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THERVODYNAMICS OF MOLTAEN IRON ALLOYS CONTAINING OXYGUN, ALUMINIUM,

SILICON AND CHROMIUM

A study hos beon made of the sluminium~oxygen equilibrium
in liquid iron by studying the reacbions

MaOy g 3 Boy=2 AL + 3 He0(y)

Electrolytic iron in pure alumine crueiblas was meintained ot a
constant temperature under a conbrolled water-vapour/hydrogen gos
mixture until equilibrium was esbablished between solid, liquid
and gos phasess The melis wore th@n quenched in o siream of
hydrogen and subsequently onalysed for aluminivm and oxygen.

The value of this typa of work is largely dependent
upon accuraite analytical technlques and in the present cagae
analytical uncertainties have been reduced by carrying oub
oxperiments at 1723°C and 1823°C at which temperatures the
equilibrivm aluminium and oxygen concentrations are high enough
for acourate analyses. Ixtrapolation of the deta to 1600°C
yields values which are probably more rellable than direct
axperimental determingtions would be at that temperature, using
the same technlqua.

Interactlon paremeters have beaen used to represent the
effect of one solute on the chemical behaviour of another and
equilibrivm constents have heen determined for_ﬁha followlng reactionss-

MaG(g) = 2 Al + 30

Mlply(g) + 3 Hz(g) = RAL + 3 HQO(g)

Hﬁ(g) + 0 = HQO(E)

vherae the underlined symbols represent substances dissolved in liquid i
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The reactions have alsc been studied at 1723°C using ironw-chromium
alloys (0-10 per cent Cr) and iron-silicon alloys (0=4 per cent Si)
to invegbigate the effaect of these elements in combination with
aluminiwa. Chromium was found to increase the activiby coefficient
of aluminium and to decreasg the activiby coefficient of oxygen

in liquid iron.

In view of the results obtained during this investigabion
gome of the published dats on Fe=S51-0 equilibria have been
ra=axamined and a hypobhesis has Dbeen pub forward based on the
formation of gilicon monoxide in an atbempt to explain the
discrapancy which exlsts in the published data for bthe activity
of gilicon in liquid irom.

Wherever possible the vesulis derived from the present
vork have been compared with other experimental data as well asg

with values derived from svailaonle thermodynamic data.
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INTRODUCTION




1.
INTRODUCTION

Most of the reactions involved in steelmaking are
eagoclated with the removal of Impurities from the iron. In
this respect the most actlive refining agent is oxygen dissolved
in the melt. The oxygen required for this purpose may be
supplied to the hath in several wayss (a) by the addition of
iron oxidesy (b) by absorption from the furnace atmosphere via
the slagy and (e¢) by blowing oxygen or air into the bath.

Trom the time the bath is molten, the concentration
of impurities decreases and the oxygen conbtent increases.
Consequently, towards the end of a heab, it is usually found
that for most purposes the oxygen content of the steel is
excassives If defective ingots and inferior steels are to be
avolded, the oxygen content must be reduced.

Although oxygen 1s always present in steel to some
extent, it can be conbtrolled by the addition of alements whose
oxides have a greater negative free energy of formation than
that of iron. Many elements could be used, for examplas,
chromium, vanadium, titanium and calelum, but the most common
are manganese, silicon and aluminiums The choice of deoxldiser
will depend on the degree of deoxidation required and also the

sacondary effects of the deoxidising element on the properties
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of the finished steel. Depending on the type of steel being
made, the amount of oxygen removed may be relatively large
ag in the case of fully killed steels, or relatively small
as in rimmixg stoels.

The effect of an element on the oxygen content of
liguid steel will depend upons (a) its own activity, (b) the
acbivity of oxygen and (e¢) the nature of the deoxidation product.
The interaction effects which occur between liquid iron,
dissolvad oxygen and the deoxidiser make deoxidation a complex
process even in the simplest gystem. In normal practice it is
made even more complex by the faet that single deoxidisers are
seldom used, gnd in cases where they arve, other solutes are
always presents. It is evident, therefore, thab any investigation
of the reactions involved in deoxidation must take into account
not only the chemical behaviour of oxygen and the deoxidiser
when dissolved separately in iron, but also their behaviour when
in solution together. In addition it must be recognised that the
presence of other alloying olements may have o profound effeci
on the reactions under considerabtion.

Uhen a deoxidiser is added to molten iron containing

oxygen, bthe final oxygen content of the metal will be determined

: : +
by the equilibriuvm in a reaction of the: types

+ In the chemical equations, underlined symbols represent
substances disgolved in liquid iron.
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MO = M + O K = Ay Bo/hMO

If the deoxidation product is precipitated as a pure
s0lid, a, oen be taken as unity and the equilibrium contenb
for the reasction is givan by»

K = &« 8

A convenient method for investigating the above reaction
is the use of a controlled water-vapour/hydrogen gas mixture
in a reaction of the types

MO + I (&) = M + I O( g)
Tha advantage of this approach is that the oxygen activity in
the melt can be conirolled by adjusting the oxygen potentisl
of the gas phase, This technique is usod in the present work to
sbudy the aluminiumeoxygen equilibrium in liquid iron contained
in alumine crucibles. A study has also been made of the effects
of chromium (up to 10 per cent) and silicon ( up to 4 per cent)

on the activity coefficlents of the aluminium and oxygen dissolved

in the liguid iron. IExtensive use has been made of the interaction

. . 1yn
parameters introduced by UWagner as a convenient means of

representing the effect of one solute on the chemical bebaviour
of another. The different parameters and the relationships

existing between them are discussed in detail in Chapter Il.



CHAPTER _II

Some_Thexmodynamic Aspects of Liquid Metellic
Solubions
le Acbivity Coefficients in a Multi-Component System.
2+ Interaction Parasmeler Relatlonships.

3. Interaction Paramebers and the Chemical Poteniial

of Blscirons.
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SOME THERMODYNAMIC ASPECTS OF LIGQUID METALLIC SOLUTIONS

de Activity Coefficients in a Multi-Component System

In a study of the chemical equilibris existing in a
mul’ai—eompoﬂenﬁ metallic solution it is possible to express ihe
various thermodynamic properties of that solutlon in terms of
the activity coefficients and concentrations of its eamponeﬁts.
However, an adequabe representation of the equilibria involved
will only be posgible provided the intersetion effects batween
the various componants are taken into account.

Chipman et alia.‘3 have shown that when e solvent metal,
l, containe a number oOf solute metals, 2, 3, 4 altc., the activity
cogfficient of any one of these, for example 53, m2y be expressed
as a product of factors which rvepresent the effects of sach of
the other components. Thus for a solution containing mole
fractiong Ny, M3, Ne, ete. of the various solubtess=

W,x Vo x B0 x A s vvveenneneenea[a)
where b’é is the activity coefficlent of 2 in the binary solution
1~ 2 of mole fraction Iy, and D’S), Xz@ represent the effect of
3, 4, etec. on the activity coefficient of 8. The reference
state for the activity coefficlents is based on Henry's Law, 1eGs
thoy are measured on such a scale that they become equal to

unity in the infinitely dilube solution
i.e. X = & where Y -1, as N~ 0.
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1
Wagner has derived an eguivalent expression for
acbivity coefficlents vhich are based on Raoult's Law, i.ew where the
standard state is taken as thet of the pure substance so that the
activity coefficient, \0/ i, approaches unity as the mole

fracbion N approaches unity.

Thus the activity coefficient of component R is gilven bys-

111\62 (g, Hooo) = 111?53 + [ él.l.l..x..ﬁ + I .%_}_Q_Zf.a + ]

o g Dy
3 2 2z
o g0, QinY Mo N V1 Bzteso]tes
% 2 éﬁﬁ?da * VN ’Sﬁ&gbﬂf+ 1+

whore the derivibives are to be taken for the limiting case of
zero concentration of all solutes.

If terms involving second and higher order derivitives
are disregarded, the logorithm of the activity cosfflcient becomes

& linear funcition of the mole fractions of the various solubess

2) 3
e (o, Byeer) = 1nY¥3 m;fé N A éa)+ eeeeel[2]
1 E . 4 . (Z-) (‘3’) - -
where the coefficients 6:a ; é:a ete. are defined ass
R) :
€02 L,/ AN,
3 ,
é(a'z—: BJ“KZ/E N3 G‘tc. -tc'o!i[aj

If the reference state is taken ag that of the infinitely
dilute solution, Y p° becomes equal to unity and equation [2]
gimplifies tos~

2) @)
1IIK3 (Na, I\buct) = %62’ + Ng 62' + -ooo...[‘}:]
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For practical applicatlons, it is convenient 1o express
the concentrationg in terms of weight per cent rebher than mole
fractions and to replace the natural Jogarlthms ﬁith common

logarithms. HBquation [4] can then be rawriuten 1n the forms=
&)

log {'2(%2, F3y0asne) =g [R] » 52 [/3] P oaanene

(3)
wherae the cosfficlents é‘g", € 2 - ete. are defined asy,

)
Cs = diogf /2[R,

eéS) o Blﬂgf /b[%S], atc. """"°[L5]

w) L)
The coefficients or interaciion paramecters ff and -

moy be raegorded as a convenlenb meens of raepresenting the effect

of one solute on the thermodynamic behaviour of anothexs A

parameber is expected to vary with temperature, but for a given

bemperatura ite value determined at infinite dilution may remain

consbant over a range of concantration. Thus the magoitude of
L .

the paramoter € my be deduced from o graph of log iy v e

Similarly, a graph of log f; v [%'i] will yicld information on

(_l..‘l
the parameter (5

gs Intersction Porgmatber Relationships

1
(a) Woagner has shown that for the limiting case of

a solubion which ig infinitely dilube with respect to solutes
2 and 3 in solvent 1, the effact of & on the activity coefficient
of 3 is related Lo the effeet of 3 on the activity coefficient

of R, by the following equations«
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OlnYs/ Oy = Oln¥o/O, for iy = 0, Iy = O.
iea. 6_?) = 6:3) veseanes.[6]
(b) The parameters Q(_;“aﬂd GEL)MQ related in the manner
that weight per cent ig related to mole fraction and common
logarithm to nathmal logarithm. Where tho solvent metal is iron, thens

e‘f’ = 55085 6“"

100 ¥ e BQS M j 2 I'?here Mi is the atomic

weight of solute i
- A BE )y
= g (] ceevnes [7]

This equation is strictly valid only at infinite dilutlon,
and thus the values obtained directly for 65(&) from an experimentel
plot of log B’J v N, over a wide concentration range, may differ
slightly from the values derived indirectly fxrom a plot of the
same data agalnst we:ighi’. por cenb. The difference is significant
only for elemenbs whose atomic weight is considerably different
from that of iron.

(¢) Combining aquations [6] and [7], yields the
following expressions =

Ma Qf)m Mg ef,’. whare Mp and g are the atomic weights of

solutes < and 3 respectively.

(3)__ M (2)
1.0 ez = igga e3

The restrictions placed on the use of equations [6] and [7]

S8 00 bR peru s [8]

also apply to equation [8]. Ags mentionsd previously, the
eguations are strictly walid only at infinlte dilutlony, however,
experimantal studies of a nuinber of metallic binsry and ternary

%
solutlons have shown them to be true for finite concentrations,
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with deviationg occurring only in rather concentrated solutions.

3, Anteractlon Paramgters and the Chemical Potential of Blectrons.

In addition o the interaction effects between solute
ions discussed in the previous secbions, Wagnea:e2 hag shown that
consideration must also bhe glven t0 the effact of matal solute
atoms on the chemical potential of the electrons in an alloy, i.e.
on the numbex of valence electrons per atom.

The chemical potential of a solute i1 1ls givon bys=

Mi= M° + RTInNL + RT In, ...[9]
where M{is the chemical potential of the substance i in its pure
state. Hi con also be expressed as the sum of two componentse=

Mi = Mlion) + Z M) veess[10]

where ,M-L( ion) represents the chemical potential of i ions of valence
Zi and Meyrepresents the chemical potential of the electrons, It is
ovident from this equation that a change in M, will affect the chemical
potential of ths neutral solute A in two wayss~

| (1) direetly, in view of the second term on the right-hand side

of aquation [10],

and(2) indirectly, since a change in Meydll resuld in a change

in M (ion;, due to a stronger or wesker interaction between

positively charged metel lons and electrons.

E«Iagnerglms pointed out that thesae effects will predeminate
provided (a) only positively cherged metal ions are present, and

(b) direct interaction between metal ions can be disregarded.
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Consequently it may be assumed that in equation [9]. the term
RT In &, which accounts for deviations from ideal behaviour, is
mainly a function of Mg, and will be affected by changes in the
alloy compogition only in so far as Mevaries.

iee aARTInY;) = 0, if dMe ) = 0 eeese [11]

Combining equations [(5] end [11] with the general equation for

Gibbs free snergy G for a system eonsisting of m, ng and ng moles of
components 1, & and 3 respectively,

lees G = m Uy + Dg M, + 1y M3

R
Wagner has shown bthate-

04Xz .23 L4¥s o + |9 &n¥y . DAE,
d Nz d N2 d Ny O N3

4
4

3 £OT Nz_*o,N-s#o

A
&
Lo, 62)36?5 * [E(:), e ceereee  [32]
Thus the mutual effects of solute metalg 2 and 3 on thelr actlivity
coffficient are related to thelr deviations from ldeality In the
binary systems 1 - 2, and 1 = 3. Irom this point of view,
equation [1R] will only be significant when the devietions from
ideality in bthe hinary systems are of the same sign, otherwise the
square roob will be imaginary. It can be shown thet 1 the original
agsumption is walid, i.e. that interaction betwsen metel ions can
be disregarded, bthen the sign of d1nY/ dNi for any solute i
in solvent 1 will in fact be the same. The fact that this sign
is not alvways the same exphasises the limitations of the assumption.
Since the sign of the square root may be positlve or

)
negative, the sign of the parameters 6;5 and éfjis not predicted



1C.

by equetion {12]. Howaver, 1t can be deduced from consldaeration
of tho effect of gsolulses 2 and 3 on the electron-atom ratlo.
Hagnerghas pointed out that the parameters will have a posltive
sign, when golutes 2 and 3 change the electronwatom ratlo in the
same diraction. Conversely, they will have a negabive sign when
golutes 2 and 3 change the glectron-atom ratio in different
directions.

In gonersl, dirsct interaction between metal ions is
significant and the change in bthe chemical potential of the

electrons can bs axpected to bs the predoeminant factor only when

deviations from ideality are ralatively large.
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LITERATULRE REVIEW

1o The bBebivity of Oxygen in Liauid Iron

In the application of thermodynamies to the study of
steelmaking reactions, particularly reactions assoclated with the
deoxidation of steel, a knowledge of the thermodynamic properties
of oxygen dissolved in liquid iron is of paramount importance.

Part of the ironmoxygen equilibrium diagramf is
shown in Fig« 1, from which 1t can be seen thabt the solubility of
oxygan in liquid iron is limited by the formatlon of a liquid
iron oxide phase. Under equilibrium conditions, an iron-oxygemn
alloy containing, for example, 0o 1% oxygen, would undergo a monotectic
reaction at 1528°C when cooling down from some temperature in the
liguid regions The oxygen content of tha melt ab the monotectic
point would correspond to 0s167. Due to the monoteectic reasction,
this oxygen would separate out from the iron in the form of a
liquid ' iron oxide phase of oxygen content 22¢6%.  If on the
other hand, the cooling rate was sufficiently fast the oxygen countent
of the iron in the solid state would be the same as that in the
liquid state.

Ghipmané has shown that oxygen dissolves in liquid
iron according to the squations-

Og = R0

Baged on this equation is one of the most important considerations
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concerning the behaviour of oxygen in liguid iron, namely, the
free energy of dissolved oxygen relativae to that of pure oxygen
gas. Unfortunately, the oxygen pressure in equilibrium with

- .
iron and its lowest oxide wiistite is about 10 atmospheres atb

1600°C which is far too low for direct experimental detarmiﬂations?.
Thug indirect methods are required which involve the use of gas
mixtures having a controlled oxygen potential. (H,0 = Hy) and
(COz - CO) gos mixtures are frequently used for this purpose.

Une of the most convenient methods for studying the

activity and free energy of oxygen dissolved in liquid iron is

bagad on the reactions=

i

(g * & B0(g)

K ! = PHyo/(py, x %0)

In one of the earliest studies of this reaction by Chipmané
a small charge of electrolytic iron was held in the molten condition
in a high frequency furnace under a controlled water-vapour/hydrogen
gas atmosphere, at consbant temperature for periods up to two hours.
At the end of a heat the melts were allowed to s80lidify and the
oxygen content of the metal deteormined by vacuum fusion analysis.

The results obtained from this study were in the main
confined to low oxygen congentrations (below O»07 per cent), and

in order to extend the data up to the limiting solubility of oxygen
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in liquid iron, a further investigatlion was undertaken by Fontana
and Chipmané. Their experimental technigue differed in two
respects from thet mentioned aboves (i) an attempt was made to
minimise errors arising from thermal diffusion, by preheating the
incoming gases, and (i1) some of the melis were quenched in liguid
tin, others in water; in an effort to retain the equilibrium
oxygen concentration in the metal at room temperature. The effect
of temperature on the reaction was studied by Chipman ahd Samarin?
using the same technique.

In a later study of the reaction by Dastur and Ghipmaﬁla
it was stabed that errors due to thermal diffusion had been
eliminated by the addition of argon to the steam~hydrogen mixture
in the ratio of 4 ¢ 1 argon-hydrogen and then preheating the inlet
gases to the temperature of the melt.

Floridis and Cl:u:i.;&axmxzfL * compared data obtained by two
experimental methodss

(a) A technigue similer to that of Dastur and Chipmen
but with an argon s hydrogen ratio of 6.+ 1.

(b) Several heats were made in a resistonce furnace andd
thermal diffusion eliminated by bubbling the gos mixture through
the melt, a Lechnique previously used with some success by Gokceﬂ}a.

™.
The data obtained by these two methods were in reasonably good

agreament.
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i3
The reaction has also been studied by Matoba and Averin

ab aliﬁ?*using a similar approach to that of Dastur and Chipman.
The results of the differaent investigabions are collected in
Fige 2 vhere a graph is presented of Log K/ v [wt. % 0],

From the various date it is eovident that all the
investigabions excaept those of Fonbana and Chipman, and Dastur and
Chipman, indigate that the equilibrium retio <. K is not a true
constant bubk in fach decreases with increasing oxygen concentration,
implying that the iron-oxygen alloys studied do not ohey Henry's Law.
On the other hand, the data of Fontana and Chipmen and Dastur and
Chipman indieated that the equilibrium constant is independent of
the oxygen coneentration up to aboub O+&L per ceniy

It is possible t0 account for this diserepancy in the
following vays
(a) Fontens and Ghipman?s The coneclusion that the iron~oxygen
system oheyad Henry's Law for oxygen concentrations up to 021
per cant was based on the results of a small number of experiments
in the range 0+16 to O+22 per cent oxygensy for which the values
of X were in approximate agreement with those for melits conbtaining
less than 007 per cent oxygen. During their investigation it
wag asgumed from the work of Tritton and Hansoniﬁ s Herty and Gainasm ’
and Kdrbexr and Oelsen“ » that the monotectic composition in the
iron-oxygen system was aboulb 0v21 ~ O+22 per cent oxygen, from
which it was concluded that little or no geparation of primary

Jigudd wustite had occurred during the freezing of their melbs.



ZH . : . :
0% d ‘ .
H OMH_I = __v_ ‘OlLvYd WNIYEITIND3 NO NOILVHINI3ONOD N3IDAXO dO ._.ommmm 294
- © usbAxQ jusdiad yblom
020 oIo
OOMIQW.“’.’FC.’.’..!
.l.l..lll..ll.lil.,...l. - Omno
2
om.o
(o]
J0096G] DQOID ——vmreeme d/. m
Uso%09 ® .a/
006661 uowdiy) B inisng © joayald Yyim © B - — 020
0,009 uowdlyd g DUDJUOY cmvememr salqnid £0%1vY O ~.
uIowDsS B AOYDAIOH ‘UIIBAY —mm e ‘saiqanig OBW O N
. Kiing g uayipQg woiy 90y X 2oDUIN{ B2UDSISBY ¥
i

| _ I

A F It T D

P e RS fdaleiae s o .

AT i

e s

T

N AT N



15.
18 19

Subsequent work by Chipman and Fetters , Taylor and Chipman ,
Sloman?o, Fischer and vom Endegi, and Gokcenfahas shovmn that the
maximum eolubility of oxygen in liron ab 1ts meliing point is aboub
0+ 16 per cent. This discrepancy in the monotectic point composition
wap probably due meinly Lo errors in temperature measurement, since
the earlier workers used optical pyrométers which under the
experimental conditions would give low readinga.  Korbex and
Oalsen allempted to correct their values by the use of emission
coafficients, but it voudd appesr that their measurements were
8till slightly low. In the more recenlt work of Chilpman and
co=-workers immersion thermocouples were amployed.

Thus in the light of present knowledge on the monotectic
composition, it is very probable that the values for Ky in
the range 016 - O+22 por cenb oxygen were high, due to the loss
of appreclable amounts of Jronm oxide during freawing, despite the
fact that some of the heate were quenched in liquid {in or water,
gince this method of quenching induces freezing from the bottom of
the melt upwards which would itend to encourage the separation of
primary liquid iron oxide. Unforitunately, ne heais wers made in
the range 007 = 016 pér cenb oxygen, so that the apparent
agresment bebtween the data for heals containing more than 0s16

par cenlb oxygen and those conteining less than 007 per cent oxygen

may have been largely fortuitous.
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(b) Dastur and Gh@mmufos A number of heats were made in the
range 1563° to 1760°C, but the oxygen concentrations in the melts
never excaaded 006 per cont, which is well below the saturation
value in the liquid and so there was 1lttle likeliheood of loss
during coolings On the basis of the resulis obitained by Fontana
and Ghipmaﬂ?, it vwes simply essumced that the activiby of oxygen
dissolved In liquid iron was diractiy proportional to ite concentration.

In the study by Floridis and Chipmaﬁ“l, the oxygen
canceﬂtraﬁienﬁ ranged up to C+2 per cent and at the end of a heat,
the melt was lowered into the cooler part of the furnace tube and
quenched in a gtream of c¢old helium, & technigque introduc8d by
Gokcen and Chipman?g. The advantage of this techalque ig that
freezing beging at the top surface and thus assists In the
"freezing-in" of oxides In the original peper their results at
1550° and 1600°C were compered with two values derived from the
dats of Darken and Guxrygawho studied the equilibrium involved
between CO - CO3 gas mixtures, liquid iron and liguid oxide.
Combinmfing the results of this gbudy with the solubllity data for
oxygen in liquid iron values were obtained £or the equilibrium ratlo

of the follovwing reachtiom -

0‘0( g * 0 = Gﬂg(g)

L = PoOu/pgo x % 0)

By meang of the known free energles of the gases involved, valuegs
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for X' were deduced from the valuss of Ky' and ag shown in Fig. 2
these are in good agreement with the values for Ky determined
experimentally. The slope of the lines ab 1550° and 1600°C
Indicatos that bhe setlvity coefficient of oxygen £p, decreages
with the Increaping concentratlon according Lo the equations
log fo = ~0+20[7% 0]

In Tig. 2 the inbercept ab zero per cent oxygen rapresents
the equilibrium constant logKe  Ths effect of temperature on this
consbant, ag reported by several workers, is shown in Iig. 3.

Since their data covered only a nayrov range, IFloridis and Chipman
have vepresented the temperature effect by a line drawn through
their data parallel to that of Dastur and Chipman. This line
corresponds to the equationss-
log Kb = 7050/T - 3+20
and AGS = 32,2000 & 14+63 T ca

According to the data of Averin et alia the effeect of

bemperature on log Ky is given bys
log Ki = 9440/T = 42536

This agrees reasonably well with the data of Floridis and

Chipman at 1600°C, but at higher temperatures the two sets of data

gradually diverge.
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2. The Activity of Aluminium in Liquid Iron-Aluminium Allgys

In the application of thermodynamies to the study of
reactions occurring in liguid steel, the greatiest uncertainty
is usuwally essociated with the determinaﬁioﬁ of the activity of
a minor censbituent. Such is the case in the ealeculation of the
aluminiwn deoxidation constant.

The most convenient method of determining the activity
of aluminium in iron is by measuring ibs partition between liquid
iron and silver which are almost immiseible. Taking the pure
solute as the reference state, then at equilibrium the activity

of aluminium in tho silver layer is equal Lo that in the iron layer.

Leaa [NAJ_ X \6&1]511'\?81‘ = [NA]. > Xﬁkl]iron

The atom fractions of aluminium, N&lp in bhe iron and
gilver aro determined from partibion experiments and provided the
activity coofficient of aluminium in silver is knoun, then that in
iron can be calculatods

The earliest work done in this fleld was by Ghipman?*
whe caloulated from distrlbution data a‘value for }{Alin iron on
the assumpbion that sluminium in silver formed an ideal solution
and therefore that Eha.in silver was unity. This sssubption

wes based on the fact that alumindum end eilver have similar

atomic dimensions and internal pressures and have a high degree
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of mubual solubility. Subsaquemt investigations bave shoun that
this apgumption wag unjustified.

An impoxtanb eéntribuﬁionrgade by Ghou?swho determined
the activity of alvminium in sliver by the following methods
(2) The sctivibty of silver in leadesilver alloys was

calculated from the phase diagram and the known heat of fusion of

sllver by meens of the equations

in a = cLoHe{Te = 1) , where AH; and T

hg R Tm. T f "
are the heat of fusion and the melting point of silver respect-
lvely.

(b) Fzom the distribution of silver between lead and aluminium,
and values for the activity of silver in lead from (a), the activity
of silver in aluminiuvm wag found over a wlde ranze of concentratlong-

(c) The activity of aluminium in silver was then calculated

by means of a Gibba-Duhem integrations

n ey, = “.%&Eﬁ J'd la apg
Al

In this way new values were calculated for the activity coefficient of
aluninium in iron.

These calculations weres repeated in greater detall by
E}:L’.!.;h:»‘c.‘cf:m who ghowed that for the infiniltely dilute solutlon of
aluninium in iron, }f&l had the value O-043 at 1600°C.

Chipman and Fluridiaavestiﬁatad the activity of aluminium
in liquid silver by a more direct method based on the dota of Hillert

£

et aliéf . These workers had determined the activity of aluminium
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in solid aluminivm-silver alloys at temperatures up to BR0°K by
gem. £+ meapurements of the cells
1};1(6) AL Cly in Na Cl(11q) Al = Ag(s)
(Anode) (Cathode)

The alloys studied were all in the terminal solid solution
field, From e.m.f. measurements ab 820K and the tewmperature
coefficiant dB/4T in the range 642 - BROYK, valuss werg calculated
for the activity of aluminium at the solidus hy means of the equations

RT 1n a, = = % Te, whore a, represents the activity of
aluminium relative to the pure solid, %4 is the number of electrons
Involvad, I is the Faraday congtant and ¢ is the 9.m«f.

The ectivity of aluminium reletive to solid aluminium
in the equilibrium liqgid‘phasa has the same velune, a(g), but that
ralative to ligquid aluminiunm, a(g)onn be calculated using the heat of

fusion of aluminium, by the following oquations

K InT

in a(g) = in a(s)

For an accurabe determination of the activity of aluminium
at higher temperatures, data ls required on the heat of mixing
of aluminium and silver. Although this was available from the
work of Kawakami?git vas disregerded by Chipman and Floridis who
believed it to be too high due to the reaction of aluminium with

oxygen dissolved in the silver. For this reason it was assumed

that aluminium in silver formed a reguler solution and therefore thabs

T log ¥2 = Ty log ¥a
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In these caleulations it was also assumed that the
liguidus on the equilibrium diagram was a straight line, although
Hansan'gagdiagram showad a curve. A vevised diagram by 35‘11:?.11:1.3;3sfs:L
ghows that this assumption was almost correct.

The data deduced from Hillerd et alia, were combined with
the results of partition experlments and it was found that abt 1600°C
the activity coefficlent of aluminium in lron was given byv-

log¥py = R+60 My = 1+81, valid for Npg = 0+0 to Mg = 02

At Npg = 0, log¥ag = 1log \63;1 m w~ls 5]
:i.ua-_ \6'511 = (031
Also, O log¥ Ay
d Vg

2¢ 60
(A2)

=
Ré

w@’gf‘\gﬁf = 4 60

The positive sign Ilmplies th;% gﬁé activity coefficient of
aluminium in liquid iron inersases with inereasing aluminium content.
This can be interproted in terms of & competition for iron atoms in
the nearest neighbour shells. Ag the aluminium concentration
increases this competition effect will also incresse wibth the result
that the actlvibty coefficient of the aluminium, and incidentally that
of the iromn, will be increased.

Wilder end Elliottézhave racently determined the activity
of aluminium in liguid silver by measuring the e.m.f. of the cell

ok .
&l(liq) A) (in molten KG1) + NaCl | Al ~Ag(11q)

in the btemperaturs range 700 - 980°C.
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Their results when exbrapolated to 1600°C and combined

27
with the distribution data of Chipman and Floridis yielded
lues of + 53 for th vor € o 00063 £ X s
values of + 503 for the parameber( and O ox .
3 s Al

These valuas are probebly more accurate than those of
Chipman and Florldis since in this case the extrapolation to
1600°C does not require the assuvmption of regular behaviour in the

aluminium~gilver system.

3. Mluminium = Oxygen Tguilibrium in Liguid Iron

3. Mluminium = Oxygen Lguilibeium in ldouid Ivon

One method of deoxidation in sbteel making is to raduce the
oxygen conbent of liquid ivon, by adding an glement which has a
greater affinity for oxygan, bthan irons  The elements commonly used
are manganesa, silicon and aluminivm, the most effective of which is
alupinivm. When sluninivm ig added to liquid iron conbaining
digaolved oxygen, the equilibrium involved igse
AlpOy = 24k + 30
for whiech the equilibrium consbant ¥y is glven bys
2 8
f = layg] [ao]
AL O

Provided ths melt is in equilibrium with pure alumina

or alumina saturated slogs, gﬂlacb in the above expression may be

teken ag unity, and theraforas

8 3
K = len][ao]
or, using weighl percentages

) . ®,., .8
By = [7A1] [78]
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In one of the earliest determinations, Wenbtrup and Hicber ,
uging alumina crucibles and an induction furnace with an abtmosphere
copsiletbing mainly of alr at 10 « 20 m.n. meroury pressure, added
aluminium to liguid iron of a hisgh oxygen conbent, and after a
period of about LO minubes, poured part of the malt into o copper
mould to freezme the aquilibriuvm. Heats were made in the temperature
zanga 1600° Go 17R0°C,  Analyses of the samples for oxygen and
aluminiua ylelded the following dabta for log Ki’s
log K7 = ~71,200/T

B4
Geller and Dicke measured the eguilihbrium between

R7 98

te

dlssolvad carbon (0+4 to 1ol pexr cenis) and aluninium in liquid iron
containad in alumina crucibles. The mebal samples wers analysed for
carbon and aluminlium and the oxygen contents deduced from established
data on the £ « O - €O oguiliiwlum. ihis procedure yielded values
for log l{;_' glven bys
log T = ( =58,600/T 2 18°90) & 1+5

The solubility of oxygen in liquid iron contalining aluminium
in the temperature vonge 1550°C o 16509C hag been studied by
Hilty and Craf’csssuaing 8, robating crucible furrva@cas The rotating
acbion of the furnsce was intended 0 make the liquid iron, contained
in an alumina erucible, form a "cup! which in turn would act as a
conbainer for slags consisting mainly of AlpQ;, Fos(; and FeQ.  The
furnece vwes combinuougly flushed out with argon and during the course
of each heat additions were wmade of aluninium and ferric oxide.

Hilty and Crafis have gtated that"Throughout the range of aluminium
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cc:ﬁcantrat:mns investigated.y, the experimental melts could not
be brought into equilibrium with the pure alvmina crucibléss..."
This was attributed to the formatlon of a surface layer on tha
exdeible walls consisbing of some substance obther than pure
alunine and containing bobth lron oxide and alumina. Thelr
rasulte were expressed approximately hy whe esquations
log K = =58,600/T + 2275

It wee glaimed that this pearviculayr equation represented
only a deoxidation congtont and was of no other significance. The
data from this study are compared wlth those of Wentrup and Hieber,

and Geller and Dicke in Tables 1 and L.

, 2 3
TABLE 1 Txperimantel Valuos of By = [7#1] - [70]
Tamp. 70 Geller and Wentrup and Hilty and
Digka Zs«&j gg.eher§33§_,_ gmﬁ‘ts;ss}
-3 “10 -9
1600 4 x 10 1x 10 28 x 10
-id w® el
1700 16 x 10 7+9 x 10 1x10

THBLE 2 Oxygen Concentrations of Liguid Iron Conteining Aluminium at 1600°C

Al. wh. Gallar and Wanteup and Hilbty and

pex, gant bicke Higbaz Crafts
Ol Qe GO0 0+ 0020 O» 0066
003 0+ QD16 0- 0093 0+ 0302

0. 001 Qv QU74: Qe 0437 003413
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From the rosults presented in this form it is evident
that the dota of Hilby and Crafts yield wvalues for the oxygen
concentration of liquid iron at 1600°C for a given aluminium
concentration, which ave about three times greater than those of
Hentrup and Hieher and twenty times greater then those of Geller
and Diclka.

The above studies of the aluninium deoxidation constant are
all subject to relatively lerge analyticsl errors dus to the small
guantities of aluminium and oxygen involved. Jn an attempt to
minimise the effect of aerrors from this source, Gokeen and Chﬁpmaéaﬁ
corried out work at temperatures of 1695%, 1760° and 1866°C, vwhere
both the aluminivm and oxygen concentrations at squilibrium are
greater.

Thelr experimental technique congisted of melting electrolytic
iron, wsually with some aluminium present, in alumina crucibles
under a conbrolled water-vapour/bydrogen atmosphere and holding at
conghant temperature wntil equilibrium was established between the
golid, liquid and gas phaseg. The melts were guenched in o stream
of hydrogen to retain the equilibrivm aluminium and oxygen concentrations
al room temperature, and subsequently analysed for these constituents.
The vegulls obtained from bhese experiments allowed a study to be

made of the following eguilibris:-
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AloGy(s) = 2 AL + 30
K= (87" [ao]a © R = [ (o]
AlaGy(s) + Bla(g) = 281 31k0(g)

P 3
A R (fka'}
Al (pﬂg ) +  Kg [7a1] 7y
k(g) + 9 = LO(g)

Kaﬁfjjag‘l:'zm_l
Py, Tae] © ° "y TFO]

It was found that tho value of Ky~ decreased with
Increaging sluminium concentration, implying that the activity
coefficlent of oxygen is reduced by the presence of aluminium.
From the various data veluss were derived for the parameters €, ()
and em 'representing tho effect of aluninium on he activity
coefficient of oxygen and oxygen on the actiwity coefficient of
aluninium, respectively. These interaction effects diminished
with increasing temperature.

Although the wvalues for the deoxidation product Kg,.'
were much smaller than those found in previous investigations,
they were shown to ba of the same order of magnitude as wvalues
calculated from thermodynamic dataav » and corresponding to the
equations - .

log ko = =64,000/T + 2048

Values for the deoxidation constant Iy at 1600°C and
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aad as
1700°C have been derived indirectly by Chipman)Langenberg from

a study of the aluminium-oxygen content of carbon saturated iron
in equilibrium with pure alumina. Heats were made in graphite
crucibles under a carbon monoxide atmosphere. The activity of
oxygen in the melts wag calculated using the data of Dastur and
Ghipmanio for the free energy of solution of oxygen in liquid
irons The activity of aluminium was calculated from its concentration
and its activity ceof'ficient as determined by Chipman and Floridiaav.
This procedure yislded velues for Ky of 3+6 x 104* and ‘
2:8 x 10> ab 1600° and 17009 respectively.
A comparison of the various data for the deoxidation
constant of aluminium is shown in Fig. 4. The significance of
the various resubts togebher with those of the present study will
be discusged in the light of available thermodynamic data in

Chapter VI.

4, The Activity of Chromium in Liquid Iron=Chromium Alloys

The phage disgram for iron-chromium alloys, first determined
experimentally by ‘t,’&c‘icaof::lsz39 » has bheen reviewed racently by Hellawelfo
(Fige 5). Above 800°C, iron and chromium are miscible in all
proportions in both the selid and liquid states. The atomic
gize and chemical properties of chromium ere similar to those of
iron. From congideration of these facts and other evidencem , the

liquid iron-chromium system has been regarded in the past as an
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idesal solution.

Recantly Lyubimov and Granovskaya ¢ measured the paxrtial
pressure of chromium above liquid ironechromium alloys using a
radloactive technique. Their results indicated a positive
deviation from Raoult's Law.

Using a similar bechnique, a more detailed study of the
system hags been made by Vada, Kawal and Saitaés. Iron-chromium
elloys, containing the isotope Cr§1 were held at 1630°C in alumina
crucibles. After degassing to a pressure of 5 x lOﬂ*m.m. Hg,

a target was placed in the gtream of vepourising atoms and a
condensate collected over a period of 16 minutes. The ratio of
the amount of chromium condensed to the total amount eveporated was
congldered to be a constant since the conditions were the same
throughout the experiments. The amount of Gr51 condensed on the
target was measured by a scintillation counter. Due to the high
temperatures required, the investigabion was confined to alloys
containing up to 40 at. per cent chromium.

For the concentration range studied; the results indilcated
that the iron-chromium system could be regarded es a reguler solution,

showing a negative deviation from Raoulit's law. This deviation

from ideality cen be repraesented by the parametor

(CR) a . x
= Oln ON.. = + 620 Ffor H, = 0-0
€Cn &/ e o Ney = Oo1

where the reference state for the activity coefficient is taken as the

infinitely dilute solubtion of chromium in iron.
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44
Charlton , who studied the reaction between chromium
and oxygen in liguid iron at 1600°C using a water-vapour/hydrogen
atmosphere to control the oxygen potential of the gas phase, has

confirmed this negotive deviation from ideality.

Se __Chr omium=0.

gen Kguilibrium in Liguid Ilron

In steelmaking processes one of the most important
propertics of any metal is the extent to which it reacts with oxygen
in solution in the bath. This affinily of mebals for oxygen
dissolved in liquid iron veries over a wide rangs. Aluminium,
for example, is a pcwerfu#hdridising agent, whereas nickel, in this
respact, is practically inert. DBetween these tuo extremes, there
are a number of elements which have a moderate affinity for oxygen
at steelmaking temperatures. An imporbtant alloying element in this
category is chromium.

Although the oxide is not stable encugh to make chromium
a good deoxidiser, it is sufficlently stable for chromic oxide and
clironite (FeQ+Cro(y) inclusiens to occur in steels containing
gignificant amounts of the elements One of the practical problems
of stoelmeking is therefore to minimise the oxidation of chromium
and its subsequent picl-up by the slag. TFrom this point of view,
a controlling factor which has a profound influence on the
chromium -~oxygen relationship, is temperature. Thisg is evident
from the following equatiom

R0r + 3/o0p = Crelh + AG = =267,750 + 621 7T cn
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The first detailed experimentel investigation of the
chromium-oxygen equilibriuvm in liquid iron was made by Chen and
Ghipmaﬂ*&. Iron~chromium alloys were melted in chromic oxide
and chromite erucibles under a controlled water=vapour/bydrogen
atmosphere and maintained a2t constant temperature until equilibrium
wag established between the crucible material, the melt and the
gas phase., AL the end of a heat the melt was quenched in a
strong current of argon and subsequently analysed for chromium
and oxygen.

Although the water-vapour/hydrogen gas mixture entering
the furnace was preheated by suspended plabinum wires at 1100°C,
in an abttempt to minimiee thermal diffusion, 1t is quite possible

10 A1 ,22
N n . . Ll .
in view of subsequent investigations that this precaution was

insufficient. Another source of error may be avbributed to the

Fact that diffliculty was experienced in determining the oxygen

content of melis msde in chromlc oxide crucibles due to the entrapment
of oxide particles. To overcome this effect a series of h@#ts

were made in alundum crucibles, the gquantity of chromium charged

being restricted and the gag atmosphere kept less strongly oxidlsing
go that no chromite or chromic oxide was formed.

In the light of obther investligetions Ghipmaﬂ%ahaa
reassessed the experimental data of this study and has concluded
that for the range 0 to 10 per cent chromium, the effect of
chromium on the activity coefficient of oxygen at 1600°C may be

reprosented by the parameter €= 004l

[+
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Similar investigations involving the equilibration of
Fe~Cr-0 melts with water~vapour/hydrogen atmospheres have since
been carried oul by Linezinskii and &amariﬁ%eand by Turkdogaﬁ§7.
Alvmina crucibles ware used in each case so that equilibrium was
approached by oxidising chromivm out of the metel. In the former
study eguilibrium was considered to have heen abiained as soon
as an oxide phase appeared on the melt surface. This is obviously
incorrect as it may have bean necessary to oxidise considerable
amounts of chromium out of the melt, for a particular gas composition.
From this point of wiew it may well be thot their results are subject
to errors due to high chromium concentrations. As no further
experimental detalls were glven it is not know if adequate precauibions
wexre token to prevent thermal diffusions In addition no mention
was made of the oxygen gontent of thé melts studled.

In the study by Turkdogan, the gas was preheated and argon
was addad in the ratio 4 « 1. To ensure the atbtaimment of equilibrium,
heats were continued for two hours after the first appearance of
slag on the melt surface. The composition range studied was from
4 to 12 per cent chromium and experiments were carried out at
1865°, 1600° and 1660°C. I'rom the results obtained the activity
coefficient of oxygen appeared to be independent of temperature.

In all three investigations mentioned above, il wag
assumed that chromium in ivon behaved ideally.

Recently Gharlﬁoﬁ%*has sbudied the solubility of oxygen in

alloys
ironnchromiumLig'equilibrium with a watere-vapour/hydrogen atmosphera
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and elther chromite or chromic oxide crucibles. The expariments
were carrled out in a molybdenum~wound resistance furnace and the
gas mixture was bubbled through the melt. This procedure not
only hastened ths approach 4o equilibrium, but eliminated the
peseibility of thermal diffusion.

From the results of this particular study at 1600°C it
was evident that irone~chromium alloys connot be regarded as ideal
solutions. Up to 10 per cent chromium a negatlve deviation from
Raoult' ¢ Law was reported which substantiates the trend observed
by Wada et alia%s.

The results of the different investigations are collected

together in Table 3, where they are summarised in the form of

interaction paremeters.

Tabla 3 Chr omium-Oxygon Paramsbers ot _1600°C

Parametor Chen and Tuckdogan Charlbon

o Chipman (27) (42)
o (41)(45)

% d10g £, /o Tex] - 00041 ~ O» 0G4 -0- 058

5% dnd, /21, - 88 a7 e

S Tha Activity of Silicon in Liquid Ircnedilicon Alloys

Silicon is widely used as an alloying element in steel and
also as a deoxidiser in steelmaking. A knowledge of its behaviour
in liquid iron is therefore of some importances The fact that

“intermetallic oompounds occur in ironwsilicon alloys, implies

that there is a chemical attraction betueen the twd elements.



33.
While it is probable that such compounds lose their identity in
liquid metallic solutlons, the attrective forces will still
persigt. This effect givos riss to a negabive deviation fronm
Raoult! s Law and coxresponds 4o a positive deviation fxom Henry's Law.

Chou  hes debermined b activity of silicon in liquid
iron at 1550° and 1650°C by means of its partition between liquid iron
and liquid silver. This vork wos laber rapeated and extended by
Chipnan, Fulton, Gokcon and Gaslkey bo cover the range NOO= 015 to
Ov 55, At conéanﬁraticns graeater than 055 Nf?)partial miseibility
of the iron and silver layers occurred to an extent, which it was
thoughti, might affect the actlvities in the iwo phasesg.

In order to determine the activity of silicon in llquid
iron yelative to that of purae silicon some further informetlon is
required in additlion to that oblained from the partitlon experiments.
Lg a check this information was derived from two independent sourcess
(1) the Fe=Si phase diagram and (2) the Ag-Si phase diagram.

While calculabtlons from data from these two sources were in reasonable
agreement, it was felt that the data derived from the Fe-Si phase
diagram were more dependable.

The distribution deta were extrapolated to infinite dilution

of silicon in iron with the aid of date derived from (a) the

-1
work of Gokcen end Chipman on silicon-oxygen equilibrium in liquid
10,28
iron, (b) the free energy of solution of oxygen in liquid iron ?

49
and (¢) the free energy of formation of silica .
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The disbribution éxperimants were made at 1420°C ond
and the data for 75£;n iron extrapelated to higher temperatures using
the relationship O In¥%y/d(L/T) = Tg/R.  Since the temperature
dependance of the heat of mixing was unknoun, p 5. was treated only
as a function of composition.

By this procedure a walue of about 4 was obtained for
the parameter 6(::1:51:1&;/ 3 N.ab 1600°C, Chipman s stabed,
however, that a more prohable value from this data would be ebout 1l.
Very recently the results of two independent Stu616851'52 of the
distribuﬁion of silicon between liquid iron and silver have yielded

a valus of about 13 for this parameter at 1600°C.

7. Silicon=Oxygen Bguilibrium in Liquid Iron

In stealmaking processges one of the most commonly used
deoxidisers is silicon. Its behaviour in liquid iron eontaining
oxygen can be repregented by the following reactions

S510q = S1 + 29
8
Lagi][ao]
K1 i
(as10,)

When congidering the deoxidising powar of silicon, an
important factor is the nature of the slags  Thus in the case of
bagic slags the silica produced during deoxidation readily combines

with the baglc oxides Ca0, MgO or MnO, its activity is reduced to
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a low valus and there is a conseguent decrease in the produch
{aSi][aoﬁ If reoxidation of the melt by the slag can be
prevented, this resulis in a more complete deoxidebion than
if slags saturated with silica were used, a condition closely
approached in acid slag practice.

If the metal is in equilibriuvm with pure silica, or
gsilica saturated slags, the equilibrium constant for the above

reaction beoomess

6 = [asalleo]
or, as it is usually expresseds
R = [fei][do]

The deoxidatlon product Ky, was first determined
exporimentally by Kdrber and Oalsensa » who measured the equilibrium
between molten iron containing menganese and Fel-Mn0-810; slags
contained in silica crucibles. Their valus for Ky at 1600°C

-5
wag 3+6 x 10 &

Zepffe and Sixms:'sﬂstudied the silicon-oxygen equilibrium
in molten iron using silica crucibles and contrelling the oxygen
potential with a water-vapour/hydrogen gas mixture. Only a few
melts wera analysad for oxygen, the activity of oxygen in the
ramainder being calculated from the water-vapour/hydrogen equilibrium.

Pheir resulte indiceted that Ki' increased with the gilicon content

of the melts and this they explained by assuming that part of the
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silicon existed as silicon monoxide disgolved in the metal. However,
subsaquent work by Gokcen and Ghipm&n?g on the vate of approach
to equilibrium in Fe~S1-0 meltg, has shoun that in the investigation
by Zepife and Sims, insuificient Lime was allowed for the attalnment
of equilibrium.

Hilty and Craftasshave carried out an extenglve gtudy
of the sllicon~oxygen equilibrium baged on the slag-metal technique
and using magnesia, aluming and silica crucibles together with a
robating crucible furnace. Heabts were made at 1550°C, 1600° and
1650°C and metal sempleg analysed for silicon and oxygen.

Although it was found that the chenge in oxygen content
of the metal with silicon conbent could be represented on a
logarithmic plot by & straight line for each temperature, Hilty
and Crafts stated that the data could be represented better by two
intersecting curves. In addition, it was postulated that the
intersection of the curves representad an invariant point which
corresponded to an equilibrium between the three phases, liquid
metel, liquid slag and so0lid silica. Darken?ehas pointed out,
however, that the gradient of the curves ab the point of intersection
violates the law of heterogenaous equilibria, in that the metastable
exbensions pass into the homogeneous field of liguid iron.

The results of this study were reported in the form of

an empirical deoxidation constent given bys
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log ¥/ = log [/"%5.][70] = =18,050/T + 510
Gokeen and Ghlpman have made a dotailed study of the
influence of silicon on the oxygen content of liquid iron in
gguilibrium with pure silice and water-vapour/hydrogen gas mixbtures.
In order to minimise thermal diffusion the inlet gases, with argon
added in the ratio 4 » 1, were preheataed to about 1500°C. On
account of the slow approach to equilibrium, heats werae continued
for periods extending up to 18 hours. The molis were then
quenched in a slbream of hydrogen and subseguently anelysed for
silicon and oxygen. Although most of the work was carriled out ath
1600°C, several heats were made at 1545° and 16509C.
From the results obtained, a sbudy was made of the
equilibria representad by the following reactionss
Sil: (cpist) = &1 + RQ
Bo=laglled v & = [d)(fo]
8102 (oriat) * Ale(g) = B2+ 2hO(y)
fa = [ogalonobgft &' = [954)(P0/Py,)"
Talg) + @ = IO(y
K =Piofy - [ec]) 1 % = Puo/lpy,. [%0])
Although the results vhen plotted in the form log [70] v
log [%Si] do not confirm the epparent brealk in the curve reported
by Hilty and Crafts, in general the two sets of data are in good

agraeement.
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An attempl was made by Gokeen and Chipman t0 measure
the effect of sllicon on the activity coefficient of oxygen and
hence the effect of oxygon on the activily coefficient of gilicon.
This involved the inbroduction of complex relationsghips between
acbivity coafficient and concentration terms. Howaver, in view
of the results obtained from an analogous study of the Fe-Al-0
systeéaﬁ, these relationships were subsequently withdrawnsq.
Qualitatively the following conclusions appesred to ba valids

(1) The activity coefficient of oxygen is reduced by the
addition of silicon.

(2) In dilute solutions the activity coefificient of silicon
increases with its concentration.

(3) With respect to the equilibrium between silicon and
oxygen in liquid iron the above effects are approximately
compensating, and the product [%Si]["/:()]8 remaing almost
congbant in the range 0+02 to 15 per cent silicon. As
a good approximation Ky =K .

Matoba, Gunjii and Kuwanaée using the same type of experie
mental technique have rastudled the various equilibria investigated
by Gokeen and Chipman, and recently Chipman and Pillay§ohave
published some results for the following reaction at 1600°Cs

8i0a(s) *+ R2Ma(g) = 81+ 2kR0(g)

The three sets of data for this reaction are in good
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agreenment for silicon concentrations up %0 1 per cent and are
adequately vepresented by the equations proposed by Matobs et alias

log Kz = log [agj] (pggg/pﬁa)a = =15,640/T + 4485

Ay = 71,540 = 2217 T cal

The reference state for the activity of silicon is the
infinitely dilute solution and log Ky was faken as the limiting
value of log Kz at O per cenb Si for temperstures 1570°, 1625°
and 1680°C.

The values obtained by Matoba et alis for the equilibrium

constant K = [asi][aj i are only slightly emaller than bthose gf
Golccen and Chipmen..- 4B 1600°C the values are 2¢3 and 2+8 x 10
respectively. Chipman and Pillay have calculated values for this
constant by combining the data of Floridis and Ghipman:h1 with that
of Matoba et alia;
(g *+ 2 = HO(gf
AG° = =32,200 + 14+63 T {Floridis and Chipman)
S10z(s)* Rlla(g) = 81 + 2e0(p) |
A Gy = 71,500 = 22¢17 Teal (Motoba et alia)
Combining these equatlonss
S0 = 81 + 20
°

A(.‘u = + 135,940 ~ 51+43 T cal
log K = - 29,700/ + 1l:24
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Valueg for Ky caliculated from the above equation are
compared with experimental velues in Table 4. It is evident
that the data of Matoba et alia are in very good agreement with
the calculated data of Chipman and Pillay.
Jabla 4 Comparison cgg_gggggmental Volues for the Product

[A1][ 70" x 10° with caloulated Veluse for the
Product lagillae]” x i

Temperature, °C. 1550 1600 1650
53 )

Korber and Celsen 13 36 10+ 6

Hilty and Crafbo 1¢6 3.0 5 3

Gokeen and C»}tl.i.prm‘-a,na ? 1.2 R+ 8 S 5

Matoba et alia58 8 R+3 6e1

Calculated Value Sso 09 R+3 G0

Matoba and coeworkers have derived values for the parameters

(s0)

L1
“a ande "

e, assuming, in each cage, that the infliuence of oxygen on

the activity coefficients is negligible. Their value for
ef,“’x dlog fo/b[%Si] was =0¢13 valid for the temperature range 1570°C ~
1680°C, The relationship'between eﬁ%nd the absolute temperature
wag reported to he

efj‘& dlog fs1/AMSa] = 8,900/T = 1e77

At 1600°C this corresponds to a value of aboub 36 for the
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paramater é Bln\(fsj/ gy compared to the value of approximately
13 derived from the data of partition experimentasm 50;

In Chapter VIII the results of Gokeon and Chipman and
Matoba et alia are re-examined in the light of the results obtained.
from the present work and an attempt is mede to explain the abova
discrepancy in the data for the activity of silicon in liguid iron.

8. The Effect of Silicon on the Act:w:d;x Coefficiont of Aluminium
in Liguld T on= 81 Liconehluniniom Alloys

In an extenglon of their work on the distribution of
aluninium between liquid iron and liquid silver at 1600°C Chipman
and B‘lcridiaa? have studied the distribubion of aluminium betveens-
(a) Pe=C alloys and silver and (b) Fe=CeSi alloys and gilver.

The effect of silicon on the activity coefficient of aluminium,
K;SL) wag glven bys-

log ¥\=  log Yy, - 10g‘6n(:) - log¥

where Gpe is the activity coefficient of aluminium in Fe-Al-G-Si ailoys,

Kg?rapfesents the effect of carbon on the activlbty coefficient
of aluminium,

and 59 rvapresends the activity coefficient of aluminium in the
hipary Fe-Al solution of the same aluminium concentrabion.

When the resulis vexe plotted in the form log Kgiv Ngg
a sbraight line was obbtained for silicon eoncentrations up to aboub

0+28 Na:. At higher silica concentrations a slight curvature was

evidant. It was suggested that {this might be due in part to
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interaction effects in the silver layer where the atom fraction
of silicon was as high as 0-08.

This suggestion wag later confirmed by Chipman and

a8 :
Langenberg who applied a correction for the effect of silicon
on the activity coefficient of aluminivm in the silver layer

)

corregsponding to €H 0 =70,

Irom this work it was found that for silicon concentrations

(st)

up to 0+4 Ng. in ironm, the parameter € eablnls A1/ ONg; had the

R
value + 69 at 1600°C.

2

a
Thig data wag later recalculated by Wilder and Elliott

on the bagis of their results for the activity of aluminium in
(se)
liguid silver. This procedure yielded a value for €H 00f # 7:0

at 16Q0 QG.Q
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SOME_DRP iR IMANTAL CONSIDERATIONS

Le Effect of Thermal Diffusion on Gag-Metal Rgullibrium Studies

When tWoe gases of wmlike molecular weight enter a tube in
which there is a temperature gradient, a partial separation occurs,
the heaviaer gas molecules tending bo concentrate in the cooler gzone,
while the lighter molecules move towaxrds the hobter zone. This
phenomenon, known ag thermal diffusion, is probably one of the most
signifileant, though least obvious, sources of error occurring in
the determinaﬁion of equilibrium betwesn a gas mixbure and a condensed
phase at an elevated temperatura.

In the study of equilibrium between molien iron and a gas
mixture of hydrogen and water vepour, one of the simplest ways of
stirring the melt and thus hagtening the approach to equilibrium is to
uga high frequency induction heating. However, this method of
heating hag +the disadvantage that a sharp bemperature gradient is
set up at the gas-metal interface. with the resuli that the actual
watexr-vapour/hydrogen ratio immedietely above the melt surface is
lower than the inlet ratio used in the computation of K values.
Bacause of this effect, the oxygen content of the metal ig lower
than that which would be in equilibrium with gos of tha inlet
composition.

The phsnomenon of thermal diffusion, predicted in 191l
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59 60
by Enskog and independently by Chapman in 1916 , was first
6l
observed by Chapmen and Deobtson  in 1917. More recently,

detalbed invesbtigetions of the effect have been made bys-

Ermett and Sehultéﬁe, who pointed cut srrors of as much
as 40 per cent in the weter-vapour/hydcogen ratios used in some of
the earlier static determinations of equilibris.

Darkan and Gurryﬁa, who dascribed conditions for avoiding
errorg due Lo thermal diffusion in geseous mixmbmres flowing Into
or out of a vertical tube furnaces

Dastur and Chipman§*5 who investigated methods for
aliminating the error under experimental conditions similar to

those existing during the present study.

In the last mentioned work, two mothods were used to
ninimise errors due to thermal diffusion. The first, and more
obvious, method was to eliminate as far as possible, the sharp
temporature gradient exigbing abt the gas-metal interface by pre-
heating the Incoming gasess The second method was based on a
kinetic approach to the problem, developed by Gillespiaes, in
which it was shown thal the relative separation of two gases by
thegmel diffusion was inversely proportional to the square root of
the mean molecular welght of the mixbture, and could,therefore, be
decreaged by the addition of a third gas of high molecular weight.

Dagtur and Chipman concluded that the exrror could be eliminated
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by adequate preheating of the incoming gases, and in the absence
of suificient preheat, diminished by the addition of a heavy inert gas.
In recant studies of gas-metal aquilibria in the tempsrature
range 1550° to 1870°C, the gas preheater has been run at 1550 to 1600°C
and ergon added to the hydrogen in ratios between 4 o+ land 6 s 1.
In the present work several heats were made in the absence of

preheat and & eomparison of the results obtained.ls given in Table 5.

TABLE & EBffects of Thermel Diffusion
With Preheat Inlet Gas No Freheat
Heat No. Al,ut.pet Composition Heat No Al,uwt pet
PH.O/Py, x 10
2L O» 067 3+ 6 19 0. 068
22 0049 §o1 17 0+ 065
20 0034 67 18 0+ 062

From congideration of the reactions
Ang;(s) + 3 Hg(g) = RAl + 3 H@O(g)
it is evident that the higher aluminium concentrations in the melts
made without preheat indicate that the oxygen potential of the gas
phase a% the gas-metal interface was lower than that in the
corregponding heats made with preheat.

Thua throughout the present study in order to minimise
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errors arising from thermal dilffusion, the gas mixture was preheated

t0 about 1550°C and argon added in the approximate ratio 6 s 1.

£+ .The Datermination of the Water Vapour Pressurg shove Saturated
Lithium Chioxide Solutiong

To obtain the very low water wvapour praésures required
for the present study, by bubbling hydrogen through pure water,
would necesgitete rather awkward temperature control in the range
~15 to + 18°C. However the same vapour progsures can be obtained
by bubbiing the hydrogen through a series of saturated lithium
chloride solutions held at temperatwres between 20 and 50°C.  Because
of the désagreement between reported va1u926§673820r the vapour
pressure of water above saturated lithium chloride solutlons, it
was decided to make an independent determinetion of the vapour pressure
curve. A diagram of the spparatus used is shown in Fig. 6.

Cylinder hydrogen, via a calibrated flowmeter, was .
hubble@ through a system of four glass vessels conbalning saturated
lithium chloride soiutians together with excess crystals of the
salt, The vessels were immersed in a large vater bath, the
temperature of which was aubomabically controlled to with & 0+05°C.
The temperatures were measured with s thermometer, calibrated at the
Natlonal Physical Labopasory.

From preliminary experiments it was found that the bubbler
in the fixet vessel tended to choke up after aboul twenby-four hours

due to crysballisation of lithium chloridey however, this difficulty
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was overcome by keeping the entrant tube aboul half an inch above
the surface of the solution. After saturation, the pressure was
measured on a manomebter and the gas mixture led off through a
glags tube which,in order to prevent condensation, was maintained
at about 70°C by an "Isobhormal" heating tape. The water vapour
wag absorbed by leading the gases through two weighed midvalae
bulbs containing magnesium perchlorate and the total volume of
hydrogen passing through the system in a given {ime measured with
a webt-~type laboratory gas metor.

The performance of the salurator system was checked using
dietilled water in place of the lithium chloride solutions and
the results were within # 02 per cent of the theoretical values.
A number of runs were made using lithium chloride solubtions with
gas flow rabes varying from 75 to 300 co/minute, and under the
experimental donditlons described, the results were reproducible
to within & 003 ma Ig. In the calculation of vapour pressures,
it was assumed that water vapour had the properties of an ideal gas
since the correction for deviation from ideality in the pressure
range covered here is less than 007 pex cenﬁés.

The vapour pressure deta used throughout the present study
together with the results of previous workers are shoun in Fig. 7.
At lowar temperatures the present resulis agree well with thoge of

66 67
Gokeen , Hubttlg eb al, and, when extrapolated, with the single

68
determination by Lannung , although in this case there lis some doubt
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ag to the composition of the solid phase present, due to the fact

that lithium chloride wndergoss the following transformatlons,
69
according to measurements made by Appleby and Cook
TCLe 21,0 19+1°C LiCL a0 & HR0

QQe Q
and  LiClem,0 250 rici o+ 10

As the temperature inereases, the curves gradually diverge.
In this respect it is perhaps worth noting thab the results of the
" earlier Invegtigation by Hubtig showed poor reproducibiliby in comparison
with those of Gokeen, which were reproducible to within + 0+02 mm Hg.
One reason for the lack of consistency in the data may be the
presence of different impurities in the lithlum chloride. Tor
the lithium chloride used in the prasent work the maximmm limits of
impurities were as followss-
0+ 02 per cent sulphate (SBg)y 00002 per cent irony 04001 per cent leady
0. 000 per cent srsenic.
Dther errors may oceur if insufficlient time is allowed
for the lithium chloride solutioné to come to equilibrium with
golid lithium chloride at any perticulaxr temperature. Thus in
the present work erratic resudts were obtained when runs were made
about two hours after altering the water bath temperature by about
10°C,  In the procedure adopted, therefore, the thermosiat was
adjusted to the desived value; and the solutions left overnight

before nmeasuring the vapour pregsure at that {temperature.
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3. Temperature Measurements with a Disappearing I'i

buring the experimental ruhg temperature measurements were
made at frequent intervals by meang of an Evershed High Precision
Digappearing Filawment Uptical Pyrometer sighted on the clean surface
of the melt. A calibration curve for the ingbrument was obloined
in the following way. A charge of 20 g of electrolytic iron
contained in a speclally designed beryllia cruecible having a re-entrant
tube al the bottom was held in the furnace under exacitly the same
conditions as thoge prevailing during ﬁhe equilibriﬁm determinations,
i.0. in a preheated gas stream of purified argon and hydrogen
containing a smell controlled amount of water vapour [Fig. 8]. This
gag stream, swaeping across the surface of the molten iron minimised
errors resulting from the presence of iron vapour. A 5 per cent
Rh~-Pt/R0per cent Rbh-Pt thermocouple, previocusly checked against
the melting point of palladium was pushed up through the central
crucible support until the bead junction was positioned inside the
re~antrant tube.

By caxeful adjustment of the power input from the high
fraequency unit, it was pogsible to check both the optical pyrometer
and the thormocouple against the melting point of the elecirolytic
iron, teken ag 1535°C. The power input was then increased slightly
and vhen s constant and gteady temperature had been obtained,
simultaneous readings were taken on the optical pyrometer and the
thermocouple-potentiometer. This procedure was repeated o number

of times and readings taken at intervals during heating agreed
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well with those taken at intervals during cooling, thus indicating
the absence of a temporature gradient between the molten metal
and thermocouple.

The observation by Schofield and Grace7o, that platinum~
rhodium alloy thermocouple readings were unaffected by the field
present in a high frequency induction coil was confirmed during the
calibration experimente when it wag found that momentarily cubting
off the input supply had no effect on the potentiomebor readings.

Irom a number of measurements made with the gas preheating
coil cold, it was concluded that the optical readings were independent
of the preheater temperature. This is in sgreement with the
findings of Dastur and GokcaéﬁLwho calibrabed an optical pyrometer
under somewhet similar conditions.

The results of trus (thermocouple) and observed (optical)
temperature readings are plotted in Iigs 9 to give the calibration

-curve which was used throughout this study. This takes into

acgount the emigsivity of the iron as well as the absorption of the
optical system. Strictly speaking this curve refers 1o pure iron,
but Gokeen and Chipmaﬁzhave ghoun that the emissivity of irom

is unaffected by the addition of gilicon up to 13+6 per cent provided
the melt surface is not covered by scum. This was confirmed in

the present wark by checking the melting point of the various iron-
silicon alloys used at the beginning of a heat. It was agsumed

from observations mede on the melting points of iron-chromium alloys

that the data was algo unaffected by the presence of chromlum up
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to 10 por cants
Actual reading on the pyromeber were reproducible to
within ¥ 3°C and the temperature during equilibrium runs could
be kept consgbant within 2 109 by controlling the power input from
the generator. The estimated uncertainty in the calibration

curve is also of this order.
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APPARATUS AND EXPERIMENTAL TECHNIQUE
3, 1he Gas Sysbem

A dlagram of the ges system is shown in Fig. 10,

High purity hydrogen containing lesa than 10 parts/million
oxygen was led throughs

a calibrated flowmeter (4),

soda asbestos (B) to r omove eny cerbon dioxlde present,

anhydrone (C) to remove molstura,

platinised asbestos ab 450°C {D) to convert any oxygen present in

the hydrogen to water vapousr, and

saturated lithium chloride solubions (B).

Finally, puwrified argon was added in the ratlo 6 ¢ 1 and the
ternary mixture intreduced into the furnaco.

In the argon purification line, the gas wae passad throughs

a calibrated flowmeter (A),

soda asbestos (B) Lo vremove carbon dioxide,

anbiydrone (C) 3 to dry the gas, and

phosphorous pentoxide (G})

calcium turnings at 700°C (H) to take up any oxygen present.

A by-pase (J) was provided so that the hydrogen line could he
flushed out with argon whenever requirad. The two flowmeters
were calibrated by displacement of waler from an inverted litre

flask and the calibration curves checked with a wel-type laboratory

gas maters
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Copper tubing was used to convey the argon from the calcium
furnaca, and the Hydrogen from the saturator system into the
reachion chémber. This tubing wag heated by an YIsothermal®
heating bape to about 70°C to prevent condensation of water vapour.
The pressure within the gystem was messured with a smell manometer
connacted by a tap to the gas line in the position shoun in Figs 10,

and wag usuvally of the order of 5 mm mercury.

£: The Fuxnacg fArxrangement
(a) The Reactlon Chamber - The vesction chamber, a diagram of which is
ghown in Iig. 11, was similar to that used by Chipman and co-workers
for the study of a number of gasematal reactiansagpa? It consisted
of a glaged surface silica tube (K) 24 inches long and 2 inches internal
diameter with water aooledibrass end plates (H). The top plate
was fitted with a gas inlet, a small sight glass (A) to allow
temparature measuremenﬁs to be made with an optical pyrometer,
and a preheater tubs (G) cemented into position with water glass.

The elumina crucible (M) was positioned on an alundum dise (0)
vhich zesbed on an alumina tube (r§ which was in twn supported by a
stainlegs sbeel tube (Q). This support system, which also served
ag a gas outlel, could be moved up or down inside the furnace as
depired by means of an asbestos gasket (U) set into the brass base
plate (T)s This plate was also fitted with two coppar tubes (R)
piorced at intervals with small holes so that the melt could be

quenched in a stream of hydrogen when lowered inte position between
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the Jeﬁs al the end of o heate
The power required for melting was supplied by a 20 kilo-
vatb, 400 kilo-cycles/sec Philips high frequency generator.,

(bl The Prehonter » A recrystallised elumina tube 14 inches long and

0+ 5 inches internel dlemebter was wound over a distance of 10 inches
at 10 turns per inch with 22 gauge platinum -10 pet rhodium wire
and the wire leads connected to ceramic coated terminals soldered
into the brass top. A thin coabing of silica~free alumina cement
held the winding in position on the alvmina tube. As shown in
Iig. 11, the prehaéter was enclosed by an alundum insuleting
gleeve, 12 inches long and 1+25 inches internal diemter suspended
with iron wive Lrom two hooks screwed into the brass cap. The |
preheater temperature was conbrolled by means of a varliable transformer
and measured by focussing the optical pyrometer on the inner walls
of the tubae. |

Under the experimental conditions, contamination and
subsgquant failwe of the winding ocecurred after about 100 hours atb
'1550°C, The fractured sections of the wire were brittle, coarsely
granular and adﬁared gtrongly to the alumina protective coating.
This effeet has also been observed by Gokeen and Chipman?a who
suggaesbed that localised impurities in the alumina were reduced mf
hydrogen at very low water vapour-hydrogen ratioes, and then absorbed
by the wire, thus meking it very brittle. In a subsequent

a6
investigabion by the same authors  the preheater was run at a lower



tomperature in an abtempt to prolong the life of the coll.

In the present work, after the failure of two platinune-
phodium alloy windings, 1t was decided to replace them with a 24 gauge
molyldenum wire. This proved to be much more suecessful in that

tha coil had & working life in excess of 500 hours at 1.550°C.

{e) Quenching Technique - AL the end of a heat, the melt was lowered

Lo a position just below the upper jet holes in the copper tubes and
quenched in & stream of hydrogen at 15 o 20 p s i, a technique
introduced by Gokeen and Chipman Q. The time regquired for fysezing

vas usvally about 5 to 10 seconds. On a few occasions, when the
crucible support was pulled down, the erucible was left sticking to

the end of the preheater tube duwe to the presence of an iron deposit
caused by volatilisatlon of the melt. In such capes, the solidification
time wag aboub 15 to R0 secondss  During the quenching treatment,

top 2 (Fig., 10) was closed bto prevent "blow~beck® of the lithium

chloride solutions into the platinisaed ashestos furnace.

2. The Ma*ber ials _Use@

Metal gha:eges walghing 20 g werae preparaed from the
following waberials mixed togethar in the required proportions agnd
compressed into eylindrical shaped pellets 14 mm in diameter and
10 mm highs
(a) vSintrex" electrolytié ivon powder supplied by G. Cohen,
Sons and Co., Ltde, London(containing a maximum of O» 015 pet

carbon, 0040 pct manganesa, 0010 pet silicon, 0+020 pct
sulphur and O-015 pet phosphorus.
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(b) Grade A erectrolytic lump chromium (containing a waximam
of 0«Ql3 pct carbon, 0+010 pet sulphur and 0040 pet silicon.
and (c) High purity silicon metel (containing a meximum of Os1 pet
aluniniom.
Both (b) and (e¢) were supplied hy Union Carbide end Carbon
Corporation.
The pellets were contained In eylindricel, recrystallised,
alumina crucibles (height 33 mm, outside diameter 22 mm, wall thickness

1 mm) supplied by Morgan Refractorics, Lbd.

4. liperimental Procedurg

The metal chaige, velghing aboul 20 g and contained in
an alunina crucible was posibioned by means of the movable crucible
support, such that the exit end of the preheater tube was O+3 inches inside
the cyucible. The spparatus was checked Lo ensure the absence of
leaks by passing gas through the system at a slow flovw rate, closing
the gas outlets from the furnace and observiﬁg the behaviour of the
floumetors. The water bath thermoétat was geb, the purification
furnacea and heating tape swibched on, the gas flow rate adjusted to
approximately 15 cc per min hydrogen and 90 ce per min argon, the
preheater brought up to about 1R00°C over a period of about cne hour
in order to avoid excessive thermal shock, and the apparatus left
ovarnight.

Next day, the gas flow rabe was increased to 150 ce per min.

hydrogen and 900 ec¢ per nmin argon, the preheater temperature brought
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up bo about 1550°C, the high frequency induction furnace switched on
and the metal heated to the roquived temperature within two minubes.
Heals vere made at the two temperature levels 1723° and 1823°C.

| buring o heat, the temperature of the melt was observed
with the optieal pyrometer and controlled to within & 10°C of the
required temperature by altering the circuit induction. After
holding the mellt al consbant tsmparaturdfor sufficient time to ansure
the atbtainment of equilibriuvm, wsually between ten and twelve hours,

it was quenched in a gbream of hydrogen as desceribed previougly.

a

Se Lpproseh to Sigullibrium
Several heals wers made at 1723° and 1823°C in order to
establish the approximate times required for the atbtainment of

aquilibrium.  Data fox these heabs are glven in Table 6 and Fig. 12.

IABLE 6 Approach to Bguilibrium
Heat No Tamp “C Hours ab Py, o/pa, Al, wh pet
Temp x 1@
1 1623 60 4+ 98 0= 0265
P 1823 10+ 0 498 Q- 0326
3 1823 1.0 346 0 0193
4 1823 4o 5 3048 0 0467
5 1623 12+0 3+48 0+ 0666
6 1723 60 354 0« 0174

7 1723 12:0 354 Q» Q217
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In Heat 1, 0«0R per cent aluminium was added to the
charge in the form of a L0 pex cent Fe-~Al alloy. 1In the remainder
of the heabs the intilal charge consisted of pure iron.
From the various date it is evident thet a period of
between tan and twelve hours is required for equilibryium. Longer
tineg are not Justified since the analysis for aluminium is not

. th
sufficiently precise to detect smallzcﬁanges involved.
6. _The Determinablon of Aluminium

The aluminium content of the iron samples was determined
by a colorimebric technique based on a method described by H:?.l:l‘.-“3
for carbon and low alloy steels. This method depends on the Lach
that when ascorblc acid is added %o an aeid solubion of trivalent
iron, an oxidised derivdtive of ageorbic acid is fommdd which
complexes the ivon and minor amounts of other reducible elements
presént in t@é-steel.

"Solochrome Cyanine R" was used in the nitrated condition
to form a coloured complex with the aluminium.  The nitrated dye
solution was made up by adding 2 cc of 1.0 specific gravity
nitric acid to 003500 g of sologhrome cyaning R in a dry beaker,
the solution swirled for 2 minutes at roaﬁ tenperature until oranga-
rod, 75 co of water added followed by Q25 g of urea Lo remove
the nibrons acld formed during the nitrating treatment and which
would otherwise decremse the dye stabil;by. After swlrling again
the solution was diluted o 1 lltres In this condition the dye was

stoble for a period of at least six months.
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The colouyed aluminium complex is mopt sbable at a pH of
5*5 and this conditlon was obtained with the ald of a sodivm acetate
buffer made up by diseolving 400 g of sodium acetate trihydrate in a
litre of water and adjusting the pH with either sodivm hydroxide or
acebic acid to give a value of 65, which, under the experimental
conditilons desecribed, gives a pll of 55 in the test solubions.

A 05000 g sample was dissolved in 10 cc of 10 per cent
sulphurie acid, 25 cc of 3N nitric scid added, the nitrogen oxidas
boiled off, & small excess of saturated potasgsium permanganate
solution added, the solubtion boiled for a {further 2 minubes to
ensure complete oxidation and the excess permanganatae reduced by a
dropwise addition of 10 per cent sodium nibtrite solubion and 2 drops
added in excegs. The oxides of nitrogen were again boiled off,
the solution cooled, transferred to a 250 c¢e volumetric flask,
diluted to wolume and well shaken.

To a 5 ce aliguot in a 25 ce volumetric flagk were added
S5ce of 1 per cent ascorbic scid together with 5 eec of the dye solution
followed after 1 minute by 5 cc of the buffer solubion. After
standing for 3 minutes to allov the coloured complex to form, the
solution was diluted 1o volume, well shaken and the absorbance
meagured against sn aluminium free, pure iron blank, carried
through a_ll the steps of the sbove procedure at 535 muin 1 or 2 cm cells
on o Unicam &.P. 600 spectrophotometers

The per cenb aluminium present in the sample was determined

from & calibration curve previously consbructed by adding knowm
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amounts of aluminium in the form of eluminium ammonium sulphate to
0+ 5000 g of pure iron and processing these samples as desefibed
previously. Tho calibration curve was checked against standard stbeel
gomples -lssued by the Bureau of Analysged Samples, Ltd., The two
ghanderds MeS. 271 and M.S. 272 had aluminium contents of 0008 and
0+ Q64 per cent respaectively. Average deviation in duplicate
analyses was usually of the order i 00005 pex cent.

Jt is worth noting that the ascorbic scid soluition mush
bs made uwp fresh for each determination and that the coloured test
solution should be examined within 30 minubes of making up the
asgorbic acid after which time the colour of bthe sclution gradually
changes. In the present work test solubions were examined 20 minutes
aftor making up the ascorbic acid and sheady readings were then obbained
on the spectrophotometer over a period of about 10 minutes.

Although the above procedure was sétlsfactory for iron=-
aluminium alloys and even ivon~silicon-aluvminium alloys, at least
within the vange of silicon contents studied, it vas found that 2 pexr
cent chromium and above, blocked the formotion of the aluminium complex.
Thus, in the ease of the irvon-chromiumealuminivm alloys, the chromium,
and incidentally the iron, was first removed by a mercury cathode
electrolysis separation.

The sample was dissolved as before by warming with 10 cc
of 10 per cent sulphuric acid, the solution dilutedto 100 ce and

glectrolysed using a mercury cathode and a platinum digce anode. Afler
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about 30 minutes the green colour of the solution graduslly
disappeared as more and more chromium was taken up in the mercury.
After a further 15 minutes spot tests made on the electrolyte for
chromlum and iron conflrmed their absence and the slectrolyte was
then rapidly transferred to anobher beaker, and the remeining mercury
waghed by decantation. The mimute quantity of chromium or iron
which might be returned to the solution during this itreatment is
small and can readily be complexed later by the ascorbic acild.

The solution was boiled to reduce its bulk, treated with 3N nitrie

acid and the estimation completed as prevlously described.

7._The Determination of Oxygen

The oxygen content of the metal was determined by 2 vacuum
fugion technique. A scheomatic diegram of the apparatus is ghown in
Fige 13 and 14. The furnace side of the equipment isg similar to
that described by Murad?a s but the pumping and gas analysis systems
hava been altered.

The Pumpin stom

Evacuation of the apparatus was cerried out by means of an fIdwards
"Speedivac" rotery pump, type 1850 with an integral phesphorous
pentoxide moisture trap, backing . an Edwards mercury diffusion pump,
type 2 M 4.  An Bdwards "Speedivac" 1/2" magnetic valve at the
rotary pump end of the backing line actad as a safety devics in case
of electrical failure by isolating the vacuum system and admitting
air to the rotary pump and go preventing flooding of the system with

pump odl.
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The diffusion pump gave an ultimate pressure of 10"6 mm of Hg
and the rotary pump gave a backing pressure of 5 x 16J3 mm of Ig.
An Edwards “Speedivac" rotary pump, type 18150 was used to operate
the Meleod gauges and also the Tospler pump on the gos analysis side

of the squipment

The Gag Anslysis System

The gas collaction gpace congisted of a 90 c¢m glass
nancmeter mounted beside a Toepler pump having an approximate
volume of 1000 ce togetvher with a serles of calibrated hulbs giving
total volumes of 1+26, 5+21, R0+66 and 5176 ce.

The gas collected from the metal samples wag mainly carbon
monoxide and hydrogen and after compression to a known wolume in the
calibrated bulbs, its pressure vas read on the manometer by using
the Teoapler pump as a form of McLeod gauge. The various taps
were bthen set so that the gas could he drawn through the analysis
gystem by means of an Edwards "Speedivac" mercury diffusion pump,
type 1 M 8 A vhich gave an ulbimate pressure of 10~6mm of Hg, The
carbon monoxide and hydrogen were oxidis#d at 350°C over cupric oxide,
formed by heating copper powder in air. The water vepour formed
was absorbed by passing the gases over phosphorous pentoxide and ths

remaining gas once again collected in the calibrated bulbs, compressed

to the same volums ag before and its pressure noteds. Simple
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subbraction of the two pressure readings gave the partial pressure
of the hydrogen. The gas was again circulated in this instance
wlith liquid oxygen in the cold trap, thereby freezing out the
carbon dioxide. The remaining gas was collected, compressed, the
pressure noted and the partial presswre of carbon dloxide obbained
by subtraction.

From the partial pressures, volumes and temperatures of
the gases, thelr respective volumes at N.T.P. can be calculated, which,
together with a lnowledge of the blank for the apparatus, allows the

gas content of the metal to he determined.

Some Notes on the Bxperimental Technigug
(1) Praeparation of the Samples

Samples wvere taken from the metal by means of a fine toothed
hacksaw and the surfaces and sdges abraded with a fine-cut file to give
specimens roughly eylindrical in shape with rounded ends, about 15 mm
long, 5 mm in diameter and weighing 2 to 3 g. They were then
gleanad in benzene and acetone, dried, welghed and introduced iuto
the sample arm of the apparatus.

(i1) Bvacuation of the Furnace Chamber

The furnace tube was packed with =200 mesh high grade graphite
powder and sealed in position with Apiszon tax We40. The initial
pump down of the furnace side was carried out by means of the

rotary pump with tap 2 open and tep 1 closed. In this way the
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diffusion pump was bypassed and could therefore be kept under high
vacwun except when baps 1, 3 and 4 required cleaning, after which about
100 hourg continuous running were necesgary to degas the pump.

In order to avoid puffing of the graphite powder with
congequent loss of insulabion and carry-over of cerbon into other
parts of the equipment, the alr inlet on the magnetle valve, fully
open at the gtart of the pump-dowm, wes gradually closed over a
period of about 15 minutes. As a further precaution against puffing,

fresh graphite powder wes always dried overnight at 200°C before use.

(1ii) Degassing Procedurs

With the diffusion pump in operation, tap 2 was closed,
tops 1 and 3 opened and the erucible assembly heated slowly to red

the higher

heat and then more rapidly to aboubt 2250°C. In general/the degassing
bemperature, the shorter the time required for degassing. However,
a number of rung made in the range 2300 to R500°C brought to light a
number of disadvantagess=

(2) Volatilisation of graphite from the hotter regions and
ity condensation on the coolexr parts of the apparatug was guite marked.
Sometimes this led to the welding togebhsr of the ball stopper and
the funnel of the crucible asgembly,lmt this could be prevented by
raising the stopper occasionally during the degassing period. &
more serious effect of volatifisation was the formation of a fairly

thick graphite film on the silica furnace tube walls. On a fow

occasions, rung had to be abandoned due %o gas evolutlon from
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particles of this film which dropped into the crucible when the ball
stopper, ralsed for sample admizsion or temperature measurement, came
into contact with the tube walls.

(b) Oceasionally, there was a loss of insulstion with the
consequent development of hot spots In the packing due to sintering
of the graphite powder.

(¢) The working life of the crucible assembly was greatly
reduced,

In the present work a satisfactory blank could usually be obtained
after degassing for 7 to 8 hours at a temperature somewhere in the range
2200 to R300°. Thirty minute blank collections made over the
temparature range covered during actual sample analysis, i.e. 1400 to
1650°C, were of the order 0«06 cc¢ per howr at N.T.P. and contained
about 72 per ceant carbon monoxide, 21 per cent hydrogen and 7 per cent
nitrogen by volume. This data is compered with that from other souicesgo

in Table 7s

Table 7 Gomparison of Vecuum Yusion Data

Source Dagassing Degassing  VWorking Blank ec/Ilr
Temp “C Time-Hrs Temp

Nationel Physical Lab. 2600 ReRel/2 1550-1.600 O» 004

United Steel Cog.Lid. 2000 P 1650 QL3 = Qo4

Sheffield Univeristy 2100 3 1650 0+ 9

Brown=-Firth Research Lab. 2100 2 1650 05 » 1

Prosent Work 2200-2300 7-8 1650 006
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Tamperature measurements were made by ralsing the ball stopper
and focussing the previously mentdoned optical pyrometer on the base
of the inner crucible.

(iv) The Extraction Period

During the extracbion period if the evolution of gas from

the sample takes place teo rapidly, there is a tendency for the metal
bath to spatter, and this can lead to low results due to imcomplete
gas extraction from metal particles adhering to the erucibie assembly
and ball stopper. In order to aveoid this spattering effect, the
temperature wag always loweraed to about 1400°C before dropping a
sample, and then gradually increased 1o the final extraction temperature,
which, from the point of view of keeping the extraction period, and
therefore the blank correction to e minimum, should be as high as
possible. However, if the extroction temperature is too high there
is a possibllity of metal volatillising from the bath and condensing
on the cooler parts of the furnace tube, and this also can be the
cause of low resulbs due to adsorption of gas on the freshly
deposited and highly reactive metal film.

In the present work it was found that an extraction
temperature of 1650°C yielded reproducible results while a number of
rung made at 1750°C did not yZéld any more gas. During preliminsry
tests on Lthe apparatus with standard steels of known oxygen conbent, it

was found that gas evolution from the Lirst sample was very slow and
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that the final result was always low sometimes by as much ag 25 per
cent. To avoid arrors from thie gource, 4 to 6 g of Armco izron were
aluays added to the crucible and degassed, prior to the addition of
the firgt samples In this way a pool of molten metal was obtained
which enable complete solution and carburisation of the samples
to take placse much more rapidly. By this technique gas evolution
from most samples was usually completo afler about 15 to 20 minukes.

Tha performance of the equipment was checkad at frequent
inbervals with standard steel samples supplied by the Gases and
Hon=Metalllc Sub~-Committee of the British Iron and Steel Research
Association. The two standards used, No. 8652/4 and No 784/4 had
oxygan contents of O 0145 and 00105 per cent vespectively. In

general reproducibility was of the order # 0+0005 per cents. (Tabla 8)

Table 8 Standard Steels
Standard Oxygon Contend Analysed Oxygen Content
8652/4 00145 0:0139 00142 00147

784/4 0. 0105 00102 Q0107 00107
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ALUMINIUM OXYGEN EQUILIBKIA IN LIGUID IRON

de Intooduction

Bxperimental investigations of thae relationship exisbing
between aluminium and oxygen in liquid iron have been hampered by
many of Ghe difficulties common to gbudies at high temperatures, for
example, contwol of the furnsce abtmospherey meanmrement snd control
of temperaturey adequate contact betweeh the different phapes
present and retention of the equilibrium composition of ihe
different phases at room temperature. In addition, bthe value
of experimental work on aluminium deoxidntion is largely dependeub
upon accurate analybical btechniques. This factor has porticular
relevance vhere experimente have bean conducted at about 16CG0°C,
ot which temperature the concentrations of both oxygen and aluminiuvm at
eguilibrium are extremely low.
In the present invegtigation, analytical uncertainties
have been reduced by carrying oubt the experiments alt 1723° and 18239C.
At these temperatures the equilibrivm aluminium and oxygen concentraiions
in the melts were high enough for accurate analysis. Exbtrapolation
of the data to 1600°C yilelds a valua for the deoxldation constant
vhich is probably more reliable than could have been obtained by s
divect experimental determination at 1600%C using the present technique.
The experimental method consisted of melbing electrolytic
iron in pure alunive crucibles under a conbtrolled waber~vapoun/hydrogen
atmosphere and holding it at constant temperature until equilibrium

was egtablished betwean solid, liquid and gas phases. The melts
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were then quenched in a gtream of cold hydrogen to retain at room
temperature the equilibrium concentrations of aluminium and oxygen.
Subgequently the melbs were endlysed for these elements and on the
hagis of the results obltained, a study was made of the equilibria

representaed by the following equationsye

, 2 2
EL Y = 2AL + 30 K = [AL] [70] .ea(R)
, a2 3
BoGs (g)*3ll(g) = 2 AL + 31k0(g) By  =[71] G,j%. es(2)
iy
B . = K -
Ia(g) ¥ Q Hf.?O(g) Kﬁ “g?ifgm]‘%za,jﬂicaat (3)

Data for a number of melibs which are believed to have
reachad eguillbrium ab 1723° and 18R3°C are shown in Table 9
together with Gorresponding values for ¥° , Kg  end Kge  The
apparant equilibrium ratios sre related 4o the true equilibyium
constants for the threa reactions through the acbivity coaefficients
fay end f, , where f a1 1is the activity coefficient of
aluminium and f, ie the activity cosfficient of oxygen in the
ternary Fe-Al~0 melise In each casae the standard state is
such that the activity approaches the weight pexr cent abt infinite

dilution.
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Thus, ' 71.
2 a
B =[] +leg]
2.3
[fax = 7 83]-Ffnd
2
K;Ll . {A\l . ]Cos PPN (4)
2
[any] ’(pﬂe§
Py,
Ka,‘ fél T EE R (5)

Pu.o 1
-1520
Py, L8]

-1 K‘;/fo ‘ t“'!‘i.(a)
8
Adopting the method developed by Chipman et alila and

tH H]

&
0

i

and Ka

i

discusged in Chapter II, each of the coefficlents ]( AL and ](g aan

be expressed as & product of two factorse-

CIARNACHE
dieae .Fﬁl fﬁl Al
(0} @)
and fo fo "To0

Ae)
where )C( is the activity coefficient of aluminiumin the binary
? iron aluminium solution of the same eluminium concentration
ag bthe ternary solutiony

fo( o)is the aetivity coefficient of oxygen in the binary irone
oxygen solution of the same oxygen concentrastion as the
texnary solutiony

o)
]C( is a factor representing the effect of oxygen on the
act;a.v:;.ty coefficient of aluminiumy
@2
and fo is a factor representing the effect of aluminium on the
activity coefficlent of oxygen.

In the following section a rief study is made of the

relovant data for the iron=aluminium and the ivon-oxygen binary:
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systems and it is found that in the present case no great error

GIP] ©

is introduced by taking each of the coefficients )( ¢ and

’ as unity.

(o4

Zs Activity Coefficlents in the Iron-fluminium and the Iron=-Oxygen
Binory Systems '

{a) The IroneAluminium Binary System  From the data of Chipman

and Flor idism on the distribution of aluminium between iron and silver,

Wilder and Elliottaahave caleulated a value of 5¢3 for the parameter
€¥f) with referance to iron-aluniniun alloys at 160096,  The

value of this parameter at higher temperatures can be calculated on

the assumption that 6; Z?s inwersely proportional to the abgolute

_ ae)
temperature. At 1723° and 1823°C ,é;(g takes the values shown in

Table 10.
(re) (Re)
JABLE 10 Ixtrapolated Values for the Paramebers €ae and €ne |
Porameter 1600°C - 1723°% 1823°C
N A1) /D | i
H(ez d1nY e 5e3 5+0 47
eﬂ‘”"’: Qgﬁ%hfgg 0+ 048 0 045 0~ 042
g b&ﬂl]

The largest deviation from ideality will occur in those
melbs containing the greatest amounts of aluminium, i.e. in heat 7
at 1723° and heat 5 at 1823°C. The activity of aluminium in binary
iron~aluminium alloys, of the same aluminium concenbratlions zs in
melts 7 and §, is calculated in Table 11, from which it can be geen

¥y
that the maximum effect of f:l resulbs in a change of activity, which
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is well within the accuracy limits of the aluminium determinations.
. . . (R0, :

In view of this fach, ](n o 18 takan ag uwnily, throughout the experi-

nental range of the present study.

Table 1L detivity of Aluminium in Binory Fe-Al Alloys _
Temperature  AlL,W% Pet 6_’;2?) log )ﬁ(; Qf)[‘/’?ﬁl] f::{? | &El:ﬂ(zef‘fa&l]
1723°C | 0+ 0217 O 045 0. 0010 1002 0. 0218
16823°¢ 0. 0666 0 042 0+ Q0R8 1. 007 0- 0670

11

‘(bz The Irbn-ﬂgzg en Binaxy Systems IFloridis and Chipman  have

found that the activity cosfficient of oxygen in iron at 1600°C
is given byse
log f ® = —020[70]

Assuning that €”1s inversely proporticnal to the absolute
temperature, the value of the parameter at 1723° and 1823°C g =019
and «0»18 respectively. In this case the lergest deviations
from ideality will occur in those melis containing the greatest amounts
of Ox&gen, i.ee in heat 15 and 10, In Table 12 oxygen activities are
calculated for two binary iron-oxygen alloys of the same oxygen content
as melts 15 and 10 The resulls of these calculations show that the
maximum effect of fo (a)is vory much less than the error limits placed
on the oxygen analysesi In the oxygen concentration range of the
present study therefore, the error introduced Iby taking f: O)as unity

is negligible.
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TABLE 12 hetivity of Oxygen in Binary Fe-0 Alloys
Temperature 0,Wt Pet eéo) log fi o-)-'-:é;t 70] o'” 8= ](f)[ 0]
1723% 0-0050 =019  =0-0010 009977 0. 00499
1823°C 0~ 0107 =0+ 18 =0 0019 Q» 9956 0- 01065

Thus within the range of composition of iron~aluminiume
oxygen alloys encountered in the present work, veriations in the
activity coefficlent of oxygen have been aseribed entirely to the
gffect of aluminium, and variations in the activity coefficient of

aluminium entirely to the effect of oxygoen.

. (rd)
ieae fo = {D

= [ (9
end { AT Ta
and equations 4, 5 and 6 may be rewritten in the forms-
, ©? (ﬂi’)
10g Kj_ = log Ki + & log'fAl + 3 log {0 qaooooé?)
’ (D)
log B = log Ky + 2 log ]CM .,....(8)
, Y
log Ka = logxg - log 0 ocouoh(g)

3. Sluminium-Oxycen Intaeraction in Liquid Iron

The equilibrium constant for the reactionw-
ag) * & = HO(g)

may he exprassed in the lorm

Ae
log K3 = log .IQ-,’ - log ](é )

’ ne
= log Ky - €Xif1]

ie. log K~ = e;’w fal] + log K
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In Iig. 15 a graph is presented of log Ky v §Al].
A curve, implying a variation in ef,q")witzh aluminium concentration
would be a possible representation of the data, bubt the latber is not
sufficiently precise to warrant this treatment. The gradients of
the two lines yield velues for the paramcter e(f%f 3245 and -2+ 04
ab 17237 and 18R3°C respeciively., The intercept at zero per cent
aluninium represents log Ky, bub a more accurate value will be obtained
after establishing average values for the parameter € gn ﬂ)¢

The data of Floridis and Gh:i.pmarﬁ:L for Ks In aluminium
free molts axe also includad in Figs. 15, According to equation [9],
activity )
tho/coafficient of oxygen, )(o » could he determined quite simply by
dividing each experimental value for o by K » Using the values
of Floridis and Chipman for Kz gives the very low walues for fo(ﬂ 0
shown in Table 13¢ Their points, therefore, at zero per cent aluminium
are ignored in drawing the lines and values for acf g,re determined
independently on the basis of the present work.

(*0) P
Table 13  Calculation of fo Using the Expressiom  logf, = .

= log Ka -log Kg

’ ¢

Temparature - Heat No Log % log Ka log -ff'?) f:ﬂ )
1723°C 7 0» 118 0+ 335 =(» 217 O+ 61
12 0: 149 0+ 335 -0:186 065
3l (s 204 -8 335 «(» 131 074
15 0s 236 Qs 335 - 099 0+ 80
1823 5 =0 Q81 Q170 =00 251 Qe 56
b (e 043 0170 =0 213 061
8 ~(s 032 0170 (e 202 0«63
9 +0- 006 0170 «(0¢ 164 069

10 +0- 037 Q=170 «0+ 133 Q74
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To illustrate the sensitivity of the plot, limits are
ghown which represent errors of + 0005 per cent in the oxygen
analysés. The effect of an erzor of #0-03 mm.lHg in the partial
pressure of water vapour would lead to a maximum ervor of only
#0005 in log Ky’ and since this meximum would occur in melts ab
the lowest oxygen levels, where ﬁhs exror limits for log Ké are
greatest, the offeet is disregardad.

Valués for the par&meter'egm£an also be determined from
econsideration of the resulis obtained for the raaction paepresented
by equation [1] :

ieas Algos‘(s) = R4l + 30

The aquilibrium constant for this reaction, Ky = [aAljz-[aof’
may be expressed in the following way?a, with the aid of equation 7s-
()

log Ks = log Kg,/ + 210&{(12;_ + 3.1og](0

f 4 'e a
- gk’ + 20007%0] « 3€% ]

And from equablon [8] of Chapter II

M €5 = Mp€§ where Mi is the atomic weight of i

o _ (/e)
Cm = & Qg N 1)
16 (R2) (n8)
Thus log K. = log K + 33758, [70] » 3@y [#i

’ (ﬂ?) ;
i.e.dog K =-3€ (L3125 {#0] + [7A1]) « log K +e.vse.(1)

Values for the expression (1125 [70] + [741])
are caleulated in Table 14, and a graph of log K v (14125 [70] +[7A1])

is shown in Fig. 16.

a/-/
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TABLE 14 _Bats for Plot_of log Ky againet (1.125 [70] « [7A1])

Temperature Heat 0,0t Pet 10125[70]  AL,Ut Pet (1-125[70]+[721]) 1ok K,

No. .
17239 7 00027  0,0030 0 0217 00247  ~11+03
12 0:0035  0+0039 0 0105 0-0144  ~11+33
31 00041 000046 0+ 0060 000006 =11e61
15  0:0050 000056 0+ 0030 0+ 0086 ~11+95
1623 5 00042 000087 0 0666 00713 - pe48
2 (0055  0»0062 0- 0328 00390 =~ 975
8 00070  0.0079 0 0227 0:0306 = 975
9 00086  0»0007 0 0098 0:0195  =10+21
10 00107 000120 0 0073 00193  =10:19

The limits shown on ths graph represent errors of
(#+0005%0, #»0005%AL) except in the .case of heats 12 and 31, where
the possible error in the aluminium analyses is & =001 per cent. The
gradient of the lines is equivalent to -3€én?)aﬁd yiaelds values for € f;n o
of =3+15 and ~2¢73 at 1723° and 1823°C respectively. Again a value
for the equilibrium constant, in this case K, could be obtained from
the intercept of the lines at zero per cent aluminium and oxygen,
houwever, ag before, a more accurate valua will be obtained after
establishing average values for the paramcters effglm eéj.‘

In Fig. 17, the two sets of values which have now been

¢
obtained for an e)zre plotted against the reciprocal of the absolute
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temperature and the best gtraight line dr-g.wn through them. Although
the two sets of data are not entirely independent in that both
involve oxygen analyses, the first set, derived from Fig. 15, demands
a knowledge of the gas compogition, while the second does nob,
Subghitution of the aversge values obtained for e(:’j?n equation [10];
dege e‘ﬂ‘;’a 7 effg}ls, yields values for the parameter eg?ai‘ «5+56 and ~4+03
at 1723° and 1823°C respectively. Information on the parameter eﬂ?)
could also be obtained from consideration of the reactions«
AlzGa(g) + BHa(g) = RAL + 3120(g)
since, according to squation [8], the equilibrium constant for this
reachlon, can be expressed in the forms-
log K¢ = log KXy + 2 log { ;?
ices log Ky = =2 eg[%()] + log Kg
A graph of log Kg' v [%O] 1s shown in Fige. 18, The limits
shoun on this graph take into account the effect of errors from two
sourcess
(i) Analyticel errors of i 0+ Q05 per cent in the determination of
aluminivm except in heats 12 and 31, where the error is aboub
& 0001 per cent.
(ii) Brroxs of & 0+03 mm mexoury in the partial pressure of water-vapour.
The second factor is included within the limits, since in
this insgtance the effeet of such an error in the gas composition, would
be greatest at low water-vapour/bydrogen ratlos, i.e. in heats where

the aluminium concentrations avre greatest and the errors assoclated

with the aluminium analyses, least significante
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The lines drawn through the data in IMg. 18 have gradients
wiileh are equivalent to =2 ngz whare e;? hag the valuaes caleculated
previously. It is evident, hovever, that the data when presented in
this form, doss not yiald accurate walues for the parameter ef“?.

In the followlng sections therefore the values adopted for the
parametan eﬁam those derived froh the averags values for Qg!f !

In Fig. 19, the date for e(ge)&nd e_pf‘_{‘ are extrapolated to
1600°C, and the average volues for the paremeters ab several
temperatures are collected in Table 15. The corresponding velues

86

obtained by Geokeen and Chipmen  for the verious parameters are also

included in Fig 19 and Table 15. From the various resulis it is

JABLE 18 Jnberacitlon Parametoxs of Aluminium and Oxyvegen in Liquid Iron
Paramater ' 1600°¢ 1723%C . .1823°C
' Gokeen Prasent Gokecen Present Gokcen Present
and Work and tork and Work
Ghipman . JGhipman Chipman
(Ad)
€, * 51'efo/b LA w32 =4+ 60 “s 9 =3+ 30 =4+ 9 =20 39
(o) ‘ ]
Eae ‘3*""@‘1‘9#[2 0] 20 w775 w132 ~5056  ~BeR 4 03
(AL) : ,
€, "bj'nfo/b Nag  -1320 -512 ~880 367  «545 ~266

-

evident that the data from bhe present study yleld values for the

different paramsters which are not quite so large as those of Gokeen
and Chipmene Both sets of date agree that there is a large negative
deviation from Hemry's Lav in the Fe-Al-0 gystem, which is indicatdde
of & high 41~0 bonding energ; .‘ The discraepancy babtween the two sets

of data can be atitribubed meinly to the experimental difficultiss at
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very lov concentrations of aluminium and oxygen.

The negative values for the parameter €£§nimply that ag
the aluminium concentration incraases, ths acbivity coeflicient of
oxygen decroasges, from which it follows that aluminium does not
function so well ag a deoxidiger at higher concentrations as one
night expact from conslderation of its hehaviour at lower concentrations.
From a physical standpoint, this phenomenon can be explained in terms
of an gsgoclation bhetween the aluminium and oxygen solute atoms.

In the case of a simple iron~oxygen solution, sach oxygen
atom is surrounded by a certaih number of iron atoms vhich share the
iron=oxygen bonding energy. Uhen aluminium is present, the bonding
energy bebueen the aluminium and oxygen is greater than that between
the iron and oxygen wibth the result that the ratio of aluminium atoms
 to iron atoms ig greatex in bhe wvieinity of oxygen atoms than in the
bulk of the solution. As the aluminium concentration increases, this
offect bacomes more significent, and as the oxygen atoms become more
and more firmly bonded, the oxygen activibty decreasas.

Another Factor which pfobably contributes Lo the large
nagative deviation from ideallby is assoclated with the large Al-Fe
honding energy, an indieation of which is the high positive value
of 53 obtained foréﬁ?%rom a study of iron-aluminium alloys ab
lﬁUCPC?z. In such alloys, as the aluminiumm concentration increases;
the competition for iron atoms in the neatest neighbour shalls, also
increases, with the result that the activity of aluminium gradually

increasas.
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in Fe-Al-Q solutions, thieg effect is concedled by Al~-0
intersolute attraction, but must stlll be present and it has been
‘auggested*sthat in such ternary solutions, tha‘ surroﬁnding of
aluninium atoms by iron atoms occurs, as well as the suwrrounding of
oxygen atoms by aluminium and iron atoms. The strox;g, attraction
betwsen any two such atomic 'groupings, or possible even their coming
together, which might bd congidered as a solution of AlO would account

for the large negative valus of € C:{)

4. Equilibrium Study of the Reactiom = (g + 0 = R0(g)

The values for the equilibrium constant K3, shown in

Table 16, are calculated‘using the following equationss-

0 0)
f

From equation [9] log Ka-:' = log Ke' - log o

’ ¢
ie.dog g = log K = ef )[%.‘ll]

From Section 3, at 1723°%C log Ky = log Ky + 3+3 |7a1]
| and at 1823°C log Ko = log Ky + 2039 [7A1]

From Table 16 it can be seen that at 1723° and 1823°C,
log Kg has the values 0+2] and 0«04 respectively with an estimated
uncertainty of &+ 0+06 in the firet case and x +03 in the second.
Extrapolation of the lines in Fige 15 to zero per cent aluminium

yields values of 0522 and O+O4 at the same temperature levels.
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TABLE 16 Calewlation of the Equilibrium Constant Ky TB] Paa

Temperature Heat No. Al,Wt Petb ~logfy Log Ko log Ka

1723°C 7 O« O=17 0. 072 Q118 0+130

JR 0+ 0105 0» 035 0+249 0-184
3l 0+ 0060 0 020 0+ 204 Os 224
15 0+ Q030 0010 0236 Qe 246
- Average 0+21
1823°C 5 0+ 0666 0s 159 -0+ 081 0078
2 Q¢ 0328 0+ 078 ~(s 043 0035
8 Qs ORRY O 054 =0+ 032 0- 022
9 0+ 0098 0+ 0R3 +0+ 006 0029
10 00073 Q. 017 +Qe 037 0. 054
Average 0-04

In Fige 20 thae average values for log ¥z from Table 16 are
plotted against the reciprocal of the absolute temperature. Also
included for comparison, are bthe results of a number of other studies.
The earlier data shown, that of Dastur and Ghipman?owere based on &
nﬁmber of heals made in the temperature range 1563° to 1760°C, in which
the oxygen concentrations did not exceed 0+06 per cent. Slightly
lower values for log Ky were obtained by Floridis and Chlpmann from
gaveral heats at 1550° and 1600°C. They found that the effect of
temperature on the equilibrium constant was adequately represented,
by a line drawn through their data parallel to that of Dastur gnd
Chipmen. In Gokcen‘siainvestigation the maximum experimental

14
" temperature was 1600°C and in the ecase of Samarin et al  1645°C.
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When the various data are exbtrapolated to higher temperatures
ag shown in Fig. 20, it is found that the values for log Ka derived
from the present work are about Or13 lower bthan those of Floridis
and Chipmans. On the other hand they exceed the values of Samarin et al
by only O+02 at 1723° and O+08 at 1823°%C. The greater diiference
between the values at the higher tempera.ture,' despite the slightly
cloger limits placed on the value of log g at 1823°C, may be due in
part to magnification of errors introduced by extrapolation of the
data from 1645°C.

Also included in Fig. 20 ave two sets of values for log Ka ab
1760° and 1866°C deduced from the date of Gokcen and Ghipmanaﬁ. The
higher values represent the limiting values of log Ky ab zero per cent
aluminium obtained from a graph of log K;,' ' [%AJ.] When compared
with the best data avalloble at that time for log Ks, namely the data
of Dastur and Ghipmanm, thelr values of 0+18 and «0+03 were low to the
extent of 012 and 016 at 1760° and 1866°C raespectively. Although the
aubhors were unable to assign definite causes for the deviations, they
did point out the possibility that their results, which were all at
vory low oxygen concentrations, might contain some small systematic
error which could make thelr wvalues for log Kg, slightly lower than they
should be.

In Table 17 average values are calculated for log Kg,using the
experimental data of Gokcen and Chipmen for log K,’ together with

0o

valugs for the activity coefficient of oxygen, f sbased on the wvalues derive

0

for the parameber Q(:”in the previous sectlons
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TABLE 17 _Calculation of the Bouilibrium Constant Ks, usine Values for Ks’ i
Te |

from Ref. (36
Temperature Al,W Pot ~log ﬁ)m 2og K log Ka
1760°C - 0008 0. 024 Q- 167 0191
Q» 008 Or 024 - 057 . 0081
0- 0150 Os 044 0+ Ogpy 0+ 101
0 023 Q- 068 0+ 000 0. 068
0-019 0. 056 0+ 0ol 0. 077
" Average 010
1866°C O» GOBD Q. 017 (e Q97 ~0s 08B0
0 Q0B6 0+ G17 =00 208 - 191
00230 O 046 -0 051 -0 005
0+ 0260 0» 052 (e 167 «0+115
0+ 0570 03114 «~(0* 366 =(0r 252

Average =0+13

As con be seen from Fig. R0 these average values for log Kz are in
very good agreement with the extrapolated data of Semarin et alia.ig:
which is represented by the equation

log kg = 9440/T = 4536

At temperabures of a.pproximatel& 15650° - 1600°G, the
" data of Floridis and Chipman and Samarin et alia are :'in reasonable
apreement. The data of the latber, however, indicate a greater
temperature dependence for log Kg » 80 that as bthe temperature increases,
the diff@re'nce betwean the two sete of values for log Kg becomes

increasingly signillcent.

Trom the results of the present study, together with
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the recaleulated data of Gokecen and Chipmen, it is apparent that for
temperatures above 1700°C the equation proposed by Samarin et alia

is in better agreement with the present oxperimental data than

that of IFloridig and Chipman.

8+ Lquilibrium Study of the Reactiom AlyGs(g)+ 3Mp(,) =2 A1 + 30(4)

‘ Thae ef.‘:f.‘ect of oxygen on the equilibrium ratio for the above
reaction, 'ie.K,{ ,;:hcwn in Fig. 18, Extrapolatidon of the data to zero
per cent oxygen yields values for log Ky whieh are subject to an
uncertainby of +0+5. More accurate values for the equilibrium
conetant can ba caleulated from the oxperimental values for log K,;'

with the aid of the following equatlons. The results of this

caleulation are ghown in Table 18, and Fig. R1l.

, Py

From aquation [8], log Kz = log K3 + R log fﬂ;)
ol () P

=log Kz + 2 ¢,[%0]

From Section 3, at 1723°C log Kz = log Ka = 11+12 [%0]

and  at 1823°C log Kz = log Kz = 8406 [%0]

The only experimental date published for this reoction
36"

is bhat of Gokcen and Chipman Their values for log Kz were
) oxygen

taken ag the limibting values of li‘o__gKé&ﬁ Z@To per cent/from a graph

similar to that shoun in Fig. 18 and were subjeet to an uncertainty

of + Ov5. Using their date for log Ky at 1695, 1760 and 1866°C
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Ha0 s
TABLE 18 Caleulations of the Equilibrium Constant Kg = [aﬁl]a@ #H pligL)

’

‘ @)
Temperature Heat No O;W% Pot 2 J‘Og{;l ~ log Kg ~log Kg

1723°C (4 0 Q027 Q¢ 03 10+ 68 1671

12 0- 0035 Qe 4 10-88 10e 92

3l 0s 0041 - 0 0b 1099 1104

15 Qs Q050 0+ 06 1124 1130

' Average Value = 10+ 99

1823°C 5 0. 0042 003 9+73 0+786
R 0« G055 Q04 0+ 88 S 0R

8 Q- 0070 0+ 06 Q¢85 9+ 01

9 0 COB6 007 L 620 1027

10 - 00107 0-09 1008 10-17

Average Value = 1001

together with values fon eg?dedueed from Fig. 19, average values
for the equilibrium constant are redetermined (Table 19) and included

in Fig‘ Rde

The sbraight line drewm through the dats in Fig. 21 is
raepresented by the aquations-
log Ky = ‘.’%ﬁéﬁ.@g + 109
vhich was calculated from available thérmodynamic data in the follouing ways-
From deta for the heat and free energy of formation of alumina given by
Elliott and Gleisarmfcr the temperature range 1800% to 2300°Kew
Mayo= 281@+ 3 Oa(y)  DO° = 400,800 = 766 T eal....[12]
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FABLE 19 Calculablon of the Hemilibrium CGonstant Ea. using Valuegs for Kéﬁ
B from faf (36)

(®

Temperature 0, Wt Pct -2 lng'fﬁl -log K4 ~log Kg
1695°C s 0065 0. 078 10889 100 967
0+ 0082 0+ 062 11-153 11215
0+ 0038 0. 046 11-126 11.172
Q032 0. 038 i 11278 11+ 316
Q+ QURG 0= 031 11472 112503
Average Valug = 1123
1760°C 0« 0065 Q- 065 10250 10335
O 0062 0 062 10650 10-71R
0 00426 0. 046 10+ 487 10 533
0+ 0038 0+ 0368 10+ 538 10~ 576
0= G036 0+ 036 10710 10- 746
Average Value = 1058
1866°C 0+ 0164 0115 9+ 700 O+ 914
0. 0158 Q- 109 10-187 10-296
0+ 0080 0. 056 9719 00 775
0« 0076 0+ 053 10022 10 Q75
o+ 0087 O~ 040 . 10319 10+ 359

Average Valuae = 10- 08
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22 . :
Wilder and Elliott gave the activity coefficlent of

aluminium in liquid iron, ab infinite dilution, on a mole fraction
basis ap XAO]_ = 0064 at 1600°C. Convergion from a sbtanderd siate of
unit mole fraction %o one of unit welght per cent involves a change

8
in standard free energy, given by s~

My = 4l (A) ,AG® = 4575 T log O 5535:3% Q: 064 ooy

= =Ll0,R200 = 7+7 T cal asguming
regular behaviour

For 2 Al = 281(7) ; AG° =-20,400 - 15:4 T calessssnss[13)

The free energy of formetlon of water vapour in the temperabure

74
range 1800° - 2300°K is given by s~

Hag) * % Og(g) = H:aﬂ(g) 5 AG = «60,285 + 1407 cal...[14]
oo 3%(8) + gﬁ)n(g) = SHQO(g) , AGY = -180,855 + 42:0 T cal..[15]
Combining equatians [12], [13] and {15] givess-
AlaGs (g)+ Bl2(g) = R AL * 3HR0(,)AG° = +199,645 = 50-0 T cal
and  log Ko = :.%%:QQQ + 10:9s.....[16]
Ag can be segen from IFlg 21, with the possible exception of
the points at 1866°C, theve is good agreement between the two sets
of experimental data and the straight line represented by eoqustion [16]
derived from thermodynamic data. Even at 1866°C, the recalculated
value for log Kg differs from that of the equation by only O 6
which is still within the limits placed on the original data by

Gokcen and Chipman.
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6e Bqullibrium Study of the Reactiom=~ AlpQy¢ g) = 2AL + 30

Approximate values for the deoxidatipn constent of aluminium at

1723 and 1823°C, could be obtained from the limiting velues of log
K, ‘ab gero oxygen and aluminium concentratlons on the graph shoun in
Fig. 16. However, more accurate values can novw be calculated as
shown _;n Tabie R0 using the vaiunes established fox es:’)and eg’g,)together
with equation (7]~ |

is» e log K1 = log k' + 2log )(i:;_ + 3 log f(g()
=log K + 26}&” [#o] « aeS*"’ [761]

From Sectlon 3 , .
at 1723°C, log Ky = log Ky =~ 1112 [7%0] = 990 741]

at 1823°C, log Ky = log K = 8:06 {#0] =~ 7.27 [7r1]

~logky

TABLE 20 Calculation of the. Bguilibrium Constent Ky = [%1]#. {aof
Temperature Heat No O, Wt Pet AL Wi Pot =3 1ogfg!)-2 log{ﬁ? ~log Ki
1723°% 7 O 0027 0 0217 0n 22 0. 03 11-03
L 0+ 0035 0» 0105 010 004 11+33
31 Q- 0041 Qe GOGO 0« 06 0. 05 11. 61
15 Q¢ 0050 0- 0030 0» 03 006 11.95
Average Value = 11-63
18239 5 00042 0» 0666 0-48 0-03 9e 48
2 0. 0055 0. 0328 0s R4 O 02 975
8 0 0070 Qs QR27 0+ 16 0«06 0 »%75
9 0+ 0086 0. 0098 Qs OV 0. 07 20. 21
10 Q- 0107 0. 0073 0+ 08 009 10019

Average Value = 1013

31.28
1147
11:72
12-04

9«09
1003
9. 97
10-35
10-33
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: 1 .
A graph of log Ky WG is shown in Fig. 22. The
line drawn through the data of the prosent study corresponds 4o
the equations=
- ::62 500._, o 9“6‘\ n--voo.lao-z.
log By = “g- 13- 67 - L27]
Also dncluded in Fig 22 for comparison, are, the resulbs
of & numbsr of obher investigationse The results of threa of
the earlier studles, all of which have boen mentioned in Chepher III,
can be represented by the following equationss-

as RO
Wentrup and Hieber , log Iy = “Zéﬁéggw + 2798 o.0. [18]

T
Galler and Dickﬁa*, log Ky = 3§§%§QQ #1890 v40s [19]
Hilty end Crafés , log Ky = ;ﬁ.ﬁ.irﬁ,.o.ﬂ? * RR75.44.. [20]

1t should be noted that in each of the above equations,
tha deoxidation product is expressad in terms of waight concentrations
and not activities. In each cage the squations are walid for the
temperature range L600° « 1700°C.

In the more recent work reported by Gokcen and.Ohipmau?G,
average values for ¥4 were calculated from experlimental valueg of
log Ky , by a mothod similor to thob used in Table 20. The ir
values were in good agreement with an equation caleulated from
thermodynanic dat£y7, although they did indicate a slightly smaller
tamperature coefficient. However the experimental data were nob
sufficiently precise to Jjustify altering the slope of the calculated
lino which wags represented by the following equations-

log K;l. = ;%;&.QQQ + K048 ssssnsentuge [31]
T .
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In this case ths deoxidation product is expressed in
terms of activities. The chilef uncertainty in the calculalion
of equation [R1], was the activity coefficient of alumiﬁimn in
liguid steel, Uge Tha best data then evailable was that of
Chou ond El:l.:lot‘b% who estimated a value fop U,:gof 0043 at 1600°C.
In Table 21, Gokcen and Chipuen! g average valuss for log Ki erae
recaleﬁla'bed using the values for € f,ng.nd ef,‘;’ from the present study.

The two selis of date, the origlnnl and the recalculated,
arae included in Fig. 22+, Also shown are two valuas for ths
deoxidation constant at 1600° and 1700°C caleulated by Langenberg
and Gh:lpmmf ei‘rom the results of thelr study on the aluminium
content of carbon saturated iron in equildbriuvm with pure alumine.

The two calculated lines given in Figs 22 sre¢ hased
on the known heat of formation of alt::.mina'?-é ; bthe activity coefficient
of aluminiun in iron-aluninium allmysma , and tha free energy of
solution of oxygen in liquid iron as deduced from the data of
(a) Semarin ot af' *ana (») Floridis and chipmazi“. The equations
for the two lines were calculated in the following manner.

From the data collecbed by Elliobt and G:l.aiserm s the
Iroe enel;gy of formation of Alg(y in the temperature range 1800° -
2300°K, ig givan hysw

Ll Q = 2 A . 5 , Do =g «~ 7Ge

LlaGy (g) 2 “(l) % O‘i(g) G 00,900 “f?.t":ilg]cal

From equation [12], 2A1(3) = 2 ALY AGY =2 ~20,400 - 3.5-% T]cal
[ N N ] 13
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IABLE 21 Caldﬁ}._ation of the Bquilibrium Constant ¥y , using

Valus for K/ from Ref. (36) )

1) (6Y y
Temperature O,U% Pebt Al, Ut Pet -3 l,_c}g]‘f ~2 R.ng&l ~log ¥  =log Ky

1695°C 0O~ 0065 0= 0038 O+ 04L 0 Q78 1141 11. 53

000052 0:0045 0040  0»0622 11.55  11:66
010038 0-0073  0hO7O  0»046 1154 11.66
0:0032  0-0125 0135  0»038 11020 - 11+46
00026 0-0L6¢ 0177 0081 11+32  11.53

Average = 11+ 57

1760°C 0+ 0065 O 008 0 071, 0+ 065 1075 10-89
O Q082 0 008 0= 071 0« 062 10-82 1095
O» 0046 0015 0133 Q0 046 100 66 10+ 84
0. 0038 0 OR3 Os 204 0« 038 10 54 1078
0 0036 0019 0; 168 0036 | 1079 10+ 99

Average = 1089

1866°C Qe+ 0164 Q0. Q085 0~ Q53, QG115 9o 50 967
0. 0155 0= 0086 0. 052 G 109 O 56 e 72

-0+ 0080 0+ 0230 Q» 138 0 058 | O« 57 Qe76

O 0076 0, 0260 O+ 156 O+ 053 9+ 53 G 74

0+ Q067 Qe 0570 '0* 34: 0. 040 DeR2 S+ 60

Avaraga = 70
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14
[AlFrom the dete of Samayin eh al.

= ] AGY wd3 .2 =028 T co
H@(g) + 0 Haﬂ(g) ) GY = ~43,R200 + P?.?.fifg}{z]

FProm equation [14], H;;g(?) @*’!} 0;3(g) 7 Ha?ﬁA G° = «60,285 « 140 T c[:al
o ~ R EEE) ‘14-]

Combining equations [22] and [14] gives the following expression
for the free energy of sclution of oxygen in liquid iron, where

the standard stabe 1s taken ag the 1 per cent dilute solutionie

-S-é gy = QA 3 BE° =-17,085 = 6:8 T cal
g Oa(g) =3 QM) DGO = w5L,255 = 2004 T caleess [23]

Combining equations [12], [13] and [R3] givesy=

Alals gy = RAL () + 3 9(4); AG® = 329,245 = 112+4 T cal
and 1Qg B = ‘:‘_21'900 2. 6-0.--;[2@]
T

11
(8] From the data of Tlovidls and Ghipman

Ha(g) + Q = HeO(g) ¢ BG° ==32,200 + 14463 T cal ... [25]

" ) é = V
Trom equation [14],Hy g) ¥ 50 (g) = Hal(5) 8G® = «60,285 + 14+0 %‘3.2311

Combining equations [25] and [14]sw
2(g) # Q(4) 5 DG = 20,085 « 0062 T cal
%oa(g) = 3 Q(R) 5 AG® m ~BL,yR55 = 1089 T cal +..[R6]
Combining aquations [1R], [13] and [26] givessw
Mol (g)= 2 AL (%) + 3 Q(7) + DG = 296,245 ~ 93:89 T cal
and log Ki = =66,700 + R0:5

T
vers [27]



The two equations for log K, [R4] and [27], ca,lculsa.ﬁﬂd%'
from thermedynemic data, are represgented in Fig. 22 by lines A and B
vespectilvely., ¥Yrom the varlous data pesorded in Fige 2R, wvoalucs are
deduced for log K, or log Ki as the case may be at 1600°, 1700°

and 1800YC and presented in Teble 22.

1 T &) - " 2 3

TABLE 22 Values of Log Ku = Log [an1]™s [ag]
£ P e

Temperature Hilty Wentrup Geller Longenberg Gokcen FPrasent Line"A" Line
and and and and and Study ng*

CGrafbs Hieber Dicke Chipman  Chipnan e

1600 «30 G wl(e0  =l2e4 wided  m]3e7 «13¢7 «l3+8 =1l4e]1
1700 w7e el w109 ~12* 6  wlle 9 120 =lle® «123
1800 - - - - =10 4 «l0v 5 «l0e]l =107

+ Log ¥ = log [%&1]&-[}%'0]3
From the data given ia Filg. 22 and Vable 2R, it can be
gaen Ghat the resulits of the present study are in good agrosment wibh
bhe values of Gokoan and Chipman, which in the acbove Table azxa b2sed
on the calculated equation of Rail. (3’?). They also agree falcly well with
the resulbts of lLangenberg and Ghipmen. With referaence to the
calculated lines, the dota is in bebier agrsement with ecuation [24]
coryvesponding to line A at temperatures below L770°C and with
equation [27] corresponding to Jine D above 1770°C.
The divergence of the wwo linas A and B, as the tomperature

increases, is due aentirely to the different data used for computation

of the free energy of solution of exygen in ligquid iron. -
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With regard to ths enrlier data of Hilty and Crafts,
l{enﬁmzp and Hieber, and Galler and Dicke, i1t is clear that
disereponcies exist between them and the verious obhor date
nentioned in the previous pavagraphs. It is possible to zccount
for theee discrepancies in several ways.

In all bhree investlgations under consideratiion, the
decxidation products are expressed in terms of weight concentratlons,
whereas the various obher date are given in terms of activities.
The magnitude of the effect of the activity coefficients of
aluminium and oxygen on the deoxidation product can be detez;minsd
with the oid of the agquationye

log K = log K + & logf ay * 3 log f 0

Of the threg sets of data, that of Gellex and Dicke comes
c¢losest to the caleulpted values for log Ky»  During their
investigation bthe equilibvinm studied was that between digsolvad
carbon (0+4 to 1+1%) and aluminium in liguid iron contained
in an alumina crucible. The oxygen concentration was ealculatad
from a knowledge of the carbon content and published data on the
quuilibeium € +© = CO( g)?cn In this case in order to csleulate
values for log I, it is neceseoxy to take into account the effact
of carbon on the activity coefiiclents of aluminium and ygen.

E:Lli@'btq? hag derived an aquation for the effect of
carbon on the activiby cosffiicient of oxygen, based on the data of
Maxrshall and Chipmm';m;..

log f:cia ~0v82 (€] + Oe008 [#]? sessssf28]
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Thig equetion is really only valid for carbon concentrations
up bo 2 per cenit ah 1540°C.  Elliobtt has stated however that the
grror involved in ibs use at 1600°C is probably quite small in
comparison with the uncertainty inhorent in ibte derlvation.
Using the digtribubtion data of Chipmen and Floridiaaq
Wilder and Elliottaghave calceulated a value of a5+3 for the paremeter
€ g ab 1600°C, which yields the following expression for the
affact of carbon on the activity coefficient of aluminium, valid
for carbon eoncentrations up o aboub 5 per cente
log fﬁf{ = o 00107 [70] [29]
Taling Goller and Dicke's walue for log K ab 1600°C, i.e.
«12¢4, values can ba caleculated for log Ky, using the equation
log K, mleg_i{;' + 2logfay + 3 logfo
where logfpq = Tog {Af;j + log {é’i’
and log -f 0 & log -fmol) + log ]( (f,)
Values for log ;:Z and log f (:;)can be determined using
the porameters e!g and e(ge)i‘rom the present work and log -f (S)and
log )( _ﬁi) can be caleulated from equations [28] and [R9] respectively.
oy carbon concentrablong of 0¢4 and 1s0 per eont
the cocrgspdnding oxygen concentrabions at 1600°C are 00075 and

7 above
y whon combined with theldata this yields values

Qs 004 per cent?
for log ¥a of »13+0 and-13+5 regpectively.

Thus , whan the results of Geller and Dlcke ave expressed
in terms of activities, the discrepancy which exists beltween them

and the data obbtained from the more recent studisg, is probably of
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the same order as the uncertainty inhcrent ims-(a) the experimental
work, which wowld lnvolve the debormination of very small quantities
of aluminiumy and (b) the thecretical treatment of the data.

If the values obtained by Hildy and Crafts and Wentrup and
Hiebey for log K{ are used to compube values for log K , as shoun in
Table 23, it is found that the corvectlon provided by the use of
actbivities rather thon weight concentrations is small when compared
with the discrepancy which exists between the experimental and

caloulated data.

JABLE 23 Galeubolbilon of Lop Ky Values

Data ab 1600°C O, Wbt Pet Al, Wt Pet 1°ng1 3 logfo log Ky lo@ ¥, lok Ku
_ _ X (Line A

Hilty and Crafts O«0LO 0+ Q05 “0r 152 02069 wBe6 ~8e8  «13.8

Wentrup and

Hiebhexr Q10 0« 010 =»QOr 152 @00 138 «l00 1003 «13+8

Thus In these two invesligations, bthe major part of the
discraepancy must be accounted for by some factor or factors othex
than activity cocfficients.

Hilsy and Crafis have pointed out that during thelr
exporimental. heabs, extreme difficulty in atteining equilibrium was
experienced, due to extensive reaction betwesn the liquid metal and the
aluning crucible, particulerly ot aluminium concentration belcw O 1
per cant. Due b0 this reaction, the inner surfeces of their

crucibles were covered with a layer of material of variable composition,
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but containing bobh iron oxida and alumina. By means of X-ray
ﬁiffraetion;mﬂterial ramoved from ong of the cgrucibles wag identlifisd
as o mixture of the spinel herzcynite (FeOrAl,(;), and alumina,

Hhan aluminlum was added to o high oxygen, lovw aluminium
nmelt, oxcesglve amounits were reguired Lo give even a sglight increase
in the aluminlum concentyation of the metal. Eell7ahas suggested
that this could have beaen dvoe to the fact, that the firvst additions
of aluminium served only to reduca the mebal~crucible surface layer.
The alwnina formed during this reschlon would separate out from the
melt and the aluminiun content of the metal remain unchangeds It wase
alsc observed, bhat when ferrle oxlde was added to high aluminium,
low oxygen malis, excegsive amounts were again required to affect an
incremental lowering of the aluminiuwm content, probably because the
first oxide addaed, wes used wp in the formablon of the surface layer.

Although 46 is not cartain that the metal was in
aguilibeium with the surfoce layew, 1t 1ls quite clear thot 1t wap
not in oquilibriwm with pure slumdna. Thus the activity of alumlna
in the axperiuents was nol unliy, asg might be expeched from the use
of alumine crucibles, but in fact something less than walby.
Ghipma£79has pointed out thot if the free enexrgy of formation of
hercynite is taken into account in the caleulation of the deoxidation
product, the difference betwean the caloulated and experimental
valugs 1ls of the same oxdey ag the experimentsl uncertainty.

Wentrup and Hieber iIn thelr study, added aluminium to

molten iron of high oxygen content and considered a perlod of ten
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ninutes sufficient for the removal of the products of deoxidation from
the melt. Ton minubes after adding the aluminium o sampls wag taken
by pouring e portion of the melt into a copper mould to freeze the
gquilibrium. The sample was then analysed for aluminium and
oxygen and the ocgsumption nade, that any oxide inclusions present
in the sample had been in solubtion when the melt was sempled.
1f, however, the time allowed for separation of alumina from the melt
wag insufficient, then the assumption was unjustificd and consequently
the values obtained for the deoxidation product would be higher than
those expected from theoretical considerations.

Another possible source of error in the same investigation
wag the furnace atmosphere, which congisted almosgt entirely of air at
10 - 20 mm mercury pressure, and as such formed a potential source
for continuous oxidation of the melt. It is quite possible, therefore,
that the oxygen values used in thelr calculations of the decxidation
product were too high.

Thus the discrepancies which exist in the date of Geller and
Dicke, Iilty end Crafts and Wantrup and Hieber can be explained on
the basis of the following factorss

(a) In all three investigations, the use of actusl weight

concentrations rather than activities.

(b) In the study by Hilby and Craftss a lack of equilibrium

with pure alumina.

(¢) In the study by Wentrup and Hiebers (i) insufficlent time

allowed for the removal of the products of deoxidation from
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the meltsy end (ii) continuous oxidation of the melt by

the furnece atmogphere.

Trom theuresulis oblained in the present work for the
deoxidation constant, K, ab 1600°, 1723° and 1823°C, corraesponding
sluminium and oxygen actividies can be caleulateds A graph showing
the relationship between these two quantities at three temperature
lavels is given in Fig 3. IData ave also given for actual
concentrations of aluminium and oxygen. These were obbained by
snbstibubing the appropriate values of log Ky and e(.f' oin aquation [11]

iegs log Ko = log Iy + aegz)(:blzs [70] + [#a1])
= 2 log [#1] + 3 log [#0] « 36%"{1'125[%0]*[%&1])

Included in Fig 23 are three lines representing the data at
1600°C of Hilty and Crafts, Uentrup and Hieber and Geller and Dicke.

An interesting feature of the data from the present study
is that above a certain percenbage of aluminium, the activity
coefficient of oxygen is lowered to such an exitent, that the oxygen
concentrations actuslly increase with further additlons of aluminium.
A gimilar trend was pointed out by Gokeen and Chipman, and their
resulbts for 1600° C are also included in Fig 23. At 1600°C their
value for Ky 1¢ the sams as thet obtained from the present worl and so
the two lines representling acbivities are the same. Since the values
usad for the parameter e(ﬂ"&m different, the two lines representing
the corvesponding percentages are slightly different. Thus the
data of Gokeen and Chipman indicete that a turning point oceurs

at 002 per cent sluminium, whereag the new data shows the Luxning
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point ab 0+06 per cent aluminiuvm.

It can also be scen from Figs 83 Yhat aos the Lemperature
increases from 1600° to 1723°C the aluminium concentration at the
turning point increases from Q06 to 008 per cent., This effect
ip due to the fact that as the temperature increasges, the deviation
from ldeality, and therefore the aluminitm-oxygen interaction,

gradually decreases.

Sunmary

An experimenbal sbudy has bean made at 1723° and 1823°C of
the equilibria involved betweenrpure alumine, liquid iron containing
aluminium and oxygen and controlled waber-vapouy/hydrogen gas mixtures.

From the data obtained, walues have heen calculated for

; o (Table 15)
emdeﬂzl o/which indicete that the activity coefficient

the parameters Q(R
of oxygen in liquid iron is greatly reduced Iin the presence of aluminium
and the activity coefficient of aluminium is greoatly reduced in the
presenca of oxygen.
With the aid of the shove parameters, values have been
caleulated for the equllibrium constants of the followlng reactlonse=
AJ®C5(S) = 24 + 30
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Pxtrapolation of the voarious data to 1600°C yields
values which are probably more accurate thon a direch experimental
determination would be at that temperature. Wherever possible
these values have bheen compared with obher experimeuntal data

val ,
and also/ cie‘gt;ced from available thermedynamic data.
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CHROMIUM-ALUMINTUM=OXYGEN EQUILIBRIA IN LIQUID IRON

1. Introduction

In this chapter & study is made of the effect of chromium
on the activity soefficlents of alum:lniuh and oxygen ia liquid irom.
R0 g samples containing the requlred amounts of electrolytic iron
and chromium vere made up in the form of pellets. Heats were made
at 1723°C with chromium eoncentrations of 2, 6 and 10 per cent by
walght.

The melts, conbained in pure alumina crucibles, were held
at congbant temperature for 12 hours under controlled water-vapour/
hydrogen atmospheres, quenched with cold hydrcgen and analysed. In
the determination of aluminium ueing solochrome eysnine R, chromium
causa's interferencae end it wap therefore necesgary to remove the
chromium from the test sclubtion before attempting to measure the
alupinium concentratlon. This weg accomplished by means of a
moreury cothode separationn  Under those conditions it was found that
duplicate analyses were not quite as close together as they wers in
the absence of chromium. Foxr this re;-ason slightly wider limits

(& 0-001 rather than & 0+0005) are placed on the aluminium resulta.

g. 7Galcula'§:.io1'1 of b uilibrium‘ hatios and Related Manctions

In Table R4, equilibrium ratios are given for the
following reactions together with experimental data from a seriles

of heats vhich are thought to have reachsd equilibrium at 1723°Cs=
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4 ) = o 3
Al:an(s) = R &35 +30 ; K = [%&1] .[/,30]

2
luls (g)+ Blp( )= 2 AL + 31RO, 5 Ky = [7A1] (Pﬁgo/pm)a

Ha(g)* 8 = HaO(y) i I = Py, o/py,e [70]

In Table 25 the intersction pavameters egﬂgnd e;?which
wero debormined in the previous chepter, are usad to calculate
values for the cosfficlents fi nga?nd -g? These coaefficlents are
combined with the equilibrium products of Table 24 to give thres
functions, which, when platted against per cent chromium, yleld

values for the parameters € ami E‘ Lk desoribad in the following sectionsg.

3, Chromium ~Oxvgen Interaction in Liquid Iron

The effect of chromiuvm on the achivity of oxygen in liguid
iron wvas determined as follows from the roactions~
Fg) +2 = TO(g)
The gquilibrium constant for this veaction, Iz moy ba

cxpressad ass-

A I N
Py, [fio]
= Kﬁ’/ )co

ADACo
In this instanca, ]( ](( f(

vherea )( represents the actlivity coefficient of oxygen in Fe~(Cr-Al-0 melts,
)(( ;sepreﬁentts the activity coefficient of oxygen in binary PFe-0 melis
of the same oxygen coneentratmn. Ag explained in the previcus
chapler, since the concen’bé&tions of oxygen involved were

0)
small, )(: may be taken as unity.



EABLE 24

Computabion of tha Eeuilibrium Ratios I , 3’ s and Ka
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K =
2 .8 . B &
Heat No PH,0/pp, ALl,UWIPct O,WtFet Ke={ A1) [ 0] Ko =f #A1]x (PH20/p1p)
r p =z G
%LCP .;08 1;63 (sz O/ p Hg) U’O]
£ pPct Cr -t g “11
7 30 54 Rle7 27 027 w 10 2«09 x 10 1.31
-l 2 -t
12 4o 02 105 3¢5 472 % 10 1.31 x 10 141
w2 w1
31 6 56 60 403 248 x 10 102 % 10 160
<L Fal Cr il i
49 3453 31 32 314 x 10 4¢23 x 10 1-104
~id -1l
44 4+78 13 Sed. 228 x 10 J+85 x 10 0» 937
: wl ii _
43 6+ 55 5 607 7¢52 x 10 Q70 x 10 0o 79
6Pet Gr - 0 a1
Sl 353 4 60 124 % 10 254 x 10 0 590
w2 wid
49 49 84 8 709 316 % 10 073 x 10 0. 612
wl, 2 . iR
48 G 75 2 Ge 0 292 x 10 123 x 10 0+ 750
19 Pet Gr -l0 -1l
50 3:-86 20 90 2092 % 10 1-81 x 10 0 396
wid -l1
45 4o 82 5 105 2080 x 10 028 x 10 0+ 458
, w2 wld
46 60 58 .3 Lle4 1048 x 10 003 x 10 Qe 577
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&) ’
Jca represents the effect of aluminium on the ectivity coafficilent

of oxygen,

€
and T, 1 S P Y
Thusse log Ky =log iy =~ .Log](( ~ log
Thug

. Cf\);
]

Flf) ° Cr
i.a. 10;;&; - lcgfi = 1og{§) + log Ks
=& fox] + o0g K

From the data in Table 25, for the function log K = log fgﬂp)
From the data in Table 25, for the function log kg =~ log };--/

a graph is constructed as shown in Fige 24. The line drawn through

the date is such that the intercept abt zero per cent chromium corresponds
to the average value caleulated for log ¥s, in the previous chapter.

The gradlent of the line is equivalent t0 the parameter ef"?, and

yields g value for this parameter of ~0+087 at 1723°C, Assuming
regulay behaviour this corresponds to a value for e(‘;f)at 1600°C, of
-0+061, This value ko compared with data from other investigations

in Table 26, from vhich it is g¢vident that the data from all the

sgbudies,except that of Chen and Chipmanyare in r easonable sgreement.

IABLE 26 Ghromium=-Oxyeon Interaction in Liguid Iron at 1600°C
a1 45
Parametor Chen and Chipman ’ Turkdcgan*? Charlton™® Present Study

e®? =a£agf,,/a [7cd =00 041 ~0:064  =0-058  ~-0:061
Ef g d4n fo/ach -8+ 8 «13+7 -1204 =131
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4o _Chromium~Ailuminiun Inberaction in Lioquid Iron

The effect of chromlum on the activiiy coefficiont of
aluminium can bd deduced from the deba recorded in Tables 24 and 285
with reference to the fohlowing reactionss

A. -3 K ¥ = g !

1)903(3) * 3 ﬂﬂ(g) RAL + 3 H.g(g)
The equilibrlum constant for this reachion may be

expressed in terms of the squilibrium product Kg' and ectivity

- eoefficlentpa~
, ( 2 1o
Leor Ko = [fyy x Hl ] (_‘ggc%
Py
2

an _f 2 -
AL Ky
. - 0) (<))
and in this cage ]( T AL AL
() ) o ()

where f Al represents the sffech of oxygen, and f AL the effect of

chromivm on the activily coefilcient of aluminium. Ag in the previous
14
chapter fﬁ(fl) is agsumad LO be unity.
’ © ()
Thus Jog Kg = log Kz = 2)19;; -f A " .Log'f-
0
iee. log I{;; + 2 log )Cé(il o - 28@'.)[/03 + log Ky
©
In Fig 25, o groph is presented of log Kg + 2 log ]( Ay v [%ox].

Limits shown on this graph illustrate the effeet of an e¢rror of # 0-00L
paer cent in the alunionium analysise There is a degree of seatter
in the date which is greatest in thoge melts which have a very low
aduminium content. At this level, the errcr limibs are greatest, e.g.
heabs 48 and 46, where the aluminium concenbrations are 0002 and 0. COlL

per centb respactivaly.
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The line dravn bthrough the data is such that the intercept
at zero per cenb chromium corresponds Lo the value determined for
log Ko in the previous chapter. The gradient of the line is of
opposite sign to the paramster e(m and twice its magnitude. From
this data e aaas the value + 0-025 at 1723°C, which corregponds to
a value of +5+36 for the paramcher E( ab the sams temperature.

A 1600°C, 6: }mll have the value + 57, assuming regular behaviour.

These valuss for the parameter E:;gre of particular
interesy from the point of view that no exparimental data appear to
have been published for the effect of chromium on the activity coefficient
of aluminium in ligquid iron.

Recently Wada, Kawai and Sai‘i;omreporﬁed data for the
acbivity of chromium in liquid iron~chwomium alloys. From their
rgsults g value of about + 6 is obtainad for the parameter éfg bﬂ«\fc:/bNa
ab 1600°C und Pox concantrations up to about 041 Ngu+ For iron-
alunminium alloys at ths same temperature, Wilder and E]liottaa h_ave
caloulated a value of + 5¢3 for the parameter €H(jﬂ= 34nTBpe / VY,

With the aid of equation [12] from Chapter II, and the
above data for Fe~Cr and Fo~Al binary solubtions, a value can be
deduced for the effect of chromium on the acltivity coei‘ficient of
eluminium in ternery Fa-Cr~Al solutions.

cs>~ I RE

" €<c«r) [E«f) €<ef):l /a

e for53]® 2 £50
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Wagnerahaa pointed out that in a bternary solution, the
activity of solute metal 2, will be increased by the presets of solute
metal 3, provided metals R and 3 change the electron/stom ratio in
the same direction. Tor this reason the negative value in the
above axpression is rejected and éﬁf%akeﬁ ag + 56, This value is
in very good agreesment with that of + 57 obitailned from the present
study.

Using the distribution date of Chipman end Floridisav, Wilder
and Ellictt.aa have algo shoun thet at 1600°C, ES;):: + 53 and E;Z e)= + 70,
In aach case the poavameter 62?13 for the infinitely dilute solution
off 1 in Fe+AlL alloys.

The relative effacts of the three golutes, chromium, carbon
and gilicon, on the activiby coefficient of aluninium at 1600°C, are
shown in Fig., 26 from vhich It ig cleayr that the effect of chromium
is of the same order as that of cavbon and silicon, and intermediate
botuwean bthem.

The pogitive parameters oan be interpreted in derms of a
compelition betwween the various solute atoms, for iron atoms in the
neareot peighbour shells. For exemple, the bonding of iron atoms
t0 chromium will lenve fewer iron atoms for the aluminium and so
the activity coefficient of the labier will be increased. tha
positive paramclers also lmply thst there are little or no intersolute
attroactive forces piesent in contrast to gystems such ag Fe-Al-Q

or Faelr=0,



FIG 26 :

/ CGARI3ON

01-05"
Hiiie FRACTION OF ADDED ELEMENT

EFFECT 0P G/I/CON, CHROMIUM AMD CARQOM OM
THE ACTIVITY COEFFICIENTS OF ALUMINIUM [N
' : mUQUID IRON AT 1600'c



i1l1.

The effect of chromium on the deoxidation product
[%Al]z- [%o]a can be deduced from the values of €% and e‘;;’.\ A
¢hgek.on these values can be obtained from consideration of the
data in Table 25 with reference to the following reaction. This
regaction is to some extent indppendent of the two other reactions
studied in that it does not involve water-vapour/hydrogen ratioss

MaGygy = RAL + 30

The equilibrium constant Ky may be written as=

Ro= £ £, (A1) (o)

= et oW

© (C-r)
From the previous sections, f Al f '
®O 9
and f o = f'g " lo

so that, log Ky =log K  + 2 log {M + 3 log f%w + 2 log fm. + 3 log f(g')
i.es log B +2 1ogﬁ1 +3 1agf0 = -:ae( )[%Cr] - 36 fr] + log &
= -2{ e“” 1-56(;0}[%01‘] +log K
A graph of glog K + 2 log f X;_ + 3 logfé; }v [,ZCr] is shoun in
Fig. &7 « It is apparent that there is a secatter associated with
the dota similar to that observed in Fig Rb, where it was attributed
meinly to errors in the determination of wery small quantities of
aluminium. As the data of Fig 27 is also dependent on aluminium
analysis, a similar type of seabter is to be expected. At zero per
cent chromium, the intercept corresponds to the equilibrium constant Ky
calculated in Chapter VI. The gradient of the line is equal to

+ O mal
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tee. 2{€%0 4 150t = w0122

or, €57 15¢5 = 00615
From sections 2 and 3, E’CC{) + l*ﬁe(g)n -0+ 0605
Thus consideration of the resulits pertaining to the
deoxidation reaction, yields data which are in good agreement
with the values calculated for the two paramsters in the pravious
séctians.
fee. ot 1723°6 €50 = =0.057
and egf = #0026
On the hasial of these parameters a graph is congtructed
as shown in Fig 28. This illugtrates the effect of chromium
on the actlvilty coafficients of aluminium and oxygen in liguid
iron at 1723C.
The effect of chromium on the aluminium~-oxygen content
of liquid irom 1s shown in Fig 29 vhere the broken line represenis
aluninium and oxygen activities, and the full lines represent actual
concentrations.s The full lines were deduced from congilderation of
the aquations~
log Ky = log Ky + 2 log ff; + 3 log f(gﬂ ¥ 2§ cf + 18 é:})[,fbr]
Taking the values for K, e‘ﬁﬂm Q:} caleulated in Chapter VI
together with the values for egcf)and Eﬂc;deéucad in. the presant chapter,
this equation can be expressed in the following formye-
~11+63 = 2 log[#41] + 3 log [#0] ~ 9+ 9[#AL] -11.15[70] -0-121[7Ci
From this equatlon oxygen concentrations cocresponding to & series of

aluminium and chromium concentrations were calculabted and are shown

in Fig 29,
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FIG 29 EFFECT OFi CHROMIUM ON THE CONCENTRATIONS OF{ ALUMINIUM
AND OXYGEN IN LIQUID IRON AT 1725®C. BROKEN LINE SHOWS AcT//IT/E5
SOLID LINES ARE CPRRESPONDIWG-PE77CENTADEST
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A study has bean made of the equilibria existing between
bur'a aluming, Fa=Cr-Al-0 melbs and controlled water-vapour/hydrogen
gas atmospheres abt 1723°C.  UWhen coitbined with the valuss for the
parameters e(ﬂpg.nd e 3‘3 from Chapter VI, the daﬁa from this
investigation yileld values for the parameters eo and e(ﬂg.
On the assumption that the parameters are inversely propdtional to
the absclute temperature values are deduced foré and é( ﬂat 1600°C.
Roasonable agreement with published data is indicated by
s direct comparison in the case of Eg*)and an indirect comparisen in

the casg of 6(“), I‘cr €( the comparison depends on the validity
ne P

of Wagner's relaﬁimnship v €8 a =+ [é(z) 6(3)] i
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SILICON-ALUMINIUM-OXYGUN LOUILIBRIA IN LIGUID IRON

ds Introduction

The effect of silicon on the activity coafficient of

aluminium in liquid iron hag been the subject of & numbex of
2753286

investigations baged on partition experiments. Oxperiments

of this type have shown that the activity coefficlent of aluminium

6d)
pe

From the data of the previous chapter this effeet is slighily greater

is inereased by the presence of gilicon. Thus at 1600°C, €. =+ 70,

than that of chromiume.

22

57 ,58
Gag-metal equilibrium studles of the FewS5i-0 gystem ’

)

have shown that tho activity coefficient of oxygen is decreased by
the mresence of silicon and the activibty cosfficient of silicon is
decreased by the presence of oxygen. 8ince the oxygen concentration
is usually low, bthis latber effect is often negligible and the
activity coefficient of gilicon may be taken as equal to that in

80958
the Fe=Si binary + Using thig assumption together with data

derived from studies of gas-metal oquilibria Chipman and PillayFO
have calculated an average value of + 36 for the paramateréfféﬁ 1600°C.
This value, howaver, is in marked disagreement witin that obtained
from experiments involving the partition of silicon between liquid
iron and liquid silver. Such experimentssi’ﬁﬁyield a value of ghout
13 for €%t 2600°.

Timg there is & discrepancy in bthe data for the activity
of silicon in liquid iron.

This chepter is devoted to a discussion of the data
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derived from a sbudy of the effect of silicon on the activity
coegfficients of sluminium and oxygen in Fe-Si-Al-0 melts. In
the light of the results obiained, some of the published data on
Fa~8i-0 gas=matal equilibria are re-examined and & hypothesis is
pub forward to explain the discrepancy montioned abova.

The exporimental bechnique .was simileyr to that deseribed

in the previous chaplers.

2+ Fregentation of the Basic Data

Data obtadned from o number of heats involving Fe, Si,
Al and 0, are used to caleulate values for the products Xy’ ’ Kg’ ’
and Ka' as shoun in Table R7.

In the following three sections expressions are deduced,
vhich when combined with the data of Table 28, yield information
on the effect of silicon on the actlvity coafficients of oxygen and

-

aluminiunm.

(a) The Effect of Silicon on the Acbivity Cdefficignt of Oxysen
For the reactions~

Ha(g) + & = H0(y)

/

Xs = Pgo. 1 = K.
Pip [f0~%0] fo

whera the activity coofficient of oxygen -j-; is given bys~

GIA :
]Con {on ' ]CS)
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The effeet of aluminium on the activity coefficilent of
oxygen 1s vepresanted as before by ]Co(ﬂ?) Similarly the effect of silicon
is rapresented by )Cfi)- Ag in previous chaplers ﬁo)is taken as unity.
Thuss: log Ka = log Is = logf,
= log Ky = log {fqﬂm log ](v(m
i.e. log Kg' = log)ffmz e(;a{% s¢] + log K
This exprassion is in the form of the equatlon for a
gbraight line, the gradlent of which representg the porameter e(,f a
1.6+ the effect of silicon on the acbivity coefficlent of oxygen. The
values for log Ka' from.Tatale 27 together with values for log fgnﬂ
calculated in Table 28 are used to plot %Leg Ii};’ - log f: H?V[ %&i] in
Fig 30. From the spread of the data .l'L ig obvlous that the
experimental regults in this case cannot be represented adequately
by a straight line. The implication of these results will be discussed
more fully in a lator secition. .
{b) Ihe Liffect of Silicon on the Activity Ceofficient of Aluminium
For the Beactions=

AlaW () SHa(gy = RAL + 31RO (g)

. ? 3
Ko = [ foo % 42] Py 0)

g P
= Kfyy

WVhere the activity coefficient of aluminium ﬁe ig given bys~

0) L)
) fre = fez ' e(é&

@ 4
ggr@presents the effect of oxygen, nndf“"tshe affect of gilicon
R

(9]

on the activity coefficient of aluminiums As before is taken as unity.
pé
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Thuss~ log Ky = log Ko + 2 logf 83

$)

AL

. ¢ ©) (80 o, :

leas log Ky # }?.leg]fﬁz o -3(269 [%Sc] + log Kp

’ ()]
= lOg KQ + R 3.ng&1 + 2 l@g

Using the dota &f Table 28, a plot is glven in Fig 31
of {log iiggl + & log —f:;}v [%Si]. If this could be represented
-b;y’ a stroight line, its gradient would he = ze,if). Howvever, as in
the previous section, the spread of the data is sueh that o straight
Line woudd be unjustified. Apain, the implications of the data
will be discugsed in a lator section.

(c) Ihe Effect of Silicon on the Deoxidatilon Produch

The equilibrium constent for the deoxidstion r eaction may be
oxpressed in the folloving ways-

1&1805(ﬁ) = &AL + 30

Ky o [fﬂl . 4 A}.]“‘[ _fo % ”/3013
= K ;F,;l fé
i.er log Ky = log K ¢ 2 1¢>ng1 + 3 log{,
= logk{ +2logfly + 8 logf™r 2 logfs+ 3 logf*
i.e, log K + Rlog f;:) + 3 log o@u -2 efeo[%s»i] - Séj)[%ﬁ‘si] + log Ky
= 2 Ee;‘;’«- 3.-58‘3"} [#84] + log Ky

Values for the expregsion on the left hand gide of the shove
equation are calculated in Table #8 and plobted against [# Si] in Fig 32.
Again the data cannot be represonted by a straight linae.
3 dmplications of the Hxporimenial Dota

The various data can be assessed in a qualitative way as

followgsw
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jgg Silicon-Oxyegen Intergchions  From the tebulated data and Fig 30

it can be seen that in gousral as the silicon content of the metal
increases, the oxygen content for 2 glven oxygen potential, after a
small inibial increase, progressively decreases. From this data,

it would appear that the activity coefficlent of oxygen is increased
by the presence of silicon, i.e.ffais gragter than unity and.éﬁaiﬂ
positive. This is in fact {the reverse of what is known to be the
cages Independent studiesga’s?’aahave shown that the behaviour of
sillcon in iron-oxygen alloys, leglmilaxr to that of aluminium in

that the activity coefflclent of oxygen is reduced by the presence of
glthor element, although the effect ls much more pronounced in the case
of aluminivm. In the presence of silicon, therofore, the equildbrium
vabio K3 would be axpacted to decrease with increasing silicon content.
In the present study, the opposite cffect has occurreds In viaew of
Lhese facts it would eppear that the oxygen potential of the gas
nixture at the mebelwgas inberface was much lower than had been
anticlpated from consideration of the inlei gas ratios.

(b) Silicon-Aluminium Interactionr: From ths tabulated date and Fig 31
itlean be saan that for the same gpparent oxygen pobentlsl in the ges
phese, ths aiuminium concentration of the metal increases as tha
gilicon content increases. This would lmply that the actbiviby
cocfilciont of aluminium is decrveased by the presence of gilicon and
thmisegfis negative. Previous studies of the effect of silicon on

. 87,092,808 that
the activity coefficlent of alumindum are in agreemenb
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Qgglis positive. Thus fox the seme oxygen potential in the

gag phase, the aluminium concenbtratlon of the melts would be expected
o dacrease wlth incressing silicon contant. In the present work
therefore the amount of alumina which bes been reduced is greataer than
that expecteds Ag In the ﬁzevioua saetion, thig would suggest thab
for some reason, the oxygen pobentisl of the gas phase at the metnle
gas lnterface was much lower than that anticppated.
{c) The Deoxidation Product » Although the data presented in Fig 32 is
independent of PE@O/P&B ratios, it is not entirely independent of the
data given in Fig 30 and 31, since all three sets of data involve
analyses for oxygen and/or aluminiume. Thus the effects mentioned
in sections (a) end (b) are also reflected in the data of Fig 32.
(&) Loss of Silicons Analyses of the melts for silicon, by the
standard sulphuric acld methcd?g indicatied that the gilicon content at
the end of a heet was lowsr than at bhe begimning (see Table 27). In
genaral., the greater the oxidising potential of the inlet gases, Lhe
greater the decrease ln silicon.
L) Genoral Trend of the Daba s From Figs 30 and 31 it is apparent

a2 . 58
that the deviation of the present dabe from that of earlier studies

increasess (1) as the silicon content increases, and (ii) as the

oxldiging potential of the ges mixture increases.

The varilous facbors dlsenssed shbove can he sulmarised as
follovags=

(1) The oxidising potential of the gas mixture at the
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gas-mebal interface appeared to be much lowes than that antleipated from
congldoration of the composition of the inlet gases.
(2) The decyease ohserved in the silicon contont of the malts
vag greatest when the oxidising potential of the inlet gases was greatest.
(3) The deviation of the daba from thab of previous studies increased
with {a) the eilicon content and (b) the oxidising potential of the
inlet gases.
Irom these conclusions 1% would appear that a chemical
regction was taking place at the gas-metal interface between the
sillcon in the meld and the water vapowr in bhe Iinlet gases, thus
leading t0 a decrease Iln bobth of these componentg.
A reaction satisfylng thase conditions dss

8L = i‘fgg(’(g) = {:::L.O( g) * I&( &)

4 Reassessmont of the Uaba on the Bagig of Bilicon Monoxide Formation

In Tabla 89 the oxygen concentrations of the warious
mells ave used Lo determine oxygen activitles taking into account the
offect of aluminium, but neglecbing the smallexr effect of silicon.
Assuming log Ki, = 021 from the previous work on Fe~Al-~0 equilibrium
(Chap VI) it is possible to calculabe gas ratios, Py, /Pl ; which

would be in equilibrium with the ozygon scbivities of the melts
Hp (g) + 8§ = P&O(g
log Ky = 1o EEaQ).. log [B'O]
B
ML+ log [ay]

3

i.e. log Pi0.
Py,
Theee calculated gos ratics, denoted by(131-120> , aro
T o
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TABLE 30

Computation of 84 Values

108 5
25 034 65  ~2+6523 2¢23 1e45
20 0+ 50 1000 ~2+6320 2933 2033
32 1081 3500 ~204870 3026 1104
33 1073 3328 =204970 3:18 10+ 6
34 170 325 25015 3.15 10.2
39 3044 660  =Re3075 493 32¢5
37 3035 4.2 =2-3180 2+81 3060
40 3 55 6202 =203200 4+ 69 2902
TABLE 31  Computation of the Egui&ibgium_consﬁant- for the Reactilons
_— S1 + Ba0(g) = 510(g) + Ha(g)
Heat  agy x 10° Pi,0 8 paio x 100 K = ?sgg_fng ) x 107
No. (‘1‘31“1;“’) x10 x a3 X P10/
25 1045 50 25 2018 2486
20 2:33 380 430 4486
32 11:4 2051 1072 0v 60
33 10+ 6 3016 280 0+ 84
34 10:2 2082 6+ 04 2010
39 3205 126 3¢ 69 0+ 90
37 30+ 9 2+ 63 3+ 60 v 44
20 2942 2009 752 1024
Average valuge = 173




PABLE, 32 Recaleulation of K Values

. [p 3
Heat Al I“:(QO O ’ . P
( )cx * K3 41 =log Kp "’2103](

Py,

. I'd
0 _|log Kg % si
AL [+ 2 log {;e Wt Peb

No itllégt x 30
25  2lel 5425 6+44 10019 0s 04 10023 0+ 34
20  34+1 380 6436 10.20 0: 03 10023 0+ 50
32 780 251 965 10+ 02 0+03 10+ 05 1+81
33 60-0 3+16 1140 9e 94 0+ 03 9e 97 173
3¢ 410 2083 376 10042 0+ 03 10045 170
30 1236 1.26 3005  10:52 0+ 02 100 54 3+44
37 736 2:63 986 10,01 0+ 03 100 04 385
40 630 2009 3062 1044 0» 02 10046 3+25
TABLE 33 Formation of Silicon Monoxide
‘Ini*gial Sample m Vol 810  pgyo Total Vol 510 Y
H?gzt W Grams Pot gri!ég 4 co(P) :.36:3:%2?1_ Fiza Vaco(NIP)Vy
£, 29 cc/min
25 191 0+16 3405 24 2018 1170 184 0013
R0 20 9 0+ 50 10045 83 4030 1170 362 0s 23
32 200 4 019 387 31 1e72 1060 131 0e 24
33 195 eR7 526 4R 2080 1060 214 0+ 20
34 19+ 9 0030 5e 97 48 6+04 1060 461 0:10
39 1902 0+ 56 1075 86 3069 1060 282 031
37 19+5 0065 1270 101 3060 1060 275 Qs 37
40 200 0+75 1500 120 7¢52 1060 573 021
~2veraze 0. 22
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comparaed with the inlet ratios, and after toking into account the
argon/hydrogen ratios, yield values for Psi0, since according to the

reactbions -
8i o+ HgU(g) = &mU(g) + Hg(g)

any decroage in P, 0: will be accompsnied by an increase in Psio®

At low sllicon concantrabions, particularly at the lower
oxygen potentlals this treatument of the data ip subject to such lavge
errors that the values of pg;q in this rangs have been rejected.

In general, pgio increases with (a) the silicon content,
and (b) tha oxidising pobtential of the inlet gases. This trend
corresponds exactly to that observed for the deviation of the present
gxparimonbtal results vom those of previous invesbigabdons.

In Table 30 the activity of gilicon relative to the pure
liquid is caleulated using the follouwing datos

(a) the work of Smimlsmhas recently shoun that the activity
coefficient of silicon in liqguid irom, ¥, is related to the mole
fraction of silicon by the equations~ O log g4/ 3“‘51 = 58, valid
for the range 0+Q te 04 Ngj |

(b) From the data of Chipman and Baschxvitgfa

log Ygy = = R0069 et L7233
Gomhining these two equationgs- logissi = Be8 Ngg = 2069

In Table 31 the silicon activibties calculated in Table 30

are ¢:mbined with the data for Paiq amaé%%ﬁfgjL from Teble 29 to give

values for the equilibriun constant of the reactions-




8i « H,g()(g).-.z 8i O(g) ) Hg(g) 122,

K = Faig Py, )
Pﬂgo
A value for the equilibrium congtant of the silicon monoxide
reactlion can be calculated from available thermodynamic date in the
following ways

74
The data of Elliott and Gleoiser , corvectad for the
. 8l 02 .
recontbly roevised heat of formabion of g =quarts glvass

{3 3—' oy = i A ) Oi( =1 "62 OO [&
ni(é) P 7 0""(g) =i O(g} 5 AGS 2000 »0 cal

1
B(g) *5 (g = BO(p; D600k 5 ~32,310 cal
s BE O H"'"'O(g)": S10( )+ Ha(g)s A G000 °K = »30,290 cal

log X = 30,290 = 3032
4+ 575 x 2000
.. K = 2-1::10”

And from Table 381 K = 1.7 x 10°
Thus vhe values derived for the equilibeium consbant of whe
silicon monoxida reaction from (1) experimental date, and (ii) thermo=
dynamic date, are of the sa&ﬁe orders In the light of this agrecment
it would appear that the oxidising potential of the gas phase at
the ges-moebal interfece was lower than thabt expected from the inlet gas

compositlion, due to the formatdon of gilicon monoxida.

Regaleulabion of Ka Values + In Toble 32 the equilibvium ratic ., =

2
Ky = [ 7817 P10 is vecaleulated ming(P Q) wvalues.
tha iy Py 0
The racaleulated valuss for the expression log [15!&1] ( .h..) + 2 log f(
are Included in Fig 31. The scatter associated wlth the ﬁat’a ney
ba due to the followlng facboxrsse—

(1) Small ervors in the oxygen analyses, which would affect the
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valuscs calculated for Pgio*
(ii) In the thermodynamic data used for caleulation of silicon
activities, the limits placed on the wvalues for log }Sgi ara + 0+ 1.
(Iil) Failwre of the melts to reach equilibrium with 8i0, Ny and Hy0.

With respect to the third factor, it ig &f interest to
coleulate and compare the amounts of sillcon monoxide which would
be expected to form during a 1R-hour run, from congideration of (1)
the decrease in silicon content of the molts and (i1) the partial
pragssure of gilicon monoxide above the melt surface. The resulits of
this calculation are shown in Table 33+ In the last column of this
table, the corresponding volumes of silicon monoxide are expressed
in the form of a ratio of Vi/Vo where VW, and Vg represent respectively
the volumes of silicon monoxide formad from & conslderation of (i) the
decrease in silicon content of the melt and (ii) the partial pressure
of silicon monoxide above the melt surface.

It is evident that the amount of silicon oxidised from the
melts is on average only abolt 22 pexr cent of tho¥ oxpacted from
congideration of the partial pregsure of silicon monoxide at the gage~
matal interface and the overall gos flow-rate. Since the rate of silicon
oxldation will be controlled by the rate of diffusion of water~-vapour
to the nmetal surface, the above data would suggest that this diffusion
rate was less than the rate of flow of wator wapour to the reaction
chamber.

Although gas-metal equilibrium may not have been established,

the elose agreaement botveen the values derived for the equilibrium
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constant X = pg, g Pﬁz/ [B’Si]'PHQQ fromiexperimental date and (1i)
thermodynamic data would imply that the partial pregssure of gilicon
nonoxida ay bthe gas~metal interfaee wag not far removed from the

eguilibrium value.

Bs_Considexation of Some Published Data on the Activity of Silicon in
' Liguid Iron ‘

!az Introduction

From the results obtained during the present study
with Fo=SiwAl=0 nelis, it is evident that equillibrium messurements
involving silicon, silice and waber-vapour/hyurogen gas mixbures
must be treated with some susplecion. In view of the fact that a
discrapency exists in the published data on the activity of silicon
in iron as determined by (i) distribubion hestweon silver and iron,
end (ii) ges~metal equilibria, 1t is worth while applying the above
hypothesis of gllicon monoxide formation in an atbempt to resolve
the discrepancy.

From expeximents on the distribution of silicon between
liquid iron and liquid silver, Chipman, ulton, Gokeon and Gasl«:ey‘j!‘g
have reported a value of about 4 for the parameter Ef:’:: 3111‘685_/ d HSi
al 1600°C. However, a more probable valus from thelr data would
be about 1150. This higher value hag been confirmed recently by
the regullts from twe independent invesgtigations also based on

5% ,62
partition experlments 7, In both cases the value reporied

50
for Q(:?at 1600°C wag approximately 13+ Chipman and Pilley have

deduced an averaga value of aboub 36 i‘oréff%t 1600°C.  This value
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was basged meinly on the resulis of Matob2 et alla together with
gome of Hhe earlier data of Gokcen and Chipmangg.’ In each of
the investigations, the data was derived from equilibriuvm gtudies
of Fe=Si=0 glloys in silica erucibles under controlled vater-vapour/
hydrogen atmospheres.

In the following section, the asgumption is made that
the correct value for the perameter € ::iz):lt 1600°C is about 13 rabher

than 36, and on this bagis the relevani data of Gokean and

Chipman and Matoba et alile sre recalculated.

(b) Recaleulation of Some Publishod Daba

Although no expevimental resulis were actually quoted
in the paper by Chipmen and Pillay§o, it was reporited that data
obtained from saven heats, which were thoughit to have reached
equilibrium at 1600°C, were in good agreement with the data of
Gokcen and Ghipmaﬁm&nd Matoba et aliaaa y for silicon concentrations
up to 1 per cent . It was also stated that "Attempts to exbtend the
study to highor sgilicon concentrations were unsuccessful on account
of the transfer of silica from the metal bath to the upper portions
of the crucible by means of a silicon-monoxide mechanism." Iin
thig respect, it is perhaps significadh that while the data of
Gokeen and Chipman and Matoba ef alia are in reasonable agreement
for low gilicon concentratlons, the btwo sets of data gradually
divarge as the silicon concentration increases mbove 1 per cent.

In the following treatment atbention is confined to

results reported by Gokcen and Chipman and Matoba et alis at 1600°C
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and 1625°C respectively.

The activity of sillicon in the Fe~S5i-0 melts under
consideration can be caloulated with the aid of the following equations
deduced from the comblned dete of Smithéiand Chipman and Baschjaitgsgs-

At 1600°C, log }{Si = 58 Nggj =29

At 1625°C, log ¥ g3 = 58 Ngy = 2.85

In these calculations, it is nssumed that (1) the
influence of oxygen on the aectivity of silicon is negligible, and
(2) for the temperature range invvlved,éﬁ?is constant.

Water vapour/hydrogen ratios denoted by (Pﬁgﬂ/pﬁg)e and
corregsponding to the various calculated silicon activitles, can be
deduced from the following equations based on published thermodynamic
datas- '

Ref.(74) corrected by the date of Ref (81),(8R) givessw

Si(p )+ Oa(g) = S10a(4); A GOeva °K = »137,670 cal
(e) (g) (g) A GO:LQQO K = "’136,370 cal

From Ref (74)

Rlig()t0( o) = f0¢ y, A (% gng °K = «68,180 cal
(&)= (e) (g) A GOyoolK = =67 420 cal

Combination of these equations givess=

S10p (5)*R0k ()= S4(2)+ RH0(,) ; D G%grs %K = + 69,490 cal

K = [&Si] pfig@)a

agsumlng g =1 .
PHg 10
At the experimental temperatures

the stable form of silicasto which the

equations apply,is oristobalite.



=(9,480
4575 x 1873

qrzge 2 =z "'N—-‘—g—“ﬁg 4 0 = =8l
AL 18737K, log K = oel==, ov3
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-g
-'. K-"-'-’ 776 = 10

(fﬂag) = 881310

PH, Vagi
Similarly, at 1900° &‘ - 07 x 10'*
l"u2 Jasi

The results of the calculetions are showun in Table 34.
Listed in the last column of this table axe the apparent wator-vapour/
hydrogan ratios In conbtact with the melt, based on the composition
of the inlet gas mixturae,

Trom the data in Table 34, it is evident that on the
aggunption of Gf: = 13, tho oxygen potential of the gas phase is
greater then that expected from congideratlon of the inlet gas
composition. This is the reverse of what was found to be the case
in the present study of Ie~5i~Al-0 alloys, where the oxygen potential
of the gas phage was louexr than that oxpseted from the inlet gas
composition. Nevertheless, in the following section it will be
shown that the data of Table 34 can also be explained in terms of
silicon monoxide formation.

( €) A Pogsible Mechanism Based on the Reactions- Siog(gljﬂggg)zﬁiO(g)+H20(g)

The two sels of deta shown in Table 34 indicate that the
caleulated water~vapour/hydrogen ratios are greaster than the
corragponding inlet ratios. This would imply that the oxidising
potential of the gases ab the melt surface was greaber than that

anticipated. Since both sets of data were derived from studies
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of equilibria involving pure silica, a reaction which would account

for the increese in oxlidising potential of the gas mixlure would bese

Siﬂz(s) + Hgg(g) = SiO(g) + Hg’.(g)
K =
In Table 35, the aguiliby ium constgg% for the above
reaction is caloulated, assuming that pgyg ¢ equivalent to the
differeonce between corresponding water~vapour/hydrogen ratios and
taking into accountja four-fold admixture of argon.
The equilibriuvm constant for this reaciion coan also be
calculated from thermodynamic data in the following ways-

From Ref (74) corrected by the data of Ref (81)(82)

Si(p )I O3(g) =Si0a(g), DG% gy °K = «137,670 cal, AG®L000%K = ~136370

Pgi0 ..E.I.I?;S... » assuming agsq = 1

¢al

S1(2)* 3% (g) =510(g) ; AG%ers K = =61,200 cal; AG o0 °K = 61,500

From Ref (74)s

cal

1 : : ) ~
Ha(g)* 'éoa(g): R0(g) AG°Lg73 °K = «34,090 eal, AG%opp °K ==33,710

Combining these equations givess

S8i0a (<) Ho(o) = S10(,) + HaO(p) . D B%e7a3 = + 42,380 cal
08(9) (g) (g) (g) AG®o00= + 41,160 cal

-42,380 = -
. _ = —40 05
At 1873°K, log K = ,\Temey 1873

. -3
CeK o= 12 x 10"5._6 Fron Tablo 35 K = 1-78 x 10_
Similarly at 1900°K, K = 1+62 x 10 Irom Table 35 K = 2:23 x 10

Thus the values derived for the equilibrium constant from
thermodynamic data are in reasonable agreement with the valuee in
Table 35. The evidence would tend to suggest, therefore, that the

oxidising potential of the gas mixture in conbact with the melis

cal



ILBLE 34 Oxygon FPotanbial of the Gas Phage

Ay vy ti: 3 }? 51 E—u (PH20/pp, ) (pH:aO/p%)
1 1 1o 1P 15 ¥p Ihlet
Gokeen snd Chipman = 1600°C
0+20 Oe 227 4r5 1334 603 2046 358 3203
0135 0 378 740 1888 9165 3410 2804 23+ 05
073 0+ 613 1200 1048 1708 4022 2009 17+ 03
1+10 10 0L 19:0  1e62 30:8 5055 150 9 13410
1077 1+ 61 31,0 1e91 591 P68 115 9« 69
4060 4e39 840 386 320+0 18+00 g4+ 9 40 56
Matoba eb alia » 1625°C
0» 101 0- 033 0s7 1043  1s00 1+ 00 107 104+ 5
0. 162 00 O70 1ed 1edd 2002 1042 7504 700 0
0+ 320 0198 400 149 5495 2044 43:8 437
00430 0» 337 740 155 1009 3430 3205 3203
00 680 0+ 580 i 1064 180  4e24 250 2 218
0» 800 (0830 16 1075 28:0 529 2002 175
1s 24 10120 22 1290 4108 6046 1626 13-4
1062 1+ 60 31 2014 66eR  Be13 13+2 10+ 3
1= 61 188 36 2029 8205 0e 07 118 81
20 51 2+ 33 45 2058 116°0 108 9e 9 621
20 29 2031 45 2058 1160 108 99 621

<+ 88 2 84 - 8% Re 04 16R0 127 Bs4 47




IABLE 35  Computation of the Lguilibrium Consbant for the Reactions
T TEH0p ¥ Hp=B30 ¥ 0

;) 3 5
Pagg = 10 (Pigo/Pri,),, * 20 & = p310(PH,0/pp, ), x 10

Gokeen and Ghipman = 1600°C

0. 88 358 3415
1033 204 3+78
0+ 98 20+ 9 205
0:70 1509 | 111
0-48 15 : 00 52
O» 08 4+ 9 0+ 08

Average Value = 178

Matoha eb_alis - 16R5°C

0+ 63 107 Ge 74

1s 35 7504 10:15
0+ 03 4348 013
0+ 05 32+ 5 016
0 85 250 2 2014
068 2002 1e 37
080 16+ 6 1033
| 0+ 73 1342 Q- 96
0+ 63 , 11+8 1-10
O« 95 | 9 9 Or 94
0495 9 9 0s 94
B9 Bed e 78

Avexage Valve: 223




TEDLE 36

&é*t‘;%at v gﬁa o (z}ﬁfﬁg G Ky log By
10 i
fokaen and Ghivonn e 160070
Qe 2R7 a7 2 8 B 08 Qe
Os 378 200 | beilye 310 s 50
0r 613 G 20s Y 332 (s 52
101 e ) _ 189 310 (s 50
1s 81 A6 kR 2+ 50 SR LY
£ 39 e 8 &e e )3 (» 33
dntoba, ab ndda = LE2GG
G 033 311 107 Jeds e 54
Qe G370 2008 Foed B+ G3 (e 56
PR 340 430 : Ge 14 (e 50
Qs 3587 ENENS 335 a0 93 Or &Y
s 500 Ve 2602 | 3¢ 27 0s 51
O 830 G2 20 2 326 O 51
14120 Se G 166 20 96 (e 7
1+ 60 P47 132 20 Bl (45
1808 de 118 2o B Qe 45
283 434 B O 28 28 (35
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e84 © 325 e 20 40 G 36
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was much clogser to that indicated by the caleulated, rather than
the inlet, water=vapour/hydrogen ratios, due to the reduction of -
gilica by hydrogén with the consequent formetbtlon of silicon and

waber vapour.

{d) Tha Activity Coefficient of Oxypon in Fo~Si-0 Malip

The effect of silicon on the activibty coefficient of

oxygen can be deduced from a consideration of the following remctions=-

Ha(g) *+ 8 = HeO( g)
pﬁa [']Cox %0]
¢
= Ka/fo
GO
On the assumption that fo = {o

log Kz = logf v log iy
= %usi] + log K

The resulis obbalned by Gokcen and Chipman and Matoba
et alla for this resction are given in Fig 38. The slope of the
line drawn through the data of Matoba ylolds a value for ths
paramncber @fnof w00 1.3, A broken line has been drawn through
the data of Gokcen and Chipman for the following reason. In the
originé.l paper, an attempt was made to £it both theix own data on the
Fa=5i=0 gystem and that of Dastur and Ghipmanioon the Fe=0 binary
system, by a single curved line. This curvilinesr relationship
was later retmctedsqsince it vag at vorilance with the theoretical

roquirement of a finite slope at infinlite dilutlon.
The values obtained by Gokcen and Chipman and Matoba et alia
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for the equilibrium ratio Ky are recelculated in Teble 38 using the
(pHBC/pHS)c ratios given in Table 34. The new values for K are
included in Fig 33. Consideration of this graph leads to the
folloving conclusiongs

22 58
(1) There is reasonable agreement between the two sets of data

over the full renge of silicon concontrations involved.

(2) Ab zore per cent silicon, there is good agreement between
cach set of datae and that of Floridis and Chipmen for the Fe-0 |
binary systanm.

(3) Although the two sets of data are ab slightly different
temperatures, the data are not sui‘fviciently iérecisa to indicate
any variation in the parameter ef,‘ Yrith temperature. The gradient
of the lines yield a wvaolue for this parameter of -0+045. Using
thie value a graph has been congbructed of log ](f“'v [#8i], and

this is shown. in Fip 84.
‘ 2
.(el The Daoxidation Constant [gs i”&ﬂl

The deoxidation constant for silicon is obtained from
the reactions
33-02(3) "= BE o+ 29
Boo= [as1}{ac]
= ®W o fgfo
On the agsumptlon thab fs; = f:z)and f 2 ffi), i.9. naoglocting the effect

of oxygen in oach casas=
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. . 3
Si) S
log Ky = Jog Ka,’ + log ](s(i =R 3.og](?)

= log K/ + Q??[%Si] * Ré;i)[?’ﬁi]
5 log ko« [fs1){de 2ed
At tempersbures about 1600°C
Ef:é)-.-: + 13 and therefore e‘:f)m * 04112
From Fig 34 Q;im -0 045
Thus {e‘;l aeffi?a Qo112 = 0:090 = + 00022
This would imply that at temperatures of approximately
1680°C, the deoxidation product K. .and the deoxidation conskant K,
ghould he almost identical sinca. the parameters e?fé;,nd e‘f,‘%and
to compensate each obher. This is confirmdd hy the fact that
in each of the investigations the product {%Sij}[%ﬂ]ams
approximntely constant, and equal to the product [agy]: [ag]?
At 1600°C the average value suggested for either product by

-5
Chipmen end Pillay iso R¢3 x 10 »

A study has been made of Fa=8i-Al-0 alloys in pure
alumlna crucibles maintalined at a constant temperature of
17R3°C, under conbrolled waber-vapour/hydrogen atmospheraes.
After a period of about 1R hours, the melts ware quenched in
hydrogen and analyseds |

From the results obtained it is apparent that the

oxygen potential of the gas phase at the gas-metal interface was



13R..

lower thon thal expected from consideration of the inlet gas
composition. This was particulazrly evident from the aluminium
gontent of the melts. A decrease in the silicon content wasg
algo observed and this was most obvious at the highest oxygan
potentials.

In an attempt to explain these effects o hypothesis hag
haon put forward based on the formation of silicon monoxide by

the reactions
fi:l. + H?,Q(g) - ﬁﬁuﬂ(g) & He(g)

Values Loy the eqﬁiiibrium constant of this reaction
caleulated ILrem bhoth experimental and thermodymawmic dato axe in
reagonable agreemsnb.

In view of the above resulis and the dlscrepancy which
exiats in the published data for the activity of silicon in
liquid iron, soms gasemetal equilibrium date have been re-examined .
On the sssumption that siliceon scbivities derived from partition
experimenta are relidble, caleulations have beon made the results
of which indicate that the oxygen potential of bthe gas phase ab the
gas-natal interface was greater than that expected from consideration
of bthe inlel gas compositlon. This faet has bheen shoun to £it inbo
the hypothesis of sillcon moncxide formation. In this instance
the reaction involved iss-

810:(5) * Te(g = S10(g) * WOy
Again there 18 good agreement between the experimental

and thermodynamic data for the aoquilibrium constant of this
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ranction.

Using calculated valuss for the oxygen potential of
the gog phase, the actlvity coefficient of oxygen in I'e~Si-0
melts has been redetermined and a new value estimated for
the paremeter e‘j‘l

The affect of the new data on ths silicon deoxidation
constent is axtremely small due to the fact that in dilute
golutions the parameters e(:;)and e(,f“a.pproximately compensate
each other,

In conclusion, this work lns shovm that studies of
equilibria involving silicon, éilic:a and water~vepour/hydrogen
ges mixtures are subjecht to large errors due to the formation
of silicon moroxide. It is therefore, essontial that this
type of effect should be taken into account in all gos-metal

invegtigatlons vwhere there is a zaassibility of the formation

of a volatile oxide.
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APPLNDIX




EXPERIMENTAL HEATS

A1l heats reported in the following tables were made
with gas flow rates of approximately 150 ce/min hydrogen ond
900 cc/min axgon. The preheater was maintained at 1550°C unless

obtherwlse stated.

Tabls (i) Jron=Aluminium-Oxyeen Molts

lieat No Temp °C Hours ab Temp Tenp of Saturated Atm. Internal
Li C1 Soln. Press. Press.

- . maflg  mmlg
1 1823 6+ 0 30+ 5 7455 5
& 3005 7507 5
3 24+ 8 7590 S
4 248 7667 5

248+ 8 764+1 4
R0 7655 4
250 7610 S
350 & 768-0 5
40+ 5 7567 5
4505 751-0 S
3004 767+ 6 5
40 4 7633

o

35+ 4 7682




Teble (i)  Iron-Silicon=Aluninium-Oxypen Melts
The following heats were maintained ot 1723°C for 12 hours

under a 6 s 1 argon/bydrogen ratio.

Heat No  Silicon charged Temp of Atmospheric  Internal
wt pet saturated Pressure Presgure
L gé Soln. mm Hg mm Hg

17 ! 3002 7432 4 No preheat

18 i 35+4 74803 4 No preheat

19 1 2O 752+5 4 No preheat
20 1 350 5 750 1 3
21, ] R () 7513 3
22 1 30+ 1 7805 4
R3 05 301 744+ 8 4
24 0 5 Rbel 7490 4
25 (41 3:) 356 TSR 9 4
3 30 Q25 5043 7550 )
3R R 25+0 7580 5 7
33 A 302 7574 6
34 p 35s 4 768+ 8 6
35 25 R5e2 7608 7
36 025 3505 767+ 5 3
37 4 303 764+ 1 7
39 4 R4s7 7557 7
40 4 355 7524 6




Table §ii)  Iron Chromium-Aluminium Oxypgen Melts
The following heats were mointained at 1723°C for 12 hours

undex a 6 » 1 argon-hydrogen ratio.

Heat No Chr cmium Tamp of Atmospheric  Iaternal
Charged Saturated Progsure Pressure
Wt Petb Li gé, Solns mn Hg i Hg

43 R 350 & 75006 6

44 R 2009 7557 8

45 10 301 76845 6

46 10 35¢5 763+ 1 5

4% 6 302 7666 6

48 0 3507 75342 6

49 R 249 75805 6

50 10 R4+ 9 752 1 6

51 6 e 9 757+ 3 6

On occagions during the invesitigotion heats had to be abandoned

for several reagons, for exampls, (1) bloekages in the bubbling

tubes due to cryotallisation of lithium chloride, (ii) failuve
of the preheater winding and(iii) failure of the power é‘a;up;uly..

such heats are not reported in the above tables.




