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1. INTRODUCTION



X*

The control of s il ic o n  is  an important problem in a l l  b la st furn­

ace operations and p articu larly  so in the case of irons to  be used in  

s te e l  manufacture. I t  i s  desirable that the s il ic o n  content of such

irons should be kept as low as p ossib le  because of the increased slag

volume which an increase of s il ic o n  in the hot metal e n ta ils . In the 

case of foundr^r irons i t  i s  again desirable that the s il ic o n  content 

can be controlled within comparatively narrow lim its  because of the 

major influence of s il ic o n  on graphitisation  which in turn controls 

the mechanical properties of the f in a l casting,

Tliere i s  l i t t l e  doubt that the temperature of the b last furnace 

hearth is  one of the major factors con trolling  the s il ic o n  content of 

pig iron5 high temperatures being one of the prerequisites for high 

s il ic o n  iron whereas low s ilic o n  contents are obtained with low hearth 

temperatures.

The control of s ilico n  becomes more d if f ic u lt ,  however, when the 

question of sulphur removal i s  a lso  considered. Hearth temperature 

i s  also  one of the factors con tro lling  the sulphur content of pig iron; 

other factors being equal, the higher the hearth temperature the lower

the sulphur content of the pig iron.

I t  i s  thus seen that the hearth temperature cannot be varied  

indiscrim inately. A compromise must be struck which w ill  keep the 

s il ic o n  content within the desired range and yet w ill  give the required 

degree of de sulphuri s at i  on.

Another factor in the control of both sulphur and s ilic o n  is  that
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of slag  b a s ic ity . The more basic the slag  the greater i s  the degree 

of desulphurisation and the lower i s  the s il ic o n  content of the p ig  

iron. Here again, however, the slag  composition can only be varied  

within narrow lim its  because of the increased m elting point and v is ­

c o s ity  of s lags of higher b a s ic ity .

I t  can be shorn th eo re tic a lly , and has been shown experim entally  

in  the case of s u l p h u r t h a t  the oxid ising power or"oxygen p o te n tia l” 

of the slag  a lso  has a major influence on the equilibrium s il ic o n  and 

sulphur content of the underlying metal* Other factors being equal, 

an increase in  the oxygen p o ten tia l of the slag  r e su lts  in  a decrease 

in  the s il ic o n  content and an increase in  the sulphur content o f the  

metal*

The reactions occurring in  the hearth of the b la st  furnace can be 

divided in to  two categories* There are f i r s t l y  the reactions taking  

place between slag  and metal and secondly those taking place between 

the slag  and the so lid  carbon present in  the form o f  coke. I f  

equilibrium were attained in  the furnace then the FeO content o f the 

slag  would be controlled by the reaction

(1) (FeO) +  +00-
T^ere bracketting and underlining denotes so lu tion  in  slag  and metal 

respectively* The s il ic o n  and sulphur would be d istributed  according 

to  the reactions

(2) 2(FeO) +• Si »=2Fa +  (SlOg)



(3) (FeO) 4- (CaS) ~ F e S  +  (CaO) 

or, as the FeO i s  in  equilibrium with so lid  carbon, according to  the  

reactions

(A) (Si02) 4- 20sol =  S i 4- 2G0

(5) FeS 4- (CaO) +  Cgol ÜÊ. 4- (GaS) 4  GO 

There i s  l i t t l e  doubt, however, that reactiou ( l )  does not come 

to  equilibrium in  the b la st  furnace. I t  has been found (^) in  

laboratory stud ies that the FeO content of b la st furnace type slags  

in  equilibrium with so lid  carbon at 1500^0 i s  of the order o f 0*05?, 

much le s s  that the i  to  1% which i s  the approximate amount normally 

found in  b la st  furnace slags*

Laboratory studies ^^of reactions (4) and (5) have shown 

further that the sulphur and s il ic o n  contents of b la st furnace metal 

depart greatly  from the equilibrium values* Whether or not th is  

departure i s  due en tire ly  to  the non-equilibrium FeO content o f the 

slag  or p a rtly  due to  th is  and p artly  to  the non-attainment of 

equilibrium between slag  and metal i s ,  however, not known.

A study o f reactions (4) and (5 ), although of much th eo retica l  

in te r e s t , i s  thus in su ff ic ie n t  when considering the conditions present 

in  the hearth of the b la st furnace and for th is  reason the major aim 

of the present work was to  in v estig a te  the e f fe c t  o f varying oxygen 

p o ten tia ls  o f a b last furnace type slag  on the s i l ic o n  content o f  the 

metal* Other work^^) done concurrently was to  study the e f fe c t  of 

th is  variable on the sulphur d istr ib u tion .



The oxygen p o ten tia l was conveniently a ltered  by varying the FeO

content o f the slag so that the reaction studied was

(2) 2(FeO) -f- S i (SiOg) - f  2Fe

where the FeO and S i02 were d issolved  in  a lim e-alum ina-silica^ferrous

oxide slag  and the s il ic o n  in  iron containing approximately 3? carbon*

Because o f the presence o f th is  amount o f carbon, the reaction

(6) (FeO) 4- C zt̂ Fg, -b CO

could a lso  be studied.

From known thermodynamic data, equilibrium constants for the above

reactions can be calcu lated  but such constants' involve chemical . .

a c t iv i t ie s  and are of l i t t l e  p ra ctica l use unless the relationsh ip s

between a c t iv ity  and composition are known* Such re la tion sh ip s,

have been determined for some of the reactants and resu ltan ts o f the  
above reactions and from a comparision of experimental re su lts  with

calcu lated  constants i t  w il l  be p ossib le  to  obtain the a c t iv it ie s  o f

the other p articip ating  substances^



2. REVIEW OF LITERATURE.



Although a considerable amount of experimental work on the reactions 

SL 4- (2FeO) =  (SlOg) 4- 2 |e  

and Ç 4(FeO) =. CO 4- Fa 

has been published, the range of compositions in vestigated  i s  more 

applicable to  the steelmaking than to  the b la st  furnace process*

This i s  probably due to  the d if f ic u lty  in  find ing a crucib le m aterial 

su itab le  for holding b la st furnace type slags containing FeO and a lso  

to  the fact that steelmaking being a refin in g  process in  vriiich the  

reactions require c lo ser  control has claimed more o f the attention  

as regards slag-m etal studies*' .................  ................................................................

With regard to  the reaction involving the reduction of s i l i c a  by 

carbon from slags containing l i t t l e  or no FeO there i s  considerably  

more information.

Richardson and J e f f e f l ^ ^ )  in  a very comprehensive study co llec ted  

the re la t iv e  thermodynamic data and applied i t  to  the b la st furnace 

process* They developed the usefu l concept o f "oxygen potentials"*

The oxygen p o ten tia l of a system i s  defined as being equal to  

RT log ePo2 Po2 i s  the equilibrium p a r tia l pressure of oxygen

of the system*

In a system in  which pure metal and i t s  oxide are in  equilibrium  

we have

K f  0  ̂ — MO2



and K == wîiëre a^Q m  a c t iv ity  o f oxide
T W P o2 '

and aj,̂  — a c t iv ity  o f metal.

Assuming no mutual s o lu b ility  o f metal and oxide,

%02 =  % 

and -  KT log^ RT log^

i . e .  the oxygen p o ten tia l of such a system i s  the same as the standard

free energy change accompanying the formation of 1 gm mole of oxide

ftom metal and oxygen at 1 atmosphere pressure. In th is  case an

increase in  oxygen p o ten tia l would cause more oxide to  form u n t i l  the

equilibrium p a r tia l pressure had been restored and conversely a decrease

would cause the oxide to  d isso c ia te .

Considering the more general case where the a c t iv i t ie s  can be

other than u n ity  which would be so when M and MO2 were resp ective ly

dissolved  in  metal and slag  so lu tion s, we have

Eg, _  fM02
P02

and RT log^ =. RT log^ p -  ^G°.

As G° i s  constant at any one temperature an increase in  p^ causes an

increase in  the ra tio  and v ice  versa.
%

Richardson and J e f fes consider that because of the presence o f
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so lid  carbon the p a rtia l pressure o f oxygen in  the hearth of the  

furnace i s  that in  equilibrium with carbon and carbon monoxide at 

approximately 1 atmosphere p a r tia l pressure, i . e . ,  the oxygen 

p o ten tia l i s  the standard free energy change for the reaction

20 4 -0 2  = t  200 

at the p articu lar temperature considered.

Making th is  assumption the authors have calcu lated  the ra tio s  

of a c t iv ity  o f oxide to  a c t iv ity  o f matal which would be expected for  

the various elements involved in  the b la st furnace process. As they  

point out^the d if f ic u lty  i s  in  tran sla ting  these a c t iv ity  ra tio s  in to  

concentration ra tios; l i t t l e  experimental data being availab le on the  

rela tion sh ip s between a c t iv i t ie s  and concentrations. Their ca l­

cu lations are su ff ic ien t  to  show that for a given a c t iv ity  o f s i l i c a  

in  the slag  an increase in  temperature would cause an increase in  the  

s il ic o n  content of the metal. Also that for the reaction  

FeS 4  (CaO) +  0 =  Fe +  (CaS) +  CO

an increase in  temperature causes an increase in  the ra tio  CaS
%aO % apeS.

i . e . ,  for a constant a c t iv ity  of lime in  the s la g , sulphur passes from 

metal to  slag  with increasing temperature* Using that data which i s  

ava ilab le  on the a c t iv it ie s  o f s i l ic o n  and sulphur in  iron the authors 

consider that in  actual b la st  furnace practice ' equilibrium i s  not
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attained  and that the contents of s il ic o n  and sulphur in  the metal 

are resp ective ly  below and above the corresponding equilibrium values# 

Because of the lack o f s tirr in g  and the small contact area between 

metal and slag  i t  i s  considered that l i t t l e  reaction takes p lace a fter  

the metal has been la id  down; most of the^âction occurring as the  

metal droplets pass through the slag# Because o f the displacement 

from equilibrium these droplets w il l  be gaining s i l ic o n  and lo sin g  

sulphur during th e ir  passage through the slag* The authors point 

out that temperature, slag  thickness and the compositions o f slag  and 

metal are varying continuously during .the .working o f  the furnace#

Thus, i t  i s  not surprising that variations in  metal composition during 

tapping are encountered# Because of the fa ct that s i l ic o n  and sulphur 

contents u sually  flucuate in  opposite d irection s, Richardson & J e f f  es 

consider that the cause of these variations are slag  thickness and 

temperature. Changes in  the other variable which they d iscuss, slag  

b a s ic ity , would, o f course, cause sulphur and s i l ic o n  to  decrease and> 

increase together.

A variable not discussed by the authors, the FeO content o f the  

slag  would, however, a lso  cause s il ic o n  to  vary in  the opposite sense 

to  the sulphur. Using the availab le thermodynamic data on the  

reactions

S i+ 0 2  %=: Si02

and 2GaS+2Fe*b02 %% 2FeS+2 CaO
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i t  i s  p ossib le  to  ca lcu late how the ra tio s ^Si and ^FeS x ^CaO
^Si02 ^CaS X ^Fe

vary with varying oxygen p o ten tia ls . This has been done for the

three temperatures I 4OO, 1500 and 1600^0 and the r e su lts  o f  the

ca lcu lations are shown in  Fig. ( l ) .  At each o f the temperatures

log  % i decreases lin e a r ly  with increasing oxygen p o ten tia l and 
^ 0 2

a lso  for  a given oxygen p o ten tia l increase in  temperature re su lts

in  an increase in  % i • Conversely the ra tio  ^FeS x ^CaO
asi02 ^ a S  % ^Fe

increases with increasing oxygen p o ten tia l and for a given oxygen

p o ten tia l decreases with increasing temperature. . In th is  case

however the change with temperature i s  sh a ll and i s  e sp e c ia lly  so

at the lower oxygen potentials* Thus i f  s i l ic o n  and sulphur contents

o f b la st furnace metal vary in  opposite d irections i t  i s  more l ik e ly

that the d irect con tro lling  factor i s  the oxygen p o ten tia l o f the

slag  rather than the temperature. I t  i s  h igh ly  probable however

that one of the main factors in  con trolling  the oxygen p o ten tia l of

the slag  i s  the hearth temperature. Thus, not only W ill reaction

Cgr;"^ (Fe0)=C04-Fe. 

proceed fa ster  at higher temperatures, but a lso  the f in a l equilibrium  

p osition  w ill  move to  lower FeO contents; both o f which factors w ill  

contribute to  low FeO contents and thus lower oxygen p o ten tia ls  o f  

the slag .
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Celsen and Maetz^^^ a lso  recognised th e  importance of th e  oxygen 

p o te n tia l  or, as they  c a lle d  i t ,  th e  degree of reduction  of th e  s lag , 

in  determ ining th e  d is t r ib u t io n  of elements between s lag  and m etal. 

They p o in t out when considering  th e  two rea c tio n s

(a) (S iO J -f 2C =  Si -b 2G0 

and (b) (FeO) -b C =  ?e "b CO 

th a t  re a c tio n  (a) cannot go on in d e f in i te ly  because of th e  p o s s ib i l i ty

o f th e  reac tio n

Si d- (2FgC) =  (SiO ) -b 2Fe
2

talcing p lace.

S im ila rly  th e  sulphur t r a n s f e r  re a c tio n ,

+  (CaO) -t- C =■ (CaS) -i- Fe CO

and th e  reac tio n

(SIO ) -f  20 =  Si + 200

are  linked  by the  reac tio n

2Fe -b (2CaS) +  (Si02) =  S i +  2FeS -H2(CaO)

The various reduction  reac tio n s  thus m utually  in flu en ce  one another 

and th e  f in a l  equilibrium  p o s itio n  of them a l l  w ill  depend on th e  oxygen 

p o te n tia l  of th e  system. The authors in  considering  a measure o f th e
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oxygen p o ten tia l consider^but re je c t ,th e  FeO content of the slagV

They argue that because of the small FeO content ând the presence

of iron droplets in  the slag  the analysed FeO figure i s  unreliab le

and suggest that the progress of. the reaction

(Si02) +  2 C i^ + 2 C 0

be taken as being Indicative of the degree of reduction. The degree

to  which the reaction had taken place would of course be measured not

by ^ i  but by ^Si and th is  la t te r  ra tio , in  view of the lack o f
■̂SiÔ  ^SiOg

knowledge of a c t iv it ie s  in  the complex iron and slag  so lu tions present

in  the b last furnace, would at present be im possible to  evaluate.

An equilibrium study of the reaction

FeS + G -+ ( CaO) =  (CaS) + Fe + CO 
gr

was f i r s t  made by Hatch and Chipman^^ .̂ In th e ir  experiments the  

FeS was dissolved in  carbon saturated iron contained in  graphite 

crucib les and the CaO and CaS were present in  a . CaO -  MgO -  

S i02 sla g . The authors found that at 1500^0 the reaction  came to  

equilibrium very slow ly as did a lso  the reaction  

(SiOg) b  2G = 8 it2 C 0  

which was also  occurring. No attempt was made to  study th is  second 

reaction  system atically  but for the sulphur reaction i t  was found that
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the ra tio  %S , was proportional to  the b a s ic ity  o f the slag  when
Æ i

measured by an omp3rical index which they termed "excess base" and 

which was equal to  ( CaO+  2/3 MgO) -  ( S i02"bAl20  ̂ ) The authors 

a lso  found that increase in  temperature caused an increase in  the  

sulphur ra tio  although the e ffe c t  was small. I t  could a lso  be said  

q u a lita tiv e ly  that for a given slag  b a s ic ity  an increase in  temperature 

caused an increase in  the s il ic o n  content of the metal.

This equilibrium study having shown that the above two reactions
(7 )proceeded very slowly, Grant, R ailing and Ghipman and Grant, T r o ili  

and Chipman  ̂  ̂ studied the k in e tic s  of the reactions.
(7 )Grant, Kalling and Chipman in  th e ir  study o f the e ffe c t  of 

I’lnO additions on the desulphurisation reaction found that the additio  n 

of MnO to  the melted slag  caused an immediate reversion o f sulphur from 

slag  to  metal. On further heating, however, the sulphur content o f the  

metal rapidly returned to  the value previous to  the MnO addition and 

desulphurisation then proceeded as i f  no addition had been made.

The authors explain that on the addition o f MnO there i s  a large  

increase in  the oxid ising power of the slag  which causes sulphur to  

pass from slag to  metal according to  the reaction  

( C a S ) + 0 =  (CaO) +  S 

When the reaction

(MnO) +C=Mn+CO '



hag come to  equilibrium the oxygen p o ten tia l o f the MnO i s  the same as 

that of CO at that particu lar temperature. The authors a lso  found 

that the b a s ic ity  of the slag  had a marked e ffe c t  on the time required 

to  reach sulphur equilibrium, heats with basic slags coming to  

equilibrium much more quickly than those with acid s la g s . From th is  

la t te r  finding the authors deduced that the reduction of s i l i c a  

affected  the rate of sulphur tran sfer. To add further strength to  

th e ir  argument they quote the re su lts  o f a heat in  idiich a lime 

alumina slag  free from s i l i c a  was used. In th is  experiment the  

sulphur came to  equilibrium within 4-0 minutes of the f i r s t  slag  

addition as compared with 5 or 6 hours for s i l i c a  containing s la g s .

Grant, T ro ili and C%ipman ̂  made further in v estig a tio n s o f the 

e f fe c t  o f s i l i c a  reduction on the rate o f desulphurisation. They 

found that although s il ic o n  in  the metal had l i t t l e  e f fe c t  on the  

f in a l  equilibrium p osition  i t  strongly a ffected  the rate at which 

equilibrium was approached. For example^ with one particu lar slag  

sulphur equilibrium was only attained a fter  7 hours at 1525°G when 

there was no s il ic o n  present in  the metal i n i t i a l l y  P er ea s  with 2,

3 or s ilico n  added the system came to  equilibrium with regard to  

sulphur a fter  2 to  3 hours. The authors concluded from th e ir  experi­

ments that s i l i c a  influenced the desulphurisation reaction in  a manner 

sim ilar to  MnO. i . e .  in  the reaction for the reversion of sulphur 

from slag  to  metal

(CaS)+ 0. =  (CaO)b S
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the oxygen involved may be from s i l i c a  as w ell as from MnO and FeO.

When s ilic o n  i s  added to  the metal in  amounts equal to  or greater than 

the quantity in  equilibrium with the particu lar slag  then there i s  no 

tendency for the reduction o f s i l i c a  and the slag  therefore lo se s  i t s  

oxid ising power. The authors concluded that i t  i s  the slow reduction  

of s i l i c a  which prevents the sulphur equilibrium from coming more 

quickly to  equilibrium.

In view of th is  e ffe c t  of s i l i c a  reduction on the rate of
(3)desulphurisation, Fulton, Grant and Chipman made a more d eta iled  

study of the reaction

(SiOg) f  2C == Si+-2C0.

The object of the in vestigation  was to  provide values of the s il ic o n  

content o f metal in  equilibrium with slags of varying composition.

Thus in  future studies of the k in e tic s  o f the sulphur reaction , 

slag-m etal combinations in equilibrium with respect to  s il ic o n  could  

be employed and the factor of s i l i c a  reduction thereby elim inated.

The authors confirmed what had previously been found regarding the  

slowness of the reduction of s i l i c a  but, by using an experimental 

method in  which progressively  larger in i t i a l  s il ic o n  contents were 

added to  the metal u n t il the reaction proceeded in  the opposite d irect­

ion to  that written above, they were able to  f ix  the equilibrium  

s il ic o n  content with an estimated accuracy of +7 !%• They in vestigated  

slags of varying lim e -s il ic a  ra tio s  at the three alumina le v e ls  0,
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10 and 20^̂ , Their experiments were confined to  the one temperature, 

1600°G and th e ir  re su lts  are shown in graphical form in  Fig. (2).

As would be expected for any one alumina content the equilibrium  

s il ic o n  in  the metal increases with decreasing l im e -s il ic a  ra tio .

At high lime s i l i c a  ra tio s  (above about 1*3) the equilibrium s il ic o n  

content increases with increasing alumina content whereas at low lime 

s i l i c a  ra tio s  the reverse i s  true, i . e .  the re su lts  i l lu s tr a te  the  

amphoteric nature o f Al_20  ̂ which behaves as a base in  acid slags and 

as an acid in  basic s lags. In general the s il ic o n  contents are much 

higher than those obtained in  b la st furnace p ractice . This i s  

probably due in  part to  the fa ct that the temperature of l600°C used 

in  the experiments i s  higher thaii that normally found in  the hearth 

of the b la st furnace and p a rtly  due to  the non-attainment of 

equilibrium of the reaction

(Si02) 4  2C^  ̂zzz S i '4* 2C0 

in  the b la st furnace.

Also shown in Fig. (2) are some of the re su lts  obtained by
(q )

Sawamura and Sawamura in  a study sim ilar to  that conducted by 

Fulton, Grant and Chipman. The re su lts  are much lower than those  

obtained by the la t te r  authors and i t  i s  u n lik e ly  in  view of the  

known slowness of the reaction that equilibrium was reached in  the  

short time (ca A hours) o f th e ir  experiments.
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Although very l i t t l e  d ire c t  work has been done on th e  re a c tio n

(2FeO) +  31 =  (SiO ) +  gFe

sev e ra l in v e s tig a to rs  have stud ied  the  re a c tio n  in d ir e c t ly  by means 

o f gas-m etal re a c tio n s .

Zapffe and Siras^^^V stud ied  th e  re a c tio n

(SiC^)H- 211̂  ;= S i 4* 211̂ 0

which reac tio n  can be s o l i t  up in to

2H 0̂ -  20

and Si 4  20 =  SiO^— -  2

The authors passed gas m ixtures of varying HpO r a t io s  over s i l ic o n

con tain ing  m etal contained in  s i l i c a  crucib les*  Most of th e  work 

was done a t léOO^C although some runs were a lso  done a t  1550^0. 

C a lcu la ting  th e  a c t iv i ty  of FeO in  th e  m etal from th e  gas com position 

and previous results^ 'O f Fontana and Chipman^^^^ on th e  reac tio n

0 =  2H 0̂

2
th ey  found th a t  th e  product [Z S i] [ , ^ e ^  , where i s  th e  t o t a l

s i l ic o n  content of th e  m etal; was no t a constan t. The product however

v a rie d  in  a reg u la r  manner; high values corresponding to  high FeO
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a c t iv i t ie s  and low s il ic o n  contents- In view of the fa ct that at 

high oxygen a c t iv it ie s  the product {£SiJ was a constant the

authors made the assumption that the s il ic o n  was present mainly as 

s il ic o n  monoxide so that the reaction for the oxidation of s il ic o n  

would be

SiO 4 0 =  Si02

As th is  reaction only invloves one atom of oxygen the product 

j^SiJ would be constant. The authors consider that as Si. ,

and SiO are both reduced forms of Si02 both must increase as the oxygen 

p o ten tia l decreases. Under h ighly  reducing conditions [ lS i| comprises 

p rin c ip a lly  [SiJ in sp ite  of the fa ct that [Si(^ i s  a lso  at a maximum. 

With increasing oxygen p o ten tia l both [S^ and [SiO( decrease but 

[Si] decreases much more rapidly that [SK^ so that at high a c t iv it ie s  

o f oxygen in  the metal [SiC  ̂ i s  the predominating form. Although 

th is  hypothesis involving the presence o f SiO in  liq u id  iron may not 

be correct the resu lts  o f Zapffe and Sims would in d icate that the  

a c t iv ity  o f s il ic o n  i s  lowered by the presence of oxygen in  the metal.
(12)Gokcen and Chipman in  a more carefu l study of the reactions 

between hydrogen-water vapour mixtures and s il ic o n  containing metal 

in  s i l i c a  crucibles a lso  found that the equilibrium "constants" for  

re a ctio n s:-

+  0 =  HjO K;]_  ̂ %gO

Pho X  ̂ 2



(PHgO)^
SiOg +  2H2 =  S i +  2HgO K2=(ph” ) 2 X 2Si

were varying.

From the variation  in  with percentage o f s i l ic o n  the authors 

were able to  determine the a c t iv ity  c o e ff ic ie n t  o f s i l ic o n . The 

resu lts  a lso  indicated that at low percentages o f s i l ic o n  (<0*3%) 

the a c t iv it ie s  of both oxygen and s il ic o n  were mutually lowered by 

the presence of the other element.

Making use of the availab le thermodynamic data on the reaction

-h Og =

the oxygen p o ten tia l corresponding to  various Ĥ O ra tio s  can be

hT
calcu lated . In Fig. (3 ) are shown the equilibrium s il ic o n  contents 

of iron in  contact with so lid  s i l i c a  at 1600*^0 p lo tted  against the  

oxygen p o ten tia l obtained in  th is  way. As can be seen the s i l ic o n  

content increases rapidly as the oxygen p o ten tia l i s  decreased below 

-100 k. ca ls .
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1. EXPERD-jEflTAL PROCEDÜRE.



(a) The Furnace

The fam ace used in  the experiments i s  shown diagrammatically in  

Fig# (J+)* The heating element, 0. 04,0” molyhdenum wire, was sp ir a lly  

wound on an alumina tube# Approximately forty  fe e t  o f wire was used, 

wound over 14- inches of the alumina tube. In the annulus between 

the winding and another alumina tube, approximately 6 inches in  

diameter, were fused alumina granules which served as a high temperature 

in su lating  material# Further in su la tion  was provided by in su lating  

fire -b r ick  between the secondary alumina tube and the s t e e l  furnace 

walls# The innermost tube, in  which the crucib le was supported on 

refractory sto o ls , was of impervious mullite#'

Owing to  the ease with which molybdenum i s  oxidised above red 

heat a reducing atmosphere must be maintained within the furnace#

For th is  purpose cracked ammonia was used# The ammonia gas was passed 

over red hot iron turnings where the reaction

2ITĤ  — ^2 3^2

took place# The cracked ammonia was f i r s t  washed free of ammonia 

and then dried before entering the furnace by means of in le t  tube (I)#^

A liq u id  metal sea l was provided at the base o f the furnace in  

order to  prevent the entry of air# This sea l i s  shown in  enlarged 

form in  Fig# (4a)# The inner m u llite  tube rested  in  a pool o f  

Wood's metal which, as w ell as preventing the in le t  o f a ir , e f fe c t ­

iv e ly  separated the atmosphere o f the inner tube from that surrounding the
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lU'i Seh r /no t ic  vifcw of fu rnace

A mullite tube 

B space for pocking mourtol 

C steel casing

D molybdenum wound
olundum tube 

E fused alumina granules

F . alundum tube

G crucible

H refractory stools

I inlet for crocked ammonia

J  thermocouple sheoth

K Woods metal

L bross tube
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winding. The Wood's metal was contained in  an annulus machined in  

a brass cap which was threaded on to  a s t e e l  tube welded to  the base 

of the furnace. The thermocouple sheath (J) was introduced through 

the centre of the brass cap and th is  opening made gas t ig h t  by a brass 

tube (L) brazed to  the cap and f i t t e d  with a rubber bung. In the  

brass tube was provided a small opening through which the desired  

atmosphere could be introduced to  the inner woiking tube*

At the top o f the furnace was f i t t e d  a packing gland, f i l l e d  with 

asbestos rope, again to  prevent the entry o f a ir  in to  the furnace.

Temperature measurement was made by means of a platinum-platinum  

+ 13/̂  rhodium thermocouple contained in  the thermocouple sheath (J ).

Temperature control in  the ea r lie r  runs was made by means o f a 

variable resistan ce and in  the la te r  runs by means o f a Sunvic energy 

regulator.

(b) Crucibles

In the study of slag-m etal eq u ilib r ia  the problem a r ises  as to  

what material can be used to  form a crucib le which w il l  contain both 

slag  and metal. In the case of carbon saturated iron and slags free  

from ferrous oxide graphite can, of course, be used. When i t  i s  

desired to  in vestiga te  slags containing FeO, however, non-reducing 

m aterial such as refractory oxides must be used. Using such oxides, 

contamination of the slag  by the crucib le m aterial becomes in ev itab le  

and in the present work, as i t  was desired to  keep the slag  system as
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simple as p ossib le , the choice of crucible m aterial was lim ited  to  

one of the oxides lim e, alumina or s i l i c a  or to  a mixture o f these  

oxides.

S illim an ite and m ullite  crucibles were in i t i a l l y  tr ie d  but 

proved unsatisfactory as they were exten sively  attacked by the lim e- 

alum ina-silica-ferrous oxide slag. These s illim a n ite  crucib les were 

very porous and i t  was la te r  found that a dense s l ip  cast s illim a n ite  

crucib le offered much greater resistance to  slag  attack. Unfortunately 

time did not permit a ser ie s  of experiments to  be made in  those cru­

c ib le s .

Alumina crucib les, s l ip  cast and fired  to  1650^0 were tr ie d  but
slag

these a lso  were unable to  re s is t /a tta c k . The problem vjas event­

u a lly  solved by f i t t in g  a molybdenum sleeve in  the alumina crucib le  

so that the slag was in  contact with molybdenum and the metal in  

contact %jith alumina as illu s tr a te d  in Fig. (5)* With such crucib les  

i t  i s  only p ossib le to  work in  a lim ited  range of slag  composition as 

the slag  becomes saturated with alumina.

Construction of Crucibles

( i)  Graphite crucib les

These crucib les were machined from 2 inch diameter electrode  

graphite rod and had dimensions:- outside diameter 2 inches, in sid e  

diameter Ig- inches and height 4 inches.

( i i )  Alumina crucib les

The raw m aterial for the making o f alumina crucib les was
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Thermal Syndicate G.6C alundum. This was f i r s t  fired  to  

approximately 1 ,OCĈ G in  order to  decompose organic matter which 

would otherwise have led  to  porosity  in the crucibles» The 

fired  aD.undum was ground for approximately 16 hours in  a s te e l  

ball m ill and then treated  m th  25f hydrochloric acid in order 

to  d isso lve the iron introduced by b a ll m illing . This acid was 

then decanted and replaced by wealcer acid. This process was 

repeated u n til nearly a l l  the iron had been removed. l/ater vras 

then added im til the s lip  had a creamy consistency and crucib les  

cast in  p la ster  of paris moulds. I t  was found with low acid 

concentrations, i . e .  5;, that the shrinkage of the crucib les  

during casting was in su ff ic ie n t  to  allow th e ir  removal from the 

moulds. Zven vdth acid in the s lip  the in ter io r  o f the 

moulds was dusted vn.th french chalk prior to  casting in  order 

to  f a c i l i t a t e  the removal of the cr.icib les.

After removal from the moulds the crucib les were a ir  dried  

at room temperature for several days or for a shorter time at 

a higher temperature. The crucibles were then fired  to  about 

ICOĈ G and th e ir  in ter io r  smoothed with emery paper. Higher 

f ir in g  was then employed in order to  develop strength in  the . 

crucib les and the C.5 m.m. th ick  molybdenum f it t e d . An alundum 

cup was then moulded in side the molybdenum and the whole dried 

and fired  to l60C^G in a reducing atmosphere. In use, the metal 

f i l l e d  the cup and was thus in contact './ith alumina whereas the
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slag resting  on top of the metal was in  contact with molybdenum 

and the rin„ of alundum round the metal. A certain  amount of 

penetration of the slag occurred in th is  annulus and although in  

most cases i t  was not extensive i t  did sometimes lead to fa ilu re  

of the crucib le. Slag also  managed to  penetrate to the alumina 

crucible at the overlap of the molybdenum sheet i f  th is  was 

in su ff ic ie n t. i . e . *^3 inches. Failure from these and other, 

unknovm, causes amounted to  about 30/- of the to ta l  number of 

crucib les used.

(c) ireparation of Metal and Slag

(i)  h eta l

The metal used in a l l  the runs was iron containing varying 

quantities of s il ic o n  and saturated with carbon at 1500°G. I t  

had been found in  preliminary experiments that a considerable 

time was required for the solution of fe r r o s ilic o n  in  carbon 

saturated iron contained in a graphite crucib le and for th is  

reason the following procedure was adopted. Armco iron and 

the req u isite  amount of ferro silico n  was f i r s t  melted in a 

f ir e -c la y  crucible by means of high frequency induction heating. 

This a llo y  was then transferred to  a graphite crucib le and heated 

to 1500^0. The temperature was maintained constant for approx­

imately 30 minutes to  ensure carbon saturation and the iron then 

poured in to  water. The resu lting  metal was then melted by means 

of high frequency heating in a small f ir e -c la y  crucible of sim ilar



shape to  the alundum cup of the alumina-molybdenum crucib le.

Any sca le  on the surface of the metal was removed and the metal 

sampled for an alysis.

Ih::experiments done in  graphite cru cib les, the in i t i a l  

procedure was the same but in  th is  case the iron s il ic o n  a llo y  

was transferred in to  the graphite crucib le in  which the experi­

ment was to  be made.

( i i )  Slag,

The lim e-alum ina-silica  slag  was prepared from s i l ic a ,  

alumina and calcium carbonate. . Analar alumina and calcium  

carbonate were used and the s i l i c a  (99.B2 pure) was obtained 

from ground quart z ite  from which the iron had been removed by 

washing with hydrochloric acid.

The raw m aterials were f i r s t  f ired  to  about llOO^C in  order 

to  decompose the carbonate and allow some sin terin g  to  take 

place. The m aterial was then transferred to  a graphite crucib le, 

melted by means of high frequency induction heating and poured 

in to  an iron mould. During m elting i t  was important to  keep 

the temperature o f the crucib le below about 16$0^C as above th is  

temperature vdiite fumes of s il ic o n  monoxide produced by the reaction  

Si02 +  C =  SiO 4- CO

were given o ff  resu ltin g  in  a lo s s  o f s i l i c a .



The in i t i a l  sin tering  at llOO^C permitted a lower temperature 

to  be uéed in  melting than would otherwise have been the case 

so that the p o s s ib il i ty  o f s i l i c a  reduction was minimised. 

Preparation of FeO

In vacuum, ferrous oxalate decomposes at approximately 650^0 

according to  the equation

Fe(COO)^=FeO+ 00^ f  CO 

A closed  bottom iron tube with several holes d r ille d  along one side  

to  f a c i l i t a t e  the expulsion of gas was packed with ferrous oxalate 

and placed inside a larger iron tube. Tliis tube was then heated 

at 150^0 for about 1 hour to  drive o f f  adsorbed moisture, then 

evacuated, heated to  1000°C, sealed  and water quenched. Magnetic 

m aterial was separated from the product and the remainder mixed and 

analysed. The m aterial analysed 76.8^ Fe showing that there was an 

excess of oxygen present compared with pure FeO (77.0/b Fe).

(d) Experimental Procedure

( i )  Experiments in the composite alumina-molvbdenum cru cib les.

The metal bead containing carbon and s il ic o n  and weighing 

approximately Ifi grms* was placed in  a composite crucib le and

about 30 grms. of the premelted slag  added. Preliminary runs 

had shown that a slag  with a lime s il ic a , ra tio  of 1 .1  contain­

ed A1/Ü -^2^3 ^̂ Ĝn saturated with alumina. A slag  having the  

composition Ca0=3'4?5 ^ 2^ 3 “ 35? and S i02 =  31? was

therefore added in  order to  reduce the amount of attack on the
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alundum cup in sid e  the crucib le. The composite crucib le  

contained in  a small grapliite crucib le was then placed in  the  

furnace, the purpose of the la t te r  crucib le being to  protect 

the furnace tube from slag  attack in  the event of the compos­

i t e  crucible fa i l in g .

During the period when the furnace was heating a reduc­

ing atmosphere was maintained within the furnace to  prevent 

oxidation of the molybdenum. When the temperature reached 

1500®C the hydrogen was removed from the furnace tube, a ir  

introduced^and the tube closed to  the atmosphere* Because 

of the presence of the outer carbon crucible the oxygen in  

the a ir  burned to  carbon monoxide so that during the run the  

atmosphore was a GO -  mixture containing 35? carbon mon  ̂

oxide. A preliminary experiment had shown that th is  atmos­

phere was non-reducing with regard to  lim e-alum ina-silica  

slags containing small q uantities of FeO. Tills experiment 

consisted of melting Armco iron and a known weight of slag  

in  a composite crucib le and adding a known amount o f FeO. 

After maintaining the temperature at 1500°G for 3 hours the  

slag was sampled and analysed for  FeO. The re su lts  are 

shcifjn in  Table ( l ) .



!
FeO added, 'i Wt. of slag ? FeO % FeO

grm. 1 gms. calcu lated analysed

1.30 32 3.90 1 3-95 
_________ _______________________

When the fiunace temperature had been steadied at 1500°C a small 

p e lle t  of FeO and lime was added. The amount o f lime incorporated 

in  the p e lle t  being such that i f  a l l  the FeO reacted v^th s il ic o n  to  

give s i l i c a  there would be no change in  the lime s i l i c a  r a tio .

Another preliminary experiment had shown that approximately 3^ hours 

were required for the FeO to  reach a steady value. The FeO values 

taken at d ifferen t times during the run are shown in  Table (2) and 

graphically  in  Fig. (6 ).

TABLE (2)

1 Time a fter  la s t  FeO addition  
I hours 1

I

" .... .......... 1
FeO in  slag

1 ! 1. 50 :̂

2 ! 1.11?

3 i 0. 95?

4 0. 98?
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The furnace temperature was maintained at 1500^0 + 1 5 °  during

the time of the run which was standardised at 4 -  4s hours* The 

slag  was then sampled by dipping a brass rod therein  and the furnace 

switched off* In view of the sluggishness o f the reactions being 

studied and the fa ct that the furnace cooled from 1500^0 to  1300°C 

in  15 minutes the amount of reaction before the slag  became so lid

should have been very small*' After cooling^the metal was sampled

for analysis*

( i i )  The experiments in  graphite crucibles

In these experiments the metal m s placed in  a graphite crucib le  

and heated to  1500°C* After steadying the temperature a metal sample 

was taken by means of a s i l i c a  tube to  the end of which was attached  

an aspirator bulb. This i s  the sample subsequently ca lled  the ^ in it­

i a l  metal" sample. After sampling, the preformed lim e-alum ina-silica  

slag  was added and the temperature maintained at 1500^0 ± 15^during 

the experiment which was of approximately 7 hours duration* Final 

metal and slag samples were then taken in  the manner described above*

(e) The P artia l Pressure of Carbon Monoxide 

In both the reactions

( i)  Ç +  (FeO )= CO +  Fe

( i i )  (SiOg)+  2Ç =  S i +  2C0

carbon monoxide i s  one of the resu ltants so that i t s  p a rtia l pressure
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a ffe c ts  the equilibrium p osition  o f the reactions* As both reactions  

are taking place at the slag metal in terface  the e f fe c t iv e  p a r tia l  

pressure i s  not that in  the atmosphere above the slag  but that at the  

in terfa ce . This p a rtia l pressure of carbon monoxide i s  thus the  

pressure of the bubbles of CO produced by these reactions which in  

th is  case was one atmosphere plus the hydrostatic pressure o f the  

slag  layer. This la t te r  quantity in  these experiments was very small 

and was therefore neglected.

( f )  Analysis o f Metal and Slag

Carbon and s il ic o n  were determined, in  the metal samples- using the 

standard methods of chemical an a lysis.

D ifficu lty , however, was experienced in  the an a lysis o f the slag  

samples. S il ic a  determinations involving dehydration from hydro­

ch loric acid so lu tion  were invariably low whereas the estim ation of  

alumina by p rec ip ita tion  of the hydroxide with subsequent weighing o f  

the oxide gave very inconsisten t r e su lts . To obviate these d i f f ic ­

u lt ie s  the follow ing method was adopted.

The f in e ly  ground slag  sample was b oiled  with water and d issolved  

by the addition of hydrochloric acid . To the s l ig h t ly  cooled so lu tion  

concentrated sulphuric acid was added and the so lu tion  then evaporated 

to  fumes o f SOy After cooling, d ilu te  hydrochloric acid was added, 

the solution  boiled  and the s i l i c a  f i l t e r e d  off* The residue remain­

ing a fter  treatment of the s i l i c a  with hydrofluoric acid  in  a platinum 

basin was fused with sodium carbonate, the fusion  extracted and added
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to  the main f i l t r a t e .  The f i l t r a t e  was made up to  500 mis.and 100 

m is.portion taken for the estim ation of lime and alumina. The lime 

was determined by p rec ip ita tion  of the oxalate. The p rec ip ita te  was 

f i lte r e d  o ff , washed and dissolved in  d ilu te  sulphuric acid. T itra­

tio n  of the lib erated  oxalic acid in  hot so lu tion  with standard potas­

sium permanganate so lu tion  completed the determination.

Alumina was determined by p recip ita tin g  aluminium phosphate from 

a solution  buffered by the addition of ammonium acetate. The 

p recip ita tion  was carried out in  the presence of sodium th iosu lph-  

ate which, by destroying the excess acid present, gave a more gran­

ular p rec ip ita te . The p rec ip ita te  was f i l t e r e d  o ff , washed, ign ited  

and weighed as AlPO .̂

Estimation of FeO.

In the analysis o f slags containing quantities o f FeO greater  

than approximately no especia l d if f ic u lty  was encountered. The 

slag  was f ir s t  f in e ly  ground and the major portion o f the free iron  

removed by a small hand magnet* The remainder o f the iron was removed 

by passing the slag  under a powerful electromagnet and the estim ation  

of iron carried out by the standard method involving reduction of the 

ferr ic  iron by stannous chloride followed by t itr a t io n  o f the so lu tion

with N potassium dichromate. This method proved very accurate for
50

slags containing more than 0. AT- FeO but with FeO contents below th is  

figure the accuracy deteriorated so that a colorim etric method was
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adopted.

After subjecting the slag  to  the magnetic treatment as before, 

a sample was d issolved  in  hydrochloric acid, the s i l i c a  removed as 

described above and the residue remaining a fter  treatment of the 

s i l i c a  with hydrofluoric acid again added to  the main f i l t r a t e .

The iron in  th is  so lu tion  m s estimated by talcing an aliquot portion, 

forming the red coloured complex between ferrous iron and ortho- 

phenanthroline and determining the in te n s ity  of the colour by means 

of the Spekker absorptiometer. To ensure that a l l  the iron was 

present in the ferrous sta te , the reducing agent hydroxylamine 

hydrochloride was f i r s t  added together with sodium acetate, the  

function of the la t te r  being to  maintain the solution  at a pH of 

A* 5 sit which a c id ity  the coloured complex i s  most stab le.
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(a) Introduction

In the study of slag -n eta l eq u ilib r ia  thermodynamic data can be 

used to  determine the ratio  of the a c t iv ity  of an element in the metal 

phase to  the a c t iv ity  of i t s  oxide in  the slag phase. Before such 

information can be put to p ra ctica l use, however, the relationsh ip  

between a c t iv ity  and concentration must be Imoiwn.

The a c t iv ity  of a substance M in  so lu tion  i s  defined by the  

equation

S i -  ^  ^  "î-I

where. and are the free .energies per mole of the - subst.ance II in  

solu tion  and in some chosen standard sta te  resp ectiv e ly  and i s  

the a c t iv ity  of li in  the so lu tion . The a c t iv ity  i s  thus a re la tiv e  

function; i t s  actual value depending on the choice of standard state*  

Although thermodynamically any sta te  could be chosen as the standard 

i t  has been found that certain  ones are more convenient than others*

In the case of so lid  •. cr liq u id  solvents the pure substance at 

each temperature i s  taken as the standard sta te  of un it a c t iv ity .

The ra tio  ^  where N i s  the mole fraction  of the solvent, i s  known as 

the a c t iv ity  coefficen t and i s  u sually  denoted by the symbol^

In certain  cases, e .g . in d ilu te  so lu tions, the employment of the pure 

substance as the standard sta te  for the so lu te  proves to  be unneces­

sa r ily  cumbersome and a more convenient standard s ta te  i s  adopted.

I f  i s  the concentration of the so lu te in  weight percent, then th is

standard sta te  i s  so defined that aĵ  approaches u n ity  as tends to

%



zero.
This sca le o f a c t iv it ie s ,  in  wîiich the a c t iv ity  c o e ff ic ie n t  a

C
i s  designated by f ,  has proved to  be the most convenient in  the case 

of liq u id  m etallic  so lu tions.

Change of Scale.

Frequently when dealing with a c t iv i t ie s  i t  i s  convenient i f  an 

a c t iv ity  value measured on one o f the above sca les can be converted 

to  the corresponding value on the other sc a le . This change of sca le  

can be effected  provided the free energy change accompanying the 

transfer o f. one gram molecule o f . the. substance from the pure s ta te  

to  the d ilu te  so lu tion  of unit a c t iv ity  i s  known.

For example in  the case of s i l ic o n  in  iron at 1600°C

Now AG° =  G jii so l'n . " '^(liq) =  ^
qX

S O  that ^Si (d .s .)    0.0007.

I'Jhere denotes pure liq u id  s i l ic o n  and s o l ’n )

the d ilu te  solution  o f s il ic o n  in  iron in  which the a c t iv ity  o f s i l i ­

con i s  unity  on the sca le in which a c t iv ity  i s  equal to  percentage at 

.1 in fin ite  d ilu tion . Thus on the d ilu te  so lu tion  sca le  ^Si ( d .a .) —1
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and the a c t iv ity  of pure, liq u id  s i l ic o n  on th is  sca le  i s  __1.
0.0007

1.43 X 10^. On the pure sca le =- 1 and ^Si (d il.so l* n ) =

0.0007* To convert values of the a c t iv ity  of s i l ic o n  on the d ilu te  

so lu tion  sca le to  values on the pure sca le  at 1600°C i t  i s  thus 

necessary to  m ultiply by 0.0007.

Variation of the a c t iv ity  c o e ff ic ie n t  with temperature

The variation  with temperature of the a c t iv ity  c o -e ff ic ie n t  of a 

substance M in  solution  i s  given by the formula

2RT'̂

where i s  the p a r tia l molal heat content of M referred

to  the standard s ta te . In the case of d ilu te  so lu tions i t  i s  u n lik e ly

that the value of L w ill  be large because such so lu tions do not d iffe r

grea tly  in  composition from the standard s ta te . The few values o f L

which have been determined over the relevant range o f compositions
(13)confirm th is  view

A c tiv it ie s  of substances of in terest  in  the present work

In th is  work the reactions which have been studied are

(1) Si +  2(FeO) =r (SlOg) 4-

(2) Ç 4- (FeO) =  CO +  Fg 

and (3) (SiOg) 4 - 2Cgj.. ^  4- 200



where the substances underlined were present in  the metal phase 

con sistin g  of iron, carbon and s il ic o n  and those bracketed in  the  

slag  phase consisting  of CaO, Al20^, Si02 and FeO. The three 

reactions were studied at 1500^0 and the standard free  energy change 

accompanying each reaction can be calcu lated  from the known free  

energy of formation of the various substances p artic ip atin g . Thus 

for  reaction ( l)

SI +  Og =  SiOg AG°= -217,600 +  48.79T

2Fe 4- C_ =  2FeO AG°= -111,250 4- 21.67T

Si +  2FeO = S i0 2  4- 2Fe AG°= -106,250 4- 27.12T

so that at 1500°C AG°= -  58,350.

k sim ilar procedure for reactions (2) and (3 ) y ie ld s  values o f 

AG° of - 27,570 c a ls , and 43,400 c a ls , re sp ectiv e ly .

Thus
I 2

AG°= -58,350 ca ls . =  -RT̂  K} t&ere K ,_  fSiO - x ® Fe
1 X aaj.30

AG„ =  - 27,  570 ca ls . =  -RT K.where K„ -  Fs x ^00
log3  ̂ ^ ^FeO

2
A§” =  +3,400 c a ls . =  -RT^Qg E^where _  ^Si z  ^ CO

® ^SiOg *



In-Order to  convert these equilibrium constants in to  terms o f  

percentages the relationsh ip  between a c t iv ity  and weight concentration  

of

(a) 8iO^ and FeO in  the CaO Al20^ -  Si02 -  FeO slag  and

(b) C, S i and Fe in  the metal phase are required*

Some of these a c t iv it ie s  have been in vestigated  experim entally but 

in  most cases there s t i l l  e x is ts  some dubiety as to  the true value.

In order to  assess the accuracy of the various values a c r i t ic a l  sur­

vey of the ex istin g  data w ill  be given.

(b) ( i )  The a c t iv ity  o f s il ic o n  in  molten iron

The a c t iv ity  of s il ic o n  in  molten iron s il ic o n  a llo y s  at 1600°C
(13)has been derived by Ghipman from the ir o n -s ilic o n  phase diagram of 

Houghton and B e c k e r A t  the high s il ic o n  end of the diagram 

where pure s ilic o n  i s  the primary so lid  phase then the a c t iv ity  o f  

s il ie o n  in  the liq u id  at the liqu idas temperature i s  the same as 

that of the so lid  s il ic o n  separating. From the known heat of fusion
(15)

of s il ic o n  and the change o f sp ec ific  heat involved in  fusion  

these a c t iv it ie s  can then be calcu lated  re la tiv e  to  the super cooled  

liq u id  at the particu lar liqu idas temperature. In the region o f the 

diagram where the compound FeSi . i s  the primary phase, Chipman has 

u t i l i s e d  a formula derived by Hauffe and W a g n e r i n  ca lcu lating  

the a c t iv ity  of s il ic o n  at the liq u id as temperature. Thus values 

of the a c t iv ity  of s il ic o n  at the liq u id as temperature can be calcu lated



from the phase diagram in  the range 100 to  silicon *  In order 

to  ca lcu late the a c t iv it ie s  at temperatures other than the liqu idas  

Chipman has used a semi-empirical formula

the a c t iv ity  co e ff ic ien t  of one of the components in  a binary so lu tion , 

N2 the mol fraction  of the other and b i s  a constant* I t  i s  not 

p o ssib le  to  ca lcu late the a c t iv ity  o f s il ic o n  in  the range 0~2C% 

s il ic o n  from the phase diagram and use has been made of the data 

availab le at the time on the deoxidation of s te e l  by s i l ic o n  in  order 

to  determine re la tiv e  to  the pure liq u id , the a c t iv ity  of s il ic o n  in  

very d ilu te  solutions*'

Thus:

(1) S102 =  î ^(inFe) ^°(in Fe) AG° 1600°C — 38,100 cals*

(2) ®2(gas)" Fe) AG° 1600°G = -58, 500 cals*

Subtraction gives

(3) SiOg = ^^(in Fe) +  ®2(gas) AG° 1600°C — H* 96, 600 cals*
and
U) ®2(gas) S l( i iq )  =  SIO2 AG° 1600°C = - 126,300 cals*

so that

( 5) S l( l iq ) =  S^(in Fe)
0

AG 1600°C ~ - 29,700 cals*
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By using the equation

AG°= RTlog I ^Si (d il  s o l'n .)(  ^Si (d il  so 
\ ®-Si ( l iq - ) -

the a c t iv ity  o f s il ic o n  on the pure scale of the standard d ilu te

so lu tion  was then calculated* To obtain values of the a c t iv ity
(13)

co e ff ic ie n t  from 20;i to  1% s ilic o n  Chipman interpolated  between

the values obtained at these compositions* In view o f th is  rather
(12)

lengthy in terpolation  and also  the fact that in  subsequent work

a d ifferen t values of for reaction ( l )  has been obtained, too much

relian ce cannot be placed on the values of the a c t iv ity  c o e ff ic ie n t

in  the range 0 -  20^ silicon*
(12)Gokcen and Chipman in th e ir  study of the reaction  between 

hydrogen-water vapour mixtures and s il ic o n  d issolved  in  iron at 1600°C, 

have a lso  obtained values for the a c t iv ity  c o e ff ic ie n t  of silicon *

For th is  reaction

Si02 -b 2^2 Si 4- 2H2O

aK __ ^31 X P EgO

~  ^Si02 ^ P̂ H2

As the metal was contained in  s i l i c a  crucib les the a c t iv ity  of s i l i c a  

i s  un ity  so that the constant reduces to ,

K ^81 X P H«0
=

PHg



2
The non-constancy o f the product x p g o could thus be attributed

^  . .to  a variation  in  the a c t iv ity  co e ff ie ie n t  of s i l ic o n  fg^ where 

fgj  ̂ X % S i =  a^^. These values d iffe r  appreciably from those 

previously derived by Chipman, Fig. (?)• However, in  view o f the 

cr itic ism s which have been made above of these la t te r  values, the
(12)

re su lts  of Gokcen and Chipman have been taken as being the more 

r e lia b le .

Both se ts  of values shown in  Fig. (?) are s t r ic t ly  speaking only

applicable at l600^C. In the present work, however, i t  has been 
assumed that the error introduced in  applying them at 1500 G i s  small.

The ju s t if ic a t io n  for th is  assumption i s  explained ea r lie r  in th is  

chapter, (p .34)*
(12)

I t  i s  a lso  p ossib le from the work of Gokcen and Chipman to  

ca lcu la te  a value o f the free energy of so lu tion  of s il ic o n  in  iron. 

The value, at 1600^0, o f K for the reaction,

Si02 2H2 =% 8 i -k 2H2O

was found to  be 2 .5  x 10 ^ so that the free  energy change (-RTlog^ K) 

i s  + 30,900 ca ls . ' By combining th is  value with the known free  energy 

changes accompanying the formation of s i l i c a  and water vapour the free  

energy change accompanying the reaction

8 1 (liq ) =  so l'n  in  Fe) ca lcu lated .
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Thus;

SiO„ 4- 2H„ =  gi +  2H„ 0  
2 2 2 1600°C =  -^30,900 cals.

AG' 1600Oq — "126  ̂100 '

S i, ,4- 0 -t- 2H =  g i  +2H 0 
( liq )  2 2 2

2 " 2 + “j = “ 2°

“  1600«C=

AG'̂   ̂ “63j 000réoo°c

®^(liq) -  ^ “  160O»C=

(13)
This value d iffer s  appreciably from that calcu lated  by Chipman

but, as i t  has been obtained without using the uncertain data on the

reaction

SiO =  g i 4-20 
2

from which the la t te r  value was calculated, has been considered as 

being the more re lia b le .

At 1600^C as has been shown (p .^ l), th is  value y ie ld s  a ra tio  

of a c t iv it ie s  on the two sca les of measurement of 0.0007. By analogy 

with other elements the entropy change accompanying the reaction,

S i( l iq )  =  S i  

(17)should be small so that the error introduced in  assuming that the  

value of the free energy change for the reaction does not vary between



1600°C and 1500°C w il l  be small'.' Making th is  assumption the ra tio  o f 

a c t iv i t ie s  on the two sca les of measurement i s  found to  be 0.0004-7 at

1500°c.

( i i )  The e ffe c t  o f Carbon on the A ctiv ity  C oefficien t o f S ilicon

The values o f the a c t iv ity  c o e ff ic ie n t  o f s i l ic o n  obtained by 

C h i p m a n a n d  by Chipman and GokceÂ^^  ̂ apply only to  iron s il ic o n  

a llo y s and when one i s  dealing with iron-carbon-silicon  a llo y s the  

e ffe c t  of carbon on th is  a c t iv ity  c o e ff ic ien t  must be known before
(13)the a c t iv ity  of s il ic o n  can be calcu lated . Chipmrn has calcu lated  

th is  e f fe c t  from re su lts  obtained by KBrber^^^  ̂ in  h is  study of the . 

e ffe c t  o f carbon additions on the equilibrium p o sitio n  of the reaction  

SiO^ +  2Mn =  2(MnO) +  Si 

The equilibrium constant for th is  reaction i s  given by the equation

2
K _  %nO X ^Si 

^SlOg ^

As the slag  was saturated with so lid  s i l i c a ,  a i s  u n ity  and as

there were only small variations in  the MnO content of the slag  i t

was assumed that a was constant. The so lu tion  o f manganese in  iron
MnO (19)

has been found to  be id ea l so th at the a c t iv ity  o f manganese can be

taken as equal to  i t s  weight percentage. The equation thus becomes

K* ^  f g i  % g Si 

{% Mn)2

i . e .  for any given manganese content, the a c t iv ity  of s il ic o n  i s  fix ed .
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The decrease in  the ra tio  gSi  ̂ which KBrber found on the addition of
(%Mn)̂

carbon to  the metal must therefore be attributed  to  an increase in  the  

a c t iv ity  c o e ff ic ien t  of s il ic o n .

I'Jhen d iscussing the a c t iv ity  c o e ff ic ie n t  of s il ic o n  in  ternary  

so lu tions i t  i s  convenient to  divide the c o e ff ic ie n t  in to  i t s  con­

s t itu e n ts . Thus i f  fg^ i s  the a c t iv ity  c o e ff ic ie n t  in  the ternary  
Siso lu tion  and fgj_ i s  the corresponding c o e ff ic ie n t  in  p la in  ir o n -s ilic o n

a llo y s  then the e f fe c t  which carbon has on the a c t iv ity  c o e ff ic ie n t  o f 
6s il ic o n , f  i s  given by the equation

Bi,

f  =r i . e .  fq* n: fqj % f_.
Si fS i S i

Si

So far the nomenclature regarding a c t iv ity  c o e ff ic ie n ts  in  ternary

so lu tion s has not been standardised and numerous systems e x is t  in  the

lite r a tu r e . In the present work, however, the system indicated above

w il l  be used, i . e .  in  general, f^ denotes the e f fe c t  o f A on the a c t iv ity

c o e ff ic ie n t  of x, f^ i s  the a c t iv ity  c o e ff ic ien t  of x in  the p la in

iron-x  solution  and f^ îs the overall a c t iv ity  c o e ff ic ie n t  of x in  the 

ternary solu tion .
c (13)Values of have been calculated  by Chipman in  the range 

and these are shown in Fig. (B). The main cr itie ism  which can 

be brought against these values i s  that in  many o f K8rber*s orig in a l 

e x p e r i m e n t s i t  was assumed that metal and slag had come to  

equilibrium in times as short as 30 minutes. Sim ilar reactions.
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involving slags more f lu id  than the h ighly s ilic e o u s  ones of K6rber,

have been f o u n d t o  require longer times to  come to  equilibrium and
(13 )

for th is  reason the values calculated by Chipman cannot be con­

sidered as being more than approximately correct,

(c) ( i )  The A ctiv ity  of Carbon in Liquid Iron
( 21 )

Using the resu lts  of Marshall and Chipman in th e ir  study of

the reaction

C +  CO 2C0

at 15A0^C, C h i p m a n h a s  calculated the a c t iv ity  of carbon in  iron.

For the above reaction

^COo ^c2 
2

and any variation  in  the ra tio  p can be attributed  to  a variation

Pc02%
in f^, the a c t iv ity  co e ffic ien t of carbon. As can be seen from

Table (3 ) th is  ra tio  i s  s tea d ily  increasing id.th increasing carbon

content so that the a c t iv ity  co e ff ic ien t  of carbon must a lso  be
2

increasing. By p lo ttin g  values of p against carbon content

Pc02 ^
i t  i s  found by extrapolation that the value a t zero carbon content i s

2
426. Thus to  obtain values of f_ the various values of p

C O

^C02 X %G
must be divided by 426. Values of f^ obtained in  th is  way are shoxm
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in column 4 of Table (3) and in  column 5 are values of the a c t iv ity  of

carbon on the d ilu te  so lu tion  sca le .

Table (3)

I P' C O

^002 ^Pco2 y
i

ia. f^ X %G a„ (pure scale)

i 0
1 Î f

4 2 6 1 . 0 0
0

0

j o .  2 1 6 9 3  I 4 3 0 1 . 0 0 0 . 2 1 6 0 . 0 0 6 1

{ 0 . 4 2 5 ; 1 9 1  : 4 4 a 1 . 0 4 0 . 4 4 3 0 . 0 1 2 5

I 0 . 6 4

]

1 2 9 2
I

4 5 5 1 . 0 6 0 . 6 8 1 0 . 0 1 9 1

| o . 8 5 4 0 0  I 4 7 1 1 . 1 0 0 . 9 3 0 . 0 2 6 1

I 1 . O 6
I  Ï  

1 5 2 5  %
i  f

4 9 5  ' 1 . 1 6 1 . 2 3 0 . 0 3 4 3

l V ‘2 3
Î  Î

6 7 0  1

1 1

5 2 4 1 . 2 3 1 . 5 7 0 . 0 4 3 3
1

1 . 6 8 I  1 0 3 0  1 6 1 4 1 . 4 3 2 . 4 0 0 . 0 6 7 3

2 . 1 0 1 5 1 0  I 7 1 8 1 . 6 8 3 - 5 3 0 . 0 9 8 8

2 . 5 0 2 1 3 0  1 8 5 2 1 . 9 8 4 - 9 7 0 . 1 3 9

2 . 9 2 2 9 3 0  1 1 0 0 0 2 . 3 4 6 . 8 4 0 . 1 9 1

4 . 1 2 • 7 2 0 0  1 1 7 5 0 4 . 0 8 1 6 . 8 0 . 4 7 0

5 . 2 0 1 5 3 0 0  I 2 9 4 0 6 . 8 8 3 5 . 8 1 . 0 0

At 1546°C the so lu b ility  of carbon in  iron i s  5#20g, ■ The a c t iv ity  o f  

carbon in  an a llo y  containing 5.2(%G i s  thus u n ity  on the pure sca le , 

A c tiv it ie s  on th is  sca le at other compositions can then be obtained as
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the ra tio  of any two a c t iv it ie s  is> of course, the same on e ith er  of  

the sca les of measurement.
(22)

From purely th eo retica l considerations Temkin and Shvartsman 

have obtained an equation for the a c t iv ity  of carbon in  iron. This 

equation

^c — 1 , where)f« i s  the a c t iv ity  c o e ff ic ie n t  and
1 .  5

i s  the atom fraction  of carbon, has been derived on the assumption 

that the number of s i t e s  availab le to  carbon in  the iron la t t i c e  i s  

equal to  one fourth of the to ta l number of iron atoms. The equation 

was derived in the f i r s t  place for the a c t iv ity  of carbon in  au sten ite  

but has a lso  been applied to  molten iron-carbon a llo y s . The a c t iv ity  

c o -e f f ic ie n t^ ^ d e f in e d  by the equation approaches u n ity  as the atom 

fraction  of carbon tends to  zero. This c o e ff ic ie n t  i s  not s t r ic t ly  

equal to  f  but the relationship  between thetwo c o e ff ic ie n ts
® ( %o)

can be calculated.

In the f ir s t  case the a c t iv ity  i s  given by the equation

^c — ^c ^̂ c

I f  the a c t iv ity  in  the reference sta te  ( i . e .  when l L = l )  be

a* then c
a* =  N’ where N* i s  very small, c c c

In the second case i f  the a c t iv ity  in  the reference s ta te  be
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t)
&Q then

a 5= gC" where i s  very small 
0

The ra tio  of the a c t iv ity  of carbon at any other carbon content to  

the a c t iv ity  in  the reference sta te  must be the same on each of the  

scales*

i* e# ^0
^'c "

a"
C

K'c f.C

Now ^  • 66 X
K -  12 56<C + 1 2 ^  Fe

and N' _  66^0" as ^iFe— *■ 100
G 1200 and %G  V 0.

Therefore N_ / c  66 x SC . OC . 122S fn%C
+  56 X ÿC« -  ^

C

So th a t f  —  . ■ ,,  ̂ 1200 ----
G "G $6%c 4- 12g Fe

Values of the ra tio  f  for various carbon contents are shown inC
tc~

Table (4) together with values of fg  calculated from Temkin and 

Shvart sman's  ̂ ^



Table (4)
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1 f  !

1 ^  uÎ . J ....

{
i I . (Marshall and Chipman)

I
; i i I

1 0.5 0.982 p . 14 1 1-12 1.03

1 1 .0 i 0.965 I1.29
%

1.24 1.13 [

1.5 1 0.950 j l .50 1.42 1.30
i

2.0 0.934 | l .7 8 1 1.66 1.60

2.5 0.915 I 2.22
. . . . i . , .

2.03 1 1 .94

3.0 0.900 ; 2.70
Î 1 2.43 2.40

3.5 0.885 I 3 .64 3.22 3.00

4 .0 0.874 \ 5,40i
4.23 3.80

4.5 0.860 10.00 8.60 4.70

These values show good agreement with the experimental values of  

Marshall and C h i p m a n i n  the range Above

however, as approaches zero the values calcu lated  by Temkin

and Shvartsman*s equation r is e  rapidly with increasing carbon content.' 

The two se ts  of values are shown graphically  in  Fig. (9 ) and where they
(21)diverge the values o f 14arehall and Chipman being based on experi­

ment, have been used in  the present work for ca lcu la tin g  the a c t iv ity  

of carbon.

( i i )  The e ffec t  of S ilico n  on the A ctiv ity  C oefficien t o f Carbon

The e ffec t of s il ic o n  on the a c t iv ity  c o e ff ic ie n t  of carbon can 

be calcu lated  from the influence of s il ic o n  on the saturation carbon
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Fig. ( 9 ) Voriotion of thcoctivity coefficient of carbon 
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content of iron* The percentage carbon at saturation at 1500^0,

obtained in  the present work, i s  p lo tted  as a function o f s il ic o n

content in  Fig. (lO). Allowing for the e f fe c t  of the small temperature

d ifference these re su lts  are in  good agreement with the values quoted

by C h i p m a n f o r  1A90°G. The e f fe c t  o f s i l ic o n  on the a c t iv ity

co e ff ic ie n t  of carbon can be calculated  in  the follow ing way.

At 0  ̂ S i. the carbon content at saturation at 1500^0 has been
Cfound in  the present work to  be 5*15p * The value o f fg  found by

( 21)Marshall and Chipman for th is  carbon content i s  6 .6  so that the

a c t iv ity  of carbon on the d ilu te  so lu tion  sca le  i s  At other

s il ic o n  contents, as the metal was saturated with carbon, the a c t iv ity

of carbon must a lso  be 3A* Therefore by dividing 34 by the percentage

carbon present^the a c t iv ity  c o e ff ic ien t o f the carbon^f^jin the iron

carbon s il ic o n  a lloys i s  obtained. The e ffe c t  of s il ic o n  on the a c t-
Siiv i t y  co e ff ic ien t  of carbon at saturation ( f  ) can then be calcu lated
G

Cby dividing the values o f f^ by the corresponding values of fg , the  

a c t iv ity  c o e ffic ien t in  p la in  iron-carbon alloys* The values so ob­

tained, in  the range 0-12^ S i, are shown in  Table (5)*
SiBy assuming that the values o f fg  obtained at saturation are 

applicable at lower carbon contents the a c t iv ity  c o e ff ic ie n t  of car­

bon can be obtained for any composition in  the ternary so lu tion . In 

the present work an a lternative method of ca lcu lating  the a c t iv ity  

co e ff ic ien t  a t carbon contents other than saturation values has been 

developed. As the underlying p r in cip le  of th is  method i s  the same as 

that used in  calcu lating  the a c t iv ity  o f iron i t  w il l  be discussed in  

the nert section  of th is  chapter.
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Table (5)

6 .60

3 .4 0  I 2 .90

10.60

On the assumption that the so ca lled  u n it c e l l  o f iron cannot
a

simultaneously .contain both^silicon  and a carbon atom, Samarin and
(23) . (22)

Shvartsman have ezctended Temlcin and Shvartsman*s equation to  

iron-carboh-silicon  a llo y s . The equation, then becomes

1 -  5 (Nq -f-

where)(^ i s  the a c t iv ity  c o e ff ic ie n t  of carbon, Nq i s  the atom fraction  

of carbon and i s  the atom fraction  of silicon»' Values of the  

a c t iv ity  c o e ffic ien t of carbon in  iron-carbon-silicon  a lloys calcu lated

by means of th is  equation agree w ell with the values obtained from 

the data on carbon saturation provided the carbon and s il ic o n  contents 

are low. At higher carbon and s il ic o n  percentages the values given
( 23 )by Samarin and Shvart sman *s equation are much higher This i s

il lu s tr a te d  in  Table (6 ).



Table (6)

! :
! ■

:̂Si Xo fc

^c
, . (from Marshall and Chipman 

plus carbon saturation resu lts)*

1 1 1.46 1.40 1*40

1 ! 2 1.70 1.62
Ï

: 1.70

1 3 2.00 1.91 2*12

1 4 2.40 2.30 2.60

1 ^ 1 2.10 1.92 1. 9s

h  ■ ! 2 2.30 2.10 2*45

2s
4.S 0 4* 40 3.73

1!
3 3.50 3.08 3,00 j

3 3 8.70 |7 .5 0 4.60  1

4 1 9.10 7*20 4.70

4 2 40.0 34*0 5.80

(23)
Samarin and Shvartsman*s equation im plies that s il ic o n  and

carbon are equivalent atom for atom in the liq u id  iron structure*

This may be the case in  d ilu te  so lu tions but from a consideration of 

the data on the e ffec t  of s il ic o n  on carbon saturation i t  can be seen 

that i t  i s  not sc in more concentrated so lu tions and herein probably 

l i e s  the cause of the deviations of the calcu lated  values of the 

a c t iv ity  co e ffic ien t from the experimental values* In Table (?) are 

shown the atom fractions of carbon and s il ic o n  in  iron which i s
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saturated with carbon at 1500^0. The sum o f these atom fraction s  

increases with increasing s i l ic o n  content, ( f i f t h  column of Table 7)* 

This means that each atom of s il ic o n  entering the liq u id  structure  

disp laces le s s  than one atom of carbon i . e .  one atom of s il ic o n  i s  

equivalent to  le s s  than one atom of carbon.

Table (7)

% Si 1
t
f

% c 1  h i  1
i i

M o !
i

^81+ M e

\ s 1
0 i 5.15 i  »  1 0.203

1
0.203

i  '  i
4.85 1 0.017 !

^ !
0.191 !

0.208

2  1 4.50 1 0.034 !
f ' 0.177 iÏ 0.211

3 !
\

4.20 ! 0.051 i: 0.165 0.216

4 3.90 1 0.068i 0.154 !;; 0.222

5 3.65 1 c; 085 ; 0.144 Ï?Ï 0.229

6 I 3.40 1 0.101 0.134 f
1

0.235

7j
3 .10 1 0.118 0.122

>
! 0.240

8
'1 2.85 1 0.135

1
0.152

0.112 1 0.247

1 '
2.60 0.102 1 0.254

!  1 0 2.40 0.169 0.094
]

0.2631
(d) A ctiv ity  of Iron in  Fe-C-Si A lloys

Although the a c t iv ity  of iron in  iron-carbon and in  i r o n - s i l i ­

con so lu tions can be obtained by means of the Gibbs-Duhem equation i t  i s
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not p ossib le  to  extend th is  equation in  ternary iron-carbon-silicon  

a llo y s  and as no experimental values are availab le some other method 

must be used in  obtaining the a c t iv ity  o f iron in  such alloys* One

method of doing th is  i s  by extending the lin e  of thought of Morris
(24) C25)and Buehl , Sherman and Chipman and of Temkin, Samarin and

(22) (23)
Shvartsman

(24)Morris and Buehl in  th e ir  study o f the e f fe c t  o f carbon and

s il ic o n  on the a c t iv ity  o f sulphur in  iron found that the a c t iv ity

c o e ff ic ie n t  o f sulphur was not given by the equation

' s  =  ^s° ^
where f^ i s  the a c t iv ity  c o e ff ic ien t  of sulphur in  the quaternary 

C S i S
so lu tion  and f_ , f_ • and f_ are the a c t iv ity  c o e ff ic ie n ts  in  the 

S S S
Fe-C-S, Fe-Si-S and Be-S solu tions respectively* However by introduct­

ion the idea o f the "carbon equivalent" of s il ic o n  the combined e ffe c t  

of carbon and s il ic o n  on the a c t iv ity  of sulphur could be calcu lated . 

The method employed i s  illu s tr a te d  in  Fig. ( l l ) .  I f  the so lu tion  

contained say agC and b^Si then the e f fe c t  o f s il ic o n  on the a c t iv ity  

c o e ff ic ie n t  of sulphur i s  the same as that of carbon. The combined

e f fe c t  of the carbon and s il ic o n  i s  then given by the vaj-ue of P
0

corresponding to  (x +  a) ^C. Thus x^ i s  the carbon equivaleht of 

b^&i.
(25)Sherman and Chipman found that th is  method of combining 

a c t iv ity  co e ff ic ien ts  was applicable in  other quaternary so lu tions  

e .g . Fe-C-P-S and Fe-G-Mn-S and a lso  in  quintem ary so lu tions e .g .
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Fe-C-Al-Si-S. Although the method so far has only been used in

finding the combined e ffe c t  of two or more so lu tes on the a c t iv ity

co e ff ic ie n t  of another i t  would seem probable that in  certain  cases

the e ffe c t  of two so lu tes on the a c t iv ity  o f the so lvent, may be

estimated in  a sim ilar way*

This argument receives some support from the work o f Samarin and

Shvartsman and of Temkin and Shvartsman ̂  ' Samarin and
(23)

Shvartsman *s equation for the a c t iv ity  c o e ff ic ie n t  of carbon in

Fe-C-Si a llo y s .

=  l - 5 ( î c + V
im plies that, regarding th e ir  e f fe c t  on the a c t iv ity  co e ff ic ien t  of 

carbon, carbon and s il ic o n  are equivalent atom for atom. Malting the
(23)same basic assumption as Samarin and Shvartsman , i . e .  that the  

number o f places availab le to  carbon in  the iron la t t i c e  i s  equal to
(22)

one fourth of the to ta l number of iron atoms, Temkin and Shvartsman 

have derived an equation for the a c t iv ity  of iron in  iron-carbon alloys*  

This equation,

9'Fe

where ap^ i s  the a c t iv ity  of iron on the pure sca le  and and Nq 

are the atom fractions o f iron and carbon resp ective ly , g ives, in  the 

lower carbon range, values in  excellen t agreement with those calcu lated  

by Chipman '̂^y means of the Gibbs-Duhem equation.



Table (S)

5 4 .

% c 0.85 2.10 4.12 4- 50 5.00
1

5.20 1

®'Fe 0.96 0.88 0.67 0.59. 0.34- 0.0 Î
(T & S) 1
^Fe : 0.96 0.88 0.70 0.66 0.61 0.59

(Chipman)
1

At higher carbon contents (Table (S) ) the two se ts  of vaines show
(22)

considerable divergence probably because Temkin and Shvartsman*s

b asic assumption no longer holds* Although Temkin and Shvartsman did 

not apply th e ir  equation to  liq u id  iron-carbon-silicon  a lloys i t  would 

be expected that an extended equation

i?e

would give, by analogy with the equation

1_______
1 -  5 (Nc +  Ngi)

accurate values of the a c t iv ity  of iron in  d ilu te  so lu tions but that in  

more concentrated solutions the a c t iv it ie s  o f iron so obtained would 

diverge from the true values.

The princip le remains, however, that i f  the s il ic o n  content can 

be replaced by a true "carbon equivalent" which i s  added to  the carbon 

content then the e ffe c t  of th is  t o ta l  carbon represents the combined 

e ffe c t  of carbon and s ilic o n . U ntil the relationsh ip  between liq u id  

m eta llic  structure and a c t iv it ie s  i s  b etter  understood the carbon
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equivalent of s il ic o n  must bo derived from experimental data.

Gns way of arriving at a carbon equivalent of s il ic o n  i s  by 

u t i l is in g  the resu lts  on the e ffe c t  of s il ic o n  on the saturation  

carbon content of iron at 1500^0. As explained in  the previous 

section ,va lues of f^, the a c t iv ity  co e ff ic ie n t  of carbon, can be 

derived from th is  data and these are reproduced in  the th ird  column 

of Table (9)* In the f i r s t  and second columns are the percentages 

of s il ic o n  and carbon at saturation.

■Table (9 l

% s± 1 fc
 ̂ i

f c
!
log f cÿ

Total jCarbon equivalent 
Equivalent carbon î o f s i l ic o n

0 1 5.15 16.60 0.8195
I

5.15
i!
! °

1 4.85 !
t i

7.01 jo. 8457 5.25 1 0.40

2
! !7.55 jo. 8779 5.40 I 0:90

I

3 1 4.20 !8.10 (0.9085 5.55 i 1.35  

1 1.824 3.90 S. 72 i 0.9405 5.72

5 3.65 9.32 Id. 9694 5.35 2.20
1

6 3.40 10.0
1
{1.000 6.00 1 2.60 i

1
7 3.10 10.9 Î1.0374

1
6.18 1 3.08

Fig. (12) the values of log f^ obtained by Marshall and Chipman

in  p la in  iron-carbon a lloys are shown p lotted  against the percentage 

carbon. Log f^ i s  p lotted  rather than f^ to  f a c i l i t a t e  extrapolation
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of the graph beyond carbon satiiration- From the extrapolated

portion of the line^ carbon contents corresponding to  the values of

log  f  in  Table (9 ) can be obtained and these are shown in  the f i f t h  C
column* These carbon contents represent the combined e ffe c ts  of 

carbon and s il ic o n  on the a c t iv ity  co e ff ic ie n t  of carbon and by 

subtracting the actual carbon percentage present the carbon equivalent 

of s il ic o n  i s  obtained. These values are shown in  the six th  column 

of Table (9) and a lso  graphically in  Fig. (13). U t i lis in g  th is  

carbon equivalent of s il ic o n  the a c t iv it ie s  of iron and carbon at 

1$00°C can now be deteimined in  iron-carbon-silicon  a llo y s . Talcing, 

for example, an a llo y  containing 32 carbon and 32 s il ic o n ,

the carbon equivalent of s il ic o n  from Fig. (13) =  1.352  

so that the to ta l  carbon content =  4*352

From Fig, ( l l )  log f  =r 0.660 and therefore f  =  4-. 57* The a c t iv ity
G C

of carbon i s  thus 4» 57 x 3 =  13.71. S im ilarly, from Fig. (l^) in

which values of the a c t iv ity  of iron in  p la in  iron carbon a llo y s ,
(13)

calculated  by Chipman by means of the Gibbs-Duhem equation, are 

p lo tted  against percentage carbon, the a c t iv ity  of iron can be 

obtained. The value corresponding to  4*352 i s  0.67*

For purposes'Of comparison^values of the a c t iv ity  o f carbon 

calculated  by th is  method are shorn in  Table (lO) together with 

values calcu lated  by the method indicated in  the previous section .
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Table(10)

57 <

(ï  ̂ X fQ X aC) .equivalent
Total
^uivalî
carbon

j ^Fe 
from 1 from 

equivalent 1 equivalent
carbon carbon

----------- 1
1

----------------------------

1.32 1-45

----r
1
11 1.32

1
0.92 1

•

:  ! 2 1.69 1.90 1 1.55 0.89 1
1

* 2.48 2.80 i
s

2.22 0.82 j

2 1 4.08 2-45 ;
; 3.90 0.85 1a

■ 2 : 2 ' 5.18 2.90 ^ 6 2 0.81 1

2 4
,

; 7-70 3-80 7.00 0.73

3 1 ; 9-15 3-45 9.00 0.76

3 4 17-25 4-80 16.35 0.63

A 1 19-32 4-45
!

i
IS. 60 0.67

U 2 4-90 22.80 0.62

4 .5 1 : 27-5 4-95 26.6 0.61

In the six th  column of Table (lO) are shown values of the a c t iv ity

of iron in  the a llo y s se lected . As can be seen the two se ts  o f

values of the a c t iv ity  of carbon d iffe r  but s l ig h t ly . In the present

work the values calcu lated  from the equivalent carbon have been used
S ibecause these do not require the assumption that the values of f^ 

calculated  at carbon saturation remain constant at lower carbon 

contents.
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(e) The A ctiv ity  of FeO

Taylor and Chipman in th e ir  work on the a c t iv ity  of FeO in

CaO-MgO-SiO -̂FeO slags measured the a c t iv ity  of FeO in  the range
(5)90-10^ FeO. Richardson and J e f fes in  a rather lengthy extrapolation

from these resu lts  obtained a value o f 0 .03 (referred to  pure FeO)

for a slag of th is  type containing 1^ FeO.
(27)

Winkler and Chapman in th e ir  study of the d istr ib ution  of

phosphorus between slag and metal a lso  obtained values for the a c t iv ity

of FeO. They found in  a complex slag  mainly composed of CaO,

SiO and PO^ but a lso  containing small quantities o f CaF andMnO 
2 2 5 2

that for an FeO content of approximately 3^ the a c t iv ity  of FeO was 

0.10. Assuming that in  the range 1'^3/j FeO the a c t iv ity  of FeO i s  

proportional to  the percentage FeO then 1.% FeO would correspond to  an 

a c t iv ity  of 0. 033*

Although these two resu lts  are in  substantia l agreement i t  i s  

thought that, in  view of the large d ifference in  composition between 

these basic slags and slags of the b la st  furnace type, the application  

o f these a c t iv ity  figures to  the la t te r  type o f slag  i s  hardly 

ju s t if ie d .

( f)  The A ctiv ity  o f SiÜ2 in  Ca0^Al20^ — 8i02 Slagg.
(20) (28)Several in vestiga tors have computed, from the phase

diagram, the a c t iv ity  of s i l i c a  at 1600^C in  CaO^SiO  ̂ melts*

The various values obtained are in  su bstan tia l agreement and those of  

Rey^^^^are shô /jn in  Fig. (15)* Chang and Derge^^^^ determined the
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a c t iv ity  of s i l i c a  in molten calcium s i l ic a t e s  using an electrom otive 

force method in which the two electrodes were graphite and s il ic o n  

carbide. Their r e su lts , shown in  Fig. (15) are in  good agreement 

id-th those calculated from the phase diagram. Chang and Derge a lso  

made some measurements in  the GaO'-Al^O  ̂SiO  ̂ system but, in  th is  case, 

although the a c t iv it ie s  of s i l i c a  in  the various melts could be 

calculated  re la tiv e  to  one another, the values could not be placed  

on an absolute sca le , i . e .  on a scale r e la tiv e  to  pure s i l i c a  at 

1600°C.
( 3)Fulton, Grant and Chipman in  a recent paper studied the 

equilibrium p osition  of the reaction

(S10_) +  2C =  Si +  2C0 at l600°C

The equilibrium constant for th is  reaction i s

2
K ■̂Si X P rn

^  â GO
8102 % aQ

As the work was carried out in  graphite crucib les under a CO pressure 

of one atmosphere a  ̂=  p ^ ^ ^ l ,  so that

^Si

In each case the metal was saturated with carbon so that a lloys with

equal s il ic o n  contents had equal s il ic o n  a c t iv it ie s  and therefore the  

slags in  contact with these metals had equal s i l i c a  a c t iv it ie s .



Fig. (16) reproduced from Pulton, Grant and Chipman*s paper shows 

is o - s i l ic o n  and therefore i s o - s i l i c a  a c t iv ity  l in e s . Although the  

actual s i l i c a  a c t iv it ie s  corresponding to  the various percentages of 

s il ic o n  were not calculated in  the orig inal paper, th is  can be done 

using the resu lts  of Rey^^^  ̂ (Fig. (15))* For example 2C% Si i s

obtained at equilibrium under a p lain  CaO-SiO  ̂ slag  containing 54^

CaO. This corresponds to  a molar percentage lim e  of 55*7 and an

a c t iv ity  of s i l i c a  from Rey*s curve of 0.14. The values of the

a c t iv ity  of s i l ic a ,  calculated in  th is  v̂ ay, for the other is o - s i l ic o n

lin e s  are marked in Fig. ( l6 ) .

The slag used in the present work had the composition 31? CaO,

2C? SiC^, 41? Al^O  ̂ and i s  marked by a cross in  Fig. ( l6 ) .  As can

be seen i t  l i e s  w ell outside the range of composition covered by the
(3)work of Fulton, Grant and Chipman and extrapolation of the iso ­

s i l i c a  a c t iv ity  lin e s  i s  not ju s t if ie d .
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DISCUSSION OF RFSUT-,T3.



(a) Introduction»

The reactions which have been studied in the present work are

(1) C 4- (FeO) =  GO -t Fe

f
(2) Si -f 2 (FeO)==r (SiO^) +  2

(3) 20 4- (SiO ) «r Si 4- 200

The experiments performed in the study of the f i r s t  two reactions  

and in which FeO was present in  the slag were carried out in  the  

composite molybdenum alumina crucib les described in  Chapter (3).• ■ ■ 

In the study of the th ird  reaction the metal and slag were contained 

in  graphite crucibles*

In Table ( l l )  are presented the chemical analyses of samples o f  

metal and slag from the experiments performed at 1500^0 in  the 

in vestiga tion  of the equilibrium p osition s of reactions ( l )  and (2 ). 

The re su lts  obtained in  the study of reaction (3 ) w il l  be discussed  

in  a la te r  section of th is  chapter*

The equilibrium constants for reactions ( l )  and (2) are

h _  ^co X ^Fe and K* ^SiOp x ^^Fe
% X "FeO -  " i n ^ o

where the syrbols are as defined in  the previous chapter* To 

f a c i l i t a t e  discussion of the results^ the reciprocals of these  

equilibrium constants, denoted by and resp ectiv e ly  have been

used.



Table ( i l )

Metal

1500rC

11
Hr s* 

4& 0.20 3.50

12 4i- 0,67 3.82
13 A, 0.85 3.42
U 0.95 3.40
15 4 1.07 : 3.57
16 % 1.21 |3 .72
17 ■u ■ 1.41 13.47 

1.79 3.3018 u
19 2.25 13.50
20

%
2.23 3.34

21 2.32 13.43
22 4 2.40 '3.16
23 i % 2.45 3.27
24 & 3.28 2.87
25 4 3.92 3.27
26 U 3.97 3.26
27 là- 3.98 3.24
28 4 5.10 2.52
29 4g 5.50 2.46
30 4 0.68 2.66
31 4 0.76 2.86
32 4 5.54 1.61
33 là 0.05 4.30
34 4 0.05 3.87
35 4 0.05 3.50

1.40 30.5 j 41.4 1 28.1 1
0.68 1 29.5 4I ' 5 î 28.0
0.90 j 29.6 i 42.0 1 27.7
0.88 1 “ 1 1 27.4
0.90 ' 30.0 ! 41*0 1 27.2
0.55 1 30.5 1 -  \ 27.0
0.99 31.1 ! 1 28.3
1.08 29.2 1 40.5 1 27.5 i
0.76 1 29.3 42.0 1 27.9
0.79 I 30.3 1

! 29.0 :
0.86 ! 30.7 j 41.0 ; 28.0
0.86 i 30.0 1 41.0  \ 27.1
0.80 31.0 j 41.0  f 28.3
0.76 30.2 41.3 [ 27.1
0.50 ■; 30.5 1 41.0 27.9
0.43 i 30.1 i -  1 27.7
0.42 31.5  : 39.8 : 28.4
0.35 30.1 42.0 j 27.1
0.32 - -  1 27.5
1.15 : 30.4 27.3
1.00 : 29.7 - 28.0
0.33 : 31.5 41.0 28.2
0.45 30.2 1 28.0
0.85 31.2 - 27.1
1.18 i 30.5 "  j 27.2



(b) ( i )  The reac tio n  C .+ (FeO) =  CO 4-Fe

As the  p a r t i a l  p ressu re  of carbon monoxide could be taken 

as u n ity  as explained in  Chapter (3), th e  equilibrium  constan t fo r  th i s  

re a c tio n  becomes

K 3T X ^FeO
 ̂ ^Fe

In Table (12) are sho\^m values o f th e  a c t iv i t i e s  o f carbon and of 

iro n  ca lcu la ted  by th e  method involv ing  th e  carbon equ ivalen t of 

s i l ic o n  as explained in  th e  p rev io u s ' chap ter. ' As no value i s  

a v a ila b le  fo r  the  a c t iv i ty  o f FeO in  such slag  i t  was assumed as a 

f i r s t  approximation, th a t  th e  a c t iv i ty  o f FeO i s  p ro p o rtio n a l to
t

th e  percentage. Values o f using  th e  a c t iv i t i e s  so ca lcu la te d

are  a lso  presen ted  in  Table (12) . In  th e  th re e  runs A30, A3I ,

and A32, th e  m etal was not i n i t i a l l y  sa tu ra te d  w ith carbon and as

no carbon drop occurred on th e  ad d itio n  of FeO i t  was assumed th a t

th e  carbon content was lower than  th a t  in  equilib rium  w ith th e  FeO

added. As no mechanism vras av a ila b le  by which th e  carbon content

could in c rease  th ese  runs could not come to  equilib rium  w ith re sp e c t
!

to  carbon and fo r  th i s  reason values of have not been c a lcu la te d .

In  th e  runs, A33* A34, and A35, no s i l ic o n  was added to  th e  

i n i t i a l  m etal so th a t  th e  e f fe c t  of s i l ic o n  on th e  a c t iv i t i e s  o f carbon 

and iro n  could be elim inated .
t  i

As can be seen from Table (12) and F ig . (17) th e  values of 

are  not constant and show a tendency to  in c rease  w ith in c reas in g
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Table (12)

S

! Run 
A fo Si

;

%  C ; % F e O %  C
«Total”

C
(

i
' c  1

. 1

" °  1
X 10"^

U

1 1 0.20 :3.50 1.40 0.10 j 3 .60 ; 0.76 !
1

3.25 11.4 2.10 !
12 0.67 : 3.82 0.68 0.30 4.12 I 0.70 4.10 15.5 1.51 1
13 ! 0.35 3.42 : 0.90 0.38 1 3.80 10.73 : 3.60 12.3 1.51
14 i  0.95 3.40 0.88 0.43 1 3.83 10.73 3.60 12.2 1.47 1
15 1.07 3-57 , 0.90 0.47 i 4.04 10.70 4 .0  f 14.1 1 .80  1
16 i  1.21 3.72 0.55 0.53 ! 4.25 !0.69 4.40 ; 16.4 1.31 !
17 1.41 Î3.A7 , 0.99 0.62 1 4.09 [0.70 4.05 i 14.0 1.98 j
18 1.79 3.30 ; 1.08 0.78 1 4.08 0.70 4.05 : 13.4 2.07 j
19 2.25 ‘3.50 1 0.76 L.OO 1 4.50 0.66 4.90 ; 17.1 1.97 1
20 2.28 ‘3.34 ! 0.79 1.02 i 4.34 0.68 ‘ 4. 50 j 15.0 1.74
21 2.32 3.43 1 0.86 1.02 4.45 0.67 4.70  j 16,0 2.06
22 2.40 3. l é 0.86 1.06 ! 4.22 0.69 4.30 : 13.6 1.69
23 2.45 '3.27 0.80 1.10 1 4.37 0.68 , 4.57 . 15.0 1.76
24 3.28 2.87 0.76 1.45 i 4.32 0.68 14.50 ; 12.9 1.44
25 3.92 3.27 0 .5o 1.73 ; 5.00 0.61 6.20 : 20.3 1.66
26 3-97 .3.26 0.43 1.78 1 5.04 0.60 6.30 i 20.5 1.47
27 3.93 3.24 0.42 1.79 i 5.03 0.60 6.30 : 20.5 1.44
28 5.10 2.52 0.35 2.25 4.77 0.64 5.50 ; 13.9 0.76
29 5.50 ' 2.46 0.32 2.43 4.89 0.62 6.00 >14.8 0.77
30 0.68 2.66 1.15 0.30 2.96 0.81 •2.40 6.40 —

31 0.76 2.86 1.00 0.35 3.21 0.78 2.66 7.60 —

32 5.54 J..61 0.33 2.47 4.08 0.71 4.07 6.55 —

33 0.05 4.30 0.45 - 4.30 0.68 4.35 18.70 1.24
34 0.05 3.87 0.85 — 3.87 0.72 3.65 14.10 1.67

. 35
-

0.05 3.50 1.18 — 3.50 0.76 3.05 10.70 1.66

C — equivalen t carbon



percentage of FoO. This would in d ic a te  th a t  th e  a c t iv i ty  of FeO i s  

not p ro p o rtio n a l to  th e  percentage hut th a t  th e  a c t iv i ty  c o e ff ic ie n t

( ^  ^FeO) i s  decreasing  w ith in c reasin g  percentage of FeO*
(~}:FeO)

(i i ) C alcu lation  of  th e  A c tiv ity  of FeO

From a considera tion  of th e  enuation K %  x ^FeO i f  can be
^ a P e x P c o

seen th a t  ®'FeO — % fpe when p =  1. From th e  therraodjnaclo
%

data  given by Richardson and J e f f e s t he value o f can be 

ca lcu la ted .

Thus

( i)  Fe t  i-Op =  FeO AG° =  -55,625 +  10.84T
o( i i )  C +  |-0 — CO AO =  -26,700 -20.95?

and by su b trac tio n

( i i i )  F e + C 0 = C + F e 0  AC -28,925 +  31.79?

Therefore a t 1500^0, -ET logg Eg=- 27, 575 c a ls  aJid 

Kc =  4.07 X 10"^'

The free  energy expression fo r  re ac tio n  ( i i )  r e f e r s ,  to  th e

oxidation  of g rap h ite  and not to  carbon d isso lved  in  iro n  so th a t  th e  

value o f K q obtained inco rpo ra tes th e  a c t iv i ty  of carbon measured on 

th e  pure sca le . Tlie a c t iv i ty  of carbon in  iro n  sa tu ra ted  id th  carboy 

a t  IfOC^G i s ,  on the  pure sc a le , u n ity , and on th e  d i lu te  so lu tio n  

sca le , 34 (5*15 X 6 .6 ) . By d iv id ing  by 34; the  a c t iv i t i e s  of carbon in
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Table (12) have thus been converted to  th e  pure sca le  and values of

K X ^Fe are shoxai p lo tte d  ag a in st th e  percentage of FeO in  Fig* (IS)*

%
The th ree  runs in  which th e re  was no s i l ic o n  p resen t are  narked thus ^ • 

The mean lin o  has boon drawn through th ese  p o in ts  as i t  x̂ ras thought th a t  

th e  a c t iv i t i e s  of iro n  and carbon in  p la in  iron  carbon a llo y s  are  more 

f irm ly  es tab lish ed  than those in  Fo-C-Si solutions* The remaining 

p o in ts  are grouped f a i r ly  c lo se ly  round th i s  l in e  but th e  f a c t  th a t  

th e  m ajo rity  of th e  p o in ts  l i e  below th e  l in e  would suggest th a t  th e re  

i s  some small system atic e r ro r  which r e s u l t s  in  e i th e r  an under estim ated  

a c t iv i ty  of iro n  or on over estim ated a c t iv i ty  of carbon.

The values of the  a c t iv i ty  of FeO, on th e  pure sca le , fo r  various 

percentages of FeO are  p resen ted  in  Table ( I3 ) . Also shown in  th e  

Table are  two a c t iv i ty  c o e ff ic ie n ts ;  one equal to  th e  a c t iv i ty  d ivided 

by th e  percentage of FeO and th e  o ther th e  normal a c t iv i ty  c o e f f ic ie n t ,  

y , equal to  th e  a c t iv i ty  divided by th e  mole f ra c tio n .

Table (13)

?:poo 0.3 0.5 0.7 0.9 1 .1 1.3 1 .4

■̂FeO X IcA 3*9 5.2 6* 5 7.8 9*0 10.3 11.0

^FeO X 10^ 
%FeO 13.0 10.4 9.3 8.7 8 .2 7 .9 7 .8

1 F̂oO 

j %eO
0.13 0.11 0.10 0.09 0.084 0.082 0.081

The re s u lts  show th a t  FeO when d isso lved  in  th e  s lag  o f th e  composition 

used in  these  experiments e x h ib its  strong  negative d ev ia tio n s  from
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id e a l  behaviour. The value of th e  a c t iv i ty  corresponding to  \ %

FeO i s  approxim ately 30 tim es sm aller than  th e  value of 0 .O3 c a lcu la te d  

by Richardson and Jeffes^^^frora the  r e s u l t s  of Taylor and Chipman^  ̂ on

more b asic  s la g s . A su rp ris in g  fe a tu re  of th e  r e s u l t s  i s  th e  f a c t  

th a t  decreases by a fa c to r  of 2 in  th e  sm all range of FeO

con ten ts examined. In view of th e  major in flu en ce  which th e  slag  

FeO ex e rts  on th e  sulphur and s i l ic o n  con ten ts of p ig  iro n  i t  would be 

d e s ira b le  to  know whether th e  above e f fe c ts  are  due to  th e  high alumina 

content of th e  s lag  used in  th e  experiments or whether they  are  found 

in  more normal b la s t  fu rnace type s lag s .

(c) The Reaction 8 i + 2 FeO =  SiOp 2 Fe

For th e  above re a c tio n , th e  equilib rium  constan t used in  th e  

p resen t work i s  given by th e  equation

2
K =  ^S1 /  FeO 

â S i O ^ x ^ e .

I t  can be seen^however, from Table ( l l )  th a t  ap a rt from th e  FeO

conten t, th e  percentage v a r ia tio n  in  th e  o ther s lag  co n s titu e n ts  i s

very small and fo r  th i s  reason th e  a c t iv i ty  of s i l i c a  has been talc en

as being constan t throughout th e  s e r ie s  of experim ents. The product 
2

^ FeO X % i should th e re fo re  be constan t and th i s  product has been

denoted by In  Table (lA) are  shown values of th e  a c t iv i t i e s

of s i l ic o n  and iro n  ca lcu la te d  as in d ic a ted  in  Chapter (4 ) . Two 

s e ts  of values fo r  th e  a c t iv i ty  of s i l ic o n  a re  shown, th e  f i r s t  s e t



Table (lA)

1 Run 1 
A 1

% Si G : % FeO ! Si " 4  ! 4  '
i

% i : «
^81 ^Fe ;

;
1 % !
1 1

11 ! 0.20 i 3.50

;
11.40 1.10 1.01 3V35 I0.74

:■
0.68 10.76 ! .2 . 51 î 2.16 1

12 ^ 0.67 3.32 0.68
0.90

1.33 1.02 3.75 I3.32 2.S5 i 0.70 : 3.13 1 2.40
13 i 0.35 ; 3.42 1.41 1.03 3.25 i 3.90 2.84 ! 0.73 5.60 ! 4-15

! 14 0.95 3.40  ̂ 0.88 1.45 1.04 3.25 i4*47 3.21 10.73 6.50 \ 4-65
15 1.07 3.57 10.90 11.51 1.04 3.45 !5.55 3*85 ! 0.70 9*15 g 6.30
16 : 1.21 3.72 0.55 1.59 1.05 3.62 7.00 4.60 {0.68 : 

4.95 0.70 !
4.60 1 3.03

17 1.41 3.47 i 0.99 1.66 1.06 3*32 7.75 15.8 (10.10
13 1.79 3.30 ! l .0 8  11.82 1.07 3-15 10.3 6.05 î 0.70 ! 24.5 114.4
19 2.25 3.50 I 0.76 I2.CO 1.00 3*35 15.10 8.15 10.64 1 19.7 rio .8
20 2.23 3.34 0.79 {2.01 1.00 3.15 14.4 7.75 0.67 i 19.9 tlO.7
21 2.32 3.43 i 0.86 12.02

'2.04
1.00 3.25 î15.3 '8 .1 5 0.66  1 26.0 I13.9

22 2.40 3.16 i 0.86 1.08 p. 00 jl4 .7 7.76 0.68 : 23.5 112.4
23 2.45 3.27 1 0.80 2.06 1.09 3.10 •19.7 8.30 0.67 28.0 [11.8
24 3.23 2.87 ' 0.76 2.40 1.12 2 .70 21.2 9.90 0.67 i 25.0 111.7
25 3.92 3.27 ! 0.50 2.63 1.14 13.10 32.0 213.8 0.60 : 22.2 1 9.90
26 3.97 3.26 0.43 2.64 1.14 13.10 M2.3, 14.0 0.60 : 16.6 1 7.20

, 27 3.98 3.24 0.42 2.65 1.14 3.10 32.2 14.1 0.60 15,8 6.80
23 5.10 2.52 0.35 2.92 1.18

1.20 !
2.40 35.6 114.4 0.62 11.5 4.65  

1 4 . 3529 5.50 2.46 0.32 3.02 2.30 38.8 i 15.2 0.60 11.0
30 0.63 2.66 1.15 1.33 1.02 2. 50 2.28 11 .74 0.81 4.55 3.50
31 0.76 2.86 1.00 1.37 1.02 2.70 2.77 i 2.10 0.78 4.55 3 .44
32 5.54 1.61 0.33 3.02 1.20 1.75 29.2 111.6 0.69 6.75 2.68



Si (13)
being obtained using the values of fg^ given by Chipman and the  

second set using the values of f^^ given by Gokcen and Chipman^

In both cases the values of fg^ obtained by C h ip m a n fr o m  KGrbers^^^^
(13) S i

resu lts  have been used. iJhere Chipman*s values of fg i  have been

used the a c t iv ity  of s il ic o n  has been marked with an aster isk  thus

and values of obtained using th is  a c t iv ity  of s il ic o n  have

been sim ilar ly  marked.

In the f i r s t  case the a c t iv ity  of FeO has been taken as being
2 2 X

proportional to  the percentage and values o f Kgĵ  and r'

( ÔA X (/jFeO)^) are sho;m in. Table, (14). . As cah be seen .
( ^

Fe
these are not constant and when p lotted  against the percentage of 

s il ic o n  give the curves shown in  Figs. (19) and(20). By replacing  

the percentages of FeO by the a c t iv it ie s  found from the carbon resu lts
I * 34

values of Kĝ  and Kĝ  - are obtained and these exh ib it equally large  

variations Table (15).

In an attempt to  determine which a c t iv ity  i s  in  error the a c t iv i­

t i e s  of FeO and iron have been eliminated in  the follow ing way.

2
  ^Si X  ̂ FeO and K _  Ĉ x ^FeOq1  — 2  ' c —

® Fe X ^SiOg ^Fe

Therefore ir 2 2
 ̂ C ^ ^SiOg

%  ®-Si
2

i . e .  when the a c t iv ity  of s i l i c a  i s  constant the ra tio  a q should

a lso  be constant. The values of Kĝ  can bo determined from thermo­

dynamic data in  a sim ilar way to  that employed in  ca lcu lating
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Table (15)

A 'k^. X 10Ol
! « 6 1 
^Si " 1

i 1.52 ; 1.39 j
1 12 2.69 j 2.06

13 4.34 1 3.15 j

14 4.37 j 3.50 1

15 6.70 i
i 4.65 i£

|. 1 6 - . 4.47. .] . . .  2 .94  , ,  1

1 11.20 1 7.14  î

1 l 6. 40 1 9 .60 j

19 16.20 i S. 71 j?
20 15*40 8.32 !

21 18.70 9.95

22 16.90 1 S. 90

23 21.50 9.05

24 21.2 9.90

25 23.4 10.1
26 20.4 8.82

27 20.3 8.90

i 15.7 6.35

29 17.1 6.70

i 30 3.20 2.32

31 3*22 2.44

32 9*60 3.33



â?.

1 . e.
2Fe +• 0 — 2FeO AG =  —1X1^250+21.67T

Si + 0 =  SiO AG°« -217,600 + 48.791
( l )  ^ ^

2Fe + SiO _— S i, ,4 - 2FeO AG°= 106,350 -27.121
2 .  ""(1)

+  58,400 c a ls , at 1500°C

S i, . =  S i ,  , AG*̂  —27,200 cals* at 1500 C
(1) . (in  Fe)

'.0 that 2Fe +  SiOj =  S i .  ■*+ 2 FeO AG°â  +31,200
(in  Fe)

or , =  l .A l X 10-4bj.

has been previously calcu lated  as 4*07 x 10“'̂  when the a c t iv ity  o f

carbon i s  on the pure sca le . The corresponding value when a i s  on
c

the d ilu te  so lu tion  sca le i s  4*07 x lO*'̂ '' x 34=1*39 x 10"^. The 

ratio  X ^iO ^ should thus be equal to  1.37. The value of the 

%Si

a c t iv ity  of s i l i c a  has been estimated from the resu lts  o f experiments

done in carbon crucib les as being 0. l 6 (p. 80) and in sertin g  th is  value 
2

we have a q _  8. 5*

^  2 2
Values of  ̂ 0 and  ̂ q are shown in  Table ( l 6) . As can be seen

  "IT
% i  ̂ Si

these ra tio s are not constant although they vary in  a fa ir ly  regular 

manner v,dth the percentage of s i l ic o n , Figs (2l )  and (22). Assuming

that the estimated value of the a c t iv ity  of s i l i c a  and the thermodynamic 

data used in ca lcu lating  and are correct then i t  i s  the ra tio s



Table (l6)

j Ruji 1
 ̂ i

f c  1
®-Si f

,a c 1
a5«3i 1

! i
(■ 1

i 176 192 j

12 72.5 94 1

13 38.8 i 53 1
1 ! S

u 33-3 î 47 1

-  ! 35.8 1 51.6 !

16 I! 38.4 i 58.5 i

'25.3 39.6 i
1

18 1 17.4 29.8 1

»  i 19.3 35.8 1 *
20 1

]
15.6 29.0 1

21 16.7 31.4

22 12.6 23.8

i 23
i :

11.4 27.2 1

2/, 7.8 16.8 1
25 12.9 29.8 î

i
26 13.0 30.0  1

27 13.0 29.8 1

28 5.4 i 13 .4  1
1

29 5.65 j 14 .4  j
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2
of a in  the low s il ic o n  runs which are toe high, i . e .  the a c t iv it ie su

^Si
of carbon in  these runs must be too high or the a c t iv i t ie s  of s il ic o n  

too low. From a consideration of the work on the a c t iv it ie s  of 

carbon and s il ic o n  presented in  the previous chapter i t  would appear 

that i t  i s  most lilce ly  to  be the a c t iv it ie s  o f s il ic o n  which are in
(21)

errorV' The experimental values of Marshall and Chipman for the  

a c t iv ity  of carbon agree over a considerable range of composition with
( 2 3 )the th eo retica l values of Samarin and Shvartsman and the esqDerimental 

resu lts  on which the e ffe c t  of s il ic o n  on th e  a c t iv ity  of carbon in  ■ • ■ 

iron-carbon-silicon  ternary so lutions i s  based i s  in  good agreement
(13)with previously determined data . Cn the other hand the two

sets  of values for the a c t iv ity  of s il ic o n  in  iron s il ic o n  a lloys

d iffe r  considerably and the work on which the e f fe c t  of carbon on

the a c t iv ity  of s il ic o n  i s  based i s  open to  cr itic ism .
2

Moreover, i f  the variation  in  the ra tio  a q were due en tire ly

to  errors in  the a c t iv ity  of carbon then th is  would mean that the

carbon a c t iv it ie s  corresponding to  low s il ic o n s  would have to  be

decreased by at le a s t  a factor of 3 * As these a c t iv i t ie s  are of the

order of 12 th is  would mean reducing them to  the h ighly  improbable

value of four. I t  would thus appear that the variation  in  the ra tio  
2

a Q i s  largely , i f  not en tire ly , due to  an in correctly  estimated 

^81
a c t iv ity  o f s il ic o n .
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The a c t iv ity  of s il ic o n  in  iron carbon s il ic o n  a llo y s i s  given 

by the expression

Si C
X Xĝ  X %Si where the a c t iv ity

c o e ff ic ie n ts  are as defined in  the previous chapter. An error in

the assessment of the a c t iv ity  of s il ic o n  can thus be due to  an error

in  e ith er or both of these a c t iv ity  coeffic ien ts*  In an attempt to

determine whether the discrepancy u’ould be attributed  wholly to  one

or other of these c o e ff ic ie n ts  i t  v. ŝ assumed f i r s t l y  that the values

o f given by Chipman were correct and new values o f f^^ were
Si

calculated. The a lternative case in  which fg^ was taken as correct
Q

and values of f  calculated  was a lso  examined.
2

In Fig. (23) i s  shoTr/n a p lo t o f §l . . o _______  against the percentage
Q  X  ^ Si

o f s il ic o n . Provided f  i s  correct any variation  in  th is  ra tio  can
S i Si

be attributed  so le ly  to  a variation  in  f_.* The values of f   ̂ requiredhi Si
to  make the ra tio  constant at S .5 are shown p lo tted  against the s il ic o n

content in  Fig. (24)* The large d ifference between these values of
Si S ifgj  ̂ and th eo re tica l requirements ( i . e .  fg^ — 1 at  ̂ Si — O) would

Q
suggest that i t  i s  the values o f fg^ which are in  error.

Considering the other, and more probable a ltern ative , i . e .  that
Si (12)

the values of fg^ as determined by Gokcen and Chipman are correct and
C 2

fgl i s  in  error, a ra tio   ̂ c has been calcu lated . Any variation
foj X % S i

C C
in  th is  ra tio  should thus be due to  a variation  in  f _ . # As fg . i s  a

qX ox
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function of the carbon content, the ra tio  in  th is  case has been p lo tted  

against the percentage carboh, Fig. (25)• Again the ra tio  i s  not 

constant but varies in  a fa ir ly  regular manner with the carbon content. 

Using the values of f^. obtained by Chipman a sim ilar relationsh ip
uX

i s  obtained, Fig. (26). The values of f  . required to  malce the ra tio s
Si

constant at 8*5 have been calculated in  both cases and these are shown

p lotted  against the carbon content in Fig. (27)• Also shown are the
C ("̂ 3) (iS)values of f  , calculated by Chipman from KSrbers r e su lts . The

(12)
values calculated in  the present work.using Gokcen*s and Ghipman’s - • 

values of f^ f agree with Cliipman*s^^^  ̂ re su lts  in  the lower carbon ranges 

but diverge greatly  above 3* 0/c carbon.
CUsing the second se t of values of f^^ here calculated, the values

Si (12.)of as given by Gokcen and Chipman and the values for the

a c t iv ity  of FeO as obtained from the carbon re su lts , new values of the 
2  ̂

product ^Si x  ̂ FeO, designated have been calcu lated . These

are shovai in  Table (17) and although there i s  s t i l l  considerable 

variation , a re flec tio n  of the sca tter  of the points in  Figs. (25) 

and (26) i t  i s  much le s s  than was previously the case.

C (13)
Using the f i r s t  se t o f values of f^^ and Chipman *s values of

S i 3 *
fg i, Has been calculated  and which shows sim ilar variations-

Table (17).



Table (17)

X 10Si

6.55Cl11

22.612 19.9

13-0

13.6

22 .0

24» 6

28.0

41.0

26.3 29.2

22.619.822

24.2

31.8 31.4

26.027.0

15.6



(d) ( i)  The reaction 2C -I-SiO  ̂=  Si -+2CC

In order to  determine the s il ic o n  content of iron in eq u il­

ibrium with a slag of the composition iXf. Al^O ,̂ 28^ 8iO^, 31/j CaO when 

the ox r̂gen p oten tia l i s  controlled by the reaction,

20 t 0_ =- 200

a ser ies  of experiments was done in carbon crucib les at 1500^0. The 

chemical analyses of samples taken from the metal and slag are shoim 

in Table ( l# ) . The " in it ia l metal" sample was taken immediately prior  

to , and the f in a l sample taîven 6 hours a fter , the addition of the pre­

formed slag . The slag was made by fusing a mixture of the pure oxides 

CaO, AI^O.3 and SiO_. The fin a l slag analyses show that the composition 

in each case approximates c lo se ly  to  that desired. By using the 

absorptiometric method described in Ohapter (3) the small FeO content 

of the slags was also determined.

The variation of the s ilico n  content with time in  the various runs 

i s  shown in Fig. (2F). In run -1(36) in which no s il ic o n  was present 

in i t ia l ly  the silico n , rose from 0 to  1.1^ a fter  6 hours at 1500°G, 

the major part of the reduction talcing place in the f i r s t  hour. In 

view of th is  slow rate of reduction a varying amount of s il ic o n  was 

added to  the metal in i t ia l ly  and in runs containing le s s  than 20;1 Si 

th is  in i t ia l  s il ic o n  content increased very s l ig h t ly  over the time of

the experiment. In runs containing more than 20;j Si there was a 
s lig h t decrease. The s ilico n  content in the run containing 20.7?'

s il ic o n  remained constant over the time of the experiment.
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As discussed in Chapter (3) the p a r tia l pressure of carbon monoxide 

ĉ an be taken as being e^pual to  1 atmosphere when bubbles of CO are 

being produced at the slag metal in terface . However, when the s il ic o n  

content of the metal i s  equal to ,o r  above^the equilibrium value and 

GO is  not being produced the p a rtia l pressure of CO in  the reaction,

S i -h 2C0 =  (SiO^)+2C

must be talien as that in  the atmosohere above the slag which in th is
1

case i s  of the order of 3 atmosphere. Other variables being equal, 

the above reaction would only proceed under a CO pressure of one th ird  

of an atmosphere when the s il ic o n  sentent of the metal was such that 

the a c t iv ity  of s il ic o n  was 9 times ( 1 ) the equilibrium value under

l3 )
a CO pressure of 1 atmosphere. From the present resu lts  th is  equilibrium  

value l i e s  somewhere between 17.2 and 20.7^ Si so that i t  would appear 

u n lik e ly  that the a c t iv ity  of s il ic o n  in  metal containing 25 and 27/̂  Si 

i s  9 times the equilibrium value. For th is  reason i t  i s  thought that 

the decrease in the s il ic o n  content in  Runs M3 and 44 i s  due to  some 

other mechanism than oxidation by carbon monoxide.

( i i )  The Formation o f S ilicon  Carbide

During Run AMf i t  was observed that when the metal containing 

approximately s il ic o n  was melted in  a graphite crucib le at 1500^0 

a brown powdery substance remained f lo a tin g  on the surface of the metal. 

This substance was skimmed o ff  and id e n tif ie d  by means of x-rays as 

the cubic or P m odification of s il ic o n  carbide* The d iffraction
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photograph i s  shomi in  Fig. (29) along with a photograph of s il ic o n  

carbide prepared by heating a mixture of s il ic o n  and graphite in  a 

graphite crucible at 1500^0. The s il ic o n  carbide prepared in  th is

way had a lig h t green colour. The strong cubic pattern on both

pictures match w ell and show excellen t agreement with the published  

data on p s il ic o n  carbide as given in  the A. S.T.M. index. Although 

s ilico n  carbide was not id en tifie d  in  Run A43 i t  would be reasonable 

to  suppose that the reduction in the s il ic o n  content in  the metal 

during e:qperiments A44 and 43 was due to  the slow separation of s il ic o n  

carbide formed by the reaction

Thus, i t  can be said , that under a CO pressure of 1 atmosphere the 

s ilic o n  content of metal in equilibrium at 1500^0 with a slag of the 

composition 31/̂  CaO, 2 8 SiO^, 41/« Al^O  ̂ l i e s  between 17.2  and 20.7^ 

and that metal in  equilibrium at 1500°C with both so lid  graphite and 

s ilico n  carbide contains between 20.7 and 2 5 .Cp s il ic o n . Unfortunately, 

time did not permit the fix in g  of these eq u ilib r ia  within c loser  

l im its  and i t  has been assumed in each case that the equilibrium  

p ositions l i e  at the mean of the two ranges i . e .  at 19^ S i and 

23*Oyj Si resp ectively . ■

( i i i )  The a c t iv ity  of s il ic o n  in iron containing 23^ S i, 0.70/bC

The fact that metal of th is  composition i s  in  equilibrium with 

s il ic o n  carbide allows a value of the a c t iv ity  of s i l ic o n  to  be
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calculated  which i s  independent of the a c t iv ity  c o e ff ic ie n ts  previously
(12), (13)determined

reaction

Thus the free energy change accompanying the

i s  equal to  -  RT log K where K _  ^SiC . As both carbon and
^8i

s il ic o n  carbide are present in  the so lid  sta te  th e ir  a c t iv it ie s  can 

be taken as unity  and the a c t iv ity  of s il ic o n  determined.

Several expressions for the free energy of formation o f s il ic o n  

carbide from liq u id  s ilico n  and so lid  carbon are quoted in  the 

liter a tu re . Some of these are shoim in Table (19) along with the 

source from which they have been derived.

Table (19)

AG° Quoted by Source

-3 7 ,8 0 0 +  8 .6  T 

1 -3 7 ,2 0 0 +  7.4 T

-3 8 ,4 -0 0 + 8 .5  T 
-2 6 ,5 0 0 + 1 2 .1  T

1̂ ^ 11(31)

Eubaschewski

Chipman

fêëmL Ld Grant (35)
(Weibke and Kubaschewski/::„\ 
(Bichowsky. and R ossini 
(Kelley^^4) bs\
No reference

Schenk

Using the expression quoted by Q u i l l a  value o f AG° at

1500^0 of -22, 500 ca ls  i s  obtained and therefrom an a c t iv ity  o f s i l ic o n
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-3of 1.7  X 10 on the pure scale* On the d ilu te  so lu tion  sca le th is

a c t iv ity  i s  equal to  3*3 (1 .7  x 10 ). Similar values (2 and 3
( 0 .0 0 0 4 7  )

resp ectively ) are obtained using the second and th ird  expressions* 

Although an accurate value of the a c t iv ity  of s il ic o n  in  metal 

of th is  composition (23% S i, 0.70pC) can not be obtained from the 

published values of the a c t iv ity  c o e ff ic ie n ts  of s i l ic o n , an
Si

approximate value can be estimated. At 150 Si the value of f^^ 

given by Gokcen and C h i p m a n i s  3*77 and by a rather lengthy

extrapolation from 15 to  230 s ilic o n  an approximate value of 4*0

is  obtained for 230 s il ic o n . The value of f^^ given by Chipman

for the carbon content i s  1 .3 . The a c t iv ity  of s il ic o n  i s  therefore

approximately 120 and there i s  thus a large discrepancy between the

values of the a c t iv ity  of s il ic o n  calculated  by these two methods.
(33)Using the free energy expression quoted by Remin a value 

for the a c t iv ity  of s il ic o n  of 7,000 on the d ilu te  so lu tion  sca le  

i s  obtained so that an equally large discrepancy e x is ts  in  th is  case.

Recently a new value has been obtained for the heat of

combustion of P s il ic o n  carbide and from th is  an expression:..ftr^ the  

free  energy of formation of P SiC from liq u id  s il ic o n  and so lid  

graphite has been derived 

This expression,

AG^—  -2 4 ,0 1 0  4  8.33T.

gives at 1500^0 a value of AG^of -  9,240 cals* from which has been



obtained a value of th e  a c t iv i ty  of s i l ic o n  of O.C76 on th e  pure sca le

or of 161 on th e  d i lu te  so lu tio n  sca le . This value i s  of th e  same

order as th a t  c a lcu la te d  using  th e  av a ila b le  a c t iv i ty  c o e ff ic ie n ts

and fo r  th i s  reason i t  i s  considered th a t  th e  above fre e  energy

expression fo r  th e  form ation of s i l ic o n  carbide i s  more accurate

than those p rev io u sly  published .

(iv ) The a c t iv i ty  c o e ff ic ie n ts  o f s i l ic o n  
Si( i)  fgj_. In  Fig. (30) are  shown p lo ts  ag a in s t th e  percentage 

s il ic o n  of th e  a c t iv i t i e s  of s i l ic o n  in  iro n -s i l ic o n  a llo y s  obtained
(12) (13)by Gokcen and Chipman and by Chipman . Above 40 s i l ic o n  

th e  a c t iv i t i e s  found by Gokcen and Chipman in c rease  l in e a r ly  w ith 

s i l ic o n  con ten t. Also marked in  th e  f ig u re  i s  th e  a c t iv i ty  of 

s il ic o n  in  th e  a llo y  230 S i, 0.70 C (O) obtained from th e  therm o-

dyiajnic data on s i l ic o n  carb ide. This a c t iv i ty  i s  h igher than  th a t
^ Cin  tiiG p la in  230 S i a l lo y  by the  fa c to r  f^^ corresponding to  0.70

(13)carbon. Tailing th e  value given by Chipman of I .3  which i s  

probably approxim ately co rrec t a t  th i s  low carbon percentage then  

the  corresponding a c t iv i ty  in  th e  b in a ry  a l lo y  i s  125, marked ®
(13)This value i s  much h igher than th e  a c t iv i ty  c a lc u la te d  by Chipman 

fo r th i s  a l lo y  and does not l i e  on th e  ex trap o la ted  :s t r a ig h t  l in e
(12)

of Gokcen and Chipman ♦ In f a c t  a la rg e  dev ia tion  from l in e a r i ty

would have to  occur between 15 and 230 s i l ic o n  before th e  two r e s u l t s  

could be reco n c iled .

(12)
Examination of th e  r e s u l t s  of Gokcen and Chipman rev ea ls

th a t  above 20 s i l ic o n  th e  a c t iv i ty  c o e ff ic ie n ts  are  feased on only 

th ree  e^qDerimental p o in ts . For th e se  reasons i t  i s  considered



(DGokccnond Chipmon 

(g) Chipman

%

%oq€ silicon
o 4 <20

£jç ,(3o) Comparison between the activ it ies  of fit icon in iron
3̂) (fa)

of Chiomon end of Gokcen ondChiomon with the value

calculated from t h e f f c c  energy of formation o f3 ii icon  carbide
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Si (12) (13)
th a t  both the  values of of Gokcen and Chipman and of Chipman

are too  low in  a t  le a s t  th e  higher s i l ic o n  ranges*
C C *

( i i )  fg^. The e x is tin g  values of fg^, th e  e f fe c t of carbon on
(13)

the a c t iv i ty  c o e ff ic ie n t of s i l ic o n , pu t forward by Chipman have 

been c r i t i c i s e d  in  th e  previous chap ter. In th e  p re sen t wotk two 

se ts  of values have been ca lcu la ted ; one assuming th a t  th e  values of 

fgj_ of Cliipman^^'^^ are  c o rrec t and th e  o th er th a t  those  of Gokcen and
(12)CBipman  ̂ * are c o rre c t . From the  above d iscussion  i t  i s  evident 

th a t  n e ith e r  of th ese  assumptions are  c o rre c t although th e  l a t t e r  i s

probably approxim ately so when th e  range 0 ^ 5 2  s i l ic o n  only i s
C

considered. Therefore, of the  two s e ts  of values of fgj^ herein

ca lcu la ted  the  second se t are  considered th e  more accu ra te . The
Si

co rrec t values of fgj_ are  probably s l ig h t ly  h igher in  the  range
(12)0 '̂ 5̂  ̂ Si than those of Gokcen and Chipman and th i s  would r e s u l t

Q
in  s l ig h t ly  lower values of fg^.

Q
In the range 3-4/^ carbon th e  values of fgj_ r i s e  ra p id ly  m th  

inc reasing  carbon content and th e re fo re  fo r  th e  came s i l ic o n  content 

a small increase  in  th e  percentage carbon in  th i s  range r e s u l t s  in  

a la rg e  increase  in  th e  a c t iv i ty  of s i l ic o n .  I t  can be shoim (p. 82) 

th a t  fo r  a constant a c t iv i ty  of s i l i c a  in  th e  slag  an in c rease  in  

tem perature of from 1500°Cto l600°C should r e s u l t  in  an e ig h tfo ld  

incfease  in  th e  a c t iv i ty  of s i l ic o n  in  th e  underly ing  m etal. In 

b la s t  furnace p ra c tic e  i t  would th e re fo re  be expected th a t  an in c rease  

in  tem perature, o ther fa c to rs  remaining constan t, would r e s u l t  in  a 

la rg e  increase  in  the  percentage s i l ic o n . This, however, i s  no t th e
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case; tem perature v a r ia tio n s  of up to  50^0 causing only r e la t iv e ly  

s n a il  changes in  th e  s i l ic o n  con ten t. As the tem perature r i s e s ,
Q

however, so does th e  s o lu b i l i ty  of carbon and, as fg^ in c reases  

s te e p ly  w ith in c reasin g  carbon con ten t, a h igher a c t iv i ty  of s i l ic o n  

r e s u l t s .

This p ic tu re  i s ,  o f course, a s im p lif ic a tio n  in - s o - f a r  as i t  has 

been assumed th a t  equilibrium  i s  a t ta in e d  in  th e  b la s t  fu rnace. There
(A2)

i s  l i t t l e  doubt th a t  th i s  i s  not th e  case although i t  i s  probable

th a t  the  system i s  d isp laced  an approxim ately equ ivalen t amount from

equilib rium  a t each tem perature.

-Another s im p lif ic a tio n  i s  th a t  th e  presence of sulphur, phosphorus

and manganese has been ignored. Before a complete an a ly s is  o f th e

system could be attem pted th e  e f fe c t  o f th ese  elements on th e  a c t iv i ty
S P Mn

of s i l ic o n  would have to  be known, i . e .  fg i ,  fg^ and fg^, and a lso

th e  e f fe c t  a t  various tem peratures of th ese  elements on th e  s o lu b i l i ty
C

of carbon which in  tu rn  a f fe c ts  f
S i.

(v) The a c t iv i ty  of s i l i c a  in  th e  31/1 CaO; 28^ S iGu: 41/j Al^Og slag  

Using th e  f re e  energy expressions fo r  th e  form ation o f CO and

Si02 as given by Richardson and Je ffe s (5 )  th e  equilib rium  constan t 
fo r  th e  reac tio n

SiO^ +  20 == S i +  200 

can be ca lcu la ted .
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Thusi

2C 4 0 =: 2C0 AG°= -53,/VOO -41*9OT

S l 4  0 -  SiO AG°= -21 7 ,6 0 0 4 4 8 -79T.

810 4 20 S i 4  200 AG° 164,200 -9 0 .69T.
2

At 1500°C

AG° =  4  3,400 calS'
2whence K — O.3S where x p

^SiOg ^  ̂ 0

Therefore when p =  a — 1Co C

" " s i c  =  ! s i  y
 ̂ 0. 38.

Although th e  a c t iv i ty  of s i l ic o n  in  m etal contain ing  1 $ %  Si and O.^OgC,

th e  approximate composition of m etal in  equilibrium  w ith th e  s lag  a t

1500^0, cannot be obtained ex ac tly  a f a i r l y  c lose  estim ate  can be made.

The a c t iv i ty  of s i l ic o n  in  th e  23.0^ Si a l lo y  has been found to

be 161 from th e  s i l ic o n  carb ide data  and, assuming th a t  fg^ does not

change in  the  range 19-23.0^ S i, th e  a c t iv i ty  in  th e  19^ Si a l lo y
Si C

w ill  be 161 X 1 | z±= 133" fg^ i s  equal to  fg^ x  fg^ and there

Si
i s  l i t t l e  doubt th a t  fg^ w il l  decrease as th e  s i l ic o n  content f a l l s

Q
from 23.0  to  19^. On th e  o ther hand f  w ill  in c rease  because ofSi

th e  increased  carbon conten t corresponding to  th e  lower s i l ic o n
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percentage. (Fig. 10). Both changes should be sm all and as th ey  are

in  opposite d irec tio n s  th e  o v e ra ll change in  f  should be n eg lig ib le*o i
The a c t iv i ty  of s i l i c a  in  the  slag  in  equilib rium  w ith th e  m etal 

contain ing  19h s il ic o n  i s  thus

(3)Fulton, Grant and Chipman in  th e i r  study o f th e  re ac tio n

(SiOg) 4-20 Si 4- 2G0

a t 1600°C a lso  found th a t  s il ic o n  carbide separated  from carbon

sa tu ra ted  iron  containing 23^ s il ic o n . At l600°C th e  f re e  energy

of form ation of SiC from liq u id  s il ic o n  and g rap h ite  i s  -S, 400 ca ls

giving an a c t iv i ty  of s i l ic o n  in  equilibrium  -with g rap h ite  and s i l ic o n

carbide of 0.11 on the  pure sca le  or of 0.11 =  157 on th e  d i lu te
0.0007

so lu tio n  sca le . As i t  would be expected th a t  f^^ i s  la rg e ly  

independent of tem perature, the  agreement between th e se  two f ig u re s  

( l6 l  and 157) to  a la rg e  extent confirms th e  composition o f th e  m etal 

estim ated  in  the  p resen t work to  be in  equilib rium  w ith carbon and 

s i l ic o n  carbide a t 1500^0

At lëOO^C the free  energy change fo r  th e  reac tio n

SiO^ 4-2G = S i  4-2C0

a 2
i s  -5 ,600  ca ls , giving a value of K Si x p qq o f 4* 50. The

^SiOg ^

work of Fulton, Grant and Chipman was done in  carbon c ru c ib le s  under
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a CO pressure  of 1 atmosphere so th a t  th e  constan t reduces to  

K —^Si. . The a c t iv i ty  of s i l ic d ..  in  th e  slags in  equilib rium  w ith

the  m etals containing 230 s i l ic o n  i s  thus 0.11 or 0, 025* This
4.50

value i s  approximately 7 tim es sm aller than th a t  c a lcu la te d  from the  

diagram of Roy, Figs (15) and ( I 6 ), but from a co n sid era tio n  of the 

thermodynamic data i t  can be shown th a t  i t  i s  most probably th e  l a t t e r  

values th a t  are in  e rro r.

This can best be done by c a lc u la tin g  the  r a t io  of the  a c t iv i t i e s  

of s i l i c a  a t 15C0^C and 160C®C which give th e  sarae equilibrium  percentage 

of s il ic o n  in  the  metal a t these  two tem peratures.

Thus,

X r^Si on d i lu te  so lu tio n  sca le .

=  X ^Si X 0.0007 on pure sca le at 1600^0.

or =  fg^ X ^Si X 0,00047 on pure sca le  at 1500^0#

The a c t iv i ty  of s i l i c a  in  th e  s lag  in  equilib rium  vdth th i s  a c t iv i ty  

of s il ic o n  a t 1600^C is

16C0°C f  X , %Si X 0.0007 
®-SiO„ —  - £ i__'2 4.50

and a t ISOCPg
1500°c f  X  g81 X  0.00047 

=“ 2 =   0.38 -

nO ,so th a t  I 5GO C
f  X  ; ^ S i X  0 . 0 0 0 4 7  A  5 0 __________________

^1600°C =   ^ fg . X f.3i X  0.0007



Halting the reascnable assujiipticn that i s  the some at loOO^C as 

i t  i s  at 150G^G, then
'Si

15C0°C 
^SiO S

16C0°G
&S1CL

i . e .  in  order to  obtain the same percentages of s il ic o n  in the metal

at 15CC°C as Fait on, Grant and Chipman obtained at 16C0^G. the

appropriate s i l ic a  a c t iv it ie s  must be m ultip lied  by S. (Conversely

for equal s i l ic a  a c t iv it ie s  an increase in  temperature of from 15C0°C

to  1600^C resu lts in an eigh tfo ld  increase in  the a c t iv ity  of s il ic o n ).'

Tailing the values of Rey (Fig. 16) and remembering that the a c t iv ity  of

s i l ic a  cannot bo greater than unity i t  i s  only p ossib le  to  m ultiply by

B where the equilibrium s il ic o n  content of the metal i s  le s s  than 2%,

i . e .  at 1500^0, 20̂  ̂ would be the s il ic o n  content of metal in  equilibrium

with a slag saturated with s i l ic a .  In the present work, however, i t

has been found that at 1500^0 the s il ic o n  content of metal in  equilibrium

m th a slag  far removed from s i l ic a  saturation i s  19^ so th at, assuming

the thermodynamic data on the reduction o f s i l i c a  by carbon i s  correct,
(28)

the values for the a c t iv ity  of s i l i c a  given by Rey in  the range 

considered are too high.

(v i) The FeO content of the slags

An important feature of the re su lts  of the runs done in  carbon 

crucibles i s  the FeO content: of the slags. The values are shown in  

Table (18) and are p lo tted  against the s il ic o n  content in  Fig. (3 l) .

The FeO figures are considered to  be accurate within jr 0.01,1. As

can be seen from Fig. (3I) the FeO content f a l l s  from 0.11^ at l . l^ S i  to
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0.020 at 130 s il ic o n . Beyond 130 s il ic o n  the method of analysis i s  

in su ff ic ie n tly  accurate to  determine whether there i s  a continuing 

decrease*

The presence of FeO in  the slags would suggest that the reduction  

of s i l i c a  hy carbon talées place in  two stages,

( i)  (SlOg) 4- 2Fe =  ^ 4 - 2  (FeO)

(11) 2 (FeO) 4- 20 =r 2 F§4- 200

(111) (SlOg) 4 - 2 0  =  S i 4- 200
-

I f  the second reaction comes to  equilibrium then x F ÇQ

^ 3. FeO
SO that when a — — 1 the ra tio  of the a c t iv ity  of iron to  theV ou
a c t iv ity  of FeO should be constant and assuming that in  the small 

range 0.02 to  0.110 the percentage of FeO i s  proportional to  the

a c t iv ity  then the ra tio  0FeO should a lso  be constant.' By the
^Fe

method described in the previous chapter the a c t iv ity  of iron has

been calculated up to  8.80 s il ic o n  and the ra tio  0FeO calcu lated .

To G]ctend the method to  the subsequent runs would involve a large

extrapolation of the curve of log Tq against carbon content. F ig .(12),

which i s  hardly ju s t if ie d . However i t  would appear un likely  that

the a c t iv ity  of iron in  Run A(^0) would be le s s  than 0*3 giving a

ra tio  0FeO of 0.07 and taking th is  resu lt together with the preceding 
®Fe

ones there i s  l i t t l e  doubt that the ra tio  i s  decreasing.



I t  would thus appear that reaction ( i i )  does not cone to  

equilibrium but that at low s il ic o n  contents a higher than equilibrium  

content of FeO i s  present in  the slags* In other words when reaction

( i)  i s  far from equilibrium i t  proceeds at a fa ster  rate than 

reaction ( i i ) .

In run A(45) a p la in  lim e-alunina slag was melted in  a graphite

crucib le, FeO added, and the temperature maintained at 1500^0 for

3 hours* On analysis th is  slag was found to  contain 0.020 FeO and

as there was no s ilic o n  present in the metal the ra tio  0FeO _
^Fe

0.02 _  0.03* Thus when there i s  no s i l i c a  present and FeO i s  
0.59
not being continually  produced in small quantities by reaction ( i ) ,  

reaction ( i i )  approaches equilibrium much fa ster  than when s i l i c a  

i s  present in  the slag‘0 Making the assumption th at, at th is  low 

percentage the a c t iv ity  co e ff ic ie n t  of FeO in  the CaO-Al^O  ̂ slag  

i s  not widely d ifferen t from what i t  i s  in the Ca0-A l20^~Si02 

slag, and taking O.O3 as being the equilibrium value of the ra tio

0FeO then the equilibrium FeO contents in runs A(36) to  A(39) in c lu siv e  
^Fe
l i e  between 0.01 and 0.02.

The slowness of the reaction

6 4- (FeO) =  Fg + CO

at low FeO contents can not however explain the slow rate at which 

the reaction

( i l l )  (SiOg) 4- 20 =  g i  4-200
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proceeds. The highest FeO content observed in  the experiments was 

0.11,1 and as the equilibrium s il ic o n  content corresponding to  th is  

figure i s  at le a s t  50 then i t  would be expected, i f  the reaction

( i)  (810 ) 4- 2Fe -  §1 4-2(FeO)

were rapid, that the s il ic o n  content vfould r is e  to  th is  figure before 

the reaction

( i i )  (FeO) 4- G == Fb 4-00

became the controlling reaction . I t  must therefore be assumed that 

reaction ( i)  i s  i t s e l f  slow but that when far from equilibrium i t  

proceeds at a rate greater than reaction ( i i )  proceeds at low FeO 

contents, i . e .  FeO contents below 0.10

The e ffec t of s i l i c a  reduction on the n e ta l-s la g  transfer of sulphur

The most widely accepted view i s  that sulphur transfer takes place  

according to  the reactions,

(iv ) FeS =  (FeS)

(v) (FeS)-h(CaO) -  (FeO) 4- (CaS)

(v i) FeS+CaO — (FeO)-f (CaS)

Rocca, Grant and Chipman^^  ̂ studied reaction (v i) in  cases where the  

slag contained medium q uan tities of FeO i . e .  0.10 to  50. They found 

that equilibrium was fa ir ly  rapid ly attained and also  that at low FeO

contents a small increase in  the FeO content of the slag resu lted  in  a
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large increase in the sulphur content of the metal.

In experiments carried out in  carbon crucib les the FeO i s  reduced 

to  a low figure according to  the reaction .

( i i )  (FeO)-K 0 ==Fe + 0 0  

so that the overall reaction for the transfer of sulphur i s

(v i i)  F ^ 4 -  (CaO) - f  G = F e  4- (CaS) +  GO.

(p)
This reaction has been found by Hatch and Ghipman and by Grant,

T ro ili and Ghipman to  proceed very slow ly when the sulf)hur content

of the metal i s  low, i . e .  below about 0.10, At higher sulphur

contents the reaction proceeded rapidly. Grant, T r o ili and 
(8 )

Ghipman a lso  found that when a p la in  lirae-alumina slag free of 

s i l i c a  was used the reaction came quickly to  equilibrium.

In view of the knox-m slowness o f reaction ( i i )  at low FeO 

contents th is  la t te r  finding i s  at f i r s t  sigh t, surprising. However 

reaction ( i i )  i s  l ik e ly  to  be the lim itin g  reaction only at FoO 

contents below about 0.10 and at th is  stage the amount of sulphur 

s t i l l  to  be transferred to  the slag i s  r e la t iv e ly  sm all. For a 

slag of the composition used in  the present work the d ifference in  

the equilibrium sulphur content o f the metal produced by the presence

of 0.10 FeO in the slag i s  of the order of 0.10^^^. In a system 

containing equal slag and metal weights the transfer of th is  amount 

of sulphur corresponds to  the production of approximately 0.20 FeO

in  the slag. Unless reaction ( i i )  i s  extremely slow th is  small



amount of FeO vrill be quickly reduced and th e  o v e ra ll re a c tio n

(v i i)  FgS +■ (CaO) +  C =  +  (CaS)-l- GO

can come to  equilib rium .

The p ic tu re  changes, however, when th e  reduction  of s i l i c a  and

the  t r a n s f e r  of sulphur are  tak in g  p lace  concurren tly . IJhen no

s il ic o n  i s  p resen t in  th e  m etal i n i t i a l l y  considerab le  reduction  talies

nlace from slag  to  m etal. Fig. (32) which i s  reproduced from th e
(8)

paper of Grant, T ro i l i  and Ghipman shows th a t ,  from th e  slag  used in  

th e i r  experim ents, 1.750 s i l ic o n  i s  reduced in  8 hour's. In the  p resen t 

woi?k the  arrount reduced in  6 hours was 1 .10 . I f  th e  re a c tio n

( i)  (SiOg) H- 2Fs =  S i 4-2(FoO)

is  assumed to  be o p era tiv e , dnd equal slag  and m etal weights are  

p resen t then th e  t r a n s f e r  of 10 s i l ic o n  corresponds to  th e  production 

of approxim ately 50 FeO in  th e  s lag . Unlike the  FeO produced by th e  

reac tio n

(v i) FoS +  (CaO) =  (CaS) H- (FeO)

th i s  FeO i s  being produced slowCy so th a t  th e  slag  i s  a t  an oxygen 

p o te n tia l  h igher than th a t  corresponding to  th e  equilib rium  p o s it io n  

of th e  reac tio n

( i i )  (FeO)-b C _=Fa +  CO

fo r  a considerable p eriod  of tim e. The reac tio n

(v i i)  FeS 4- (Ca0)4- C ^ F e  +  (CaS)+CO
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can thuc not come to  equilibrium u n t il  the production o f FeO by the  

reaction

( i)  (SiO ) -H 2Fe = S i  -b 2 (FgO) 

has become slower than i t s  removal by reaction ( i i ) .  This view is
(S)confirmed by the resu lts  of Grant, T r o ili, Ghipman , Fig. (32).

In experiment 70 in which no s il ic o n  was present in  the slag in i t i a l l y

the sulphur comes to  equilibrium only slowly. VJhen s il ic o n  has been

added to  the metal in i t i a l l y  then the sulphur equilibrium i s  quickly

attained, experiments 82, 83 and 84-. The addition of s il ic o n  to  the

metal in amounts greater than approximately 1* $/; slows down reaction

( i)  so that the FeO produced can bo removed by reaction ( i i ) .  In

the present work, because of the more acid slag , higher quantities

of s il ic o n  must be present in the metal before the reduction of s il ic o n

from slag to  metal i s  slowed down s u ff ic ie n t ly  for the FeO to  come to

equilibrium v/ith carbon.
( 2.)

Hatch and Ghipman a lso  found in  th e ir  study of the sulphur 

equilibrium,

(v i i )  FeS +  (CaO) +  C =  Fe +  (CaS) +  CO

that, irresp ective of whether FeS was added to  the metal or CaS to

the slag, the system f in a l ly  approached equilibrium by transferring  

sulphur from metal to  slag , i . e .  when CaS was added to  the slag more 

than the equilibrium sulphur content transferred in i t i a l l y  to  the metal. 

This fa ct can a lso  be explained using reasoning sim ilar to  that used 

above. In the i n i t i a l  stages of the experiment the reduction of
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s i l ic a  i s  proceeding r e la t iv e ly  rapid ly so that FeO i s  present in  the 

slag in excess of that in  equilibrium with carbon. The reaction

(v i) F ^ -b  (CaO)= (FeO) +  (CaS)

i s  thus displaced to  the l e f t  and more sulphur enters the metal than 

the quantity corresponding to  the carbon oxygen p o ten tia l. As the 

rate of s i l i c a  reduction decreases the FeO content of the slag f a l l s  

and the reaction then proceeds from l e f t  to  r igh t.



6. SDIHIARY AND CGNCLÏÏSIONS.



The equilibrium p ositions at 1500^0 of the follow ing reactions 

have been studied

( i)  Ç -t- (FeO) =  F£ +  CO

( i i )  §1 4- 2(FeO) =  (SiO^) 4- 2Fe

( i i i )  (SiO.) 4- 2C =  g i 4- 2C0/c so l.

In order to  determine the e ffe c t  of varying amounts of FeO on the 

f ir s t  two eq u ilib ria  both temperature and the a c t iv ity  o f s i l i c a  were 

maintained constant. Tlie lime s i l i c a  ra tio  and the FeO content of 

the slags approximated to  the values found in  b la st furnace slags but 

o\dng to  experimental requirements the alumina content was much higher.

The in terpretation  of the re su lts  required that the a c t iv it ie s  of 

iron and carbon in Iron-carbon-silicon  solu tions be linown and a semi- 

empirical method was therefore developed by which these a c t iv it ie s  

could be obtained. This method^analogous to  that previously derived 

for the e ffec t  o f two so lu tes on the a c t iv ity  of a third^gives values 

of the a c t iv ity  of carbon in good agreement with those calcu lated  by
(13)an alternative method • No d irect confirmation of the a c t iv it ie s  

of iron i s  availab le but the fact that the m ajority of the points 

representing the ternary solution  in  Fig. (18) l i e  below the lin e  

representing the values in  the binary iron-carbon solu tion  ind icates  

that there i s  probably some small error in  the method resu ltin g  in  

underestimated a c t iv it ie s  of iron.

Using the a c t iv ity  values so derived and the re su lts  obtained 

in  the study of the above reactions the follow ing conclusions have
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been arrived a t.

( i)  The a c t iv ity  of FeO at low concentrations in  a slag of the

composition 31^ CaO; 28/S SiO^; 41^ Al^O  ̂ exh ib its strong negative

deviations from id ea l behaviour, values o f Y _  ^FeO ranging from
%eO

0.13 at 0.3^ FeO to  0.08 at l.Af- FeO. In view of the large e ffe c t  

of FeO on the s il ic o n  and sulphur d istr ib ution s i t  would be desirable  

to  luiow i f  th is  deviation occurs with more normal b la st furnace type 

s lags.

( i i )  The FeO content o f the slag has a large e ffe c t  on the

equilibrium s il ic o n  content of the underlying metal; the s il ic o n

content dropping from 5*52 to  0.2/.' for an increase in the slag

FeO content of from 0.3 to  l.^^j
G( i i i )  New values o f f  the e ffe c t  of carbon on the a c t iv ity  o f
Si

s il ic o n , have been obtained in  the range 2.5 to  3*75^0. Above 3^0
(13)these values diverge widely from those obtained by Ghipman from 

the resu lts  of K6rber.

The new values were obtained from the study of the reaction

S i +  2(FeO) =  (SiOg) +  2Pe

in which i t  was foimd that the expression _  ^Si x (^FeO)

^^Fe

exhibited large variation s. By p lo ttin g  againsjr the percentage

of s il ic o n  these variations were shown to  be regular but could not 

be eliminated by replacing the percentages of FeO by the a c t iv it ie s



determined from the study of reaction ( i ) .  The larger part of 

the variation , i f  not i t  a l l ,  was shcxai to  be due to  some error 

in the assessment of the a c t iv ity  of s il ic o n . dsing thermodynamic 

data to  evaluate the ra tio ,

2 2a
-2  X ®SiO _  C
a Z — TT

Si Si

inserting the value for the a c t iv ity  of s i l i c a  foimd in the study
Si

of reaction ( i i i )  and using the published values of fg^ the new
G C

values of f^. were calculated. Two curves of f  against percentage
lD Î  b i

Si
carbon were obtained depending on whether the values of f^. of Golccen

and Ghipman^^ of those of G h i p m a n w e r e  used. Examination of 
Sithe values of f^. revealed that those of Gokcen and Ghipman are

probably the more nearly correct and for th is  reason the values of
G Si

f  . calculated using these values of f  are considered the moreSi
Si

accurate . Because of th i s  u n c e rta in ty  in  th e  values of f  . the
G *’

values of f  w ill  probably req u ire  amendment. However th i s  i s

unlikely  to  a ffe c t the shape of the curve nor the divergence from 

the previously published values*’

(iv)  ̂ s il ic o n  carbide \<7as id en tifie d  by means of x-rays 

as the m aterial separating at 150G°G from iron containing 2%i s i l ic o n  

and saturated with carbon. Tt i s  considered that the a llo y  in  

equilibrium at 15C'0°G with both graphite and s il ic o n  carbide contains 

approximately 23,'- s il ic o n . By using the availab le thermodynamic
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data on the form ation of s i l ic o n  carb ide the  a c t iv i ty  of s i l ic o n  

in  th is  a llo y  can be ca lcu la te d . The value obtained i s  C.076 

on the  pure sca le  or, by using th e  fre e  energy" of so lu tio n  of
(12)

s il ic o n  in  iron  ca lcu la ted  from th e  r e s u l ts  of Gokcen and Ghipman , 

l 6 l  on the  d ilu te  so lu tio n  sc a le . This value has been compared w ith 

p rev iously  determined a c t iv i t i e s  of s i l ic o n  (Fig. 30).

(v) The s i l ic o n  content of m etal in  equilib rium  a t 1500°G 

with tliQ slag of th e  composition 31/- CaO, 2o,. SiO^, 41/- ^ 2 ^ 3  

th e  oiiygen p o te n tia l  i s  co n tro lled  by the  reac tio n ,

2G + 0^ =  2G0

has been found to  be 19^. The a c t iv i ty  of s i l ic o n  in  th i s  a llo y  

has been ca lcu la ted  and from th i s  to g e th e r with th e  f re e  energy 

expression fo r th e  reac tio n

(S iG ,)+  2G —  S i + 200^ s o l .

a value of 0.16 has been ca lcu la ted  fo r  the a c t iv i ty  of s i l i c a  in  

th e  slag  of the  above composition.

(v i) I'/hen th e  reac tio n

(SiOg) +  2Cgci := Si 4- 200

is  tak ing  place in  a slag -m eta l system contained in  g rap h ite  

c ru c ib le s , a h igher than equilibrium  content of FeO i s  m aintained in  

th e  s lag s. For th i s  reason i t  i s  considered th a t  th e  above reac tio n
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takes place in two steps, viz,

( i)  (SiO ) 4- 2Fe z: Si 4  2(FeO)

( i i )  2(FeO ) 4- 2C =  2 ^ 4  2C0

and that when far from equilibrium reaction ( i )  proceeds at a fa ster

rate than does reaction ( i i ) .  This finding has been used to  explain
(8)

the resu lts  of Grant, T ro ili and Ghipman who found that the addition  

of s il ic o n  to the metal increased the rate at which sulphur transferred  

from metal to  slag.
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ilPPENDIX.



In a recent paper, Gokcen and Chipman^^  ̂ have revised certain  of 

th e ir  ear lier  findings . In view of certain  anomalies which they 

find in the reaction

2H  ̂ -f- 0 =  2H^0

they withdraw the a c t iv it ie s  of s il ic o n  which have been used throughout 

th is  work. This i s  added confirmation of what has already been found 

regarding these a c t iv ity  c o e ff ic ien ts  (p .76).

The authors also  quote a new value for the free energy of formation 

of s i l ic a ,  v i z . ,

Si(^iq) -f On =rSiO^ AG°= -217,700 + 4 7 .OT.

Two previously quoted expressions gave values of AG® at 1500^0

in substantial agreement but considerably higher than the value obtained 

from the above exxpression. I t  was therefore thought that u n til  

confirmation of the above expression i s  forthcoming that aD.teration 

of the conclusions arrived at in  the present work was not ju s t if ie d .

The follovdng, however, summarises the principal a ltera tion s which 

the use of the above e:cpression would make

( i)  At 1600®C the free energy of solution  of liq u id  s il ic o n  

in iron to form the d ilu te  solution  of unit a c t iv ity  becomes -30,700  

c a ls . i . e .

S i( l lq )  =  Fe) 1600°C =  -]C ,700 cals-

This gives a ra tio  of a c t iv it ie s  on the two sca les of measurement



of 0 .CC026 at 160C°C and, assuming the entropy term i s  small,

0.CC017 at 1500^0.

( i i )  The ra tio ,

*0 . 1
^ 1 =  ■■

becomes equal to  3 instead of 8. 5* Therefore, i f  the same assumptions
Si

are made as before regarding the v a lid ity  of the values of f^. then
Q

the values of f_. derived should be m ultip lied  by P .5 _  2.8.
3

G
Tne derivation of accurate values of f^, from the present resu lts

Simust however await the obtaining of accurate values of f  .
SI.

( i i i )  The a c t iv ity  of s il ic o n  in equilibrium at 1500®G with both 

graphite and s ilic o n  carbide remains 0.076 on the pure sca le but 

becomes approximately 450 on the d ilu te  solution  sca le . This 

greatly  increases the discrepancy between th is  value and the previously  

determined c o e ff ic ie n ts . (Fig. 30).

(iv) The a c t iv ity  of s i l i c a  in  the slag of the composition 31? 

CaC, 28;- SiCq, 41? would become 0.41 instead of C. 16. ̂  ̂ J
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