  s lag  add ition  a f te r  the iron  

was molten i t  was found th a t  the magnesia pick up was not as great as when 

th e  oxides were charged w ith the metal a t  the beginning of the m elt. This ■

was probably re la te d  to  the time and area of contact of the molten slag  j
I'i;

and c ru c ib le . ji!
The work of Korber and 0elsen(38), Winkler and Chipman(28) and j

t j

Krings and Schacitmann(4l) has shown th a t equilibrium  between iron  and j

FeO-MnO-SiQj slags i s  reached ra p id ly , le ss  than 30 minutes being requ ired , j
i

In  th is  work the slag  and metal were normally held a t 1550°C fo r approx- j

•im ately one hour before sampling. To e s ta b lish  th a t  equilibrium  was I



being a tta in e d  in  th is  time m elts were ca rried  out in  which equilibrium  

was approached from d iffe re n t d ire c tio n s , by tra n s fe r  of manganese from 

m etal to  slag  and v ice versa. Melts were also  ca rried  out in  which slag  

and metal,which were in  equilibrium  according to  previous data were used. 

These were held  a t  1550°C fo r 2 hours and sampled. Both methods in d ica ted  

th a t  equilibrium  was a tta in e d  in  le s s  than one hour.

A fter holding fo r  one hour a t  1550°C the slag  and metal were 

sampled. Slag samples were taken by dipping an iro n  bar in to  the molten 

s lag  to  give a c h ille d  layer of slag  on the bar. In  most melts the iro n  

was sampled by suction  in to  a s i l i c a  tube using a rubber bulb. For some 

m elts the  metal samples were taken using the Carney, Chipman and Grant(57) 

m odification of the  Taylor(13) sampler in  which the metal i s  sucked through 

a sho rt piece of s i l i c a  tube in to  a copper block, but th is  sampler gave 

tro u b le  a t  the s ilica -co p p er jo in t  and i t  was found th a t  using s i l ic a  tube 

alone id e n tic a l r e s u l ts  were obtained fo r s il ic o n , manganese and oxygen.

The ends of the metal sample were d iscarded, the cen tre  only being used 

fo r  an a ly s is . The slag  sample was ground and any entrapped iron  

separated with a magnet.

When the magnesia crucib le  was removed from the furnace and 

sectioned lengthwise the slag  and metal lay ers  appeared as in  F ig .11.

I t  appears th a t in  the presence of a FeO-MnO-HgO-SiGk slag  th a t molten iro n  

has a high contact angle with magnesia whereas the s lag  has a low contact 

angle. This was one of the main reasons why the ro ta tin g  crucib le 

furnace was not successfu l with these s lags.



Numerous m elts were made using th is  technique with varying 

proportions of fe rro u s  oxide, manganous oxide and s i l i c a .  The magnesia 

c ruc ib les  r e s is te d  the  a ttack  of these  slags without fa i lu re  with s i l i c a  

contents up to  40$, although when the s i l i c a  in  the s lag  was above 30$ 

the magnesia p ick  up increased rap id ly  w ith increasing  s i l i c a .

Some m elts were made in  s i l i c a  crucib les to  obtain  re su lts  w ith 

s il ic a - s a tu ra te d  s lag s . Using these crucib les the technique was s l ig h tly  

d if fe re n t from th a t  used with magnesia c ru c ib les. 120 grams of Armco 

iro n  were melted in  the s i l i c a  c ru c ib le  and the temperature s ta b ilis e d  

a t  1550°C. A s lag  of ferrous oxide, manganous oxide and s i l i c a  was 

added as before using 20 grams with a s i l ic a  content of about 45$ to  

prevent too la rg e  an a ttack  on the c ru c ib le . The remainder of the s i l i c a  

necessary to  sa tu ra te  the slag  was picked up from the c ru c ib le . A fter 

45 minutes a t  1550°C the  slag  and metal were sampled as before. A small 

quan tity  of fe rro u s  oxide was then added to  the s lag  to  change i t s  

composition and the melt held fo r a fu rth e r  30 minutes when slag  and 

metal samples were again taken. The slag  composition was again a lte re d  

by adding ferrous oxide and the same procedure repeated. This technique 

allowed th ree  samples to  be taken from one s i l ic a  c ruc ib le .

The contact angle re la tio n sh ip s  between s lag , metal and crucib le  

were s im ilar to  those found in  magnesia c rucib les. Although the crucib le  

was not completely d e v itr if ie d  a f te r  2 hours a t  1550°C the surface of 

the crucib le  in  contact w ith the slag  and metal was d e v itr if ie d  and 

probably converted to  c r is to b a l i te ,  since a t  1550°C th is  i s  the 

decomposition product of v itreous s i l i c a .
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V. A nalysis of Slag and M etal*

Slag.

The s lag  sample was analysed fo r  t o ta l  iro n  (2-Fe), manganous 

oxide, fe rro u s oxide, magnesia and s ilic a*  A sample of the s lag  was 

bo iled  w ith water and hydrochloric acid added t i l l  i t  was dissolved.

The so lu tio n  was bo iled  to  dryness and baked. The residue was boiled  

with hydrochloric ac id  and the s i l i c a  f i l t e r e d  o ff  and determined by 

ig n itio n  and p u r if ic a tio n  by hydrofluric  and sulphuric acids# The iro n  

was determined in  p a r t of the f i l t r a t e  by reduction w ith stannous ch loride 

and t i t r a t i o n  with potassium bichromate so lu tion . In  the  remainder of 

the f i l t r a t e  iro n  and manganese were removed using a basic ace ta te  

separa tion  and p re c ip ita tio n  in  ammoniacal so lu tion  by ammonium 

persu lphate  re sp ec tiv e ly . Magnesia was then determined by p re c ip ita tio n  

w ith ammonium phosphate and ig n itio n  to  magnesium pyrophosphate.

The manganous oxide content of the slag  was determined by so lu tion  

in  d ilu te  n i t r i c  ac id  using a few drops of hydrofluoric acid  to  aid  

so lu tio n . The so lu tio n  was oxidised by sodium bisrauthate to  give 

permanganic ac id  and the manganese determined by t i t r a t i o n  with ferrous 

ammonium sulphate and potassium permanganate so lu tio n s . The ferrous 

oxide was estim ated by so lu tio n  in  hydrochloric ac id  in  a carbon dioxide 

atmosphere and t i t r a t e d  with potassium dichromate so lu tion .

In  a l l  estim ations the  weight of sample used was varied  according 

to  the  expected a n a ly tic a l content.



M etal.

Manganese, s il ic o n  and oxygen were estim ated in  the  metal samples. 

One of two methods was used fo r  manganese depending on the amount p resen t. 

With contents below 0*5$ an absorptiom etric method was used while fo r 

manganese contents above 0* 5$ the  bismuthate oxidation method was used. 

D eta ils  of both these  methods are published in  A nalysis of S teel and Ferro 

A lloys(58).

The s i l ic o n  contents met with in  th is  work were very low and th is  

n ecess ita ted  a co lo rim etric  method of estim ation. Although the molybdenum 

blue reac tio n  i s  very sen sitiv e  fo r  s il ic o n , reproducible re s u l ts  are  very 

d i f f ic u l t  to  ob ta in  a t  low s ilic o n  con ten ts. Several methods using the 

molybdenum blue rea c tio n  were t r i e d ,  mainly d iffe rin g  in  the reducing agents 

used but the only method which gave reproducible r e s u l ts  was the method 

published by the Methods of A nalysis Committee of the Iron and ;$teel 

I n s t i tu t e (59). This method had m odifications fo r low s ilic o n  contents and 

claimed an accuracy of +0«002$ with s il ic o n  contents le s s  than 0*01 $•

Using th is  method i t  was found th a t  the blank s te a d ily  increased through 

each estim ation  and th is  trouble was traced  to  the potassium permanganate 

so lu tio n  used. I t  was found th a t i f  a potassium permanganate so lu tio n  

which had been kept in  a g lass b o ttle  fo r some time was used the blank was 

too high to  be measured in  an absorptiom eter, whereas i f  a new so lu tion  of 

potassium permanganate was used the blank was very low. When th is  so lu tion  

was made up and kept in  a wax b o tt le  no d if f ic u lty  was experienced with 

varying blanks. I t  was found by th is  method th a t s il ic o n  estim ations could 

be reproduced to  w ithin  +0001$.



The iro n  was analysed fo r oxygen using the vacuum fusion  method 

which i s  the standard  method fo r determining oxygen in  s te e l .  The 

apparatus used was id e n tic a l w ith th a t described by Mur ad (50) and the 

procedure used was in  almost a l l  resp ec ts  the same. The apparatus was 

f i r s t  of a l l  degassed by heating the graphite cruc ib le  to  2000°C in  

vacuum. This tem perature was maintained fo r 4 hours when the pressure 

in  the furnace tpube was u su a lly  of the order of 10 m illim etres mercury* 

The furnace tem perature was then dropped to  1550°C which brought the 

pressure down to  10** m illim etres mercury. The gas being pumped from 

the furnace tube in  30 minutes was then co llec ted  to  give a blank fo r the 

apparatus# The apparatus was then ready to  receive  a metal sample.

The weight of the samples used depended on the probable oxygen 

content of the  m etal, and was ad justed  so th a t a l l  the gas produced would

be evolved and co llec ted  in  15 m inutes. These conditions were evolved

to  s u it  the  p a r t ic u la r  apparatus and not to  overload the  d iffu sion  pump 

which did not work e f f ic ie n t ly  i f  the backing pressure rose above 1 

m il l im e t r e .  The backing pressure was kept as low as possib le  by operating
i

the  Toepler pump used to  c o lle c t the  gas samples.

The gas co llec ted  was analysed in  an Ambler gas analysis  appar-
.

• a tu s . Carbon dioxide was estim ated by absorption in  potassium hydroxide

so lu tio n , oxygen by absorption in  a lk a lin e  pyrogallo l and carbon monoxide 

using ammoniacal cuprous chloride so lu tio n . ^he n itrogen could be '

extimated by d iffe ren ce . In  almost a l l  cases, only carbon monoxide and j

nitrogen  were detected . !



The blank was normally of the  order of 0*1 to  0*2 c. c. of gas 

in  30 minutes and contained about 30$ carbon monoxide. Thus in  15 minutes 

the  amount of carbon monoxide from the  blank was of the order of 0*04 c .c . 

which was a very small f ra c tio n  of the  carbon monoxide evolved from th e  

m etal samples.

The apparatus was checked occasionally  by employing samples 

already analysed a t  the National Physical Laboratory. For a sample 

contain ing 0*02$ oxygen the  re s u l ts  always agreed w ithin  +0*0005$ of 

th is  value. No standard samples were availab le  containing higher oxygen 

contents but in  the  melts analysed duplicate  analysis  fo r  oxygen contents 

above 0*10$ did not vary more than +0*005$. A melt made using only 

ferrous oxide as a slag  add ition  gave an oxygen content of 0*196$ which 

i s  comparable w ith the oxygen sa tu ra tio n  fig u re  a t  1550°C given by Chipman 

and h is  co-workers(10(13).



DISCUSSION OF EXPERIMENTAL RESULTS.



IV. DISCUSSION OF EXPERIMENTAL RESULTS.

1. Experimental R esu lts .

The complete an a ly sis  of a l l  the m elts made are shown in  Table 3.

The iro n  content of the slag  has been expressed both as to t a l  ferrous

oxide (PFeO) and as fe rrous and f e r r ic  oxide. The f e r r ic  oxide contents

may be ra th e r  higher than the a c tu a l f e r r ic  oxide content of the liq u id

slag  since in  th e  method of sampling the hot slag  was cooled in  a i r .

I t  was no ticed , e sp ec ia lly  in  l ig h t  coloured s lag s , th a t  the surface of

the c h ille d  slag  which had come in to  contact w ith the a i r  was darker in

colour than the remainder of the s lag .

The slag  analyses have been tab u la ted  both as weight and mole

per cen t. In  the  l a s t  column of the ta b le  the values of K1̂  where 
0 %MnO)

K1̂  = F o j '^ h 1' have been shown. A ll the data given re fe r  to  an 

experimental tem perature of 1550°C, and the melt numbers missing from 

the tab le  were m elts which were re je c te d  because of c rucib le  f a i lu re  or 

because the metal samples were considered unsu itab le  fo r analysis  because 

o f entrapped s lag .
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11. Equilibrium  in  slags r e la t iv e ly  fre e  of s ilica*

Several m elts were made in  which no s i l ic a  was included in  the 

s lag  addition* th e  data fo r  these m elts i s  shown in  Table 4*

Table 4+
Melts made without s i l i c a  add ition  (1550°C).

Melt
No*

SiOa FeO Mn 0 KIMh 
. (f&nO) tF io Jmole f ra c tio n Weight fo 0^eQ)[$Mn]

11 0*044 0*743 0*055 0*143 3*8 0*194

38 0*0049 0-750 0-075 0*139 3-8 0* 186

40 0-0049 0-674 0-13 0-120 3*2 00.80

43 0*0038 0*799 0*048 0-157 3-5 0-195

Melt No* 11 was made using a magnesia crucib le  made from the le ss  pure 

magnesia, hence the  pick up of 3*3% s ilica*  I t  appeared th a t the a ttack  

of the  s lag  on these  magnesia cruc ib les  was concentrated on the bond, 

which would be higher in  s i l ic a  than the remainder of the crucible* The 

o ther th ree  m elts were made in  the purer magnesia crucib les and only a small 

quan tity  of s i l i c a  was picked up (<Q*5^).

From these melts the average value of K‘ Mq. was 3- 6. In  melt 

No*40 in  which the value of Kjfo was lowest i t  was noticed th a t the slag  

was more viscous than in  the other melts* Since th is  slag  had the highest 

manganous oxide content th is  was probably due to  i t s  composition being 

near the liqu idus composition a t  1550°C* Attempts were made to  fuse slags 

with higher manganous oxide contents than th is  in  order to  obtain a value

f° r  K’Mn w ith a higher accuracy but a f lu id  melt could not be obtained*



The average value of K1̂  obtained in  th is  work i s  compared

w ith those obtained by previous workers in  Table 5*

Table 5*
Compa r ison  of values of K!Mn»

Ref* This Korber and Krings and Gero, Winkler
work* 0elsen(7)* SchacHmann(27)• and Chipman(26)*

K*Mn 3-6 2*4 3-1 3-8

The value obtained by Gero, Winkler and Chipman(26) was extrapolated  from

a se rie s  of r e s u l ts  a t  higher temperatures using thermodynamic data to  

c a lcu la te  the  e f fe c t  of temperature on the equilibrium . The re su lts  

obtained in  th is  work confirm the value obtained by Gero, Winkler and 

Chipman ra th e r  than th a t  of Korber and 0elsen(7). As already mentioned, 

the tem perature measurements of the l a t t e r  workers were probably too low*

The r a t io  [ .]----  ■■■ ■ ^  been calcu lated  and i s  shown
(mole f ra c tio n  1 FeOj

in  Table 4 fo r  these  melts* This gives an average value of 0*19 fo r th is  

r a t io  again agreeing with the data of Gero, Winkler and Chipman and 

d iffe r in g  from th a t  of Korber and 0elsen(7 ), who obtained a r a t io  of 

0*24 a t  1550°C. Assuming th a t fe rrous oxide behaves id ea lly  in  an 

FeO-MnO s lag , the presen t work in d ica tes  th a t a t  a mole fra c tio n  of FeO 

of one, molten iro n  a t  1550°C would contain Q*19y£ oxygen* This value 

agrees w ith the oxygen sa tu ra tio n  values of F e tte rs  and Chipman(lO),

Taylor and Chipman(l2) and Fischer and von Snde(l4) a t  1550°C. I t  also 

in d ica tes  th a t  manganese in  the concentrations met with in  these melts 

has no influence on the a c t iv i ty  c o e ffic ien t of oxygen in  molten iron*



The v a r ia tio n  of oxygen content of molten iro n  with the manganese 

content a t  1550°C i s  shown in  F ig .12. Above O 13% manganese the eq u ilib 

r iu m  i s  between manganese and oxygen dissolved in  liq u id  iron  and so lid  

FeO-MnO s lag s . I f  i t  i s  assumed th a t  FeO and MaO behave id ea lly  in  the 

so lid  FeO-MnO s lag £  th is  assumption would appear v a lid  because of the 

s im ila r ity  of FeO and MnO and th a t they are probably mutually soluble in  

the so lid  state*} the  oxygen-manganese equilibrium  in  molten iron  with 

s o lid  FeO-MnO slags can be calcu la ted . In  the ensuing discussion the 

value of 3*6 i s  taken as the tru e  value of the equilibrium  constant

(Q’MnOj   at  1550°C, the standard s ta te  of manganese being a 1%
aFeO[aMn]
so lu tio n 'o f  manganese in  iron*





111. Equilibrium  in  M elts made in  S i l ic a  Crucibles»

Several m elts were made in  s i l i c a  crucib les to  determine the 

equilibrium  between manganese, s il ic o n  and oxygen in  molten iron  with s i l ic a  

sa tu ra ted  FeO-MnQ-SiQg slags* The data obtained from these melts are shown 

in  Table 6*

From these  experiments the average value of was 15*6 which 

agrees w ell w ith th a t  of Korber and Gelsen(38) of 15*5 fo r s i l i c a  satu ra ted  

slags*

Since = (aMnQ) = 3* 6
(aFeO)[aMnJ

I f  i t  i s  assumed th a t  w ith in  the above range of concentration manganese 

behaves id e a lly  in  a molten Fe-Si-Mn-0 a llo y , then

VMnQ^O) _____  = 3*6
tfFeo(Fe°)[$ fa ]

From th is  r e la t io n ,  knowing the  a c tiv ity  co e ffic ien t of ferrous oxide (Jj?eo) 

th a t o f aanganous oxide $MnO) can be calculated .

I f  i t  i s  assumed th a t s il ic o n  does not a ffe c t the a c tiv ity  

co e ffic ie n t of oxygen in  molten iro n , the a c t iv i ty  of ferrous oxide in  the 

molten slags can be ca lcu la ted  from the p a r t it io n  co effic ien t 

f& l  = 0 1 9  a t  1550°C.
V ^eoJ

Values ca lcu la ted  from th is  r e la t io n  are  given in  Table 6, and ind icate  an 

average value fo r  X p eQ of 0* 87 ♦
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$  Chi.pma.ii and Gokcen(35) found th a t s ilico n  affec ted  "the a c tiv ity
C f Qi \tv4t «*■ ft*' «•> ; • 0  ■ ut f  '/

■ of oxygen in  molten iro n  and (gave the  e f fe c t of s ilico n  oft the  a c tiv ity
' - s ,  .... ..............
\ c o e ffic ien t o f oxygen ( f0 ) as >0*82 fo r 0*04$ s ilico n  a t  1545°C. This data

has been withdrawn in  a revision(35a) of the paper as Chipman and Gokcen(35a)

believed i t  d id  not f i t  w ith the  work of Dastur and Chipman(9). I f  th is

e ffe c t i s  app lied  to  the  ca lcu la tio n  of ^FeO the p a r ti t io n  co effic ien t is

<? U 17*01____= 0*19 a t  1550°C
(aFe0)

Values of peQ using  Chipman and Gokcen1 s data are also  shown in  Table 6 

and in d ica te  1! peo equal to  0* 80 a t  1550°C.

Over the range of compositions studied and considering the small

number of m elts made, no r e l ia b le  conclusions could be drawn as to  any 

v a ria tio n  in  %p eQ w ith the  MnO content o f the slags* A study of the data 

of Korber and Qelsen(38) fo r  th is  equilibrium  also does not ind icate  any

v a ria tio n  in  5( p eQ w ith slag  composition, although when the amount of

s c a tte r  they obtained i s  considered a small v a ria tio n  might escape notice*

In  comparing Korber and Oelsen* s data on apeo in  s i l ic a -  

sa tu ra ted  FeO-MnO-SiQg slags w ith the  present work the d iff ic u lty  of choosing 

an oxygen sa tu ra tio n  fig u re  arises* Korber and 0elsen(7) in  th e ir  e a r l ie r  

work on FeQ-MnO slags rejDOrted th is  as 0*24j  a t  1550°C and the disagreement 

with re s u l ts  obtained in  other w ork(l0)(l5) has been a ttr ib u te d  to  errors 

in  tem perature measurement* Using th is  figure fo r oxygen sa tu ra tion  the 

a c tiv ity  c o e ff ic ie n t of ferrous oxide in  Korber and Oelsens* s i l ic a  saturated  

slags would be 0*71*. However, as the value of K‘Mn obtained in  the present 

work agrees w ith th a t  obtained by Korber and Oelsen i t  would appear th a t



the tem perature measurements in  th e ir  work on s i l ic a  satu ra ted  slags were 

correct* Their value of 0*24$ fo r the so lu b ility  of oxygen in  iron  a t  

1550°C i s  almost c e r ta in ly  too high and when 0*19# i s  used, 0*9 is  obtained 

fo r j£Fe0 in  these  s lags (neglecting  any e ffe c t of s ilico n  on the a c tiv ity  

c o e ffic ien t of oxygen)* This fig u re  agrees with th a t of 0*87 obtained in  

the jpresent work.

$  Applying the data on £  obtained by Gokcen and Chipman reduces

XfeO ca lcu la ted  from Korber and Oelsen from 0*9 to  approximately 0*82, but 

the s c a tte r  of r e s u l t s  i s  too great to  detect any e ffec t of s ilico n  on f0 • 

Gokcen and Chipman have given apeQ in  s ilic a -sa tu ra te d  FeQ-SiQj 

slags as 0*39 a t  1600°C, Schuhmann and Ensio(33) as 0*377 a t  the melting 

point df iro n  and F ischer and vom Ende(l4) 0*43 a t  1550°C, corresponding 

to  )(peo equal to  0*83, 0*81 and 0*90 respectively . These re su lts  when 

compared with those of the p resen t work ind icate  th a t manganous oxide has 

no g reat e f fe c t  on )( p@o in  s il ic a -s a tu ra te d  FeO-MnO-SiQg slags*

\  MnO £°r  the  s i l i c a  sa tu rated  melts has been calculated and is  

shown in  Table 6, giving an average value of 0*20. Korber and Oelsen* s 

data in d ica te  a value of 0*21 (tak ing  Xpeo = 0* 9) which i s  in  good agreement 

with the p resen t work* Thus s i l i c a  has a much greater e ffec t on$ jvfoO than 

on \  FqO> a r e s u l t  which i s  co n sis ten t with the cation-oxygen bond strengths 

of Fe+* and Ma1**.

A value fo r  the equilibrium  constant fo r the reaction  between 

s ilic o n  and oxygen in  molten iro n

S i(Fe) + 2 °(Fe) =  ) KSi =
has also been obtained from the  above data. As a s i l ic a  crucible was used



the a c t iv i ty  of s i l i c a  has been taken as unity# Th© values calculated fo r 

th is  equilibrium  constan t are  given in  Table 6 and the average value obtained 

i s  compared w ith previous work in  Table 7.

Table 7#
Comparison of values of Kg-j obtained by 

d iffe re n t workers•

Reference Present
Work#

Korber
and

0elsen(38)

H ilty  
and 

C rafts(29)

Chipman 
and 

Gokcen(35a)

=
[ jBLj l fD?

1* 3xl0“5 1* 34x10^ 1*6x10“* l'lxXo""5

The value of Chipman and Gokcen(35a) i s  a revised value using 

new data on the form ation of c r is to b a li te .  The values obtained here agrees, 

w ithin the  l im its  of experim ental e rro r , with th a t obtained in  other work, 

and suggests th a t  manganese has l i t t l e  e ffe c t on the silicon-oxygen equil- 

»ibrium a t  the concentrations encountered in  the present work. Korber and 

0elsen(38) have used the  r a t io  K^yih^to express the equilibrium between 

manganese and s i l ic o n  d issolved in  liq u id  iron  and s ilic a -sa tu ra te d  FeO-MnO-SiOg 

slags. Values of th is  r a t io  have been calcu lated  and are shown in  Table 6. 

They give an average value fo r K'jfoSi of 8*5x10 4 compared with 3*6x10 4 

obtained by Korber and Oelsen.

H ilty  and Crafts(29) p lo tted  the re la tio n  between manganese and 

s ilico n  in  liq u id  iro n  melted under s ilic a -sa tu ra te d  FeO-MnO-SiQj slags, 

taking as th e i r  s il ic a - s a tu ra te d  slags the points of in flex ion  in  the



52.

silicon-oxygen p lo ts .  Their data i s  compared with th a t of Korber and Oelsen 

and with the r e s u l ts  of the  present work in  F ig .13. This shows th a t the 

present work confirms th a t  of Korber and Oelsen but disagrees with th a t of 

H ilty  and C ra fts , the deviations being g rea test a t low s ilic o n  contents. I t  

has already been po in ted  out (page /9 ) th a t the points of in flex ion  in  H ilty  

and C rafts  work a re  thermodynamically unsound and also th a t they did not agree 

with the oxygen values expected fo r equilibrium  with s i l ic a  saturated  s lags.

This i s  the  probable reason fo r  the disagreement between the present work and 

th a t of Korber and Oelsen w ith the re s u l ts  of H ilty and Crafts on the manganese- 

s il ic o n  equilibrium . The present work has in  the main confirmed th a t of 

Korber and 0elsen(38) on s i l i c a  sa tu ra ted  FeQ-MnQ-SiQs slags a t  1550°C. I t  

i s  th ere fo re  of in te r e s t  to  consider the e ffec t of temperature on the 

a c t iv i t ie s  of FeO and MnO in  s i l i c a  satu rated  slags, which may be calculated  

from the r e s u l ts  of Korber and 0elsen(38), Chipman, Gero and Winkler(36) and 

Taylor and Chipman(l3), obtained a t temperatures other than 1550°C.

Table 8.

Temperature
°C.

(26)
KMn

(13)

(aFeO)

(38) ( « )  
K '.. r 5(01100

..M n  nfsoT
S ilic a -s a t.

K FeO
s il ic a -
saturated

X MnO
s i l ic a -
saturated

1600 2*8 0*225 12*0 0*21 0*94 0*22
- . . . .  . -  _ ...

1650 2*5 0*28 9*0 0*26 0*94 0*26



These c a lcu la tio n s  in d ic a te  th a t  Jfpeo does not vary much w ith tem perature

but th a t  If in c reases  w ith in c reasin g  tem perature in  s i l i c a  sa tu ra ted

FeO-MnQ-SiCk s lag s . In  the  c a lc u la tio n  of J ^ eQ the  e f fe c t  of s il ic m o n

th e  a c t iv i ty  of oxygen in  molten iro n  has been neg lected , since the s c a t te r

of th e  values of in  Korber and Oelsen* s work was too la rg e  fo r  any
(FeO)

e f fe c t  to  be no ticed .
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IVo Equilibrium  in  m elts made in  Magnesia Crucibles 
w ith Slags con ta in ing  S il ic a .

(a.) Oxygen equilib rium *

A la rg e  number of m elts were made to  f in d  the  e f fe c t  of s i l i c a

conten t on the  a c t iv i ty  of fe rro u s  oxide in  the  system FeQ-MnO-SiCk. Since

magnesia c ru c ib les  were used in  these m elts the  slags contained FeO, MgO,

MnO and SiQg. The magnesia p ick up of the  s lags increased  w ith in creasin g

s i l i c a  content and above 30% s i l i c a  became too la rg e  fo r  s lag s  in  the range

30-50/£ s i l i c a  to  be stud ied  s a t i s f a c to r i ly .

The oxygen contents of a l l  th e  m elts made were determined and

are  p lo tte d  in  F ig . 14 011 a te rn a ry  diagram as a function  of th e  s lag

composition w ith which they were in  equilibrium . This has been p lo tte d

as a pseudo-ternary  system FeO-(MnO+MgQ) -SiC^ combining the two basic

c o n s titu e n ts  magnesia and manganous oxide. This form of p lo t was used as

i t  was im possible to  separate  the  in d iv id u a l e f fe c ts  of MnO and MgO. To

co n stru c t the  diagram the  data  of Schuhmann and 2nsio(33) fo r  th e  binary

system FeO-SiOg has been used a n d  a lso  the  data on s i l i c a  sa tu ra ted

FeQ-MnO-SiCk slags obtained in  th e  p resen t work. The liq u id u s  a t  th e

(MgO+MnO) corner of the  system was taken from the diagram FeO-MnQ-SiGg of

C a rte r , Murad and Ha.y(22). Using a l l  these  d a ta , l in e s  of equal oxygen

content have been drawn on the  diagram which gives the  oxygen content of

molten iro n  in  equilibrium  a t  1550°C w ith (MnQ+MgO) -FeO-SiC^ s la g s .

The a c t iv i ty  of fe rro u s  oxide in  these  s lags has been ca lcu la ted

from the  oxygen content of the m etal assuming th a t  manganese and s il ic o n  in

the concentrations met w ith in  th i s  work have no e f fe c t on the a c t iv i ty

c o e ff ic ie n t of oxygen in  l iq u id  iro n . I s o -a c t iv i ty  l in e s  fo r  fe rrous oxide



o

0
0

o

foo

■4-
o

o
r

o
©<e

o

*? £6 o•«.i{-o
«<SLa.

7"
o Ul

4G>
£

<30

o-
o

o o^  i «*■



in  the  pseudo te rn a ry  system FeG-(MnO+MgO) -SiC^ have been p lo tte d  and a re  

shown in  Fig*15* I t  i s  c le a r  th a t  fe rro u s  oxide does not behave id e a lly  in  

th i s  system but th a t  th e re  i s  a p o s itiv e  dev ia tio n  from id e a l i ty  which i s  a 

maximum along the  FeO-2(MhO,MgO)SiQg join* The lo c a tio n  o f the maximum in  

JfFeO c&nrio'k be fix ed  w ith any degree of c e r ta in ty  owing to  th e  lack  of data 

a t  s i l i c a  contents between 4 and 0*53 but data on th e  analogous

system (CaO+MgQ)-FeQ-SiC^ by Taylor and Chipman(l3) suggest th is  maximum 

i s  near the  jo in  FeO-2(MgO.FinO)SiCb.

In  systems MO-FeQ-SiOg where MO i s  a m e ta llic  oxide, th e re  e x is t  

two p o ss ib ilitie s* , i f  the  oxide behaves s im ila r i ly  to  fe rro u s  oxide then i t  

i s  probable th a t  fe rro u s  oxide w ill  behave almost id e a lly  in  the  te rn a ry  

system, whereas i f  th e re  i s  a tendency fo r  the  oxides MO and SiCfe to  a sso c ia te  

th e n ^ p eo w ill  be raised*  Taylor and Chipman(l3) have in v es tig a ted  the  

v a r ia tio n  in  th e  a c t iv i ty  of fe rro u s  oxide w ith composition in  the  (CaO+MgO)- 

Fe0-Si02  system using  the oxygen p a r t i t io n  between s lag  and m etal to  f in d  

apeo* Although th i s  work was not c a r r ie d  out a t  any p a r t ic u la r  tem perature

i t  was found th a t  the a c t iv i ty  of fe rro u s  oxide as determined by th e  r a t io

_______oxygen content of iro n
oxygen sa tu ra tio n  a t  th e  same tem perature

did not vary w ith tem perature and th a t  a p lo t could th e re fo re  be made of

i s o - a c t iv i ty  l in e s  fo r  fe rro u s  oxide* ^h e ir r e s u l ts  a re  shown in  F ig .16

which in d ic a te s  a much la rg e r  dev ia tion  from id e a l i ty  in  th e  (CaO+MgO)-FeO-SiCj3

system than  in  th e  (MnO+MgO) -FeO-SiO^ system, in  agreement w ith th e  f a c t  th a t

th e  cation-oxygen bond s tren g th  i s  g rea te r fo r  calcium than  fo r  manganese

io n s. Taylor and Chipman accounted fo r  these  dev ia tions from id e a l i ty  in





th e  a c t iv i ty  of fe rrous oxide as being due to  th e  a sso c ia tio n  of CaO, MgO 

and SiCfe in  the  l iq u id  s lag  g iving "molecules*1 of 4 (CaO,MgO)2 SiQ2 *

A c o lle c tio n  of a l l  th e  av a ilab le  d a ta(l3 )(2 8 )(3 3 )(3 5 ) on the  

a c t iv i ty  of fe rro u s  oxide in  s lags con tain ing  FeO,MgO,CaO,MnO,SiQ3 ,P2 05  has 

been made by Turkdogan and Pearson(37). From th i s  they  constructed  a 

pseudo-ternary  system (SiC^ +P2 O5 ) -FeQ-(CaO+MgO+MnO) showing the  v a r ia tio n  in  

th e  a c t iv i ty  of fe rro u s  oxide w ith com position. This i s  shown in  F ig .17.

This diagram shows the  locus o f p o in ts  of in fle x io n  of th e  is o - a c t iv i ty  

l in e s  as a curve jo in in g  the fe rro u s  oxide corner of the  system to  th e  

o r th o s i l ic a te  composition 2(CaQ,MgO,MnO). SiOg. In  view of th e  assumption 

involved in  th is  p lo t  and of the  s c a t te r  in  th e  data used , i t  i s  doubtful 

i f  a curve can be drawn w ith  any accuracy and the  s tr a ig h t  l in e  of Taylor 

and Chipman(l3) would be p re fe rab le . From th e i r  study of th ese  data  

Turkdogan and Pearson concluded th a t  apeQ was determined so le ly  by th e  

concen tra tions of fe rro u s  oxide and s i l i c a  and was independent of the  r e la t iv e  

p roportions o f calcium , manganese and magnesium oxides.

The da ta  obtained in  th i s  work in  which calcium oxide was absent 

when compared w ith thoee of Taylor and Chipman in d ic a te  th a t  th e  conclusions 

o f Turkdogan and Pearson are  wrong. Winkler and Chipman(28) , whose da ta  

were used by Turkdogan and Pearson, re p o rt th e  r e s u l ts  of th re e  m elts in  

which th e  s lag  was almost f re e  of CaO and th e i r  r e s u l ts  a re  compared w ith  

those of th i s  work and w ith apeo expected from Turkdogan and Pearson1 s 

diagram in  Table 8 .
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Table 8«
Comparison o f an^n in  FeQ- (MnQ»MgO) -SiQa System.

Slag composition Mole % 
Winkler and Chipman(28;

A c tiv ity  of Ferrous Oxide

J  FeO MnO+MgO SiQg Winkler and 
Chipman(28)

This
Work

Turkdogan and 
Pearson (37).

39.3 45 14.8 0.45 0.45 0.82

24.8 52.2 23.0 0.38 0.32 0.69

2 2 . 8  54.1 22.95 0.32 0.30 0 . 6 8

This shows th a t  Winkler and Chipman* s r e s u l t s  agree w ith those obtained in  

t h i s  work and are very much lower than  would be e j e c t e d  from Turkdogan and 

Pearson1 s assumption. Their assumption i s  probably a reasonable a p p ro x 

im ation as fa r  as steelm aking s lags a re  concerned, where the  concentrations 

o f CaO, MgO and MnQ only vary w ith in  a lim ite d  range, but once i t  i s  removed 

from th ese  l im its  i t  i s  erroneous and cannot exp lain  the  apeQ in  th e  

(MnO+MgO) -Fe0 -S i0 2  system.

As the  e f fe c t  of magnesia on apeQ cannot be separated  from th a t  

of manganous oid.de in  t h i s  work the da ta  on the  system (MnO-MgO)-FeO-SiCfe 

has been used to  give an approximation to  th e  apeQ in  th e  MnO-FeO-SiGh 

system by assuming th a t  MgO and MnQ have a s im ila r e f fe c t .

Schenck(42) using  h is  d isso c ia tio n  constants fo r  s lag  components 

has c a lcu la ted  the  v a r ia t io n  of th e  a c t iv i ty  of fe rro u s  oxide w ith composition 

in  th e  FeO-MnO-SiO^ system. This diagram, shown in  F ig .9 in d ic a te s  a 

reduction  in  th e  a c t iv i ty  c o e f f ic ie n t of fe rrous oxide w ith increasing  s i l i c a  

in  the system, as ag a in s t th e  in crease  found in  th is  work. This in d ic a te s



No*

3
4
5
6
7
3
9
10
11
13
14
15
16
17
18
19
21
26
27
28
29
30
31

TABLE 9.

R atio  of F e rric  to  Ferrous Oxide in  M elts.

SiCh
%

FeO
i FeO

Melt
No.

SiCh
i

FeO
i

Fog Q3 
FeO

7* 5 70*0 0-13 32 2 2 . 6 13.05 0.065
6 * 8 55.1 0 . 1 0 34 27.1 5.75 -
8 . 8 27.1 0.093 35 26.1 20.9 0.045

13.6 26.5 0.089 37 27.2 27.0 0.043
1 2 . 6 40.9 0.094 38 0.41 75.6 0.093
16.4 32.9 0 . 1 0 39 9.20 45.5 0.090
13.5 62.8 0 . 1 0 40 0.40 68.4- 0 . 1 0
19.4 39.0 0 . 1 1 41 15.42 43.8 0.094

3.8 77.0 0 . 1 0 42 36.5 2.3
16.5 46.5 0.099 43 0.32 81.5 0 . 1 0
24.05 1.9 - 45 13.16 39.5 0.097
26.9 8.05 0.052 48 26.7 18.5 0.077
18.8 24.0 0.071 47 0 . 2 1 94.6 0 . 1 0
39.0 2.74 - 50 13.9 61.3 0 . 1 0
26.2 20.5 0.057 51 15.9 59.4 0 . 1 0
16.4 62.0 0.089 52 19.8 51.1 0.09
16.5 7 .5 0.056 ' 53 28.0 4.3 —

16.0 41.5 0.080 54 26.6 17.1 0.040
12.9 46.3 0.096 ^ 55 34.22 16.2 0.042
29.24 5.75 0.027 / 57 23.2 26.6 0.085
21.4 41.0 0.062 $ 58 24.65 24.7 0.087
21.16 32.4 0 .0 6 0 v 59 2 2 . 6 20.5 0.083
27.1 21.1 0.045 61 25.1 2 2 . 8 0.063

V



th a t  the assumption of compounds as app lied  by Schenck i s  not ap p licab le  to  

th e  FeO-MnO-SiQj system*

Flood, Forland and Gr jotheim (47) have put forward the equation 

RT In  Xj-gQ = 15 N>Ca++ R>SiQi4-  V 

based on Flood* s conception o f io n ic  f ra c t io n  to  express th e  e f fe c t  of 

calcium oxide and magnesia on the  a c t iv i ty  c o e ff ic ie n t of fe rro u s  oxide in  

the  system (CaQ+MgO) -FeQ-SiQg a t  160Q°C* On th e  same b as is  th e  a c t iv i ty  

c o e f f ic ie n t  in  th e  (MnQ+MgO)-FeO-SiCh system would be

RT l n ^ Fe0 = x  K 'siQj4 t  9 I C ^  N'siCL^-

where x  Kcal. i s  th e  f re e  energy change fo r  th e  re a c tio n

FeO = Mns SiQi ^  FesSiQi + MnO 2 »
Since the  f re e  energy of form ation of 2Mn0*Si0j3 i s  not known th i s  

equation cannot be compared w ith th e  d a ta , although i t  in d ic a te s  th a t  i t  

would be le s s  than  th a t  of 2CaQ*SiQ3*

In  the diagram(Fig*13) and th e  d iscussion  of the  a c t iv i ty  of f e r r -  

tous oxide the  fe rro u s  oxide content of the  slag  has been ca lcu la ted  from th e  

iro n  content of the  slag* This method was used as a l l  comparative data 

were based on th is  same assumption* but an a ly sis  of the s lags has shorn 

th a t  varying amount of f e r r ic  oxide were presen t in  the  melts* These a re  

shown in  Table 3 and as FegC^/FeO r a t io  in  Table 9* Darken and G urry(l)

have given the r a t io  FegC^/FeO as 0*0525 in  fe rrous oxide melted in  iro n

c ru c ib le s , but Chipman and F e tte rs(lO ) found th a t  m elting in  magnesia 

c ru c ib le s  ra is e d  the  p roportion  of f e r r ic  oxide, a fin d in g  which i s  confirmed 

here* Darken and Gurry(25) have a lso  shown th a t  manganous oxide has a 

tendency to  s ta b i l i s e  f e r r ic  oxide and th e  combined e f fe c t  of MnO and MgO





probably accounts fo r  the  higher r a t io  Fe^Cb/FeO found in  th is  work. The 

e f fe c t  of calcium oxide i s  g rea te r  than  th a t  of e i th e r  magnesia or manganous 

oxide and th i s  i s  i l l u s t r a t e d  in  Winkler and Chipmans(28) work where much 

h igher r a t io s  were found.

The r a t io  of f e r r i c  to  fe rro u s  oxide was found to  decrease w ith 

s i l i c a  content and th i s  i s  i l lu s t r a t e d  in  F ig .18 where th e  r a t io  i s  p lo tte d  

a g a in s t th e  s i l i c a  content of the  s lag s . S i l ic a  as would be expected has 

th e  opposite e f fe c t  to  th e  basic oxides* th is  was a lso  found by Bowen and 

Schairer(32) in  th e i r  study of the FeO-SiQj diagram, and by White(43) in  h is  

study of the d isso c ia tio n  of iro n  oxide in  the presence of s i l i c a  and of lim e.

In  the course of the  oxygen analyses of the m elts some data  on

the  n itro g en  conten ts were obtained* these  are  p lo tte d  in  F ig .19 which shows 

th a t  th e  oxygen and n itro g en  contents of the  m elts were re la te d . Since th e  

m elts were made in  a n itrogen  atmosphere i t  would be expected th a t  they 

would be sa tu ra ted  w ith n itrogen  (0*042/£ a t  1550°C) but F ig .19 in d ica te s  

th a t  th e  n itro g en  p ick  up decreased as the  oxygen content of the m elts 

increased  and s a tu ra tio n  was only approached a t  low oxygen contents ( OQ4/Q. 

I t  appears th a t  oxygen e i th e r  reduces the s o lu b il i ty  of n itrogen  in  iro n  or 

th a t  i t  reduces the r a te  a t  which n itro g en  d isso lves in  iro n  by a ffe c tin g  

i t s  r a te  of d iffu s io n . This confirms the  data  obtained in  Bessemer made 

s te e l  where a t  the  end of the  blow i t  would be expected th a t  n itrogen  sa tu ra -

i t io n  would be reached but th i s  i s  not the case and the observed n itrogen

content i s  lower than  would be expected. I t  has been suggested th a t th is  

is  due to  l iq u id  oxide film s but both carbon and s il ic o n  have been found to  

lower the s o lu b il i ty  of n itro g en  in  l iq u id  iron(67)* i t  may be th a t  oxygen 

has a s im ila r  e f f e c t .  The e f fe c t  of carbon i s  compared w ith th a t  of oxygen





(b) Manganese Ecmilibrium*

From th e  m elts made in  magnesia c ru c ib les  th e  e f fe c t  of s i l i c a  

content on the  equilibrium

Mn + FeO s* MnO + Fe 

between molten iro n  containing manganese, s i l ic o n  and oxygen and FeO-MnO-SiQj 

s lags has been studied*

The r e s u l t s  fo r  K1̂  have been ta b u la te d  in  Table 3 and are  

p lo tte d  in  F ig .20 as a function  of the s i l i c a  content of the  s lag  expressed 

as weight per cent* The values of K1̂  a t  0% and 50% s i l i c a  have been taken 

from the  r e s u l ts  a lready  discussed fo r  pure oxide and s i l i c a  sa tu ra ted  slags*

In  F ig . 21 has been p lo tte d  aga inst th e  mole f ra c tio n  of s i l i c a  in  the

s lag s . Both curves show th a t  K1̂  increases  as the s i l i c a  content of th e  s lag  

in creases  up to  sa tu ra tio n .

R esu lts  o f experiments c a rr ie d  out by Krings and SchacHmann(27) 

in  alumina, c ru c ib les  -  alumina was th e re fo re  p resen t in  th e i r  s lags -  are 

a lso  p lo tte d  in  F ig s .20 and 21. The agreement w ith the  p resen t work is  good 

e sp e c ia lly  since d if fe re n t  c ru c ib le  m ate ria ls  were used. The la rg e s t  

d ev ia tio n s are a t  th e  higher s i l i c a  con ten ts where Krings and SchacHmann 

obtained lower K* ̂  values fo r  equ ivalen t s i l i c a  contents than  were obtained 

in  the p resen t work. In  the FeQ-AlgCh -SiOs system s i l i c a  sa tu ra tio n  occurs 

a t  a higher concen tra tion  of s i l i c a  than in  th e  FeQ-MgO-SiQg system and a 

s im ila r  d iffe ren ce  probably e x is ts  between the  Fe0-Mh0-Al2 Q3 -Si02  and FeQ-MnQ- 

MgQ-SiQg systems* This probably accounts fo r  the d iffe ren ces  between th ese  

two s e ts  of r e s u l t s ,  in  th a t  K1̂  would increase  more' slowly w ith in creasin g  

s i l i c a  in  slags con tain ing  alumina than in  s lags contain ing  magnesia.





^



The s lag  data of H ilty  and C rafts(29) show too la rg e  a s c a t te r  

in  K‘ ^  fo r  any conclusions or comparisons to  be made as to  the  in fluence of 

s i l i c a  on th e  value of K’^ .

As in  th e  previous d iscussion  the  equilibrium

^MnO
% n = *;---------- —  = 3*6 a t  1550°C

(aFeO)|>in]

must ob ta in . Using the  data, on th e  a c t iv i ty  of fe rro u s  oxide in  th ese  

s lags summarised in  F ig .15, the  a c t iv i ty  c o e ff ic ie n t of manganous oxide
y 3*6 y

can be c a lcu la ted  from 6 j/JqQ * —Tp'TTT • 1 ° c a lc u la te  o ifyQ a p lo t has

been made of the  r a t io  ag ain st the  s i l i c a  concentration

Expressed as a mole f ra c tio n  and shown in  F ig .22. Using th is  p lo t # 

can be ca lcu la ted  a t  any given s i l i c a  con ten t. Since K1 a t  any given

s i l i c a  content was independent of the  r a t io  FeO/MnQ of the  s lag  w ith in  the

l im its  of experim ental e r ro r ,  the a c t iv i ty  c o e ff ic ie n t of manganous oxide 

was assumed to  be dependent so le ly  on the  s i l i c a  content of th e  s lag .

In th is  d iscussion  of Lhe a c t iv i ty  of manganous oxide in  these

s lag s  magnesia has been tre a te d  as a d ilu e n t. This can only be a f i r s t  

approximation e sp ec ia lly  in  the slags w ith more than  20/1 s i l i c a  where the  

magnesia contents were f a i r ly  high} however, physica l measurements on l iq u id  

s i l i c a te s  such as v isc o s ity (6 0 ) , surface  te n s io n (6 l )  and e le c t r ic a l  conduct- 

i iv ity (6 2 )  suggest th a t  th e  e f fe c t of basic ions on the  l iq u id  s i l i c a te  

s tru c tu re  decreases in  th e  order Ca++, Mn++, Fe++, Mg++.

The values of J mqO c a lcu la ted  from and ape0 have been used 

to  give approximate values fo r  the a c t iv i ty  of manganous oxide in  th e  b inary  

system MnQ-SiQg shown in  F ig .23. At high manganous oxide contents these

slags are  p a r t ia l ly  s o lid  a t  1550°C and the  a c t iv i t ie s  th e re fo re  r e fe r  to
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th e  supercooled liq u id s  in  the range 0 to  0*17 mole f ra c t io n  s ilic a *  Since 

no v a r ia tio n  of K1̂  w ith MnO/FeQ r a t io  was detected  in  th e  m elts th is  

a c t iv i ty  curve should give a c lose  approximation to  aj^Q in  th i s  system*

The data are compared w ith th e  e f fe c t  of s i l i c a  on apoQ and in  the  

FeG/SiQg and CaO-SiOg systems in  F ig .23. Schuhmann and Ensio(33) data have 

been used fo r the FeQ-SiOg system and th e  a c t iv i ty  of calcium oxide has been 

c a lc u la ted (5 l)  assuming a linear* v a r ia tio n  from agaC) = 1 a t  = 0 almost

to  aQaQ = 0 a t  % io^ = 0*33 and using  th e  data ca lcu la ted  by Rosenqvist(64) 

a t  th e  le s s  basic com positions. Also shown are  values fo r  slq5q and agiOfe 

a t  1600°C in  the system CaO-SiCfe ca lcu la ted  by R ichardson(48)• The data 

on calcium oxide a t  s i l i c a  contents below 42/£ re fe r s  to  supercooled CaO-SiQg 

slags* The r e la t iv e  p o s itio n s  of these a c t iv i ty  curves a re  in  agreement w ith 

the  known cation-oxygen bond s tren g th s  of calcium , manganese and iron*

The a c t iv i t i e s  of s i l i c a  in  these  systems has been ca lcu la ted  u sing  

th e  Gibbs-Duhem equation and are  a lso  shown in  Fig*23. Darken(63) has 

published  a method of applying th e  Gibbs-Duhem re la t io n  to  te rn a ry  systems 

so th a t  knowing the  a c t iv i ty  of one component th a t  of the o thers can be 

c a lc u la te d , but since th i s  method req u ire s  extensive and p rec ise  measurements 

of the  a c t iv i ty  a t  low concentrations of fe rro u s  oxide, i t  was found to  be 

in ap p licab le  to  th e  r e s u l t s  obtained in  th i s  work* Thus to  ob tain  a g ^  

in  FeO-MnO-SiQfe s lag s  the  approximate method used by B e ll ,  Murad and C a rte r(5 l)  

has been adopted in  which in te rp o la tio n  i s  made between th e  curves fo r  ag^Qj 

in  th e  FeO-SLO  ̂ and MnO-SiOfe systems according to  the  FeO/MaO r a t io  of the  

slag*
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£cr<
Using th e  data K * ^  in  Fig* 21 and applying i t  to  s lag s  a te rn a ry  

system FeO-MnO-SiOfe has been construc ted  giving th e  manganese contents of 

molten iro n  a t  1550°C in  equilibrium  w ith  th ese  slags as  a fu n c tio n  of the 

s lag  composition (Fig.24)*
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(c ) A pplication  of t he Ionic Concept of Slag  S truc tu re  
to  the  Manganese Equil i b rium*

Flood and Grjotheim(65) have discussed the ap p lica tio n  of th e ir

concept of the io n ic  s tru c tu re  o f slags to  the manganese equilibrium  using

th e  da ta  of B e ll, Murad and C arter. In  th i s  d iscussion  was defined

as
_ [ aF e](aMn'H‘)

[aMn](aFe++)

and ca lcu la ted  from the  equation

log  K®1 = i - H *  log K®?
L*t ,

when n denoted the number of d if fe re n t kinds of anions i  in  the  s lag , 

was th e  e le c t r ic a l  equivalent f ra c tio n  of the anion i  and K* ^ . i s  the  

equ ivalen t constant fo r  a slag  containing only oae kind of anions i .  This 

gave fo r  Fe0-Mn0-Si03 s lag s ,

log  = 3' ^ -  log  + l o g K ^

and since N* = ( l  -  then log  should be a l in e a r  function  of

H* g i o ^ “ > assuming th a t  Mg++ ions do not a f fe c t  the d is tr ib u tio n  of manganese* .

The values of log K’ and the ion ic  f ra c tio n  N1^.^ 4.-  have been 
0  Mn SiQ^

ca lc u la te d  from the  data obtained in  th is  work and are p lo tte d  in  Fig*25 

using  the  values of log  found fo r  s i l ic a - f r e e  m elts as the value of

= 0 .  (Page 4-6 )•

This trea tm en t of Flood and Grjotheim suggests th a t  manganese 

d is t r ib u tio n  should show l i t t l e  dependence on the  s i l i c a  content of the s lag  

a t  s i l i c a  contents above the o r th o s il ic a te  composition (2M0.SiC^). I f  th is  

were the case then K1̂  in  slags of the  o r th o s il ic a te  composition would be th e



same as th a t  fo r s i l i c a - —-sa tu ra ted  s la g s , i . e . ,  in  th e  nomenclature of Flood 

and Grjotheim
^iCx = SiQ*

rEn

The r e s u l ts  p lo tte d  in  F ig. 25 in d ica te  th a t  i s  12 while was

found to  be 15*5 a t  1550°C* th is  would suggest th a t the assumption of SiO*4-" 

as the  ion ic  species of s i l i c a  was not s t r i c t l y  co rrec t in  slags with a high 

s i l i c a  con ten t. I t  i s  probable th a t  in  slags of N ^  0*33 th a t ions
M-V3

of Sis06* are  p resen t and a lso  i t  i s  l ik e ly  th a t  ions of th is  type appear 

when < 0* 33 and increase  in  p roportion  w ith increasing  s i l i c a  con ten t.

This change in  the  io n ic  s tru c tu re  of the slags would explain why K‘ ^  a t  

the  o r th o s i l ic a te  composition was le s s  than th a t  in  s il ic a - s a tu ra te d  s lag s . 

Although the  high e le c t r i c a l  conductiv ity  of l iq u id  s i l i c a te s  strongly  

suggests an io n ic  s tru c tu re  the p rec ise  nature of the ions i s  not yet 

e s ta b lish e d .

In  Flood and Grjotheim1 s(65) treatm ent of the manganese equilibrium  

using  ions the  e f fe c t  of in te ra c tio n  between ions of the same sign  has been 

neglected*, th i s  i s  probably a reasonable approach in  th i s  case but th is  

in te ra c t io n  may be im portant in  o ther e q u il ib r ia .

The io n ic  concept of l iq u id  slag  s tru c tu re  i s  a t  present not 

very advanced but as inform ation i s  developed on the types of ions p resent 

i t  should prove a u se fu l to o l in  the understanding of slag-m etal re ac tio n s .

As used a t  p resen t i t  i s  s im ila r to  the  methods used by Schenck and White 

in  which s lag  components were considered to  be n eu tra lised  by combination 

whereas in  the ap p lica tio n  of ion ic  s tru c tu re  by F lood(47), Temkin(46) and



65.

Herasymenko(45) ions ore considered to be rendered inactive by interaction 

w ith ions of opposite sign .
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(d) S ilico n  Equilibrium*

In  the d iscussion  011 s i l ic a - s a tu r a te d  m elts the s il ic o n  e q u il

ib r iu m  has been rep resen ted  as

K»Si = [/S i][/£o]3 = 1*1 x 10~5 a t  1550°C (35)

since  the  a c t iv i ty  of s i l i c a  was u n ity . But in  the m elts made in  magnesia 

c ru c ib le s  the a c t iv i ty  of s i l i c a  was not u n ity  and before K‘ can be found 

fo r  these  m elts the a c t iv i ty  of s i l i c a  in  th e  slags must be determined, 

i . e . ,

Chipman and Gokcen(35) have found th a t  in  the  range of s il ic o n  

con ten ts 0*01/5% th a t  the product [ /S i] [ /Q ]3 i s  constant but th a t  th is  

does not n ecessa rily  mean th a t  so lu tio n s of s il ic o n  and oxygen in  l iq u id  

Fe-O-Si a llo y s  obey Henry1 s Law in  th i s  range. They have found th a t  -f 0 

i s  reduced by s il ic o n  and th a t  in  d i lu te  solutions-fc^ increases w ith 

concen tra tion  but th a t  in  re sp ec t to  th e  silicon-oxygen equilibrium  w ithin  

the  range 0* 01/1% th a t  these  e f fe c ts  are  approximately compensating. Using 

s i l i c a  sa tu ra ted  s lags or Efe/EfeO m ixtures in  s i l i c a  c ru c ib les  the maximum 

oxygen content of th e  m etal i s  lim ite d  to  th a t  in  equilibrium  w ith s i l i c a  

sa tu ra te d  slags and the e f fe c t  of high oxygen contents on the equilibrium  

cannot be stud ied . In  th is  work u n sa tu ra ted  FeO-MnO-MgO-SiQj were used 

and higher oxygen contents were obtained, but th i s  a lso  meant low s il ic o n  

con ten ts and th e  e r ro rs  in  an a ly sis  re su lt in g  from th is  •

The a c t iv i t i e s  of s i l i c a  in  the  slags were ca lcu la ted  from the  

curves fo r  asio^ in  MnO-SiQg and FeO-SiC^ shown in  F ig. 23 by in te rp o la tio n  

between these  curves according to  th e  FeO and MnO contents of the  s lag .



Using th i s  method the  magnesia i s  tre a te d  as a d ilu en t and the  values of 

agiQg are  th e re fo re  only approximate. Table 10 gives th e  values found by 

t h i s  method together w ith the s il ic o n  and oxygen contents of the  m etal to  

which they r e f e r .  From th i s  data  values of K!g^ have been ca lcu la ted  

and are  given in  Table 10. These r e s u l ts  in d ic a te  th a t  when the oxygen 

content of the  metal was below 0* 0 5 the values of K* gj_ were of the same 

order as those found fo r  s i l ic a - s a tu ra te d  FeQ-MhO-SiQj s la g s , but as the
I, /

oxygen content of the  iro n  increased  the r a t io  K* increased  rap id ly  t i l lMl
a t  oxygen contents above 0*1$ i t  was of the order of 20 tim es K1 g^ fo r  

s i l i c a  sa tu ra ted  s lag s . In  view of th e  method used to  assess the  value of 

aSiQ2  an(  ̂ ^’ne la rg e  e f fe c t  on K1 g^ of small e rro rs  in  the an aly sis  a t  

th e  low s il ic o n  contents a f a i r ly  wide s c a tte r  in  the  re s u l ts  might be 

expected • N evertheless the d ev ia tio n s  in  K‘g^ showed a trendybhe la rg e s t  

dev ia tio n s being a t  high oxygen contents*, from th is  i t  appeared th a t  oxygen 

was a f fe c tin g  th e  a c t iv i ty  of s il ic o n  in  Fe-0-S i a llo y s . I f  a fa c to r  

tak in g  in to  account th i s  e f fe c t  i s  in troduced in to  the expression fo r K1 

•then the  r e la t io n

(m iM .■>2-S -----  = 1*1 X 10 5 a t  1550°C.
BiOz'

f  0should be s a t i s f ie d ,  + being the  e f fe c t  of oxygen on the  a c t iv i ty
I Si

c o e f f ic ie n t of s i l ic o n  in  Fe-0-S i a llo y s . The standard s ta te  of s il ic o n

in  th i s  expression i s  0*1% so lu tio n  of s ilico n  in  liq u id  iro n . From th is

expression values of ■Tq. can be found fo r  a l l  the  m elts made which although
I S i

su b jec t to  some e rro r  should show th e  tre n d  in  the e f fe c t  of oxygen on th e  

a c t iv i ty  of s il ic o n .



TABLE 10.

S ilic o n  Equilibrium .

Melt Mole [Si] [01 f o
No. F rac tio n  wt. $ wt. ■% ^S iC ^  +

siCfe blUs am  Si
   „     " to

3 0.079 0.08 <0.001 0.134 22 < 0 .1
4 0.076 0.07 0.002 0.097 26 < 0 .1
5 0.100 0.05 0.005 0.050 24 < 0 .1
6 0.157 0.08 0.0C8 0.0495 28 < 0 .1
7 0.142 0.09 0.002 0.078 15 0.1
8 0.183 0.13 0.003 0.063 9 0.15

10 0.211 0.17 0.007 0.075 22 < 0 .1
15 0.286 0.34 0.018 0.0238 3.0 0.4
16 0.200 0.15 0.004 0.051 6.8 0.2
18 0.267 0.30 0.004 0.040 2 .1 0.6
21 0.160 0.10 0.005 0.021 2-.C 0.6
26 0.180 0.14 0.006 0.085 31 < 0 .1
27 0.141 0.11 0.004 0.0965 33 < 0 .1
28 0.290 0.36 0.042 0.0103 1.24 1.0
29 0.218 0.20 0.003 0.085 10.5 0 .1
30 0.224 0.21 0.007 0.059 11 0.1
31 0.271 0.32 0.003 0.046 1.95 0.6
32 0.229 0.17 0.002 0.0297 1.1 1.0
34 0.279 0.32 0.030 0.0185 1.6 1.0
37 0.273 0.32 0.002 0.0590 2.1 0.6
39 0.102 0.08 0.002 0.083 17 0.1
41 0.173 0.13 0.002 0.088 12 0.1
42 0.340 0.54 0.79 0,0028 1.17 1.0
48 0.280 0.34 0.007 0.042 3.5 0.5
53 0.281 0.32 0.020 0.0145 1.3 1.0
54 0.274 0.30 0.005 0.0505 4.2 0.3
55 0.336 0.51 0.014 0.044 5.3 0.2
57 0.233 0.23 0.005 0.067 9.5 0.15
58 0.252 0.26 0.005 0.055 5.5 0.2
59 0.234 0.20 0.005 0.040 4 .1 0.3
61 0.265 0.28 0.004 0.049 3.5 0.3
65 0.36 0.62 0.026 0.018 1.36 1.0
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Chipman and Gokcen from th e i r  r e s u l ts  on the  Efe/ffeO-Fe-Si-O

equilibrium  have ca lcu la ted  a s im ila r e f fe c t  using Wagner* 3(68) method of 

c a lc u la tin g  th e  a c t iv i t i e s  of th e  o ther components in  a te rn a ry  system from 

a knowledge of one, Chipman and Gokcen(35a) withdrew th i s  c a lc u la tio n  in  

view of the  f a c t  th a t  the  value of the  equilibrium  constant K*q = 

ex trap o la ted  to  zero concen tration  of s i l ic o n  did not agree with th a t  obtained 

by Dastur and Chipman(9), but q u a li ta t iv e ly  s ta te d  th a t  the  a c t iv i ty  

c o e f f ic ie n t of oxygen in  molten iro n  i s  reduced by the  presence of s i l ic o n . 

From th is  i t  can be concluded th a t  oxygen should a f fe c t  the a c t iv i ty  c o e ff ic 

i e n t  of s i l ic o n ,  a r e s u l t  which has been confirmed in  th e  p resen t work.
, o

In  F ig , 2 6 a graph has been p lo tte d  showing the e f fe c t of oxygen on J r .
»Si

and in d ica tin g  th a t  a t  oxygen contents above 0*06% a t  1550°C th is  e f fe c t  i s  

la rg e . These r e s u l ts  tend to  confirm the  f i r s t  ca lcu la tio n s  of Chipman and 

Gokcen and examination of th e i r  data  in d ica te s  th a t  th e  values of K* a t  low

s il ic o n  contents when ex trapo la ted  to  zero s il ic o n  content (F ig ,26a) gives a 

value fo r  Kg agreeing reasonably w ell w ith th a t  of Dastur and Chipman, In  

view of th i s  i t  appears th a t  th e  o r ig in a l ca lcu la tio n s  of Chipman and Gokcen 

on the  a c t iv i ty  of s i l ic o n  in  Fe-O-Si a llo y s  are  reasonably accurate .

s lag s  can be c a lcu la ted  using  the data on apeQ and agic^ in  these  slags w ith 

th e  value of K* and assuming a t  1550°C

rar'

The s il ic o n  content of molten iro n  in  equilibrium  w ith FeO-MnO-SiCfe

[0] = 0*19 apeO
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At s il ic o n  contents le s s  than  0*01$ a c o rrec tio n  must be made fo r  the  e f fe c t  

of oxygen on the a c t iv i ty  of s ilicon*

Using th ese  re la tio n s  l in e s  of equal s i l ic o n  content have been 

p lo tte d  on the  te rn a ry  system FeQ-MnO-SiQ^ in  F ig . 24. :



(e) Silicon-Manganese-Oxygen Equilibrium  in  Molten Iro n *
. . (38)

The in v e s tig a tio n s  of H ilty  and Craftsv29j and Korber and Oelsen

have shown th a t  in  th e  presence of manganese, s i l ic o n  has a much g rea te r 

e f fe c t  in  reducing the s o lu b il i ty  of oxygen in  l iq u id  iro n  than  when used 

alone* The e f fe c t  of s il ic o n  in  the presence of manganese i s  shown in  

F ig .27 where the oxygen content has been p lo tte d  fo r  constan t manganese 

contents w ith varying s i l ic o n  concentrations* This in d ic a te s  th e  la rg e r  

e f fe c t  which s i l ic o n  has in  the  presence of manganese than when used alone* 

F ig .27 was p lo tte d  using  the  data in  F igs. 14 and 24*, the  same data has 

a lso  been used in  F ig .28 to  show the  e f fe c t  of varying manganese concentra- 

t t io n s  a t  constant s il ic o n  contents* S im ilar diagrams have a lso  been 

constructed  by H ilty  and C rafts  and these are  compared w ith th e  p resen t work 

in  Figs*28 and 29, which show th a t ,  although manganese reduced the s o lu b i l i ty  

of molten iro n  fo r  oxygen in  the  presence of s i l ic o n , th i s  e f fe c t  was not 

as la rg e  as found by H ilty  and Crafts* The d iscrepancies between H ilty  

and C rafts  and th is  work can only be a ttr ib u te d  to  the  e f fe c t  of the 

d if fe re n t experim ental techniques. As has already been mentioned the 

composition of the slags w ith which H ilty  and C ra fts1 m elts were in  e q u ilib 

r iu m  was u n certa in , the  equilibrium  being probably between the m etal and a 

s lag  which had soaked in to  the alumina crucibles* This would probably tend  

to  reduce apeQ in  these s lag s , hence reducing the  oxygen content of the 

melts* Also the  la rg e  reduction  in  the oxygen s o lu b il i ty  of molten iro n  

due to  manganese and s il ic o n  found by H ilty  and C rafts would in d ica te  th a t  

apeO was lowered by the ad d itio n  of MnO to  an FeO-iSiOg s la g , an e f fe c t



which would not be expected in  th e  l ig h t  of the work of Taylor and Chipman(l3) 

and Winkler and Chipman(28), and which has not been found in  th i s  work*
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APPLICATION OF RESULTS TO DEOXIDATION OF IRON.



V. A pplication  of R esu lts to  Deoxidation of Iron*

1. Deoxidation by Manganese alone*

The e f fe c t  of manganese on th e  oxygen content of l iq u id  iro n  

can be deduced from th e  value of Kj^ and from the fa c t  th a t  fe rrous oxide 

behaves id e a lly  in  an FeQ-MnQ-slag.

At 1550°C

= 3*6

-  0-0019(/SFeQ

Hence (100 -  0^0019)^* ^019 _ ~3*6
[#>] [ > in]

or [#] = 0*19
3*6[^in] + 1

This equation only holds when l iq u id  FeQ-MnO products a re  formed, and the

composition of these products can be re a d ily  ca lcu la ted  from th e  value of

Kjfo* Liquid FeQ-MnO products a re  only formed when the concentration  of

manganese in  th e  iro n  a t  155Q°C i s  belo .̂7 0 * 1 2 , a t  which th e  oxygen

content i s  0*133$. F urther ad d itio n s  of manganese above 0*12$ lower the
give

oxygen content of the  m etal bu t/products co n sis tin g  of FeQ-MnO so lid  

so lu tio n . The composition of these products and the oxygen content of the 

m etal w ith which they are in  equilibrium  can be ca lcu la ted  from the  FeQ-MnO 

equilibrium  diagram and have already been in d ica ted  in  F ig . 12«

The manganese add ition  req u ired  to  produce a given amount of 

deoxidation , w ith in  the  lim its  of i t s  deoxidising power, can be ca lcu la ted  

from a knowledge of the composition of the  deoxidation products. This 

c a lc u la tio n  has been made fo r  1550°C and i s  shorn in  F ig . 30 as the  amount



74

of manganese to  be added to  oxygen sa tu ra ted  iro n  to  give oxygen contents 

from 019 /£ .to  013/£ and a lso  showing th e  re s id u a l manganese content of th e  

metal* In  th is  range of manganese and oxygen contents th e  deoxidation 

products are l iq u id . Manganese i s  thus not a very e f f ic ie n t  deoxidising 

element when used alone*, a lso  s ince th e  oxygen content of molten s te e l  a t  

tap  i s  seldom above 0*13% a t  1550°C or 0*14$ a t  160Q°C, manganese deoxidation 

w il l  produce s o lid  products* ■
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11. Deoxidation by Silicon*

The e f fe c t  of s i l ic o n  on the  oxygen content of molten iro n  can 

be deduced d ire c t ly  from the r e la t io n

KSi = [fSL][?<Q]a = 1-1 x lo"5 a t  1500°C

In  contact w ith a s i l ic a - s a tu ra te d  FeO-SiQa in c lu s io n  the  oxygen content of 

molten iro n  a t  1550°C i s  Q*074/£ a t  155Q°C. The s il ic o n  content ca lcu la ted  

from would be OQQ2/£ under these  conditions*, but as has been in d ica ted  

i t  i s  doubtful i f  th i s  value of K1 sj_ holds a t  oxygen concentrations of th is  

order and the s il ic o n  content of the  iro n  may be h igher, probably of the 

order of OQQ5/£.

I f  s i l ic o n  i s  added to  oxygen sa tu ra ted  molten iro n  a t  1550°C 

l iq u id  p roducts, FeQ-SiQg in  com position, are  produced t i l l  the  oxygen 

content i s  reduced to  Q*074/b, fu r th e r  ad d itio n s  of s i l ic o n  produce so lid  

s i l i c a  as the  deoxidation product. Using the data on Kg^(35a) and the 

knowledge of the  deoxidation products a diagram has been constructed re la t in g  

th e  amount of s i l ic o n  added to  the oxygen and s il ic o n  contents of the metal 

and i s  shown in  F ig . 31. This in d ic a te s  th a t  the f i r s t  additions of s ilic o n  

reduce the  oxygen concen tra tion  ra p id ly  but a f te r  0*16% s i l i c a  has been 

added th e  r a te  of oxygen removal w ith  increasing  s il ic o n  decreases rapidly* 

A fte r 0*06^ s il ic o n  has been added th e  deoxidation products co n sis t of so lid  

s i l i c a .  The oxygen content of oxygen-saturated iro n  a t  1550°C can be 

reduced to  0*01/£ by adding 0*2% s i l ic o n , 0*12% of which remains dissolved 

in  th e  iron*



S ilico n  i s  a powerful deoxid ising  element but i t  has the 

disadvantage th a t  where the  products a re  s o lid  s i l i c a  they  are  d i f f i c u l t  

to  remove from th e  m etal as they r i s e  very slowly because of th e i r  s ize . 

One of the main uses of s il ic o n  as a deox id iser i s  in  "blocking" a heat 

by reducing the oxygen content of a m elt and so preventing fu r th e r  carbon 

oxidation*



111. Deoxidation by Manganese and S ilico n .

Manganese and s il ic o n  when used together have a much g rea te r 

deoxidising e f fe c t  than when used s in g ly . F ig .32 shows a comparison of the  

deoxid ising  powers of manganese, s i l ic o n ,  s il ic o n  w ith 0*6$ manganese as 

found in  the  p resen t work and aluminium(69) (70) a t  1550°C. This shows th a t  

manganese w ith s i l ic o n  i s  a much b e t te r  deoxid iser than manganese alone and 

a l i t t l e  b e t te r  than  s il ic o n  alone but not so e ffe c tiv e  as aluminium.

Although th i s  in crease  in  deoxidising power i s  an advantage a fu r th e r  one 

i s  th a t  w ith in  the range shown the products are l iq u id  whereas those of 

aluminium and s il ic o n  a re  so lid  s i l i c a  or alumina. P a rt of the FeO-MnO-SiQg 

phase diagram i s  given in  F ig. 33, th e  iso therm als in  th e  FeO-MhO-2FeQ*SiQj“ 

2MnO.SiC^ p a r t  being taken from G arter, Murad and Hay(22) while the eu tec tic  

trough in d ica ted  near the MnO-SiQa side of the system a t  40/o s i l i c a  was 

found by Murad(50). This diagram shows th a t  i t  i s  p o ssib le  to  produce low 

m elting , very f lu id  deoxidation products a t  low oxygen conten ts. Two a reas, 

A and B, are  marked where the  deoxidation products are f lu id  a t  steelmaking 

tem peratures and in  equilibrium  w ith iro n  containing le s s  than 0«5$ manganese, 

0* 05$ s il ic o n  and 0* 04$ oxygen.

T h eo re tica lly  i t  should be p o ssib le  to  produce these liq u id  

in c lu sio n s  by adding ca lcu la ted  amounts of fe r ro -s i l ic o n  and ferremanganese.

In  p ra c tic e  th is  i s  not p o ssib le  s ince i t  i s  un lik e ly  th a t  the  so lid  s i l i c a  

and manganous oxide r ic h  in c lu sio n s  produced from the fe r ro s il ic o n  and 

ferromanganese would come in to  con tact and flu x  with each other to  give a 

homogeneous deoxidation product. Thus in  deoxidation i t  would be much b e tte r  

to  use a s i l ic o n  manganese a llo y  of a predetermined composition which would 

produce deoxidation products of the  desired  type d ire c tly .
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From F ig .33 d es irab le  compositions of in c lu sio n s  are shown in

Table 11.

Table 13-.
Composi t ion of low m elting MnQ-FeQ-SiQa In c lu sio n s*

Deoxidation product $. M elting Mn/si Metal in  equilibrium  w ith product
S1Q2 MnO FeO. p o in t

approx.
r a t io

in
product.

Mn$
a t  1550°C. 

Si$ 0%

26 60 14 1280°C 3*6 0*5 0* 005 0*035

40 52 8 1250°G 2*2 0-5 0*02 0*025

From th is  data  i t  can be seen th a t  th e  major p a r t  of the  oxygen removal is

performed by the s i l ic o n  since  th e  manganese to  s il ic o n  r a t io  i s  much higher

in  th e  m etal than in  th e  deoxidation product. I f  a silicon-manganese a lle y  
I’ln 4o f —  = — r a t io  were used then  ex tra  manganese would req u ire  to  be added 
S i 1

to  account fo r  so lu tio n  of manganese in  th e  iro n . The amount of a llo y  to  be

added can be c a lc u la te d , fo r  example tak in g  a molten iro n  containing a t  1550°C

0* 14/C oxygen, 0*1$ manganese and using  a silica-m anganese a lle y  of 70$ mangan-

te se  and 20% s i l ic o n .

Taking deoxidation product as 40$ SiQs, 52$ MnQ, 8$ FeO

contain ing  35% oxygen

S ilico n  to  be added = (0  14 -  0*03) x 0*185 + o*02 = 0*08$
0* 35

Silico-manganese to  be added = 0*40$

Manganese to  be added = (0 1 4  -  0*03) x  0 4 0  + 0*4 = 0* 52$
. 0*35 .

A dditional manganese req u ired  [0*52 -  (0*40 x 0*7)] = 0*24$
or 0*32$ of.75$ ferro-manganese.



From th is  c a lc u la tio n  i t  would appear to  be b e t te r  to  use an a llo y  w ith a 

h igher manganese to  s il ic o n  r a t io  than  in  the  usual silico-manganese* A 

s il ic o s p ie g e l  of 25-30$ manganese, 5$ s il ic o n  might be a b e t te r  deoxidising 

ad d itio n  than silico-m anganese, provided th a t  a small in c rease  in  carbon i s  

of no g rea t consequence*

A fter the  deoxidation by silico-manganese, fu r th e r  deoxidation 

can be c a rr ie d  out by f e r ro s i l ic o n  follow ed by aluminium but th is  would be 

done w ith th e  production of s o lid  s i l i c a  and alumina* Deoxidising f i r s t  

w ith  silico-m anganese reduces g re a tly  th e  amount of s i l ic o n  and aluminium 

to  be added*
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