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ABSTRACT

An understanding of the chemical reaction kinetics at a slag/ .
metal interface requires knowledge of both transport and interfacial
properties. However, fundamental interfacial reaction rate data
aré lafgely unavailable. Consequently, the ion exchange current
density and interfacial capacitance have been measuied with the
double pulse galvanostatic method for the anodic dissolution of an
iron electrode in liquid CaFj and CaFy-Ca0 slags. Both the exchange
currént and capacitance are strongly increasing%functions of concen-
tration. The measured‘exchanée current digfities are large (ranging™
from 4.5'to 400 amperes/cmz), so that a non—lingar extrapolation of
the experimental data is necessary.

The kinetics of oxygen transfer at the Fe/CaF) interface was
studied in independent experiments. The reaction was driven by an
FeQ activity gradient. The kinetic information 'obtained in this

manner compares favourably with that derived from the electrochemical

technique. ¢
With suitable information on the relative maénitudes of transport
and éeaction rates, it is possible t§ predict the kinetic, regime for
the entire system (i.e. transport, reaction, or mixed coptrol). The
experimental déta inéicate that mixed control of the reaction(kineti;s
will prevail at the Fe/CaFp interface in the absenee of forced.sﬁirring.
If the‘kinetic parameters in more cémplex metallurgical systems are
simiiar to those measu?ed at the Fe/Can interface, the influence of

interfacial charge transfer reactions may be greater than is normally

supposed.
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1.1 INTRODUCTION

\
- \,

N\

Many pyrometallurgical smelting and,refininé reactions involve

the simultaneous presence of a slag and a metal phase. Such reactions

[

are heterogeneous and occur only at an interface.

. Any heterogeneous reaction can be considered as consisting

»

of three principal steps:
(1) tranm8port of the reactants from the bulk phases to the .
metal/slag interface,

{2) the reaction or series of reactions at the slag 1

interface,

-

{(3) transport of the rgﬁction products from the slag/metal
interface into the bulk phases.
The three steps could be stated in an equivalent way which better

lends itself to analysis:

(1) transport in the slag of reactants and products,

(2) reaction at the interface,
[ d

’ (3) transpo;t in the metal of reactants and products.

Kinetic expressionsaare typically written as linear relations
between fluxes and forces. Although linear relationships should not
be expected to be universally true, they have been successfully applied

on many occasions“anq are always justifiable approximations for suf-~

-

ficiently small forces. Of particular interest in any such flux/force

relationship is the constant of proportionality, whether it be a

diffusivity in a diffusing system or a fundamental rate constant in a



reacting system.

In the case of‘multicomponent systems, a phenomenological frame-
work is necessary iﬁ order to describe the magner in which the various
fluxes are interrelated or coupled. Such a framework, as it apz}ies
to diffusing systems is developed and surmarized in Chapter 2.

The study of slag/metal reaction kinetics has intensified signifi-
cantly in the past two decades althougg fundamental interfacial reac-
tion rate datg arestill largely unavailable. In the classic work of
King and Remschandran(l' 2) it was reported that chemical reaction
at the slag/metal interface was electrochemical iq nature. More recent
experiments lead to a similar conclu;ion. Thus, it is possible in
principle at least to use established electrochemicél techtiiques to
evaluate kinetaic paraméters in slag/metal systems. This subject is
pursued in Chapter 3 as ;pplied to the Fe/CaF) system. An alternate
approach to the inteffacial kinetics based on a chemital driving force

is developed in Chapter 4. The theorv and experimenta sults of the

chemical and electrochemical approaches are compared and discussed in

-

Chapter 5. ) :

1.2 RATE CONTROL

As introduced previously, a heterogeneous reaction consists of
three definable steps: transport to, reaction at, and transport from
the interface. In this section,  a single component reaction will be
considered, although the argquments can be general:zed. The steps are

%

arranged in series and can be considered analogous to three resistances

arranged in series in an electrical circuit (Figure 1.1). One can

<\
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igure 1.1l: Electrical Circuit Analogy for Rate
Control

4

T

Cg ! |
(a)
R|>>Rz,R3
rCi= Coq
..C'e
q t ]
Ci=Cg
Cas=Ci
(b)
..(:eq
Ced'
d cl=c
<
Ce=Cj
(c)
R3>> RI'RZ
o [Cea
Ci=Ceq \ |
C
8

Figure 1.2: Rate Control - Limiting Cases



readily visualize three limiting cases in the electrical circuit

analogy.

If Ry >> Ry, Ry then most of the voltage drop (i.e. driving force)
will be allocated to R}. Moreover, the total current (i.e. flux or-‘
reaction rate) in the circuit will be determined by Rj.
Identical arguments can be advanced for Rz >> R}, R3 and R3 >> Rj, Rj.
If one lets R) represent the "resistance" due to reactant transport
towards the interface, R, the resistance due to reaction at the inter-
face, and Rj the resistance due to the transport of product, one can
now consider limiting cases analogous to those above.

(1) when Ry >> Rp, R3, the interfacial re;ZFion approaches

closely to equilibrium; and the interfacial concentration

of the product approaches the bulk‘value (Fngre 1.2a). In
this limiting case, the overall reaction rate is determined '
by the ability to transpo;t reactant to the interface.

(2) When R >> Ry, Rj, the rate of the interfacial réaction is
slow relative to those for the processes that supply reac-
tant and remove product. In this case, the differences
between the bulk and interfacial concentrations of both
reactant ang product are insignificant, and the overall rate
is determined by the interfacid&l reaction (Figure 1.2b).

(3) When R3 >> Ry, R the situation is similar to (1) except
that the overall rate is limitéd by transport of product
from the interface (Figure 1l.2c).

Case (2) is commonly referred to as reaction rate control. Cases

(2) and (3) are usually grouped under the name transport control.

4



In addition to the limiting cases, it is important to consider
the intermediate situation (i.e. mixed control) when none of the three
steps dominates. For simplicity, Ry = Ry >> R3 will be assumed in the

’

following analysis. The steady state condition (time independent) will

3 dc_3c¢

be considered intially, i.e. —D-— = = 0. The situation is sum-
I3x 9x It

marized in Figure 1.3. 1In the steady state one can write Jj = Jy = J3
and solve fogﬁai (independe;t of time) to determine the overall rate.
In the unsteady state, %%% # 0 and C; is a function of time. 1In this
case, J1 # Jp = J3 and no simple analytic solution to the problem
exists. Often, however, the quasi-steady state approximation can be
made (i.e. J) = Jy = J3). Then, an approximate analytical solu-

kion can be obtained at a specified time.

Alternétively, the solution to pﬁe unsteady state problem may be
approachéd numerically. Yamand§(3) has used this approach to.sdlve
for reaction rates in a theoretical multicomponent slag/metal system.
The transport equations for the slag and metal are solved simultaneousli}
using the interfacial reactaion rate as a common bou;dary condition.
Numerical solutions can be obtained £or unsteady state mixed control
reactions.

The equafions arising from the theories of both material transport

_and interfacial reaction rates must be solved simultaneous%¥ to obtain
the overall raéev It is important to emphasize at this point that the

< . . . . . -
rate theories for interfacial reaction, transport in the slag, and .

transport in the metal can be developed independently of each other

without loss of generality. YThe overall rate for the system may then

be obtained througﬁ one of the approaches discussed.



Knowledge of the regime (transport, reaction or mixed) in which

— ~

a slag/metal system is operating is of significant practical and theor-
etical importance. Although reactions of metallurgical interest are

often assumed to be controlled by mass transport in the slag, suppopt-

ing experimental evidence is sparse. This guestion is addressed again
{

in Chapter 5.

1Ceq
..C' \
eq
1
CB '
Figure 1.3: Rate Control - Mixed Case
1
'™



CHAPTER 2:

TRANSPORT IN METALS AND SLAGS
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2.1 INTRODUCTION: BULK FLOW AND DIFFUSION

Transport to a slag/metal interface is ;ommonly described by
convective mass traﬁsfer. Far from the reaction interface, bulk flow
(eg. due to turbulence) is presu&ed to be the dominant transport
mechanism. Closer to the reaction interfacCe, the influence of bulk
flow diminishes and is replaced by diffusion.as the dominant mode

L ]
of mass transfer. The concept of a boundary ygyer thickness is
introduced as an indication of the region in which diffusion begins
to dominate. This boundagy layer concept has not proven to be enti&ely

satisfactory. The layer thickness will generally differ for heat, . o

I

momentum, and mass transfer. ﬁg%fhermore, it will be dependent upon

the species being transferrgd:; Frequently, an empirical mass transfer
coefficient is introduced which is intended to represent a sum-average
"of the diffusional\and’bulk flow'contribpt%ons.

Although the interrelation of bulk and diffusional flow is

complex, it is clear that, c¢lose to the interface, diffusion must be
considered. Diffusion will have a major impact on the role qf transport
in the progress of the overall reaction, and play a‘primary role in

the system with mixed control kinetics. This, coupled with the gener-
ally complex and theorétically intractable interaction between bulk

M

and diffussive flow, suggests that bulk flow should not SEVconsidered
({urther, except through the ;}ﬁfoducpion,of an empirical boundary‘
thickness. / !

One of the most important concepts which comes ocut of a phenom-

enological treatment of diffusion is the possibility, in fact neces-

]
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e
sity, of interrelated’fluxes, i.e., coupling. In this work, coupling
is intended to refer to any interdependence of simultaneous reactions
or diffu;ion events. The acceleration or deceleration of a diffusing
specie§~due to the effect of simultaneous diffusion of another species
is considered to be evidence of coupling. In the limit, one could

anticipate that strong coupling coudld result in the reversal of a

flux as the system proceéeds towaxds

By thermodynamic coupling, one implies a coupling which arises
due to interaction of elements that can be described through activity
coefficients. A classic example of this type of coupling can be found

in the work of Darken,(4)

who studied a diffyision couple containing
iron, silicon and carbon. Aﬁ increase in éhe carbon concentration
on the silicon~deficient side of the couple, followed by a gradual -
deérease can be attributed to t@e effect of the silicon concentration
on the activity of the carbon. Thus, carbﬁp concentration as a function
of time exhibits a reversal. However, the driving forces (i.e., chemical
potential ‘gradients) show a monotonic decrease with t;me.

In coﬁtrast, kinetic coupling implies that the potenéial gradient

of one species will have an effect on the motion of a second species

with respect to a specified reference frame. It will be shown ina =

//”*\\ later section that kinetic coupling might arise due to charge inter-
. S
actions in ionic systems. Such coupling can, in principle, result in
S *
/~

the reversal of a chemical potential gradient with time. One might
anticipate the possibility of coupled reactions even in ideal or
' henrian solutions.

Qi:; ; It is interesting to reflect briéfly on potential implications

(
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of coupled reactions. ®onsideration of such coupling may lead to-a

better unde}standing of reactions proceeding in a multicomponent

system. It is also clear that in any situation where the coupling

is significant, the alteration in rates encountered in multicomponent

systems could be profound when compared with individual rates deter-
:mined in separate é&éeriments. It is then reasonable to ask whether

such an alteration in rates might be exploited in order to achieve

some result which would not otherwise be possible.

2.2 TIRREVERSIBLE THERMODYNAMICS AND THE PHENOMENOLOGICAL

BASIS FOR DIFFUSION

Experiment has firmly eétablished the following theoretical
presentation as a reasonable approximation for diffusion in non-ionic
systems and it should be applicable to metallic diffusion ip slag/
metal systems. However, iiquid metal tracer diffusivitigs are
normally about one order of magnitude greater than those in slag. » A

- .
The generally lower viscosity of metal will also result in increased
bulk transport. Consequently, transport in metals will not, in
general, limit the kinetics of the overall reaction sequence and
need not be considered further in a'study of slag/metal kinetics.

Nonetheless, a‘sound backgroﬁnd in metallic transport ;s impor-
tant for understanding transport in slags, since most of the important
concepts’ of ionic diffusién are simple extensions of those in non-

ionic diffusion.

The experimental work of Kirkendall and Smigelskaé(sy using a
A

N P
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copper-zinc diffusion couplefserved to stimulate analysig_of diffusion

in binary systems. Darken (6) formylated an analytical solution to

the bina;y problem and used it to explain the experimental work of

Kirkendallj Darken's concept has since been extended to include

ternary and more complicated systems. An excellent introduction may

be found in Shewmon's book. (7) .
s The qudamentals of irreversible thermodynamics and the phengm—

enological approach are detailed in de Groot and Mazur, (8) and

reviewed Ly Kirkaldy.(g) The development will be summarized briefly.

Many "forces" X; such as temperature, chemical, and potential gradients

giverrise to irreversible phenomena. Generally, fluxes Jj will result

from such forces. One should consider that any force Xy can give

rise or contribute to any flux J3. The algebraic form of any such

relationship is not clear, but when the force is sufficiently small

l.e. close to equilibrium) a linear approximation ar;sing from the

truncation of a Taylor series is applicable. Thus, the general form

of the phenomenological equations for irreversible phenomena may

be written

n

J; = ;{ElLik X (2.1)

where the Lix form a mobility matrix. .
Onsager's Theorem(10) states that, provideé that the rate of

entropy production can be expressed as a bilinear function of indepen-

dent fluxes and forces, ghe matrix of phenomenological coefficients;:$’~

Lyx is symmetric, i.e., Ljx = Lgj. Onsager's Theorem, which was justi-

fied by treating the behavior of fluctuations from equilibrium will
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be taken as an axiom. In practice, the symmetry of the Lj) matrix
has 1imitgd impact on the theories of isothermal metallic diffusion,
since thié.mat£ix is generally approximated as diagonal, and hence
the symmetry .of the off-diagonal terms is unimportant.

By consiﬁering mass and energy conservation, and the Gibbs-~Duhem
relation, one can formulate'an entropy balance p%% = - div Jg + 0
where div J; ¢an be taken as the entropy flux term and 0 as the entropy

[4
source. For isothermal, isobaric diffusion,

e
c = T z Jg - Vuk (2.2)

where Vuk is thé chemical potential gradient. The entropy produc-
tion rate is sh&vn in the required bilinear, although not as yet

s

independent form.

The fluxes and forces are not independent in the equation above.

S~
Among the fluxeﬁfghere exists an arbitrary linear dependence of the
form i
n \ a
-Z alJl = Q R - (2-3)
i=1 \

\ o

\ £
arising from the nee% to choose a reference frame. The chemical
b

potential gfadients'a e linearly related through the Gibbs-Duhem

relation

(2.4)

Following de Groot and Mazur(ll) one can demonstrate that symmetry

of the Ljx.is preserved even with a linear relationship between®the

\ .



~
fluxes and forces. Alternatively, one coulibsolve and eliminate the

n™h flux and force from the set of equdtions. This approach will be
g&ed in the next section on ionic diffusion.

In order for the phenomenological formalism to be of practical
significance, the Ljx matrix mqst be evaluated. Some model or models
must be applied, and some approximations made. First, a general
comment on the matrix is in order. The diagonLl terms Lj; in the
matrix represent the contribution to the flux J; as a result of the
chemical potential of species i. The off-diagonal terms represent
the contribution to the flux of J; as a result of forces or chemical
potential gradients in the system from other species. For example,
these cross terms may indicate the effect on the flux of manganese
through iron due to'the chemical potential gradient for nickel.

Normally, assumptions are introduced and a model developed
which postulates the existence of some reference ffame in which the
fluxes are approximately independent. As an immediate consequence
of such a mode}, the cross terms in the mobility matrix are approx~
imately zero. That is, the matrix i1s assumed to be diagonal. Kir-
kaldy and Lane(12) have proposed such a model for close packed‘solids
by applying transition state theory for a vacancy diffusion mechanism,®
with the constraint Fhat sufficient vacancy sourcés and sinks exi;}
to preserve ;ocal equilibrium of vacancies. {13)  1n ‘their work, égey
assuﬁe that the correlated motion of atomi¢ groups in the vicinity
of a vacancy is negligible and then demonstrate that, with such an
assumétion, the mobility matrix for the lattice fixed or "Kirkendall"

*

frame is diagonal. If such correlated motion in- a lattice proved
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significant in such a system, no reference’ frame would exist in which
the fluxes were independent. Manning(l4{ has proposed a vacancy
model in which non-zero mobility cross terms arise in the lattice
fixed frame due to a vacancy wind effect. However, the net effect is
small and remains experimentally unsubstantiated.

Zeibold and Cooper, (15) and cooper(?l) have developed equations
éimilar to those of Kirkaldy with three assumptions: ‘ ‘
(1) that the relaxation velocity is alwaysﬁqreat eno&gh to

cancel the net flux,
(2) that the mobilities remain unchanged by the introduction
of chemical potential gradients,
(3).,th?§ there is no coupling mechanism between the species
oth;r than thét caused by the relaxation velocitv.
In addition to the vacancy mechanism, they further postulate hydro-
dynamic flow as an alternative source of a relaxation velocity in
noncrystalline materials.
Although the diagonal mobility matrix in the lattice fixed or
A
Kirkendall frame is commonly accepted, the complications of thl;
approximation should be examined further. Consider firét the numbér
of independent: coefficients generated by ;he approximation. Because
the matrix is djiagonal, one has n independent mobility coefficients
in an n component system. In general, howeve;, one can reduce an
nxn matrix (n2 coefficients) through Gibbs-Duhem and reference frame
choice to an (n=1) x (n~-1) matrix ((n-1)2 coefficients). Further,
the Onsager Reciprocity Relations give n(n-1)/2 independgnt mobility

coefficients. <Consider the two equations for 2, 3 and 4 component

~
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systems:

n = 2 3 4 diagonal approximation

fundamental coefficients.

it
o
w
o

n(n-1)/2

For a two-component system, only one fundamental mobility coef-
ficient is defined. The two mobilities (commonly related.to tracer
diffusivities through the Einstein equation L;; = D;Ci/RT) must be
related, as they are in Darken's equation. In a ternary system,
the number of available tracer diffusivities equals the number of
fundamental coefficients. In a four-cémponent system,’the nunber of
fundamental coefficients necessar¥mt0 define the system fully exceeds
the number of available tracer diffusivities. Thas simple analysis
shows that 1t 1s not sufficient to measure tracer diffusivities in
any system of four or more components where fhe mobility matrix wrait-
ten in the lattice fixed frame cannot be approximated ds diagonal.

It should be clear that the‘use of the terms "coupling” and
"oross effects" refer to the existence of non-zero off-diagonal
elements in the mobility matrix. It will be shown that even when
the mobility matrix i1s assumed to be diagonal in the Kirkendall

frame (i.e., lattice~fixed), one will, in general, generate non-—zero

off-diagonal elements in the mobility matrix when the matrix expressed

in any experimentally accessible reference frame (eg. mass-fixed,
volume-fixed). The presence of such cross terms, when due to the
choice of reference frame, will bg referred to as "reference frame
coupling”.

Oon the same basis, any non-zero terms in the Kirkendall (lattice)

¥

.

- N e A



17

LN

14

frame (eg. due to correlated atom—vacancy interactions) will be attri-
puted to "fundamental coupling”.

Using the above definitions, the third assumption of Zeibold and
Cooper may be restated: reference frame coupling is the dominan¢
coupling mechanism. The effgct of fundamental coupling is negligible
by comparison.

De Groot and Mazur (8) have shown that any linear relation of
the formjglaiJi = 0 will provide a suitable choice of reference
frame. With specific choices for aj, the common reference frames

can be expressed as follows:

Reference Frame. Definition of O,
J
Number-Fixed a; =1 for 1 = 1, , n
Volume-Fixed a; = v; for 1 = 1, ..., n (vi partial
1 1 molar
. . . o)
Solvent (Anion)-Fixed Gy = 0 fori=1, ..., (n-1) volume)
o =1

The volume fixed frame 1is of particular 1interest, since 1t 1s
coincidental with the laboratory frame when the partial molar volumes
are independent of concentration. When a volume change of mixing
occurs, a volume change will also occur during diffusion. A bulk
flow term must then be 1included to relate the volume fixed frame to
the experimentally fixed frame. This bulk velocity 1s considered
ini Kirkwood et. al.(1®) put will not be considered further in this
report.

In systems where the partial molar volumes are nearly equal,

the number-fixed frame is a good approximation to the volume-fixed

e et — e .~ =
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one. Because of great simplicity, without significant loss in gener-
ality, the number-fixed frame will bé\Eonsid;red in the balance of
this section. '

In the absence of fundamental coupling,'stafting from a diagonal
matrix in the Kirkendall frame, the phenomenological scheme can be
expressed as a symmetric matraix in the number-fixed frame following

Klrkaldy.(lz) The starting point for a ternary system is the follow-

1ng system of three equations:

Jl Ll 0 0 Vul
I35 = |0 L, O Vi, (2.5)
33 ) L_o 0 L3 Lvu3_

This matrix can be\transformed to a 3 x 3 matrix in the number-fixed

¢

frame which retains \one degree of arbitrariness. It i1is then reduced
. Ny

fluxes be expressed 1n terms of th&\ij;::;i therfmodynamic forces

((Vul - Vu3) and (Vu, - Vu3)) for the er~fixed frame.

In this manner, the elements of the symmetric matrix are found

to a.unique 2 x 2 symm 1c matrix with the riiiirement that the

to be:
2 3
(Lyyy = Ll/ (L - 2np) +.Ny ILg
3
(le)N = (L21)N = ‘Nle - N1L2 + NlNz ZlLi (2.6)
> 3
1=1

where Ny, N, are the mole fractions of components 1 and 2 respectively,
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L4
and (Lll)N, (L12)N' etc. are now expressed in the number-fixed frame
of referené;.

Several points should be emiphasized. The cross terms in the
number -fi xed frame are non—zero: We have assumed the fundamental
coupling to be zero in this de;ivatipn, and so cross term coupling
has arisen strictly from the choice of reference frame. The sign
and magnitude of this coupling will be a direct result of the refer-
ence frame chosen. It is the existence of this reference frame coupl-
ing which is conventionally used to explain the marker movement in
the Kirkendall and Smigilskas experiment. Note that the presence of
Nj; in all of the reference frame "correction terms" implies that the
coupling effect will be very small in dilute sélutions.

Finally, recall that the mobility matrix in the lattice-fixed
frame was assumed diagonal. Thus, thq Onsager Reciprocity Relations
(0O.R.R.) are satisfied 1n any transformation from this lattice-fixed
frame. The number-fixed mobility matrix is symmetric as an immediate

consequence of the mathematical transformation of a matrix previously

assumed to be symmetric, and only indirectly as a result of O.R.R.

<-. 2.3 THE STRUCTURE OF SILICATE MELTS
«

Slags are generally considered to be wonic in chara;ter. Al-
though the principles of transport are similar to those in metals,
due consideration must also be given to the effect of charge in the
system. BulL flow 1s a macroscopic process and €5 such, the influ-

ence of charge will not be significant. Diffusion, however, is a

microscopic process. Consequently, the charges on the atoms or

k)

~—r
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molecules in the system must have a profo effect on the progress

of diffusion. At this stage, our primary interest 1s the examination
of reaction kinetics of the iron and steel making process.. The slags
involved are based primarily on oxygen, with silicén normally being
present in significant amounts. ’—\\\\—///

The model of the vitreous silica structure as a random three-
dimensional network of S104 tetrahedra is & basis for nearly all
theories of silicate structure but usually, only the gqualitative
effect of metal oxides in modifying the silica structure 1s consid-
ered. Only brief comments on some theories will be offered because
none appears to be sufficiently detailed or guantitative to elucida¥e
the mechanismé of the process of diffusion. ’

Theories of silicate structures can be divided into two broad

groups. A short summary of the first group, including the random

network model and the various modifications of the discrete polyanion

e

model can be found in Bockris and Reddy.(l7) These approaches consider

the breaking of silica networks or discrete polyanions with net&ork
modifiers (eg. Na, X, Ca, Fe, etc.) to form smaller chains or rings.
The presence of Oé' anions 1s not considered at compositions below
66 mole % metal bxide. These models postulate the existance of
discrete, stable anion complexes whose concentrations depend on
metal oxide concentration. The diffusing anion species 1s specified
as a function of those concentrations. '

However, the popularity o6f these models has declined in favor

(18)

of a polymerisation theory approach advanced by Masson. From

simple tetrahedral Siog_ monomers, branched polyanion chains are
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formed through polymerisation reactions which produce free 0%~ anions,

3

eg.:
51057 + 510§ = 51,08 + -

Equilibrium constants involving 02~ can be written for this
and higher order polymerisationreactions. With certain assumptions,
oneg can generate polyanion fractions as a function of mole fraction
§i05. Thus, one has equilibrium probability distributions of anion
chain and ring sizes as functions of the molar concentration of metal
oxide. )

Unfortunately, this model yvields little or no information about
kinetic phenomena -~ 1n particular, about the nature of the diffusing
anion species. However, 1t seems clear that at least one of the
diffusing anions should be free 02-. This appeard to be substantiated
in work by Schwerdtfeger(lg) which indicates substantially~different

tracer diffusivities for Si1 and O in calcium silicate melts in the

range .48 to .64 mole fraction $iO,.



2la

L
2.4 THE ELECTROCHEMICAL DIFFUSION POTENTIAL

AND THE CHARGE BALANCE

The effect of charge on a system has conventionally been de-
scribed by defining an effective chemical poﬁential known as an elec-
trochemical potential for an ion. The electrochemical potential is
taken to be the sum of the staﬁf?rd chemical potential and a fjield
term (i.e., Ui + ZjF¢). The driving £orce for ionic diffusion then
becomes the elecérochemical potential gradient V(hi + 2iF¢). Kir-
kaldy(zo) has recently discussed the natgﬁe of this diffusion poten-
tial. He demonstrates that in the absencexof an external electrical ‘

field, the field term in the electrochemical potential gradient is

due entirely to diffusion-induced dipoles.

The diffusion-induced field 1s not supposed to be experimentally R

accessible. It is normally eliminated from the phenomenological

equations by introducing the constraint of no net flux of real f
charge (i.e., £2,J; = I = 0). Conventionally, this is justified on

the basis of physical plausibility or a comparison of the magnitudes

of driving forces due to chemical potential driving force and the !

field resulting from real charge separation. However, Kirkaldy (20) /ﬁ\\\\\
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also demonstrated that the zero current constraint represents a quasi-
steady state of minumum entropy production. This constraint is shown
to be applicable when the relaxation time for the neutralization of
real charge is shoréjgn comparison with the relaxaéion time for the
chemical potentials of the neutral components in the system (i.e., a

s

form of the quasj-steady state approximation).

2.5 THE PHENOMENOLOGICAL BASIS FOR IONIC DIFFUSION

Pl

The phenomenclogical apbroach to ionic diffusion is analogous
to that for metallic diffusion. One can write the flux equations for
the 1ons as a function of the electrochemical potential and eliminate

the linear dependencies due to the reference frame choice

n Y
L a.J =20 (2.3)

n
L 2z.J. =0, ’ (2.7)

It is 1nteré§£ing to note the mathematical similarity of these two
summations. In Section 2.2, it was shown that the reference frame
choice gave rise to non-zero off-diagonal elements and was termed
reference frame coupling. The similarity Bf the above equations leads

n ,
L 2,J; = 0 also generates a

to the expectation that the summation 1
. i=

coupling effect. The development of this coupling wil be demonstrated
in the following, when three recent ionic diffusion theories are

reviewed. The. coupling will be referred to as charge balance coupling.
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Three basic origins of kinetic coupling have been identified:
r ( ﬁ
(1) fundamgntal coupling,

(2) reference frame coupling,
{3) charge balance coupling.

.

Although all three theories for ionic diffusion start from a

common basis, they differ in their assumptions regarding the relative

importance of these three kinetictcoupling effects. It is generally
conceded tﬁag reference frame coupling is large in comparison with
fundamental coupling in hetals. Assumptions of a similar nature may
or may not be valid in ionic systems. On one aspect all agree: the
paramount importance of charge balance coupling.

Cooper(zl' 22) axtends the theory for multicomponent metallic
diffusion to 1onic systems by introducing a local electrical fieXd
through the electrochémical‘pétéh;;;l gradient. He postulates the
existance of a bulk relaxation velocity and assumes other coupling
mechanisms to be negligible. That is, he proposed to ignore funda-
mental coupling, but include reference frame coupling effects.

a
In the development, he approximates Veations

= 0 by reasoning
that the volume of ionic materials is largely determined by the
anions, with the catibqs occupying interstitial sites. Thus, he has
chosen the anion fixed lattice as a good approximation for the labora-
tory frame.

In order to relate the experimentally measurable chemical poten-

tial of neutral components to the ionic chemical potentials, Cooper

adopts the convention

Moo = lzci Vuy + |zgl Yuge (2.8)

P,

U A
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To eliminate the degree of arbitrariness involved in splitting
the chemical potential gradients, Cooper has chosen Vu, = 0. The
zero net current flux constraint is then imposed on the system to
generate charge balance coupling terms by eliminating the electric
field.

;

By neglecting physical coupling, Cooper can write

-

jl = -Li(Vul + 2, FV9) + NV
Jp = ~Ly(Vuy + Z,F7¢) + N,
(2.9)
)5 = -L3(Vu3 + Z3FV¢) + NyV
g = —L4(Vu4 + Z4FVQ) + N,V

where J1r 3p0 34 represent cation fluxes, and Ja is the common anion
»
flux. V is the velocity of the reference frame relative to the Kirden-

dall frame.

The system of equations is subject to the constraints

.

4 .
22133

0 charge balance (2.10)
i=1

4 _
and z Vi3 o= 0 volume fixed reference frame. (2.11)
i=1
If K& =0 for the cations, 3434 = 0, that 1s )4 = 0. The solution
for Jg =0 is

Lq
vV = ﬁ; (Vuy + Z4FV¢). (2.12)

R

o e ST G L M o e 0

»
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The charge balance is then applied to

o Lq
3, Ly (Vu , + 2,FV) + 7 24579, (2.13)
Ny
‘with Vul4 ='|24|ui since it is assumed that Vh, = 0. Cooper obtains

an equation of the form

K 3
N .
) oo 3 { L (85 + NyaZy ¥y 4)DxPhxa b
rRT Lk=1 :
(2.14)

where (D424 - Dj2Zj)

Vigq =
S
kEl(okzk - DgZy) 2, Ny y

The system 1s now uniquely defined by two fluxes, J; and )5, with )3
being determined by the charge balance. The equation 1s correct in
form, although minor algebraic errors involving Ny, and Z) exist.

The cross terms are clearly of the form
_ 1

The expression for )y as written still contains a linear depend- '
ence of forces due to the Gibbs-Duhem relation. Cooper then writes

the flux equations in the form

N o,
71 = D11YCy4 + DyVCoy
(2.16)

A\, Ny
J2 = Dy VCyy + DppVCyy

and sodlves for the chemical diffusivities. The solutions are correct
inhprinciple and include thermodynamic nonideality although minor

algebraic errors exist, apparently due to the incorrect application
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of the Gibbs-Duhem relation.

Several important features shoulﬁ be noted. The starting point
is a 4 x 4 diagonal matrix (i.e., 4 component system). With the
application of two constraints on the fluxes (reference frame and
charge balance) and two constraints on the forces (molecular chemic;l
potentials and Gibbs-Duhem), a 2 x 2 matrix of independent fluxes
and concentration gradients 1s obtained. The magnitude of the cross
terms is significant, indicating a major coupling effect due to the
éharge balance constraint. \\_/j

Experimental work was carried out by Varshneya and Cooper for
the K5,0-5r0-S10, system. The work clearly demonstrated reversals in
concentration during diffusion. It was shown that the phenomenological
theory was qualitatively adequate to describe the observations.

The starting point for, the development due to Okonqwu(23’ 24, 25)
1s the familiar linear flux-~force phenomenological equation

w

n f
]1 = - }(Elle(vuk - ZkFE) ) (2.17)

With Lane and Klrkaldy(lz) and Cooperle) Okongwu assumes funda-

mental coupling to be negligible and writes

where V is the velocity as defined previously. Whereas, Cooper chooses
Ly

V=g, (Vg + 2 FE), (2.12)

the anion fixed lattice, Okongwu assumes V = 0, taking the Kirkendall

frame as a good approximation of the laboratory frame. That is, he
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has also assumed reference frame coupling to be negligible.

. 9 .
For an ideal solution waith E = —5% and the Einstein approxima-
tion Ly = DiCi/RT, Okongwu determines the assumptions to reduce the

equations to the Nernst-Planck relation

o [acl leci 30
- - o — + A ————
Ja 1 | 3= RT 9%

tJ

1

This equation 1s then used as the basis of subseguent analysis.

~—

fh an approach similar to that of Cobper, the charge balance
constraint is used to eliminate the electrical field from the equa-
tions. Howevér, it 1s 1mportant to recognize a significant Jiffer-
ence between the two approaches. Okongwu carried out WOrx in the
Kp0-Ca0-810, glass system which ls expecimentally similar to the
K,0-5r0-510;5 system of Cocper. Cooper assumed that each element
constituted a separate 1onic species 1n the glass, thus <congidering
a system with three cations and one anion. This approach 1s consistent
with the polymerization model of Masson. Okongwu has apparently
based his approach on the discrete polvanion model. Consequently,
he does not consider the existence of free;O:_ 1n the system and
binds all'of the silicon in an anicon complex. The immediate conse-
quence of this approach is the complete loss of one cation in the
system. Therefore, the system consists of two cations and one anion
complex or distribution of complexes. Whereas the Cooper approach
generates a molecular ternary system, the Okongwu formalism, must be
considered as a molecular binary system. This leads to two problems:

firstly, the tracer diffusivity of an anion complex cannot be deter-

mined experimentally. Furthermore, although Okongwu does not consider
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the linear dependence of tée fluxes due to the reference frame, or
the linear dependence of forces due tq the Gibbs-Duhem relation,
{or alternately L %;i = 0 for condensed phases), the implications
are clear. The molecular binary system (i.e., 2 x 2) will reduce

o
with independent fluxes and forces to a 1 x 1 matrix (i.e., a scaler)

which is not capable of exhibiting coupling. Although the theory is
employed fairly successfully in interpreting experiments by curve-
fitting to find the tracer diffusivity for the anion complex, it is
not formally correct.

In the most comprehensive analysis of ionic diffusion to date,
Goto(26) examines the phonomenological basis of diffusion and then
applies it quantitatively to the CaO—SiOé—A1203 system,

Starting from the linear flux-force phenomenological relation

of irreversible thermodynamics, i.e.,

n

Iy = - kzlLik N, with Yy = Vuy + 2,FV¢, (2.20)

L

Goto writes the equation in the number fixed fraﬁe (iglji = 0).
Unlike the previous work on ionic and metallic diffusion, Goto

makes no initial assumptions about the magni&ude of the cross terms

in the mobility matrix. Thus, by implicatlon,'it is his intention

to include, if possible,.any fundamental coupling effects in then

forﬁallsm. This requires additional experimental information beyond'

tracer diffusivity data. Consequently, Goto introduces conductivity

and transference number information.

In principle, the approach is sound theoretically but there is.
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some confusion regarding the choice of reference frame. Some of it
has beén removed,(27{ but there are still implicit and explicit approxi~

mations which have the effect of assuming reference frame coupling to

, be negligible,

The main approximation centres around the use of mixed reference
frames in the mobility matrix. Goto derives the Einstein approxima-
tion (D; = LjjRT/C;) to relate mobilities and tracer diffusivities.
The derivation is carried out under experaimental conditions (i.e., the
classic tracer diffusion experiment), in which all reference frames
coincide. However, the relation is only applicable in general for
the Kirkendall (lattice fixed) frame.

One of the assumptions in this defivation is that fundamental
coupling is neglected. If fundamental coupling is not neglected,
one obtains the following interesting relation:

C.x

1 v
D = (L. * * - o X '
1 11 C. i*i Ci*

(2.21)

0

<

The diagonal elements in the mobility matrix are expressed in
the Kirkendall frame. By comparison, the oéf—didbonal elements aie
calculated from conductivity and tr;nsference data and are consequently
expressed in the experimental frame (which has beep approximated és
the number fixed frame). These experimental values will include all

three forms of coupling: fundamental, referegnce frame, and charge

balance. The situation 1s depicted schematic ll%/}n Figure 2.1.

-

~
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Figure 2.1: Mixed Reference Frames

Finally, the similarities and differences with respect to

assumptions in the three approaches are summarized as followed:

Coupling Effect

Fundamental Reference Frame Charge Balance
Cooper Negligible Important Important
Okongwu Negligible Negligible Important
Goto ¢ Important Negligible Important

)

Each approach has advantages and disadvantages in terms of simplicity
and completeness. One must resort to exberiment to determine the

overall merits of each.

2.6 QUANTITATIVE APPLICATION OF THE THEORIES FOR IONIC DIFFUSION

-

The experimental and analytical work of Okongwu, Cooper and
Varshneya has been referred to briefly and will not be discussed
further. The recent and very impressive work by Goto, Nagata, and

Sugawara(zs) will be reviewed.

W
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Inter~-diffusivity matrices were determined for 52 diffusion
runs 1n the CaO-A1203-8102 (ironmaking type) system in the tempera-
ture range 1450°9C to 1550°C and compared with the theoretical predic-
tions.

Goto recognizes that the melt will generally contain many ionic

27, a10%-, a1,0%-, s10}-,

species and complexes of the form Ca2+, 0]
5120?—, etc. However, he assumes that diffusion in ionic melts can
be strictly expressed by fluxes of the elementary ions, provided
local equilibrium prevails in the melt. That is, he considers
diffusion equations based on fluxes of Ca2+, A1%77/814+ and 02—.

In effect, he 1s assuming that to a godd approxim;;ion all of the
required physical information on mechanism ané ion complexing 1s
supplied to the system by the tracer diffusivities, etc. measured
under experimentally similar conditions. A comparison of theoretical
and actual penetration curves (Figure 2.2) shows good agreement, and

clearly indicates the ability of the theory to predict the experi-

mentally observed concentration reversal of Al;0,.

T 1 | L
45 Ca0
2
Q
S 40} ——MEASURED _
T =-—CALCULATED
S
R 1o . - ——— e
S205- . Si0p
20} = o E“E_-_
’ 195k _ | | A0
-04 -0.2 0O 02 04

DISTANCE (cm)

Figure 2.2: Sungawara, Nagata, and Goto (28)
-~ Comparaison of Calculated and
Measured Penetration Curves
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In analysing the three approaches, the question of the relative
inportance of reference frame coupling 1s reasonably straightforward,
although 1t will vary somewhat depending on the system and choice of
reference frame. Generally speaking, 1t will not be as strong as
the coupling effect attributed to charge balance. As 1in non—ﬂonic
diffusion, however, one must rely on e;perlment 1n order to estimate
the importance of fundamental coupling. )

No ccncentration gradients exist under the experimental condi-
tions in which tracer diffusivities and high frequency conductivity
are)heasured, so all reference frames coincide under these conditions.
sifice fundamental coupling is assumed to be negligible during the
derivation of the Nernst-Planck equation, a comparison of actual
conductivities with those predicted by the Nernst-Planck eguation
will serve as a direct experimental chec® on the relacive importance
of fundamental couélfng. Such a comparison 1is possible when all
tracer diffusivities and the conductivity are known for a single
system. At least two such investigations have been carried out.
Schwerdtfeger and Keller (19) have examined the Ca0-si0, system at
1500°C while Schmalzried and Langanke(zg) have examined the PbO-
S$i0, system at 850°C. 1In both cases, the experimentally
observed conductivities were significantly lower than those predicted,
with the mobility of either one or th of the three ions being able
to account fully for the experimental conductivities.

Cne could conclude that the so-called fundamental coupling 1is
significant under these circumstances. However, this is in direct

contradiction with the results from metallic diffusion studies 1in
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which fundamental coupling was founa to be negligible. We recall
from 2.2 that in order to justify a diagonal matrix in the Kirkendall
frame, 1t was necessary to assume that correlated motion of atomic
groups in the vicinity of a vacancy is negligible and fhat sufficient
vacancy sources and sinks existed to preserve the local equilibrium
of wacancies. In liquid systems, the situation somewhat simpler
(i.e. a convective term is used) but the basic concept the same.

In effect 1t was assumed that in terms of motion, the atoms interact
with vacancies alone. That ;s, the vacancies serve as a mask to
screen the motion of one atom from the others, permitting uncorrelated
or uncoupled motion. . ‘

In an ionic system, the coulombic forces are of much longer
range than those i1n a metallic system. Under such conditions, 1t is
possible that the motions of the ions are not effectively screened
from each otger, leading to a form of fundamental coupling. A
similar situation exists in aqueous solutions. In this case, an
empirical law relating conductivity to electrolyte concentration due
to Kohlrausch(1l7) jg explained in terms of mobile ionic clouds or
atmospheres surrounding the c¢harged particles. Although this aqueous

N
solution approach, based ultimately on the Debye-Huckel model, differs
somewhat from the phenomenological diffusion framework, the fundamen-
tal basis in the long range coulombic forces is common to both.

In view of the apparent importance of fundamental coupling in

ionic diffusion, one would tend to favour the approach due to Goto,

over those of Cooper and Okongwu. The implications are not insigni-



A 34

ficant. 1t is not possible to describe fully such a diffusing system
in terms of tracer diffusavities alone, as is the case for metall:ic
diffusion. Additional information in the form of transport numbers
and conductivity is required.

It is generally agreed (section 2.3) that equilibrium structures
in silicon based slags contain silicate polymers of varying complexity.
However, the phenomenological theories assume that the motion of
simple ions 1s important and they normally ignore the existence of
such silicate complexes. This need not necessarily lead to a contra-

dactory situation since the equilibrium species may not be the effect-~

1ve moblle species. Takada (39} has shown theoretically that the rates
ye so called exchange reactions (primarily of Si-~0 bonds) are
important. If such reactions are slow, then the effective diffusing
spgcies is the silicate since it has a relatively long lifetime.
If, however, the exchange reactions are very fast, then the movements
of silicon, oxygen, and aluminum ions, etc. become more or less inde-
pendent. The net result is a predominance of the simple ions as the
effective mobile species. A preliminary analysis of Takada's trans-
port data in the Pb0-5i0) system indicates the latter to be true.
That is, it may be ;easonable to neglect the existence of complex
ions in diffusion theories for slags.

Finally, a comment on the symmetry of the mobility matrix is
in order since ;t 1s frequently a cause for some confusion. It has
been shown that, for systems in which physical coupling 1s negligible,
it is always possible to express the fluxes in terms of a symmetric

) mobility matrix and a proper choice of forces. For a metallic system,
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the proper force 1s simply
&4 W
X; = Yy - e Vg (2.22)
and aesthetic considdfations may justify the additional complexity
introduced in generating a symmetric matrix. However, it can be

shown that the "proper" force for symmetry in an ionic formalism is

of the form

%
2, ~ =2 3
_ a 1 an °N n-1
X, = Vul - Vun - 3 (Vupy - - Vug) . (2.23)
n n-1 n

In this case, the complexiti?s are such that efforts to maintain the
symmetry of the matrix would not seem justified. However, one must
recognize that even if one does not maiﬁtain the symmetry of the
cross terms, they are related; there stiZl exist only %{n-1) (n-2)

independent coefficients.
2.7 ELECTRONIC CONDUCTION

Up to this point, it has been assumed that electronic conduction
in the ionic system is negligible. Such an assumption is reasonable
for stoichiometric compounds, such as Ca0O, 'Si0O;, Al,03, Nay0, etc.
and.thereby seems‘applicable to blast furnace type slags.

However, when multivalent transition metal‘ca;ions such as 1iron
are considered, the validity of the assumption is not so certain.

The nonétoichiometry}of the 1ron oxides introduces significant num-

bers of electronic defects to the system which are then free to act

NIy
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1n maintaining the charge balance. Under these circumstances, the
assumption that Ii,hiec = 0 may not be reasonable and the equation
Iionic * Ielectronic = O should be considered. This approach is
commonly used in the theories for the formation of semiconducting
oxides from transition metals.
e

From the preceding argument, it is clear that metallye and

ionic diffusion should properly be regarded as limiting cases in a

unified theory of diffusion. Metallic diffusion can be viewed as

the diffusion of positive ions in a system where the full burden

X

for charge balance rests with the highly mobile electrons.

-

Conse-
quently, atomic diffusion is not influenced by the charge baluanc
consideration.

As the other limiting case, pure ionic diffusion can b

L7

ized as a system with no electronic mobility. In this the full
burden for charge balancée rests with the ions. As a result, the

charge balance has a profound effect on the diffusion of the ions.

v
\

The intermediate cases should be considered as part of a contin-
uum 1n which the burden for maintaining charge balance progressively
shifts from the electronic to the ionic component in the system.
Concurrent with this shift is an increased atomic coupling due to

J

charge balance. A metallic system with n atomic species could, when

T

electrons are considered, be considered as an n + 1 component system.
When the two constraints are applied to the fluxes and the forces, l
and independent (n-1)x(n-1l) mobility matrix is obtained. 1In the
absence of electronic mobility (i.e., pure ionic), an independent

f(n—2)x(n-2) mobility matrix i1s obtained.
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The general framework seems suitable for a unified approach to
diffusion. The implications are interesting. It suggests that ionic
coupling in a steelmaking type slag (high Fe) may be much less than
that in a blaét furnace ;ype slag. It 1s possible that some slag/

metal systems eﬁist 1n which charge balance coupling is negligible.
2.8 SUMMARY

The development of ionic diffusion theory parallels closely
that of metallic.diffusion. Phenomenolcogical theories were intro-
duced which relate experimentally measuYable tracer diffusivities
in multicomponent systems to interdiffusion coefficients in the
presence of concentration gradients. The role of electronic mobility
1n ionic diffusion was discussed, and the framework laid down for a
unified approach to ronic and metallic diffusion.

It has been shown that the principle bases of i1onic and non-

1onic diffusion theories have been demonstrated experimentally.
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3.1 INTRODUCTION

Lu,(31)
B

A coupling theory equivalent to that for ionic diffusion has
been developed for interfacial charge transfer reactions by W-K.

and will be elaborated on in Section 4.2.

The formalism
requires knowledge of the fundamental reaction rate constant, a

phenomenological coefficient whose analogue in diffusion theory is
the tracer diffusivity.

Wagner(32) has suggested that the ainter-
facial reactions may be considered in terms of anodic and cathodic

reactions for which the Butler~Volmer equation may be applicable.

Thus, one method of evaluating these rate constant coefficients is

the electrochemically determined 1on exchange current density.

A double pulse constant current technique was employed to
Fe—*Fez+

determine the exchange current dénszty at 1450°C for the reaction
+2e using a solid i1ron electrode and a liquid CaF» electrolyte.

3.2 THEORY
3.2.1

Electrochemical Kinetics

Following Vetter,(33) the kinetics of metal/ion electrodic

reactions may be approached by considering individually the rate of

i

the forward reaction Fe»Fe2*+2e and the back reaction Felt+ 2e+Fe.
\

enexqgy oﬂ the formation of the intermediate complex between the Fe
i
|

Y
\
\
\
\

'

The temperature dependence of the rate 1s related to the activation

A

\
A
)
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and Fe?* states. Consider first, a plot of "chemical" energy* vs
reaction coordinate (curve 1, Figure 3.1) indicating activation
energies for the forward and reverse reactions oFa ?nd ofa. A

possible electrical energy vs reaction coordinate 1s presented. in
Figure 3.1 (curve 2). The additavity of these energies impiies that
the effectaive activation energies will be dependent on the potential
curve (curve 3). BAs indicated in Figure 3.1, the transfer coefficient
0<0<l is introduced as a parameter for the shifting of the position

of the maximum energy barrier with respect to the reaction coordinates.

The derivation carries the implicit assumption that &« i1s independent

of the fieyéj*although, at present, insufficient experimental and

*The electrochemical potential may be defined as n = u + 2F$. Any
splitting of electrochemical ienergy into chemical and electr}cal
components, although of conceptual and practical interest, 1s essen-
tially arbitrary in nature.(34)

e
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¢

theoretical evidence exists to support 1it.

With this reservation, the approximate field dependence of

actaivation energy may be written

\

+ aZFAQ,

]

E

' '
Ea o-a

{(3.1)
Ey = E; - (1 - a) zZrio.

4

From absolute rate theory, the forward reaction may be taken as

proportional to the interfacial reactant concentration ¢ and the

Boltzman factor exp(-E5/RT). Thus:
1 = ZFK, C exp {(~E,/RT) = ZFk, exp {-(,E_-(1-u)2FAL) /RTS. (3.2)

Similarly for the back reaction:

i' = ZFRALC' exp (—Eé /RT) = ZFk C' exp {—(OE; + YZFAD) RT!. (3.3)

-
™

The net Faradaic current ip = 1' - 1 may be written:
1p = ZFKYC' exp {~(_E{ + 2FA®) /RT}
- ZFkgC exp {-(poEa - (l-a)2ZFA) /RT}. (3.4

At equilibrium, with the potential difference A¢eq defined such that
iF = 0, the relationship i = i' = 14 holds, where i, denotes the
exchange current density. The equation for the net clirrent may be

rewritten in terms of the exchange current density with the intro-

duction of a charge transfer overpotential n, = 4¢ - A¢eq. Thus :
. . O.ZF 1-Q) ZF
ip = J.o{exp (- “RT Ng) - exp (-(-—~R),E—- nt)} , (3.5a)
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with i = ZFKC' exp {~(oE3 + 0ZFAdeq) /RT}
= 2FkoC exp {~(oEa - (L-a)gFAdeq) /RT}. (3.5b)

For small deviations from the equilibrium potential the exponential

~, terms may be linearized to give

e

. oZF (l-a) 2F ZF
ip = ig {l " TRr Neg - 1 + ——=T n;} = RT iNg {(3.6)

which 1s independent of a. Thus, when Ny, 2 and 1 are known in the
linear region, 1, may be evaluated. This equatioW‘uill be used to
Lnterpret the experimental data.

At this point, two comments are necessary regarding the limita-
tions of the eguations with fespect to experimental parameters. It
has been 1ndicated that knowledge of the interfacial concentrations
15 reguired. If C and C' are independent of the Faradaic current
1p {(1.e. pure interfacial reaction control), the interfacial concen-
trations will be equal to the bulk.values. However, transport will
generally play a role in the overall process and the ‘interfacial

L}

values will generally be unkown. It is convenient to introduce a

diffusion overpotential via the Nernst equation

e

RT . C'C
i E T me— -0
Naif = 7 1° cic (3.7)

where C, and C} are bulk values. This approach was used by Berzins
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and Delahay(35) to show

}

o c' AZF c_ (1-0) nF
ip = lo'{ 7 exp ( <7 n) c. exp ( BT n)} , (3.8)

with n = ng + Ngjf which is experimentally accessible. The exchange
current density 1s then that based on the bulk concentrations. ////ﬂ
The experimental determination of the Faradaic current ip is
also difficult due to the 51multaneo;s charging of the double‘layer.
Berzins and Delahay(4) have treated the matter for the single pulse

galvanostatic case by assuming a constant double layer capacitance

{combination of compact and diffuse). Thus
an
1. = C =~ i, (3.9)

with 1. the capacitance current, and Cp the double layer capacitance.

The experimentally imposed constant current condition implies
-

1.+ 1p = it = const. (3.10)

The resulting boundary value problem was solved to give n as a
function of time, bulk concentrations, exchange current density,
double layer capacity, diffusivities and total curdent. These equa-~
tions have proven successful in the interpretation of data for moder-
\ately fast (i.e. io=50ma/cm2) interfacial reactions. However, for
very fast reactions, the experimental error %n separating contribu- .
ticons due to double layer éharglng, charge transfer overpotential,
and diffusion overpotential is significant. One solution to this
problem is the double pulse galvanostatic method, developed by

Gerischer and Krause,(36) and treated theoretically by Matsuda et. al.(37)
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3.2.2 The Double Pulse Galvanostatic Method

The praincipal limitation of the single pulse method in the study
of very fast electrode processes is the large non-Faradaic current
1n the brief pericd before a significant diffusion overpotential
develops.

The quantity of interest, the charge transfer overpotential,
is squeezed by the short term charging and the longer term diffusion
effects so as to make accurate determination difficult. This diffi-
culty 1s significantly reduced by the double pulse technique develogped
by Gerischer and Krause.(3§? Two constant current pulses‘are applied
successively to the electrode. The first pulse of relatively large
current density i; is of short duration (t;¥lusec). It 1s intended
to charge the electrical double layer to an overpotential which
corresponds tc the current density:of the second pulse (17). Typical
current vs time and potential vs time curves are shown in Figure 3.2.

By the proper choice of the current ratio 11/1i; and tj, tnis
desired charging of the double layer may be achieved. This implies
that at £ the capacitance current w1li be zero, with all of the
external current i, then being Faradaic. The proper charging corres-
ponds to the matﬁematical condition (an/at)t=t1= 0, which then serves
as the experimental criterion (curve 2, Figure 3.3). Curve 1 and
cruve 3 indicate under and overcharging respectively of the electrical
double layer. ‘

Gerischer and Krause assumed that the effect of the concentra-

tion overpotential was negligible at the beqinning of the second

pulse. With such an assumption, the observed potential at t; is



related (when compensated for electrolyte resistance) to the charge
transfer overpotential. Thus 1, can be evaluated directly since 1ip
and n¢ are known.

However, Matsuda, et. al.{37) showed that the diffusion over-
potential may be significant at t; (typically 1l to 2 uUsec). They

showed that the overpotential would be approximately related to the

length of the first pulse in the following way for s£a11 £y

_ RTap , 4 _ oT 2
Ne=t; = E;:é {1+ aty o+ (1 ) ) w tl*...}
(3.11)
4 1 1 1 ’
= —— =3
withw = g 5P Coon Y ooy

On the basis of.zﬁas equation, they suggested that for sufficiently
small ty, nt:tl would be linear with tlS. Hence, they proposed an
extrapolation of n to tl% = 0 to obtain the true 1,

As reviewed by Yeager,(Ba) Susbrelles and Delahay(39) also
“}ntroduced a correction which becomes significant when the "diffusion
thickness” SZ(Wth’ 1s of the same order as the diffuse portion of
thée electrical double layer. This may be the case for the very short
times used'ln the double pulse method. .However, the nature of the
double layer in molten salt and slag electrolytes is open to guestion,

particularly in relation to the possible existence of a diffuse double

layer. Consequently, this correction will not be considered further.

3.2.3 Polaragraphic Technique fox Bulk Concentrations

Since the ion exchange current deASity is expected to be a
function ¢f the bulk concentration, it is necessary to determine

’ «
Cé. With the assumption of transport control, a steady state current-
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potential relation may be derived to determine bulk concentrations
L3

-

when it is calibrated for a specified system. The approach has been
used recently by Schwerdtfeger, et. al.,(40) and Prange.(41)
The Nernst equation for the diffusion overpotential may be

written Y

n_ =-}321ng_

aif = ZF S’ (3.12)

when the junction potential is negligible and the electrode composi-

tion is constant (e.g. pure Fe). The current may be related to the

interfacial and bulk concentrations via the mass transfex coefficient

Km, l.e.

i

L=y [or -] (3.13)

3=

The two equations may be ‘solved to eliminate the interfacial concen~

tration C', giving

Cl

i
© " 2ZFKy [exp (ZFng,s/RT)-1] ° (3.19)

The mass transfer coefficient may be determined experimentally for
a specific system.

Two further assumptions are required: the valence Z must be
known, or at least be constant, and only one reacting species can
play a signigicant role. As will be discussed in the following
sections, these assumptions were not always valid in the systems

investigated.
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3.3 EXPERIMENTAL PROCEDURE

3.3.1 Furnace and Gas System

The furnace employed in this investigation was a Tamann graphite
resistance type wi£h an alumina working tube. Because relatively
fast heating and cooling rates were possible, the furnace could be
loaded cold for each run and taken to operating temperature. The
commercial argon used was of 99.999% purity, (see Table 3.1). The
gas was furthexr purified ﬁy exposure to pho;phorogs pentoxide for
water removal, and tofan \Oxysorb" column for 0, removal. The f;ow

rate was approximately ml/min.

Table 3,1

Argon 5/0 GasnAnalysis (Messer Griesheim GMBH) °

05, 1.6 ppm
H,0 1.2 ppm

with CO, CO,, H; < 0.5 ppm

Hydrogen was occasionally used in small amounts (approximately

3% by volume) and was purified in a similar manner.

3.3.2. Crucible Material and Preparation

The crucibles were manufactured at the Max Planck Institute of
electrolytic iron which was vacuum cast and machined to the dimensions
yndicated in Figure, 3.3. Tt was necessary to deoxidize the crucible

prior to use, in order to achieve low iron contents. This was
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accomplished by maintaining the crucible in an argon -3% hydrogen

mixture at 1450°C for approx1métely 24 hours.

3.3.3 Calcium Fluoride Preparation

The cali}um fluoride employed was Merck Suprapur grade (typical
residuals, Table 3.2) It was premelted in an argon -3% hydrogen
atmosphere at 1450°C in a previously deoxidized iron crucible. The
resulting material was colourless or, in some cases, clear with light
hues of pink or green. A milky white colour normally indicated poor
preparation (i.e. high iron contents). A "base" CaFj slag having
approximately 0.2 wt% Fe was prepared by the addition of Fe0O. This

base material was then added in varying amounts to pure calcium

fluoride to obtain mixtures of the desired compositions.

i Table 3.2

Typical CaF2 Analysis (MERCK)

o
Pb < 5x10~5% Sr < S5x10~2%
Cu < 5x10-5% Li < 5x10™ %
Ni < 1x10 "% Na < 1x107 3%
cd < 5x1079% K < 5x10”%%

Mn < Sx10” %%

3.3.4 Electrode Construction

The basic form of the electrode follows the design of A, D,

Graves et. al.(42) a5 modified by Prange(4l)

for the Fe-CaF, system.
It 1s of coaxial design to minimize effects due to irduction. The
upper portion of the inner and outer electrodes was constructed of

copper in order to elimihate the ferromagnetic effects encountered

1
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at lower temperatures. The copper-iron junctions were screw-pressure
fits at a level in the furnace representing about 900°C. The inner
electrode (normally the anode) was of 1 mm .diameter iron wire. The
current pulse imposed on the electrode was supplied to the coaxial
electrode extefnally in order to minimize its effect on the potential
measurement. The current flowed between points BC in Figure 3.5 and
the potential was read between AC. The outer electrode (normally

the cathode) was constructed of iron with an inner diameter of 10

mm and an O.D. of 16 mm. It was not possible to employ a third
reference electrode in the system while maintaining the coaxial
geometry necessary for the minimization of inductance. However, there
was only a very small error involved in taking the cathode as the
reference electrode in this system. This is because the current

densities at the cathode are far less than those at the anode, since

.

its surface area was some 35 times greater.

3,3.5 Measurement of Electrode Area

In all experiments the electrode was lowered into the electrolyte
S mm beyond initial contact after allowing for thermal expansion.
However, the effective height was generally unkown due to wetting
or climbing of the electrolyte. Following Prange(lO) several elec-
trodes were destructively tested by anodically dissolving a signifi-
cant amount of the electrode. The effective heights were then measur-

able due to the length of the reduced electrode cross section.

o]

3.3.6 Electronic Equipment

The galvanostatic pulses were generated by two Hewlett-Packard
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model 214A pulse generators with rise times of approximately 20 nsec.
The first generator, when triggered‘manually, acted as the trigger

for the second generator, which in turn triggered a Tektronix 7623
storage oscilloscope capable of single sweep operation (in conjunction
with a Tektronix 7Al13 differential comparator and 7B50 time base).

The circuit diagram 1s given 1ih Figuré 3.5, The 50  parallel resis-
tance was employed to reduce "reflection" in the coaxial cables, and
did not significantly affect the current measurements (cell resistance
< ,2). The total cell current was measured as a potential drop over

I

a 3.3Q resistance.

3.3.7 Concentration Measurements

Polarographic measurements were made before and after each set b

of double pulse measuréments. Five to ten potential curves for a
variety of current densities were recorded on a millivolt chart-recorder
in each case to obtain an average value. Current densities were
normally in the range .025 to .5 ma/cm?. The electrode was the

-~
same as that used for the double pulse measurements. However, the
crucible, rather than the cathode, was taken as the reference for
these measurements with the potential being measured between the
anode and crucible.

Samples of CaF, for chemical analysis of total iron were taken

from each run, with analysis being done by-either atomic absorption

or titration techniques. These concentrations were used in conjunc-

tion with the formula developed in Section 3.2.3 to determine a value

Km for use in the polarographic technique.

-~ "
“J
R d
’



’

3.3.8 Double Pulse Measurements

Most of the measurements were made with t; in the range .8 to 3
Usec and with 15 in the range 160-800 ma/cmz. The higher current
densities were necessary at the upper iron concentrations in order
to obtain measurably large overpotentials.

The level slope criterion for a prover charging of the doukle
layer regquires some comment. In principle, there should be only N
one point at which the slope of the potential vs time curve tends
towards zero at tj, indicating proper charging. ?he tairl should
curve slightly up or down for slight over or under charging. In
practice, the criterion can pose a difficult problem reguiring
subjective judgment. Tbe oscilloscope trace immediatly follow-
1ng tj, 1s obscured due to induction, so that judgments regarding
zero slope are actually made .2 to .5 usec after ty. Furthermore,
the curve does not change very quickly from positive to zero to nega-
tive slope. Rather, there is a range over which the
region of zero slope simply increases in length. The double layer
must be significantly overcharged before a trend towards a negative
slope is observed thus compounding the problem of subjective error.
The difficulty presumably arises due to the 1inability to observe the
trace immediately following t;.

Due to the considerations above the results could vary signifi-
cantly (up to 30% in some cases), depending upon the approach to the
zero slope (i.e. i;, tj, kept constant, adjust i,, ... etc.). Through
trial and error, the following method was chQsen as the most accurate

and reproducible for the experiments. For a particular set of data,
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i

i was held constant while a series of measurements was taken with .
ty in the range 3 to .8)usec. For each measurement, t; was fixed

and 1) was slowly 1increased until the slope at t; just approached

zero. Two to four such "sets" of information were obtained at each
1ron concentration at various values of i,;. All measurements were
made at 1450°C (except for some CaF, - 10% CaO experiments —-- see

Section 3.3.9).

3.3.9 Experiments with CaF, - CaO Slags Containing 5% or 10% CaQ

The slags were prepared in a consistent manner, with suprapur
grade calcined CaCO; being added to premelted CaF>. It proved im-
pOssible to achieve the very low iron contents in these systems.

This 1s believed tc be a result of the oxidation cf some iron by the
Cao {the size ofthemlsCLbiiity gap in the Fe0O - CaF, system is
reduced by Ca0O). This 1s indicative of the very low Po, reguired to
stabilize the low iron concentrations.

The primary objective of the work was to stabilize the oxygen
concentration with respect to variations in 1ron content. The presence
of the Ca0 also permitted an initial investigation of the effect of
temperature. In a pure CaF) system, the working temperature range
was constrained by the melting points of CaF; and iron. This did
not permit a sufficiently large temperature span to measure an effect.
However, the presence of an eytectic in the CaF,; - Ca0 system increased
the temperature range of liquid electrolyte, solid electrode to the
point-that some measurements at several different temperatures were
attempted. The interpretation of the results was complicated by

the fact that the electrolyte resistance and mass transfer coefficient



55

were also functions of temperature. This will be discussed in more
detail in the next chapter. The temperature was measured with a

type K thermocouple which had an unsheathed tip that was immersed

to a depth of 5 mm 1n the CaFj;. It was necessary to make measurements

quickly because the thermocouple degraded in the melt.

3.4 RESULTS AND DISCUSSION

3.4.)1 Electrode Area

The results obtaimed for the destructiyely tested electrodes
are summarized in Table 3.3. The areas determined in the CaF) - 10%
Ca0 slags were gignificantly higher indicating a lower slag metal
interfacial energy. The average value is taken to be 0.275 cm?.  The
current density at the electrolyte gas interface was more sharply
defined 1in the case of CaF; - Ca0, as is indicated in Figure 3.6.
For pure Can, the variation in area is greater than in the case of

CaF5 ~ 10% CaO, with some indication that it may be dependent on CFe2+.

Table 3.3

Electrodes Areas

Slag Type CiFe2+) [wty] Electrode (cm?)
Area
CaF, .016 .168
CaF, .025 .193
CaFj .211 . 209
CaFy - 10% Cao0 .065 . 275
CaF, - 10% Ca0O .053 .278

CaFy - 10% Cao N.A. .271
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CaF, -10 %Ca0 Cafy,

Figure 3.6: Dissolution of the Electode
in Area Tests

3.4.2 The Mass Transfer Coefficient

The polarographic data,may be treated with Eguation (3.14) derived
in Sectien 3.2.3.

The resulting datﬁ‘are summarized in Figure 3.7. The nature of
the information and typical calculations for one data set arelgiveg_

in Appendix 1. As with the electrode areas, the appayent mass transfer
§

'

coefficient may be a function of bulk concentration. However, the
coefficient will be treated as constant Ky = 2.82 x 10-3 cm/sec
-

since such a variation will not contribute significantly to the over-

-

all error.
In'Sectibn 3.2.3 it was noted that the equations are valid
when the reaé&ion involvind the species of interest is the only one

occurring. Uﬁder certain circumstandés in this study, the assumption
Ly ’ o
P I : ; '

was not valid. In some of the early work,-an argon 3% hydrogen atmos-

|

L.
phere was used during the measurements. The polarographic concentrations

|

b
) ‘ ®
k

|

J
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~

obtained under these conditions were incorrect. It is believed

~that in addition to the iron reaction, the hydrogen dissolved in

the anode was reacting (i.e. H + HY + e7) toﬁsiye an anomalous poten-

tial. This conclusion was further substantiated by the observations
{

of a "limiting current"’pattern at the anode which would be consistent
with a'limlting hydrogen diffusion gradient within the anode. The

use of hydrogen during double pulse measurements was discontinued.
However, similar anomd®iies were noted during polarographic measure-
ments in the CaF, - Ca0 melts and in the CaF, melts with extremely

low 1ron contents. In these cases, an alternate method of determining

the concentrations has been developed (Section 3.4.8).

-

3.4.3 Typical Potential vs Time Curves

.

The photos in Figure 8 represent typical voltage vs time traces
for the double pulse technique. The short horizontal line in the
lower left i§ the base or zero line priér to the beginning of thg
first pulse. 1In all photos, the vertical scale 1s 5 mv per large
division and the horizontal scale is 1 usec per large division.
Figure 8a r?presents an undercharged interface at ty; = 1.7 Usec since
an upward slope 1s still evident. A portion of the higher potential
during the inikial high current charging step is just visible in the
upper portion of the photo. This portion ;s completely off scale in
the latter photos.

Figure 8b represents an overcharged condition at tj while 8¢ 1s
properly charged--i.e. the slope is zero. Figure 84 also represents

a properly charged condition, but with a shorter t; = 1.2 usec.
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Figure 3.8a: Double Pulse Method - Undercharged Interface. The
Horizontal Scale is 1 lUsec per Large Division. The
Vertical Scale is 5 mv per Large Division.
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Figure 3.8b: Overcharged Interface
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3.4.4 Typical Data - Overpotential vs tl5

Most of the important data are summarized in the plot of is vs
Cpe2+ (Section 3.4.7). In this section, however, number of typical
double pulse data sets will be treated in mor tail as an indication
of the nature of the information obtained with this teehnique.

As discussed in Section 3.2.2, Matsuda et. al. showed that for
sufficiently small t;, the overpotential at tj, N¢=t), should be a
linear function tl%- Thus, Figures 3.9, 3.10 and 3.11 present data
in the form of overpotential vs tlﬁ. The significance of the term
"sufficiently short times" will be discussed in Section 3.4.5.

The curves in Figures 3.9, 3.10 and 3.1l are all gquite smooth
but depart from linearity. At very short times they tend to level
out and in some cases actually curve upwards again. The effect 1s
particularly noticeable for times t; < 1 u;ec. It is believed that
this effect results from induction effects inherent in the electrode
design and, to a lesser extent, from the response times in the elec-
tronic equipment. Consequently, the effect becomes more important
at shorter t) when large currents ijiare required éo charge the double
layer fully. This conclusion is gqualitatively supported by work with
an electrode having an inherently greater inductance in which this
leveling off and upturning effect were observed with tl‘Qn the 3 to
5 Usec range: Consequently, data for t; less than .7 or .8 Usec were
generally neglected.

This factor greatly increases the difficulty and error in extra-
polation of the overpotential back to zero, as is‘required to eliminate
the diffusion overpotential. The implications will be discussed in

greater detail in Section 3.4.5.

\ -
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The effect of bulk concentration on the development of the dif-~
fusion overpotential can be seen dramatically in comparing Figure
3.10 and 3.11. For equivalent currents i,, the slope (mv/usecﬁ) ‘is
approximately 1% orders of magnitude greater for the lower concentra-
tion, which implies a greater correction necessary for the diffusion
overpotential. On the other hand, the relative experimental errors
involved in the determination of the overpotentials for high concen-
trations are greater due to the small‘overpotentials.

3.4.5 Overpotential gs & Function of tj

N

In Section 3.4.4, some typical plots of overpotential vs t15

were presented and discussed. Matsuda, et. al., have suggested that
the true ion exchange current density may be calculated by extrapolat-
ing t15 to(tl = 0 for sufficiently small t;. It is necessary to
examine what is meant by sufficiently small t;. The second term in

the series expansion is

(- %) {(3) ) )} = (3.25)

Note that the exchange current desnity i, is squared in this term
and does not cancel completely with the pre bracket factor RTiz/ZF1,,
so that a numerical evaluation is not possible without prior knowledge

of i However, it is possible to estimate the relative magnitudes

o
of the terms in tl% and t; by choosing some t i€al values. The
results are summarized in Table 3.4. In these examples, the second

term is some 15 to 30% ‘of the first and is therefore not negligible

at tj; = 1 usec.
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Table 3.4

Comparison of First and Second Terms in tj Expansion

1 2

. 97
CFQ2+(mole/cm3) 1O(ma/cm2) wtl5‘(t1=1US) (1--3-3-)w2tl 270
2.66 x 107° 8,523 2.49 .72 .23
1.31 x 10-° 40,588 1.19 1 .14
8.8 x 10-5 241,104 2.13 .53 .25

Due to the interference of induction effects at the high currents
necessary for very short ty), it was not possible to conduct experi-
ments 1n the range of t; = .05 to .1 usec. This is the time interval
that would be required if the second term were negligible. Since
the experimental data are in the }ange of t; = 1 usec, a nonlinear
extrapolation in t) is required. The procedure for doing this will

be discussed i1n Section 3.4.7.

3.4.6 Evaluation of the Electrolyte Resistance

A potential difference due to the ‘electrical resistance of the
CaF2 electrolyte 1s associated with each experimental measurement.
Although it 1s not directly related to the exchange current density,

1t must be accounted for properly in evaluation of i5- With reference

to Fiqure 3.2, there are two ways in which the electrolyte resistance

R,) may be determined from the experiméntal data:

R, = n1/il,

el
(3.16)

i

and Rel (n3 - ﬂg)/(il - iz).

-

These two resistance values were calculated for each data set
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from an experiment and values of the mean and standard deviations
determined. The two methods of computing R,; were in agreement.
The second method of calculation might be subject to greater error
since it depends on the difference between two experimentally measured
quantities. This surmise was confirmed by the comparison of the
standard deviations which were twice as large for the second method.
Consequently, the first m?thod was preferred and the values obtained
from it are summarized in Table 3.5. R

In Figure 3.12, the electrolyte resistance is plotted against
the logarithm of the bulk iron concentration in the CaF,. A linear
fit shows a fair1§ clear trend to lower resistance at higher iron
concentratiqns. There is no theoretical justification for expecting
a straight line relationship in a logarithhic scale. It was simply
chosen as a convenient way to pfesent the data, in view of the experi-
mental scatter.

-

It 1s not obvious why the electrolyte resistance should be a

function of bulk iron concentration. It may be d;e to the effect

of the iron‘ion on the electrical conductivity, or more probably due
to a change in the electrode area. Table 3.3 indicates that the elec-
trode area is probably a function of bulk iron concentration in the
CaF, (a reflection of changes in inte£facial tension). To compare

the two effects: a 24% increase in electrode area is seen in the

same composition range as is a 19% decrease in the electrolyte resis-

tance.
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.

3.4.7 ERXtrapolation to t) = 0

v

It was established in Section 3.4.5 that-a non-lainear extrapola-
&

tion was required. Examination of the equation

/
_ B Y om .
£ Np=gy = Tt BWE)© + (1 - 33) BWZigty
(3.17)
. _ RTi Y. TN N S
with B =% and W (3;5) (ZF) (c505’

shows that the extrapolation of this equation is complicated by the
fact that ;o appears 1in both the denominator of the intercept and
the numerator of the term in ty-

The extrapolation wasvaccomélished with a Levenberg-Marquardt
type non—llngar optimizationlalgorithm. The experimental data were
fitted to the equation by treating the "intercept" i, and the :slope"w
as the variables to be opéimized. Prbper convergence seems to be
obtained 1n the analysis of each experiment. The resulting values
of 15 from extrapolation ana from the potential at 1 Usec, as well
as values for W, are summarized in Table 3.5. .

Can the accuracy of tﬂ; data justify the added sophistication
of this non-linear extrapolation? A comparison of the sums of squares
of the residuals for a linear and non-linear fit showed that the non-
linear fit'wag supérior in almost all cases. This éonclusion is
significant in Fhat the number of dégrees of freedom for both extra-

M [N

polations was two.

[y

#The* term with Cy is not requiréd since this phase is pure iron.

&
st
&K
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3.4.8 An Alternate Approach to the Determination of Bulk ‘

Iron Concentrations in the CaF>

The slope as defined by W in the previous section is inversely
proportional to the bulk iron concentration. A plot of W vs 1/Cpe
is presented in Figure 3.13. On the basis of this correlation, the
derived values of iron concentration were successfully applied when-
ever the standard polarographic technique failed: when hydrogren
was present; in the experiments with very low iron contents; in
the melts that contained CaO. '

It is intere;ting té compare the empirically determined slope

with that which may be evaluated theoretically: £

Theory 7.8 x 10710 mole/ma - cm - (1.Asec)"E

Experiment 4.8 x 1 mole/ma - ¢cm - (USec)Li

’

The agreement is as good as or better than that expected from

' the experimental accuracy of the concentration and diffusivity deter-

y .
minations. In addition to calibrating a relipble method for deter-
mining iron concentrations, the comparison further justifies the

éxtrapolation procedure.

3.4.9 Exchange Current Densities as a Function of Bulk Concentrations

It is useful to relate the ion exchange current densities to the
bulk concentrations of the reacting species in electrode and electro-

lyte. 1In the experiments, the iron concentration in the electrode
ey

‘remains constant, so that exghanée current density may be related
]

directly to the reactant concentration in the electrolyte. It is

(]
)

in this format that most of the experimental data will be presented.
: - .e' T

¥

§
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The development of the equation necessary for the determination of
the transfer coefficient and the standard heterogeneous rate constant
is given.

Recall that the exchange current density is defined by the

-

relations

i, = ZFKLC exp{— (OEéHZFAtbeq)/RT}
(3.5b)
= ZFkoC exp{-(oEa-(l-OL) ZFA¢eq)/R~r} .

The concentrations C and C' can be expressed in terms of A¢eq

k'c!

e = exp{(aZFAd)eq + (l-or.) ZFA(beq)/RT}
= exp {zm¢eq/n'r} (3.18)
with ok =k, exp (-oEa/RT) and k' = k5 exp (-OEé/RT)

This may be substituted into equation 3.5b to give

1oty (1-0) a 1-0¢
ig = ZFRC(-}:—C—E ) - 2Fke) (k'eh) TTY (3.19)

With the assugption that ko, k&s E4, and oFa are independent of

the concentrations C and C' (see Chapter.5), the leading terms may

be grouped in a constant Y, such that

7

54
Y = zF c¢® k' (’—1:-) . : (3.20)



75

The exchange current density may be expressed as

iy = yor(1<®

Q

or alternatively

¢

log i, = log¥ + (l1-a) log C'. (3.21)

Thus, log i, may be plotted against log C' to determine & and Y.
Figure 3.14 is a plot of exchange cggxent density (evaluated
at tl = ) Usec) vs iron concentration in the electrolyte. This,
represents the data obtained with CaF; melts over a wide rangg of
iron con;ents. The data may be represented by a straight line,
although this, cannot be considered to be particularly strong evidence
in support of th; theory. In any event, it is possigle to determine
an apparent transfer coefficient and standard heterogeneous rate

constant. This will be done in Section 3.4.10. The difference

between the results of Prange, and those of the current study is

s

¢
believed to be due to a difference in choosing the zero slope criter?

ion in the m;asurementﬁ.

*Figure 3.1% compares the exchange current dens%ties for t;
= 1 psec (Figure 3.14) with those obtained using the non-linear
extrapolation to t; = 0. The scatter in the 1atte; is much greater,
as would be expected in any extrapolation. However, th slope is
nearly identical to tpa; in Figure 3.14. The extrapolation ﬁrocedure
increases the éstimaté of i, by about a factor of three. Thus tge
extrapolation is, quite important. 1In other words, there i; a sigﬁi—

ficant concentration overpotential at 1 Usec.

i N oo G
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~

Figure 3.16 compares the exchange current dgnsities (evaluated
at t; = 1 usec) for CaF; - Ca0 melts with that for the case of "pure"
CaF, (Figure 3.14). These measurements were generally harder to
make and were in an iron concentration raq@e wﬁicﬁ\gave less accurate
results. This is reflected in the greater degree of scatter. Al-
though the bgst linear fit lies slightly below that of Figure 3.14,
the difference does not appear to be statistically significant.

The exchange current densities should be considered- essentially the
same. This is a little suprising siﬁce it is clear that slag-
el?ctrode interfacial tension is very different for the CaFp; - CaC
case, as eQiden;ed by the chanées in electrode surface area (i.e.
meniscus) and the general eléctrode and crucible behaviour. Figure

3.17 shows a similar plot comparing extrapolated exchange currents

for Ca0 containing melts with the best fit frqm Figure 3.15.
N ' N

\

3.4.10 cCalculation of the Transfer Coefficient and standard

~Rate Constant

o

Folfbwing Bauer, (43) A¢eq may be written

,_Acbeq = -g—%:-{in (%) . ln(%)} (3.22)

The formal standard potential A¢:q can be defined at C = C' such’ that

*

o c0 _RD . (CN\ o _RT. (k')
Moy = 862, + 22 1n(S )with 803y = 25 1n( ) (3.23)

-

- If one adopts. the conventior that the formal standard potential is

the refereﬁce‘pdteptiai (i.é. A¢2é = 0), k = k' and, k', the standard

*

heterogeneous rate constant, may be determined from ¥ = zFk'e®,

’ “a
L]
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From Figure 3.15, apparent values for the two variables which
characterize the exchange current density i, may be calculated. The
/

Al
values obtained are

\

"transfer coefficient" (1 - a) = ,932

"standard rate constant" k' = 8.03

It is imporqigp to emphasize that, although the parameters o
and k are of value in recording kinetic data, it is really the ex~
change current density which is indicative of the reaction rates at
equilibrium for a specified concentration. * This will be discdssed

in more detail in Chapter 5.

3.4.11 The Double Layer Capacitanceﬂ

There are two methods for calculating the interfacial capacitance:

s (3.24)

and Cpi, = iltl/(nz - i;;el)'

The second method generally gave slightly higher capacitance
values and larger standard deviations. In principle a dependence of
measured Cpp on t) is expected since i; has a small Faradaic compo-
nent. However, no such ‘trend was seen in the data. Since the correc-
tion is expgcted to be %mall in any case, it is ignored. The resﬁlti
from the application of the first méthod are summariged in Table 3.5.

As with the exchange éurrent densities, the capacitanée is

]
,clearly a strong function of bulk iron concentration. Figure 3.18

\(
shows a plot of this capacitance as a function of concentration.

%
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It represents strong evidence to suggest that the nature of the Fe/
CaF, interface changes significantly with iron concentration. The
implications of sucp £ conclusion will be discussed further in Chap-
ter 5.

Figure 3.19 compares the data for Ca0 containing slags with the

results of Fiqure 3.18. No significant difference is apparent.

3.4.12 Temperature Dependence of the Exchange Current Density ,

Some preliminary work was done at temperatures other "than 1450°¢
in order to study the effect of temperature on the exchange current
density. Pure CaF, was not suitable for such experiments becausq_}
the possible temperatures were constrained in a relatively narrow
range between the melting points of CaF, and iron.. However, the
presence of an eutectic in the CaF, - Ca0 system lowered the melting
point by some S0°C, so that some preliminary temperature dependence
measurements could be made in thegg\gelts.

Measurements were made wiPpin the temperature range 1380°C to
1450°C and.the results are presented in an Arrhenius type plot in

Figure 3.20. The apparent activation energy of 9 Kcal/mole obviously

has a large uncertainty associated with it.
s /

3.4.13 Comparison of Predicted and Actual Single Pulse 'Curves

Berzins and Delahay(35) presented a theoretical expression for
the single pulse galvanéétat%c method ;n terms of Cfo, Dys iy and
CpL+ ?hus, another check on the experimental double pulse data is
provided by calculating a theoretical curve fOf a single pulse

measurement using data obtained with the double pulse technigue and

t
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comparing with an experimentally measured single pulse curve. A

series of photos were taken of a single pulse event in a range of
)
voltages and times in order to obtain the data summarized in Figure

3.21.

i

The agreement between the theoretical and experimerrtal curves

is quite good, although conclusions should be drawn with caution.

The theoretical equation is strongly dependent on the double layer

e
capacitance, but relatively insensitive to the ion exchan;e current

[l
density. A calculation in which the exchange current defsity was

~

doubled resulted in an almost imperceptible change in the theoretical
.D—'/

curxve.
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CHAPTER 4: SLAG/METAL INTERFACIAL REACTIONS

- CHEMICAL APPROACH /
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4.1 INTRODUCTION

Some of the advantages of an electrochemic¢al approach to inter-
facial reaction kinetics are clear. A large volume of accurate data
can be produced in a short period of time with relatively simple
experimental procedures. However, considerable analysis of this data
1S necessary in order to, calculate usefﬁl kinetic parameters from the
experimentally measured transient potenﬁlgls and currents. The
theoretical treatments necessary for this analysis were developed
primarily for electrochemical reacé&ons in aqueous solutions. There
1s no evidence that such an ag?roach is directly applicable 1in high

O

temperature molten salt or slag systems, although in the absence of
N

evidence to the contrary, this basic assumption was made in the pre-

vious chapter.

Due to the central importance of such an assumption to the proper
1nterpretation of the electrochemical data, 1t is desireable to con-
sider an alternate experimental approach which could lead to an independ-
ent order of magnitude confirmation of the kinetic data. Consequently
the so called cheﬁlcal apprQach to this problem was undertaken.

In these experimentis pure Fe0 was separated from CaF, by an iAan

foil. Progress of the reaction was monitored through the use of oxide

markers in the foil. «
4.2 THEORY

In chapter 2, a phenomenological approach has been used 1in conjunction
with postulates and approximations in order to relate diffusion fluxes

to concentration gradients. In both metallic and 1onic diffusion,
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the interdiffusivity matrix for concentration gradients was expressed

in terms of tracer diffusivities and thermodynamic activity data. The

I

validity of the approach was based on the assumption that fundamental

T

coupling was negligible. That is, it was assumed that to a good

RPEN. 2

[

approximation, all of the mechanisms and physical information neces-

sary to describe the system were carried by the tracer diffusivaty

R S

data. .
- i
pu(3l) nas postulated that a similar phenomenclogical approach may

.

’ ' |
generate a reasonable first gﬁproximation to multicomponent slag/metal

o o

ey

3 |
interfacial reactions. The development is directly analogous to that c’]

PR

for ionic diffusion, with two exceptions. The driving forces.for
interfacial reactions are ‘electrochemical potential differences ynstead
of gradients, and a choice of reference frame is not required. Fluxes

{
J;i are replaced by reaction rates'Ri, and chemical reaction rate constants
ki from the mass action law replace tracer diffusivities.

It will be shown that the approach makes an assumption equivalent %
to a diagonalized mobility matrix in the lattice fixed frame. That
1s, fundamental coupling 1s assumed to be neéllgible. In the absence
of éhe need to choose a reference frame, charge balance 1s the only
remaining coupling mechanism. Directly analogous to diffusign, 1t 1s S
implicit in the above that to a good apgroxxmation, all of the mechan-

’/1st1c and physical information required by the system 1$ contained in
the rate constants meaéured by independent single reactién experiments.

¢ N
Interfacial slag/metal reactions are considered to be concurrent

anodic and cathodic reactions of the form

+ zit
i 1+ zle . ' (4.1)

.\tMl-«M



Several basic assumptions are made:

N

(a) The slag phase is purely i?pié (i.e., no free electrons),

»

[

and the metdl phase is truly metallic,

(b) The reaction takes place at a narrow interface, since the

phaseg arg completely immiscible,
(¢) There is no net transfer of charge across the interface,

(d) All reactions as written are of first’ order,

() The transient period prior to the establishment of a quasi-
steady state field is very short and can be meglected.
-/ %
, In order to express the reaction rate equation in the conventional

manner comprising forward backward and net rates, it is useful to define

an absolute electrochemical ‘pctivity aj such that

a; = exp (uj + zjF¢/RT) = a; exp (2iF¢/RT) (4.2)"

.~

The definition is a simple extension of the coneept of absolute

{34)

activities, as defined by Guggenheim as 4 ='RTlnai.

L3

It is postulated that a modified form of the law of mass action

1s applicable for such elementary charge transfer steps, so that: -
-> - > _ “ Zi .
R =R - R = k*a - k*3'a, (4.3)

Expanding and manipulating the result, one has:
;* 1 21. ] )

- { a'ag” exp (ZL£¢ /RT)

k*a exp (z;F¢/RT) 1 -3 } ,
k*a exp (zjF$/RT)

o]
1]

- (4.4)
- k*a'aZi

k*a exp (z;F /RT) {].- T exp (-zFA¢/RT)}

k*a

[}

where ¢-¢' = Ad

~

The meaning of the term in the curly brackets is gquite straight forward

but is best clarified when dealing. with a specific set of reactions.
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However, the pre-bracket term, and in particular the factor exp
(z;F¢/RT) requires further explication. It has been observed previously

23 ' -
“that the splitting of an electrochemical potential into chemical and

electrical portions involves one degree of arbitrariness since most

chemical bonds are electrical in’nature. In keeping with the conven-

#
tion chosen for ionic diffusion, it is convenient to consider only

electrical forces relating to the charge balance constraint in the
electrical term, with all other effects being taken in as part of ‘the
cheq}cal term. Under these circumstances, |¢| must be less than or

equal to |A¢| which represents the total effect of the charge balance

constraint. In fact 1t 1s possible to write

. $ = (1-0)Ab with 0< & < 1. (4.5)

The choice of the symbol & 1S not accidental. In fact, 1ts meaning
is quite similar to that of a symmetry factor (44) assigned to it in the

traditional electrochemical theory. 1In both cases, 1t is indicative

of the relative amount of the electrical botential @ifference attri-
buted to each phase.

In «his chapter, Zharge transfer reactions ﬂ{ the form

.
s
.

Fe ~ FeZ® + 28 ‘
. (4.6)
0 + 28 - 02"
* &
are important so that the solution of the two rate equations
7
, > - +* -,
Rpe = K*re 3re = X'Fe a'pe
-+ +« : . (4.7)
Ry = k¥*g a, = k*j a'y
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subject to the charge balance constraint is of particular interest.
The detailed calculations are somewhat lengthy and are left td Appendix

2, although the final results are summarized below,

b -b A
R _ A 0 “Fe (1 - =)
RFe = bFe RT ‘{l + b0+bFe } 2RT

. (4.8)
Ry = by 2= {1 - 0P (-2 '
0~ 70 Rrr bo+bgg “2RT
-> -> 2
Where bFe = kFeCFeI bo = koCO(ae“)
. CFeO
and A is the chemical affinity, defined by A =u ~u' = with
. KeqCre®o

Keq being the equilibrium constant for the reaction Fe + 0 -Fe0

4.3 EXPERIMENTAL DESIGN AND PROCEDURE

4.3.1 General Considerations

a

In the electrochemical experiments, an externally applied elec-
a ‘ . -
trical potential was used to drive the anodic dissolution of iron.
Ih the "chemically driven" experiments an oxygen potential gradlent,
(i.e. Fe0 activity gradient) was viewed as an equivalent chemical’
driving force for iron dissolution.

The basic pranciples of the approach are 1llustrated schematically
in Figure 4.1 1in which liquad iron oxid? (apeo = 1) 1s separated from
ligquid ;alcium fluoride (apgp << 1) by a SOlld.ern foil. The overall
reactioné might be summarized in the following way:

- a) FeO - Fe + (0)p, at interface 1

b) Diffusion of oxygen through the foil to interface 2

c) 'Fe + (O)pe > (FeO)cyp, 2L interface 2
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FeO | "Fe | Caf,

O . © .

Figure 4.1: Schematic Diagram of the
Experimental Principle

-

i
¢

These reactioni/g}éht be alternatively expressed in an electro-

.
chemical format inyolving simultanecus anodic 9nd cathodic steps.

’ s
The overall kinetics should then be analysed/in terms of the relative

contribution of each of the following gteps:

(1) (Fe?™) + 2e” + (Fe)

FeO Fe foil

) at interface 1
(0°7)

-
FeO Fe fo1il

(0) +2e”
(2) Diffusion of oxygen along 1ts activity gradient in the fo:l

,

2+ -
(3) (Felpe goy1 * (Fe™ dcgp, + 2¢

9 at lnterface’EEL
, @pe for1 * 2 7 O7 g,

)
\

" (4) Diffusion of Fe2+, 02~ away from jnterface into bulk CaFj

Thus the overall kinetics can be divided into two coupled inter-
facial reaction steps and two diffusion/transport steps. Transbort

in the iron oxide 1s not considered since it can be treated as a

single component system In equilibrium with the iron. The kinetics
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of the interfacial reactions are related to the nature of the interface.
However, the rate of oxygen transport through the foil is related to
1ts diffusivity and foil thickness while transport away from interface

. 2 is related to the FeO diffusivity in CaF; and the stirring conditions

at the interface. Consequently the relative contributions of the
transport §teps to the overall kinetics of the process can.in princi-

ple be changed through appropriate choices and variatjons in foil
i

thickness and stirring conditions.

.

4.3.2 Design and Manufacture of the Rotating Crucible Containing Fel

The experimental criteria were met with a rotating iron crucible
whose basic configuration and dimensions are given in Figqure 4.2,
Several (normally 6) 1 mm diameter "windows" of thin 1ron foil were
made in the crucible by drilling holes through to the central hole
and then covering these holes with an %fon foil of an appropriate
thickness. Normally 2 foils of differing thickness were used in a
single crucible in order to obtain a dlrec; evaluation of the effect
of foil thickness on the reaction rate. The foi1l was held tightly
against the crucible with selective spot welding around the edges.

A firm bond at the foil/crucible interface yas then achieved with a
diffusive welding process 1in which the crucible was held in a controiled
Hp/H0 atmosphere at 1000°C for a period of about 12 hours.
t Three methods of monitoring the overall réaction kinetics were
attempted. Initially, the measurement of the change in the 1iron
content in the calcium fluoride o a continuous basis with the polar-
ographic technique was proposed. Platinum alloyed as a marker in the

. .
orlglnal*?OLI was also tried. The use of finely dispersed oxide markers

in the iron foil was found to be the most effective. These markers were
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created ¥n the foil by internally oxidizing an Fe - 0.4 wt%

" aluminum alloy foil inxa controlled atmosphere (Py,/PHyo = 15)
at 1000°C for approximatgly 18 hours prior tp welding them to the
‘crucible. The alloy was melted in an argon arc furnace from 99.95%
Fe and 99.99% Al, both from A. D. McKay. It was subsequently cold
rolled to the desired foil thickness (.05 to .2 mm) in a Stanat 2-
high mjill prior to being internally oxidized. The internal oxidation
and welding steps were carried out 1n a Kanthal resistance furnace.
In both cases the atmosphere consisted of an argon-30% Hydrjpgen ultra
high purity mixture (99.999%) bubbling through a column offdistilled
deionized water at approxxma&ely 150 mi/min. Samples from most foils

" were mounted and polished to check for an acceptable distribution and
size of the oxides. An Fe=-2 wt% pt A 0.4 wt.s Al foxl‘;hs prepared

v

1n a similar manner.

“

" 4.3.3 Experimental Design and Procedure

The overall schematic presentation of/;he experimental apparatus
1s found in Figure 4.3. The CaF, containing crucible was machined
from Ferrovac E grade iron. The use of a flat alumina disc was neces-
sary as a guide to prevent the rotating crucible from contécting the
outer crugible. The outer crucible was held‘ln é‘molybdenum wire
cage 1in order that it could be raised and removed without cooling
the molybdenum resistance furnace below 1250°¢.

The rotating iron crucible was supported in the lower furnace
with an 998 recrystallized alumina tube. It was held with an alumina -
locking pin and wrapped with iron wire to prevent slippage of the pin
during rotation. The supporting tube and rotating electrode could

be raised and lowered through a "Cajon" O ring seal and could be :



Figure 4.2: Design of the Rotating Crucible

ALUMINA ROD

- ALUMINA LOCKING PIN

ROTATING FeO CRUCIBLE

|| — ALUMINA DISK

Figure 4.3:

| Fe CRUCIBLE

.— ALUMINA TUBE
— ALUMINA SUPPORT

Design of the Experimental Apparatus
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removed from the furnace through an air lock while still maintaining
¢

an .inert aémosphere/ig}the furnace. F)
The basiq furnace atmosphere was maintained with argon (UHP grade)
which was deoxidized by pass%gg i§ over zirconium turnings at 600°cC.
Approximapely 5% Hydrogen (UHP gra&e) was added to the argon when a
reducing atmosphere was reéuired (e.g. during the melting of CaF,).
Fe0 for the rotating electrode was prepared by melting Fej0j5
(99.9%) in a Ferrovac E crucible under an inert atmosphere. It was
then ground to minus 80 mesh to insureqbroper penetration of the
oxide powder through the 1 mm holes to contact the foil window.

When the CaFj melt had stabilized a temperature of 1430°C

(see next section) the rotating crucibfe was lowered 1 cm into the

CaF, melt (prepared as in the electrdthemical experiments ~ Chapter
~

3) and rotation at 60 rpm commenced.
o

mmediately. The crucible was
raiséd from the melt after a predete ined time (normaliy 15, 30 or
45 minutes) and removed from the furnace in preparation for another
run. The rotating crucibles were .then sectioned and polished for

. ) ®
metallographic analysis.

4.3.4 Measurement of CaFy Temperatures # P b
‘ The CaF, temperature was initially measured with a bare wire
typeJR Platinum~Rhodium thermocouple inserted directly in the melt.
The thermocouplg deterioratea rapidly after a period of about 30
migutes but reliable and reproducible measurements could be obtained
v
during the initial period. 1In order to investigate the effect on

temperature of the insertion of the rofatinq crucible into the CaFj

melt a "mock crucible" containing a type-R thermocouple was constructed
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{Figure 4.4) and inserted -anto the melt in the same way as a normal
crucible. The temperature approached within 1°c of its final value
after a»period of 2 minutes in the melt. The temperatures of the

two methods agreed to within 5°C. The "mock crucible" measurements

I3 22

were taken as more representative of the true interfacial temperature.

/s
4.3.5 Chemical Analysis of CaF, for Fe -

Samples of approximately 1 gm were taken periodically from the
Cng for analysis. Often some CaF) would adhere to the bottom of

%the rotating crucible. These were also analysed for iron content.

The weighed samples were first held briefly in hot dilute HCl in order

/
to remove any presence-of metallic iron on the surface introduced
-~

Pl t
’

through handling or contact with the iron crucibles. Each sample
was then dissolved in 5 ml of concentrated perchloric acid and boiled
to dryness. The residue was then redissolved in S ml of concentrated
HC1 and diluted to 25 ml with distilled dkionized water prior to

analysis for iron with atomic absorption.

4.4 RESULTS

4.4.1 The Natyre of the Data

The oxide markers serve to indicate the location of the original

foil/Fe0 interface. The diffusion of oxygen through the foil is

expected to proceed under a strong chemical potential gradient, while,

the iron clearly does not experience an equivalent gradient. Conse~
quently one would expect the iron from the deposition reaction to

accumulate as a relatively inclusion free layer at the FeO/foil
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.- Fe CRUCIBLE
{same dimensions as
in Fig.4-2)

] B
ALUMINA TUBE
Pt —13 % Rh
- BT~ THERMOCOUPLE

Figure 4.4: Design of the "Mock Crucible"
for Temperature Measurement

Figure 4.5: Measurement of the Foil
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interface. The oxygen should then act to dissolve the iron anodically
at the foil/CaF2 interface. One would therefore expect from a mass
balance that the total foil thickness would remain approximakely
constant with time, although the inclusion bearing portion (oYiganal
Pfoil) shouldrthln and the inclusion free layer thicken with time.

The rate of this thickening process serves as a measure of the over-

all reaction rate.

4.4.2 Sample Preparataon and Measurement

pfter reaction, the rotating electrodes were sectioned through
the wimdows, mounted and polished for metallographic analysis. A
light 10 segond etch 1n Nital 2% was used to highlight the inclusions.

Foil thickness was measured on an optical microscope with a
previously calibrated Reicherk verniér efeplece to an accuracy of
.002 mm or better. e

'
Referring to Figure 4.5, four basic measurements are considered
important. Location A indicates thé unreacted or_origlnal'foil
_thickness at some distance from the window. At the window the foil
thickness can be divided into inclusion bearing (original foil) and
inclusion free ("cathodic" deposition) regions. The total tﬂlckness
at the window is clearly the sum of these.\’

Figgﬁ@s 4.6a, 4.6b and 4.6c¢ indicate pho™s from a typical
sequence of experiments of 10, 20 and 30 minute duratloni; The separ-
. . a

atioP into inclusion bearing and inclusion free regions 1s clearly
visible. From such equences of experiments, ra&e information may
be défffyéned, as discussed in the next section. The metallographic

results are summarifed i1in Table 4.1 in terms of mean values and

standard deviations for each sample.
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4.4.3 Calculation of Rate Information

A preliminary examination of Table 4.1 indicates that the
anticipated mass balance 1s not preserved. That is, the thinning
of the inclusion bearing foil is much less than the growth of the
inclusion free region. This observation will be discussed in the
Section 4.5.1. For the present, 1t is sufficient to mention that the.

o‘ .
growth of the inclusion free region will be taken 1in the analysis
for determination of the reaction rate.

For each sequence of experiments, représenting a range of reac-
tion times, the average inclusion free thicknesses were plotted
against time. Under certain circumstances (discgssed in Section
4.5.4) the reaction may be considered linear with time after some
initial period. Thus the slope of a best linear fit will give the
growth‘rate of the inclusion free region in mm of 1ron per minute,
as 1llustrated in Figure 4.7.

Thais grodﬁh rate is readily converted to an oxygen flux per cm?
takiitg the density of iron as 0.141 moles/cm3 and FeC(1) as 50.7
mole % O at 1439°C. The results are summarized in Table 4.2, along
. with the corresponding results of the chemical analysis for iron in

calcium fluoride.

\JT£;§\ Measurement and Analysis for Platinum Bearang Foils

7 W
AN

2

The platinum in the foil was originally intended as a marker

to augment or replace the oxides. The orlglﬁal concern (although
not substantiated by experiment) was that the oxide markers would
interact significantly with the oxygen flux through the foil. 1In

this respect, the platinum was felt to be more "inert". 1In fact the

b
d,
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diffusion of platinum was too great for 1ts use as a marker under
these experimental conditions. However, the results were none the

a less surprising and are summarized in Table 4.3.

-

.

4.5 DISCUSSION

The ultlmaté objective of this work 1s an order of magnitude
estimate of the Fe/CaF, interfacial kinetics in order to compare
with that obtained from the electrochemical data. However, several
factors must be considered in order to extract this kinetic infor-
mation. The causes and implications of the apparent mass balance
discrepancy must be considered. Furthermore, the influence of the
transport steps must be analysed and quantified before the interfacial

kinetics may be properly interpreted.

4.5.1 Mass Balance

If the actual reaction process were properly represented by
that éresented 1n the previous section, a mass balance should exist
1n which the overall foil thickness 1s independent of time. That
1s, the growth of the~inclu51on free region should exactlv compensate
the thinning of the inclusion bearing region. It is clear from
Table 4.1 that this is not the casg. The growth 1s 5 to 10 times
that of the thinniag (x = .004 mm in 30 min, Op-1 = .005 for thinning).
Most foils do show some thinning although some actuallg show a slight
growth, which 1s reflected in the large CTph-1- One £§§3§tant factor
which bears on this problem is the uniformity of the initial foil

-

thickness. Although many precautions were taken to optimize the
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uniformity of thickness, some fluctuations were unavoidable. Thus
while the data for foil growth inherently compensates for this fluctu-
ation in foil thickness, the thinning data which is dependent on
comparing averages from window and non-window regqgions of the foil

does not. This 1s reflected in the generally lower J,_) values for
the 1nclusion free thicknesses. While this consideration can account
for the relatively larger scatter in the thinning, 1t cannot explain

the significantly smaller average rate of thinning. It is necessary
t

to conclude that the postulated reactions involving an i1ntimate coupling

of 1ron and oxygen are not completely correct.

It 1s therefore necessary to consider what the oxygen might be
doing that the 1ron i1is not.

The straight forward transient éffect of saturating the foil-
with Oxygen would only account for a .0003 mm 1ron growth.

It 1s possible that the oxygen is reacting 1n some manner not
related to the presence of CaFy, 1.e. through some gaseous reaction,
or simply by reaction and growth of the oxide 1inclusions. In order®
to investigate this possibility, one rotating crucible was held at
temperature, without insertion in the CaF, melt, for a period of 30
minutes. A typical photo from the resulting sample 1s shown 1in

~
Figure 4.8. The foil is markedly different from those in Figure 4.6.
No clear inclusion free region has developed. The foil 1s dominated
by the agglomeration and growth of large inclusions near the FeO
interface. These experaimental results, coupled with the observation

that no significant difference in size and distribution of inclusions

was noted between window and non-window foil loaations in the normal

s



=

e IEN o5 .
; . .
i .- e .
: RN . V- ,n..:-..
"‘,\.,. . 3 . _.'. o ’:‘,A
. - 0 . . “ ? .’“‘
..“{ ,..‘!..L - N . I ("}:‘/ ,’
’ N OSSN WS 1t e e « R .. Y - ix et
T L e VAL e e o LA AL g‘i.b.'
L R T LAY X
T ¥ L . R " Yer=idutd L |
T U e T

100

Fiqure 4.8: Metallograph of a Fo1l Reacted for
30 minutes without Contacting Caf,

AU - I 8 T 2 S
b SN ““5» W

g
(]

0 pr—m———

o

t"i':’,v

»

T

Propare 3oi1c cample - Trancation trom Normal te
Pty sordirerny crowth of the T fusaon

Yy T

Pod

170

L/



111

experiments wouli suggest that the formation and growth of the inclu-
sion Iree recLon Ls/§tron§ly related to the presence and action of
o
the CaFy.
Some uanderszanding of this mass balance problem can be obtaiped
from the Car, chase diagram in Figure 4.9. Whether or not, 1n fact,
a miscibilaty gac exists in this system is relatively unimpdrtant.

The important conclusion is that some finite amount of calcium metal

-

A

1s soluable 1in CaF>. There is considerable circumstantial evidence
to suggest that a significant amount of calcium metal Qas in fact

dissolved in the CaF, used in both the chemical and electrochemical
exreriments. The strongest evidence 1s the poor iron vield realized

in FeC/CaF; acditions to the CaFj.
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In both the electrochemical and chemical experiments master CaF)
slags containing about 0.2 wt% Fe (as FeQ) were produced and added in
predetermined quantities to increase the iron content of the working
melts. The achieved iron yields were rarely above 80% of the theoret-
1cal calculation, and often far worse. 1In a typical example, 2.85
gms of CaFy - 0.19 wt% Fe was added to 45 gms of a .004 wtt melt.

The theoretical yield would give a .01l2 wt% Fe melt. The actual was
.008 wt%, a 50% yield. The yields generally became poorer with low
initial iron 1in the melt. fhis suggests that the iron cations were

\

being reduced by calcium in ﬁﬁé melt. On some occasions, evidence
for this reduction of iron was observed in the form of metallic iron
which nucleated and grew while floating on the CaFy surface through
a surface tension effect.

The initial experimental design was based on a semicontinuous
polarographic measurementof bulk iron content in the CaF,; during
the rotation of the crucible. The method was abandoned in favour of
the féil marker approach after repeated failure to detect significant
changes in bulk iron concentration in spite of evidence that the
desired reaction was proceeding to some extent. The rotating crucibles
in these experiments had as many as 24 windows in an effort to achieve
réthe; large macroscopic changes. In spite of the fact tha; no net
changes in bulk iron concentration were detected in the CaF2 during
these experiments, a considerable amount of "plating out” of iron on
the crucible walls and electrodes was observed. This is taken as

further evidence of reduction of the iron by calcium.

Thus, it seems reasonable to conclude that the mass balance
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discrepancy is related to the reducing power of soluble calcium in
the CaF,. At least two mechanisms are possible. The simplest would
involve direct oxidation of the calcium at the foil interface. The
alternative 1s a two step process in which the iron 1s anodically
dissolved by the oxygen as previously proposed but is then more or
less immediately reduced by the calcium. There is no direct evidence
for either mechanism although the latter seems more consistent with
the plating out effect seen in some of the experiments (Appendix 3).
In either case the growth of the inclusion free region at the

FeO/fo1l interface appears to be a valid indicator of the overall

kinetics of the process.

4.5.2 Transport in the Calcium Fluoride y

Most species in most non-polymer liquids have relatively constant
diffusivities of order 1073 cmz/sec. Ixon was determined to have a
diffusivity of 2.5 x 10-5 cmz/sec in CaF, with the electrochemical
method. (41} Thus 1t is the stirring condition at or n;;r the foil/
C;Fz interface which will have a strong and changeable influence on
the resistive contribution of this step to the overall reaction.

Taking a typical value for kinematic viscosity for bivalent

molten salts as about .006 cmz/sec,(l7) one can calculate a Taylorgf

*The‘%éylor(44) number for toncentric cylinders is defined by

Ta = Re? ro - ri . :
ry . ' (4.9)

r - r
where Reynclds number Re==( o) 1)52
r
1.

\) r

inner radius rj rotation speed 0 radians/min
outer radius X, kinematic viscosity Y
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number of approximately 5 x lO4 for this system. This 1s well above
the upper limit for laminar flow although somewhat less than that for
fully developed turbulent flow. Nevertheless, i1t 1s clear that‘the;e
will be a significant velocity component perpendicular to the rotat-
1ng crucible at some small distance from the crucible which will
greatly enhance the mass transfer rate.

It is not possible to calculate an explicit mass transfer coef-
ficient for this system, nor is it necessary. It is sufficient
to know whether or not this transport step offers a significant or
negligible resistance to the overall reaction. Some feel for 1ts
significance 1s obtained from sample 15, which was not rotated (1.e.
und the influence of natural convection only). The mean inclusion
free; thickness in sample 15 was .0252 mm after 30 minutes which
com:E}es with a range of .0234 to .0392 mm growéh in five similar

30 minutg experiments in which the crucibles were rotated. This

result 1s informagive in as much ak 1t indicates that although the

transport through CaFj\step lS/ rhaps an important kinetic considera-
tion, it is far from the dominant one.

A simple model (Figure 4.10a) 1s proposed to further analyze this
problem. It is assumed for the moment that during the time interval
between/the passage of the trailing edge of previous window and the
leading edge gf the window under consideration (0.1 sec), the inter-
facial concentrations have the opportunity to approach those of the

bulk value. If transport in the CaFj; is important, a concentration

profile will develop in which the leading edge of the window will be
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~ in contact with a significantly lower Lnterfacial concentration of

di1ffusing species than the tralllngedge(qupfe 4.10b). Under such

-

circumstances, the trailing edge would experience a significantly
lower driving force for the reaction, with a smaller growth rate for
the inclusion free region of the trailing edge as a direct consequence.

Although fluctuations in the inclusion free thickness. did occur (see

Op-1+ Table 4.1), no systematic deviation from leading to trailing

2

edge of the window was seen in the data. -
Finally, it will be hoted from Table 4.3 that the presence of
platinum in the foil led to a dramatic increase 1n the reaction rate.
>
Such an observation 1s inconsistent with the hypothesis that trknsport
,}‘/
in the CaF; offers significant resistance to the overall reaction.

Thus on the basis of this disfussion 1t seems reasonable to

assert that withain the scope and accuracy of these experiments, .
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transport in the CaF, had a negligible influence on the overall kin-

“

e

etics. (/

\ .

1.5.2 Oxygen Transport ip the Tron Foil

Unlike transport in a liguid which involves diffusion and con-
vection, transport in a solid 1s 3 strictly difrusive preeess whaci
can be treated directly. To the accuracy with which oxvgen diffusivicy
and solubility for S-i1ron are known, a limlting steady state ¢xygen
flux can be caleulated. This limiting value will occur when the
overall rate 1s completely controlled by oxygen diffusion in the
foi1l. Under these conditions chemical equilibrium will exist at

7
both FeO,/fo1l and foirl/CaF, interfaces. The oxygen concentration
may be taken as the sclubility limit at the FeOd foi1l interface ard
5

negligible at the foi1l/CaF) interface. Taking Dg = 2.76 x 1C7°

cmz/sec‘45) and (0) = .06 at 3{48) 3t 14309C one can calculate:

-5 ~ . _
J = 2.0 % 10 moles O, ¢m<-min for fo1l .D0C¢ cm thick

J =9.1 x 1079 moles O/cmz-mln for foil .015 cm thaick

A comparison with the rates in Table 4.2 shows this theoretical
diffusion limiting rate to be close to but larger th;; those measured.
It 1s possible under a quasi-steady state assumption to estimate
the diffusion related influence on the calculated interfacial reaction
rate constant with a simple model (details in Appendix 4). Using
the oxygen diffusivity and solubility data, 1t 1s shown in Appendix 5

that for the thin foils, 35% of the total oxygen driving force 1is

consumed by the diffusion process and 65% by the interfacial reaction

r
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in order to malntalnithe quasi steady state. It 1s also possible to
estimate that thg overall rate with the thick foil would be about 65%
of that in the thin foxi; In three double thickness experiments, the
corresponding values are found to be 72, 78 and 100%. .

However, at best this model must be considered semi-quantitative.
- @y

In view of the scatter in the experimental data 1t is certainly not
clear whether or not the difference seen between the thick and than
f0il rates 1s statistically significant. Secondly, errors in oxygen
diffusivity and solubility data could have an important influence
on the calculation. The important conélusion which may be drawn,
however, 1s that the influence of oxygen transport in the foil,
18 not overwhelmina. That 1s tc sav, a sianificant portion of thg

information -ontent of the overall experimental rate 1s due to the

natuare of the interfacial veaction kiretics.

4.5.4 Interfacial KinetiCcs - Assumptlions

Having established the relative importance of the major trans-
vort steps, 1t 1s possible to properly consider the interfacial
kinetics. In order to preserve the clarity of the discussion, a

number of simplifying assumptions will be made initially.

1.) The overall reaction is assumed to be controlled entirely

by the interfacial process and transport offers no resistance

to the overall reaction. It is unlikely that this approxima-

tion is precisely correct but the previous section suggests
that such an assumption would lead to an underestimation
of the interfacial parameter by somewhat less than a factor

of two.
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2.) ‘The interfacial reactions consist of two anodic and two
cathodic steps at two interfaces. The rate limiting step
may be any one or any combination of these. It is assumed
that the important step is the 0 + Ze~ > 02- reaction at
the foil/CaF, 1interface.

3.) It is assumed that the rate of the reverse reaction
0%= > 0 + 2e~ is negligible.

In calculatbsg the oxygen flux rates whlch;gre summarized in
Table 4.2, a linear growth with time has been assumed. The conditions
under which such an assumption is valid must be discussed. Obviously
there is an 1initial transient period in which aﬁ’oxygen graglient
develops in the foil. 1In terms of foil growth, however, this was
shown to be one to two orders of.magnitude smaller than the effects
measured and can be i1gnored. Furthermore, the bulk CaFjs concentrations
do n&t change measurably during the experiment (as deter&?ned 1n the
polarographic tests). In fact, even if there were a full mass balance
(1.e. all iron goes 1into CaF; with oxygen) which clearly overstates
the case, the bulk concentration would typically change from .012 to
.015 wt% Fe during a 30 minute experiment, a relativily small éhange.
In addltldh, the net rate has been assumed independent of foil thick-
nes;, and the FeO remains unchanged during the experiment. Thus ®yn
the basis of these assumptions one would predict a true steady state
situation in which a linear growth rate would be anticipated. ATt
1S 1nteresting to point out that even 1f the effect of changing foil

thickness were considered py introducing a root time dependence, the

dependence would correspond to some time interval greater than zero

B
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because of the finite initial foil thickness. Thus even such a
correction would lead to near linear kinetics.

If the rate were truly linear throughout the range of experimental
times, tﬁé intercept thickness at time zero should be approximately
zero. This 1s not the case. 1In fact the intercept centres closer

L 4
to .01 mm, with considerable variation. Thewreason for this tendency
to a non zero intercept 1s not clear. It appears to be rather random
in nature and it is suspected that this may reflect the initial condi-
éloh or prior history of the iron oxide or foil. Or it may simply
represent 1ron which comes out of the iron oxide upon cooling.

One final comment with respect to the basic data 1s necessary.

One two occasions (marked ** in Table 4.1) the foils appeared to exhibit
an extraordinary growth. In sample 38 (Figure 4.11, refer to page 110)
the foil appéaredlto go suddenly from normal to extraordinary thick-
ening within one window. The reasons for this are not clear, although
1t 1S 1nteresting to note that all three instances occurred in the

!

i T
later experaiments. Although no such records were kept, bt is possible

and in fact likely that these foils originated w1th1n:ﬁhe same "batch".

. s
Thus one might speculate that some contamination occurred which

resulted i1n an accelération effect similar to that noted in the plati-

num foils.
»

4.5.5 1Interfacial Kinetics - Net Oxygen Flux

Figure 4.12 shows the oxygen .flux plotted against bulk iron
concentration 1n CaFj. Although there is a very slight upward trend
in rate with concentration, the concentration range 1s relatively

small and the scatter 1arge: Thus 1t seems unreasconable to draw any

. L cae ¥ .
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conclusions on the concentration dependence.

In the absence of any clearcut trend with concentration, all of

the datla 1n Table 4.1 were plotted against reaction time without

regard foX foil thickness or iron concentration. This resulted in a

x 1076 moles of oxyqen/cmz—mln, an intercept of .0085

mm iron, aNd a correlation coefficient of .776. A mean concentration

slope of 8.

was taken as™O0ll wt% Fe in CaF;. These values will be used as repre-

sentative kinetic parameters in the balance of this report.

4.5.6 Interfacial Forward Rate Constant

In the absence of a significant reverse reaction the kinetic

- ->
expression may be represented by the simple equation Rpet = R = KC,.

The assumption that no appreciable diffusion resistance occurs 1is

equivalent to assuming oxygen saturation (l.e. eqguilibrium with FeO)

at the foil/CaFy interface. Thus with Ry, = 8 x 107°/60 = 1.3 x 1077

moles O/cm?-sec and Cq = 6 x 1075 moles 0/cm?, the forward rate v

constant for (0) + 2e” - (O2

.

") may be evaluated directly as 1.2 x 1073

cm/sec.

4.5.7 Rate of Reverse Reaction - Approximate Calculation

The implications of the assumption regarding the significance of
the back reaction should be examined. Normally tracer work 1s required
to investigate this problem. Alternatively, one can use kinetic
data from two bulk concentrations to calculate the relative effect of
the back reaction 1f the rate constants can be assumed constant over
this concentration range. However, the electrochemical evidence

suggests these constants to be strong functions of concentration, so
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this approach 1s unlikely to be useful. One can, however, gain a
feel for this problem with a simple model, which 1s detalled in
Append1ix 5. We see that the hypothetical oxygen concentration in the
foi1l which 1s 1n equilibrium with the CaF, melt may be estimated as

6 x 1002 moles, cm3. Thus, at equilibrium, the forward rate R =

(2.2 x 1073) (6 x 1079) = 1.3 x 10711 moles 0/cmé-sec which 1s equal to

the back reaction rate. This back reaction rate 1s dependent only
on the CaF» phase and not on the actual forward rate. Hence it 1s
concluded that under the experimental conditions, the back reaction

1s some foyx orders of magnitude slower and can be 1gnored.

4.5.8 The Rate Controlling Interfacial Reaction

The only assumptidon which remains to be discussed 1s that regard-
ing the nature of the slow interfacial reaction. The term "slow
reaction" 1is meant to suggest the reaction which proceeds in series
wlth other reactions or transport steps and offers a significantly
greater reslstance to the overall reaction. By direct analogy with
the electrical circuit, this reaction step will consume the greatest
portion of the overall voltage drop or in this case driving force.
In Section 4.3.1 a sequence of four electrochemical reactions were
suggested to represent the reactions at the interfaces.

1.) Fe?* + 2e” - Fe

} at FeO/foi1l interface

2.) 02 +> 0 + 2e”

3.) Fe = Fe?* + 2e-
} at CaF,/foil interface
4.) 0 + 2e” » 04

In addition to the above mentioned anodic and cathodic reaction steps,

AR

4

B o,
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the oxidation of calc1umlto Ca2+ has also been postulated. The kine-
tics of this reaction should be controlled by the transport in the
CaFp. This transport step offers a negligible contribution to the
overall reaction resistance (Section 4.5.2), sg that the calcium
oxidation reaction need not be considered within the context of the
rate controlling interfacial step.

It was assumed 1in 4,5.4 that the oxygen transfer at the CarFy/ foil
interface (1.e. 4) was the important reaction. Clearly the experi-~
mental design was based on the ability to satisfactorily separate
transport rates and interfacial kinetics. It 1is not possxblg}to
distinguish explicitly between the proposed rate controlllgg steps
at the interfaces. However, 1t 1s possible to gain some feel for the
probable slow steps and the errors involved.

In Section 4.2, the true oxygen flux was expressed in terms of

|
bo and bpe. It has been noted that most species in most liquid systems

2/sec. If one accepts the analogous

have diffusivities of order 1075 cm
premise which has some basis 1n experience that all elements at a
given 1interface will have kinetic parameters within a range of an
order of magnitude or so, one could speculate that i1ron at the CaF)’
_! > -2
foil interface might have a forward rate constant kpg of order 1077,
This 1mplies that bpe >> by due to the large difference 1in surface
concentrations. Thus the charge balance correction factor becomes

L1+ bre - bol . > S (4.10)
bFe * b2

so that the measured value of by would be twice that of the true

>
value. Although it may be reasonable to assume that kpe = 1073,
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1t 1s 1important to consider the numerical consequences of the possi-
bility that the kinetics ofthe iron reaction 1s dominant at the CaF,/

£
foil interface. With such an assumption i1t 1s possible to calculate

> -7

Kpe = 1.3 x 1077/0.141 = 9.2 x 1077 cm/sec. .

Furthermore, it 1s necessary that bg 2> bfe. so that Ro >> 1.3 x 10"7,
which implies that Eo >> 2.2 x 1073 cm/sec.

If in fact, by, >> bpe, all of the same arguments and conclusions

v - -
hold with the exception that kge rather than k, 1s to be evaluated
from the experimental data. However, 1t 1s rathexr unreasonable to
— el

expect that kK, 1s some five orders of magnitude greater than Kpge-
Thus it 1s unlikely. that the kinetics of the iron dissolution reaction
1s important in controlling the overall'rate. Since the iron deposi-
tion (reaction 1) should have a glmllar influence on the kinetics of
the FeO, foi1l interface, 1t seems reasonable to relate the overall
kinetics to the rates of the oxygen reaction.

The problem may be analysed in the manner i1llustrated in Figure
4.13 which used the approach developed 1n Appendix 5. Either both oxygen
reactiops offer about the same resistance to the ovérall reaction or
their resistive contributions are significantly différent. 1If, as
has been assumed in the previous sections, oxygen transfer at the
CaFy/fo1l interface offers a far higher resistance to the overall
reaction than any other step, 1t w1i1 be considered as the rate con-
‘trolling step (Figure 4.¥3a). There 1s some’'evidence to éuqqest

that this may in-fact be the case. It 1s rossible that phases

which are more "comfortable" together (as manifested by lower
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interfacial tensions, etc.) would offer less resistance and inherently
faster interfacial kinetics (see also Section 4.5.9). This tendency
1s indicated in the electrochemical data. Using the wetting character-
1stics as a guide, the FeO is clearly more comfortable with iron than
1s the low iron containing CaFj.

If, as 1s represented in Figure 4.13b, the oxygen transfer at
the FeO/foil interface was rate limiting, an identical situation would
ex1st in terms of calculation of the forward rate, influence of back
reaction rate, etc. The only difference, of course, is that the
Kinetic information would be pertinent to oxygen transfer at the
FeO/fo1l rather than the CaF,/foil interface.

Consider mow the final possibility~--that the resistive contri-
butions from both interfaces are about equal (Figure 4.13c). In this

case the driving force or concentration is only half that originally

LY

anticipated. This circumstance would lead to an underestimation of
the kinetic parameter by a factor of two.
Summarizing, the best estimate for the oxygen reaction rate
constant ;o at the CaF,/foil interface 1s 2.2 x 1073 cm/sec. Thas
could be overestimated by as much as a factor of two or underestimated
by as much as a factor of four, depending on the relative kinetics -
of the interfacial geactlons and the oxygen transport in the foal
(Figure 4.13d). ’
4.5.9 Interfacial Kinetics - Platinum Contalning Folls ;

-~
i

A comparison of the data in Figures 4.2 and 4.3 indicates that ;

the alloy foil containing 2 wt% platinum exhibits a reaction rate more

than six times that of the normal foil. This 1s indeed a very surprising

Bhasisrmanats
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result since the platinum was originally intended as an inert marker.
As previously stated, the platinum should not accelerate th; transport
in the CaFp and must, therefore act to increase the oxygen diffusivity
in the foil, or the interfacial 'reaction rate, or both. In the absence
of information on oxygen diffusivity in this alloy, any further discus-
sion would be highly speculative. However, the absence of any clear
dependence of rate on foil thickness, and the near linear kinetics
in the range of 5 to 30 minutes would indicate that a significant por-
tion of the rate increase is probably due to a catalytic effect at
the CaF,/foil interface.

Preliminary electron microprobe traverses of the foil failed to
show an inflection point in the platinum concentration which could
be used to estimate the original foil interface, indicating that the
interdiffusivity was too great for the purposes of a marker. These
experiments shed some light on one final question. Since any catalytic
effect of platinum 1s clearly at the CaFy/foil interface, it suggests
that the rate controlling 1nserfacial step in the pure foil occuxrs
there, rather than at the FeO/foil interface (i.e. Figure 4.13a in
preference to 4.13b).

Clearly, far more detailed work must be done on this system before
definitive conclusions may be drawn. However the effect of a relatively

small amount of platinum in the foil is both interesting, and dramatic.
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CHAPTER 5:

DISCUSSION - COMPARISON OF THE

CHEMICAL AND ELECTROCHEMICAL

EXPERIMENTAL APPROACHES
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In Chapter 3, 1on exchange current densities in amperes/cm2
obtained with a double pulse electreochemical technique have been
presented grarhically as a function of iron concentration in the CaFy.
In Chapter 1, the c¢nemical approach based on a rctatinag iron crucible
has permitted the calculation of a rate constant for oxyden transfer
at the 1ron/CaFp interface in units of cm/sec. The comparison of
these two apprcaches (both the models and the e§per1mental data) 13
a praimary objective of this chapter. Onée a reliable estimate for
the kinetic rarameters of the 1nterfacial reacticr has been obtained,
a coffiyariscn with the mass transport informgtion 1s rossible. A gfre-
diction of the most likely rate control regime (i.e. transport, mixed
etc.) can tnhen be made.

Since the nature and application of chemical and electrocnemical

kinetic information is norkally quite Sifferent, 1t 15 necessary o

\

consider on what basis, 1f any, that i1t may e compared. With resgect
to basic information content, such a comparison 1s encouraging. The
10on exchance current density in the electrochemical theory carries
information on the flux at the metal/electrolyte interface under dyn-—
amic equirlibrium conditions. The forward rate constant, multiplied
by the equilibrium interfacial concentration has a similar role in
the chemical formalism.

ot ’ ' .

5.1 THE THEORY OF THE ELECTROCHEMICAL KINETICS -~ A REEXAMINATION

Prior to a comparison with the chemically derived data, it 1is

necessary to reconsider the classical electrochemical approach which
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is outlined in Chapter 3. 1In the application of this theory to
aqueous solutions, it is necessary ( and normally reasonable) to
assume that, to a good approximation within the time frame of the
experiment, only one chemical species reacts at the interface. 1In
contrast, oxygen 1s clearly present and able to react in this Fe/CaF,
system.

Both the theoretical and experimental implications of a second .
reacting specles are significant, particularly in reference to the
concept of equilibrium. There exists one additional degree of freedom
in the system. If only one species {(e.g. iron) 1is able to transfer
at the interface, 1t 1s always possible to impose a potential differ-
ence at that interface so that no reaction occurs. There 1s no ambig-
uity in determining this equilibrium condition since current must pass
.through the external circuit in order for t;L reaction to proceed.

With the exchange durrent density being defined by Equation 3.5b,

knowledge of 1, as a function of Adgy will permit determination of

S

the fundamental parameters (o, etc.). It is possible to uniquely
relate A¢eq to Cgp, when 1ron 1is the only species which reacts (Equa;
tion 3.18), so that knowledge of i, as a function of Cp, 1s sufficient.
If oxygen 1s also able to transfer at the interface, the relation
between A¢eq and Cp, 1s no longer unique. Furthermore, the absence
of an external current cannot besused as a criteria for the existance
of equilibrium at the interface. Even when the external current 1is
zero, coupled reactions may proceed at the interface until equilibrium

“~
1s reached. Thas will occur when apegp (as defined by the presence

of pure iron and the partial pressure of oxygen) 1s uniform through-
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out the system.

In addition, the derivation leading to Equation 3.21 requires
that kg, k&, &, oE5, and oE} remain independent of interfacial concen-
trations. This assumption may not be reasonable in the Fe/CaF) system.
The surface active nature of oxygen is well known. Furthermore, the
nature of the Fe/CaF, interface changes significantly with Cg,, as 1is
indicated by the changing interfacial tension and interfacial charging
characteristics (capacitance - see Section 5.6).

This discussion leads one to the necessary 1f somewhat negative
conclusion that no simple theoretical relationship exists in this
system between the exchange current density and the so called funda-
mental parameters. The values of a and k' calculated 1n Section
3.4.10 are valuable as empirical, but not theoretical parameters.

.

/ In Chapte} 3 the possibility of an oxygen reaction at the inter-
face was not considered in the interpretaticn of the double pulse
data. The results from the initial experiments, in which an argon
-5% hydrogen gas mixture was used, indicate that the effect of the
oxygen reaction on the actual double pulse measurement is probably
negligible. 1In terms of the effect‘of hydrogen, two time frames
were evident. The influence of hydrogen was evident 1in the longer
time frame of milliseconds or seconds. The polarographic technique,
for instance, was clearly influenced by the presence of hydrogen.
However, the agreement between values of i, obtained with and without
the flow of hydrogen indicates that 1t had a negligible effect on
the double pulse measurement. The same 15 probably true of the oxygen.

Put in another way, the oxygen is expected to have a significant
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influence on the nature of the Fe/CaF, interface. However the electri-

~

L.
cal double pulse may be thought of as an almost instantaneous transient

3

)

probe which 1s capable of exploring the resporse of iron to the nature

of that interface, without altering it 51qnlflcanti;>~,/~‘\\”’

5.2 COMPARISON OF THE MATHEMATICAL MODELS FOR THE

ELECTROCHEMICAL AND CHEMICAL APPROACHES

Following Lu, (31) the electrochemical expre551oq/// T

S
~

1p = 10-{exp (~&ZFnt/RT) - exp ((l~q) ZFnt/RT)} (3.5a)

and the chemical expression (derived from EZguation A.10)
-
Rpe = Kpe Cpe ©XP ((1\,—@) zmo/RT) .

{l—emp[—(A+me%@ﬂ}

are shown to be i1dentical. The electrical rortion of the draiving

(5.1)

¢

force 1s shblit into two parts, such that

AP = A +n, and A+ ZFA@eq = Q. X (5.2)

eq
By factoring out exp (—(1 - a) ZFnt/RT) from Equation 5.1, one obtains

. -

Rpe = kpe Cpe €xp (—(l - ) A/RT){%xp ((l —=0l) ZFnt/RT )

- exp ( -a zr-‘nt/m‘)}. e
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Noting that ip = -2FRp,, the relation
-de
15 = ZFkp, Cpe eXp (—(l - a) A/RT) (5.4)

1s obtained by inspection. The linearized chemical approach is a
valid approximation only near equilibrium (i.e. A << RT) s0 that the
factor exp ((l - ) A/RT) can be ignored. xpe/forward constant,

3

e Can then be related to i, in the fdllowing way

-
kpe = 1o/2ZFCpg (5.5)

“

b3 -
This equation pﬁ?mits the calculation of a value of kg, from

AR

the 1on exchange current densaity in Chapter 3 may then -be com-

-> N
pared with the value of ko determiﬁgguin Chapt Equation 5.5
could have been derived directly from the lin d forms of the
electrochemical and chemical formalisms.

Equation 5.4 might have been expressed in the form
-3
1o = ZF kpg Cpe eXxp ((l - 1) ZFAdeq/RT ). (5.6)

The comparison of Equations 5.6 and 3.5b could lead to the conclusion
that

>

k = kg exp (-oE3/RT), (5.7)

L4

¥

which would be a more general relatlonshig’than Equation 5.5, which
requires A << RT k 1.e. ZFA¢@% << RT). However, A¢eq 1s not normally
defined the same way in the two formalisms. Furthermore the diffi-
cylty 1n evaluating true values for a, k, exp (—oEa/RT), etc. has
been discussed 1n Section 5.1. Consequently, the comparison of data

in Section 5.3 will be limited to the use of Equation 5.5.
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Although the chemical and electrochemical approaches are shown
to be mathematically equivalent one major conceptual difference exists.
The electrochemical formalism considers the potential difference at
the i1nterface as a force which modifies the shape of the energy
parrier and hence affects the rate constants (Figure 3.1). The
chemical formalism assumes that the field alters the effective con-
centrations through an electrochemical activity. The final result
is clearly the same since any kinetic expression 1s a product of these

two factors.

5.3 COMPARISON OF THE ELECTROCHEMICAL AND CHEMICAL DATA

4

»

The basic compatability of the respective mathematical models
was demonstrated in Section 5.2. Within an acceptable error, 1t was
possible to verify the validity of the assumptions (swmmarized in
Section 4.5.4) necessary for the interpretation of the data from the
rotating crucible experiments. However, in Chapter 3 it was neces-
sary to assume the general applicability of the model for the double

~
pulse method in the Fe/CaFy system in order to interpret the transient

5

voltage response. In particular, the follewln?:ﬁas assumed:
1.) the existance of an interfacial charging process whlc%
could by approximated by a constant capacitance,
2.) the exidtance of a charge transfer potential which could
be attributed to one reacting species (e.g. 1ron),
3.) the applicability of the functional dependence for the
concentration overpotential determined by Matsuda, et. al.(37)

<
The inability to verify these assumptrons motivated the rotating crucible
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experiments in order that independently measured experimental data
could be compared. Although the electrochemical data is available
over a range of concentrations, the rotating crucible data 1s assumed
valid only at .0ll wt% Fe, so that comparison of the rate constants
1s possible at only one point.

Evaluation of 1, from Figure 3.15 at Cp, = .0ll wt% Fe as 16.3

amperes/cm2 gives (with Equation 5.5)
zFe = 16.3/(2) (96,500) (.141) = 0.6 x 10™3 cm/sec.

It 1s now possible to compare the rate information obtained from the
L
two approaches.

-~
Electrochemical Approach: kFe = 0.6 x 10-3 cm/sec.

-
Chemical Approach: ko = 2.2 x 1073 cm/sec.

L

{

\

g Since the rate constant derived from the electrochemical data
15 associated with 1ron while the rate constant obtained from the
foirl/marker experiments 1s for oxygen, a numerical comparison 1is not
as conclusive as might be hoped. Nevertheless, the agreement of the
independent experimental approaches 1s very encouraging in terms of
the accuracy of the measurements and the validitv of the necessary
assumptions. In this respect, the approach persued in Chapter 4 has
successfully substantiated thg order of magnitude estimates of kinetic
information obtained with the double pulse electrochemical technique.
It 1s important to recognize that i, 1s a strongly increasing
function of Cg,. This implies that the rate constants are not 1in

fact constant, but are also strong functions of bulk iron concentra-

T e
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S

tion in the CaF,. Consequently the chemical rate equations may only
be approximated as linear relationshlps over narrow ranges of concen-
tration. For application to broader ranges of concentration, solutions

to systems of non-linear equations must be obtained.

5.4 PREDICTION OF THE RATE CONTROLLING REGIME

Prediction 1s possible once reliable information on the inter-
facial reaction rate constants and mass transfer coefficients 1s
available for a particular system. Following the approach of Yamada, (3)
a modified Sherwood number is used. Since the rate constants and mass
transfer coefficients may be thought of as conductivities in the
electrical circult analogy (Chapter 1), their relative magnitudes
will determine the importance of each possible rate controlling step.

The modified Sherwood number 1s defined in the following way:
-
Sh = k/km

vYamada has discussed three control regimes according to the value

of the Sherwood number:

A
Sh < 0.1 Interfacial Reaction Control
0.1 < 8h < 10 Mixed Control
Sh > 10 Transport Control

>
For thas Fe/CaF2 system, k 1s taken as approximately 1 x 1073 cm/sec.

T

e

In Section 3.4.2, ky for the unstirred CaFp was found to be 2.8 x 107

cm/sec. (1.e. with D = 2.5 x 10—5, the "boundary layer thickness"” 1s

el

it Bk

S

Ca e
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lO°2 cm). Thus Sh = .36, even though the i1nterfacial reactions proceed
quite guickly. This is well within the mixed control regime, although
tending towards reaction control. If the reaction rate constants

measured in the Fe/CaF; system are indicative of those 1n more complex
metallurgical systems, the influence of interfacial rates on the over-

all reaction kinetics may be greater than 1s normally supposed.

5.5 INTERFACIAL CHARGING IN THE Fe/CaF2 SYSTEM

In Chapter 3, the interfacial charging process was attributed
to an electrical double layer capacitance without further comment.
The double layer 1n agueous solutions 1s understood to result from
the alignment of water depoles, solwvated, and absorbed 1ons. The
nature of the metal,/electrolyte interface 1is not well understood 1in
medium and high temperature molten salt systems. However 1t has been
suggested that the double layer structure becomes more compact with
1ncreasing temperature.(42) Goto(47) nas suggested that the term
electrical double layer, as 1t is normally construed 1in agueous
systems, may be misleading in the case of a molten salt or slag electro-
lvyte. Until the phenomena 1s more fully understood, 1t may be better
described as interfacial charging, or as an interfacial cépacltance.

o

Figures 3.18 and 3.19 show a clear and significant increase 1n
this interfacial capacitance with the concentration of 1ron in the
CaF, electrolyte. The 1increasing 1ron concentratlion 1s presumably

accompanied by a greater concentration of oxygen 1ons 1in the electro-

lyte. It 1s possible that the observed change 1n the interfacial
\
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capacaitance 1s simply due to the changes that these elements bring
about in the electrolyte, and the added flexibility (in terms of
charge distributions and interactions) which 1s possible. It 1is
possible that these same factors influence the interfacial kinetics
1n a similar manner.

It 1s clear that a far more intense study of this interfacial
charging phenomena 1s necessary, although the manner in which this
might be accomplished 1s not obvious. For a proper theoretical
interpretation of the double layer charging and its relation to{
surface tension (and the zero charge potential) 1t 1s necessary to
assume that the interface 1s 1i1deally polarizable (48) (maintaining
constant temperature and composition). The exchange current densities
in this and other molten salt svstems indicate that they more closely
approximate i1deally reversible, rather than ideally polarizable inter-
faces. In spite of efforts to make conventional measurements of
variations 1n capaciltance with the potential applied to the infer-
face, (42) Pranqe(4l) has poeinted out that this may not be possible.
Any attempt to apply a potential Jdifference to the interface will
result 1n a electrochemical reaction and build up of a diffusion
potential until a steadv state 1s reachecd. <JConsequentlv the potential
difference will occur, not at the interface as intended but over the
resulting diffusion gradient. If this ls the case, the resulting data
will show the relationship between interfacial capacirtance and inter-

faci1al concentration, rather than the votential difference as intended.
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A phenomenological framework which takes account of fundamental

coupling is necessary for the proper‘descripti&n of 1onic diffu-

sion.

The double pulse galvanostatic technique is suitable for the
measurement of ion exchange current densities in the Fe/CaFj

system at 1450°C when a non-linear extrapolation is used.

The exchange current density and the interfacial capacitance

are strongly increasing functions of iron concentration in the

CaFsp.

’

A theoretical model of slag/metal reactions based on chemical

kinetics has been modified and successfully compared with the

electrochemical theory.

An independent experimental approach based on an internally

oxidized i1iron £foil has confirmed the kKinetic data obtained with

o~

the double pulse technique.

Mixed control of the reaction kinetics at the Fe/CaF_ interface is
<

predicted in the absence of mechanical stirring.

The presence of 2 wt% platinum in the internally oxidirzed iron

foil increased the reaction rate by more than a factor of 6.

(N
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APPENDIX 1

Calculation of the Mass Transfer Coefficient

Current and steady state potential data for a typical experiment
are listed in TableA.l. FigureA.l is a plot of i/ZFCé vs
exp(—lzgr-‘ nAR) - 1 where the bulk concentration C' has been determined
by chemical analysis to be 0.097 wt%. Because the bulk concentration
1s drifting slowly with time, only the last set of current vs poten-
tial data is used for each experiment to determine kp values, although
such measurgments were made before and after each set of double pulse
measurements.

The valance has been assumed to be 2, which may be reasonable
for such low iron contents. The slope in Figure A.l should then
correspond with kIrrl which is evaluated as 2.9 x 10”3 cm/sec for these

data.

Table A.1

Typical Polarographic Data

i (ma/cm?) nar (mv) .
.105 ©.305
.153 .46
.188 .55
.213 .635
.228 .68
.259 .75
.259 .76

. 259 77
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APPENDIX 2

Reaction Kinetics for Simultaneous Anodic and Cathodic

Interfacial Reactions —~

It is often convenient to consider simultaneous anodic and
cathodic reactions, as has been done frequently in this work. How-
ever, such systems of equations must ultimately be combined 1in such
a manner as to result in electrically neutral components in order
that they be useful. This 1s particularly true when one wishes to
consider the driving forces and final equilibrium conditions in a
reacting system, which are discussed below.

Consider the reactions

Fe + Fe2* + 2e” .
(A1)

0 + 2e~ + 02~

When electroneutrality conditions hold, these two electrochemical

reactions are equivalent to
Fe + [0] ~ (Fe0), (A.2)

for which the equilibrium constant may be written

C .
FeO
K = ememe— A.3
®d  CreCo -

This equilibrium constraint 1s fully defined as written.,

T W A 4% e &y B

Shoae s wte A v o Tete? R0

crenn
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3

It is also possible to write eguilibrium relations for each of

the electrochemical relations although they are not unambiguously

defined
. 2 : . v
CFe (ae-) eq CO »
Kpd = = . (A.4)
Fe Cre %o Colag-)
Therefore (ae—)z, the activity of electrons in the metallic phase
may be written as
c! k&9¢
Fe™F
(ae-)z = Q = = € B (A.S)
eq
COKO Fe
and substituted into the preceding equation to give
c! c! C
K;quq = Fe O = FeOQ (A.6)
. e0 Creo  CreCo
< i ; eqeeqd -
which results in the relation KFeKo Keq.
Consider now the kinetic equations**
- > 2 .;(- 1 2 1
RFe = kFeCFe exp (2F¢/RT) - FeCFe(ae )T exp (2F¢'/RT)
’ (A.7)

- “
Ry = koColag=)? exp (-2F¢/RT) - koCl exp (-2F¢'RT).

**In these equations, kreCre replaces kfeaFe‘ Either concentrations
or activities may be used in these elementary rate expressions,

. depending on whether or not the thermodynamic information 1s included
or excluded from the rate constants and equilibrium constants.



By considering the limiting case of kinetic equilibrium when

Rp, = 0 and Ry = O, 1t is possible to show that
> 2
k c! (a_-)
L& exp (2FAQ/RT) = e e &
CFe Fe
KFe
, (A.8)
: ! .
:9 exp ( -2FA¢/RT) = —9 . Keq
k Colag=)? ©
Q O'“e
k k
O Fe
kGFFe Keq- (A.9)
? »
i
The raté equations may then be manipulated to give
4
-
e = Frole o (2r1 - e 20/mT)
/\ { L - T2 exp (-260/5m) |
eq Fe©
(A.10)
Y 2
Ry = koCplag™) exp( -2F(1 - ) A¢/RT)
C
{122 e Gmtomm )}
Keq Fe-0O
However, 1t 1s noted that
C
FeO
———— = exp (-A/RT) (A.11)
KegCreCo P ‘

-

where A 1s the chemical affinity (or "driving force") as defined by

Prigogine.

"It is convenient to make the following substitutions

A 2FAD 2
kFeCFe = bper a; = P, —EE— = X, kOCO(ae-) = bO .

&

PN SN UK S S
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For small deviations from equilibrium in the reaction zone, p << 1,
and consequently X << 1. It 1is possible to expand the exponential

function, neglecting all terms beyond 2nd order. Then
exp (X) =1 + X + sz. (A.12)

In this manner, one obtains the following kinetic relationships:

%e=bngp+x){l—5(p+x)+(l—a)x}
(A.13)

Ry = by (p =~ X) {l -k (p-X) - (1 -a) X }

The constraint of no net flux of charge implies that Rpg - Ro = 0
for all reaction time. These two equations can then be solved for X,
the field in terms of bpg, by, and p. In order to obtain a simple
and physically clear solution, ¢ will be taken as % since a more compléx
guadratic equation otherwise results in clouding of the physical content.

Thus

bpe (P + X) (1L = %p) - by (p - X (L -%) =0. (A.1l4)
But p << 1 so that (1 - %p) # 0. Hence the relation

Pre (p + X) - by (p -4X) =0 (A.15)

ey

ar

may be solved for X to give™

x={% " Pre\p

bo + bre
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o~ re
RFe = bFep {l + m} (1 - ﬁp)

(A.16)
0 Fe

b -b
RO = bop {l - ES_I—S;; } (1 - 4p)

> In examining the expression for Rp,, the term bg.p can be consid-
ered the "natural rate" for iron, while the term in the curly brackets
1s a charge coupling correction to the rate arising from the charge
balance constraxnt. The term (1 - &p) is a second order correction
which arises from the exp{%F (1L - a) A¢/Ré}term in the original
expression when o = 4.

If the reverse reactions are negligible, 1t is possible to

develop a similar set of relations, starting from

.

Rpe = bpe exp {(l - a)x}

(a.17)
%‘O‘: by exp {—(1 - a)x}
to give, when exp {(l - u)X}-is linearized:
R = b { 1+ ?O_—__I?E_e_}
Fe = TFe by + bpe »
(A.18)

0~ Pre
=b - —— .
Fo O{l b0+bFe}
However, 1t is not always clear that exp {(l - d)x}-can be proper-

ly linearized, since X mav be large. Under these circumstances, the

ollowing relationships are applicable

Lo \m h
Fe 0

Rm = bo| =2=) R = .
0 ol by Fe = PFe| ¢ (A.19)
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APPENDIX 3

B

Some Evidence of Plating Out of Iron During the Rotating

Crucible Experiments

Two possible reaction mechanisms at the foil/FeO interface have

been suggested 1in Section 4.5.1. The first may be written
- 2-
[O]fOll ¥ 2e > (0 )Can

(Ca)car, + (Ca?*) o+ 2

The second mechanism may be written
[O]fOll + 2 > (02-)CaF2

2+
[Fe forl ~ (Fe e,

followed by
2+ 2+
(Ca)Can + (Fe )Can + (Ca )CaF2 + [Fe]fox.l

The end result of both proposed mechanisms 1is i1dentical, although
1ron may be thought of as a catalyst in the second case.

Although most of the iron should be reduced quickly and plate
out on the folil again, some could escape and plate out elsewhere 1in
the system. I; the early rotating electrode experiments, in which

a polarographic electrode was inserted into the melt, growth of the

polarographic electrode was noted even though 1t was located 2 cm
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distant from the rotating crucible (Faqure A.2). This plating out
may be taken as evidence of 1iron ions present in the CaF2 which are
later reduced. This suggests that the second of the proposed reac-

tion mechanisms may be important.

Figure A.2: Growth of Polarographic Electrode During
Rotating Crucible Experiments
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APPENDIX 4

Distribution of A Driving Force Among Reactions in Series

For any kinetlc phenomena operating in a linear regime the flux
>

may be expressed as the product of a driving force and a constant
(1.e. mass transfer coefficient, reaction rate constant, SCC.). Ohm's
law 1s 0of this type, relating the current to a voltage and conductivity.
If a known voltage difference 1s applied to resistances 1n series,
then the portion of that overall voltage difference which appears
over each individual resistance may be calculated under the steady
state condition that the current flux through each resistance 1s
equal.

An analogous calculation 1s possible under quasi steady state
conditions in a reacting system. Consider the FeO/foil. CaF, system
with the following assumptions:

1.) Equilibrium conditions prevail at the FeO,fo1l interface.

2.) No significant concentration gradient exists in the CaF»

phase.

3.) The rate of the reverse reaction at the CaF,, fo1l interface

1s negligible.

It 1s then possible to construct a diagram showing the oxygen
concentration as a function of location (Figure A.3a). Since all of
the concentrations of interest are in the iron foil, a plot of oxygen
activity vs location 1s conceptually eguivalent. Oxyqeg concentra-
tions in moles/cm3 w1ll be used in the numerical calculations. How-

ever 1t proves to be easier to sketch activities in order to 1llustrate

At oA
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»

the conceépts since one neednot be concerned with equilibrium constants
for the interfacial reactions (Figure A.3b). In Figure l4a, Cp 1s
equal to the oxygen solubility in iron at 1430°C, 1.e. 6.02 x lO"S

moleS/cm3. The diffusive flux may be written as
D
Jaif = =% (€2 - ¢y (A.20)
and the reaction flux at the CaF,/foil interface may be written as
- -
Jpx = KC3- (A.21)

->
Under gquasi-steady state, Jqa1f = Jrx- The overall flux from
Table 2 1s typically 8 x 1076 moles O/cmé-min, so we mav estimate

Cy as follows:

8 x 107% = 9% (C; - C3) = (3.76 x 107°)

(6.02 x 1072 = C3) (60)/(.006)

(A.22)
Cy = 3.9 x 107> moles o/cm3.
Consequently, k may be estimated as follows:
-5 g -5
8 x 10 ~ =Kk (3.9 x 1072) (60)
(A.23)

-
K = 3.4 x 10”3 cm/sec

Tt 1s interesting to note that (3.9 x 1075/6.02 x 1073) x 100 = 65%
of the total driving force (oxygen concentration difference) 1s "“con-
sumed" by the interfacial reaction, with the balance being required

to maintain the diffusion rate.

\

LS S

X

— e .

3

P

T

« -
s,
VAL it



151

Furthermore 1t should be possible to predict the effect of foil

thickness with this simple model. For §' = .0l5 cm
J' = (3.76 x 1079) (6.02 x 1075 - C}) (60)/(.015)

= (3.4 x 10793) (C}) (60)

TP I R TR

(A.24)

Cy = 2.53 x 107> moles O/cm’

J' = 5.25 x 107% moles 0/cm< -min
or about 65% of that in the thin foils.
Cy
C2 --------
Cy=——-———--
T

FeO Fe COFZ FeO Fe

Oxygen Concentration vs. Location Oxygen Activity vs. Location

Figure A.3: Possible Oxygen Concentrations and Activities Through the Foil

et D IE R S
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APPENDIX 5

Estimation of the Rate of the Reverse Reactaion

In prainciple there exists an oxygen concentration in the foil
at the CaFp/foil interface which 1s in equilibrium with the CaF), used
in the experiments (Cj as defined 1n Appendix S). This concentration
will be denoted by Cg. At this concentration, the following relation-

ship holds:
+ - “
Jpeg = J* - J* =0 1.e. J* = J*, (A.25)

If C§ can be estimated independently, then 3* and hence 5* can
be estimated. Since this 3* is dependent on the CaF» only, it will
be independent of C; (if no concentration gradients exist in the CaFj).

4

Thus, this value of E* can be compared directly with the experimentally
measured rates in orger to evaluate the relative importance of the
reverse reaction. Ié remains to estimate Cgl

For this order of magnitude estimation, henrian behaviour 1is
assumed. The FeO - CaF, phase diagram (Figure A.4) demonstrates a

large miscibility gap. On this basis we estimate ap,q = 1 at 1 wth

FeO in CaFp in contact with pure Fe. For the reaction

2Fe + 05 + 2Fe0, 4G = -75 kcal

2
. (.01)°% _
S, - RT In T (o) ™ 75,000 (A.26)

- L
SooPos = 2.2 x 107 aem .
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.

Since POz = 2.2 x 10710 results in an oxygen concentration in Fe
of 6 x 10-5 moles 0/cm3, we can estimate C§ = 6.1072 moles O/cm3.

- <= - __3 __9
Thus J* may be evaluated as J* = J* = (2.2 x 107°) (6 x 1077°)

= 1.3 X 10711 moles O/cm2 - sec.

R s

[
e

. v
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~

1600 ————
- | 14
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1400 |- : i
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Figure A.4:

%

Phase Diagram for FeO - CaF;
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