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CHAPTER 1

INTRODUCTION

The kinetics of many reactions involved in iron and steelmaking

processes have been investigated by many authors, generally in an attempt

to elucidate the rate controlling step, or steps, in the reaction mechanism.

Because of the excessive temperatures utilized, and because of the relatively

low diffusivities in metals and slags, it is widely accepted that the

majority of these reactions are transport or diffusion controlled, and

that chemical equilibrium is attained qUickly at the interface in question.

However, some reactions, notably the desulphurization of iron and the re-

duction of silica by carbon in iron, occur quite slowly and are

conceded to be possibly controlled by a chemical mechanism.

wagner(l) discussed chemical control mechanismS for reactions

occurring at a slag/metal interface and noted that perhaps three types

of chemical reactions could take place. First, the reacting molecules and atoms

are in direct collision at the interface, resulting in a transfer of

electrons from one species to another by traversing a few atomic distances,

resulting in a change of chemical states. He then notes that because of

the nature of the two phases involved, the slag phase being well established

as ionic and the metal phase being essentially atomic, an electrochemical

mechanism is quite probable and even necessary. In this type of reaction,

the cathodic and anodic reactions are thought of as occurring simultaneously

at different locations along the slag/metal interface, with the electrons

1
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being transferred many atomic distances through the metal phase. Wagner

considers the third type of reaction as an extension of the electrochemical

reaction when slag-metal reactions are brought about in graphite crucibles.

In this system an electrochemical local cell mechanism can operate with

one electrode process occurring at the slag/metal interface and the other

occurring at the slag/graphite crucible interface, with the consequent

flow of electrons through the graphite crucible and the metal phase.

King and Ramachandran(2) have tentatively demonstrated the presence

of an electrochemical reaction, as opposed to the direct chemical reaction,

in their study of the desulphurization of iron. Baak and King(3), and

Grimble et al. (4) have attempted to illustrate the electrochemical local

cell reaction in their work on desulphurization of iron and the reduction

of silica by carbon in iron in graphite crucibles, respectively.

This present study was initiated to conclusively measure the

contribution of the local cell reaction in the reduction of silica by

carbon in iron, using graphite crucibles. It is imperative to be aware

of the contribution of the second interface (the slag/crucible interface)

to the overall kinetics of silicon transfer in order to properly assess

the kinetic data. The local cell reaction was effectively isolated from

the slag-metal reaction, its contribution to the overall kinetics over a

wide temperature range was measured, and the results thoroughly discussed.

Based on the presence of the local cell reaction in this system,

several electrochemical cells were prepared and reversible electromotive

force measurements were success fully made. The standard free energy of

the reaction:

5i + 2CO = Si02 + 2C



was determined, and the activity of silicon in iron and ·in iron-carbon

alloys was 'measured. All the results are presented alon9 with current

literature data and are thoroughly discussed.

3



CHAPTER 2

LITERATURE REVIEW

A. ELECTROCHEMISTRY

2.1 Electrolysis

2.1.1. 'Electrolytic Conduction

Solids and liquids which are able to conduct current are divided

into two classes; metallic conductors, (first class conductors) and

electrolytic conductors, (second class conductors). A metallic conductor

consists of a rigid lattice of positive ions surrounded by relatively
, -~.. - ---

mobile electrons which will move in the opposite direction of an applied

potential. An electrolytic conductor consists of positive and negative

ions either fixed in a lattice or free in solution, and when an electric

potential (sometimes referred to as electric tension) is imposed across

the electrolyte, the positive ions migrate to the negative terminal and

the negative ions migrate to the positive terminal. For the latter class,

the conduction of current is brought about by a transfer of mass, which

is referred to as electrolysis.

Since there is no lower limit to the magnitude of the electric ..
potential required to pass a current, it is implied that the solution exists

initially containing ions, and no initial work is required for the formation

of ions from some uncharged species.

2.1.2. La\I/s of Electrolysis

The transfer of mass referred to in the above section is restricted

by important relationships knovm as Faraday's Laws:

4
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(a) The amount of any substance deposited or dissolved from an

electrode is proportional to the quantity of electricty passed.

(b) The amounts of any substances deposited or dissolved by the

same quantity ()f electricity are proportional to their chemical equi-

valent weights.

A common expression of the two la\'Js is shown by the correlation:

W= Ite
F

(2.1)

W=weight of substance deposited or dissolved

I = current passed (amps)

t - time of current passage (sec)

e = equivalent weight of the substance

F = the Faraday; the quantity of electricity needed

to deposit or dissolve 1 gm equivalent of any substance

2. 1.3. Trans ference Numbers

The current carrying ability of an electrolyte is dependent upon

the migration of cations and anions, and upon their ultimate equivalent

discharge at their respective electrodes. Because of the variation in

size and charge of ions, it is expected that the cations and anions will

move at different speeds under the influence of the same applied potential.

The total current passed through an electrolyte is proportional to the sum

of the individual ionic velocities, and the amount of CUrl'ent carried by

a single species is proportional to its own velocity. The fraction of the

total current passed by anyone ionic species is called its transference

number, and is designated by:



v+
t+ - _._--

v+ + V

v
t =---- (2.2)

6

t+ - fraction of the total current carried by the cation

t - fraction of the total current carri ed by the anion

v+ - velocity of the cation

v - velocity of the anion

If the velocity of one ionic species is much greater than tha~ of the other

it is conceivable that all the current would be carried by that species

alone. This condition is known to exist in certain solid and fused electro-

lytes, as will be shown later. In systems containing several cationic and

anionic species the effect of the ion radius and ion charge becomes extremely

important, and the magnitude of the radius to charge ratio detennines the' .

individual ion contributions to the overall current carried(5).

2.2 Electromotive Force

2.2.1. Galvanic Cells

The preceding sections dealt with chemical reactions which were

forced to proceed by the passage of an electric current across ionic

solution in the solid, molten or aqueous state. This electrolysis may

be represented by:

A+B- electric+ AO + BO
current

A+ is reduced to AO and B- is oxidized to BO.

(2.3)

The reaction represented by (2.3) is usually not spontaneous as written,

and energy in the form of electrical energy is necessary for the reaction

to proceed. When the reaction goes from right to left, that is when AD
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and 8° are brought together by some means, the reaction \'~ould proceed

spontaneously releasing energy equivalent to the electrical energy needed

previously. If AO and 8° were brought into direct contact the energy

would be liberated as heat. However, if they were connected through an

appropriate electrolyte and connected externally by an electrical conductor,

the liberated energy would be electrical in nature.

The energy required to remove an electron from a metal varies

greatly from high energy for the noble metals to low energy for base metals.

When copper and zinc are in contact, the copper tends to absorb electrons

from the zinc until the potential difference set up by the transfer opposes

any further transfer and no current flows, providing both contact points

are at the same temperature. If the copper and zinc were joined through

a solution of an electrolyte, current would flow due to t~e motion of the

positive ions of the electrolyte to the copper and the negative ions to

the zinc. A cell of this nature is called a galvanic cell.

2.2.2. The Standard Half-Cell

The total electromotive force of a reversible cell is determined

by the algebraic sum of the electromotive forces at each of the electrodes.

These single electromotive forces are a result of the tendency for a sub­

stance in contact with a solution of its own ions to give up or absorb

electrons, and their absolute value can be calculated only if the absolute

value of one electrode process be known. Attempts have been made to measure

absolute values of electromotive force, but so far have been unsuccessful(6)

and for that reason the hydrogen half cell was chosen as the arbitrary

zero potential against which all other half cell potentials are measured(7).
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The "el ec tromotive force series of the elements" is obtained \'/hen

these standard half cell voltages are listed in decreasing or increasing

order of magnitude and is quite useful in determining the direction of a

reaction involving two standard half cells. A similar series has been con­

structed by Delimarski(8) for the chlorides of twenty-one metals for tempera­

tures 500°, 700°C and the fusion temperature, utilizing the sodium half

cell as the arbitrary zero potential. The results of Harner et al. (9) are

essentially in accord with these findings.

2.3 Reversible Cells

In order to correlate the electrical energy produced by a galvanic

cell to the thermodynamic properties of the reaction, it is necessary that

the cell be reversible in the thermodynamic sense. If an electrochemical

reaction proceeds between two electrodes in an electrolyte, and the potential

between the electrodes is balanced by an external electromotive force (emf)

no chemical or other change should occur if the cell is reversible(lO).

Also, a slight decrease in the external emf should result in a small flow

of current causing the electrochemical reaction to proceed, and an increase

in this emf should cause the current to flow in the opposite direction

causing the electrochemical reaction to be reversed.

A thermodynamically reversible system is one in which a change in

the system is carried out infinitesimally slowly, so that the system is

always in temperature and pressure equilibrium with its surroundings. Thus,

in utilizing electromotive force measurements for reversible cells, the

current flowing ~ust be infinitesimally small so the system is always in

virtual equilibrium, and all non-electrochemical and otheY' electrochemical

reactions must be suppressed.
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A·typical reversible cell is shown in Figure 1, depicting the

Daniell Cell. The sliding contact S is moved along variable resistance

PQ (with potential gradient C) until at X, the null galvanmeter G indicates

no current, thus the reversible emf of the cell is equal to the potential

difference between X and Q, and its magnitude is V.

2.4 Types of Reversible Electrodes

(a) A metal or non metal in contact with a solution of its own ions

(zinc in a solution of zinc sulphate).

(b) A metal and a sparingly soluble salt of the metal in contact with

a solution of a soluble salt of the same anion (mercury covered with

slightly soluble mercurous sulphate immersed in potassium sulphate.)

(c) An unattackable electrode in a solution containing both the oxidized

and the reduced states of the oxidation-reduction system (carbon or

platinum in contact with a solution of Fe2+ and Fe3+ ions~)

2.5 Anomalies in EMF Measurements

2.5.1. Liquid Junction Potential

In many cases when measuring reversible cell emf's it is necessary

that two electrolytic solutions be in contact -- as in the Daniell Cell

in order to satisfy the individual electrode reactions. Such liquid to

liquid contact introduces a potential in addition to the reversible poten­

tial, called the liquid junction potential. This potential occurs when

the two electrolytic solutions are different, and also when the two

solutions are qualitatively similar but of different concentration. If

two solutions of HCl are in contact, the electrolyte tends to diffuse

from the higher chemical potential solution to the lower one. Since H+
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(2.4)
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has a much greater mobility than Cl-, the dilute solution will have an

excess of H+ ions which causes it to be positive relative to the concen­

trated solution and creates an electric potential between the two liquids

known as the liquid junction potential.

It can be shown(ll) that the liquid junction potential E~ is

RT a2E
t

= (t_ - t+) -- ln --
nF al

R = gas constant

T _ temperature

al ,a2 - activities of the ionic species at the two electrodes

In aqaeous solutions this liquid junction potential can be

virtually eliminated by the use of a salt bridge which ;s an inverted

tube connecting the two solutions, filled with a saturated solution of

potassium chloride. The ionic mobilities of K+ and Cl are practically

equal, so from (2.4) it is seen that E~ + O.

2.5.2 Overvoltage

In the electrolysis of many ionic solutions in which a gas is

liberated at one or both electrodes, the decomposition potential is in­

variably higher than the theoretical reversible potential. This over­

voltage is dependent upon the type of electrode and its physical state.

The overvoltage for hydrogen evolution on platinum coated with platinum

black is 0.00 volts, and on smooth platinum it is 0.09 volts. This

phenomenon is attributed to a slow step in the ionic disc:harge process

where the hydrated hydrogen ions migrate to the negative electrode,

become absorbed, are discharged to form atomic hydrogen, and the atomic
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hydrogen combines to form molecular hydrogen. The magnitude of the over­

voltage generally decreases with increasing temperature. A more detailed

interpretation of the hydrogen overvoltage is presented by Milazzo(12}.

2.6 Themlodynamic Equivalence of the Reversible Cell

One of the fundamental relationships in the measurement of thermo­

dynamic properties is derived from the concept of reversible electrode

reactions. Combining the first and second laws of thermodynamics and

applying the restriction of constant temperature and pressure, it can

be 'shown:

~G :: - Wi

~G - free energy change of the reaction

Wi _ electrical work done by the system

{2.5}

The work required to transfer n gm electron through a field of

strength e is given by

Wi :: n F E:

n = number of gm electrons transferred

F = the Faraday, the charge of 1 gm electron

E: = reversible cell electromotive force

Therefore,

fiG :: - n.F.e

For a generalized reaction:

(2.6)

aA + bB + ~ 9.L + m~,l + ... (2.7)

~G = fiGo + RT ln (2.8)
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aL, aM~ ... are the activities of A,B, ... L,M, ... in the cell

Combining (2.8) and 2.6):

(2.9)

gO =electromotive force when all substances are in their

standard state (standard emf)

2.6.1. Temperature Coefficient of the Electromotive Forc,e

The relationship expressed in (2.9) permits the ready evaluation

of several other thermodynamic functions from the variation of the electro­

motive force with temperature.

( d(~G» = _ ~S
aT P

~S = entropy change of the reaction

Combining (2.10) with (2.6),

liS = nF (~)
dIp

Also,

lIH = ~G + T ~S

lIH = enthalpy change of the reaction

Combining (2.6), (2.11) and (2.12)

~H = - nF [g - T (~) ]
aT p

.(2.10)

(2.11)

(2.12)

(2.13)
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A straight line dependence of E on T indicates the consta.ncy of the lfentropy

changelf for the reaction. However, any departure from linearity represents

the variation of "entropy change lf with temperature:

~s = J ~Cp d 1n T

~Cp :: change in heat capacity of the system

due to reaction at constant pressure

(2.14)

a~S ~C

(---) =~ therefore:
aT p T

2
(~) = ~Cpn.F 2

aT P T
(2.15)

thus,

(2.16)

2.6.2 Determination of Partial Entropy and Partial Enthalpy in Solution

If an electrochemical reaction proceeds according to the overall

reaction:

A + B ~ C

and if Band C are in their standard states, from (2.9),

E = EO + RT ln a
nF A

aA :: activity of A in the solvent

For reaction of Apure ~ Asolution,

- M - M ,- M
~GA = RT ln aA = ~HA - T ~SA

~GAM :: partial free energy of A in solution

~SAM :: partial entropy of A in solution

{2.1l}

(2.1B)

(2.19)



~HAM partial enthalpy of A in solution

Combining (2.18) and (2.19),

n.F (£ - SO) = AH M T ~S MA - A

-M -Mwhen AHA and AS are temperature independent, thus,
A

also,

l'lS·M = nF d(s~~
A dT

(2.20)

(2.21)

15
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B. THE NATURE OF SLAGS

2.7 Introduction

The understanding and interpretation of slag-~etal reactions and

equilibria has necessitated a more coherent and meaningful knowledge of

the nature of s1a9s. The eva1uati on and predi cti on of s1c!9 -meta1 phenomena

are dependent solely on a workable model of the slag structure which per­

mits an analysis of its behaviour. As more and more data have become

available, suggested models of slag structure have evolved in order to

adequately satisfy the increasingly demanding data.

2.7.1. The Early Theories of Slag Structure

Initially, liquid slags were envisioned as consisting of electro-

neutral oxides and their compounds(13), with the slag deriving its chemi-

cal activity from the "free oxide" which was that oxide in excess of the

amount needed to form complex molecules(14). colclough(15) presented a

more sophisticated concept when he postulated that the basic oxides present

were not equivalent in reactivity. The fact that slags possessed a marked

degree of reactivity even when there was no excess "free oxide ll as defined

by the molecular theory, resulted in the concept of partial dissociation

of complex molecules, attributed to Schenck(16). The molecular theory as

originally formulated predicted no reactivity of iron oxide at the ortho­

silicate composition (2FeO.Si02) when it was known that the activity of

FeO was near 0.7. According to Schenck, the orthosilicate partially

decomposed into its constituent oxides:

2FeO.Si02~ 2 FeO + Si02 (2.22)
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so that,

D - (wt% FeO)2(wt% SiQ2)
(wt% 2FeO.Si02)

(2.23)

D ~ dissociation constant

In steelmaking slags with at least eight major constituents capable of

forming many complex molecules between themselves and silica, each requiring

its individual dissociation constant, the use of the partial dissociation

concept became far too cumbersome. The molecular theory \lIaS, hOvJever,

valuable in that it, recognized the predominant species in the slag as

CaO, FeO and Si02, and led to the concept that is widely used to-day in

works practi se, the IIV II rati o. The defi niti on of the IIV" rati 0 is quite

varied(17-21) and is utilized successfully to interpret the data of

particular practises.

2.7.2. The Ionic Nature of Slags

Despite the obvious advantage of the molecular theories, their

inability to adequately account for sulphur and phosphorus transfer, and

their resultant complexity, ultimately led to an ionic interpretation of

slag structure. The ionic nature of slags was observed as early as 1906

by Aiken(22) who patented a process for the production 'Of iron from the

electrolytic decomposition of FeO.Si02 slags. However, the apparent

success of the molecular theories precluded its use until the molecular

theories had to be abandoned.

Doelter(23), in 1907, demonstrated that molten silicates could

carry a current, and that the current increased 'with i ncreas'i ng temperature.

Farup et al .(24) measured conductivities in the CaO.Si02 and CaO,A1 203,Si02
systems which were higher than those for many fused salts, indicating good



18

ionic conduction. Sauerwald and Neuendorf(25), using iron anodes and iron

or carbon cathodes ~ el ectrolyzed ; ron sil; cates ~ fom; ng spongy iron atthe

cathode. Wejnarth(26) measured the conductivity of iron silicates and

found an increase with increasing iron oxide content.

Martin and De~ge(27) in 1943 presented the most comprehensive

work to that time on the ionic structure of slags. Using carbon electrodes

in synthetic slags (45% 5i02. 10% A1 203. 45% Ca 0) they found a straight

line relationship between the logarithm of the conductivi~y and the reci­

procal of the temperature, obeying the Rasch-Hinrichsen law(28). The

positive temperature coefficient of conductivity is a strong indication

of ionic conduction, since electronic conductors such as metals have a

negati ve temperature coeff; ci ent of conducti vity. El ectro"lys is of these

slags resulted ina gas evolved at the anode along with a white deposit~

and a slag analysis showed a slight 5i02 increase at the anolyte and a

slight CaO increase at the catholyte. These observations they concluded

were due to a migration of silicon with negatively charged groups to the

anode where they were discharged:

(2.24)

The evolution of O2 at the anode is highly improbable since the

anode is graphite and the formation of CO is more likely. The authors do

not imply the cathodic reaction~ but presumably in this system the Ca 2+

cation carried all the current to the cathode, although it is not necessarily

involved in the cathode reaction. A thermodynamically favourable. reaction

would be the deposition of silicon metal rather than calcium metal.
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They. state that since 5i 4+ and A1 3+ ions are much smaller than Ca 2+,

Mg2+ d F 2+ . d' S' 4+ d A1 3+ "ons 1 h 1 han e 10ns, an s,nce, an a so ave arger c arges,

they exhibit a strong attraction for oxygen ions and in a'll probabil ity

exist in the form of silicate and aluminate ions rather than as free ions.
4-The simplest silicate ion is said to be 5i04 of tetrahedral structure

with silicon at the center. As the silica content increases, the simple

silicates polymerize into larger silicate groups made up of many tetrahedrals

to form chains and rings:

(2.25)

If an abundant supply of oxygen ions are present, the slag will

consist of the simple tetrahedra resulting in a low viscosity, high con­

ductivity slag. They also suggest that calcium and iron exist as ions,

and,in opposition to the present attitude, that some neutral molecules

such as Ca2Si04, CaO and FeO might exist.

Bockris et al. (29) studied a similar system and proposed evidence

for the existence of ionic slags~

(a) The conductivity was of the same order of magnitude as for molten salts.

(b) The positive temperature coefficient of conductance indicated ionic ""

conduction and the energy of activation for conduction (10 to 35 Kcal/mole).

(c) The dependence of conductivity on the concentration of oxides of

calcium and manganese is generally associated with ionic conductors, although

at high MnO concentrations there was possibly a semi-conduction mechanism

working.

(d) The rapid decrease of conduction at a temperature just above the melting

point to a temperature just below the melting point was a sign of ionic
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conduction. A typical value of this ratio for ionic conductors is 100

and for electronic conductors, 1.

{e} Passage of current produced electrolyses.

Bockris(30} performed Faradayan yield experiments 011 various silicate

systems and observed 100% yields indicating solely ionic conduction. The

results were compiled by analyzing the 02 evolved, since "it was difficult

to isolate the deposited metal for it tends to (i) diffusE~ from the cathode,

(ii) form a metal fog with the slag, (iii) volatilize, (iv) react with the

material of the cell.

In a later paper, Bockris et al.(31) studied the electrical con­

ductance of Li 20, Na20, K20, MgO, CaO, SrO, BaO, MnO, A1 203, and Ti02
in solution with Si02 and found the Rasch-Hinrichsen law obeyed(28):

K =A exp{-E /RT)
K

K - specific conductance

E ~ activation energy for conductance
K

(2.26)

Hofman and Marincek(32) measured electrical conductivities in the

system CaO.FeO.Si02.A1 203, using platinum crucibles and anodes. They

determined the dependence of conductivity on the iron oxide content of

acid, neutral and basic slags, and also the dependence of conductivity on

the Si02 content when no FeO was present. The temperature range covered

the liquid, liquid plus solid, and solid regions, obeying the Rasch­

Hinrichsen law in all cases, as seen from Figure 2.

These results yielded an activation energy for conduction in

the liquid phase only slightly lower than in the solid phase, illustrating
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the structural similarity between the solid and the liquid. The activation

energy for conduction in the solid plus liquid phase was considerably

higher than in either the liquid or solid, and was tentatively attributed

to bipolar conduction in this region (both cations and anions carry the

current). However, the authors state that not enough is known of the

melting process to accurately assess the data. They determined, in general,

that the conduction increased with increasing FeO content but the increase

was less pronounced as thebasicityincreased. The authors noted that at

higher wustite conc~ntrations the semi-conductance of the wustite became

appreci ab1e and an unusua lly hi gh increase in conducti vity was observed.

The second series of tests showed that the conductivity decreased as the

5i02 content increased as seen in Figure 3.

From Figure 3 it is noticed that the conductivity d~creases with

increasing 5i02, but as the stoichiometric compound CaO-Si02 (46 wt.% ,5i02) .

is reached, the conducti vity increases abruptly. The authors said the

increase was associated with the dissociation of this compound into its

ions, leading to the conclusion that in acid slags, dissociation into ions

is not complete in the temperature range l400-1500°C. If the ionization

were complete as suggested by Herasymenko(33), they said that the conducfivity

would increase continuously as the CaO content increased. The validity of

this statement is in doubt, as it is now accepted that ionization is indeed

complete, and the conductivity is a function of the degreE~ of polymerization

of the silicate ions.

Simnad et al.(34) measured current efficiencies of iron silicate

slags ranging from pure FeO to FeO saturated with Si02 using pure iron rods

as anodes and an iron container as the cathode. The quantity of current
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2+
passed was measured along with the quanti~1 of Fe lost from the melt

and the values were equated through Faraday's Law. In some cases, platinum

was utilized as the anode and the 02 evolved was monitored. The cell

efficien~, i.e. the amount of Fe2
+ deposited in relation to the theoretical

prediction of Fe2+ deposited, is shown as a function of 5i02 content in

Figure 4.

From these results it is obvious that ionic conduction accounts

for 10% of the current passed up to 10 wt.% 5i02, the otner 90% being

electronic conduction. After 34 wt.% 5i02 is reached, 90% of "the current

is passed ionica11y. Very little temperature effect was observed in these

results between 1200° and 1400°C. They said that the electronic current

was carried by a semi-conduction mechanism with electrons jumping from

ferrous to ferric ions. The use of platinum as the anode resulted in the

precipitation of silica and the evolution of oxygen, supporting the anodic

reaction suggested earlier by Martin and Derge(27). Transference numbers

in silica saturated slags were measured by the Hittorf(35) method, and they

found that the transference number for Fe2+ was unity in all cases.

Malkin(5), using radioactive tracer techniques, investigated the

relative mobility of cations in the following three component systems:

Na20.K20.4Si02, Na 20.CaO.4Si02 and K20.CaO.4Si02. The results verified

the ionic nature of the slags and also illustrated that the cations alone

are carrying current since the vast size of the complex silicon anions

renders them immobile (called unipolar conduction). He showed that the

different cation mobilities were not independent of one another, and that

the mobility increased as the cation field strength decreased. That is,
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as the charge to radius ratio decreased, the mobility of the cation increased.

2.8 The Ionic Theory of Slag

2.8.1 Introduction

It is obvious from the preceding sections that the overwhelming

evidence in favour of the ionic nature of slag was instrumental in re-

shaping thought concerning the structure of slags. Regardless of the

success of the molecular theory and any of its offspring, it was imperative

to formulate a new theory or theories around the ionic species present

in liquid slags. One of the major problems to be overcome was the desig­

nation of the actual form of each species in the slag.

2.8.2 The Ionic Theories

Ward(36) presents a thorough discussion of the ion.ic theory

development commencing with the earliest attempt at a comprehensive ionic

theory by Herasymenko(37), who attempted to interpret acid slag behaviour

from the concept of a completely ionized slag. The dissociation of

silica slags was postulated to occur according to:

(2.27)

This was perhaps the first and last attempt to rationalize the

existence of free silicon ions in slag, and this assumption was instru­

mental in the non-acceptability of the theory. Temkin(38) introduced the

first realistic approach to the consideration of slag-metal behaviour

when he studied basic slags in which he said the highly charged and small

ionic radius ions such as silicon, aluminum and phosphorus could only exist
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as complexes, the simplest being 5i04
4-, P04

3- and A103:l- respectively.

In basic slags, when the basic oxide content exceeds the orthosilicate

composition, free oxygen ions, 02-, are present along with the free ~etal
. 2+ 2+ 2+ 2+ .ions of the basic oXldes, Ca , Mg , Mn and Fe . Temkln treated the

ionic solutions of slags as ideal, so that the activity of a basic oxide

such as FeO was defined as:

where,

(2.28)

NFe2+ = ---­

1: Mcations

M02­
and N02- = ----

L Manions

MFe2+ and M02- are the number of moles of free iron ions and free oxygen

ions present, respectively. For a binary solution containing 5i02, the

mole fraction of the cation is always 1, thus the oxide activity is N02­

This ideal approach was successful in explaining freezing point depression

fordilute solutions of inorganic salts, but the concept of a highly con­

centrated ionic solution in which the ions are randomly oriented and in

which no association occurs was sUfficiently improbable to suggest a non­

ideal treatment. Herasymenko and speight(39) initiated the use of non­

ideal behaviour in slag and represented the activity of an ion by:

(2.29)

f Fe2+ :: activity coefficient for iron ion, dependent

on overall slag composition

aFe2+ :: activity of the iron ion in the slag



(2.30)

The Herasymenko and Speight formulation was successful in that it

achieved a working empirical relationship between the equilibrium constant

and the slag composition for phosphorus transfer. Flood et al. (40,41)

went beyond this empirical relationship and obtained a truly constant

lIequilibrium constant ll which did not vary with slag composition. This

treatment involves the use of lIelectrically equivalent fractions ll
:

v ~v+
N = --:---~..------;;;:-:--

M N + + 2N 2+ + 3N
M

3+ +
M M

NM :: electrically equivalent fraction for mE~tal cation

of charge v+

Nrv1+, N
M

2+, N
M

3+ N
M

v+ :: moles of metal cations with

charges +, 2~, 3+, ... v+.

2.9 Physico-Chemical Properties from the Ionic Theory

Both the physical (density, surface tension, conductivity and

viscosity) and chemical (reactivity) properties of slags have been inter­

preted from the concept of interionic forces attributed to Pauling(42) .

Pauling introduced a scale representing the relative attraction of atoms

for electrons in any chemical bond from which the degree of ionic or

covalent bonding between two elements could be established. Slag systems

are concerned with the cation-oxygen attraction which generally governs

the polymerization of such melts. This ion-oxygen attraction has been

estimated by the force of attraction between two point charges separated

by distance r:

(2.31)
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I - ion-oxygen attraction

Z - valence of cation

e - charge on one electron

r :: internuclear distance between cation

and oxygen ion

.4+ 3+ 5+ 3+From these considerations, ions such as S1 , Al , P and Fe

which have high charges and low radii, form essentially covalent bonds

with oxygen and are referred to as "network formers".

-The physical properties of the slag depend to a large extent on

the degree of polymerization of the simplest silicate anion, Si04
4- (29-3l,43-46)

which itself is dependent upon the attraction between oxygen ions and other

cations in the melt. This interionic force treatment is useful in inter-

preting many physical and chemical properties in slag systems. Howeverd

it is based on coulombic attraction between two point charges, and is

inadequate for more complex ions such as Fe2+ which are known to have

directional charge shells(47).
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C. ELECTROCHEMISTRY OF SOLID AND LIQUID SOLUTIONS

2.10 Introduction

The first section was concerned with the description and restric­

tions of electrolytic solutions, and the application of reversible electro­

chemical potential to the measurement of fundamental properties of the

solution. Particular emphasis was on aqueous solutions at room tempera­

ture, principally because of the abundance of data available. However,

the same principles apply unconditionally to salt and oxide systems(30),

both fused and solid, at high temperatures. The use of high temperatures

reduces the significance of gaseous overpotentials, but introduces dif­

ficulties not experienced at low temperatures(48). The reversibility of

high temperature e1ectrochemi ca1 react; ons cannot be as re!adily determi ned

as it can be for systems carried out at room temperature but can only be

inferred from the cell characteriStics. Two of the main problems experi­

enced at high temperatures are the designation of the proper electro-

chemical reaction occurring, and the occurrence of simultaneous side reactions.

The position of the electrode, the interchanging of electrodes

and stirring conditions should not alter the emf of a truly reversible

cell. The cell equilibrium should be reached in a short t'ime and should

be reproducible by reversing the direction of the temperature change. The

choice of electrodes is limited generally to high melting point, unreactive

metals, and non-metals such as platinum, molybdenum, tungsten, and silicon

carbide and carbon. In certain instances it is necessary to utilize two

electrodes of different material, constituting a thermocouple, which in some

cases give rise to a considerable emf , large even in comparison to the
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reversible ~mf(49,50). Two electrodes of the same material, but at different

temperatures, create a thermal emf which also must be accounted for(5l).

Although not many high temperature reactions actually meet the requirements

of a reversible electrochemical reaction, once the reversibility of a

reactio;'1 has been established much useful thermodynamic infonnation can

be obtained.

2.11 Electrochemistry of Solid Electrolytes

2. 11. 1 Ioni c Conductors

The mechanism of electrical conductivity in ion"ic crystals is

closely related to the mechanism of diffusion(52) and is described as

occurring by two alternate methods contributed by Frenkel(53) and Schottky(54).

Frenkel points out the necessity of stoichiometric composition in

ionic compounds in order to satisfy electroneutrality, and that conduction

takes place by one of two methods:

(a) The cations occupy interstitial spaces in the lattice and can move

by means of their empty normal lattice sites, resulting in cationic

conduction (examples are AgCl, AgBr, AgN03).

(b) The anions occupy the interstitial positions and conduction occurs

by anion movement by means of their normal lattice sites (examples are

PbF, BaF2, BaC1 2).

Schottky suggests that equivalent numbers of cat'ions and anions

occupy interstitial positions leaving an equivalent number of vacant

lattice sites which results in equal anion and cation conduction.

Frenkel and Schottky type oxides are: r~gO, CaO, Sr03, Sc203,

Y203' La203, Th02, HgO, A1 203, Ga03, CaSi03, A1 2Si03, A1 2Si05, Ge02, Sb203,
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Zr203: These oxides are characterized by having anion or cation vacancies,

or both.

2.11.2 Semi-Conductors

As seen above, ionic conductors transport current by means of

ionic movement, but there is another class of non-metallic conductors,

known as semi-conductors, in "Ihich electrons carry the majority of the

current. Wagner(55) devised a model to explain the various diffusion

mechanisms resulting in the electrical conductance of semi-conductors,

based on a non-stoichiometric composition, creating a metal excess or metal

deficit. In metal deficit oxides, some metal ion lattice sites are vacant

and electroneutrality is satisfied by an equivalent number of lattice

metal ions existing in a higher oxidation state, which act as electron

sites and are called positive holes. This type of oxide is known as a

p-type semi-conductor and is an electron acceptor with conduction occurring

by the migration of positive holes. The dependence of conductivity on

oxygen pressure is given by:

= k p 11m
crt) 1 02

cr~ - conductivity of semi-conductor

kl - constant

m ~ constant depending on the type of defect

(2.32)

'The metal excess oxides exist either as a completely filled

lattice with interstitial metal ions or as a lattice with vacant anion

sites, with electroneutrality in both cases being maintained by electrons
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in the lattice. This oxide is an n-type semi-conductor' and is an electron

donor with conduction occurring by electron migration. The dependence of

conductivity on oxygen pressure is given by:

(J =e (2.33)

2.11.3 Auxiliary Electrolytes

For many important oxide systems it is impossib']e to establish

a reversible electrochemical cell since the oxide electrolytes do not

exhibit solely ionic transport, as indicated above. The total conduc­

tivity of an oxide can be made up of three components, one ionic and

two electronic:

(2.34)

0t = total conductivity

0ionic = ionic contribution to conductivity

0e,offi = electronic contribution to conductivity

In order to measure true reversible emf1s of a cell, the total

conductivity must be solely ionic, i.e. (Jt = (Jionic. In order to measure

the standard free energy change of the reaction

Fe + Cu2D= 2Cu + FeD

using the reversible emf technique, it might first be thought that an

electrochemical cell may be created, which is represented schematically by:

Fe I FeO I Cu20 I Cu

where the bars are used to designate phase boundaries within the cell.
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In fact the. standard free energy change of this reaction is not measured

by this type of cell since both Cu20 and FeO are semi-conductors, and

current is passed through the cell by a leakage path creating a non-

reversible cell. Such systems are studied using auxiliary electrolytes

which conduct current by ionic transport only: such an electrolyte is

zirconium oxide doped "lith calcium oxide in which mobil'ity of the cations

is much less than the mobility of the anions, since essentially all the

cation sites are filled and a substantial fraction of oxygen lattice sites

are vacant(56). Steele and Alcoc~57) and Lasker and Rapp(58) determined

the safe Po operation zone for CaO doped Zr02 and Y20S doped Th02 respec-
2

tively, when only oxygen ion transport is important.

For systems involving both ionic and electronic conduction, where

the electronic conduction is not large, a correction can be made(59) to

the experimental emf, £ such that the free energy of formation of compound

AX is:

GX
r 2 ted GX
trXl

(2.35)

t = transference no. for electronic conductione

nA,nX = absolute value of the valence of metal A

and non-metal X

GX1,GX2 - partial molar free energies of non-metal X

at the two electrodes

2.11.4 Use of Solid ~lectrolytes in Determination of_Th~rmody-namic Properties

Roeder(60) verifed the anionic conduction of CaO stabilized Zr02
and used this electrolyte to determine the free energy of formation of



wustite with varying nickel content., Rapp and Maak(6l) studied the

thermodynamics of copper-nickel alloys using CaO doped Zr02 electrolyte.

Muan(62-65) determined activities in Pt-Ni, Pt-Fe, Pt-Co, Pd-Ni, Pd-Fe

and Pd-Co alloys by reversible emf and equilibrium measurements. They

used an auxiliary electrolyte and equilibrated the alloys with pure NiO,

FeO and CoO oxides at known oxygen pressures. The reversible cell is

shown schematically:
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(A - B) + BO I Zr02 + CaO I B + BO

A is Pt or Pd and B ;s Ni or Co

(2.36)

Since oxygen ions carryall the current through the auxiliary

electrolyte, cells of this type are"oxygen concentration cells, whose

individual electrode reactions are:

1 0 + 2e = 02-
2 2a11oy

02- =1 0 0 + 2e
2 2

cathode

anode

P 0

O2 1/2
Lll? = RT 1n ( --- )

po:: equ; 1i bri um pressure of B + BOO2

Po - equilibrium pressure of (A - B) + BO
2al10y



• • E = RT- -~ ln anF B

34

as = activity of the metal B in the A - B alloy

Fischer(50) worked with emf cells of the type:

(2.37)

The measured emf was plotted as a function of the FeO content

of the FeO.A1 203 phase, and the results were interpreted in terms of

phases present in the FeO - A1 203 system, and a new phase diagram was

drawn. From the emf results t.he author determi ned the free energy of

formation of the FeO.A1 203 spinel by assuming that only cationic con­

duction was important, and that the transfer of aluminum ions results in

spinel formation, therefore:

(2.38)

tAl and t Fe are the transference numbers for Al and Fe r,espectively, and

(tAl - t Fe ) represents the fraction of current cal~ried 'by the aluminum

ions. The author estimated (tAl - t Fe ) to be between 0.2 and 0.4, which

indicates that the aluminum ions conduct more current than the ferrous

ions, which is not consistent with earlier considerations based on ion

size and charge.

2.12 Electrochemical Properties of Molten_J_lectrolytes

One of the first systematic studies of the electrochemical pro­

perties of molten slags was undertaken by Chang and Derge(49), utilizing
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the molten electrolyte systems CaO.SiOz and CaO.A1 203.Si02. After con­

siderable searching, a suitable electrode combination was found which

yielded reproducible, reversible emf measurements. The slags were melted

in graphite crucibles which also served as one electrode, and a silicon

carbide rod immersed in the slag served as the second electrode. The

graphite crucible electrode vias found to be the cathode and the silicon

carbide electrode the anode. They suggested that the only ions present
2+ .4+ 4-were Ca ,51 ,and Si04 ,and since the emf decreased with increasing

CaO content, the Ca 2+ ions did not participate in the reaction. They

proposed several electrode reaction combinations, and by a process of

elimination chose:

35i 4+ + 3Cgr + 12e = 35iC cathode

3Si04
4- + 2SiC =,55i02($ cristobalite) + 2CO ~ 12e anode

65i02(soln) + 3Cgr = SiC + 55i02($ crist) + 2CO (2.39)

The number of electrons involved in the reaction is 12, hence the experi­

mental standard free energy for formation of reaction (2.39) vias t>Go = -12Fso,

which agreed within 4.6% of the theoretical free energy of f011l1ation (det~,r­

mined from literature values for ~Go for 5i02, SiC and CO).

Sakagami and Matshushita(66) criticized the method of Chang and

Derge since the the rma1 emf accounted for 80% of the totell emf and since

a cell reaction was devised to fit the emf results. These authors worked

on the same system but v!ere able to considerably reduce the thermal emf

and showed the reaction to be more accurately represented by:

125i02 + C = Siliquid + 5i02 ($ crist) + CO + 2 02 (2.40)
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Es.i n, Lepi ns ki kh and Mus i khan (64) determi ned the effect of hydrogen

and nitrogen on the activity of silicon in ~arbon saturated iron by measuring

reversible emf's of the cell:

The cell represented by (39) is a silicon concentration cell,

with the following electrode reactions:

2-
20 slag + Simetal = Si02slag + 4e

S;4+ + 4 S'slag e = 'alloy

Simetal = Sial loy

4FE:
1n as; = - RT

anode

cathodE~

For constant silicon compositions of 3.1 and 1.0 wt% in the Fe-C

alloy the reversible emf was measured as a function of PH2 and PN2' The

temperature was l250°C.

Schwerdtfeger and Engell(68,69) measured reversible emf's between

electrodes of pure silicon, silicon alloyed in Fe, Co and Ni, and oxygen, .

which are represented by the sequence:

Pt, Si alloy I CaO.Si02(liquid), Si02 (solid) 1°2" Pt

The overall reaction is the oxidation of silicon, thus,

(2.42)

aSi P02ln ----
aSi 0

2
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as; is the activity of silicon in the liquid alloy.

When pure silicon is the metal phase, aSi = 1 and the measured

reversible emf is then the standard reversible emf, £0

Schwerdtfeger(70) utilized a similar apparatus as above to measure

the activity of lead in Pb-Pt and Pb-Pd alloys as well as the standard

free energy of formation of PbO.

Feldman(7l) attempted to determine silicon activities in carbon

saturated iron at steelmaking temperatures by creating ,a silicon concen­

tration cell utilizing mullite (3A1 203.2Si02) as a solid electrolyte.

The anode was silver saturated with silicon carbide, and the cathode was

carbon saturated iron with varying amounts of silicon. Graphite rods made

electrical contact to both electrodes, but the emf's obtained, although of

the correct magnitude and sign, were non-reproducible due to the attack of

the carbon saturated iron on the mullite electrolyte.

Sanbongi and Omori (72) measured activities of Si02 in the CaO-Si02

and CaO-A1 20
3
-Si02 systems by setting up concentration cells using a stan­

dard slag electrode and varying the Si02 content of the system investigated.

Sanbongi and Ohtani(73) initiated a series of electrochemical

studies investigating the systems Fe-C, Fe-Si, Fe-Si-C, Fe-Mn and Fe-C-Mn,

commencing with the determination of the activity of carbon in iron by

using a concentration cell. The authors used a carbon saturated bath as

the standard electrode, connected to an iron bath of varying carbon content

by a carbide slag. The cell sequence is thus represented:

Fe-Calloy I Carbide Slag I Fe-Csat'd (2.43)
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Thus the measured emf is related to the activity of carbon in

the alloy phase by:

RT
e: = - 2F 1n aC

The ion valency, n, was determined by the authors to be 2.3 and

they assumed that 2 was then the appropriate value to be utilized in sub­

sequent activity calculations. From their results, the activity of carbon

in iron was seen to be approximately equal to the mole fraction up to

0.04 Nc (1% C), but then ac increased rapidly as Nc increased. Their results

at 1550°C compared favourably with those of Chipman and Marshall(74) using

PCO/PC02 mixtures in equilibrium with carbon in iron.

Sanbongi and Ohtani(75) measured the activity of manganese in iron

by using a concentration cell with pure manganese as the reference electrode,

connected by a manganese slag to an Fe-Mn alloy, such that the cell sequence is:

(2.44)

As before, the measured emf is then:

RT
e: = - 2F ln aMn

aMn = activity of manganese in iron

From their results, the Fe-Mn binary was shown to be an ideal

solution over the complete composition range.

Sanbongi and Ohtani(76) also measured the activity of silicon in

iron by a similar method, using pure silicon as the reference electrode.

In this case they determined the silicon valence to be 4..



Ohtani(77) measured the activity of silicon in molten Fe-Si-C

alloys by a similar method. Their results are discussed in a later

section, with reference to the present study.

Ohtani(78) also measured the activity of manganese in molten Fe­

C-Mn alloys and his results were in disagreement with those of Schenck

and Neumann(79) who used distribution equilibria data. It has been shown

recently(80) that a preference is given to the results of Schenck and

Neumann because of the possible interference of side reactions in the

reversible emf experiments.

39
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D. ELECTROCHEMISTRY OF SLAG-METAL REACTIONS

2.13 Introduction

Slag-metal systems consist of two immisible liquids with a reaction

or transfer of matter occurring at the interface. This interchange of mass

between an ionic liquid and a metallic liquid involves electron exchange,

and to that extent an el ectrochemi ca1 treatment has been formul ated for

these interfacial reactions. Recently there has been a suggestion(8l) that

the solute can actually exist as ions in the metallic solvent, as in the

case of carbon in iron.

This postulation is being tested by using the Hall Effect(82) and

noting any concentration gradients occurring.

2.14 Displacement Reactions

Because of the ionic nature of the slag, the desulphurization' ?f

iron can be written:

(2.45)

[ ] ~ in liquid metal; ( ) ~ in liquid slag; { } ~ gas; < > - solid

Equation (2.45) implies the direct collision between idns and atoms, but

this is not necessarily so, for the overall reaction may be written in

terms of its individual electrode reactions:

(02-) = [OJ + 2e

[SJ + 2e = (S2-)

anode

cathode

The anodic and cathodic reactions occur simultaneously along the

slag/metal interface to maintain electroneutrality. However, they are not



41

restricted, to the same location at the interface. This is clear if the

reaction:

(2.46)

is considered. A direct transfer of electrons between reacting species

requires the simultaneous collision of five separate entities which is

highly improbable, therefore an electrochemical reaction, occurring at

different locations, is more likely.

Wagner(83) states that electrochemical reactions such as those

abo've definitely occur at slag-metal interfaces, but 'wflE!ther their rate

or the rate of direct exchange between atoms and ions controls the overall

rate is questionable. He uses the expression for current density for the

diffusion of ions under the influence of a concentration gradient and an

electronic field, derived from the theory of ab,solute rates by Eyring(84),

to describe the rate of the electrochemical reaction as:

n. = k c.(l-ai)
1 1

(2.47)

ni - rate of the electrochemical transfer of component i

k - constant

C. - concentration of i in the'phase considered
1

a. - related to the symmetry of the energy barrier for diffusion
1

(generally = 0.5)

The relationship of (2.47) may be applied to the deoxidation of

iron by carbon(83):

[C] + (FeD) = [Fe] + {CO} (2.48)



If (2.48) is chemically controlled~ the rate of CO evolution (when the
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single step~ direct exchange between species in the slag and metal phases

predominates) ignoring the reverse reaction is written:

nCO = k CFe

nCO = rate of CO evolution

CFe is concentration in the slag phase

(2.49)

If~ however~ an electrochemical mechanism ~ operable at the slag/

metal interface, that is

[C] + (02-) = {CO} + 2e

(Fe2+) + 2e = [Fe]

anode

cathode

then the rate of CO evolution is predicted by (2.47)

n = k'C (l-ll)
CO Fe (2.50)

Thus~ if chemical control predominates, it is easy to determine

whether an electrochemical or a chemical reaction is occurring simply by

determining the power dependence of the rate of CO evolution on the con­

centration of iron in the slag. Wagner(83) says a fractional dependence

of rate on concentration is an indication of electrochemical control.

2.15 SulphurTransfer

Ramachandran, King and Grant(85) studied the desulphurizationof

iron and found the sulphurremoved was equivalent to the CO evolved and

the amount of iron, silicon and aluminum transferred from the metal to
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the slag, i.e.

(2.51)

n. ~ rate of transfer or evolution in mole/sec
1

on component i

The mechanism is interpreted in terms of electrochemistry, with the electode

reactions being,

cathode (2.52)

[Fe] = (Fe2+) + 2e

[5i] = (5i 4+) + 4e

(A1 3+)
anode (2.53)

[Al] = + 3e

(02-) + [C] = CO + 2e*

Ramachandran and King(86) stated that in the later stages when

[5] was essentially constant, the electrochemical reactions were:

C + (02-) = CO + 2e

[5] + 2e = (52-)

{Fi+)+2e = [Fe]

(5i 4+) + 4e = [5i]

(A13+) + 3e = [A1]

anode

cathode

(2.54)

(2.55)

* The authors said that this reaction was ill defined since the carbon
source could be either carbon dissolved in the iron, or the graphite
crucible itself with a local cell mechanism taking place
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Assuming chemical reaction control after the failure of a transport

control mechanism, the authors utilized (2.47) to determine the power

dependence of the rate of CO evolution on the sulfur distribution:

n = k fhil {l-ct}

CO ~S) I
(2.56)

The value of (l-a) was found to vary between 0.4 and 0.55 and was

said to be indicative of an electrochemical mechanism.

Baak and King('3) attempted to clarify the source of carbon in

the electrochemical reaction (*) by studying desulphurization in alumina

crucibles using a carbon free sulphur-silver alloy as the metal phase,

and a sodium borate slag. A graphite rod was inserted into the slag, and

a Ni rod was inserted into the metal and connected externally to the carbon

rod. In this manner, only the local cell reaction could occur, and it

could be measured by observing the current flow simultaneously with the

sulphur transfer. Although the results have not been published, the

authors said that the sulphur transferred according to the Faradayan relation­

ship was close to the chemically determined sulphur transfer, indicating

the presence of the local cell mechanism, according to:

<C > + (02-) = {CO} + 2egr anode

cathode

(2.57)

(2.58)

The possibility exists in this study that the CE~ll was actually

an electrolytic cell, with the Thompson Effect(5l) producing a thermal emf

in nickel, creating an electron flow from the hot end to the cold end.
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The direction of current flow in the carbon electrode is not known, but

the combi nati on of the tvJO e1ectl~odes coul d produce a current and cause

electrolytic transfer of sulphur.

Ward and 5almon(87) noted the similarity between the activation

energies for sulphur and silicon transfer and interpreted this in terms

of sulphur replacing the oxygen combined with silicon ions. In acid

slags having little, if any, free 02- ions present, the large 52- ions
o 2 0

(3.68A) have difficulty replacing the 0 - (2.80A), thus the transfer of

sulphur would be enhanced by the transfer of silicon.to the metal, leaving

free 02- ions having a IItransient existence" at the slag/metal interface,

providing an easier exchange with the sulphur in the iron.

In a later paper(88) the authors attempted to enhance the sulphur

removal by applying a potential between a carbon anode in the slag and

the metal cathode, causing electrolysis of the slag elect~olyte. The

electrochemical reactions which could occur were postulated to be:

2[5J + 4e = 2 (S2-)

(5i04)4- + 4e = [5iJ + 4 (02-)

j (A103)3- + 4e = j [A1J + 4 (02-)

2 (Fe2+) + 4e = 2 [Fe]

2 (Mg 2+) + 4e = 2 {Mg}

2 (Ca 2+) + 4e = 2 {Ca}

cathode (2.59)

2 (02-) + 2C = 2 {CO} + 4e

2 (S2-) = {S2~ + 4e anode (2.60)

4 (Si04)4- + 2C = 2 {CO} + 2(51 2°7)6- + 4e
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They found that the sulphur removal could be increased and the low

current efficiencies were obviously due to the many parallel reactions occurring.

2.16 Silica Reduction

2.16.1 Controlling Mechanism

Slag-metal reactions have long been the source of many studies

to determine the controlling mechanism. The absolute reaction rate theory

indicates that at high temperatures the approach to equilibrium at the

reaction site is much faster than the transport rates to or from this site.

This appears to be the case for most slag-metal reactions~ but reactions

such as the transfer of sulphur and silicon are so slow that a chemical

control mechanism is not eliminated.

Fulton and Chipman(89) determined the activation energy for the

reduction of silica by carbon in iron to be 130 Kcal/mole~ and virtually

independent of stirring. They concluded that the controlling mechanism

was a step~ or steps~ in the chemical reaction~ and a likely one was the

breaking of the 5i-0 bonds or the slow removal of oxygen by carbon~ either

at the slag/metal interface or the metal/crucible interface. Ward(90)

cites the Eyring approximation for the energy required for the breaking of

four Si-O bonds of the tetrahedrally co-ordinated silicon ion to be 104

Kca1/mo1e and says~ therefore, an activation energy in th~s vicinity would

indicate chemical control. Schuhmann(91) in a discussion of the data of

Fulton and Chipman~ said that their results did not necessarily preclude

the effect of transport control, since the slowness of the reaction could

be due to the transport of oxygen across the liquid metal boundary layer

at the slag/metal interface.
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, 'Turkdogan et al. (92) considered their results as indicative of

chemical control when CO gas was impinged upon the slag/metal interface:

(Si02) + 2[C] = [5i] + 2' {CO} (2.61)

Reaction (2.61) indicates a three phase reaction at an interface,

which is impossible to realize, so they interpreted their results in terms

of adsorption isotherms with the rate controlling step beine the desorption

of silica at the slag/metal interface to form a vacant site plus silicon

and oxygen in the metal. They also determined that in the absence of CO

impingment at the slag/metal interface, the rate of silicon transfer was

greatly decreased, possibly because a transport mechanism such as the

oxygen transfer from the slag/metal interface to the walls of the graphite

container might be rate controlling.

Rawling and Elliot(93)' investigated the kinetics of silica reduc­

tion by two experimental techniques. In the first case, the carbon was

supplied by dissolved carbon in the iron, resulting in the formation of

CO gas, according to (2.61). In the second case, a concentration cell was

formed in which silicon transfer occurred but no CO gas was formed; here

an electrochemical reduction was operative, with silicon being anodically

consumed at the high silicon side of the cell and silicon being cathodically

deposited at the low silicon side, according to:

Si = (Si 4+) :I- 4eFe,Si,C

(Si 4+) + 4e = Si Fe , C

anode

cathode
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The rate of silicon transfer in the second case was two to three

times the rate in the first case, leading the authors to the conclusion

that the slow step lie in the formation of CO gus. This slow step was said

to be the diffusion of oxygen in the metal phase to the gas/metal interface

and was strongly supported by the experimental rate curves, and an activation

energy of 110 Kcal/gm mole (between 1525° and 1600°C). This high activation

energy was shown to consist of several temperature dependent terms in the

rate constant .. At temperatures greater than 1600°C, the activation energy

rose rapidly to 200 Kcal/gm mole, and the authors said that at higher

temperatures the transport of oxygen might become so rapid that a chemical

step, possibly the dissociation of the complex silicate ions, might control

the rate.

Sharma(94) studied the reduction of solid silica by carbon in iron

and concluded that the transport of oxygen in the liquid iron was the rate

limiting ster, yielding an activation energy of 75 to 90 Kcal/mole.

Grimble(95) found that the rate of reduction of silica from high

silica slags was independent of the stirring rate and yielded an activation

energy of 125 Kcal/mole, and concluded the reaction rate was chemically con­

trolled.No evidence was given for the reaction mechanism, but the author

stated that the theory that SiO is an intermediate reaction product was supported.

Wojcek(96) studied the kineticsof silica reduction using 3mm quartz

and pyrex capillary tubing, which were inserted into baths of iron - carbon

and held for various times. Concentration profiles of silicon were deter­

mined by microprobe analysis and were compared to calculated curves based

on a diffusion mechanism. The results indicated chemical control for the
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reduction of solid quartz and a diffusion control mechanism for the reduction

of pyrex.

2.16.2 Local Cell Mechanism

Wagner(83) raised the question of the electrochemical contribution

to chemical reaction at a slag/metal interface and also raised the point

of electrochemical reduction occurring at a second interface~ the slag/

crucible interface, in a local cell mechanism. It was mentioned earlier

that Baak and King(3) studied the local cell effect in sulphur removal.

Grimble(4, 95) investigated the local cell effect in the reduction of

silica by carbon in iron, using graphite crucibles. He performed kinetic

experiments on two cells, one where the local cell reaction could not occur

and another where the local cell reaction was said to occur by:

2(02-) + 2<C> = 2{CO} + 4e

(S;4+) + 4e = [5i]

slag/crucible

slag/metal

The local cell effect appeared to predominate at lower temperatures (1370°C)

and became less, until at l530°C there was no local cell contribution to

the o~erall kinetics.



CHAPTER 3

EXPERIMENTAL APPARATUS

3.1 Introduction

The experime~tal portion of this project was performed in three

primary stages. The first stage involved the creation of a Faradayan

cell, \'Jhich \vas used to illustrate the existence of a "local cell" reaction

when the reduction of silica by carbon in iron occurred in graphite crucibles.

The second stage in~olved two sets of kinetic experiments, one where the·

1I1 0ca l cell ll reaction could occur and one where it could not occur, designed

to illustrate the magnitude of the 1I1 0cal cell ll reaction. The third stage

involved the creation of various reversible electrolilotive force cells, based

nn the local cell effect, which were utilized to measure the standard free

energy change of the reaction:

Si + 2CO = Si02 + 2C

and to measure thermodynamic properties in the iron-silicon and iron­

carbon-silicon systems.

The equipment necessary for the experimental work is presented in

the subsequent sections of this chapter.

3.2 Furnace Assembly

The majority of the experimental work for this project was performed

on a vertically wound molybdenun resistance furnace. Several furnace

designs were tried, but the one depicted in Figure 5 was chosen as the

most satisfactory.
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FIGURE 5- SCHEMATIC DIAGRAM OF THE FURNACE ASSEMBLY
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The furnace had a double walled outer jacket which. permitted water

cooling so that the outer wall was kept essentially at room temperature.

The removable furnace top plate was fitted with a water cooled "0" ring

for gas tightness with the furnace body. The top plate was also fitted

with a 6" long, single ply stainless steel bellows, in order to allow

expansion and contraction of the refractory winding tube during the heating

and coo1ing cycle. The top bellows had a water cooled "0" ring assembly

to maintain gas tightness on the winding tube. A gas entrance was located

on the top plate to allow the introduction of the protective furnace gas,

which was a 50:50 mixture of dried nitrogen and hydrogen. The furnace

bottom plate was welded to the furnace body and had a water cooled "0" ring

assembly to maintain gas tightness on the winding tUbe. The furnace gas

outlet was located on the bottom plate.

The furnace tube was MV30 mullite (McDanel Refractory Co.) with

dimensions 25" long x 3 1/4" 0.0. x 3" 1.0. and was wound with approxi­

mately 110· of 0.050" molybdenum wire over a 13" length, symmetrically

located along the length of the tUbe. The molybdenum resistance wire was

wound on the tube by means of a lathe, using 10 turns per inch for 2 inches,

9 turns per inch for 2 1/2 inches, 8 turns per inch for 4 inches, 9 turns

per inch for 2 1/2 inches and 10 turns per inch for 2 inches, over the

13" length. In this manner, a flat temperature profile was enhanced by

adding more heat to the ends of the winding. The molybdenum winding was

completely covered by a 1/8" thick layer of alumina cement. The electrical

extension leads consisted of molybdenum wire wound in triplicate to reduce

resistance and were connected to the power supply by electrical connectors

passing through the double walled furnace body. The insulation
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in the electrical connectors was provided by Sauerisen cement.

The furnace body was filled with two layers of high temperature

insulating brick, to within lllof the winding tube. The outside layer

was capable of withstanding llOOQC (A.P.. Green G20) and the inside layer

could withstand l760°C (A.P. Green G32). The space between the inside

layer of insulating brick and the furnace tUbe was filled with alumina

bubbles ranging in size from approximately 1/6411 to 1/811
•

The working tube was MV30 mullite with dimensions 30 11 x 2 3/4 11 0.0. x

2 1/2/1 1.0. and" was fitted top and bottom with two gas tight water-cooled

aluminum caps. The top cap was equipped with a Sight hole (a quartz plate

cemented onto a 3/4/1 hole, for continuous observation of the melt), a 5/8 11

diameter stoppered hole for taking samples of the melt and for making

additions to the melt, a gas inlet for introduction of the reaction atmo~

sphere (nitrogen or argon) and a central hole fitted to contain a 1/2 11

swagelock fitting which was electrically insulated from the aluminum cap

by a teflon bushing. The swagelock fitting contained teflon ferrules,

which 'maintained a gas tight seal on a 1/2 11 electrode or test piece and

allowed random raising or lowering of the electrode or test piece. The

internal diameter of the teflon ferrule could be varied from a maximum of

1/2" diameter to any lower diameter if it were desired to change the size

of the electrode or test piece without any major" modifications.

The bottom cap was s imil arly fitted with a centra11y located 1/2 11

swagelock fitting containing teflon ferrules, and was electrically insu­

lated from the cap by a teflon bushing. In this case, the swagelock was

used to move the crucible assembly into or out of the furnace hot zone.

The bottom cap also contained a reaction gas outlet and an eccentric 1/2 11
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swage10ck with teflon ferrules. Thiseccentric swage10ck was used to raise

or lower a 3/8" diameter mullite thermocouple protection tube which con­

tained a Pt-Pt/13% Rh thermocouple. The complete crucible assembly and

bottom cap were supported by the tight "0" ring seal on the working tube.

The working tube was held secure by a two pronged clamp which was attached

to the furnace support, and by an a1umi num rod whi ch coul d be s\'/ung into

place under the bottom cap to support the complete assembly.

A Pt-Pt/13% Rh thermocouple in a 1/8" diameter 2 hole alumina

insulator was placed between the working tube and the furnace tube so that

the thermocouple tip reached to the center of the 13" long resistance

winding. This thermocouple was used to control the temperature.

With this furnace design the furnace could be operated safely at

temperatures approaching 1600°C for considerable periods of time.

3.3 Temperature Control

Initially the temperature was controlled by a transistorized,

proportional on-off control unit which was found to be inadequate for good

temperature control. As an alternate method, a saturable core reactor

unit designed by Honeywell Corporation was utilized. In this control system

a signal from the control thel~ocouple was fed to a Honeywell current pro­

portioning controller, (model l05R212), which sent out a low level signal

to a Brown magnetic amplifier. The amplifier boosted the signal from the

primary controller to a high level output to supply continuous electrical

control of a saturable core reactor, (Hammond Reactor #64576, rated at

3KVA, 240 volts and 60 cycles), which supplied proportioning current to

the furnace load. The temperature vias raised slOl'/ly by means of a 240 volt
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A.C., 30 amp powerstat, until the power input was 100%.

3.4 Induction Furnace

In order to facilitate the experimental procedure a furnace was

constructed using a high frequency induction unit, (300 KC), as the power

supply. This unit, shown in Figure 6, was used to prefuse the metal

starting material in kinetic and equilibrium studies. This type of

heating assembly is characterized by short heating and cooling periods.

The heating assembly consisted of a 1/4" copper tUbing wound for a length

of 4" with 11 turns around a 25" x 3" 0.0. x 2 3/4" 1.0. vycor tube, open

both ends. The heating length was insulated by a 10" x 8" 0.0. X 7" 1.0.

transite tube filled with alumina bubbles. Gas tightness was maintained

by two rubber stoppers, top and bottom. The top stopper was fitted with

a sample hole, a pyrometer sight hcle,a cooling coil, a gas entrance tube

and a centrally located 1/2" swagelock fitting to allow raising or lowering

of an electrode or test piece. The bottom stopper was fitted with a gas

exit tube, an eccentric swagelock fitting to fit a thermocouple protection

tube and a central 1/2" swagelock fitting to raise or lOlt/er the crucible

assembly. The temperature was controlled by manual adjustment of the high

frequency power supply.

3.5 The Carbon Monoxide Measuring Furnace

A method of measuring the volume of carbon monoxide gas evolved

in a chemical reaction has been developed(94), utilizing a high frequency

i nductioriunit. A similar apparatus was used in this investigation, and

is shown in Figure 7. The silica reaction vessel was connected to the

capillary section by a gas tight teflon reducer. When the reaction proceeded
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CO was evol ved, and a pe 11 et of mercury was introduced into the capill ary of

knoi'm di ameter fro:n the mercury reservoi r. The vol ume of CO produced was

measured by the volu:ne displaced by the mercury droplet. The temperature

vIas measured by a tvlO-colour optical pyrometer sighting through the top prism

or by a Pt-Pt/13% Rh thermocoLlple located at the side of the crucible.

3.6 Carbon Resistance Furnace

Several kinetic experiments were performed in a carbon resistance

furnace which is described elsewhere(97).

3.7 Gas Deoxidizing Furnace

The reacti on gas for the emf experiments was deox idi zed ina small

tubular furnace wound with nichrome resistance wire, capable of reaching

600°C. The tube was filled with copper turnings so the oxygen potential

of the gas passing through could be maintained between 10-13 and 10-19

atmospheres, at 400° and 600°C respectively.

3.8 Electromotive Force Measurement

The electric potentials were initially measured with a Croydon P3

null type potentiometer. Ho\tJever, this instrument proved too sensitive

to voltage changes and had the added disadvantage that the voltage fluctua-

tions could not be detem1ined. More success was attained with a Hewlett

Packard 427A voltmeter, \t/hich is a vacuum tube voltmeter \tJith an input

impedance of 10 x 106 ohms and 2% error full scale. Some measurements

were made with a Keithley 610A Electrometer with an input impedance greater

than 1014 ohms and 2% en'or full scale. The VTVH and Electrometer had

SUfficiently high input impedances so no cell polarization could occur,

and the voltage fluctuations could easily be measured.
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3.9 Gas Analysis

Gas analyses were done on a Fisher Gas Partitioner with thermal

stabilizer, connected to a Honeywell Electronik 18 recorder. The column

used detected the following gases in order, CO 2, HZ' O2, N2, CH 4, CO.

3.10 Crucible Construction

3.10.1 Faradayan Yield Experiments

Initially a Faradayan yield experiment was performed in a crucible

shown in Figure 8, but the results "Iere unsatisfactory, (as sho\'Jn later),

and the crucibles shown in Figures 9 and 10 were used. In this set-up a

silica crucible rested in a graphite crucible, with electrical contact

being made between the graphite and the metal in.the silica crucible by

a small length of 0.010 11 tungsten wire through a pinhole in the silica

·c;:rucible. The top electrode \'Jas 3/8 11 A.U.C. electrode graphite, and'i.n

Figure 10 the top and bottom electrodes were drilled out and filled with

1/411 copper rod to reduce the electrical resistance of the external circuit.

3.10.2 Kinetic Experiments

The kinetic experiments were carried out in pl~in graphite crucibles

and in silica lined graphite crucibles, as shown in Figure 11. A. U. C.

electrode graphite \'Jas used to make the crucibles of dimensions 511 x 2" 0.0. x

1 1/411 1.0. The total depth of the crucible vias 'In and the slag plus metal

depth was maintained at approximately 2". The inside diameter of the trans­

lucent silica sleeve corresponded to the inside diameter of the plain graphite

crucibles. The silica sleeve height was adjusted to be slightly below the

slag/metal interface,so the interface was insulated from the graphite crucible

and was held in place by two graph·jte plugs, in holes drilled "Jith a diamond
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drill 1/8 11 ,belo\'l the top of the crucible. In some cases a zirconium oxide

(Zr02) sleeve was used, and a Si02 rod inserted into the slag.

The crucible bottoms were drilled and tapped centrally to allow the

connection of a 1/2" graphite rod vihich acted both as a crucible assembly

support and as an electrical connection for emf measurements. An eccentric

3/8" hole Vias also drilled in the bottom to provide a thermocouple well for

temperature measurement.

The kinetic experiments done on the carbon monoxide measuring

furnace utilized smaller A.U.C. graphite crucibles, with dimensions 211 x

3/4 11 0.0. X 5/8 11 1.0. No sleeved experiments Viere carried out on this furnace.

3.10.3 Electromotive Force Crucibles

The crucibles used in these experiments were the same as those

describedfor the sleeved kinetic experiments, with the exception that the

sleeve (Si02, or Zr02) extended to the bottom of the crucible.

Initially, emf experiments were carried out in crucibles which

were suspended from the top plate. Both electrodes protruded through the

top cap, with one being used to lower the crucible assembly into the hot

zone. This arrangement Vias unsatisfactory because of the excessive load

on the lowering electrode, and because the extra space required for the

lowering electrode reduced the slag/metal interfacial area.

In a few of the emf experiments, instead of a silica sleeve being

used, a silica crucible was used which was centrally drilled on the bottom

to produce a 1/2" diameter hole, through which electrical contact could be

maintained to the graphite crucible. This crucible is shown in Figure 12.
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3.11 Electromotive Force Electrodes

Initially the graphite electrodes used vlere simple 25" x 1/2"

diameter AUC graphite. The final graphite elec~rode chosen consisted

of a 25" x 1/4" diametet' AUG graphite electrode ground to a point at one

end and shielded by a 24" x 1/2" diameter silica tube. The silica tube

was closed at one end and had a 1/4" diameter hole approximately 1/4"

from the closed eno to allow slag to contact the graphite electrode. The

graphite electrode was sealed to the silica at the other end and a small

pin hole was introduced ~o the pressure in the electrode would not exceed

one atmosphere (Figure 12).

The silicon carbide electrode consisted of a 3" x 3/8" diameter

piece of silicon carbide, with a "U" notch close to one end. This end

was inserted into a 20 11 x 1/2" diameter AUC electrode, which was drilled

at one end to fit the silicon carbide piece. A graphite set screw was

fitted to secure the silicon carbide by the "U" notch (Figure 13!n))

The silicon electrode was prepared in a similar way, with a 2" x

1/2" diameter silicon piece being secured by a graphite sleeve to a 20" x

1/2 11 diameter AUG graphite electrode (Figure 13(b)). The graphite electrodes

used in the emf experiments using pure silicon as the metal phase, were .

hollow, 25" long x 1/2" diameter AUG graphite electrodes.

3.12 Sampling Apparatus

Samples were taken from the melt with graphite spoons and by suction

up a 2 or 3 mm 1.0. silica tube. The suction samples were preferred because

they were easier to take and easier to prepare for analysis.
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3.13 Melt Additions

vJhen the system vIas at temperature it VIas sometimes necessary to

make additions of either slag or metal to the melt. The method devised was

a hollow graphite tube 5" x 7/8" 0.0. x 3/4 11 1.0. ItJhich vias open at one end

and drilled and tapped at the other end to scre~ onto a carbon connective

rod, as seen in Figure 14 (a) ,(b).

The mate)~ial to be added was insel'ted into the graphitecylinder

follo\'/ed by approximately one square inch of filter paper which was folded

up non uniformly and pushed into the end of the tube. The material in the

tube was thus held in securely and as soon as the tube was lowered into

the vi ci nity of the hot zone, the fi Her paper bUY'ned avJay and the charge

was deposited into the crucible. A method was tried where the end of the

tube was drilled (1/16") around the diameter and a fine iron grid was

woven which burned away in the hot zone. This method was too time consuming

and the iron grid inadequately held the finely ground slag charge.
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CHAPTER 4

EXPERIMENTAL PROCEDURE

4.1 Material Preparation

4.1.1 Slags

The slags used in this investigation were mainly from the Si02­

CaO-MgO system with 61.5% Si02, 30.5%CaO, 8% MgO by weight, having a melting

point of 1320°C(98)(FigUre 15). In some cases, BaO was added to Si02 to

form a high density slag with a melting point at high BaO concentrations

of 1450oc(9~)(Figure 16). To create low melting point slags, Si02-CaO-BaO

slags were also used (Figure 17). All the slags were synthetically made

in powder form and then fused.

The Si02 was prepared by dehydrating precipitated silicic acid

(H2Si03.nH20) at 600°C for 48 hours. The CaO, MgO and BaO were reagent

grade and were dried at 600°C for several hours.

Oxide components were weighed to within 5 gm. to a toal of 2000 gm,

added to a 5 litre jar and mixed for 24 hours by mechanical rotation. One

of four methods was then used to prefuse the slag:

(a) The oxide mixture was set in a steel dish of dimensions 6" x 4" X 1"

to a depth of 1" and a carbon arc was struck above the slag surface forming

a pool of molten slag. Fresh material was added so the molten pool con­

tacted only oxide mixture and was not contaminated.

(b) The oxide mixture was pelletized in a compression mold, removed and

fused with an oxygen-natural gas torch.

70
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(c) The oxide mixture was added to a graphite crucible of dimensions

7" x 511 0.0. X 411 1.0. and melted in a 3 KC open air induction unit. The

molten slag was then poured from the crucible onto a tilted 1/4 11 steel

plate for rapid cooling.

(d) The oxide mixture was added to a Si02 crucible which was inserted into

the graphite crucible described in (c), was fused and poured as in (c).

Methods (a) and (b) were unsatisfactory because very little slag

could be obtained in a long period of time, and in (a) the oxide mixture

was blown out of the crucible by the arc, and graphite from the electrodes

contaminated the fused slag. Method (c) was abandoned because the carbon

in the crucible contaminated the slag which was found to contain up to

0.04% carbon, and it was felt that the kinetic and emf results might be

affected. Method (d) was chosen as the best means of producing large

quantities of uniform starting material. Typical analyses of this synthetic

slag are shown in Table 1, for three different preparations.

TABLE 1

Analyses of Fused, Synthetic Slag

Slag No. Si02 (wt.%) CaD (wt.%) MgO (wt.%).

A18 61.5 26.9 8.9

A27 60.7 29.8 8.1

A27 60.8 28.5 6.9

A30 60.5 30.2 7.7

The fused slag was crushed in an iron mortar and pestal, mechanically

mixed for 24 hours and set aside for future use.



4.1.2 ~letals

Carbon saturated iron for the kinetic and emf work was prepared

from armco iron melted in a graphite crucible (dimensions 7" x 511 0.0. X

311 I.D.) by a 3 KC induction unit. The melt was allovled to saturate vlith

carbon at approximately l500°C (the temperature was measured by a disap­

pearing filament optic~l pyrometer) and was poured at approximately 50°

above the eutectic temperature. The total charge of 10 lb. was poured

intermittently into a preheated, mild steel pencil mold containing four

holloYI pencils of dimensions 7" long x 5/.16" diametel'.

The other metals used were obtained commercially and are listed

; n Table 2, along VJith the purity.

Union Carbide AUC high purity graphite was used _f~r the graphite

crucible and electrode construction. Average analyses are shown in Table 3.

4.2 Quartz

The silica sleeves and silica rods used for sleeved and unsleeved

experim2nts respectively were high purity, translucent quartz obtained from

the General Electric Company.

4.3 Chemical Anal~ses

4.3.1 Silicon in Iron

The samples taken from the melt were surface ground, cleaned with

acetone, crushed and analysed for silicon by the standard perchlorate technique.

4.3.2 Carbon in Iron

A standard combustion technique was used to determine carbon in

iron. The sample was melted in a small induction unit, the carbon was



TABLE 2

METAL PURITY
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Metal

Si

Cu

Ag

Type

O. F. H. C.

electrolytic

Puri ty (wt%)

99.9

99.99

99.999

TABLE 3

AUC GRAPHITE SPEC IFICATIONS

S

Amount .004
( wt% )

Cu

.0043

Fe

.005

Si

.0014

'Total Ash
as Oxide

.03
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oxidized to CO2,and the CO2 was absorbed in a potassium hydroxide solution.

4.3.3 Carbon in Silicon

A similar technique as in 4.3.2 was used to determine carbon in

silicon. The method was checked by determining the carbon content in stoi-

chiometric silicon carbide.

4.3.4 Ca rbon i n -S 1ag

The same combustion technique was used for carbon in slag, but in

this case, iron chips were added as a susceptor in order to melt the slag

in the induction unit.

4.3.5 Silicon in__.f~

The silicon in copper was analysed spectrographically by a technique

developed by the Steel Company of Canada Ltd. (99) .

4.3.6 Slag Analyses

The Si02-CaO-MgO slags were crushed , dissolved partially in HCl

and the solution was filtered. The residue was fired at high temperature

and then fused with a mixture of Na2C03 and Na HC03. This fused mixture

was then filtered, the residue was fired at high temperature and weighed

as per cent Si02. The second filtrate was diluted and separated aliquots

were taken to analyze for CaO and MgO, using the appropriate indicator and

EDTA (ethane-diamino-tetra-acetic acid) as the titrant.

The slags which were used in zircoa (Zr02) lined crucibles were

analyzed spectrographically(99) for Zr02 and although the results were

s'cattered, the Zr02 content appeared to vary between 2 and 5% by weight.
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4.4 Temperature Profile

The temperature profile of the furnace was determined by a travelling

Pt/Pt-13%-Rh thermocouple inserted from the top cap of the reaction tube

into a graphite sheath located at the hot zone. Two typical profiles at

two temperature levels are in Figure 18, in which the temperature did not

vary more than ±lOoC over a length of 2 1/2 inches.

4.5 Kinetic Experiments

4.5.1 Unsleeved Graphite Crucible

The pencils of carbon saturated iron were fractured into 1" to

1 1/4" lengths, and between 175 and 200 gm was placed in the unsleeved

crucibles and premelted in the induction unit described previously (3.4).

Next, 62.5 gm oftheprefused slag was added, and the crucible was screwed

onto a 1/2" carbon rod and inserted along with a thermocouple sheath in

the aluminum bottom cap which was fitted on the bottom of the reaction

tube. The reaction gas deoxidized by the copper turnings and dried by a

potassium perchlorate solution was passed.

The cold crucible and charge were held at the bottom of the reaction

tube and slowly raised into the hot zone. Once the crucible was in place

in the hot zone the power input was cautiously raised to 90% from 40% of

total power in steps of 10% every 1 hour. Melt additions, if required,

were then made. The power input of the furnace was kept continuously at

40% (approximately 800°C) to negate thermal shock effects on the refractory tubes.

Simultaneous with the above operation, a 1/2" pure Si02 rod was

lowered carefully into the hot zone and inserted into the slag to a depth

of 3/4". This rod was used to maintain silica saturation throughout the
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the experim~ntalperiod. After allowing several minutes for the melt to

homogenize at the chosen experimental temperature, samples of metal phase

were taken everyone to hlo hours. No external sti rri ng vias provi ded, but

before each sample vias tRken the melt vIas stirred vigorously by bubbl"ing

the reaction atmosphere through the metal, using the rubber bulb on the

sampling tube. The hot samples were quenched immediately in a cold water

bath and set aside for silicon, and, in some cases, carbon analyses.

In the early experiments, after a reaction time of 12 hours, the

temperature was lowered, and the crucible. withdrawn. However,' in later

experiments, several ki neti c runs \'/ere performed one after another at

different temperatures on the same crucible. At the end of one experi­

menta1 peri ad, the amount of sample taken VIas wei ghed and an eClui va 1ent

amount of carbon-saturated iron was added to return the metal phase to

the original level. The temperature was raised, and another run was

commenced for a maximum of five runs per crucible. This sequence of

experiments on one crucible was started at a low temper~ture continuing

to higher temperature to prevent graphite precipitation at the slag/metal

interface which" could conceivclbly interfere with the reaction kinetics.

The cooling sequence of the furnace was similar to the heating

sequence, the power being dropped in 10% st~ps every hour, and once 40%

power input was reached the crucible assembly was quickly removed and

allowed to cool slowly. In several cases the crucibles were split open

to examine the various interfaces.

4.5.2 Cad~.on r'lon_ox"j de ~,1e(\suri n9 Furnace Exper=jrnell~

The system was continuously flushed with carbon monoxide gas until
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the reactiori temperature was reached, the gas flow was stopped, a pellet

of mercury was introduced into the capi 11 ary tube, and then the ki neti c

measurement cOnJiM:nced. The rate of the pellet movement in the capillary

of known and uniform diameter was related directly to the volumetric rate

of CO formation. When a pellet was near ~he end of the measured length

of capillary a nevI pellet was inserted, and its movement vias foll O\\wd ,

giving a continuous measurement of the rate of CO evolved.

4.5.3 Sleeved Graphite Crucible

A similar ~rocedure was followed for sleeved runs as for unsleeved

runs, the only difference being that the slag for sleeved runs was main­

tained at silica saturation by the silica sleeve.

In several sleeved experiments the reaction kinetics were observed

by two methods, one in which the melt was sampled intermittently an~

analysed for silicon as usual, and one in which the carbon monoxide

content of the exit gas was measured. Exit reaction gas flow rates were

measured by a simple flovlmeter device described elsewhere(lOO), and the

per cent carbon monoxide was determined by a gas analyser (3.9). The

reaction gas ~sed in these experiments was nitrogen, ~nd the analyser

was standardized with three known nitrogen mixtures shown in Table 4.

TABLE 4

Calibration Gases for Gas Analyzer

Gas

technical grade nitrogen

technical grade nitrogen + hydrogen

air

Per Cent Nitrogen (vol.)

99.9

95.0

79.0



8-2

The nitrogen content of the reaction gas was determined, and

the carbon monoxide content was calculated by difference, since only

nitrogen and carbon monoxide were present. In this manner the silicon

transfer rate could be calculated from the stoichiometry of reaction (2.61)

It was imperative that the gas analysis should be taken several

minutes after a sample had been taken, to allow the system to be thoroughly

flushed. Gas s~mples taken prematurely exhibited an unusually high CO

content, due to reaction of the graphite with the oxygen introduced

when a sample was taken.

4.6 Faradayan Yield Experiments

4.6.1 Carbon Saturated Iron as the Metal Phase

The starting procedure for the Faradayan yield experiments was

the same as that for the sleeved kinetic runs. A 1/2" graphite rod was

inserted into the slag to act as an anode. This graphite rod, and the

1/2" graphite rod used to support the crucible assembly, were connected

by a coaxial cable (the outer shield was grounded to avoid electrical

noise pick-up) through a d.c. milliammeter. The melt was sampled perio­

dically and the number of coulombs passed were measured. Great care

was taken to avoid touching the crucible to the inner wall of the reaction

tube in order to minimize electrical pick-up from the refractories.

4.6.2 Copper as the Metal Phase

Two experiments were performed using copper as the metal phase.

In the first experiment 200 gm of copper in a 30 mm diam. Si02 crucible

was used and the second experiment 60 gm of copper in a 20 mm diameter

Si02 crucible was used. The copper was obtained from 1/8" diam. copper
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wire which was thoroughly cleaned in a solvent, cut into 2" lengths, weighed

and inserted into the 5i02 crucible located inside a graphite crucible.

The temperature was raised until the copper was molten, and then 30 gm of

slag were added by the graphite charge additioner. The silica crucibles

had small pinholes near the bottom through which a 0.015" tungsten wire

electrically connected the copper melt to. the graphite crucible.

In the case of the large 5i02 cr~cible, a 1/4" graphite rod \liaS

inserted into the slag and was connected to the bottom graphite rod

through a milliameter, which 'measured the current passed. Copper samples

were taken over a period of 28 hours and analyzed for silicon. When the

smaller Si02 crucible was used, both the top and bottom electrodes were

drilled out and filled with a 1/4" copper rod to minimize the resistance

of the external circuit. This experiment was carried out over a period

of 106 hours.

Ablank experiment was conducted with copper and slag in a Si02
crucible without maintaining electrical contact to the graphite crucible.

The copper was sampled over a period of 48 hours and analyzed spectro­

graphically for silicon.

4.7 Electromotive Force Experiments

4.7.1 Silicon as the Metal Phase

The experimental set-up for emf experiments using pure silicon as

the metal phase is shown in Figure 19. In the initial. experiments,

silicon was added to the crucible in lumps totalling 60 gm. The slag,

also totall.ing 60 gm. Vias then added and the crucible was brought to tempera­

ture in the nonnal manner. No results were obtainable, and \'/hen the
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crucible was split open for examination it was seen that the silicon and

slag had not separated into two distinct layers, in all probability due

to the similarity in densities. A BaO-Si02 slag was then used to create

a denser slag phase to enhance slag-metal separation, but again no separa­

tion occurred. Finally, the silicon was prefused (without the slag) in

the crucible using the auxiliary induction furnace, and the slag was added

when the crucible was in the hot zone, effecting a good slag-metal separa­

tion. Dried carbon monoxide gas was blown down the hollow graphite anode

into the slag, so that a CO bubble reached the slag-atmosphere surface

every 1 or 2 seconds. The graphite anode and the graphite support were

connected through a grounded coaxial cable to an electronic voltmeter.

Great care was taken so the crucible did not touch the sides of the

reaction tube. The temperature was held constant until the emf was

constant, then the temper.ature was raised in steps and the constant emf

for each temperature was noted. In one run, the temperature was lowered
\ ,

in steps and the correspondi ng emf's were determi ned. A "s~ort" .:XP' tage

'was obtained by inserting the graphite anode into the silicon phase and

noting the electrometer reading. Silicon samples were taken and analyzed

for carbon.

The furnace gas in all the electromotive force experiments was

.argon, since there was some possibility that nitrogen would react with

silicon, either pure or in solution with iron, to form a nitride which

might interfere with the reversibility of the studied reaction.

4.7.2 Iron-Silicon as the Metal Phase

Reversible electromotive force experiments were tried on electro-
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chemical cells' using iron-silicon alloys as the metal phase or cathode,

and a pure silicon or graphite electrode as the anode or top electrode.

When pure silicon was used as the top electrode (anode), the cell con­

stituted a concentration cell and when graphite was used, a chemical

reaction cell resulted. The use of pure silicon severely limits the

temperature range to below that for the melting point of silicon (14l3°C).

In order to extend the range of the experiments to lower temperatures,

a low melting point slag was tried (Si02-CaO-BaO). The metal phase ini­

tially contained a Fe-15 wt.% Si alloy with a melting point of approximately

1180oc(lOl), and the sil.icon concentration could be reduced by making

additions of armco iron to the melt.

Emf measurements utilizing Fe-Si alloys, regardless of the nature

of the anode (silicon or graphite) were done in crucibles shown in Figure 12.

In this arrangement the Fe-Si alloy was isolated from the graphite crucible

but maintained in electrical contact with it by the denser silver phase.

The crucible containing 100 gm. of silver was brought to temperature, the

iron-silicon alloy was added, and then the slag was added. When the

entire slag-metal system was molten, the top electrode was inserted into

the slag phase to a depth of approximately 1/2" and the temperature was

held constant until the emf was relatively constant. The temperature or

the concentration could then be changed, and thus the emf was recorded

for a series of experiments as a function of both temperature and

silicon concentration.

4.7.3 Iron-Carbon-Silicon as the Metal Phase

Reversible electromotive force measurements were attempted using
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the iron-carbon-silicon system as the metal phase or cathode~ and a graphite,

silicon carbide or silicon electrode as the anode. Utilizing the graphite

electrode, the cell was sleeved completely with a silica sleeve, forcing

the anodic reaction (discussed in section 2.16.2) to occur at the graphite

electrode. The graphite electrode chosen as the most satisfactory for

~ reversible emf measurements in the Fe-5i and Fe-C-Si systems was the one

sleeved with silica (Figure 12).

Initially, carbon saturated iron alloys of very low silicon content

were used, and the emf was measured as a function of both the silicon con­

centration and temperature. In this system, the silicon concentration

increases constantly because of the continuous slag-metal and metal-sleeve

reactions producing silicon dissolved in the Fe-C-Si phase. After the

emf was followed for some time, with the melt being sampled periodically

to determine the silicon content, the temperature was varied (in some

cases) to determine the emf-temperature relationship at a particular

s.il icon 1eve1.

In later experiments, carbon saturated iron with high silicon

contents, approaching the saturation limit for silicon carbide formation,

was used.', Emf-temperature relations were determined for a specific silicon

level~ and more Fe-C alloy was added to lower the silicon level. Thus

emf-temperature relationships were determined for various silicon concentrations .

. A.similar series of experiments was attempted using silicon carbide

and pure silicon as the top electrode. The use of silicon as an electrode

in this manner severely limits the temperature range, permitting tempera­

tures no higher than 1400°C. For most emf experiments in the Si, Fe-Si

and Fe-C-Si systems, the bottom crucible support was grounded and the
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effect of induced voltages was eliminated by measurinq the emf when the

power input to the furnace was shut off. The change in the emf when the

power was turned off was so small that in many cases -measurements were

made with the power on.

4.8 Electrolysis of the Slag

The possibility that hydrogen WaS dissolved in the slags in the

form of hydroxyl ions which could then discharge and perhaps interfere

with the observed electrochemical reaction. led to the cells being electro­

lyzed for a few moments in the early experiments. An external emf, supplied

by either a a to 100 volt A.C. source or a 4.5 volt D.C. battery, was

applied between the top electrode and the bottom graphite conductor. This

external emf was applied in several experiments when the measured emf was

particularly erratic, to see if the emf fluctuations could be eliminated.

4.9 Resistance of Silica Sleeve at High Temperature

The resistance across the 1/4 11 translucent silica sleeve was

measured as a function of temperature to determine whether the sleeves

were,conducting at high temperature. Platinum leads were fused to the

silica across the 1/4 11 wall thickness and the sleeve was inserted into

a graphite core which then could be inductively heated. The resistance

was then measured as a function of temperature by an electronic testmeter.

The temperature was measured by a Pt-Pt/13% Rh thermocouple inserted from

the top into the graphite core.



CHAPTER 5

RESULTS

5.1 Faradayan Yield Experiments

5.1.1 Carbon Saturated Iron as the Metal Phase

A Faradayan cell was constructed, as shown in Figure 8, with

carbon saturated iron as the metal phase. The top graphite electrode was

noted to be negatively charged, and when it was externally connected to

the bottom graphite conductor through a milliammeter, a constant current

of the order 6 - 8 milliamps was observed. Using expression (2.1) this

current was calculated to be equivalent to a silicon transfer rate of

0.002 gm/hr., if all the current resulted from an electrochemical transfer

of silicon. The metal phase was sampled periodically and analyzed for

silicon. From the straight line kinetics the silicon transfer rate was

detennined to be 0.80 gm/hr.

5.1.2 Copper as the Metal Phase

Two Faradayan cells were constructed using carbon-free O.F.H.C.

copper as the metal phase; one cell had a relatively large volume of

copper and the other a small volume. In both cases, the top graphite

electrode was observed to be negatively charged, and when it was externally

connected to the bottom graphite conductor through a milliammeter, a con­

stant current of the order 2 - 7 milliamps was observed after a few minutes.

89
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The total current passed over a period of time was measured and related

~ ~to silicon transfer by expression (2.1), again assuming that all the cur-

.. '~rent resulted from an electrochemical transfer of silicon. The copper melt

was sampled periodically by suction up a quartz tube and analyzed spectro­

graphically for silicon. The analyzed silicon contents are shown as a

function of the predicted silicon (from the number of coulombs passed) in

Tables V and VI and in Figures 22 and 23. Both experiments were conducted

at 1450°C.

The current passed increased as the graphite electrode was inserted

further into the slag, and was a maximum when the electrode was first

inserted into the slag, gradually decreasing in a few minutes from a value

near 18 mao to a constant value between 2 and 7 mao This latter observation

was made after each sample was taken since the top electrode was removed

from the slag in order to take a sample and then re-inserted.

A blank experiment was run on a similar cell with no provision made

for any electrochemical transfer of silicon resulting in a pick-up of silicon

which reached a constant value of 0.015 wt.% within 4 hours. This value

would have been reached in the Faradayan experiments before the electro­

chemical measurements were commenced, hence this amount was not attributed

to electrochemical transfer and was subtracted from the analyzed values.

5.2 Kinetic Experiments

5.2.1 Unsleeved System

The kinetic data from the unsleeved experiments are listed in

Table VII and are plotted in Fig~res 24 to 31. The results illustrate

that the amount of silicon transferred to the metal phase is a linear



TABLE V

Faradayan Yield Experiment
(Large Silica Crucible)
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Sample Time Unti 1 Average Current Sil i con Content Silicon Content
No. Sample(min.) Between Samples Calculated from Analyzed (wt. %)

(ma) No. of Coulombs
Passed (wt. %)

1 190 4.6 .002 .009

2 784 5.0 .0lD .012

3 1,103 14.0 .021 .024

4 1,260 7.0 .024 .015

5 1,455 6.0 .028 .041

6 1,715 5.0 .031 .020



TABLE VI

Faradayan Yield Experiment
(Small Silica Crucible)
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Sample Time Until Average Current Sil i con Content Sil i con Content
No. Samp1e-{mi n;) Between Samples Calculated from Analyzed (wt.%)

(rna) No. of Coulombs
Passed (wt. %)

1 0 0 0 .001

2 757 2.2 .012 .015

3 2,317 1.1 .024 .022

4 3,649 0.6 .030 .022

5 5,182 1.0 .041 .037

6 5,717 1.3 .046 .038

7 6,370 1.2 .051 .044

8 6,370 0 .051 .045
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function of the time of reaction. Every experiment in this group was

performed in the molybdenum resistance furnace with the exception of

number 25~ which was done in th~ carbon resistance furnace. Silica sat­

uration in the slag was not maintained in experiment 25. The slopes of

the kinetic curves were determined to a 95% confidence level by the least

squares method illustrated in Appendix A. The slopes are listed along

with the height of the metal phase, the temperature at which the experi­

ment was conducted and the density of a carbon saturated iron melt at that

temperature~ in Table XI. A photograph of a split crucible is shown in

Figure 20 (b).

5.2.2 Unsleeved System by Carbon Monoxide Evolution Technique

The kinetic data from the unsleeved system utillzing the high

frequency furnace, and the carbon monoxide measuring unit are listed in

Table VIII and are plotted in Figures 32 and 33. The results illustrate

a linear relationship between the carbon monoxide evolved and the time

of reaction. The slopes of the kinetic curves were determined to a 95%

confidence level by the least squares method described in Appendix A. The

slopes determined were equivalent to the carbon monoxide evolution rate

(cc/min.) and were used to calculate the silicon transfer rate (wt.% Si/min)

from the stoichiometry of reaction (2.61). The slopes are listed along

with the height of the metal bath, the temperature at which the experi­

ment was conducted, and the density of a carbon saturated iron melt at

that temperature, in Table XII.



---- ~~~~~~--~~~~~~~~--~~~--~~~~~~~-

(a) (b)

FIGURE 20 - CROSS SECTIONS OF KINETIC CRUCIBLES
(a) Sleeved Crucible (Si02)
(b) Unsleeved Crucible
(c) Sleeved Crucible (Zr02)

(c)
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5.2.3 Sleeved System

The kinetic data from the sleeved experiments are listed in

Table IX and are plotted in Figures 34 to 41. The results illustrate a

linear relationship between the amount of silicon transferred and the time

of reaction. All the experiments were done in the molybdenum resistance

furnace with the exception of experiment 22 which was done in the carbon

resistance furnace. In experiments 18, 19 and 20 the silica sleeve ex­

tended directly to the bottom of the crucible rather than terminating just

below the slag/metal interface, as in the other experiments. Experiments

13, 14 and 21 were done using a zirconium oxide sleeve (Zr02) extending to

the bottom of the crucible, and in experiments 13 and 14 silica satura­

tion in the slag was maintained by the insertion of a 1/2" silica rod.

The slag used in experiment 21 was not maintained at silica saturation.

The slopes of the kinetic curves were determined to a 95% con­

fidence limit utilizing the least square technique illustrated in

Appendix A. The slopes are listed along with the height of the metal

phase, the temperature of the experiment and the density of a carbon

saturated iron melt at that temperature in Table XIII. A photograph of

a split crucible is shown in Figure 20(a) for the silica sleeved system

and Figure 20(c) for the Zr02 sleeved system.

In addition to the norma] method of determining the silicon

transfer rate - by sampling and analyzing for silicon in the metal phase ­

the kinetics of experiments 18, 19 and 20 were followed by another method.

The reaction gas (argo~ flow rate was determined and from the carbon

monoxide content (using gas chromatography), the carbon monoxide evolution
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rates were calculated and are listed in Table X. Two reaction gas flow­

rates were used for experiments 18and 20 to test the effect of flow rate

I:lpon the kinetics. From the stoichiometry of reaction (2.61) , the silicon

transfer rate was determined from the measured carbon monoxide evolution

rate, assuming all the carbon monoxide was produced by reaction (2.61) at

the slag/metal interface. This transfer rate (gM. Si/min.) was converted

to an t1 equivalent slope ll to match the units of the slopes determined from

the kinetic data (wt.% Si/min.), and thesetlequivalent slopes ll are listed

along with the bath height, the temperature at which the experiment was

carried out and the density of a carbon saturated iron melt at that

temperature, in Table XIV.

5.3 Effect of Silicon on the Solubility of Graphite in Liquid Iron

Each metal sampl~ taken in the kinetic experiments was analyzed

for silicon and when there was sufficient sample left, carbon analyses

were done. The results are listed with the silicon results, in Tables

VII and IX. The relationship between the silicon content and the satura­

tion carbon content is approximately linear(l02) up to moderate silicon

contents, with the graphite solubility decreasing with increasing silicon

content. The amount the solubility is depressed by the silicon is deter­

mined from the differential equation(l03):

(4.1)

which upon integration gives:
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(4.2)

lIC :: saturation carbon content in the Fe-C-Si ternaryc
saturation carbon content in the Fe-C binary

CSi - silicon content of the Fe-C-Si ternary

k - proportionality constant

Values of k were determined by the least square method described

in Appendix A, for a 90% confidence interval, and are listed in Table XV.

The average slope is: -0.37 + 0.56.

5.4 Effect of Stirring

Although no provision was made for continuous stirring of the

slag or metal phases, before each metal sample was taken, the complete

system was stirred by depressing the aspirator bulb and bubbling the

reaction gas through the melt. In this manner, the melt was stirred

mechanically everyone to two hours, depending on when the samples were

taken. In order to test the effectiveness of this type of stirring, un­

sleeved experiment 20 was sampled only three times, with one sample being

taken at the beginning of the experiment and two samples being taken

sixty-nine hours later at the end.

5.5 Effect of Sleeve Material

The majority of the sleeved experiments were carried out using

translucent silica sleeves, and to test whether the sleeve composition

had any effect on the kinetics of the reaction, zirconia sleeves were

used in some cases. Experiments 13, 14 and 21 were done utilizing zirconium
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oxide sleeves which extended to the bottom of the crucibles. The effect

of the slag and metal phases on the zirconium oxide sleeve is shown in

the photograph of a spent crucible in Figure 20(c).

The slag from experiments 13 and 14 was analyzed spectrographi­

cally for zirconium oxide and the results indicated that between 2 and 5%

by weight of the slag was Zr02, as shown in Table XVI.

From Figure 20(a), (b) and (c) it is seen that the greatest dis­

solution of material, either from the sleeve or graphite seems to occur

at the slag-metal interface.

5.6 Effect of Surface Area and Bath Height

The effect of the height of the metal bath on the kinetics of

the unsleeved system was determined by experiments 25 and 26 which were

done on a bath height approximately one half the normal bath height. Also,

the slag/metal cross-sectional area was increased in experiment 26 by one

third over the normal area which was dictated by the internal diameter of

the silica sleeve used in the sleeved experiments. The kinetic experi­

ments perfornled on the high frequency carbon monoxide measuring unit had

an interfacial area less than one half that in the experiments done in

the resistance furnace. The bath height was also somewhat less than~ the

nomal height.

In the sleeved system the zirconium oxide sleeves had an internal

diameter of 1.5 11 compared to 1.25 11 for the silica sleeves, resulting in a

larger cross-sectional slag/metal contact area.
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5.7 Effect of Sampling Technique

Metal samples were initially taken with graphite spoons, but at

times it was impossible to obtain any metal sample. Eventually all metal

samples were td:en by suction up a 2 or 3 mm. 1.0. silica tube which per­

mitted very good samples to be obtained. The best slag samples were taken

with the graphite spoons.

Experiments 1, 25 and 26 of the unsleeved system and experiment

22 of the sleeved system were taken with the graphite spoons. During

experiment 16 of the unsleeved system both graphite spoon and silica

sampling were used. The results are shown in the kinetic curve in Figure 26.

5.8 Slag Composition

Some slag samples were taken at random from the sleeved and un­

sleeved kinetic experiments and analyzed for Si02, CaO and MgO mainly to

determine if the slags were being maintained at silica saturation. Table

XVII shows the results obtained. The silica content rises from 64.9% at

1395°C to 68.2% at 1534°C.

5.9 Silica Sleeve Resistance

The resistance of the silica sleeve at room temperature was

determined to be greater than 1012 ohms gradually decreasing to 1.2 x 106

ohms at 1500°C.

5.10 Electromotive Force Experiments

5.10.1 Silicon as the Metal Phase

The electromotive force was measured between a hollow graphite

electrode inserted into the slag, and a graphite conductor which was
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electrically connected to a pure silicon melt by the graphite crucible.

The emf is shown in Figure 42 and Table XVIII as a linear function of

temperature. The top electrode was positively charged, and at l384°C

the emf was observed to increase from an initial value of 93 mV to a con-

stant value of 190 mV with very little fluctuation. The temperaturewas

increased in steps and constant values of the emf were recorded until a

value of 57 mV was observed at l534°C. At temperature in excess of l534°C

the emf readings became unstable and difficult to measure. One experi­

ment (no. 3) was commenced at a high temperature and the emf was seen to

increase as the temperature was lowered. During.experiment number 1, four

silicon samples were taken and analyzed for carbon, the results are shown

in Table XIX.

TABLE XIX

Carbon in Silicon

Sample No.

1

2

3

4

% C (wt. %)

0.019

0.017

0.008

0.007

The silicon/graphite crucible interface was examined under micro­

scope to see if a third phase (silicon carbide) was present - none was

observed.

However, in an experiment where silicon was allowed to sit in a

graphite crucible for 20 hrs. at l450°C, a minute trace of a third phase

MILLS MEMORIAL LIBRARY
McMASTER UNIVERSITY
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was observed. This third phase was tentatively identified as silicon

carbide by microprobe analysis.

The emf appeared to be independent of the rate at which CO was

passed down the cathode and was unaffected when the CO flow was stopped

entirely, although the flow was stopped for only a few minutes. In

several experiments it was impossible to obtain any meaningful results

since the emf fluctuations were too great. All readings were taken at

zero power input to ensure that no induced voltage from the inductively

wound furnace tube would affect the results. A non-inductively wound

furnace tube was prepared for one set of experiments but failed because

of a short, and no further attempts were made to wind a furnace non-inductively.

5.10.2 Iron-Silicon Alloys as the Metal Phase

An electrochemical cell was constructed as shown in Figure 12.

The metal phase was an iron-silicon alloy, separat~d from the graphite

crucible by a layer of pure silver which served to keep graphite from

solubilizing in the iron-silicon phase and also to maintain electrical

contact to the iron-silicon phase. A split crucible is shown in Figure 21.

The variation of the electromotive force between an electrode (graphite

or silicon) inserted in the slag phase, and the bottom graphite conductor

was measured as a function of both the temperature and the silicon content

of the Fe-Si binary. Depending on the silicon content of the melt, and

the temperature, the top electrode was either positive or negative. The

emf measured was independent of the depth at the electrode and its

eccentricity in the slag. When the graphite electrode was inserted into

the metal phase (at the end of an experiment) the emf dropped immediately



Slag Phase

FIGURE 21 - CROSS SECTION OF ELECTROMOTIVE CRUCIBLE
(Fe-Si as the Metal Phase)
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to zero. In most cases the emf measurement was made with the bottom

electrode grounded, and the furnace power at zero.

Experiments were started using a silicon electrode (section 3.11)

as the top electrode, severely limiting the high temperature range to

somewhat below the melting point of silicon (1413°C). In order to in­

crease the overall temperature range a low melting point slag, Si02-CaO­

BaO was tried, however, the slag foamed out of the crucible and this system

of runs was terminated. The normal Si02-CaO-MgO slag system was then

used for the succeeding experiments.

In experiment 1, 17.8 wt.% Si alloy was brought to temperature

at 1350°C and held until the emf reached a constant value of 126 mY, with

the top electrode negatively charged~ The temperature was raised to 1380°C

and the emf rose to 141 mY. In order to change the silicon concentration

of the alloy~ some cold armco iron was added - the emf was observed to

rise very high to 260 mY and then decrease to 150 mY in several minutes.

The temperature was lowered and the emf decreased to a constant value of

126 mY. The results are shown in Table XX and Figure 43.

Experiment 2 was done with a graphite electrode as the top electrode,

at a temperature of l390°C. The silicon content of the melt was varied

twice by adding cold armco iron, and the corresponding emf was observed.

The results are shown in Table XX and in Figure 44.

Experiment 3 was done using graphite as the top electrode, and

starting with a high silicon alloy. Initially, the top electrode was

positively charged, but as the temperature ~as increased the emf became

more positive, that is the top electrode became progressively less
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positive and eventually turned negative. The silicon content was varied

twice by adding cold armco iron, and various temperature changes were made.

The results are shown in Table XX and Figure 45.

Experiment 4 was also done using a graphite top electrode and a

high silicon alloy. The top electrode was positive for all measurements

and hence the emf was negative. The results are shown in Table XX and

Figure 46.

The effectiveness of the silver layer in preventing any graphite

from solubiliZing in the iron-silicon phase was checked by analyzing

the iron-silicon melt for carbon. In none of the experiments was there

any detectable amount of carbon in the iron-silicon phase.

5.10.3 Iron-Carbon-Silicon Alloys as the Metal Phase

The electromotive force was measured between a graphite electrode

inserted into the slag phase, and a graphite conductor which was in elec­

trical contact with an iron-carbon alloy of varying silicon content. The

emf's of such electrochemicl cells are listed in Table XXI and are plotted

in Figures 47 to 53. In some systems the silicon content was altered and

the variation of the cell emf was observed; in others the silicon content

was constant and the cell emf was observed as a function of temperature.

In'most cases (silicon content < 0.2 mole fr.) the top graphite

electrode was negatively charged, acting as the anodic electrode. In

two cases (experiment 15) where NSi > 0.2, the graphite electrode was

positive, acting as a cathode surface. For the majority of experiments

the instantaneous emf fluctuations were very small varying between + 2 mV,

however, in other cases the instantaneous voltage was fluctuating wildy,
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varying up to 50 mV, making any readings impossible. When a steady emf

was observed it was found that the emf was independent of the height of

the graphite electrode above the metal phase. The emf immediately went

to zero in all experiments when the graphite electrode was inserted into

the metal phase and appeared to be unaffected by the furnace power when

the bottom electrode was grounded. The majority of the measurements were

made at full power input with the bottom graphite conductor grounded.

Experiment 5 was done on an alloy of 1.91 wt.% Si and 4.97 wt.%C

at 1480°C. A constant emf was obtained but when the temperature was

raised to determine the emf-temperature relationship, the emf became very

unsteady. The top graphite electrode was· connected to the bottom graphite

conductor, through a milliammet~r, and a constant current of 13 ma was passed.

Experiment 6 was done on a 0.20 wt.% Si alloy (graphite saturation)

at 1450°C. The emf was constant at 180 mV but as the temperature was

raised, it became unstable, and the test was terminated.

Experiment 7 was done on a 2.94 wt.% Si alloy (graphite saturation)

at l450°C, and the emf was fluctuating at approximately 100 mV. It was

thought that the fluctuations were perhaps due to the discharge of hydroxyl

ions, sin~e the fluctuations did not appear to originate from the power

input. The 4.5 D.C. battery was inserted between the top graphite electrode

(making it negative) and the bottom graphite .con~uctor for a period of

60 seconds When the imposed emf was removed, the emf between the electrodes

was 60 mV (the top electrode was negative) and rose steadily to a relatively

steady value of 115 mV in 10 minutes. The D.C. source was again inserted,

making the top graphite electrode positive for 60 seconds, and when it

was removed the cell emf was seen to decrease from a maximum 180 mV to
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115 mV in 3 minutes. In both cases the emf fluctuations returned, and

did not appear to be noticeably reduced by the imposed ac. emf.

The emf of experiment 8 was observed to fluctuate between 110 and

120 mV at l350°C. Twenty volts A.C. were applied across the top graphite

electrode and the bottom graphite conductor for 60 seconds, after which

the emf was steady at 120 mY. The fluctuations returned after a few minutes.

Experiments 5 to 8 were performed in emf cells discussed in section

3.10.3. However, the size of the crucible made it very difficult to pre­

vent the cell assembly from touching the reaction tube walls and picking

up stray emf's. The fluctuations still occurred even when the furnace

power was turned off. The type of cell shown in Figure 8 was used in the

remaining emf experiments with silica sleeved graphite serving as the top

electrode.

Experiment 9 was done on 0.03 wt.% 5i alloy (. carbon. saturated)

at 1370°C. The graphite electrode was shorted to the metal phase, and

when it was raised into the slag phase the emf jumped from 0 mV to 185 mV

and rose steadily to a constant value of 223 mV in a few minutes. The

temperature was raised butthe emf began to fluctuate, and it was noticed

that the cell was touching the refractory tube, so the experiment was

terminated.

Experiment 10 was done at 1425°C starting with a 0.56 wt.% 5i

alloy (carbon saturated) and it represented the first attempt to measure

the emf as a function of changing silicon content. The silicon content

changed due to the slag/metal and metal-sleeve reactions which provided a

constant silicon transfer to the melt. Both the emf and silicon content
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are plotted as a function of time in Figute 47. The best straight line

for emf-time data was deternlined by the least square method of Appendix A.

From Figure 47 the emf is seen to decrease as the silicon content increases,

and the variation of the emf values on the average is less than 10%. The

emf reading appeared steadiest immediately after a sample was taken and

the melt stirred by bubbling the furnace gas through it.

Experiment 11 was done using a hollow graphite electrode in the

slag phase so a carbon monoxide atmosphere could be blown across the slag/

electrode surface. The experiment was started at l400°C, and the emf was

observed as a function of the silicon content of the metal phase (sampled

periodically) which was increasing with time because of the slag-metal and

sleeve-metal reactions. After several hours the temperature was raised to

l440°C and the emf was seen to increase from 74 mV to a relatively constant

value of 98 mY. A further increase of temperature to 1480°C resulted in

a drop of emf for several minutes, but then it increased to a relatively

constant value of 102 mY. The results are plotted as emf and wt.% Si as

a function of time in Figure 48, and are listed in Table XXI. No affect

of CO flowrate could be determined on the emf.

Experiment 12 was done using a zirconium oxide (Zr02) sleeve, with

the silica saturation in the slag being maintained by an excess of silica

floating on the surface. Carbon monoxide gas was blown down a hollow

graphite electrode. The temperature was ke~constant at 1400°C and the

emf-wt.% Si relationship was determined as a function of time. The results

are listed in Table XXI and are plotted in Figure 49. Again the carbon

monoxide flow rate did not affect the emf results.
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Experiment 13 was done at 1400°C, and the emf wt.% Si relationship

was determined as a function of time. The results are listed in Table XXI

and are plotted in Figure 50. The line in Figure 50 was calculated by the

least mean method described in Appendix A. The emf is seen to increase

slightly, as the silicon content increases, also slightly. The scatter of

the emf readings was the highest for this experiment, being near 20%. An

addition of 15 gm. of cold slag was made at 126 minutes and the emf jumpea

to a high value and decreased again in a few minutes.

Experiment 14 was done at l444°C, over a short period of 129 minutes

during which time the silicon content was approximately 0.71 wt.%. The

results are shown in Table XXI and in Figure 51. The slope of the line in

Figure 5 was determined by the least square method of Appendix A.

Experiment 15 was done at 1420°C, commencing with a high silicon

alloy (0.311 mole fro Si in carbon. saturated iron). When a constant emf

was observed, more iron-carbon alloy was added to reduce the silicon con­

tent, and the emf was measured as a constant for two such additions. The

results are listed in Table XXI and in Figure 52. For the 0.311 mole fro

alloy and the 0.214 alloy the top graphite electrode was observed to be

positive, and hence the emf is recorded as negative. During the first two

measurements, no carbon monoxide bubbles were observed breaking at the

slag/furnace atmosphere surface.

Experiment 16 was done at 1450°C and the emf was observed as a

function of the silicon content of the melt as it increased because of the

slag-metal and metal-sleeve reactions. The silicon content was then in­

creased more rapidly by adding cold charges of a 30 wt.% Si in Fe alloy.
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The emf was observed to decrease, in general, as the Si content increased.

The carbon content was also determined. The results are shown in Figure 53

and Table XXI.

Two experiments were done using silicon carbide as the top electrode;

in one case the entire electrode was made of silicon carbide and in the

other, a 2" silicon carbide electrode was connected to a graphite conductor,

which led out of the furnace. Starting with a 1.2 wt.% silicon alloy as

the metal phase, the long SiC electrode was negatively charged, and the emf

measured between the SiC electrode and the bottom graphite conductor was

seen to fluctuate between 300 and 410 mY. When the SiC electrode was inserted

into the metal phase, the'~hort'voltage was fluctuating between 270 and

345 mY. The emf measured between the short SiC electrode with the graphite

conductor and the bottom graphite conductor was approximately -180 mV (the

SiC electrode being positive), and the"short"voltage fluctuated beb/een

+20 and +40. No results were obtained with a top silicon electrode because

in the two attempts that were made, the electrode melted.

Several electrochemical cell experiments similar to the above were

attempted on the high frequency unit described earlier. In these experi­

ments there was a considerable pick-up of induced A.C. and D.C. voltages

by the graphite conductors, from the high frequency furnace. An attempt

was made to filter the A.C. voltages to ground through O.Ol~f capacitors.

However, the emf's measured were very erratic and no results are reported.



TABLE VII

Concentration - Time Measurements (Unsleeved Runs)

----

Run Time Sil icon Carbon Run Time Silicon Carbon
No. (min) Concentration Concentration No. (mi n. ) Concentration Concentration

(wt. %) (wt.%) (wt.%) (wt. %)

1 0.0 0.002 2 0.0 0.03 4.82

101.0 0.12 62.0 0.05 4.94

163.0 0.15 117.0 0.07 4.90

223.0 0.15 180.0 0.11 4.77

283.0 0.18 244.0 0.13 4.84

343.0 0.15 306.0 0.14 4.91

508.0 0.23 518.0 0.16 4.92

528.0 0.26 533.0 0.20 4.78

continued on Page 111 ..
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TABLE VII (continued)

Concentration - Time Measurements (Uns1eeved Runs)

-.__ ..

Run Time Silicon Carbo.n Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt. %) (wt.%) (wt.%)

3 657.0 0.18 4.93 4 1,464.0 0.69 4.75

1,269.0 0.49 4.70 1,524.0 0.74 4.85

1,329.0 0.57 4.72 1,584.0 0.70 4.85

1,389.0 0.57 4.72 1,639.0 0.81 4.62

1,759.0 0.86 4.67

1,856.0 0.90 4.72

5 1,856.0 0.90 4.72 6 2,712.0 1.84 4.48

1,879.0 0.86 4.65 2,757.0 1.92 4.46

2,064.0 1. 17 4.57 2,807.0 1. 97

2,700.0 1.84 4.35 2,871.0 2.09 4.52

2,712.0 1.84 4.48 2,914.0 2.15 4.48

2,989.0 2.28 4.28
--I

--I

--I

continued



TABLE VII (continued)

Concentration - Time Measurements (Uns1eeved Runs)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. {min} Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) {wt.%}

7 0.0 0.009 8 699.0 0.28 4.93

182.0 0.13 5.06 1,316.0 0.43 5.02

302.0 0.15 4.97 1,380.0 0.47

362.0 0.22 5.08 1,442.0 0.47 5.10

699.0 0.28 4.93 1,482.0 0.52 5.12

9 1,482.0 0.52 5.12 10 2,069.0 0.79 4.66

1,542.0 0.53 2,162.0 0.79

1,602.0 0.55 2,770.0 1.22

1,662.0 0.59 4.34 2,827.0 1.20

1,722.0 0.66 5.06

1,783.0 0.68 4.69
continued . . .

2,027.0 0.70
--'
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TABLE VII (continued)

Concentration - Time Measurements (Uns1eeved Runs)

Run Time Sil icon Carbon Run Time Sil icon Carbon
No. (mi n) Concentration Concentra"ti on No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (wt.%)

11 2,887.0 1.22 4.82 12 0.0 0.01

2,932.0 1.29 120.0 0.04

2,977 .0 1.30 240.0 0.07

3,022.0 1. 36 310.0 0.07

3,067.0 1.65 4.89 465.0 0.12

3,197.0 2.01

conti nued . . .

w
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TABLE VII (continued)

Concentration - Time Measurements (Unsleeved Runs)

Run Time Silicon Carbon Run Time Silicon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt. %) (wt. %)

13 675.0 0.17 14 1,310.0 0.41

680.0 0.17 1,435.0 0.48

1,263.0 0.38 1,575.0 0.56

1,266.0 0.38 1,633.0 0.60

1,718.0 0.65

1,765.0 0.67

1,847.0 0.72

1,950.0 0.78

2,085.0 0.85

2,699.0 1. 17

2,711.0 1.23

continued . .
--'
~



TABLE VII (continued)

Concentration - Time Measurements (Unsleeved Runs)

Run Time Sil icon Carbon Run Time Silicon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (wt.%)

15 2,911.0 1. 30 16 ;)3,370.0 1.64

3,024.0 1.38 (i ;) 3,370.0 1.66

3,145.0 1.47 (;) 4,152.0 2.54

3,192.0 1. 54 (i;) 4,152.0 2.48

3,281.0 1.60 (;) 4,233.0 2.64

3,342.0 1.65 (i;) 4,233.0 2.62

(i) 3,370.0 1.64 4,300.0 2.78

(i i) 3,370.0 1.66 (i) 4,500.0 3.03

(i;) 4,500. 0 3.00

(i) - quartz sampler

(ii) - graphite sampler

conti nued . . .

..........
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TABLE VII (continued)

Concentration - Time Measurements (Unsleeved Runs)

Run Time Sil icon Carbo.n Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (wt.%)

17 0.0 0.03 18 891.0 0.38 5.12

60.0 0.04 959.0 0.45 4.92

122.0 0.05 1,036.0 0.56 4.91

809.0 0.32 1,101.0 0.63 4.87

832.0 0.33 1,283.0 0.73 4.82

842.0 0.35

19 1,309.0 0.76 4.65 20 0.0 0.0

1,401.0 0.93 4,125.0 2.90

1,443.0 1. 17 4.75 4,126.0 2.90

1,711.0 1.77 4.56

1,714.0 1.83 4.24
continued . .

......
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TABLE VII (continued)

Concentration - Time Measurements (Unsleeved Runs)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (wt. %)

21 0.0 0.37 22 575.0 1. 43

60.0 0.49 604.0 1. 52

120.0 0.63 634.0 1.60

180.0 0.75 649.0 1. 66

240.0 0.86

268.0 0.99

383.0 1. 18

528.0 1.45

conti nued . . .



TABLE VII (continued)

Concentration - Time Measurements (Uns1eeved Runs)

Run Time Si 1icon Carbo.n Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (\Ott. %)

23 0.0 0.03 24 1,432.0 0.35

105.0 0.04 1,515.0 0.38

230.0 0.05 1,627.0 0.41

349.0 0.09 1,779.0 0.45

475.0 0.11 2,069.0 0.55

573.0 0.14 2,790.0 0.81

764.0 0.16

1,397.0 0.32

1,410.0 0.34

continued ...

co



TABLE VII (continued)

Concentration - Time Measurements (Unsleeved Runs)

Run Time Sil icon Carbo"n Run Time Sil icon Carbon
Nc. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt. %) (wt. %) (wt.%)

25 0.0 0.13 26 0.0 0.36

115.0 0.27 115.0 0.38

135.0 0.30 310.0 0.83

307.0 0.39 462.0 1.26

433.0 0.55 553.0 1.43

658.0 0.77
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TABLE VIII

CARBON MONOXIDE VOLUME - TIME MEASUREMENTS

Run Time Pellet Distance Run Time Pe 11 et Di stance
No. (min) (em) No. (min) (em)

0.0 12.0 10.50 262.5

1. 00 14.5 11.25 280.9

1.50 24.6 12.00 288.8

1. 75 33.0 13.00 306.9

2.00 40.9 13.50 324.9

2.25 48.5 14.00 340.7

2.50 57.7 14.50 354.6

2.75 65.5 15.00 365.7

3.00 73.5 15.50 370.6

3.75 80.3 16.00 383.2

4.10 96.2 16.50 402.0

5.00 105.2 17.50 435.5

6.00 138.2 18.00 450.2

6.50 155.7 19.00 473.7

7.00 171.2 19.50 491. 9

7.75 187.0 20.00 497.0

8.00 189.4 20.75 510.7

9.00 209.4 21.00 513.4

10.00 247.1 21.50 519.8

conti nued . . .
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TABLE VIII
(continued)

CARBON MONOXIDE VOLUME - TIME MEASUREMENTS

Run Time Pe11 et Di stance Run Time Pe11 et Di stance
No. (min) (em) No. (min) (em)

1 22.00 524.7 3 4.00 44.2

23.00 528.9 5.00 54.3

24.00 531.7 6.00 60.3

25.00 533.1 7.00 65.6

26.00 534.1
4 0.0 0.2

27.00 535.6
0.25 5.4

28.00 539.3
1.25 22.3

29.00 546.4
2.00 36.5

2 30.00 554.0 3.00 53.9

32.00 567.7 4.00 71.8

33.00 581.5 5.00 86.0

34.00 594.5 6.00 102.3

35.00 607.3

36.00 617.8

37.00 624.6

3 0.0 6.3

1. 00 15.6

2.00 24.6

3.00 35.8



TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Sil icon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (wt.%)

1 0.0 0.27 2 1~385.0 1. 42 4.59

67.0 0.31 4.54 1,482. a 1.45 4.50

173.0 0.44 4.77 1,572.0 1. 59 4.42

237.0 0.47 4.16 1,634.0 1. 69 4.52

367.0 0.57 4.60 1,692.0 1.77 4.33

467.0 0.70 1,814.0 1. 92 4.44

1,212.0 1. 37 4.29

1,272.0 1.43 3.88

1,337.0 1.54 4.04

continued ...

--'
N
N



TABLE IX
(continued)

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Sil icon
No. (min) Concentration

(wt.%)

3 2,057.0 1.64

2,757.0 2.46

2,972.0 2.94

3,271.0 3.06

Carbon
Concentration

(wt.%)

4.45

4.32

Run Time Silicon Carbon
No. (min) Concentration Concentration

(wt.%) (wt.%)

4 0.0 0.03

92.0 0.06

298.0 0.11

966.0 0.33

1,039.0 0.36

1,109.0 0.38

5 1, 166.0 0.38 6 1,759.0 0.82

1,290.0 0.52 2,426.0 1. 23

1,349.0 0.59 2,496.0 1.40

1,431.0 0.64 2,527.0 1.45

1,581.0 0.78 2,733.0 1. 55

1,727.0 0.95 2,839.0 1.72 continued . .
--'
N
W
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TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Sil icon Carbo'n Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt. %) (wt. %)

7 0.0 0.04 8 1,044.0 0.77

93.0 0.13 1,046.0 0.76

167.0 0.31 1,103.0 0.87

210.0 0.26 1, 183. 0 1.00

261.0 0.27 1,193.0 0.98

965.0 0.82 1,253.0 1.03

990.0 0.83

conti nued . . .
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TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (mi n) Concentration Concentration

(wt.%) (wt.%) (wt. %) (wt. %)

9 1,253.0 1.03 10 0.0 0.15

1,305.0 1. 15 61.0 0.33

1,343.0 1.30 119.0 0.35

1,415.0 1. 44 179.0 0.51

239.0 0.67

303.0 0.80

359.0 0.87

408.0 0.95

continued ...



TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt. %) (wt.%) (wt.%)

11 0.0 0.08 12 482.0 0.50

60.0 O. 11 485.0 0.50

120.0 0.19 546.0 0.59

180.0 0.27 1,207.0 1.09

240.0 0.29 1,267.0 1.23

280.0 0.34 1,342.0 1.28

389.0 0.49

450.0 0.56

continued ...
......
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TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt. %) (wt.%)

13 0.0 0.13 14 586.0 0.32

104.0 0.18 602.0 0.35

165.0 0.19 1,260.0 0.86

225.0 0.26 1,580.0 0.98

295.0 0.29

345.0 0.32 15 0.0 0.06 4.89

530.0 0.41 138.0 0.10 4.06

535.0 0.38 241.0 0.14 5.17

359.0 0.21 4.45

574.0 0.30 4.83

583.0 0.33 4.42
-..

continued N
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TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time 5il icon Carbon" Run Time 5il icon Carbon
No.. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) (wt.%) (wt.%) (\'/t. %)

16 620.0 0.35 4.75 17 1,471.0 1.06 5.05

714.0 0.38 4.89 1,628.0 1.18 4.60

1,364.0 0.88 4.77 1,696.0 1.25 4.97

1,388.0 0.89 4.69 1,748.0 1.37 4.60

1,812.0 1. 51 4.36

1,952.0 1.71 4.65

1,964.0 1.72 4.76

continued ...
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TABLE IX

CONCENTRATION - TIME MEASUREMENTS (SLEEVED RUNS)

Run Time Silicon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt. %) {wt.%} {wt.%} {wt.%}

18 0.0 0.08 0.08 19 933.0 0.94 4.56

60.0 0.16 4.88 933.0 1.07

121.0 0.19 4.75 995.0 1.07 4.71

147.0 0.26 4.80 1,065.0 1.24 4.67

'900.0 0.89 1,113.0 1.37 4.74

904.0 0.89 4.48 1,200.0 1.60

1,264.0 1.72 4.25

continued ...



TABLE IX

CONCENTRATION - T~ME MEASUREMENTS (SLEEVED RUNS)

Run Time Sil icon Carbon Run Time Sil icon Carbon
No. (min) Concentration Concentration No. (min) Concentration Concentration

(wt.%) {wt.%} {wt.%} (wt.%)

20 1,284.0 1. 75 4.37 22 0.0 0.10

1,409.0 2.25 4.15 147.0 0.42

1,474.0 2.68 4.22 320.0 0.63

1,534.0 2.92 410.0 0.85

1,544.0 2.98 622.0 1.06

1,561".0 2.98 4.33

21 0.0 0.71

60.0 0.75

230.0 0.77

367.0 0.90

581.0 1.00

-'
w
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Run No.

18

19

20

TABLE X

CARBON MONOXIDE FLOW RATES

(Sleeved Kinetic Experiments)

Per Cent CO Total Flowrate CO Flowrate at S.T.P.
(vol. %) (ml/min) (ml/min)

1.1 222 2.25

1.3 250 3.00

2.4 258 5.71

2.1 500 10.13

3.0 386 12.82
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TABLE XI

SPECIFIC REACTION RATE CONSTANT
(Unsleeved System)

Run Slope x 104 Error in Bath Height· Temperature l/T Denist~ Apparent Rate
No. (gm/min) Slope x104 (am) (OC) (OK-l x 104) (gm/cm ) Constant x 105

(moles/cm2/min)

1 2.84 1.32 3.20 1412 5.93 6.87 2.23

2 2.80 0.83 3.50 1419 5.91 6.86 2.40

3 4.79 1.00 3.54 1453 5.79 6.84 4.14

4 5.58 2.69 3.75 1465 5.75 6.82 5.10

5 ·11. 22 1.58 3.01 1496 5.65 6.80 8.20

6 15.72 1.40 3.34 1516 5.59 6.78 12.71

7 2.83 1.40 3.00 1394 6.00 6.89 2.09

8 2.80 0.93 3.50 1419 5.91 6.86 2.40

9 5.13 0.94 3.06 1441 5.83 6.84 3.83

10 6.06 2.50 3.02 1458 5.78 6.83 4.46

11 26.46 10.70 3.02 1534 5.53 6.77 19.32

continued -'
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TABLE XI

SPECIFIC REACTION RATE CONSTANT
(Unsleeved System)

Run Slope x 104 Error in Bath Height· Temperature l/T Densit3 Apparent Rates
No. (gm/min) Slope x 104 (em) (OC) (OK-1 x 104) (gm/cm ) Constant x 10

(mo1es/cm2/min)

12 2.27 0.66 3.41 1395 6.00 6.89 1.90

13 3.32 1.14 3.01 1410 5.94 6.87 2.45

14 5.65 0.20 2.93 1434 5.86 6.85 4.05

15 7.90 0.78 2.96 1460 5.77 6.83 5.10

16 11.99 0.67 2.98 1492 5.67 6.81 8.69.
17 3.81 0.34 3.20 1404 5.98 6.88 3.00

18 10.83 1.72 3.20 1473 5.73 6.82 8.44

19 26.00 4.92 3.00 1409 5.61 6.79 18.92

20 7.03 3.29 1460 5.77 6.83 5.64

21 20.74 1.42 2.97 1510 4.61 6.79 14.94

22 30.32 6.11 2.99 1528 5.55 6.78 21.95

continued
-'
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TABLE XI

SPECIFIC REACTION RATE CONSTANT
(Unsleeved System)

Run Slope x 104 Error in Bath Height Temperature liT Densit~ Apparent Rates
No. (gm/min) Slope x 104 (em) (Oe) (OK-l x 104) (gm/cm ) Constant 2 10

(moles/em /min)

23 2.22 0.22 3.01 1380 6.05 6.89 1.64

24 3.38 0.23 2.67 1396 5.99 6.88 2.22

25 9.34 1.46 1.52 1450 5.50 6.84 3.47

26 .20.90 7.04 1.42 1460 5.77 6.83 7.24



TABLE XII

SPECIFIC REACTION RATE CONSTANT FROM CARBON

MONOXIDE VOLUME EXPERIMENTS (UNSLEEVED)

Run Slope x 104 Bath Height Temperature liT Densit~ Appasaent Rate ~onstant
No. (gm Si I min) (em) (Oc) oK x 109 (gm/em ) x 10 (moles/em Imin.)

1 17.90 2.30 1505 5.62 6.80 10.00

2 5.73 2.30 1445 5.82 6.84 3.22

3 5.47 2.30 1430 5.87 6.87 3.08

4 12.10 2.30 1485 5.69 6.82 6.78

w
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TABLE XIII

SPECIFIC REACTION RATE CONSTANT
(Sleeved System)

Run Slope x 104 Error in Bath Height Temperature l/T Densit~ Rate
No. (gm/min) Slope x 104 (em) (OC) (OK-l x 104) (gm/em ) Constant x 105

(moles/cm2/min)

1 9.34 0.34 1. 78 1425 5.89 6.86 4.07

2 12.44 2.80 1.81 1468 5.74 6.82 5.48

3 12.29 0.65 3.06 1496 5.65 6.80 9.13

4 3.10 0.16 2.98 1398 5.98 6.88 2.33

5 9.82 1.00 1.98 1430 5.87 6.85 4.78

6 8.11 2.17 2.76 1454 5.79 6.83 5.46

7 7.80 0.50 2.98 1459 5.77 6.82 5.66

8 13.59 3.77 2.96 1490 5.67 6.81 9.78

9 25.93 10.32 2.89 1512 5.60 6.78 18.18

10 19.82 2.28 3.20 1506 5.62 6.79 15.38

11 10.80 1. 21 2.82 1466 5.75 6.83 7.43

continued
.......
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TABLE XII I

SPECIFIC REACTION RATE CONSTANT
- (Sleeved System)

Run Slope x 104 Error in Bath Height Temperature l/T Densit3 Rate
No. (gm/min) Slope x 104 (em) (OC) (OK-l x 104) (gm/cm ) Constant x 105

(moles/cm2/min)

12 8.80 1.06 3.43 1472 5.73 6.82 7.35

13 5.10 0.85 2.06 1415 5.92 6.87 2.58

14 6.85 2.63 2.60 1454 5.79 6.84 4.34

15 4.60 0.80 3.00 1410 5.94 6.87 3.39

16 7.30 1.19 3.30 1450 5.80 6.84 5.88

17 16.89 1.56 3.60 1515 5.59 6.78 14.72

18* 8.78 0.60 3.00 1425 5.89 6.86 6.45

19* 24.31 1.22 3.00 1475 5.72 6.82 17.76

20* 46.81 6.39 3.00 1515 5.59 6.78 34.00

21 5.99 2.08 2.22 1408 5.95 6.87 2.71

22 15.41 4.12 1.77 1453 5.79 6.84 6.66

* Full Sleeve .....
w
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TABLE XIV

SPECIFIC REACTION RATE CONSTANT
(Sleeved System. by Carbon Monoxide Analyses)

Run Sil i eon Trans fer Equivalent Bath Densijy Temperature lIT Rate Constant
No. Rate Slope Height gm/em °C °K-1 x 104 x 105

(gm/min x 104) (wt. % $1 I (em) (moles/em2/min.)
min x 10 )

18 14.1 7.05 3.00 6.86 1425 5.89 5.18

18.7 9.40 3.00 6.86 1425 5.89 6.82

19 35.7 17.90 3.00 6.82 1475 5.72 13.10

20 63.2 31.60 3.00 6.78 1515 5.59 23.00

80.1 40.05 3.00 6.78 1515 5.59 29.18



TABLE XV

VARIATION IN CARBON SATURATION

WITH SILICON CONCENTRATION

Experiment No. Slope -k(%C chang~/% Si)

Unsleeved

2 .27 :I: .88

3 .56 :I: .35

4 .51 ± 1.19

5 .27 :I: .16

6 .33 :I: .57

18 .72 :I: .53

19 .31 :I: .63

Sleeved
1 .45 ± .36

2 .29 ± .39

16 . 17 :I: .46

17 .42 :I: .74

18 .37 ± .50

19 .43 ± .69

20 .03 ± .38

Average .37 ± : 56
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TABLE XVI

SLAG ANALYSES

(Zirconium Oxide Sleeves)

Slag No. %SiO~ %CaO %MgO %zro~ Total
{wt.% (wt.%) {wt.%} (wt. 0)

1 56.0 29.4 8.1 3.0 96.4

2 55.2 30.0 6.9 2.0 94.1

3 .60.3 27.3 8.1 2.0 97.7

4 51.8 26.2 5.3 5.0 88.3

TABLE XVII
SLAG ANALYSES

Experiment Si02 CaO MgO Total Temperature
No. (wt.%) (wt.%) (wt.%) °C

Uns1eeved
1 65.2 29.3 4.0 98.5 1412

2 65.7 26.7 5.3 98.7 1419

5 67.0 28.4 5.5 100.9 1496

8 64.2 28.1 7.6 99.9 1419

11 68.2 24.0 6.2 98.4 1534

12 64.9 26.9 8.2 100.0 1395

16 66.3 26.1 8.2 99.6 1492

17 65.1 27.3 7.4 99.8 1404
Sleeved

8 64.9 26.4 8.1 99.4 1490

64.3 26.4 7.7 98.4 1490
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TABLE XVII I

ELECTROMOTIVE FORCE MEASUREMENTS
(Silicon as the Metal Phase)

141

Run No. EMF Temperature Temperature Standard Free Energy Change
(mv) °C oK (cal/gm mole)

1 189 1379 1652 - 17,435

181 1386 1659 - 16,697

167 1407 1680 - 15,405

153 1422 1695 - 14,114

142 1437 1710 - 13,099

128 1452 1725 - 11",808

108 1466 1739 - 9,963

91 1486 1759 - 8,395

70 1516 1789 6,467

52 1533 1806 4,797

2 135 1441 1709 - 12,454

120 1454 1727 - 11 ,070

104 1463 1736 - 9,594

3 74 1507 1780 - 6,826

165 1400 1673 - 15,221

175 1397 1670 - 16,143



TABLE XX

ELECTROMOTIVE FORCE MEASUREMENTS
(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Silicon Content Temperature
(min) ( mv) (wt.%) °C

1 0 123 17.8 1350

16 120

19 128

20 125

32 130

67 147 1370

74 140

75 147

92 148 1385

107 132

134 140

152 265 14.4 1380

155 256

160 203

284 150 1350

289 151

236 126 1350

335 121

conti nued . . .
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TABLE XX

ELECTROMOTIVE FORCE MEASUREMENTS
(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Silicon Content Temperature
(min) ( mv ) (wt.%) °C

2 0 46 7.55 1390

45 52

47 52

56 53

58 53

60 53

82 54

87 55

166 61

201 63

212 63

219 63

240 63

252 63

'309 64 1400

320 65

332 66

368 65

382 64

continued . . .
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TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimenta1 EMF Silicon Content Temperature
(min) ( my') (wt.%) °C

2 1,384 58

1,387 59

1,431 59

1,446 58

1,460 58

1,490 58

1,661 58 1390

1,782 73 6.10

1,787 76

J,801 79

1,811 81

1,826 82

2,088 88

2,779 90

2,829 B8

2,852 88

2,865 BB 1395

2,912 88

2,933 B5

2,960 85

cont i nued . . .



TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Silicon Content Temperature
(min) (mv- ) (wt.%) °C

2 2,962 85

2,982 75

2,994 75

3,096 78

3,101 78

3,105 77

3,119 78

3,137 75

4,295 77

5,870 87 5.12 1390

5,872 89

5,875 90

5,878 89

3 0 - 16.0 1440

13 - 15.0 19.91

21 - 13.5

25 - 14.5

31 - 15.2

40 - 14.5

48 - 13.8 1469

continued
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TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Silicon Content Temperature
(min) ( my) (wt.%) °C

3 51 - 13.5

56 - 13.3

63 - 11.4

70 - 9.2 1475

75 - 8.4

90 - 7.0

96 - 5.2

125 - 1.9

132 - 2.0

150 - 1.0

840 - 3.3 1476

873 - 3.2 1475

885 - 4.4

895 - 5.5

908 - 5.5

950 - 1.3

983 - 0.3

1,032 + 5.3 1510

1,060 + 6.5

continued ...



TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Silicon Content Temperature
(min) ( mv ) (wt.%) °C

3 1,074 + 6.0 1510

1,083 + 18.5 15.42

1,086 + 21.0

1,105 + 37.0

1,113 + 37.5

1,130 + 40.5

1,133 + 40.5 1512

1,160 + 40.6 1475

1,172 + 42.5 1475

1,186 + 43.5

1,234 + 51.8

1,277 + 52.5

1,278 + 54.5

1,315 + 54.8

1,446 + 53.8

1,459 + 54.8 1487

1,463 + 55.5

1,472 + 54.5

1,480 + 54.5'

1,482 + 51.0 11 .61 1490

continued

147



TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Si1 i con Content Temperature
(min) ( mv ) (wt.%) °C

3 1,487 + 56.0

1,497 + 59.5

1,507 + 60.0

1,555 + 61.8

1,562 + 62.0 1490

1,567 + 62.0 1490

2,280 + 39.2 1425

2,322 + 37.5

2,326 + 39.2 1425

2,529 + 46.2 1505

2,560 + 48.5 1505

2,628 + 49.2 1505

4 0 - 23 29.0

4 - 30 1530

16 - 35

21 - 36

43 - 30

166 - 46 1475

196 - 48

148

continued ...
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TABLE XX
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-Si as the Metal Phase)

Experiment No. Time Experimental EMF Sil i con Content Temperature
(min) ( mv) (wt.%) °c

4 216 - 49

226 - 46

256 - 48

276 - 49

296 - 33 22.5 1480

981 - 30

l s006 - 26

1s031 - 20

1s061 - 19 1480

1s081 - 18

1s107 - 19

1s136 - 18 1483

l s400 - 19
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TABLE XXI

ELECTROMOTIVE FORCE MEASUREMENTS
(Fe-C-Si as the Metal Phase)

150

Run No. Time EMF Silicon Content Carbon Content Temperature
(min) Experimental (wt.%) (wt.%) °C

(mv)

5 137 1. 91 1480

6 180 0.20 1450

7 115 2.94 1450

8 120 0.10 1350

9 223 0.03 1370

10 0 152 0.56

242 150

790 171

792 154 0.72 4.88

801 166

828 146

838 152

843 165

1,075 163 + 5

1,078 0.84 4.90

1,080 161

1,081 161

1,095 160

continued . . .
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-C-Si as the Metal Phase)

Run No. Time EMF Sil i con Content Carbon Content Temperature
(min) Experimental (wt.%) (wt.%) °C

(mv)

10 1,100 161

1 ,101 163

1,102 164

1,103 161

1,104 150

1,104 152

1,105 153

1,106 155 1428

1,107 158

1 ,108 163

1,109 159

1 ,110 158

1 ,111 160

1 ,112 159

1,113 161

1,341 158

1,342 151 0.94 4.58

1,344 150

1,346 134

continued ...
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-C-Si as the Metal Phase)

Run No. Time EMF Silicon Content Carbon Content Temperature
(min) Experimental (wt. %) (wt.%) °C

(mv)

10 1,352 142

1,818 147

1,821 1.09

1,823 134

2,520 130

2,521 150

2,525 149 1.35 4.66

2,527 146

2,530 144

2,531 147 1425

2,532 144

11 0 190 1400

2 193

4 192

5 192

8 0.16

12 190

18 188

20 182

conti nued . . .
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-C-Si as the Metal Phase)

Run No. Time EMF Silicon Content Carbon Content Temperature
(min) Experimental (wt.%) (wt.%)

(mv)

11 30 178

35 170

40 170

65 160

71 157

77 154

80 150 0.21 4.90 1398

83 150

95 144

105 142

122 140

211 120

220 123 0.35 4.72

480 93

1,082 0.74 4.60

1,121 77

1,122 0.74 4.63

1,127 73

1,128 75

conti nued . . .
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-C-Si as the Metal Phase)

Run No. Time EMF Silicon Content Carbon Content Temperature
(min) Experimenta1 (wt.%) (wt.%)

(mv)

11 1,129 74

1,130 71

1,133 72

1,140 71

1,146 72

1,195 72

1,196

1,199 75 1410

1,212 96 1440

1,213 99

1,216 99

1,224 0.82 4.59

1,244 99

1,250 100

1,264 99

1,297 94

1,318 91

1,323 90

1,355 88

1,357 1.01
conti nued . . .
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

(Fe-C-Si as the Metal Phase)

Run No. Time EMF Sil icon Content Carbon Content Temperature
(min) Experimenta1 (wt.%) (wt.%) °C

(mv)

11 1,359 84

1,381 91 1440

1,386 93 1455

1,394 91 1461

1,398 96 1480

1,401 103

1,408 104

1,425 101

1,430 98 1.20

1,434 101 1481

fluctuating
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

" Experiment No. 12
(Zr02 sleeve)

Time EMF %Si Temperature Time EMF %Si Temperature
(mi n) (mv) °C (min) (mv)

0 107 . 12 1400 86 103 1401

6 118 186 128 1408

7 123 188 122 .18

12 130 191 128

17 132 197 128

21 135 201 126

25 136 217 124

30 139 224 121

32 141 243 108

37 140 251 105

47 144 278 102

54 145 309 82 .24

61 143 1402 326 92

63 131 337 91

75 127 1400 1,013 57 .71

67 125 1,016 54

69 117 1,021 57

71 111 1,042 53 1402

73 115 1,085 59

82 103 1400
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TABLE XXI
ELECTROMOTIVE FORCE MEASUREMENTS

Experiment No. 13

Time EMF %Si Temperature Time EMF %Si Temperature
(min) (mv) °C (min) (mv)

0 106 1390 140 79

6 106 .61 150 91

8 95 154 95

22 89 1401 211 101

32 80 218 113

111 78 226 107 .73

112 98 228 107

117 94 233 115 1403

120 105 .67 234 120

121 97 235 123

127 108 253 110

128 95 257 111

403 85

Experiment No. 14

0 160 1439 27 159 .71

12 165 1444 35 158

24 165 56 154

124 159 1444
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TABLE XXI
ELECTROMOTIVE FO~CE MEASUREMENTS

Experiment No. 15

Time EMF %5i Temperature Time EMF %~5i . Temperature
(min) (mv) °c (min) (mv) °c

0 95 18.97 1420 173 - 10

148 - 107 174 - 17

153 - 92 178 - 16

155 - 96 180 - 15

156 - 107 186 - 14

160 - 110 197 - 13

167 - 107 212 + 14

168 - 25 12.55 219 11.18

171 - 30 222 + 3

172 - 20 229 + 4 1418

236 + 5
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TABLE XXI
Experiment 16

Time EMF %Si %C Temperature
(min) (mv) °C

0 176 .28 1450

8 176
~

41 168

48 153

61 152

66 147

71 152

72 149

74 151

116 132 .70 4.82

123 134

126 132

246 110

252 78

257 76

260 77

263 84

267 91 1445

269 94

272 97

300 91 conti nued . . .
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TABLE XXI
E~periment 16

Time EMF %Si %C Temperature
(min) (mv) °C

303 89

324 84

326 84

362 79

402 73 1.26 4.25

409 84

411 80

414 75

1)031 40

1,033 43

1)036 47 2.49 4.14

1)042 54

1)044 50

1,081 48 1452

L1l9 53

1,153 41

1,156 41

1,164 44

1)195 42 1458

1)198 43

1)289 56

conti nued . . .



TABLE XXI:

Experiment 16

Time EMF %Si %C Temperature
(mi n) (mv) °C

1,291 42

1,385 42

1,639 61 3.21 4-.07

1,677 60

1,716 .66

1,720 4.46 3.44

1,748 47

1,753 52

1,754 49 1450

1,791 55

1,795 60 11.27 2.57

1,798 63

2,424 30

2,426 31

2,456 32

2,521 33

2,532 33

2,540 33

2,596 34 11.35 1.44

2,501 34 1493

2,634 33

conti-nued . . .
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TABLE XXI

Experiment 16

Time EMF %Si %C Temperature
(min) (mv) °C

2,651 33

2,679 9
~

2,713 - 3.3

2,750 - 0.6

2,721 0.4- 1451

2,853 - 0.3 13.68

3,774 - 2.5

3,783 - 2.5

3,881 - 2.5
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TABLE XXII
ACTIVITY COEFFICIENT OF SILICON IN IRON-SILICON ALLOYS

163

EMF Temperature NSi
- 3 -log YSi

T
-logys;

1420Experiment as; x10 YSi
Number (mv) °C

1* 126 1350 0.30 27.90 0.093 1.03 0.98

141 1380 0.30 19.50 0.059 1.23 1.19

150 1380 0.25 15.10 0.060 1. 22 1.18

126 1350 0.25 27.90 0.112 0.95 0.91

2 59 1390 0.140 0.1325 0.000946 3.02 2.96

81 1390 0.115 0.0717 0.000623 3.21 3.15

91 1390 0.101 0.0542 0.000537 3.27 3.21

3 - 14 1440 0.390 4.369 0.0112 1. 95 1. 97

- 4 1475 0.390 9.078 0.0233 1.63 1.69

5 1510 0.390 18.800 0.0482 1.32 1.41

41 1510 0.266 7.365 0.0277 1.56 1. 70

55 1475 0.266 1.880 0.00707 2.15 2.24

62 1490 0.207 2.422 0.0117 1. 93 2.06

41 1425 0.207 0.607 0.00293 2.53 2.53

51 1506 0.207 5.079 0.0245 1.61 1. 75

4 - 30 1528 0.448 75.106 0.168 0.77 0.86

- 58 1476 0.448 29.209 0.0650 1.19 1.23

- 19 1480 0.366 15.532 0.0424 1.37 1.41

* silicon electrode



TABLE XXIII

ACTIVITY COEFFICIENT OF SILICON IN IRON-CARBON-SILICON ALLOYS

Experiment EMF Temperature Nc NSi 3 I

-1ogYSi
c

Number (mv) °C as; x10 YSi -logYSi logYSi

5 137 1480 0.193 0.032 0.264 0.00825 2.08 3.12 1.04

6 180 1450 0.197 0.00336 0.0334 0.00994 2.00 3.35 1.35

7 175 1450 0.188 0.0353 0.180 0.00510 2.19 3.20 1.01

8 120 1350 0.186 0.00170 0.0068 0.0040 2.40 3.53 1.13

9 223 1370 0.186 0.000509 0.0007 0.00138 2.86 3.51 0.65

10' 165 1425 0.192 0.00857 0.0218 0.00254 2.60 3.40 0.80

160 1425 0.192 0.0117 0.0250 0.00214 2.67 3.36 0.69

154 1425 0.185 0.0152 0.0294 0.00193 2.71 3.35 0.64

149 1425 0.185 0.0185 0.0338 0.00183 2.74 3.31 0.57

144 1425 0.185 0.0218 0.0387 0.00177 2.75 3.31 0.56

11 194 1400 0.193 0.00269 0.0042 0.00156 2.81 3.46 0.65

166 1400 0.193 0.00337 0.0091 0.00270 2.57 3.46 0.89

continued .
.....
O'l
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TASLE XXII

ACTIVITY COEFFICIENT OF SILICON IN IRON-CARSON-SILICON ALLOYS

3 I I
CExperiment EMF Temperature Nc NSi aSixlO YSi -logYSi -logYSi logYSi

Number (mv) °C

11 129 1400 0.190 0.00509 0.0255 0.00501 2.30 3.46 1.16

109 1400 0.186 0.00676 0.0445 0.00658 2.19 3.45 1. 76

94 1400 0.184 0.00846 0.0675 0.00798 2.10 3.45 1. 35

82 1400 0.182 0.0102 0.0941 0.00923 2.04 3.44 1.40

76 1400 0.182 0.0118 0.1112 ,0.00949 2.02 3.43 1.41

98 1440 0.182 0.0135 0.2099 0.0155 1. 81 3.28 1.47

102 1480 0.181 0.0186 0.5436 0.0292 1. 54 3.20 1.66

12 150 1400 0.192 0.00202 0.0143 0.00708 2.15 3.45 1.30

112 1400 O. 191 0.00304 0.0409 0.0135 1.87 3.45 1. 58

88 1400 0.190 0.00456 0.0797 0.0175 1. 76 3.44 1.68

74 1400 0.189 0.00599 0.1175 0.0196 1.71 3.43 1.72

66 1400 0.188 0.00751 O. 1467 0.0195 1. 71 3.42 1.71

continued . .. .....
O"'l
<..n



TABLE XXII I

ACTIVITY COEFFICIENT OF SILICON IN IRON-CARBON-SILICON ALLOYS

Experiment 3 I cEMF Temperature Nc NSi aSi xl0 YSi -logYSi -logYSi logYSi
Number (mv) °C

12 60 1400 0.186 0.00928 0.1733 0.0187 1. 73 3.42 1.69

47 1400 0.185 0.0114 0.1882 0.0165 1. 78 3.41 1.63

54 1400 0.185 0.0127 0.2047 0.0161 1. 79 3.41 1.62

13 92 1400 0.185 0.0103 0.0713 0.00692 ~' 2.16 3.42 1.26

98 1400 0.185 0.0118 0.0604 0.00512 2.29 3.41 1. 12

109 1400 0.185 0.0137 0.0944 0.00324 2.49 3.41 0.92

14 162 1444 0.188 0.0119 0.0421 0.00359 2.45 3.34 0.89

15 -102 1420 0.027 0.3-1 27.105 0.0872 1. 06 1.48 0.42

- 15 1420 0.046 0.214 2.497 0.0117 1.93 21.0 0.17

5 1420 0.052 0.192 1.442 0.00151 2.12 2.25 0.13

16 180 1450 0.184 0.0051 0.0313 0.00614 2.21 3.32 1.11

160 1450 0.183 0.0076 0.0537 0.00707 2.15 3.30 1. 15

continued .....
0"'1
0"'1



TABLE XXI II

ACTIVITY COEFFICIENT OF SILICON IN IRON-CARBON-SILICON ALLOYS

3 I CExperiment Er~F Temperature Nc NSi aSi xl0 YSi -logys; -logYSi logYSi
Number (mv) °C

16 140 1450 0.181 0.0107 0.0920 0.00860 2.07 3.30 1. 23

120 1450 0.178 0.0124 0.1517 0.0127 1.90 3.28 1.38

100 1450 0.174 0.0153 0.2703 0.0177 1. 75 3.25 1. 50

80 1450 0.168 0.0178 0.4633 0.0260 1.59 3.23 1.64

60 1450 0.166 0.0272 0.7941 0.0292 1. 54 3.18 1.64

50 1450 0.162 0.0358 1.0397 0.0290 1. 54 3.14 1.60

44 1450 0.160 0.0473 1.2221 0.0258 1.59 3.03 1.44

58 1450 0.139 0.076 0.8381 0.011 0 1. 91 2.88 0.88

32 1450 0.058 0.193 1.6887 0.00875 2.06 2.22 0.16

- 3 1450 0.026 0.257 4.338 0.0109 1. 72 1. 78 0.06



TABLE XXIV

ACTIVATION ENERGIES

Slope x 10-4 A~tivation Energy Error in
Experimental Set-Up kcal/gm mole Activation A

Energy
kcal/gm mole

Sleeved -47'.25 ± 6.767 93.9 13.4 29.12 ± 0.31

Unsleeved -50.20 ± 5.304 99.7 10.5 30.72 ± .37

Sleeved (full) -56.28 ± 3.585 111.8 7. 1 35.03 ± .07

Unsleeved (CO) -49.70 ± 2.429 98.8 4.8 30.21 ± .16

Composite (sleeved -49.05 ± 4.166 97.5 8.3

and unsleeved)



CHAPTER 6

DISCUSSION OF RESULTS

FARADAYAN YIELD AND KINETIC EXPERIMENTS

A. Faradayan Yield Experiments

6.1 The Local Cell Reaction

It was mentioned in section (2.14) that Wagner(83) suggested that

slag-metal reactions necessarily involved electrochemical processes en

route to the Ultimate reaction. When considering slag-metal reactions

occurring in graphite crucibles he posed the possibility of three types

of reactions taking place. First he considered the conventional type

where molecules or atoms involved in the reaction collided at the slag/

metal interface and electrons transferred directly between the colliding

species, forming the products. This type of reaction was referred to as a

direct chemical reaction. Secondly, he considered the reaction to occur

by a series of electrochemical reactions in which anodic and cathodic

reactions took place simultaneously at different locations along the

slag/metal interface, with electrons transferring many atomic distances

through the metal phase adjacent to the interface. Thirdly, he considered

that a local cell reaction could occur. This local cell reaction was said

to be electrochemical in nature, but was distinguished from the electro­

chemical reaction occurring at the slag/metal interface, (referred to as

the first interface) since it involved a second interface - the slag /

crucibl~ interface. Wagner said that an anodic reaction could

169
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occur at the slag/crucible interface, and a corresponding cathodic reaction

could occur at the slag/metal interface. The electrons were transferred

in the graphite and metal phase and the metal ions migrated in the slag

phase. The relative contribution of this local cell reaction involving

the second interface, i~ comparison to the direct chemical and electro­

chemical reaction at the slag/metal interface, must be known before an

attempt is made to interpret the kinetics of any slag-metal system.

6.2 The Local Cell Reaction in Steelmaking Systems

Baak and King(3) investigated the desu1phurization of iron in

graphite crucibles in terms of the local cell concept of Wagner. They

proposed the anodic reaction at the slag/graphite interface to be:

2-
0slag + Cgraphite = COgas + 2e

The corresponding cathodic reaction was proposed to be:

2 2-
Smeta1 + e = Sslag

(6.1 )

(6.2)

In order to test the occurrence of the local cell reaction in

this system,they created a model system using a carbon free silver-sulphur

alloy as the metal phase and a low melting point sodium borate slag. The

experiments were carried out in alumina crucibles with a graphite rod

inserted into the slag to act as the anode and a nickel rod was inserted

through the slag into the metal to act as the cathode. With this experi­

mental set-up, desulphurization of the metal could only occur by a local

cell reaction, and only when the graphite electrode was connected exter­

nally to the nickel electrode to provide a path for the electrons. They
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attempted to weasure the current passed between the electrodes and to

correlate it through expression (2.1) to the amount of desulphurization

occurring. HovJever, contrary to present belief their results were

spurious, and they were unable to make any definite conclusions con­

cerning the occ~rrence of the local cell reaction in this system(104).

Grimble(9S) and Grimble and Ward(4) investigated the presence of

the local cell effect in the system involving the "reduction of silica from

high silica slags by carbon saturated iron, in graphite crucibles. They

proposed the anodic reaction at the slag/graphite interface to be:

2 02- + 2 C 2 CO + 4eslag graphite = gas
(6.3)

The cathodic reaction at the slag/metal interface was proposed to be:

S·4+ 4 S'lslag + e = lmetal

They suggested that if the local cell reaction were present in

the silica reduction system, then it would be possible to assume that

the reduction of other oxides in the slag could also occur in part by a

local cell reaction. These oxides were said to be: MnO, FeO, CrO, P2oS'

etc., and the common anodic reaction would be:

2-o 1 + C h't = co + 2es ag grap 1 e gas

The individual cathode reactions' would be:

Mn2+ + 2e = Mnmetalslag
2+ + 2e Femeta1Feslag =

Cr2+ + 2e Crmetal
(6.4)

=slag

.£ p5+ + 2e =
5 slag

.£p
5 metal
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6.3 The Local Cell Reaction in the Silica Reduction System

In order to test the existence of this local cell reaction in

graphite crucibles, a Faradayan cell was created by eliminating the anodic

slag/crucible interface with a silica sleeve and by inserting a graphite

rod into the slag phase to act as the anode. In this manner the current

passing between the graphite anode and a graphite conductor connected to

the metal phase which acts as cathode; could be related through expression

(2.1) to the amount of silicon transferred by the local cell reaction.

When carbon saturated iron was used as the metal phase, the current

passed between the graphite anode and the metal phase was equivalent to a

silicon transfer rate of only 0.002 gm/hr. and was insignificant when

compared to the overall silicon transfer rate of 0.80 gm/hr. In a similar

experiment Grimble and Ward(4) observed a maximum current of 18 ma, larger

than that observed here because of the larger crucible design and greater

anode area. In the present work, the current was found to increase as the

graphite anode/slag area increased by inserting the anode further into the

slag. When the anode was inserted into the metal phase, the current immediately

dropped to zero, indicating there were no thermal effects or electrical pick-

up from the winding. When the cell was operating, however, current fluctua­

tions did occur and are possibly related to cell polarization, for as the

reaction proceeds, carbon monoxide is formed at the anode where it adheres

and is evolved intermittently. The carbon monoxide evolved at the slag/

metal interface could also crea~ fluctuations in current.

The existence of the local cell reaction could not be tested con-

elusively with iron-carbon melt as cathode, because the electrochemical
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current could not be related to the amount of silicon transferred to the

metal phase since the slag/metal reaction was far too great in comparison.

The use of carbon free iron was ruled out because the excessive tempera­

tures required would preclude the use of a silica crucible.

A system was chosen using a carbon-free copper metal phase in a

silica lined graphite crucible with a tungsten wire maintaining electrical

contact between the copper and the graphite crucible through a pinhole in

the silicon liner. The anode was a graphite rod inserted with the slag.

Any silica transferred electrochemically to the copper phase could be

measured by the current passed between the graphite anode and the copper

cathode. The first experiment involved a relatively large mass of copper

and the low silicon concentration in the copper had to be determined

spectrographicallys resulting in a large analytical error. In the second

experiment a smaller volume of copper was used. However, the silicon

transferred was correspondingly less because of the reduced electrode

area. The graphite anode and the bottom graphite conducter were hollowed

out and filled with copper to reduce the resistance of the external circuit.

For this second experiment, the spectrographic technique was improved con­

siderably and more accurate results were obtained. Grimble and ward(4)

obtained similar results and also experienced a low rate of silicon trans­

ferred electrochemically, resulting in a large error in the analytical results.

The results obtained (Figures 22 and 23) along with those of

Grimble and Ward, are conclusive proof that the local cell effect is

present in this reduction system. The very small rates of silicon trans­

ferred could be interpreted as indicating that even though the local cell
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effect does exist, its contribution to the overall transfer of silicon is

negligible. If this were true, there would be no need to be concerned

about the second interface when considering slag-metal reactions in graphite

crucibles. However, it could be argued that in this experimental system,

the resistance of the external circuit, which is the path for electron

flow (graphite anode, copper leads, graphite conductor, graphite crucible)

is considerably greater than the essentially short circuit path existing

in a bare graphite crucible. Grimble and Ward(4) measured the internal

resistance of the cell to be approximately 2.0 ohms at 1500°C, and they

estimate the external resistance to be 16 ohms. The present author,

assigning the majority of the external resistance to the 1/2/1 graphite

anode and graphite conductor (36'1 leogth total) and assuming a temperature

of l500°C, calculated the resistance as 0.12 ohm. The use of copper

filled electrodes would reduce this resistance by a factor of at least 20,

but did not appear to influence the transfer rates. No direct conclusions

can be made from these results concerning the contribution of the local

cell reaction to the overall reduction kinetics in bare graphite crucibles.

In the case considered, silicon is transferring to a copper phase and in

the system in question, it is transferring to an iron-carbon-silicon phase.

It is felt that the very small values of silicon transferred cannot be

entirely attributed to differences in resistance paths between the two

systems. In order to clarify the magnitude of the local cell contribution,

a series of kinetic experiments were designed.
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B. Kinetic Experiments

6.4 Design of the Experiments

Having established the existence of the local cell effect in the

silica" reduction system, the contribution of the local cell reaction to

the overall rate of silicon transfer had to be determined. This was

achieved by a series of kinetic experiments utilizing graphite crucibles

as described earlier In the firs't c"ase, the second interface (slag/

graphite) was allowed to contribute to the overall kinetics of the silicon

transfer and in the second case this interface was isolated by a silica

sleeve. The slag was maintained at silica saturation, and the iron at

carbon saturation in both cases. In this manner, both the slag-metal

reaction and the electrochemical local cell reaction involving the slag/

crucible interface were operative in the bare graphite (unsleeved) crucible,

and only the slag-metal reaction was operative in the sleeved crucible

system. Both sets of experiments were performed over a wide temperature

range (1380° to l535°C). Any increase in the kinetics of silicon transfer

in the unsleeved system over that in the sleeved system would be due to

the local cell contribution of the second interface, if other possible rQ.te

varying steps associated \/ith the changing cell conditions are eliminated.

At first, a slag-crucible reaction might be considered in which

pure liquid silicon ;s produced and transferred to the metal phase, thus

increasing the rate of silicon pick-up. However, this reaction is thermo·­

dynamically impossible at the temperatures studies. Grimble(95) investi­

gated how the rat~ was affected by changing the nucleating conditions for

carbon monoxide bubbles (assuming the nucleation occurs at the crucible
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wall) when the nucleation surface varies from a porous one (graphite) to

a smooth one (silica sleeve). Using three types of graphite crucibles with

a wide difference in porosity he was able to detect no effect of different

nucleating conditions for CO bubbles on the rate of silicon transfer.

6.5 The Reaction Mechanism

6.5.1 Introduction

The kinetic data had to be examined on a basis independent of the

geometry of the crucible design and dependent only on temperature.

Experimentally, a linear relationship existed between the amount of

silicon transferred and the time of the reaction, and in an attempt to

elucidate this behaviour, the reaction system was analysed in terms of

possible rate limiting steps.

The stoichiometric equation of the overall reaction is:

5i02 + 2C* = 5i t 1 + 2 CO (6.5)
slag me a. gas

It is highly unlikely that this trimolecular reaction is repre­

sentative of the mechanism of the reaction since it suggests a three-phase

reaction (slag, metal, gas), which can only occur at a three-phase interface.

In principle, the overall reaction can be considered to consist

* In the sleeved experiments the carbon in the reaction is supplied by
the metal phase, but in the unsleeved expeinnents, the carbon source
is either the metal and/or the graphite crucible.
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mainly of two interfacial reactions and four transport processes:

1) Diffusion of silica from t~e bulk slag to the slag/metal interface.

2) Decomposition reaction of silica at the slag/metal interface to form

di"ssolved silicon and oxygen in the metal side of the interface, that is:

Si02 = Si + 2 0
slag

(6.6)

3) Diffusion of silicon from the slag/metal interface to the bulk metal.

4) Diffusion of oxygen from the slag/metal interface to a gas/metal interface.

5) " Diffusion of carbon in_the bulk metal to a gas/metal interface.

6) Reaction of carbon and oxygen at a gas/metal interface to form carbon

monoxide:

C + 0 = co- - gas (6.7)

In considering the individual rate limiting steps, step (1) is

eliminated because of the high concentration of silica in the slag,

because the carbon monoxide evolution stirs the slag, and also because

silica is surface active and would tend to accumulate at the interface(105).

Step (3) is discarded as a possible rate controlling step since Rawling(106)

showed that if the silicon diffusion were rate controlling, the rate of

silicon transfer would be considerably higher than he determined experi­

mentally. The independence of the rate on silicon concentration would

also appear to negate the diffusion of silicon as a rate limiting step.

Step (5) is not regarded as' a rate limittng step because of the high

concentration of carbon and because the stirring in the metal layer

adjacent to the slag/metal interface due to the evolution of CO bubbles

would tend to eliminate concentration gradients. Rawling(106) also showed
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that if diffusion of carbon were the rate limiting step, the rate of silicon

transfer would be considerably higher than that found experimentally. It

has been determined(lD7) that during the reduction of solid silica by high

carbon melts, the rate of silicon transfer was independent of stirring

rates up to 600 r.p.m., and that above 0.1 mole fro of carbon the rate was

independent of carbon concentration. Step (6) is not considered to be

rate controlling because it is genera~ly ~ccepted(108) that equili-

brium is attained quite rapidly after the gas/metal interface has been

established.

Steps (2) and (4) are left as possible rate limiting steps, the

former indicating chemical reaction control, and the latter indicating

diffusion control. The opinions expressed in the literature by previous

authors are by no means unanimous and those favoring chemical control

mechanism are as numerous as those espousing a diffusion control mechanism.

6.5.2 Previous Investigations Concerning the Reaction Mechanism

Fulton and Chipman(89) studied the reduction of high silica slags

by carbon saturated iron, and their results indicated that the reaction

was controlled by a slow step or steps in the chemical reactions. They

determined that stirring of both the metal and slag phases had no effect

on the kinetics, and when CO was bubbled into the metal phase the kinetics

were unaltered. They stated that the slow rate and high activation energy

(110 kcal/gm mole) suggested the slow step could involve the breaking of

Si-O bonds. In a discussion of this paper, Schuhmann(9l) said that the

rate controlling step could also be the diffusion of oxygen across a

stagnant boundary layer in the metal phase. This conclusion was based
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on many assumptions made concerning the following possible reaction steps:

1) Si02 =~ + 2 Q .

2) Diffusion of oxygen across the liquid metal boundary layer at the

slag/metal interface.

3)

4)

5)

Convection within the bulk liquid metal, transporting oxygen.

Diffusion of oxygen across the boundary layer at the metal/gas interface.
. '

Reaction of carbon and oxygen at the metal/gas interface:

f + Q = CO'

6) . Solution of graphite into liquid iron:

Cgraphite = f (6.8)

Schuhmann assumed that equilibrium was complete in (1), (5) and

(6), convection was quick, and that Si and C diffusion were easier

than 0 diffusion. He also said since Fulton and Chipman showed that

bubbling of CO did not affect the rate step (4) was unimportant and thvs

(2) must be the rate limiting step. With step (2) as the limiting step,

he calculated the maximum silicon transfer rate under the experimental

conditions used by Fulton and Chipman to be between 0.002 and 0.2 wt.%

Si/hr., which compared with Fulton and Chipman's experimental rate of

0.03 wt.%Si/hr. Many assumptions were made before Schuhmann arrived at

this conclusion, not all of which are completely reasonable (for example,

that equilibrium in (1) is established). The zero effect of stirring of

the metal phase was ignored. However, it would be expected that a dif­

fusion controlled process (in the metal boundary layer) vlOuld indeed be

affected by stirring.
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Wojcek(96) examined the reduction of solid silica in the form of

quartz capillaries by carbon saturated iron. In his system the capil­

laries were dipped into a carbon saturated bath, and the convection-free

liquid filled the capillaries and was allowed to react for a specific

time after which the capillaries were removed and quenched. The cross­

sections of the quenched specimens were then studied by microprobe

analysis to determine the silicon distribution as a function of time and

distance from the reaction surface. Utilizing a solution of Fick's

second law applying to a system with a constant concentration at a plane

interface with a parallel diffusion flux within a semi-infinite solid,

Wojcek calculated theoretical silicon distribution curves based on a

1 d · (1 10-5range of si icon iffusivitles from the literature 0 varies from x

to 6 x 10-5 cm2/sec). The solution of the diffusion equations indicated

a much greater penetration of silicon into the specimen than was observed

experimentally, which Wojcek said suggested that the reaction was not

diffusion controlled (at least not silicon diffusion) but that the slow,

limiting step occurred in the reaction proper. The observation was in

agreement with the calculation of Rawling that the diffusion of silicon

could not account for the reaction kinetics, but it did not necessarily

preclude other diffusion steps which the author ignored.

Sharma(94) studied the same reaction {solid silica reduction by

carbon in iron) utilizing an induction stirred melt. He rejected

chemical reaction control on ambiguous grounds, stating that the stoi­

chiometric reaction as written in equation 2.61 was unlikely to represent

the real reaction path because of the requirement of a three-phase
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interface (as discussed earlier). He continued to say that if chemistry

did indeed control the reaction rate, the silicon flux would be represented

in terms of the equation he already stated could not possibly represent

the mechanism. The rate equation was said to be:

dt
A [k 2 - k a P 2 ]1 aSi02 ac 2 Si co (6.9)

kl - forward reaction rate constant

k2 - reverse reaction rate constant

From the experimental results, the author calculated the ratio

kl /k2 which is the equilibrium constant for reaction (2.61). Since there

was a considerable variance between the accepted equilibrium constant and

the observed kl /k2 ratio, the chemical control model was abandoned. The

author resorted to a diffusion or transport control model based on the

diffusion of oxygen in the metal phase, which was essentially the same

mechanism formulated by Rawling and Elliot(93). The author determined

activation energies for the reaction to be in the range 75 - 90 kcal/g.mole.

The transport mechanism proposed by Rawling and Elliot(93) is

internally consistent, but the criterion for choosing this mechanism is some-

what doubtful. The authors created an electrochemical graphite cell which

consisted of two compartments, one containing a high silicon Fe-C-Si

(18.5% Si) ternary alloy, and the other containing a low silicon carbon

saturated iron alloy so that silicon was transferred electrochemically

from the high silicon side (anodic surface) to the low silicon side

(cathodic surface). No gas evolution was observed from either side of
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the cell. The rate of silicon pick-up in the low silicon side was two

to three times the rate of silicon pick-up in a nqrmal slag-metal reaction

when carbon monoxide was evolved. From these observations, the authors

concluded that the rate limiting step in the ordinary slag-metal reaction

must be in the formation of CO bubbles. They said that the driving force

for the transfer of silicon was similar in both systems (the electrochemi­

ca1 system and the slag-metal sys tern) "bec'ause the compos i ti on of the slag.

and the metal phases was the same, the only difference being that CO gas

was evolved in the slag-metal system. However, the driving forces are

not identical, for in the electrochemical cell system, the driving force

is a function of the difference in silicon concentration between the

high silicon and the low silicon compartments and in the normal system the

driving force is the free energy charge of the chemical reaction. These

two driving forces are not comparable and no conclusions can be drawn

concerning possible rate limiting steps from the variationin transfer rates

between the two systems. Based on their diffusion model, the authors

determined an activation energy of 110 Kca1/g.mole at l600°C and 200Kcal/

g.mo1e at l700°C. From these results they' concluded that at temperatures

up to 160QoC the transport of oxygen in the metal Has rate limiting, but

at higher temperatures another step in the reaction, ~Ihich may be chemical

in nature, became rate limiting.

Turkdogan et a1. (92) experimented on the same reaction using an

apparatus where a stream of CO gas impinged upon the slag/metal interface.

Because of the presence of the gas impingment at the slag/metal interface,

and because of the linear relationship bet~Jeen silicon concentration and
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time, they suggested a chemical control mechanism rather than a transport

one. The authors adopted a chemical control mechanism in which an adsorp­

tion isotherm was used to describe the adsorption of silica at the slag/

metal interface. When CO was not impinged upon the interface (accidentally)

the authors observed a noticeable decrease in the silicon transfer rate,

and concluded that in the absence of CO bubbles the-diffusion of oxygen

from the slag/metal interface to the crucible walls was rate limiting.

The formulation was similar to that used by Rawling and Elliot. The

effect of CO impingment on the slag/metal interface, observed by these

authors, did not agree with the effect of CO determined by Fulton and

Chipman(89). Fulton and Chipman did not impinge CO on the slag/metal

interface, but they did bubble CO into the metal phase, which would

present CO bubbles at the slag/metal interface, negating any necessity

for CO nucl eatoj on. They found no effect of bubb1i ng CO into the meta 1 on

the kinetics of sil icon transfer.

Grimble(95) studied this reaction and found that the transfer

kinetics involving slags of high silica contents (activity >0.9) and lo'tl

viscosity were unaffected by stirring and yielded an activation energy

for the reaction of 127 Kcal/g.mole. He suggested that these observations

indicated a chemical control mechanism, but he did not present any data

to support which step in the reaction was rate controlling. He said it

was likely that silicon monoxide formation was an intermediate step, and

that Fulton and Chipman were correct to choose the slow step as being the

breaking of silicon-oxygen bonds. He also observed that as the silica

content decreased, the kinetics were more affected by stirring, indicating

a progressive shift to a diffusion mechanism at low silica activities.
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Activation energies evaluated for this case were in the order of 40 Kcal/

g.mole. The rate of transfer for high Si02 slags was said to be diffusion

controlled at low temperature, with a change to chemical control at higher

temperature as the slag viscosity is decreased, the diffusivity is increased

and also as CO evolution is increased, causing greater stirring effects.

Several diffus-ion steps were considered as being possibly rate

limiting:

1) Diffusion of (a) silicon and (b) oxygen ions across the slag side of

the slag/metal interface.

2) Diffusion of (a) silicon and (b) oxygen across the metal side of the

slag/metal interface.

3) Diffusion of silicon into the bulk.

4) Diffusion of oxygen through the bul k to the metal/gas interface.

5) Diffusion of oxygen across the boundary layer at the metal/gas interface.

6) Diffusi on of carbon from the walls to the bulk metal.

l(a), 2(a) and 3 were eliminated since the experimental observations

indicated that the silicon transfer was independent of the silicon content

in the metal, which would not be the case if silicon diffusion were the

rate limiting step. Grimble said that step 2(b) oxygen diffusion across,

the boundary layer on the metal side, would result in an activation energy

for the reaction of approximately 10 Kcal/g.mole. Since it was determined

experimentally that the activation energy was an order of magnitude higher,

this step was precluded as a rate limiting step. Step (4) was eliminated

because if this step were controlling, the rate should remain constant or

vary inversely with the crucible cross-sectional area, which was not the
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case. He also said that stirring the melt just before a sample was taken

should have an effect on the rate, but did not. He argued that if step

(5) or (6) were rate limiting, the transfer rate would be independent of

the slag-metal interfacial area, which was not the case, experimentally.

The basis upon which the author rejected steps 2(b), 4 and 5 as

being rate limiting steps appears to be ill founded. Rawling and Elliot(93)

showed that if the diffusion of oxygen in the met"al phase were taken as

the rate limiting step, the rate constant for the reaction would consist

of several temperature dependent terms. These included the enthalpy term

of reaction (6.6), the heat of activation for viscous flow of iron, the

heat of activation for diffusion of oxygen in iron (8 Kcal/rnole) and the

heat of solution of oxygen in carbon-saturated iron. The resultant acti-

vation energy for diffusion control was calculated to be approximately

110 Kcal, well in agreement with those observed experimentally by Grimble

and far greater than the 10 Kcal/gm. mole which Grimble said would indicate

oxygen diffusion control.

Thus by a dubious process of elimination, Grimble concluded that

the diffusion of oxygen across the boundary layer on the slag side was

the rate controlling step in the diffusion controlled system.

6.5.3 Proposed Reacti on r~echani sm for Present Studi

On the basis of the foregoing it was felt that the limiting step

in this reaction system was reduced to a choice between a chemical control

step or a diffusive one. It was further felt the most logical diffusive

step was the diffusion of oxygen in the metal phase. However, because of

the independence of the silicon transfer rate on stirring either or both
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phases, and because of the seemingly negl.igible effect of introducing CO

bubbles into the metal phase (from Fulton and Chipman data) this trans-

port mechanism was considered to be less plausible than a chemical control step.

The rate controlling step was chosen to involve a chemical reaction,

and the most logical one was the decomposition of silica at the slag/metal

interface to form silicon and oxygen dissolved in the metal. The prcdomi­

nence of a direct chemical reaction over that of an electrochemical rea~tiun

as postulated by wagner(83), was assumed for simplicity. The reaction

mechanism is written:

$1' + 2 0
-S/i-1 (6.10)

•

0=0
--S/~' --G/~1

o G/M + C = CO- - gas

(6.11)

(6.12)

kl - forward reaction rate constant(moles of silicon/cm2/sec)

k2 - reverse reaction rate constant(moles of silicon/cm2/sec)

.Q S/M::: oxygen concentration at slag/metal interface

Q'G/M ::: oxygen concentrati on at gas/metal interface

Reaction (6.10) is the rate controlling step, (6.11) is assumed

rapid and (6.12) is taken to be at equilibrium.. Assuming the order of

reaction with respect to various chemical species is equal to the corres­

ponding molecularity, the number of moles of silicon transferred per

unit time is given by:

(6.13)
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. dnS'
nSi =----, =moles of silicon transferred per unit time

dt

a
Si02

= activity of silica in the slag at the slag/metal interface

as; - activity of silicon .. in. the metal at the slag/metal interface

ao - activity of dissolved oxygen in the metal phase at the

slag/metal interface

A 2- slag/metal interfacial area, cm .

Since (6.11) is considered to be much qUicker than (6.10), the

oxygen activity at the slag/metal interface which is required for the

solution of (6.13) is equal to the value at the gas/metal interface

derived from reaction (6.12):

K =2

where K2 - equilibrium constant for reaction (6.12)

Iai - activity of species i at the gas/metal interface

and klK =-
1 k

2

Kl = equilibrium constant for reaction (6.10)

. .
Substituting k2 in terms of kl and Kl and replaclng aO by aO

in (6.12), the following relationship is derived:

. kA[ 1 [PC.O]2 ]
n5i = 1 aSi02 - K K 2 aSi

1 2 aC
(6.14)
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I

In the present system a
Si02

= aC = 1. Grimble has shown that for

reaction (2.61), even in neutral reaction atmospheres, the carbon monoxide

partial pressure at the gas/metal interface is essentially one atmosphere,

therefore (6.14) can be written:

(6.15)

The values of the equilibrium constants K1 and K2 are obtained

from the data of Chipman(122), and Rist and Chipman(131) and Richardson

and Jeffes(113), respectively for 1400°C. The numerical value of 1/K1K2
2

was found to be approximately 14, and since in the present system, the

activities of silicon are low «10- 3), equation (6.15) may be simplified

as follows, without introducing significant errors:

(6.16)

Thus when the interfacial chemical reaction control mechanism is

considered, the rate of silicon transfer to the metal phase per unit

cross-sectional area is expected to be constant at a given temperature,

providing the silicon activity remains sufficiently low (this criterion

is met in the present experimental method where the silicon activity is

h h · d -3near zero w en t e reactlon commences an never exceeds 10 during the

course of study). The linear relationship of silicon content and time

of reaction, obtained in the present investigation, indicates that the

reverse reaction is unimportant.
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6.6 Interpretation of the Kinetic Results

In equation (6.16), the rate of the reaction is expressed in

terms of the number of moles of silicon transferred across the slag/metal

interface per unit time. The actual observed quantity is the concentration

of silicon in wt.% as a function of time. For a direct comparison of

theory and experiment to extract the values of the forward rate constant

for reaction (6.10), a transformation 'of 'equation (6.16) into the proper

form is desired. Thi s has been accomp1{shed in the fo 11 owi ng manner:

The rate of si1icoh transfer per unit volume, V, of metal phase is:

v

A
k ­
1 V

(6.17)

Integrating (6.17) with V taken as constant gives:

"Si A- = k - t
V 1 V

Converting moles/unit volume to wt.%:

n5i CSi P
- - --'-----

V 100 MSi

(6.18)

(6.19)

P - density of the metal phase (gm/cm3)(109)

(6. 20)

CSi = wt.% silicon in the metal phase

M5i - atomic weight of silicon (28.09)

Substituting for n5i from equation (6.19) into equation (6.l8) gives:

2809 k1A
= t

Vp
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(6.21)

The value of k may be obtained from the slope of the concentration ­

time plots and kl , the forward reaction rate constant for reaction (6.10)

can be calculated from the following relationship:

kVp
k =---
1 2809 A '

(6.22)

The rate expressions, equations (6.13 - 6.22) are proposed to be applicable

for both the cases of sleeved and unsleeved graphite crucibles. Strictly

speaking, it is not true for the unsleeved case since the electrochemical

mechanism, which is not included in the formulation, is operating parallel

to the simple slag-metal reaction. The purpose of this kinetic study is

to determine the relative importance of these two simultaneous mechanisms.

The apparent value of kl evaluated from the results obtained with unsleeved

graphite crucible should be, in principle, higher than the true value. The

difference of these rate constants will be used as the indication of the

relative contributions of the individual mechanisms to the overall rate

of reaction.

The forward reaction rate constants calculated from equation (6.22)

utilizing the slopes of the kinetic curves are listed in Tables XI, XII

and XIII for the unsleeved system, the unsleeved system utilizing the CO

measuring furnace,and the sleeved system, respectively. The forward re­

action rate constants for experiments 18, 19 and 20 of the sleeved system

calculated from the 'equivalent slopes' discussed in the preceding chapter

are listed in Table XIV.
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From these results it is obvious that k, strongly depends on

temperature, hence the exponential term dominates and the Arrhenius

relationship may be used:

k - A e- Q/RT, -

where the pre-exponential term A is taken as constant.

From equation (6.23):

1n k, = -Q/RT + AI

Q :: activation energy for the reaction

(6.23)

(6.24)

R :: gas constant

The values of ln kl for all the kinetic experiments are shown as

a function of l/T in Figure 54. The type of furnace used was observed

to have no noticeable effect on the reaction rate. The kl values for

experiments 25 and 22 (done in the carbon resistance furnace) of the

unsleeved and sleeved cases, respectively, did not vary appreciably from

the corresponding experiments done in the molybdenum resistance furnace

(Within the experimental accuracy of the technique). Experiment 20 of

the unsleeved system was not stirred over a period of sixty-nine hours

and the kl value did not vary significantly from that expected, indicating

that stirring of the metal phase has no effect on the kinetics. Experi­

ments 13, 14 and 21 of the sleeved system were carried out using zirconium

oxide sleeves (ZrOZ) extended to the bottom of the graphite crucible, and

no effect on the expected values of kl was observed. In experiments 21

of the unsleeved sytem and 25 of the sleeved system the slag was not

maintained at silica saturation, but the decrease in silica activity over
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the experimental period was so small that the kinetics were unaffected.

No effect of crucible geometry was observed on the value of kl , as seen

from experiments 25 and 26 of the unsleeved system when the bath height

was 1/2 the normal value, and in the sleeved system where the slag/metal

interfacial area in experiments 13,14 and 21 was 1/3 greater than normal.

The mode of sampling was also shown to have no influence on the value of

kl since experiments 1,25 and 26 of the unsleeved system and experiment

22 of the sleeved system were taken with graphite spoons with no appreci­

able difference in kl , Also, experiment 16 of the unsleeved system was

sampled by both graphite spoon and suction up a silica capillary, and

the analyzed silicon contents were the same within the precision of the

analytical technique. The analysis of various slags at random illustrates

that the slag phases were essentially at silica saturation during the

experimental periods.

The large kl values for sleeved experiments 18, 19 and 20 were

expected since an additional reduction interface was introduced - the metal/

silica sleeve interface. The observed values of kl are approximately twice

the values for the case where the silica sleeves terminated at the slag/

metal interface. In an attempt to calculate the excess silicon transferred,

Sharma's data(94) was used since it dealt with the reduction of solid

silica by carbon saturated iron. Unfortunately, the silicon transfer

rate at the metal/silica sleeve interface done using Sharma's rate con­

stant was found to be larger than the observed rate (due to both the metal/

silica sleeve and slag /metal interfaces), by a factor of 10. This anomaly

was attributed to the great variation in experimental conditions - in

Sharma's work the melt was inductively stirred in a high frequency furnace
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which could result in erosion of the silica along with the chemical

reaction. The eroded silica could then react with carbon in the bulk

metal, accounting for a large silicon transfer rate. No further attempt

was made to analyze these results as it was considered sufficient to

note that the additional reaction interface resulted in a double fold in-

crease in the silicon transfer rate.
"

It was also seen that the reaction rate~ for experiments 18, 19

and 20 determi ned by the CO evo1uti on ra'te agreed wi th those determi ned

by ,the rate of silicon pic~-~p :in the melt. The method, however,is not

as accurate as the silicon analyses method because of the difficulty in

analyZing such small CO quantities in the gas, but it does present an

alternative, if for any reason the melt cannot be analyzed or disturbed.

The effect of crucible and metal geometry, and mode of sampling

have been eliminated as possible rate varying steps. The results have

thus been reduced to determining the effect of the electrochemical local

cell reaction on the kinetics of the slag-metal reaction. This effect is

discussed in the following section.

6.7 The Contribution of Electrochemistry to the Overall Kinetics

It was mentioned in the preceding section that the value of the

apparent reaction rate constant for the unsleeved system should give an

indication of the effect of the second interface (the slag/graphite inter­

face where the local cell effect can occur) on the overall kinetics. If

the local cell mechanism is operating, the amount of silicon transferred

will increase accordingly, resulting in a'n increase in the apparent

reaction rate constant.
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The variation of k, for the unsleeved system from k, for the sleeved

system is examined using the Arrhenius plot of Figure 54. In all, four

separate sets of data are analysed:

1) Uns 1eeved experiments by the sil i can analys i s method.

2) Unsleeved experiments by the carbon monoxide measuring method.

3) Sleeved experiments by the silicon analysis method (omitting experi­

ments 18, 19 and 20)

4) Sleeved experiments 18, 19 and 20.

The individual sets of data indicate a linear relationship of

In kl with the inverse of the temperature, and the best straight lines

were calculated for each set - the results are shown in Figure 55. The

equations of the lines were calculated to a 95% confidence level by the

least squares method presented in Appendix A. The activation energies

for the individual data were calculated from the slopes and are listed

in Table XXIV.

The three fully sleeved experiments yielded an activation energy

of 112.6 ~ 7.2 kcal/g.mole which was somewhat higher than those deter-

mined for the other data. There will be little comment on this result,

except that far fewer experiments were done, which could account for this

larger value. Also, the activation energy reflects a reaction occurring

at two sites which are not necessarily equivalent. One site is a silica

saturated slag in which the silica network has been modified by the presence

of CaO and MgO, and the other is an unaltered solid silica network. Per­

haps the silicon transferred at the metal/silica sleeve interface could be

determined as that in excess of the silicon transferred at the slag/metal
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interface which is known from the sleeved experiments which extended only to the
,

slag/metal interface. In this manner the rate of reduction of the solid

silica by carbon saturated iron will be determined, and hence the acti­

vation energy could be determined. However, it was felt that the data

of these three ex~eriments were insufficient to make conclusions con­

cerning the solid silica reaction.

The sleeved experiments (less 18, 19 and 20) yielded an activation

energy of 93.9 ± 13.4 kcal/g.mole. The unsleeved experiments yielded an

activation energy of 99.7 ± 10.5 kcal/g.mole, and the unsleeved experi­

ments by the CO measuring method yielded an activation energy of 98.8 ±

4.8 kcal/g.mole. Combining the data of these three systems yielded a

composite activation energy of 97.1 ± 9.6 kcal/g .. mole.

Two points thus remain to be resolved before the electrochemical

contribution can be commented upon. First, it must be shown whether the

three activation energies can be represented by a composite or pooled

value which would indicate the same reduction mechanism in the three

cases studied. Secondly, it must be determined whether there is any

significant variation in the ordinate (In kl ) between the three lines;

any displacement of the unsleeved line above the sleeved line would be

indicative of an electrochemical contribution.

The three systems were analyzed by a pooling technique which is

discussed in Appendix A. It was shown that the degree of deviation removed

by using a pooled slope for the three sets of data instead of three indi­

vidual slopes, was significant, and hence the data are best described as

having one slope, or more precisely, one activation energy. The acti-

vation energy derived from the pooled slope is 97.5 ~ 8.3 kcal/g.mole.

It was also shown that within the experimental error limits of the present
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study that there was no significant displacement in the ln kl direction

between the three lines, hence the data are best described as one straight

line as seen in Figure 54.

The results of the present investigation thus show that although

the electrochemical local cell effect does exist when bare graphite

crucibles are used (seen by the Farad~yan Yield experiments), the contri­

bution to the overall kinetics is insignificant within the experimental

error of the method. This observation is in contradiction to the work

of "Grimble and Ward(4) who' determined that at 1450°C the electrochemical

contribution was of the same order of magnitude as the contribution from

the slag/metal interfacial reaction. It is worthwllile to note that Grimble

and Ward carried out only two experiments at one temperature. Figure 54

shows their results calculated on the same basis as the present investi­

gation, and it is seen that the ln kl value for their sleeved experiment

lies well in the range of the present data, but the ln kl value for their

unsleeved experiment is higher than the corresponding results obtained in

this investigation.

6.8 The Effect of Silicon on the Solubility of Carbon in Liquid Iron

The results of Chapter 5 show that as the silicon content of

the metal phase increased, the carbon content decreased in a linear

fashion, at least at low values of silicon. The decrease in carbon

solubility from the silicon free system is best shown as a function of

the silicon content, irrespective of the temperature, by:

(6.25)
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Unfortunately, there is a large error due to the inaccuracies of

the carbon determinations. In most cases, the small variation in the

decrease in carbon solubility due to the silicon is of the same order of

the degree of accuracy of the analytical technique (0.05%C) and a rela­

tively large error is introduced. However, the average result is in

agreement with that of Chipman et al. (102) who found the solubility

decrease to be essentially independent of temperature and best repre­

sented by:
(6.26)

6.9 Error Analysis

6.9.1 Faradayan Yield Experiments

The errors inherent in the Faradayan yield experiments are largely

due to the very low silicon transfer to the copper. The low silicon values

in the copper necessitated the use of spectrographic techniques which were

reproducible within ~ 0.005 wt.% 5i. The predicted silicon content was

calculated from the measurement of the current passed, integrated over the

time of reaction. The accuracy of these measurements were probably of the

same order as the analytical technqiues, due to minute fluctuations in the

current which was not measured continuously, but rather continually.

6.9.2 Kinetic Experiments

~The calculation of the forward reaction rate constant involves

several variables which are subject to error. The forward reaction rate

constant is given by,

k~

2809A
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which is written,
(6.27)

where h is the height of the metal bath and is assumed constant.

The effect of the individual errors in the slope, the height and

the density of the melt is determined by consecutively holding two
",

variables constant and noting the effect of the error of one on the value

(6.28)

(6.30)

(6.29)

of kl' that is:
dk l hp

(- ) =--
'dk h, p 2809

dkl kh
( - )k h ---

dp , 2809

dkl kp
(- ) ---

dh k,p 2809

Thus to determine the maximum possible error in kl due to errors

in k, hand p, the numerical values of the individual errors are added:

(6.31 )

6kl - total error in kl due to errors in k, hand p

6k - error in the slope

6p - error in density

6h - error in height

The error in the slope is determined from the least square line

and is listed in Tables IX, X and XI. The average error is ~ 18%, and

the error in the density is estimated at ~ 2%. The error in the height
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measurement is estimated at ~ 5%, due to curvature of the slag/metal inter­

face, the dissolution of graphite from the crucible walls to maintain sat­

uration, and the effect of removing metal by sampling.

As an example, the error in kl for unsleeved run number 9 which

had a 18.3% error in the slope (which was close to the average error for

all the runs) was calculated, where k = 5.13 x 10-4 ~ 0.94 x 10-4 wt.%

Si/min., p = 6.84 + 0.14 gm/cm3 and h = 3.06 ~ 0.15, using expression

(6.31):

~kl =0.97 x '0~5

Thus, the k, value is 3.83 x 10-5 + .97 x 10-5 or the error is 25%.



CHAPTER 7

DISCUSSION OF ELECTROMOTIVE FORCE EXPERIMENTS

7.1 Introducti on

In this chapter) the results of the electromotive force measure­

ments for similar slag-metal systems used in the. kinetic study will be

discussed. For all the experiments the molten electrolyte was silica

saturated slag with the balance consisting of calcium oxide and magnesium

oxide. The slag remained at.silica saturation because it was in contact

with a solid silica sleeve. The results of the Faradayan Yield experi­

ments illustrated the existence of an electrochemical local cell mechanism

which led to the design of several electrochemical cells to study the

thermodynamics of the following three systems:

1) The oxidation of silicon by carbon monoxide gas to form silica and

graphite.

2) The reducti"on of silica by graphite to form silicon dissolved in

iron-silicon melts.

3) . The reduction of silica by graphite to form silicon dissolved in

iron-carbon-silicon melts.

The standard free energy change for (1) was evaluated from the

experimental emf measurements) and the results were compared to those

obtained from the literature and discussed. The emf measurements from

(2) and (3) were used to calculate the activity of silicon in Fe-Si

and Fe-C-Si melts, and in combination with chemical analyses and other

200
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information from the literature, the activity coefficient of silicon in

iron-silicon and iron-carbon-silicon alloys was calculated.

7.2 The Electrochemical Cell Reactions

As mentioned earlier, the electrochemical experiments were based

on the occurrence of the local cell reaction as:

2 02- + 2 C = 2 CO + 4 e 'slag/graphite electrode interface

(anode)

5i 4+ + 4 e = Si -slag/metal interface (cathode)

The overall reaction is:

5i02 + 2 C = Si + 2 CO

The direction of the reaction was predicted from the available

data on the thermodynamics of the system, which showed that the reaction

would proceed as written if a silicon sink existed such that aSi < 1.

If no silicon sink existed, the silicon produced would be in a pure state

and the reaction would only occur wh~n the temperat~re exceeded a value

near l600°C. Thus, when Fe-C-Si and Fe-Si melts are used as silicon

sinks, providing the silicon activity is low enough and the temperature

is not excessively low, the reaction will go spontaneously as written.

When pure silicon is used as the metal phase, at temperatures less than

1600°C, the reaction is reversed and silicon is then oxidized by CO.

7.3 Silicon as the Metal Phase

When silicon is used as the metal phase and graphite as the top

electrode, (separated by the slag electrolyte) a chemical cell is formed

such that an overall chemical reaction would take place if the metal
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motive cell is represented by the sequence:

The electro-
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Si/(SiOZ-CaO-MgO)liquid' Si02 . /Cgraphite' CO (7.1)
SOlld

The cell sequence is written so the electron flow is from left

to right, and the overall reaction is the oxidation of silicon by CO gas:

Si + 2 CO = 5i02 + 2 C

The anodic reaction is:

Si = Si 4+ + 4 e

The cathodic reaction is

2 CO + 4 e = 2 02- + 2 C

The free energy change for reaction (7.2) is expressed by:

~G = ~Si02 + 2 ~C - ~Si - 2 ~CO

~i = chemical potential of species i

(7.2)

(7.3)

(7.4)

(7.5)

In the present experimental set-up, both products and reactants

were in their standard states (Si02 saturated slag, pure graphite electrode,

pure silicon metal, CO gas at 1 atmosphere).

Therefore:

or,

o 20 0 2 0
~Si02 + ~C - ~Si - ~CO

o 0
~G = - n F £:

(7.6)
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Thus the measured potential was the standard emf for reaction

(7.2) and was used to calculate the standard free energy change for the

reaction. The results are shown as a function of temperature in Table XVIII

and Figure 42. In this system, the top graphite electrode was positive

as expected. There was no observed effect of the CO flow rate down the

top electrode on the measured emf, even w~en the .flow rate was zero. This

led to the suspicion that carbon monoxide gas was being supplied by another

source.

Initially it was thought that this source might possibly be a

side reaction at the graphite/slag interface producing silicon monoxide

and carbon monoxide gas, according to:

5i02 + Cgraphite electrode = COgas + SiOgas (7.7)
slag

The standard free energy change for reaction (7.7) was calculated (see

Appendix B) to be + 24,800 cal/gm.mole, at l450°C.

Considering the sign and magnitude of this free energy change,

it is unlikely that CO will nucleate at the slag/graphite electrode

interface at 1 atm pressure hence this side reaction would not supply a

source of CO. Another possible side reaction to produce CO at l.atmosphere

pressure was considered:

5i02 + 3 C = SiC + 2 CO (7.8)

The standard free energy change for reaction (7.8) was calculated

to be + 7,400 cal/g.mole at l450°C (see Appendix B). Again it is unlikely

that reaction (7.8) would result in the nucleation of CO gas at 1 atm
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pressure) because it is thermodynamically impossible. The graphite electrode/

slag intel~face was microscopically examined for a possible third phase

which might have been identified as SiC) but no such phase was observed.

The presence of CO cannot, therefore, be ascribed to reaction (7.7) or

reaction (7.8), but it is considered that the CO partial pressure at the

cathode would remain at essentially 1 atmosphere for a considerable length

of time after the CO flow rate was stopped, due to the adherence of CO

bubbles to the electrode.

After these experiments were carried out, a white, spongy material

was found precipitated on the upper graphite electrode and the lower

graphite conductor, in the cooler regions of the furnace. The material

was analyzed and identified as pure silica. A similar observation was

made by Grimble(95), Turkdogan(92) and Birks(llO). This deposition of

silica was attributed to the fO~lation of silicon monoxide by the reaction:

Si02 + CO = SiO + CO2g g g
(7.9)

, The carbon monoxide which was blown down the graphite electrode

reacted with the silica in the slag to form silicon monoxide and CO2 gas.

The problem of nucleating the SiO and CO2 was eliminated because of the

presence of the CO gas phase. The standard free energy change for

reaction (7.9) was calculated to be 52,700 ca1/g.mo1e (Appendix B). The

silicon monoxide is very unstable and would be reoxidized in the cooler

parts of the furnace to form a spongy silica deposit.

Grimble(95) qualitatively confirmed the nature of reaction (7.9)

by pre-weighing a high silica slag into a platinum crucible and observing
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essentially no weight loss over a 12 hour period at 1550°C. He concluded,

therefore, that the Si02 deposit was the result of the oxidation of the

Si a formed by reacti on (7.9).

The standard free energy change calculated from the cell emf was

a linear function of the temperature as seen from Figure 42. The best

straight line representing the result~ wa~ determined by the least square

method described in Appendix A, and is given as:

where

~Go = - 153,600 + 82.5 T

AH o = - 153,600 ~ 700 cal/g.mole

ASo = - 82.5 ~ 4.3 cal/g.mole oK

(7.10)

The temperature range was extended to just below the melting point

of silicon (14l3°C), but the expected change in the slope of the line,

associated with the entropy of fusion of silicon, was indeterminable

from the results. The slope would be expected to decrease as the tempera­

ture descended through th~ melting point of silicon.

7.3.1 Comparis~n of the Experimentally Determined AGo to Values

from the Literature

The experimentally determined standard free energy change for the

oxidation of silicon by carbon monoxide was compared to results from

the literature.

Ramstad and Richardson(lll) studied the equilibrium reactions:

(l.ll)



5i02 + Si = 2 SiO (7.12)
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Using the literature data for 2 H20 = 2 H2 + O2, they calculated the

~. free energy of formation of silica ~ tridymite) to be:

6GO = - 222,800 + 47.6 T (7.13)

Combining this value with the free energy of formation of carbon monoxide

derived from the National Bureau of Standards' selected values(112),

which is
o6G = - 56,700 - 40.4 T (7.14)

the standard free energy change of reaction (7.2) is calculated to be:

6Go = - 166,600 + 88.0 T (7.15)

Richardson and Jeffes(113) calculated the free energy of

formation of silica from literature data of heats of formation at 200 C,

entropies at 25°C and the specific heat of silicon, oxygen and silica

such that
6GO = - 217,520 + 48.8 T (7.16)

Combining this result with the free energy of formation of CO (7.14)

yields the free energy change for reaction (7.2) as:

6Go = - 161,400 + 89.2 T (7.17)

Rein and Chipman(l12) calculated the free energy of formation of silica

from the literature values for heat and entropies of formation of silica,

giving,
6GO = - 226,500 + 47.5 T (7.18)

Combining this with the free energy change for the formation of CO (7.14)

gives the free energy change for reaction (7.2) as:

6GO = - 170,300 + 87.9 T (7.19)
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Schwertdfeger and Engel (68) measured the free energy of formation of

silica by an electrochemical technique using chemical cells represented

by the sequence:

(7.20)

They determined the free energy of fot'matlon of silica to be:

~G = - 221,000 + 46.2 T (7.21)

Combining their results with -the free energy of formation of CO

gives the standard free energy change for reaction (7.2) as:

~G = - 165,800 + 86.6 T (7.22 )

It is thus seen that the present experimentally determined

value (7.10) for the'standard free energy change for reaction (7.2)

is numerically less than the average derived from various literature

values (7.15,7.17, 7.19 ,7.22). The enthalpy change for the reaction

is lower by 12,400 caljg.mole than the average from the literature,
,

and the entropy change is lower by 5.4 caljg.mole oK, representing

deviations of 8 and 6%, respectively,

At 1450°C: ~G~iterature =-14,500 cal/gm.mole

~G~resent work = - 11,500 cal/gm.mole

The literature values predict that reaction (7.2) will go

spontaneously up to a temperature of 1615°C, and the present experimental

results predict a temperature up to 1588°C.
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7.3.2 The Discrepancy of the Present Results with the Literature Values

The discrepancy between the literature results and the present

results, while not excessive, is attributed to the widely varying means

of determination of the standard free energy change. The values obtained

from the literature were calculated using the results of at least two

separate determinations, that for the fornlation of Si02 and CO.

The standard free energy change for the formation of Si02 has

been the subject of some doubt in the past(114) (Chipman's note) but

is now firmly established as ~eing very near that given earlier by Rein

and Chipman(112). The present experimental system has the advantage

over the others, in that the standard free energy change for reaction

(7.2) is determined directly from a single experiment and no other experi­

mental data from this or other investigations are employed in the final

calculations. The experimental method, however) being a high temperature

electrochemical cell technique, has all the inherent errors associated

with the method. The reversibility of the reaction has been illustrated

by the temperature dependence of the measured emf, the null effect of

the electrode position in slag, and the electrode polarity. The effect

of side reactions is indeterminate, including side reactions at the

graphite electrode/slag interface and at the silicon/graphite crucible

interface. Reaction (7.7) would occur at t~e graphite electrode/slag

interface if there were any appreciable solubility of either SiD or CO

in the slag. Grimble(95) has given evidence of CO solubility in this

slag by a kinetic experiment starting with a high silicon Fe-C-Si alloy

such that the oxidation of 5i by CO would occur. When the reaction gas
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contained no CO) the rate of Si depletion was negligible, but when a CO

atmosphere was introduced) there was a noticeable decrease in silicon

concentration with time. This indicated a transport of CO through the

slag phase and hence a solubility of CO in the slag. Asecond possible

side reaction at the slag/graphite interface is reaction (7.8), but this

does not appear to be significant sinc.e no SiC was observed.

Side reactions at the silicon/gr~phite interface could be both

the dissolution of carbon in silicon or a reaction between silicon and

carbon to form silicon carbide:

Siliquid + C =SiCso1id (7.23)

12,100(112)

The fonnation of silicon carbide is favored thermodynamically)

and it does form, as seen from a microprobe trace across a silicon/

graphite interface. It should be noted that SiC was observed only after

a long contact time at high temperature. The growth of the SiC layer is

expected to be slow, since the initial product layer would prevent any

further contact of silicon and graphite and the reaction would be hindered.

The amount of carbon in the silicon phase was analyzed as approximately

0.02%. Both the effect of the SiC formation and the dissolution of graphite

in the silicon on the reversible emf are indeterminable, as are the

electrode/slag side reactions. Thermodynamically speaking, the occurrence
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of any reactions other than that being studied electrochemically constitutes

an irreversible system. There appeared to be no thermal or induced emf1s,

since the emf dropped to zero as the graphite electrode was inserted into

the silicon phase. It is unknown whether a thermal emf is produced when

the graphite electrode is raised into the slag phase where the possibility

exists that the two electrode surfaces are at different temperatures,

7.4 Iron - Silicon as the Metal Phase

As mentioned earlier, reaction (2.61) occurs below 1600°C (approxi­

mately) only if the activity of silicon in the metal phase is

sUfficiently low. With an Fe-Si alloy as the metal phase, this condition

was satisfied most of the time. The iron-silicon system was examined

in two ways, one using an electrochemical concentration cell and the other

using an electrochemical chemical cell. The concentration cell was

achieved by using a pure silicon electrode as the top electrode, and the

iron-silicon alloy (separated from the graphite crucible by a layer of

liquid silver) as the bottom electrode. The concentration cell is then

represented by the sequence:

SiSolid/(Si02-CaO-MgO)liquid, Si02 /Fe-Sil"dsolid lqUl
(7,24 )

The reaction at the silicon electrode ;s the anodic dissolution of silicon:

S' S·4+ 4
1 = 1sl ag + e

The reaction at the Fe-Si electrode is the cathodic deposition of silicon:

Si 4+ + 4 e Sislag = alloy



211

The overall reaction is:

Si pure = Sialloy (7.25)

The system constitutes a concentration cell, resulting in a net transfer
1 of sil icon from one state to another. Thus,

flG = RT ln aSi

and

( nFE) (7.26)aSi = exp - RT

The silicon activities in the Fe-Si alloy were determined from

the experimental emf~ E~ and are shown in Table XX. In this experimental

set-up the emf is always positive (top electrode negative) and approaches

zero as the activity of silicon approaches unity.

The chemical cell was created using a graphite electrode as the

top electrode~ and a Fe-Si alloy as the bottom electrode. If the activity

of the silicon in the Fe-Si alloYwas kept low enough the reaction proceeded

according to (2.61) but if it was large enough the reverse reaction

occurred. In the former case, the top electrode woul d be the anode and

would have a negative charge and in the latter case the top electrode

would be the cathode having a positive charge. The chemical cell is

represented by the sequence (for the low silicon case):

C~CO/(Si02-CaO-MgO)1' 'd Si02 /Fe-Si l · u'dlqul ~ solid lq 1
(7.27)

The free energy change of the reaction is written in terms of the activities
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of the reactants and products:

Since aSi02 = ae = 1 and Pea = 1 atm and nFE: =

° RT 1 .
£ - £ = - nF- naSi

fiG:

[ nF (a . = exp - - £ - £0,) ]
51 RT . (7.28)

The activities of silicon in the Fe-Si binary alloy were calculated

from the emf data and are listed in Table XXII.

The standard electromotive force, £0, was calculated from the

standard free energy change of the reaction, as compiled by Rein and Chipman:

flGO = + 170,300 87.9 T

lIGo = + 158,600 80.9 T

All the calculations were based on the assumption that the partial

pressure of CO was 1 atmosphere, but in none of the experiments was CO

supplied at the top graphite electrode. It is expected that CO would be

present from the reaction of oxygen (introduced when sampling or adding

to the melt) with graphite and also from the side reactions discussed

earlier. These side reactions were shown to be unable to produce CO at

1 atm pressure, but CO could dissolve in the slag and the reaction would

proceed. The results appear to be unaffected to any great extent by not

supplying CO, but the variation of the experimental YSi from that calculated
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Thus, YSi=O.00071 (experimental) and

(exp.)and aSi =0.000141 (dist. exp.)
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from distribution experiments could be rationalized from the viewpoint of

a lowered PCO' From Figure 56, at NSi = g.l:

and In YSi=-2.85 (distribution experiments)

YSi=O.00141 (dist. exp). Thus,aSi =0.000071

The calculations were done assuming PCO = 1 atm. However, if

PCO does not equal 1 atm, the experimentally determined activity is actually:

Which follows from the stoichiometry of the reaction. Therefore,

P 2 = 0.000071 = 0.5
CO 0.000141

Pea =0.71 atm.

or,

The deviation of the present experimental results can thus be

rationalized by a difference in the partial pressure of CO, but it will

be shown later that this deviation is within the experimental error of

the method.

7.5 Iron-Carbon-Silicon as the Metal Phase

7.5.1 Graphite as the Top Electrode

The chemical cell reaction is the same in this instance as when

an Fe-Si binary is utilized as the metal phase. The only difference is

that the silicon activity is determined in the Fe-Si-C ternary. When a

graphite top electrode is used, the cell sequence is represented by:

C,CO/(CaO-MgO-Si02)li u'd,Si02 /Fe-C-Si l · u'd
q 1 solid lq 1

(7.29)
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As before,

The activity of silicon in the ternary system was determined as

a function of silicon content and temperature. The results are shown in

Table XXIII. In the case of the ternary system, the slag-metal reaction

is proceeding continuously, providing a constant supply of carbon monoxide

to the top graphite electrode, so it would be expected that a CO flow

down the electrode would have no effect on the measured emf. This was

observed for experiments where CO gas was blown down the electrode at

different rates.

The existence of the slag-metal reaction in this system adds

suspicion to the assumption of thermodynamic reversibility of the cell

reaction. The reversibility is implied qualitatively, however, by

observations such as the sign of the emf, the null effect of electrode

position on emf, the correct dependence of emf on the silicon content

and to a smaller degree, the temperature dependence of the emf. The

ternary system presented the greatest difficulty in obtaining a repro­

ducible emf. In many cases, the emf fluctuated wildly and no measurements

were obtainable . The causes of these fluctuations were thought to

be the effect of CO bubbles leaving the graphite electrode, the total

effect of side reactions and the slag-metal reaction, and the presence

of hydroxyl ions in the slag.

7.5.2 Presence of Hydroxyl Ions in the Slag

Walsh et al. (115) measured the solubility of hydrogen in basic
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open hearth slags to be 92 ppm at 1550°C and 1 atm pressure of water vapor.

Several authors(116,117) suggested that hydrogen went into solution in

slags or molten silicates in the form of the hydroxyl ion:

(7.30)

If the hydroxyl ion were present in the slag, it could conceivably

interfere with the anode reaction by participating in the anodic reaction

in some way, such as:

(7.3l)

An attempt was made to remove the offending ions before the

experiment was started, by applying a D.C. and/or A.C. current across

the slag. This resulted in temporary relief in some cases and no relief

in others. Perhaps it would have been more effective if the electrolysis

of the slag were continued for a longer period of time, but there would

be the risk of severely polarizing the cell which could take days to

recover, as was observed by Gluck(118) in his system.

7.5.3 Silicon Carbide as the Top Electrode

The ternary system was also studied using a silicon carbide

electrode as the top electrode, creating another chemical cell repre­

sented by the sequence:

SiC,CO/(Si02-CaO-MgO)1" "d Si02 /Fe-Si-Cl , 'dlqUl, solid lqUl

The anodic reaction is postulated to be:

(7.32)



2 O~iag + ~ SiC = ~ 5i02 + ~ co + 4 e

The corresponding cathodic reaction would be:

5i 4+ + 4 e = Si

The overall reaction is:

(7.33)
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(7.34)

For which, bG 1450 = + l4~400 cal/g.mole (Appendix B).
. - .,

If the activity of silicon in the ternary were low enough~ it

was expected that the reaction (7.34) would go as written~ such that

the silicon carbide electrode was negatively charged and the emf was

positive. The results obtained by using an SiC electrode were too scattered

to be of any value~ and even when the electrode was shorted to the Fe-C-Si

phase the emf fluctuated widely. The system exhibited no sign of rever­

sibility~ as the polarity of the SiC electrode changed from experiment

to experiment. A possible offending side reaction which could occur at

the electrode/slag interface is:

SiC + 2 CO = 5i02 + 3 C (7.35)

After several attempts to measure reversible emf's using silicon

carbide electrodes~ all of which were unsuccessful, this series of electro­

chemical cell experiments was abandoned.

7.6 Activity Coefficient of Silicon in the Iron-Silicon Binary

The results discussed in section 7.3 were utilized to evaluate

the activity coefficient of silicon in iron:
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(7.36)

(7.37)

YSi - activity coefficient of silicon in iron-silicon alloys

aSi - experimentally determined activity of silicon in iron­

s i1 i can a11 oys

NSi = silicon content of iron in atomic fraction

The log YSi values are shown in Table XXII. The various log YSi

values, evaluated at different temperatures, were converted to their

respective values at 1420°C by the relationship:

d In YSi
--~ =ISi/R.

d liT
(7.38)

LSi - partial molal enthalpy of solution of silicon in iron

Korber and Oelsen(119)

R - gas constant

This was done so that the present results are more easily comparable

to those from the literature. The results are plotted as log YSi vs. NSi
in Figure 56.

Smith and Taylor(120) determined the activity of silicon in iron

from distribution experiments. with silicon distributing between iron

and silver. From a knowledge of the activity of silicon in silver, deter­

mined from the silicon silver phase diagram of Hager(121), the activity

of silicon in iron was determined. Their results are shown in Figure 56,

~long with other results from the literature corrected to l420°C. The
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results of Chipman et al.(122) and Chipman and Baschwitz(123), who used

similar distribution experiments, are also presented. The three indepen-

dent determinations done on similar distribution experiments are in good

agreement, which might be expected since they would have common sources

of error.

Schvlet1dtfeger and Engel(68) determined the. activity of silicon in

Fe-Si binaries from an electrochemical cell represented by the sequence:

(7.39 )

Their experimentally determined activity coefficients were larger

than those determined from the distribution experiments by a small amount.

Sanbongi and Ohtani(76) also measured silicon activities by an

electrochemical technique, using concentration cells represented by the

sequence:

Their experimental set-up was different from the present work,

p e'r"m itt i n9 the silicon electrode to be operated in the molten state,

with electrode connections to both sides of the concentration cell being

made by graphite conductors. These results exhibited a relatively large

scatter and the log YSi values were considerably higher than those for

the previously discussed investigations.

Turkdogan et al. (124) measured silicon activities in Fe-Si binaries

by two techniques. First, they measured equilibrium silicor. contents in

iron melts using silicon nitride crucibles (Si 3N4) under 1 atmosphere of
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nitrogen. The reaction studied was:

Thus,
o 3

~G7.40 = - RT ln aSi

(7.40

The activity of silicon in iron was evaluated from the standard

free energy change for reaction (7.40)(125), and the activity

coefficient was calculated from the activity and the equilibrium silicon

content. Secondly, the authors equilibrated Fe-Si binary melts with a

silver melt as discussed previously. The results, while not presented

here, are in reasonable agreement with the previously discussed distri-

bution experiments.

The results of the present investigation using graphite as the

top electrode (forming a chemical cell) yielded values of log YSi which

were slightly less than those determined by the distribution technique.

The present experimental value of log YSi determined using a concentration

cell were considerably higher, falling into the range of values determined

by Sanbongi and Ohtani(76), also using concentration cell measurements.

The maximum error of the emf measurements was estimated from the

experimental scatter due to emf fluctuation to be 20%. If this error in

the emf value is used in the calculations, the activity coefficient for

an alloy contctining 0.3 mole fraction silicon is log YSi = - 1.90 ~ 0.23.

The experimental curve derived from the aforementioned distribution data

lies very near the upper error limit of the present investigation. The

results represented by these distribution data appear to be a good average

of all the experimental data shown, with the exception perhaps of the data
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from the concentration cell measurements of Sanbongi and Ohtani, and

the present investigation.

All the data in Figure 56 was used to calculate the best straight"

line (Appendix A) which represented the variation of log YSi with NSi ' At

1420°C, this relationship is given by the line:

'-
log YSi = aNSi + b

where a = + 5.21 ~ 0.58

b = 3.04 ~ 0.83

(7.41)

The scatter of the results of Sanbongi and Ohtani seemed the

greatest of all the investigations, and could possibly be related to

the method of emf measurement. In their system, graphite conductors

were used to measure the emf between a silicon and a Fe-Si melt. The

effect of inserting graphite into an Fe-Si melt in which the graphite

would dissolve could be serious enough to cause considerable scatter in

the data.

The best straight line for all the data, excluding the data of

Sanbongi and Ohtani, and the concentration cell measurements of the

present investigation, is again represented by equation (7.41) where:

a = + 5.67 ~ 0.41

b - - 3.38 ~ 0.49

This best straight line is illustrated, in Figure 56, where it is

seen that the distribution experiments seem to be a good representation

h 0 _ +
of t e true variation of log YSi with NSi ' When NSi = 0, log YSi - - 3.38_
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0.49 which compares quite well to Matoba's(126) value of - 3.25 and Smith

and Taylor ' s(120) value of ~ 3.44.

If the agreement of the present concentration cell measurements

with those of Sanbongi and Ohtani are not fortuitous, the combined results

would indicate that a side reaction at the pure silicon electrode/slag

interface could be occurring, which is_ di?rupting- the true reversible emf

to some extent.

7.7 Activity Coefficient of_Silicon in the Iron-Carbon Silicon Ternary

From the activity of silicon in the Fe-C-Si ternary, and the silicon

concentration, the activity coefficient for silicon in the ternary alloy

has been calculated:

(7.42)

I

YSi == activity coefficient of silicon in the Fe-C-Si ternary

I

YSi is a function both of its own concentration, and the carbon concen-

tration, and ;s approximated by the product(127}:

(7.43)

YSi == activity coefficient of Si in the Fe-Si binary

CYSi - effect of carbon on the activity coefficio~t of silicon in the Fe-C-Si
ternary

YSi ;s taken from the activity coefficient determined for the

Fe-Si binary, using the data of Smith and Taylor(120) which appears to be

a good average representation of the literature values. Equation (7.43)

is written more conveniently as:



I C
log YSi = log YSi + log YSi (7.44)
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The log YSi is determined from the emf data, log YSi is taken

from the distribution experiments data discussed previously, so that

C I

log YSi = log YSi - log YSi (7.45)

The results are listed in Table XXII and are shown in Figure 57

along with data from several other investigations from the literature.

Smith and Taylor(120) measured the activity of silicon in the

Fe-C-Si ternay by determining the distribution of silicon between an

Fe-C-Si alloy and an Ag-Si alloy. They also did equilibrium experiments

with iron in graphite crucibles containing silica liners being brought into

equilibrium with different partial pressures of carbon monxode. For the

reaction:

Si02 + 2 C = Si Fe + 2 CO

the standard free energy change is given by:

thus,
2- RT ln K= - (RT ln aSi + RT ln Pea)

log aSi = log K - 2 log Pco

K - equilibrium constant for reaction (7.46)

Rca - experimental partial pressure of CO

(7.46)

(7.47)
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From a knowledge of K and the experimental PCO' the activity and

activity coefficient were calculated. They noted that the scatter of log

Y~i values was considerably larger than the scatter of log YSi for the Fe-

Si binaries. The magnitude of the scatter for both the distribution

experiments and the equilibrium experiments was similar, being approximately

~ 0.3 at high NC.

Chipman et al.(122) utilized si~ilar experiments, measuring the'

distribution of silicon between silver and ir()n, v/hich are immiscible.

The~ used silicon contents-f~om NSi = .15 to ~.55, and carbon contents up

to NC = 0.09. The experimental scatter of log Y~i up to NC = 0.09 is

approximately ~ 0.15. Chipman and Baschwitz(123) also used distribution

Cexperiments to measure log YSi for NSi from

contents up to NC = 0.16. The experimental

Fe-C-Si ternaries and Fe-Si binaries, connected by a silver bath which
,

acted as the transport medium for silicon. It was hoped that in this way,

uncertainties which arose from determining small silicon concentrations

in silver solutions would be eliminated. The experiments were perfonned

at 1420°C, and an attempt to operate at 1550°C was unsuccessful because

at this high temperature the increased solubility of iron in the molten

silver resulted into a transfer of iron between the ternary and binary alloys.

Turkdogan et al. (124) measured the activity pf silicon in iron by

similar equilibrium experiments used by Smith and Taylor(120). These
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authors equilibrated an Fe-C-Si alloy in a graphite crucible with a slag

of known silica activity, under 1 atmosphere of CO, so that:

RT ln as.jaS·O. 1 1 2

log aSi = log K+ log aSi02 .
-~

(7.48)

(7.49)

While the majority of the literature results depict the curve of

log. l~i vs NC as either sl~g~tly concave upwards, or linear, the results

of Turkdogan et al. (124) are depicted as being represented by a curve

which is concave downward. These results appear to be high in the inter­

mediate NC range (0.04 to 0.12) and perhaps are due to non-attainment of

equilibrium. Their results are also strongly dependent on silica activities

which were detel111ined from the work of Kay and Taylor(l29). The tempera-
Cture of the experiment was shown to have no detectable effect on lSi.

Ohtani(77) measured the activity of silicon in Fe-C-Si ternary

alloys by constructing electrochemical concentration cells, similar to

those he used to evaluate silicon activities in the Fe-Si binary. The

concentration cell is represented by the sequence:

The electrical connections to the silicon and alloy sides were

made with molybdenum and graphite conductors, respectively, resulting in
.

a thermal emf of the order 20 mV. Their results.based on the log lSi

results determined by Sanbongi and Ohtani(76) in a similar manner, are

in good agreement with the previously discussed distribution and equilibrium
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experiments. The scatter of the log Y~i represent an experimental error

of approximately ~ 0.2. These authors noted that the experimental emf

was unaffected by temperature.

The experimental scatter of the present investigation, which was

done at carbon saturation and low silicon concentrations, is somewhat

higher than the others, being approximately ~ 0.51 at high NC (0.190).

The error appears to be reduced considerably as higher silicon and hence

lower carbon alloys are used. The results of all the investigations dis­

cussed appear to be in good agreement, although the scatter in log Y~i

in most cases seems to be considerably higher than in similarly performed

binary investigations. The relationship between log Y~i and NC appears

to be best represented by a straight line in the low NC region, with a

slight curvature resulting at higher NC' which is concave upward. The

straight line is represented by:

Clog YSi =+ 5.2 NC

No attempt has been made to determine the'temperature effect on

the present experimental log YSi results, since the temperature correction

would be far less than the experimental error.

7.8 Difficulties in Electromotive Force Measurements

The reproducibility of the experimental emf was very good when the

metal phase was pure silicon, became worse when the metal phase was the

Fe-Si binary and became considerably worse when the metal phase was the

Fe-C-Si ternary. In general, for all three systems the emf became less

stable at higher temperatures. In all the systems there were emf fluctuations,
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but the fluctuations became more severe in the binary and ternary systems.

Initially it was felt that emf fluctuations were due to the

discharge of hydroxyl ions in the slag at the graphite electrode, but the

application of a D.C. or A.C. voltage across the cell seemed to offer only

temporary improvement.

Electrochemical studies such as the present one, which are done

at high temperatures, suffer from several obvious disadvantages:

1) The complete elimination of thermo-emf's is difficult.

2) The emf of the system may be reduced because of leakage due to the

electric conductance of the components of the system at high temperatures.

3) The cell reaction may be uncertain, which makes n uncertain.

4) The effect of side reactions which become predominant at high tempera­

ture is indeterminate.

5) Some melts which contain oxides of Cr, Mn, Fe, etc., and carbides

could have a component of electronic conduction present.

In the present system, a small temperature gradient did exist

(because of the temperature profile of the furnace, Figure 18) and it is

conceivable that the two electrode surfaces were not at the same

temperature, and that in most cases this temperature difference was not

constant. The condition would give rise to non-reproducible thermo emf.

In the system where a silicon electrode was used as the top electode,

for the Fe-Si binary, the measured emf's gave log YSi values somewhat

larger than those determined from cells using graphite electrodes. The

possibility exists that a CISi thermo emf is present.

It was mentioned in Chapter 2 that conduction in an ionic melt
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can occur by three means; cations, anions and electrons, where the trans-

port number of the system is written:

t = t + t + t ec a

The question arises whether slags of the type used are partial

electronic conductors at these tempercttures, in which case, the electronic

component would need to be known before the measured emf could be used. '

Malkin 5 sho\'Jed that in the ternary systems Na 20·CaO·4 Si02, Na.20··

K2o"'4 5i02,K20.CaO.4 5i02 and CaO·f1g0·3.25 5i02, the cation transport number

was unity. It has been shown(130) that the current in silicate melts of

this type is carried entirely by the cations ie. Et+ = 1, or the electronic

component of conduction is zero. In the present system, the slags became

dark after each experiment, indicating either a solubility of carbon in

the slag, or the presence of carbon as a precipitate. The carbon content

of the slag was determined to be as high as 0.22 wt.%. The effect of

this carbon on leakage through th~ melt is indeterminate.

The possibility of side reactions occurring in the system are
,

plentiful and are discussed thoroughly in preceding sections.



CHAPTER 8

SUMMARY

This research project was initiated to study the local cell

mechanism which was postulated by Wagner(83) to occur when slag-metal

reactions were carried out in graphite_crucibles." In particular, the

local cell mechanism involved in the reduction of silica saturated slags

by carbon saturated iron was investigated, with three purposes in mind.

First, Faraduyan cell experiments were performed which conclusively illus­

trated the existence of the local cell mechanism in this system. Second,

a series of ki~etic experiments on sleeved and unsleeved crucibles was

used to show that the contribution of the local cell mechanism to the

overall silica reduction rate is negligible in comparison to the

reduction rate at the slag/metal interface. This observation has both

academic and industrial significance. Prior to this investigation, the

suggestion that the local cell mechanism could have a large influence on

the transfer rate of silicon placed a considerable amount of uncertainty

on previous kinetic studies in which only the slag/metal interface was

considered as a reaction interface. Now it may be safely assumed that,

for the reduction of silica at least,using graphite crucibles the second

interface (slag/graphite) has no noticeable effect on the kinetics of

the reaction.

A major problem in blast furnace technology has been and is the

control of the hot metal chemistry. Modern technology has resulted in

228
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the use of graphite lined hearths, so the present system is analogous to

the slag/metal system in a blast furnace hearth. The implication of

Wagner's local cell concept is that a graphite lined hearth would result

in a correspondingly greater amount of silicon transferred to the hot

metal. This condition is generally undesirable since the silicon will

be oxidized in the steel-making furnace and costly lime additions would

be necessary to maintain the reqUired basicity level. The results of

this investigation indicate that a graphite lined hearth would not be

responsible for any increase in silicon pick-up in the hot metal.

Third, the existence of the local cell electrochemical reaction

allowed the use of the reversible electromotive force technique to study

the thermodynamics of several slag-metal systems. The oxidation of

silicon by carbon monoxide was studied, and the standard. free energy

change for the reaction was determined to be:

~GO = - 153,600 + 82.5 T

The use of this technique enabled the standard free energy change

to be determined directly from the experimental results without necessitating

the use of results of other investigations.

The activity of silicon in iron-silicon alloys was determined by

this method and the results are in agreement with those from the literature.

The majority of the previous work on this system had been done by a silicon

distribution technique in which silicon was equilibrated between an iron

phase and a.silica phase. While the results were in agreement with one

another, a different technique was necessary to confirm the accuracy of the

method. This confirmation was· provided by the present investigation. The present
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results were then combined with other investigations to determine the

relationship between the silicon activity coefficient and silicon con­

centration at 1420°C. The results are represented by the equation:

log YSi = 5.67 NSi - 3.38

The technique was also used tq_ de.termine the activity of silicon

in iron-carbon-silicon alloys, from which the effect of carbon on the

activity coefficient of silicon \'1as c~lculate~._ The results of this

investigation were not unique in the degree of reproducibility, for all

the previous authors experienced similar uncertainties in this ternary

system. The effect of carbon on the activity coefficient of silicon is

best described by all the results as:

Clog YSi = 5.2 NC

This expression is valid up to NC = 0.10, but beyond this value

some departure from linearity is noticed.
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APPENDIX A

The best straight lines were determined by the least squares

method of Spiegel(132). For a system of data points designated (xi'Yi)

with y the imprecisely measured variable, the best straight line is calculated:

'"y = a + bx

'"y - estimated value of y for an observed value of X

a = estimated value of ¥ at X = 0

b - slope of the line, or the regression coefficient

Using a least squares analysis, a and b are calculated:

N = number of data points

ryrx2 - rxrxy
a = ----------=

Nrx2 _ (rx)2

The standard error of estimate for the 95% confidence interval

is calculated from:

22 Syx = 2 SQRT ((ry - ary - brxy)/N)

The 95% confidence limit for the regression coefficient is

determined by:
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. b = b~ 1:0.975 Syx
IN-2 Sx

where t :: student's t distribution

; = /E(X- x)2S - ---x N

In the calculations involving the kinetic experiments, it was

necessary to know whether there were any significant difference in the

various reaction rate constants for sleeved or unsleeved reactions. It

was also imperative to determine if there were any significant differences

in the activation energies determined from the slopes of the straight

line plots. The method used is from Volk(133) for the comparison of

several slopes. In this method it is necessary to determine the sums of

squares of deviations from the best straight line through all the points,

the best straight line through each set of points with a pooled estimate

of the slope,and the best straight line through the individual sets, each

with its own slope. If there is no significant decrease in the sum of

squares deviation from the individual slopes, compared to the deviation

when a pooled slope is utilized using an F test then a single pooled

slope is sufficient to describe the data. The necessary data are shown

in Tables XXV and XXVI

The ratio of the "between slopes mean square" and the "error mean

squares" is tested against F at 2 and 43 degrees of freedom by converting

to a normal distribution test using the method of Wallis and Roberts(134).

2
a = -;;-'9(r7'-k--:;-1-'-) b - 2- 9(rn.:u
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k _ number of sets of data

En _ total number of points

K = ~#:;------

IbG2 +"a'"

K = standard normal variable

In the kinetic exp~riments it was found that K= 0.818, thus

the probability is 0.21, or there is 80% probability of the 3 slopes

having one pooled value. Also, the small value determined for the dif­

ference between means slope and pooled slope indicates no significant

difference in the y values for the 3 lines.



TABLE XXV

ANALYSIS OF VARIANCE FOR KINETIC EXPERIMENTS

E'X2 E'y2 E'XY E' C2 1",,2 slope b
. E Y

Total 0.0000000097 22.953445 - 0.000431731 19.21567 3.737775

Means 0.0000000002 0.383060 - 0.00000230 , .02645 0.356610

Difference 0.0000000095 . 22.510385 - 0.000429431 19.411953 3.158432 - 48,800

Set 1 (sleeved) 0.0000000026 6.325905 - 0.000124166 5.866844 0.459061 - 47,250

Set 2 (uns1eeved) 0.0000000005 1.000258 - 0.000019625 0.975363 0.024895 - 49,700

Set 3 (unsleeved) 0.0000000057 15.244221 - 0.00285645 14.339379 0.904842 - 50,200

Sum 0.0000000088 22.570384 - 0.000429436 21. 181586 1.388798



TABLE XXVI

ANALYSIS OF VARIANCE FOR KINETIC EXPERIMENTS

Source of Sum-of Squares Degrees of Mean Square
Variance Freedom

Means Correlation 0.356610 1 0.127171

Difference between

-Means 510pe and 0.222133 1 0.222133

Pooled Slope

Between S.lope 1.769634 2 3.1316045

Error 1.388798 43 1)928760

Total 3.737175 47

r1xy = rxy _ r~ry

235
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APPENDIX 8

STANDARD FREE ENERGY CHANGE CALCULATIONS

1. Calculation of ~Go for the reaction:

SiD + C = CO + SiD (B.l)2s1ag graphite electrode gas gas

The reaction can be written as consisting of three reactions:

Si + Si02 = 2 SiD

2 C + O2 = 2 CO

(B.2)

(8.3)

(8.4)

~G~.l = ~[(151,300-70.07T)(111)_+ (226,500-47.5T)(123) + (-53,400-41.9T)(113)J

,

~G8° l' . = + 24,800 call
. 1450°C

2. Calculation of ~Go for the Reaction:

Si02s1ag + 3 Cgraphite electrode = SiC + 2 CO (8.5)

Reaction (8.5) can be considered to consist of several reactions:

Si02 + 2 C = 5i + 2 CO

Si + C = SiC

(8.6)

(B.7)



S'O + co = SiD + CO
1 2 gas. gas . 2slag , ' gas

...."-

{B.8}
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Reaction {B.8} can be considered to consist of several reactions:

(B.9)

(B.10)

(B.11)

'~G~.8 = (127,100-45.07T)(lll) + (+59,OOO-13.88T)(l13) + (-67,800+20.75T)(l13)

4. Calculation of bGo for the Reaction:

1 SiD + 2 SiC - Si + ~ CO3 2 3 electrode - Fe-C-Si 3 gasslag
(B.12)

Reaction (8.12) can be considered as consisting of several reactions:
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~ SiC =~ Si + ~ C333

212
3" C + 3" O2 = 3" CO

(8.13)

(8.14)

(8.15)

=i (226,500-47.5T)(112) + ~ (27,400-8.88T)(112) + ~ (-53,400-41 .9T)(113)

o
~GB.12 = + 14,400 cal.
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FIGURES 24 to 31 - SILICON CONCENTP~TION-TIME CURVES
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FIGURES 32 and 33 - PELLET DISTANCE AS A FUNCTION OF TI}lli
(Carbon Monoxide Furnace) ,



T I . r .-<, i-'r

0

IS0SoC 0
1 0

2 1445
0

C 0
2

0

0

0
0

0
00 000

0
0

6>
0

0
480

0

0

0

42

0

S 0

u
360

0
0

ril
U 0

Z 0
~
E-i 0
U) 300H

Cl 0 1
0

E-i
ril 0
...:l
...:l 240 0

ril
P;

0

B
180

0

0

0

120
0

0

0
0

60 0
0

0
0

0
0

00

o l I l.

0 4 8 12 16 20 24 28 32 36 40 44 48

TIME (ITlin)

Figure 32



\.

co

l{)

(Y)
(Y)

~
QJ

• .-< ~

S ::l
en

or-
~

~
LL.

~
>-i
E-i

N

~o

'---/.,,~,-I.-...-,..J..O'_.....!.!-_~m~~.....1 _.......J.J.,_.~._.l_~~l~elJ__.""'I__o~""!...O~ 0
o 0 0 0 0 0 c-'
~ ~ 8 co -.0 ~ N

( UI::> ) 8:::>NVcLSrG cL8'T18d



FIGURES 34 to 41 - SILICON CONCENTRATION-TIME CURVES
(Sleeved Crucibles)
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FIGURE 42 - ELECTR<K>TIVE FORCE AND !'>G" AS A FUNCTION OF TEMPERAllJRE
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(Fe-Si as the Metal Phase with an Si Top Electrode)



FIGURES 44 to 46 - ELECTRO~10TIVE FORCE AS A FUNCTION OF TIME

(Fe-Si as the Metal Phase with a Graphite Top Electrode)
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FIGURES 47 to 53 - ELECTROHOTIVE FORCE AS A FUNCTION OF TIME.
(Fe-C-Si as the Metal Phase with a Graphite Top
Electrode)
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