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ABSTRACT

A study consisling of theoretical and experimental work on kinetics of
simultaneous interfacial reactions in multi-component metallic/ionic systems has
been carried out in the present work. General rate expressions for simultaneous
interfacial reaclions are proposed based on the application of mass action law to
the electrodic half-cell reactions and the constraint of no nel electric current.
The nature of coupling among interfacial reaclions is discussed by defining the
coupling factor which is a collective property of the system, contributed by and
common lo all interfacial reactions. Kinetic behavior of each element can be
individually and simultaneously described.

Experimental work is conducted in slag/metal system for the study of
coupled interfacial reactions and diffusion. Considering interfacial reactions as
the boundary conditions for diffusion in both phases, a mathematical model is
developed. Computed results, based on thermochemical parameters mostly reported
in the literature, are compared with diffusion profiles measured by electron probe
microanalysis (EPMA) in silicate slag and Fe-Mn-Si alloy at 1763 °K. Values of
reaction rate constants for 1transfer of iron, manganese and silicon are
recommended through curve fitting with the experimental data.

The conventional pseudo-binary approach in the formulation of rate
equations for interfacial reactions in multi-component slag/metal systems may be
deduced from the present theory with simplifying assumptions and as a limiting

case,
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CHAPTER ONE
INTRODUCTION

Studies of reaction kinetics in metallicfionic systems are of primary
importance for applications in slag/metal reactions, metal/inclusion reactions,
metal/glass joints, composite materials, refractory coated melals, eic. They may
be characterized in the following three essential sieps:

(1) Diffusion of reactants from bulk metallic (or ionic) phase 10
interface;

(2) Interfacial chemical reactions:

(3) Diffusion of products from interface 1o bulk ionic (or metallic)
phase.

Metallic phase is made of neutral atoms and ionic phase is made of charged
ions. Thus, interfacial reactions involve transfer of charges. The systems of
any practical importance are generally multi-component in nature. Therelore, all
interfacial reactions would take place simultaneously bul at various reaction
rates.

Diffusion in multi-component metallic or ionic phase has been extensively
studied (Kirkaldy and Young, 1987, Okongwu, 1973, Cooper and Varshneya, 1972,
1968).  However, the study of mulii-component and simultancous interfacial
reactions in this type of system is still in a preliminary siage. The usual
approach, which has been shown in textbooks, involves simplifications based on

rate controlling steps. For example, when mass transport of a component to or
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from the interface is controlling the overall reaction rate, the interfacial
reacltions may be assumed to be at an equilibrium state. The advantage is that the
interfacial compositions may be calculated.

On the other hand, in the well stirred systems, interfacial reactions may
be assumed to be the rate limiting step, therefore, it implies that there is no
concentration gradients in the bulk phase. The simplification is that interfacial
and bulk concentrations are equal and readily available by sampling and chemical
analysis,

Another common simplifying assumption is to ignore certain chemical
elements to idealize the stoichiometry of chemical reactions. For example, in a
metal/metal  oxide system, the overall reaction is idealized to either the
formation of a melal oxide or ils decomposition. This assumption will lead 1o the
simple relation between fluxes of these two chosen chemical elements. The
transfer of all other elements across the interface would have to be ignored. In
order 1o force the data to fit certain curves, it is common that rate constant for
the reaction under invesligation may have to be expressed as funclions of
concentrations of the ignored elements to include their effect in this artificial
manner (Chang and Goldman, 1948, Goldman, Derge and Philbrook, 1954).

The most important advances in this [ield, experimentally and
theoretically, were made in the mid 1950’s. King & Ramachandran (1956) observed
the reversal in directions of the transfer of elements across interface in the
slag/metal reaction. This phenomenon was explained by Wagner (1956) that
interfacial reactions are electrochemical in nature and coupled. It was suggested
that all interfacial reactions may be described by simultaneous electrodic

hatl-cell reactions, viz,
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Mi = M?i +z €, (i=1,2,....p)

The common electric field which exists at interface, e.g. through the formation of
electric double layer (Bockris and Reddy, 1970) or unbalanced transfer ol charged
ions, would be felt by all ions. All electirodic half-cell reactions which
contribute to and are influenced by the field, are thus coupled. The formulation
of Kinetic expressions has been attempted by several authors (Wagner, 1956,
Hemptinne, Eyring and Yee, 1961, Lu, 1971 and Tokuda, 1971). Efforts were made to
connect this non-measurable electric field lo measurable thermodynamic quantities
and reaction rate constants. The lack of progress in this field in recent years
is mainly due to the fact that (i) the theoretical formulations contain too many
Kinetic paramelers 10 be evaluated; and (i) the experimental data are too scare
and incomplele 10 validate any theory,

At McMaster University, efforts have been made. Okongwu (Ph.D., 1973)
studied diffusion in ionicfionic systems experimentally and formulation of
interfacial reaction Kkinetics in metallic/ionic systems with a  simplilying
assumption that the reaction driving force may be linearized (detatls are given in
chapter two). Ray (Ph.D., 1981) conducted experimenis to measure rcaclion rale
constants {or lransfer of iron and oxygen in Fe/CanlFeO system at 1723 °K. The
lack of complete thermodynamic daia in practical systems which are usually
multi-component, hinders the application of this type of complex theory of
kinetics in interfacial reactions. The advances in mathematical modeling of
thermodynamic behavior of multi-component silicate melis (Gaye, et al. 1986) and
in microprobe chemical analysis led us 1o make another atlempt in the study of
this challenging system. The present study includes both experimental and

theoretical work.
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Theoretical studies in the present work includes the development of a
general rale expression for multli-component simultaneous interfacial reactions and
the avoidance of the simplifying assumption used by previous authors (Chapter
Three). The model of coupled interfacial reactions and diffusion with interfacial
rcactions as part of boundary conditions (Chapter Four) are general and
comprehensive. Experimental measurements in the present work were carried out for
the coupled interfacial reactions and diffusion in the system containing silicate
melts and solid Fe-Mn-Si alloy under well controlled conditions at 1763 °K.
Concentration profiles in both phases in the reacted specimens were measured by
using eleciron probe microanalysis (Chapter Five). The comparison between

experimental results and theoretical computations are shown in Chapter Six.



CHAPTER TWO
LITERATURE REVIEW

Of all metallic/ionic systems, silicate slags and iron alloys have been
extensively studied in the past years and better documented (e.g. Gaskell, 1967,
Okongwu, 1973, Richardson, 1974, Kirkaldy and Young, 1987, Gaye, 1986).
Therefore, slag/metal systems have been chosen for the present studies of

interfacial reaction kinetics and the literature survey is limited to this flicld.

2-1 Interfacial Concentrations
In textbooks (e.g. Habashi, 1969), the forward (or backward) irreversible
rate of a heterogeneous reaction j are expressed with reacling species ji o jp

through the following empirical relation, viz,

Rate = k; 0 c;‘:c;'g 2-1)
where k.i is the specific reaction rate constant which is a function of
temperature, £ is the interfacial area, nl to np represent the order of reaction
which may be determined by experimental measurements, and le to ij are the
concentration of reactants (or products) in the reaction zone. In order to
determine the reaclion rates as well as the order of reactions, il is necessary
that interfacial concentrations in the reaction zone are known during the course
of reaction.

In principle, interfacial area in the geometric sense has no thickness.

To obtain interfacial concentrations, the physical interface, in which all atoms

5
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or ions may be readily in touch with the interfacial area, has to be defined.
Thus, its thickness would be within a few diameters of atoms, i.e. no more than
tens of angstroms. This has certainly ruled out the possibility of quantitative
analysis using conventional chemical methods because of its inability of sampling.
By using physical methods, e.g. electron probe microanalyzer, measurements of the
interfacial concentrations are limited by two major factors, One is the
resolution for quantitative analysis. This does not only depend on the size of
the eclectron beam, bul also the travelling distance of electrons inside the
specimen as well as the projection of X-ray produced by the bombardment of
electrons. The second problem is even if the resolution for quantitalive analysis
can be improved to a few angstroms, it is then very difficull to monitor the
interfacial concentrations without the influence from bulk phases.

As reactions proceed, interfacial concentrations will change as the
accumulation lerms between rates of supply and rates of consumption, with
interfacial reaction on one side and mass transfer to and from bulk phase on the
other. Interfacial concentrations may thus be theoretically connected to
measuremenl of concentration gradients in the bulk phase to the vicinity of
interfacial area under certain restrictions such as steady state conditions. In
this chapter, relevant theoretical basis and experimental work on interfacial
reaclions and diffusion in single phases are separately reviewed. Observed
results including the coupling of diffusion and interfacial reactions are also
reviewed. For simplicity in the analysis of data, one approach has been attempted
o eliminate concentration gradients as unknowns by the design of experiments,
i.e. by keeping both liquid phases well stirred mechanically. Interfacial

concentrations were then assumed to be the same as those in the bulk phase which
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could be sampled and analyzed. The eflectiveness of this method in liquid-liquid
system depends mainly on the intensity of stirring on one hand and the assumplion

of a well defined interface of constant area on the other.

2-2 Kinetic Expressions of Interfacial Reactions
2.2-1 Rate Equations ol Reactions Involving Neutral Species

Chemical reactions belween slag and metal have long been studied. Even
though the ionic nature of slag had been well established (Doelter, 1907, Marlin
and Derge, 1943, Bockris, et al. 1948), chemica! reactions were expressed in
neutral species, i.e. atoms and compounds, so that slagfnetal disiribution could
be calculated (e.g. Taylor and Chipman, 1943). In the late 1940's and ecarly
1950’s, rates based on reactions of neutral species were [irst quantitatively
measured and kinelically analyzed in slag/melal systems (Chang and Goldman, 1948,
Philbrook et al., 1950, 1954).

Chang and Goldman (1948) conducted experiments of desulphurization with
blast furnace type slag (CaO-SiOz-A1203) and carbon saturated iron (Fe-S-C). A
graphite crucible which could be rotated during experiments was used. Slag and
metal were melted in the crucible by induction heating. To study the Kkinetic
effect, sampling of both slag and metal in bulk phases were taken at regular time
intervals for chemical analysis. Typical results are shown in Fig. 2-1.

In theoretical analysis, they assumed that transfer of sulphur from metal
10 slag is proportional to the concentration of sulphur in the metal phase and
from slag to metal is proportional to the concentration of sulphur in the slag

phase. The net rate of sulphur from metal to slag was written as:

dw
dt =0 (chm ) KsCs} (2-2)



dwW
where —— is the net transler rate of sulphur from meltal to slag (gram/min.),
dt

is the interfacial area (cmz). Cs and C m 2re the concentrations of sulphur in slag
and in metal respectively (wt%), and Ks and K m are the rate constants of transfer
of sulphur from slag to metal and from metal to slag, respectively
(gram/cmzlmin/conc.). By fitting with experimental data, K ¢ and K were obtained
and found to be not only functions of temperature, bul also of slag compositions
{see Fig. 2-2 and Fig. 2-3). Thus, they concluded that the reaction rate should

be expressed through activities instead of concentrations, viz,

dw
r =A (kmy mC " k SYSCS) (2-3)

where ¥ m and Y, are activity coefficients of sulphur in metal and slag,
respectively, and k m and kS are specific lorward and backward reaction rate
conslants, respectively, (gram/cmzlmin/aclivity).
From equations (2) and (3), it follows,
Ky = kam (2-4a)
K, =k, (2-4b)
In equation (4a), K m is seen to be the product of two terms, km which should be a
funclion of temperature and Y which is a function of both temperature and
compositions in metallic phase. With this modified equation, however, it could
still not be explained why K., Which is a property of metallic phase varied with
slag basicity (see Fig. 2-3).
Derge, Philbrook and Goldman (1950), proposed the reaction mechanism that
the overall rate of desulphurization consists of three stages.  Sulphur is
transferred across the interface into the slag in combination with iron and then

stabilized in the slag by combining with calcium. The iron oxide, resulting from
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the reaction, is then reduced to iron by carbon. This three-stage theory can be
written by the (ollowing three consecutive reactions (5a), (5b) and (5c).
Reactions (5a) and (5c) are heterogeneous reactions and (5b) is a homogencous

reaction which is much flaster than the other two.

= 2.5,
FeS(Fc) Fes(slng) (2-50)
Fes(s!ng) + Cao(slng) = Cas(slag) + Feo(smg) (2-51))
=r 150
Feo(slng) * C(Fc.crucihlc) I-.e(Fc) + Co(g,,s) (2-5¢)

Goldman, Derge and Philbrook (1954) also discussed the effect of other
elements in metal alloy (such as Mn, Si, C, Al) on the rate constant Km with acid
slag (Ca0/510,=0.55) and basic slag (CaO/SiOzzl.l'Z) (sce Figs. 2-4 and 2-5).
Among these elements, the increase of manganese in liquid iron would reduce the
activity coefficient of sulphur (Sherman and Chipman, 1952, also Elliot, et al,
1963). Results in Figs. 2-4 and 2-5 show that an increase of Mn in iron still
helps to remove sulphur [rom metal, i.e. opposite lo the effect due 1o solution
thermodynamics. This was explained by a proposal of reaction mechanisim similar to

equations (3).

MS(FC) = Ms(slng) (2'6")
Ms(slng) + Cao(slag) = CaS(s[aB) + Momng) (Z-Gh)
MO +R_=M__+RO (2-6c)

{slag) {Fe) (Fe) {slng or gns)
where R = C, Si, Al, Mn and M = Fe, Mn, Si.

For the different element M or R under investigation, there could be a
number of consecutive reactions to describe the reaction mechanism of sulphur
removal. On the basis of the observed reactions between sulphur, iron and
manganese, manganese as an alloying element not only replaces iron as indicated in

reaction (6a), but causes the overall process to proceed more rapidly.
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The above theory has been consistent with many experimental observations
and applied to other slag/metal systems (e.g. Fruehan, 1978, Min and Fruehan,
1992). Further development in this direction, both theoretical and experimental,
has so far not gone beyond the scope of the above work

It is interesting to note that, in their experiments between CaO-
Si02-Al203 slag and Fe-C-S alloy, Derge, Philbrook and Goldman (1950) observed
that sulphur and iron concentrations in slag increase in the early stage of
reaction to a peak value and then decrease (see Fig. 2-6). Their explanation of
this phenomenon was quoted by the following. "First, sulphur enters the slag from
metal as iron-sulphur compound. The maximum in the iron curve indicates that this
compound disappears through reaction with other constituents in the slag.”

However, due to the fact that both concentrations of iron and sulphur in
slag increase in the early stage of reaction and decrease later, the disappearance
ol iron-sulphur compound, according to the three-stage mechanism, is a result of
production of calcium-sulphur compound which should not lead 1o the decrease of
sulphur in slag.

In the middle of the 1950's, King and Ramachandran (1956) conducted nearly
identical experiments for the reaction between CaO-SiOz-A1203 slag and Fe-C-S5-Si
alloy. To intensify stirring of liquid slag and metal, a slationary paddle
against a rotating crucible was installed. A typical result containing initial
0.1% Si in metal is shown in Fig. 2-7. One may see that all four elements of C,
S, Si and Fe reacled simultaneously. Si and Fe were removed {rom metal 1o the
slag in the early stage of reaction but reversed later. At the final state of
reaction, nearly all Fe was removed from the slag and Si in the metal increased up

to 0.5%. To understand the simultaneous interfacial reactions, electrochemical



theory was proposed by Wagner (1956) and is reviewed in the next section,

2.2-2 Rate Equations of Electrodic Half-Cell Reactions
Wagner (1956) explained that interfacial reactions in slag/metal systems
are electrochemical in nature and can be described in electrodic half-cell

reactions, viz,

Z.
M =M'+ze (i=1,2,00p) -7

where Z; is the valence of element M, and e is electron. All these electrodic
half-cell reactions occur simultaneously. As a whole, reactions obey the rule ol
neutrality.  For instance, it may be expressed through equation (8) for the

experiment conducted by King and Ramachandran (1956).

2“’5=2wco+2“’n+4mss+3mm (2-8)

where W, ©, elc. are net rales of reacted species. Charge transfer associnted
with the rate of sulphur transfer equals 1o the summation of charge transferred
associated with rates of all other four elements. Or, in other words, all
simultaneous reactions are coupled through equation (8) due to the requirement ol
maintaining neutrality in ionic phase. To go one step further, it is necessary to
quantify these rate equations when they are used to interpret experimental work.
In the following, several approaches are reviewed.

Wagner expressed rate equations in the Butler-Volmer type in lerms of

electrodic potential difference across a slag/metal interface, viz,
w; = kCiexp [(l-a)ziEg’lRT] - KiCexp [-aziE.‘}’IRT] (2:9)

(i=1,2,....p)
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where o, is the reaction rale given as the difference of two terms for anodic
dissolution of ith component and its cathodic deposition as individual
electrochemical reactions, & is Faraday constant, E is the electrode potential
difference across the interface, ki and k; are the specific rate constants for
anodic and cathodic processes of ith component respectively which are function of
temperature only, C; and C;' are the interfacial concentrations of ith component
in metal and slag respectively and o is the charge transfer coelficient ranging
from zero to one,

Another description of rate equations was given by Lu (1971) with the
application of mass action law to the interfacial electrodic half-cell reactions.
Attempling to apply the formulation by Lu in glass/metal system, Okongwu (1973)
made the [ollowing assumptions:

(i) The glass phase is truly ionic with no electronic conduction and the
metal or alloy phase is completely metaliic [all free electrons exist only in
metallic phase].

(ii) Mass action law is applicable to electrodic half-cell reactions in
the form of electrochemicz! activities.

(iii) Electrochemical potential may be split into the chemical portion and
the electrical portion, viz,

W= W+ 2. F0 (i=1,2,..,p)  (2-10)
where Ei is the elecirochemical potential of ith component, H is the chemical
potential of ith component, z; is the valence of ith component, & is Faraday
constant and ¢ is the electrical potential of the system. Therefore, the net

reaction rates were described as:

4
= 1 S i
W, = }‘iai - kiaiae (i=1,2,...,p) (2-11)
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where ki and k% are the specific forward and backward reaction rate constants of
half-cell reactions (cm/sec.), a is the activity ol ith component in metallic
phase, 5; is the electrochemical activity of ith component in ionic phase, 1_\0 is
the electrochemical activity of electrons.

Lu (1971) had shown that both approaches of Butler-Volmer type and mass
action law application are mathematically equivalent. Further siudies may be
carried out [rom either one of the equations. Okongwu (1973) manipulated equation
(11) as lollows,

o, = kiai[l e ] (=12..p)  (2-12)
and defined the electrochemical affinities ‘T\i of the reactions [ollowing

Prigogine’s suggestion (1967), viz,

z
Yl e _'(S) —(n]) -
kiajag Ai oy R
= exp |- =exp | - (2-13)
kiai RT R T

(1=1,2,....p)
where superscript (s) and (m) represent the electrochemical potential in glass and
metal respectively, ﬁe is the electrochemical potential of electrons in metal.
Reaction rate w, in equation (12) can then be re-wrilten to be the same as

Prigogine’s equation:

A.

o, = kall - exp [ i ] (i=12,p)  (2-14)
RT

In these equations, the electrochemical affinities of reactions contain two

portions, chemical and electrical. The electrical portion, which is common 1o all

reacting elements, can not be directly measured (Bockris and Reddy, 1970). Thus,
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there are p equations but p+l unknowns (p reaclion rates plus one electric term)
to be determined.

In one special case, Hemptine, Eyring and Yee (1959) attempted to develop
a quantitative relationship by using rate equations similar to equation (9). The
theory was based on the measurable rate of evolved CO which was assumed to be part
of interfacial reactions. Thus, one unknown was removed from the above equations.
The simplification of systems and debatable assumptions made by Hemptine et al.,
were discussed by Lu (1971) and will not be repeated here. The question is, if
there is no gas phase involved in the system, apparently, further studies of
interfacial reactions could nol be continued by using this approach. The same
problem also exists in another theory of electrochemistry by introducing the
concept of mixed electrode potential (Tokuda and Ohtani, 1971) since the reference
state is also chosen from the measurable rate of evoived CO.

In another special case considered, Okongwu (1973) assumed that the

exponential term containing electrochemical affinities E‘i could be linearized,

viz,
A, A,
exp [- ] =1 - (i=12,..p) (2-15)
RT RT
Ki
providing that << 1. Then equation (14) is approximated as:
RT
Ri
w. 2 k.a (i=1,2,....p) (2-16)
im0 Ry
By applying the constraint of no-net electric current, viz,

p
Tz =0 2-17)
i=1
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electrical portion of electrochemical affinities can be calculated by knowing
thermodynamic data and rate constants of all reactions in the system. Through
these equations, Yamada (1977) discussed the coupling effect between electric
field and charged reacting species ’J_ computed results in the idealized systems.
Due to the lack of thermodynamic dﬁta in multi-component metallic/ionic systems,
this theory has not yet been applied to a practical system.

A.
The assumption that '

<< | implies that the electrochemical potential

difference of every reaction between two phases is smaller than RT. In mosi
cases, this assumption may not be valid at the beginning of reaction. The removal
of this restrictive assumption becomes very important in the application of the
theory to a practical system, It is one of the goals in the present work.

Another theoretical problem is the definition of ion activilies in ionic
solutions. From equation (10), the electrochemical activity of ions delined by
the electrochemical potential of ions can be given as the product of chemical
activity with one additional term containing the electrical portion of the

electrochemical potential (Yamada, 1977), viz,
- ziF}’qJ
ai = a; exp [ ]
RT

where ai is the chemical aclivity of ions. However, chemical activity of ions in

(i=1,2,..p)  (2-18)

ionic solutions has not been properly defined (Forland, Forland and Ratkje, 1988)
and the wvalidity of the concept of ion activities in a general sysiem was
questioned by several authors (Blander, 1977, Forland and Grjotheim, 1978).
Therefore, it is theoretically important to understand the meaning of ion
activities in the above kinelic expressions. Studies of this subject is beyond

the scope of the present thesis and discussions will be presented in Appendix A.
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2-2-3 Determination of Interfacial Area in Experimental Studies

In earlier studies (Chang and Goldman, 1948, Goldman, Derge and Philbrook,
1954, and King and Ramachandran, 1956), interfacial area was assumed to be the
same as that of the cross section of the crucible used. When both phases are
liguid, this assumption could introduce very large errors in strongly mechanically
stirred systems by using a rotating crucible and with CO gas evolution, or system
with exlernally imposed electric field. It is very difficult to determine the
interfacial area in these type of experiments.

To avoid the disturbance of interfacial area, Ray (1981) carried out
experiments between rolaling iron crucible and ionic melts contained in the
crucible. By using melallographic analysis of inclusions in metallic phase, Ray
reported that specific rate constant of Fe was of the order of magnitude of 10'4
cny/sec and that of oxygen lO'3 cmysec at 1723 °K. With one solid phase, the
assumplion, that the interfacial area can be determined by the area of iron
crucible in contact with the ionic liquid, should not be far from the true

situation,

2-3 Diffusion in Multi-Component Systems
2-3-1 Phenomenological Theory of Diffusion

The phenomenological basis for multi-component diffusion was defined by
Onsager (1945), de Groot and Mazur (1962) and reviewed by Kirkaldy and Young
(1987). For a near equilibrium situation, there is a linear dependence between the

forces and (Tuxes for one dimensional diffusion, viz,

P
). = [ L.. X. (i=1,2,...,p) (2-19)
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where Ji and X, are any of the Cartesian components of independent fluxes and
thermodynamic driving forces. The quantities Lij are called the phenomenological
coelficients, The internal entropy production per unit time and per unit volume,
given by o in equation {20) can be described by the sum of product of fluxes and

forces (de Groot and Mazur, 1962, Prigogine, 1967), viz,

P
To=) JX. 20 (2-20)
i=1
When fluxes and forces of components are independent of each other,

reciprocal relations hold between the phenomenological coefficients, viz,

Lij = Lji (2-21)
and it follows that the matrix Lij must be positive definite, i.e.
Lii >0 (2-22)
and

The validity of the Onsager reciprocal relations has been experimentally studied
by Gosting and co-workers in liquid electrolytes (1952, 1953, 1956). Kirkaldy and
co-workers (1957, 1958, 1962-1966) have amplified the physical basis in
multi-component liquid electrolytes and melallic crystalline sysiems.

For the interpretation of chemical diffusion experiments, the f{luxes must
be defined with respect to a suitable frame of reference. There are four most
common [rames ol reference: (1) solvent-fixed, (2) volume-fixed, (3) latlice-
fixed and (4) laboratory-fixed. The solvent-fixed frame is that the solvent flux
is zero, i.e.

(2-24)

Tsolvent =
The volume-fixed frame is that the flux moves locally so that no net flow of
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volume occurs, i.e.,

p
y IV, =0 (2-25)
i=1
where Vi is the partial molar volumes.
- av
Y — . i=1,2,..., 2-2
vl ( aNi )T,P,nj(j?ﬁl) (] p) (2-26)

The lattice-fixed and laboratory-fixed frames ol reference can be similarly
defined. Any convenient reference frame can be chosen and a transformation exists

from one to another (Kirkwood et al., 1960).

2-3-2 Diffusion in Non-Ionic Solutions

For chemical diffusion in a non-ionic system with p components, the
chemical driving [lorces X, are chemical potential gradients. Therefore, equation
(20) for entropy production rale can be given by the following equation (de Groot

and Mazur, 1962):

P ap
To = - ): J, ! (2-27)
i=1 9%

api .
when Xi = - —, (i=1,2,....p).
ax

Since chemical potentials are not independent and can be related by

Gibbs-Duhem equation, viz,

p
Y Ndu, =0 (2-28)
i=1

the reciprocal relation (21) is not applicable. If the volume-fixed frame of

reference is chosen, this can be re-written from equation (25) as:
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Vi
aK;- —_'——“Pp)
\Y

p-1

- p _

To=- § J; (2-29)
i=1 ox

which has a bilinear form in terms of independent fluxes J, and forces:

Vi
a(py- —— l-lp)
\Y
X, = - P (2-30)

ax

The relation between the fluxes and forces will have the form:

V.
oy —t—1p)

Jo=-Y Ly P (=12,..p-1)  (2-31)

In equation (31), Onsager reciprocal relation (21) is valid.

The phenomenological description of diffusion implied by equation (31)
fully takes account of the cross effect of all other constituents of the system
through chemical potential on the flux ol any one species. Thus, the diffusion
process in any multi-component system, no matter how complex, can be completely
characterized once the phenomenological coefficients are known as functions of
temperature, composilions and pressure.

For instance, in solid iron alloys (Kirkaldy and Young, 1987), iron may be
chosen as the element p. The volume-fixed frame of reference may be approximated
as laboratory-fixed frame of reference when impurity elements are dilute. On the
other hand, a change of partial molar volume \_/i and chemical potential of iron,
e, along with diffusion pat . is assumed to be very small and negligible. Thus,

equation (31) may be simplified by the following equation:
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M= T L; — (i=1,2yn..p-1) (2-32)
- ax
where JT represents [lux in melallic phase. In solution thermodynamics, chemical
potentials of dilute elements are defined as:

i, = 1§ + RT In (£N)) (2-33)
where u? is the reference chemical potential using Henrian scale, Ni is the mole
fraction in metallic phase and f'i is Henrian aclivity coefficient which can be
described by Wagner interaction parameters e{

-1 .
="§leg N (2-34)

In f.
i j=

By assuming the interaction paramelers e-: are independent ol compositions,
chemical potential gradients in equation (32) can thus be re-written as:

W, RT i aNi
— = — [l +Ng] — (2-35)
8x Ni ax

Following Kirkaldy and Young (1987), the mobility matrix in equation (32)

can be related to that in Kirkendall relerence frame in the following way, viz,

p-1
- v) .
Ly = (- 2N (L), + (N)© | (g, (for i=j)  (2-36)
k=1
and
p-1
Ly = - Ny (L - N B + NNy ] (L), (for i) (2:37)
k=1

where (Lii)x‘ (ij)K and (ka)K are the elements of mobility matrix in the

Kirkendall reference frame where all cross terms are zero.
m
D.'N.
Pm™ i ™

Ly = —— (2-38)
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where p_ is the molar density of the metailic phase (mole/cm3).
Substituting equations (35), (36) and (37) into the flux equation (32), a
flux equation described by mutual diffusion coefficients Dnilj in metallic phase is

obtained, viz,

P-l 5N,
m_ . [ pM_1 (i=1,2,...p-1)  (2-39)
1 ) 1) ax
i=1
where
m RT ej
Dij = T( L+ g N L (2-40)
i

2-3-3 Diflusion in Ionic Solutions

The understanding of diffusion in ionic syslems is complicated by the fact
that the diffusion species are charged and there exist associations between ionic
species.  Thus, the forces in equation (19) should be described by the

electrochemical potential gradients, (see also section 2-2), viz,

aﬁi _
X =+ — (i=1,2,...,p) (2-41)
ax

and therefore, the flux equation becomes:

p : 31_1]

¥=-V L, — (i=1,2,.,p)  (2-42)

: E i 12y

where superscript "s" represents the flux in ionic solutions. The application of

the phenomenological theory to this type of system has been made by severul

authors (Okongwu, 1973, Nagata and Cato, 1976) and will be reviewed as follows,
Nagata and Goto (1976} auempted to evaluate all Lij's under following

assumpltions:
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(1) the eclectrochemical potential can be separated into chemical potential
of ions and another lerm containing electrical potential [equation (10)];

(2) diffusion generally proceeds under the condition of zero net current:
p .
X ziJ;’ =0 (2-43)
i=|
and (3) the chemical potential of ions may be expressed by the chemical potential
of neutral species in the case of inter diffusion experiments (e.g. oxides).
From the first assumption, mass flux equation (42) can be re-writlen as:
a . a
I :

p
B=.FT L. [__ + 2z g___] (=1,2,..p)  (2-44)
! jzl UL gx J ax

Then, by substiting equation (44) into (43), condition of no net electric
current becomes the following alternative equation:
al-lj af

p P
) §|zi L [_ +z, 9‘-——] =0 (2-45)

1 ax ] ax
i=1 )

Thus, electrical potential gradient is solved and mass flux may be expressed in

such a way, viz,

au.

P
J’:=-[ T.. (2-46)

J
i ij
j 1 ax
where

P P P P

From the third assumption, a general equation to connect with chemical

potential of ions and neutral species was obtained, viz,
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R

MolZg + pB/|zB| = Uypzg
= HoglZg * “AB’ZA - Hadl%y (2-48)
where o and B represent cation and anion respectively, aff, AB, AP are ncuiral
combinations, A and B are the cation and anion which are selected expediently as
the reference. Furthermore, the mass flux equation (46) can be rewritlen as:

Mo M ag M,

+ [ (2o/2,)Tig ) (lzﬁi/ZA)TiB
o o

i=-1Tq
o

(2-49)

ax ax ax

In this approach, it is required that all Lij‘s (including both diagonal
and off-diagonal items) in Onsager's matrix should be known. This has made 1he
theory and mathematical operations very complicated. It has only been applied so
far to diffusion couples of ternary slags (Goto et al. 1976, 1977).

To simplily the theory and formulations, it is necessary to avoid the
evaluation of Onsager cross terms. In condensed phases, there exists a frame of
reference for diffusion (luxes .li in which all cross terms in the L.; NEMTIX are
approximately zero. For the substitutional solution of metals, this has been
recognized as the Kirkendall frame and for ionic liquid solutions, the frame
depends on relative ionic radii (Lane and Kirkaldy, 1964).

In another approach, Okongwu (1973) derived diffusion cquations [or
studies in glass phase. In addition to the first two assumptions shown in the
above approach, Okongwu proposed that (1) the anion sublatlice is fixed, i.c. a
solvent-fixed frame of reference; and (2) the Onsager cross terms Lij are small
relative 10 the diagonal terms Lii' The flux in the laboratory frame has the

following relations:

_];’ = - L[ grad(py) - 2, 7E | (2-50)

or
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RT , aC; aln v, F 8
S 1 1] l ’
Ji = - i C [ + Ci + ziCi '—li-T——" a——] (2-51)
. 2x ax X
1
(i=1,2,...p)

where Ci and y; are the ion concentration and activity coeflicient of ith ionic
species, respectively and E is the electric field given by electrostatic gradient,

viz:

a¢
E=- ~— (2-52)
ax

Following Darken (1951), the mobilities Lii can be related to the tracer

diffusion coefTicients, D?:

D‘?Ci alnYy;
L, = —[ L+C ] (2-53)
RT aC: ‘E=0
or in Einslein's approximation:
D:C
L= ——— (2-54)
RT

The approximation from equation (53) to (54) implies that the activity
coefTicients Y, vary slightly with C.
With Einstein's approximation (54), the Nemst-Planck equation is thus

derived:

’=.p%

1 1 +

ax RT ax
In equation (55), electrostatic gradient is not directly measurable. Similarly,

ac: z.F C: 8¢
[ i i ] (i=1,2,....p) (2-55)

zero net current condilion may be applied, viz,

P ¢ r9C zFC a0
I z0f [ + ] =0 (2-56)
=1 ax RT ax

and electrostatic gradient can be calculated through equation (57).



P R Tok
o0 RT Z PN
—— = J 5 (2-57)
X
v D3cC:
j=1 47

By substituting equation (57) to equation (55) and using ion [ractions as
the concentration unit, the coupled diffusional Mux can then be described by the

following equation:

. P a(Nip)
J?=-[Di_ﬂii; (i=1,2,...p)  (2-58)
o0 ax
)=
where
D?z%N;
S _ S .
Dii = Di [ |l - T ] (for i=j) (2-59)
5.2
¥ DjziN;
ke | k“k 'k
and
S8 ,
. DiDjziszi o
Dij = . 5 ) (for i#j)  (2-60)
Y DJzIN?

where N represents the ion fraction in ionic solutions and p_ is the molar

density of the ionic solution (mole/cn13).

2-4 Coupled Interfacial Reactions and Dilfusion

Measurements of concentration profiles for diffusion couples in single
solid or glass phase have been well studied in many metallic or ionic systems
(Kirkaldy and Young, 1987). Borom and Pask (1967) conducted experiments of
diffusion measurements between N320-8i02 glass and metal Fe at 950 °C. So far, 10

the best knowledge of the writer, this is the only experimental work reported in
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the literature for the coupled interfacial reactions and diffusion in
melallic/ionic  systems. However, the results were given with measured
concentration profiles of single element Fe in glass phase by using an electron
probe microanalyzer with the probe beam size of 5 um (see Fig. 2-8). Change in
concentrations of all other elements in glass as well as those in metal was not
reported. This is a case of measuring and studying a single element which may
have the mosl pronounced changes in a multi-component system. However, it has
been shown that interfacial concentration of iron in the glass phase, which could
be extrapolated from the curves of concentration profiles in Fig. 2-8, changes
with reaciion time, It implies that, the reaction rate of Fe transfer at
interface and its diffusion flux in the glass phase are related and of comparable
magnitude.

These type of measurements could be further improved by using modern
equipment of electron probe microanalyzer with an electron beam size of 50 nm or
below and a resolution of 1 um for quantitative analyses.

In slag/melal systems, slag is presumably in the liquid state. Mass
transporl in a liquid phase may take place by the diffusional process and
convective Mow due to local density difference. To include convective flow in
the present work would nake the theoretical formulations much more complicated. In
order to focus our atiention on studies of interfacial reactions, the elimination
of convective flow is assured in the design of experiments in the present work by
keeping metallic phase in the solid state.

Goto and co-workers (1976, 1977) studied the diffusion couples in
slag/slag system:. In one case, silicate slags (containing CaOQ, SiO2 and A1203)

were held in a capillary tube (¢4 mm) at uniform temperature of 1823 * 2 %K o



minimize the convective flow. By comparing the measured concentration gradients
with computed diffusion profiles, it was concluded that mass transport in slags

with this-experimental system took place by the diffusional process only.



CHAPTER THREE
KINETIC EXPRESSIONS OF INTERFACIAL REACTIONS
IN MULTI-COMPONENT METALLIC/IONIC SYSTEMS

Based on the generally accepted conclusion that interfacial reactions in
melallic/ionic systems are electrochemical in nature, a study of chemical kinetics
leading 1o a quantitative expression for multi-component systems is outlined in
this chapter. These rale equations will be a part of the model to be compared

with experimental data in the present work.

3-1 General Rate Equations of Interfacial Reactions
3-1-1 Rate Equations of Electrodic Half-Cell Reactions
It has been shown in Chapter Two that the rate equations proposed by
Wagner (1965), Prigogine (1967) and Lu (1971) are all mathematically equivalent.
In this section, Prigogine’s equation is used as the starting point for further
developments,
F‘i
w, = kiai[ l- exp[- —E]

where @, is the specific reaction rate in moles per unil area of interface, and Ai

(i=1.2,..p) (2-14)

is the electrochemical alfinity of ith reaction, a transfer of the element from
metallic to ionic phase, which may be separated into a chemical portion and an

electrical portion (Prigogine, 1967), viz,



xo=a® o
e Tl A o R
= ($8), (m) m .
= (W77 By ) R K g(AQ“AQ’eq)
= Ap, + zi[ B+ ) - A eq)] (i=12,0p) (3-1c)
=) i - SN (O JU ) B
where L7 s the electrochemical potential of ith ion, M and M are the
chemical potential of the ion in ionic phase and the element in metallic phase,
Ay, is, p.gs)- ugm), the chemical potential difference of the reaction across the
interface, & is Faraday conslant, ﬁe is the electrochemical potential of
electrons in metallic phase, A¢ is the difference of electrical potential between
ionic phase and metallic phase, ie. A} = q’ionic - ¢:11elallic‘ andl Aq’cq is the
value of Ad at the equilibrium state, i.e. net flux of every element in the system
is zero.

Chemical potential difference of the reaction Ap, can be evaluated by

chemical activities of species in both phases, viz,

o ; ai/ai
Ay, = A[.li + RT In— = RT ln-——-'— (3-2)
3 (ai/ai)eq

where A].l? is the difference of chemical potentials at their standard states for
half-cell reaction (2-7), a; is the chemical activity of ith ion in ionic
solutions (definition of ion activity and its standard state are discussed in
Appendix A), a, is the chemical aclivity of ith element in metallic solution and
'eq’ indicates the two-phase equilibrium state, i.e. Api=0 (i=1,2,....p).

ﬁe may be related to the electrochemical activity of electrons in the

melallic phase.

B, = B2+ RTIn3, = RT ln[Ee/{Ee}cq] (3-3)

By substituting equation (1) into Prigogine’s equation (2-14), reaction rates of
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individual reactions can bhe expressed as follows:

o, = kiai[ ! - exp[ i:' ]exp[ zi[ ﬁe+ 78 - A(beq)]]] (3-4)

RT
(i=1,2,....p)

where A¢ In this way, the exponential term containing the

= Pionic™ Pmetallic
clectrochemical affinity of ith reaction in equation (2-14) is expressed as a
product of two lerms in equation (4). One is a funclion of chemical potential
difference of the heterogeneous reaction, which may be evalvated through
thermochemical data, and the other contains the elecirical potential difference

across inlerface. By using two different symbols, the general reaction rate

equalions are given in equations (5) to (7), viz,

Z.
o, = kiai[l SLU '] (i=1,2,....p) (3-5)
where:
W+ F (AD-Ad, )
U= exp[ e eq ] (3-6)
RT
and
AR, aj/a;
L; = exp —"] = (3-7)
RT

(“i/“i)eq
The parameler U is shown as a function of (Ad-Ad e q) and electrochemical
potential of electrons in equation (6). Li depends exponentially on the chemical
potential dilference of the reaction. Both U and L. are positive quantities.
When chemical potential dilference of a reaction is zero, it leads 1o Li = 1.
During the course of reaction, L, may approach the [inal value, unity, from either
side. In equation (5), Li’ 2 and ki may be evaluated experimentally if the value

of U is known. The collective property of the system, U, is not determinable
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because Ad at interface is not directly measurable (Bockris and Reddy, 1970). The
system parameter, U, has to be determined simultaneously with all other unknowns
in the system. Equation (5) stands for p equations for a system of p reacting
elements but there are p+l unknowns ( U, ©;, i=1,..,p ) to be determined. One

more equation is required to define the system (sce the following section).

3-1-2. The Consiraint of No Net Electric Current

Considering  static charges, Guggenheim (1967) showed that  [for
electrochemical considerations, electroneutrality may be assured in  ionic
solutions. Any departure from neultrality which exists would be far too small to
be detected chemically, In one computed example, Guggenheim demonstrated that il

the sysiem contains an excess of 10'10

moles of an ionic species with charge
number +! in a system of spherical shape of a diameter of 10 mm, the electrical
potential will increase up o 0.86x107 volts. This huge electric lield could be
encountered only in specialized high tension laboratories. Thus, the consiraint
of no net electric current that leads to no further change from initial electric

state (also stated as an electroneutrality condition) may be applied 1o reactions

at interface of metallic/ionic systems, viz,

p
S 20, = 0 (3-8)
i=1

In equation (8), reaction rates of transfer of all elements in the system
are coupled. Thus, it may be called the coupling equation in the present work,
Combining equations (5) and (8), p+1 unknowns in the form of U)i's, Li’s, ki's and
U can be uniquely determined and numerically solved once other parameters and

initial conditions are defined. The detailed mathematical methods are presenied
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in Appendix B where the system parameter U is solve by the coupling equation (8).
So that it is named as the "coupling factor” through which coupling effect among

interfacial reactions can be illustrated in the following seclions,

1.2 Electrical Over Potential Difference Across Interface

In equation (6), the coupling factor, U, is a function of two quantilies,
ie., (Ad-Ad e q)’ a measure of the deviation of electric field from the final state
at interface and M., electrochemical potential of electrons. It may be further
assumed that there is linle change of the electrochemical potential of electrons
during the course of reaction, when there is no drastic change in chemical
compositions. Then we arbitrarily define "_le = 0, This means that (Ad-Ad eq) can
be related to U through the simplified equation (9).

RT
Ad - A¢eq = }— In U (3-9)

When A¢ - A¢eq approaches zero, the coupling factor U approaches unity.
This is a stale of zero interaction through an electric field and all reactions
may proceed independently under their own chemical driving forces. At this stage,
Ad = Ad eq’

When the coupling factor U is not unity, it implies that the electrical
over polential dilference across interface deviates from its equilibrium slate.

Since A = ¢ when A$>0, it indicates that electrical potential

ionic = Pmetallic
in ionic phase is larger, i.e. q)ioni c>¢ metallic and vice versa, Direction of the
cleciric field is thus defined. For instance, when A¢-A¢, q is greater than zero,
the electric field will assist anions and hinder cations into the ionic phase from

the metallic phase (see Table 3-1).
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TABLE 3. 1;: RELATIONSHIP BETWEEN CALCULATED ELECTRIC OVER POTENTIAL
DIFFERENCE ACROSS INTERFACE AND THE INFLUENCE ON TRANSFER
OF IONS INTO I1ONIC P HASE

Ad - A >0 -A = 0 Ad - <0
¢ - A0, A - A $ - a0,
us> 1 U= 1 U < 1
At tract ing Anlons Zero Intcraction Aitracting Cnations
& Repel!l ing Cations ¢ & Repelling Anions

3-3 Discussion of Coupling Among Interfacial Reactions
3-3-1 The Coupling Factor and the Coupling Effect Term

The thermodynamic driving force of every spontaneous electrodic hall-cell
reaction at interface may be the lowering of electrochemical potential dilference
associated with this reaction. The consequence of accepting that un
electrochemical potential may be split into a chemical portion and an clectrical
portion, is that even a spontaneous reaction will result in lowering  the
electrochemical potential difference of the reaction, but notl necessarily both
chemical and electrical potential differences. The decrease in the sum is not
necessarily due to lower values in both parts.

From the formulations in Section 3-1-1, it is clear that interactions
among co-existing species or simullaneous reactions take place through two
parameters, i.. thermodynamic activities a, and electric field across the
interface which is characterized by the coupling factor U.

The variation of a, as a function of compositions ol the solution is
included in the formulation and numerical computations (see Section 6-1-2). Our
discussion here is focused on the dependence of w; on L, and z which are

properties of individual reactions under consideration and the coupling factor U
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which is a collective property of the system.
To facilitate the discussion on the role of the electric field in
interfacial reaclions, a separation of L, and U in the general rate expression is

needed. It may be done as follows:
%
o, = kiai[l- L.U ] - kail; + kal,

Z,
— - ' -
= kiai[l ] Li] + kal, [1 U ] (3-10)
When U = 1, it is the case that effective interference of electric field
on the movement ol ions is absent., The mass flux across interface will be
determined by the chemical portion of driving force and may be labeled by u)?”,

which is called the intrinsic chemical reaction rate, viz,

o = kiai[l . Li] (i=1,2,..p) 3-11)
where (1 - L.) may be defined as the intrinsic chemical driving force of the
half-cell reaction. The second term in equation (10), therefore, may be labeled

as the coupling effect term.
Z;
Coupling Effect Term = kL. [1 U ‘] 3-12)

In this way, the magnitude of the coupling effect term depends on two
terms, "kiail‘i" which is a [unction of state of reacting elements under
investigation and (I - Uzi). The sign of this term, however, depends on the value
of (1 - Uzi). For the reaction involving a cation, i.e. zi>0, the coupling elfect

becomes negative when U>1 or positive when U<l.
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3-3-2 Directions of Mass Fluxes with Coupling

Since L; and U are both non-:egmive quantities, directions of mass fluxes
are determined by (1 - Li) and (1 - U i) in equation (10). When (1 - Li) >0, the
intrinsic chemical reaction of ith element tends to move lrom the metallic phase
10 the ionic phase, and vice versa. The term (I - Uzi) stands for the inlluence
ol an electric field which can either altract ions to or repel ions from the ionic
phase, depending on the direction of the lield and the sign ol charges carried by
these mobile ions (see Table 3-1).

Therefore, the direction of the mass flux can be referred to the resull of

interaction between the intrinsic chemical reaction and the electric field af

interface. There are following cases 1o be considered.

3-3-2-1 Both driving forces of intrinsic chemical reactions and electric field
are in the same direction

When these two driving forces are reinforcing each other, one may say that
the intrinsic chemical reaction is accelerated by electrical force. From equation
(10), this condition may be mathematically described as (1 - Li)/(l - ULi) > 0.
To satisfy this inequality, L, and Uzi should be cither both larger or smaller
than unity. The physical stale of these two cases arc:

(1) Li<landUzi<l

Both terms in equation (10) are positive. The intrinsic chemical reaction
proceeds from metallic phase to ionic phase. It may be the case that cations are
altracted to negatively charged ionic phase or anions to posilively charged ionic

phase.
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2) L;> 1 and Uis |

Both terms in equation (10) are negative. The intrinsic chemical reaction
proceeds from ionic phase to metallic phase. It may be the case that anions are
repelled from a negatively charged ionic phase or cations from a positively

charged ionic phase.

3-3-2-2 Driving forces of intrinsic chemical reactions and electric field are in
opposile directions, i.e. the resultant direction of an individual mass flux
is determined by the one of larger magnitude
In this case, the intrinsic chemical reaction rate and the coupling term
in equation (10) tend 1o cancel each other. The sign of the resultant mass flux,
i.c. observed mass flux, is determined by the larger term. This can be
characterized as (1 - Li)/(l - Uzi) < 0. In addition to the requirement that (1 -
L) and (1 - Uzi) are of different signs, further refinements are needed.

Discussion may be [acilitated with the use of ratios of o, (observed) to m?“

(intrinsic), from equations (5) and (11),

Z.
w, -L,U !
o = (3-13)

Various cases in which the electric field hinders the interfacial reaction will be
discussed in terms of equation (13). In comparison with m‘i:H, the resultant w, has
to be smaller in magnitude which may or may not be in the same direction.

Therefore, the following inequality would be true.

W,

o

< 1 (3-14)

Furthermore, equation (14) may be subdivided into the following three cases.
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(1) The coupling term is smaller in magnitude, i.c. the resultant mass

flux is in the direction of intrinsic chemical reaction. i.e.

w.

0< éH < 1 (3-15)
(I)i

By substituting equation (13) into equation (15), we obtain that:

Z.

I-Liu‘

0 —— 1! <1 (3-16)
- L.

This shows that the driving force of the intrinsic chemical reaction is
larger than the electrical force and that the intrinsic chemical reaction 18

retarded.

(2) Zero flux state: aclual mass fux is zero but intrinsic chemical flux

is uol, i.e.
0.

1
=0 (3-17)
o

It is the case that an instantancous chemical driving force of the
reaction is exactly cancelled by an electrical force. It is inleresting 1o nole
that zero flux for the reaction does not necessarily mean that the system has
reached the final equilibrium state. Only when all Li's (i=1,2,....p) and U reach
unity should the system be regarded as the final equilibrium state.  When the
momentary values of U and l_,i that will result in zero mass flux, meet the

following condition:
LU'=1 (3-18)

this zero flux state can not last because the continuation of other reactions will
cause U and ]"i to change, so that the relationship in equation (I18) can not be

maintained.
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(3) The driving force of the intrinsic chemical reaction is smatler than
the eleclrical force, i.e. resullant mass flux is determined by the coupling term

and proceeds in the direction determined by the electrical lorce.

o,

1
<0 (3-19)
o

The charged ion is then attracted or repelled by the electric field but
the direction of mass flux is against the chemical driving force of the reaction.
As the consequence of the resultant flux, the chemical driving force of the
reaction may be increased with time. When electrical force diminishes as the
result of reaction, the chemical driving force of the reaction increases. It
graduaily leads 1o a zero [lux situalion; In the later stage of reaction, the
driving force of the electric field decreases so that the resultant flux would
then be delermined by the chemical driving force. The direction of mass flux of

this element across the interface is reversed.

From the above, it has been seen that the coupling among simultaneous
reactions at interface may be discussed in terms that an intrinsic chemical
reaclion may be acceleraled or relarded by the electric field. As reactions
proceed, both chemical driving forces of reactions [(1 - L.), i=1,2,...,p] and the
coupling lactor U will change with reaction time. It is of theoretical interests
lo understand how individual reactions under different chemical driving forces,
which may be characterized by different initial conditions, proceed. In the
present work, it will be demonsirated through slag/metal reactions in Chapter

Seven.



3-4 Rate Expressions for Slag/Melal Reactions

In the general rate equation (5), intrinsic chemical (i;'ivillg' force of the
half-cell reactions (1 - Li) is " dofined through ion activitics and reaction rate
constants, ki (i = Fe, Mn, etc.) lor the first orr.l‘er reaction, are defined with
the unit of cm/sec since chemical activities of elements in metallic phase are
defined by the molar concenlrations (mole/cm3) for each eclement. In the current
literature, reaction thermodynamics relﬁ.i.'}‘.::.-,' to ionic solutions such as silichie
melts are reported in the form of neutral species and solution thermodynamics in
metallic phase are documented through Henrian activities for solutes and Raoultian
activilies for the solvent. In order 1o directly apply these thermochemical data
reporied, the rate equations must be modified.

In the system consisting of the silicate slag (SiOz, FeO, MnO, /\1203 and
Ca0) and iron alloy (Fe, Mn, Si, Ca, Al and O), the modified rate expressions for
these six elements are shown below by using oxygen anion as the reference. ‘the
coupling factor U is then replaced by the parameter Uo' Rale equations are
expressed as a [funcltion of specific raie constunts, activities of elements in
metallic phase, activities of oxides in silicate mells and equilitbrium constant,
of chemical reactions of formation of oxides (see Apendix B [lor details).  For

transfer of iron, Raoultian activity coefflicient of iron is used, i.e.

a
—_ FeQ v |2
O = kFeCalloy YIFclN[FeI[ I- = N Yo ] (3-20)
FcOYlFeI |Fe}
and for transfer of solutes in the alloy, Henrian activities are given, viz,
C 70 a
. alloy' Mn MnO 2 )
o, =k hw[ Ll uo] (3-21)

Mn
WMnE ([%i]/wl) KMnOthnl
I
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W = k ca 1 IOY‘YCII h [ l - aCaO U2 ] (3_22)
Ca Ca E . (Ca) TK h 0
Wca . ([%l]/Wi) Ca0 [ Coj
i
/2
o a
Y ALO
_ alloy ' Al 273 3
Gar = K E . lAll[ IV Uo] (3-23)
WAl i([An]/Wi) A1,0,7 Al
C 'yo, 3sio
o, =k — oy st g 1-———?—U4] (3-24)
Si Si E ) I15i) K h Q
Ws, ([%i]/W.) sio, [si)
1 i 1 2
Yo
- alloy 'O _ 1 -2 _
o, =k, e hlo][l - ] (3-25)
o = ([%ilIW,) (o1
i
whare ych] is Raoultian activity coefficient of iron, 'y;n, etc. are Henrian

constants, thn etc., are Henrian activities of these impurity elements using one

]1
weight percent as the standard slate, Wi is the molar weight (i = Fe, Mn, eic.),

Cnlloy is the density of alloy in moles per unit volume (for the alloy used in the

;= 0.125 moIe/cmB), A Slc. are activities of oxides in

present study, Callo

silicale melts and KF:O' etc. are equilibrium constants of the (ollowing
reactions:

(Fe] + [O] = (FeO) (3-26)

}r - a(F [ 0)
“FeO eq.

- N h
Tige1™ [Fel [0]

[Mn] + [O] = (MnO) (3-27)
a
K = [ (MnQ) ]
MnQ €q.
hIMn ] h 1G]

{Ca) + [O] = (Ca0) (3-28)
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a
K = [ (Ca0)
Cal €q.
LRLIp
2[Al+3 (0] = (A1203) h (3-29)
a(Al 0.)
Kao, = 7737 ]eq
Al O N
173 thIhlol
[Si] + 2 [O] = (Si02) (3-30)

a(saoz)
sz1 = [h hZ ]eq.
18i} [0l
In equations (20) to (25), U0 is a common term containing the coupling

factor given in equation (31):

(a0=(c ++)/1‘l[0|)e 112
— o q
UO =U [ ]

= (3-31)
105%™

where =t is the activity of oxygen anion in slag by selecling neutral
species CaQ as the standard state (detailed definition is shown in Appendix A).
Applying the constraint of no net electric current to this system, we have:

2(0Ca + 2er + ZmMn + BwM + 4(1)5i - 2m0 =0 (3-32)

The kinetic behavior of this slag/metal system of six elements is defined by seven

equations, (20) to (25) and (32).



CHAPTER FOUR
A MATHEMATICAL MODEL OF THE COUPLING OF INTERFACIAL
REACTIONS AND DIFFUSION IN SLAG/METAL SYSTEM

In this chapter, the development of a mathematical mode! of the coupling
of interfacial reactions and diffusion in slag/metal systems will be presented.
Interfacial reactions will serve as part of the boundary conditions for the
diffusion equations in both jonic and metallic phases. Comparison between

compuled results and experimental data will be shown in Chapter Six.

4-1 The Law of Conservalion of Mass

During the course of reaction, mass fluxes across the interface will cause
changes of interfacial concentrations in both phases. Concentration gradients are
induced necar the interface due to the consumption of reactants and the creation of
products. The consequence of the presence of concentration gradients, of course,
are diffusion between interfacial region and bulk phases. Based on the law of
conservalion ol mass for the one dimensional system, the gradient of diffusional
flux of ith element in a bulk phase can be related to change of concentrations
with time,

aC. al.

o 1 (i=1,2,....p) 4-1)

at gx
where Ci is the concentration (mole/cm3) and Ji is the diffusional flux

2 . . . .
(molefcm”sec.) of ith element. To solve this equation, the expression of Ji as a

42
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function of concentrations, and initial and boundary conditions are required. In
slag/meial system, flux equations are used in the present work. For memnllic
phase, the approach of Kirkaldy and Young (1987) will be followed and for slag
phase, Okongwu’s (1973) formulism is adopted. It is also assumed that the
interfacial surface is flat so that diffusion equations are one dimensional in the
direction perpendicular to the interface. Thus, two sets of partial differential
equations, one for slag and the other for metallic phase, which are related by
sharing interfacial reactions at the phase boundary are to be solved numerically,
In the following equations, the single spatial variable x is defined by locating

the slag/metal interface at x=0, slag in the region of x<0 and metal phase x>0.

(1) Diffusion in Slag
By substituting equation (2-58) which satisfies the neutrality condition
in ionic phase into equation (1) and taking ion f{raction as the conceniration

unit, we obtain that,

aN‘ P 3 aN! P _aD3. aN: CaN:?
L SR (e R R 1 I
j=1 ax J ax j=1 ax ax J ax
(i=1.2,....p)
with the initial condition ([.C.):
NI (t=0,x<0) =N’ (4-3)
and the boundary conditions (B.C.):
N; (1=t x = «0) = NI° (4-4)
and
aN‘
p—(l-lx-O)— {(4-5)
at 8x

$
where D?j is the diffusion coefficient for ith flux due to the jth concentration
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gradient in the jonic phase defined in equations (2-59) and (2-60), N; is ion
fraction in slag (see Appendix A for definition), Py is molar density of slag and

8xs is thickness of physical interface on slag side.

(2) Diffusion in Melal

Similarly, equation (2-39) may be substituted into equation (1), viz,

aN. P & aN. P DT aN. aN>
pm'a"l'lizl_a:[ol?j;:]' ] =Z [ ;x_l'l 'a':'l_ + DTj"a;'%' ] (4-6)
(i=1,2,..p)
with the initial condition (I.C.):
N. (t=0,x>0) =N} (4-7)
and the boundary conditions (B.C.):
N, (=1, % =) =N (4-8)
and
pmﬁ(t=t,x=0+)=- % 4-9
at BX

where D'}"j is the diffusion coefficient for ith flux due to the jth concentration
gradient  in the metallic phase defined in equation (2-40), Ni is the mole
fraction of ith element, p m i molar density of alloy and 3x m is thickness of
physical interface on the metal side.

In equations (5) and (9), 0 is the rate for transfer of ith element. ox m
and st are the thickness of metallic and ionic portions of the interfacial
reaction zone and will be discussed in Chapter Six.

Therefore, there are two sels of partial differential equations of the
second order with semi-infinite boundary conditions to be solved. Since values of

@, and interfacial concentrations are computed by using numerical methods (see
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Appendix B), the observation of boundary conditions described in equations (5) and
(9) may be presented numerically in the following section.  These partinl
differential equations are to be solved by using finite dilference method

(Appendix C).

4-2 The Strategy of Compuiations

In compulations, the simultaneous process of chemical reactions and
diffusion in a physical system may be replaced by sequential steps, altermating
between chemical reactions and diffusion. As an example shown in Fig. 4-1, the
computation starting at 1=0 is presented. In the computation ol chemical
reactions, calculation of diffusion is pending. Two sets of important parameters
are chosen, i.e. 8x m and 8xs for the size of reaction zone, and the time interval
AtR and n for calculation of concentration changes and number of iterations.

When t = n AlR, the calculation of changes due to chemical reactions is
off, and then the computation of diffusion is switched on. With concentrations
obtained in the reaction zone at t = n At as boundary conditions, calculation of
semi-infinite diffusion involves the exchange of chemical elements between the
reaction zone and bulk phases. In numerical solutions, the spacing Ax in both
phases and the time interval At are chosen. The calculation is then repeated m
times.

When t = m At , the calculation of dilfusion is tumed off and that of
chemical reaclions starts again. By this alternaling method, the computation of
kinetics can be continued until a pre-determined time or equilibrium state is
approached. The time intervals, At and A, are separalely determined to seek a

compromise between the convergence of numerical solutions and the effort of
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compulations, By adjusting the number of iterations, i.e. m and n, in the
calculation of changes due to chemical reactions and diffusion, the tolal time
period, n At and m AlD, must be equal to reflect the reality in the simultaneous
processes. Details of choosing these time intervals are shown in Chapter Six.

The computer program for slag/melal reactions is attached in Appendix F.



CHAPTER FIVE
EXPERIMENTAL PROCEDURES AND RESULTS

In the selection of a metallicfionic system for experimentalion, it is
essential that the documentation of solution thermodynamics in both phases are
adequate to carry out theoretical analysis for comparison. For this reason, slag
and iron alloy which are free of carbon were chosen. The following considerations
should also be taken into account: (1) diffusion is the primary process of mass
transport from bulk phase to interface and vice versa; (2) kinetic parameters for
diffusion in both phases are available because the primary subject of study in the
present work is the coupling of interfacial reactions.  The experimental

procedures and results are presented in this chapter.

5-1 Materials Preparation

Slags and alloy were made from chemicals of known purity in our
laboratory. Chemical reagents, SiO2 powders (99.995+%), A1203 powders (99.99%),
CaO powders (99.95%), iron lumps (99.9+%), manganese Makes (99.98%) and silicon
lumps (99.9+%) were used. SiOz, iron lumps and manganese flakes were supplied by
Aldrich Chemical Company, Inc. and others [rom Alfa Products. Most individual
impurity elements were below 100 ppm in each of the chemical reagents. Some ol the

lot analyses reported on the labels are given in Appendix D.

5-1-1 Slag preparation

Two slags were used in the experiments. The target compositions of slags

47
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are listed in Table 5-1, i.e. one is slightly acid (50 wi% §i0, and 30 wi% CaO)
and the other is essentially neutral (40 wi% SiO2 and 40 wt% CaQ). The preparation
procedures of slags are outlined as follows, Powders of CaO, A1203 and SiO2 of
reagent grade chemicals were heated at 673 °K for more than 2 hours to assure that
all chemicals were waler-free. Then, these powders were weighed and mixed in a
ceramic bowl to give the required compositions. The mixed powders were held in a
platinum container (50 mm) and heated to 1873 °K in a furnace, which will be
described in Section 5-2-3 under atmosphere of high purity Ar (99.999%). Melting
of the mixtures could be observed through the window at the top of the furnace
when the fumace was heated above 1573 °K. To assure that the mixtures were
completely melted and the melt was homogeneous, the slag was superheated to 1873
°K and kept for one hour. When the furnace was cooled down, the acid slag was
found to be transparent and the neutral slag was found to be translucent. These
slags were crushed into small pieces (less than 2 mm in size) and ready for use.
No additional chemical analysis was made on these slag pieces which will
be used in experiments. The determination of slag compositions will be made by

microprobe analysis which will be shown in Section 5-4.

5-1-2  Preparation of Fe-Mn-Si Alloy

In order to control the loss of manganese due to vaporization, a Fe-Mn
alloy was prepared [irst from starting materials. The mixture of measured amounts
of iron lumps and manganese flakes was put on a water-cooled brass container in a
vacuum chamber and heated by an electric arc gun from above. In this process, the
electric arc gun was movable in different directions on metal surface. Thus, it

served for both melting of the alloy and stirring of the bath. A Fe-Mn alloy of
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homogeneous composition (containing 22.33% of manganese, see Appendix D) was
obtained.

The Fe-Mn alloy, Si and Fe lumps were then packed together in an aluminu
crucible of high purity (McDanel 998) and heated in a RF induction fumace wilh
flowing argon of ultra high purity (99.9999%). The loss of manganese due to
vaporization was minimized. Complete chemical analysis, by sampling at (our
randomly different locations in the crucible, is listed in Table 5-2 in which all
elements except oxygen were analyzed by AlomComp direcl reading spectrometers from
Allied Analytical System (AAS). Oxygen was analyzed by inert gas {usion technique
(Leco). It shows th.-i concentrations of Mn and Si in the slloy were close to
target values (see Table 5.1) within the diiference of 0.1wi%. Aluminum and
oxygen in the alloy, which were part of the reacting clements, were about 251 ppm
and 77 ppm in average, respectively. Tolal amounts of all other major impurity
clements (such as P, S, Cu, elc,) were about 220 ppm. The alloy was then casl

into the rod shape (65 mm) and ready lor use.

TABLE 5-1: TARGET COMPOSITIONS OF SLAGS AND ALLOY

Stag Composition Al 1oy Composilion
Cases
{%Ca0) t%saoz) (%Alzoj) [%Mnl [ %Si)
Slag #1 30.0 50.0 20.0
1.40 1.50
Slag #2 40.0 40.0 20,0
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TABLE 5-2: CHEMICAL ANALYSIS OF THE Fe-S8i-Mn ALLOY

BElement | Sample #1 Sample #2 Sample #3 Sample #4 Average
Mn (wi%) 1.35 1.38 1.35 [ .43 1.38 -
Si (wi%) 1 .45 1.49 1.45 .54 1.48

Average concentration of trace elements (ppm):
Al p ) Cu Co Pb As Sn Nb B o]

251 g 62 38 4 9 2 kK] 12 1 77

5-2 Experimental Design
5-2-1 Determination of Temperature and Time

Fujisawa, Imaoka and Sakac (1978) reported solid-liquid equilibrium
temperatures as a funclion of concentrations in Fe-Mn-Si alloy. The equation was
giveit as:

te(°K) = 1811 - 4.73 [%Mn] -11.4 [%Si] (5-1)
According (o this equation, melting temperature for the alloy Fe-1.5%Si-1.4%Mn is
about 1783 ®°K . To assure that the alloy phase was in a solid state, experimental
temperature was decided to be 1763 °K, 20 °K below the calculated melting
temperature. At this temperature, the slags should be molten.

In slag/metal system, at the above chosen temperature, chemical reactions
would proceed quickly, To study kinetics, short reaction time of experiments
would be more desirable. On the other hand, there exist uncertainties in defining
time zero due to time required for heating of the assembly, melting of slag and
temperature  control at initial stage of experiments. These uncertainties in

defining the reaction time might take one or two minutes. In view of these
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difficulties, the starting time of experiments for all specimens was the time when
the assembly of slag and metal was lowered into the hot zone from the colder aren
(see Section 5-3). For experiments of shorter reaction time, 10 minutcs were set.
In order to see the pronounced difference in measured data, time for longer
experiments was set for 80 minutes. Beyond this time, it was anticipated that

interfacial reactions would be too slow.

5-2-2 Assembly for Slag/Metal Sysiem

A high purity alumina tube (closed at one end) from McDanel, Inc. (1.D.45
mm and O.D. ¢7 mm) was used to hold the alloy bar ($5 x 5 mm) and slag particles
(0.5 grams and less than 2.0 mm in size) which were stacked on 1op ol the metal
rod. The open end of the alumina tube was tightened to a mullite rod (¢p8.5 mm)
which could be moved up and down to let the assembly reach the hot zone of the
furnace (see Fig. 5-1).

When CaO is less than 40 % and /3\1203 is 20%, viscosity of the mels is
reported 1o be greater than 8 poise (dyne-sec./cm) at 1773 %K (The Making, Shaping
and Treating of Steel, 8th Ed. 1964). In the present system, the temperature is
10 °K lower, and the viscosity might be slightly higher. Goto and co-workers
(1976, 1977) reported that convective flow in the slag of CaO-Al,0,4-5i0,
(viscosity is estimated to be 4 poise and higher) may be negligible in a capillary
tube (¢4 mm) at a uniform temperature of 1873 + 2 %K. Since slag used in the
present work may be more viscous than theirs, convective flow in the slag is
assumed to be negligible in the analysis of experimental resulls.

Following Kirkaldy and Young (1987), diffusion distance (vV2D1) may be

estimated based on the sell diffusion coefficient and time. Based on the values
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of diffusion coefficients listed in Tables 6-6 and 6-7. the longest diffusion
distance in 80 minulés, which were the longest reacting time in the experiments,
is estimated to be less than 3 mm in slag and 0.3 mm in metal alloy. In the
present work, the liquid slag column was estimated to be 10 mm high based on the
magnitude of slag density at 1773 oK (The Making, Shaping and Treating of Steel,
1964) and the metal rod was about 5 mm long. Thus, consideration of semi-infinite
diffusion in hoth phases can be justified.

Four specimens were prepared with two different slag compositions, i.e.
acid and neutral slags. To separate these specimens, they were labeled as
specimens la and Ib with the acid slag and 2a and 2b with the neutral slag. The
specimens la and 2a will be used for shorter reaction time {i.e. 10 minutes) and

the other two for longer reaction time (i.e. 80 minutes) of experiment.

5-2-3 Fumnace Used For the Experiments

A vertical tubular furnace with the trade name "Rapid Temperature Furnace”
was specially designed and made by C-M Inc,, Bloomfield, N.J., USA, was used. It
is heated by six pairs of U-shape lanthana resistors (about 500 mm in length) with
a maximum temperature capacity of about 2023 OK (see Fig. 5-1). The furnace tube
is made of high purity alumina (1.D. $60 X 900 mm, McDanel 998), fitted and sealed
at each end with water-cooled brass caps. Both brass caps were designed to allow
gas to pass through and centrally located openings equipped with a swagelock. A
thermocouple in the protection sheath was inserted into the working area of the
furnace from the boltom of the furnace and sealed by using an O-ring. Through the
opening on the top cap, a ceramic rod, connected with the assembly of slag and

metal, described in Section 5-2-2, could move up and down. It could also be
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fixed at any required position by usingﬁ-lhe swagelock, The length of hot zone at
1773 £ 5 °K in the furnace tube is about 200 mm with the flow rate 2.0 ml/min of
Ar. During experiments, Ar of ultra high purity (59.9999%), dried by silica gel
and P205 and deoxidized by Cu wires at 873 °K, was passing through rom the bottom
of furnace. The oxygen partial pressure was controlled al 10713 am.

Furnace temperature was controlled by the controller/programmer provided
by the manuflacturer (Eurotherm, type 822) and calibrated by Pi-6%Rh/Pt-13%Rh

thermocouples inserted into the working arca from the hottom of the furnace.

5-3 Experimental Procedures

Before experiments started, the assembly of slag and metal was initially
located in the colder zone in the upper part of the furmace. The fumace was
heated under purified Ar at a flow rate of 2.0 ml/min. “en the temperature in
the hot zone reached 1763 °K, measured by Pt-6% Rh/P1-13% 1 thermocouples in the
furnace and stabilized withia the variation of + 2 °K, the assembly was then
lowered into the hot zone. A drop of temperature of about 10 °K was observed. In
about one minute, the lemperature would recover and stabilize a1 1763 £ 2 %K. The
moment the assembly was placed in the hot zone, was then taken as time zero of the
experiment.

When the pre-determined time (10 minules or 80 minutes) was reached, the
whole assembly was taken out by opening the upper brass cap and quenched in
blowing air. The slag and metal, which were contained in the alumina tubes, would

be further prepared for microprobe analysis.
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5-4 Electron Probe Microanalysis (EPMA)

By using a low speed(‘:diamond cutter, slag and melal together with the
alumina (ubes were cut along the direction of diffusion. The cross section of
slag and melal was roughly ground on SiC papers of different grits, ranging from
240, 320, 400, to 600. Buehler AB Alpha polishing alumina type C (1.0 micron) and
type A (0.3 micron) were used for fine polishing. The surface was then washed
profusely with alcohol and dried under blowing air. The polished surface of
specimens was coated with carbon for conduction purposes for microprobe analysis.

The electron probe microanalyzer (CAMECA, in Melals Technology
Laboratories, CANMET, Ouiawa) with three spectrometers, controlled electron beam
current (£0.5%/24 hours) and 40° X-ray take off angle was used. Elements in each
phase were analyzed by stationary counting for 10 seconds on their characteristic
X-rays with an acceleraling volltage of 20 kV.

Resolutions of mecasurements were estimated to be about 1 - 2 pm in
metallic phase and 2 - 3 pm in ionic phase (Packwood, 1991). Under the electron
microscope, separation of slag and metal with a gap of 20 um, due to different
thermal expuansion properties, was observed. The measurements started [rom the
closest vicinity of the interface of slag and metal to the bulk phases, in the
step of 10 um for 100 pm and then the step of 50 pum for next 500 um. The
concenltrations near the far end of the slag and alloy were also measured by EPMA,
Pure clements were used as the slandard to delermine concentrations of each
component. All X-ray data were converted by using the conventional ZAF method and

listed in Appendix E.
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5-5 Resulis and Discussion
5-5-1 Error Analysis

Errors introduced in the measurements may come from various instruments
and treatment of X-ray data, The errors, due to counting and statistical
treatment of X-ray intensities, depend on not enly the instrument used, bul also
the chemical propertics of the elements to be measured (e.g. atomic number) and
physical properties of the slags and the alloy such as density, electrical
conduclivities, etc. Based on the capability of the instrument used at CANMET
{Packwood, 1991), the precision of the eleciron probe microanalyzer from X-ray
statistics is about £ 0.07 % Si and £ 0.03% Mn in the alloy. The accurucy from
correction of dala by the ZAF method is aboul 2% of the amount of silicon and 1%
of the amount of manganese and iron present, respectively. In slag, precision and
accuracies of Fe, Si and Mn are estimated lower than those in the metallic phase
by a factor of two due to its lower density and low conductivity to electric
current at ambient lemperature. Errors of Al and Ca measurement in slags are of
about the same magnilude as that of Si.

To examine these errors, concentrations measured by EPMA at the far end of
the specimens, beyond the alfected zone and the target values are compared (see
Table 5-3). The results show thal slag compositions in specimens la, Ib and 2a
agree well with the target compositions within the error range. In specimen 2b,
the measured value of /\1203 by EPMA is about 5 wt% higher than the expected value.
However, since the ratio of Ca0 1o Si0, in 2a and 2b is nearly the same, an
increase of A1203 by 5 wi%, would have litile changes on the thermodynamic
properties in the system. Especially aclivity coefficients of MnO in both 2a und

2b are about the same at concentrations of MnQO below 8.0% (see Fig. 6-1). In the
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alloy, it is shown in Table 5-3 that measured concentrations of Si and Mn by EPMA
are within 40.1 wt% of the target values, which would not have significant

influence on values of thermodynamic activilies of these elements,

TABLE 5.-3: COMPARION BETWEEN TARGET COMPOSITIONS AND MEASURED VALUES
BY EPMA AT FAR ENDS OF SPECIMENS

Target Specimens Targe Specimens
Values Nia #Lb Values #2a #20b
{%C10) | 30.0 a1.6k1.3 30.6%1.2 40,0 39.8:%1.6 36.2%1 .4
(%A 1,0,) 20.0 19.8%0.8 20.340.8 20.0 19,.8%t0.8 a5.5%1.0
(%5i0,) | 50.0 48.3F1.9  49.1d1.9 40.0 40,4%1.6 38.3%1.5
[ %Mn | 1.40 1,46%£0,03 1.,45%0.03 1.40 1.46%X0.03 1.45%0.03
[ %Si]) 1.50 1.65%0.07 1,62%0.07 t.50 1.41%X0.07 1.43%0.07

5-5-2 Measured Concentration Profiles

In the present system, there are six elements, Mn, Fe, Ca, Al, Si and O
taking part in the reactions. Since the alloy is free of carbon, no gas phase is
evolved through chemical reactions, i.e. all chemical elements are conserved in
condensed phases. Initially, there are three elements {(Fe, Mn, Si) in the alloy
and four (Al, Ca, S, O) in the slags. When the reactions proceed, Fe and Mn move
from metal to slag and Si moves in the opposile direction. Since solubilities of
Al, Ca and O in the solid alloy are very low, at ppm levels, changes of
concentrations or mass fluxes ol Al, Ca and O in reactions may be too small to be

comparable with the other three elements, particularly in maintaining the
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electroneutrality condition.

By using the electron probe microanalyzer, Al, Ca and O in the alloy may
be detected from beams of characteristic "X-ray but can not be quantitatively
analyzed for such low concentrations, Mn and Si can be quantitatively measured al
their concentration levels observed in these specimens. Fe is the solvent in the
alloy and its concentration may be obtained by the difference, once concentrations
of all other solutes arz measured. Since oxygen ion is too light for microprohe
and it is the only anion in the slag, therefore, oxygen in the slag may be
determined indirectly by stoichiometric relationships with the cations,  The
measured results are then presented in the form of concentration profiles of
oxides (MnO, FeO, Si02, A1203. Ca0) in the slag and those of Mn and Si in the
alloy.

The measured concentrations in the unreacted zones are lisied in Table 5-3
and the complete analysis is given in Appendix E. In Figs. 5-2 1o 5-3, these data
are plotted against diffusion distance and time. The error bars shown in these
figures reflect the values discussed in the preceeding section. Due lo large
scales for the concentrations of SiOz, CaO and A1203 in these ligures, error

ranges may be referred 10 the size of dala points in these figures.

5-5-3 Discussion

In the current experimental work, we wish to use the measured resulls 1o
validate our theory of kinetics of interfacial reactions in the slag/metal system.
Measured concentration profiles of these elements must be of a quality that is
adequate for this purpose. In the slag/metal system, iron and manganese are the

heaviest elements and can be dissolved in both phases at concentrations high
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c'ﬁough for quantitative measurement by EPMA with good accuracies. Another element
is silicon which can also be found in both phases at high concentrations but the
accuiucies in measurement by EPMA are lower, because Si is a lighter element,

From the above considerations, we designed our experimental system in such
a way that initially iron and manganese all exist in metallic phase, i.e. there
are no iron and manganese in slags. The alloy compositions were determined by a
compromise between the applicable range of thermodynamic data in solutions
reported in the literature and the effort of measurements by EPMA. In slags, two
compositions with different concentrations of SiO2 and CaO were used. In this
system, reactions ol manganese and iron at interface would initially have the
jargest chemical driving forces lo enter the slag phase, and all other elements
would behave likely through coupling. For example, through coupling, silicon
should be driven across the interface to the metallic phase, that may or may not
be against its own chemical driving force. During the course of reaction, the
dominant role of Fe and Mn diminishes with time.

From Figs. 5-2 to 5-5, it can be seen that in the alloy, concentration of
Mn decreases and that of Si increases. Thus, concentration gradients are induced
by interfacial reactions. For the acid slag (in specimens la and 1b), the amount
of silicon (ransferred to the a'loy is noticeably larger by comparing
concentrations of silicon near the reaction zone in the alloy between Figs. 5-2
and 5-4 or between Figs. 5-3 and 5-5. In the slag, initially there was no
manganese and iron except as minor impurities carried from chemical reagents (at
ppm levels). The increase of manganese and iron in the slag was observed by EPMA.
Changes of concentrations of §i0,, CaO and Al,Oj can be seen within the error

range of X-ray analysis.
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Among the measured results, concentration gradients ol FeO and MnO in slag
and manganese and silicon in alloy are more reliable.  But changes of
concentrations of FeO in slag and Si in alloy are relatively small, close to
errors of measurements. Changes of concentrations of MnO in slag and manganese in
alloy are the most pronounced. By plotling concentration profiles of MnO in slag
and Mn in alloy from different specimens into a single figure (Fig. 5-0), the
difference of Mn concentrations along the diffusion paths and at different times
is clearly demonstrated. By exirapolating the concentration gradients of MnO and
Mn 1o the interface, concentrations ol Mn in the reaction zone of the alloy side
and MnO in the slag side are shown to be funclions of time.

In the next chapter, all above measured data will be compared with

computed results, with particular emphasis on that of mangancse.



CHAPTER SIX
COMPARISON BETWEEN EXPERIMENTAL AND COMPUTED RESULTS

In order 1o carry o .ﬁ'e computations in this sysitem, the values of
equilibrium constants, chemical reaclion rate constants, diffusion coefficients,
activity coelficients, thickness of the reaction zone at interface and time
intervals for the numerical solutions have to be determined. In this chapter, the
evaluation of these parameters will be discussed. Theimochemical data reported in
the literature will be examined. Paraneters which have not been reported, will be

determined by curve [itting, i.e. by comparing computed and measured resuits.

6-1 Thermochemical Data Reported in the Literature
6-1-1 Equilibrium Conslants

It has been shown in the preceeding chapler that there are six reacling
clements (Al, Ca, Fe, Mn, Si, O) distributed in two phases, slag and metal. These
six clements may form five different oxides by [five independent chemical
reactions, as shown in Table 6-1, where standard Gibbs Free Energies of {ormation
of these oxides are given. Both slag and metal are solutions. The standard
states for the evaluation of activities ol these chemical species in slag and
alloy are in general chosen for the convenience of study.

I:: the present work, pure oxides are chosen as the standard slates for
neutral species in slag. In the metallic phase, iron is the solvent which may be

assumed 1o obey Raoult’s law. The other elements are solutes. Henrian scale by

60
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using hypothetical one weight percent as the standard state is chosen for
activities of solutes,

In the current literature, thermodynamic data for dissolution of clements
in liquid iron have been extensively documented (e.g. Ellion, et al., 1963, 1974,
1985), but those for solid solutions at elevated temperatures are far [rom
complete. Thermodynamic data for dissolution of Mn, Si and O in solid iron alloys
but near the melting temperature weie measured by Fujisawa, Imacka and Sakao
(1978), and Swisher and Turkdogan (1967). For the other two elements, Al and Ca,
their solvoilities are very low in liquid iron and would be even lower in the
solid alloy. To the best of our knowledge, there is no report of thermochemicul
data for dissolution of aluminum and calcium in solid iron alloys.  For
computations in the present work, data for dissolution of Ca and Al in liquid iron
are used without any changes. It is shown in Section 6-3 that reaction rales of
Al and Ca moving across the interface are too low, in view of errors in our
measurements, 1o be of any important consequence for the present study. Thus, the
evaluation of parameters concerning these two elements would not have noticeable
influence on major kinetic events of the present study. Changes ol standard Gibbs
Free Energy for dissolutions of the elements are lisied in Table 6-2.

From the data in Tables 6-1 and 6-2, equilibrium constants al 1763 OK,

which are included in the kinetic formulations are calculated and listed in Table

6-3.
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TABLE 6-1: LIST OF RELEVANT CHEMICAL REACTIONS IN THE PRESENT WORK ANL
VALUBS OR STANDARD G!BBS FREE ENERGIES OF FORMATION
Renctions Free enecrgies of formatlon Temperature
] 1 0
, . (Joules) . ( °k)

2A0 (1) + -5—02 = A'ZOS (s5) AOr'r 21,679,470 + 321.70 T 1500 - 2000
[ ]

Ca (g) + %02 = CaO (5) Ao‘: = -785,990 + 191.20T 1765 . 2000
[ ]

Fe (2} + -;—02 = FeQ (1) AGOI, = <229 ,440 + 43.80 T 1665 - 1809
1 0 .x

Mn (s} + --2—(3'2 = MnO (s) AGI’ = <384 ,600 + 72.78 T 298 - 1500
) aw

St (s) + 02 = SiO2 {(s) AGr = -902,000 + 173.60 T 700 - 1700
* . data from Elliott, Gleiser and Romakrishna (1963);

TABLBE 6- 2:

-n

data

from Kubaschewsk i and Alcock (1979).

REACTIONS AND HENRIAN CONSTANTS IN IRON ALLOY

CHANGE OF STANDARD GIBBS FREE ENERGIES FOR DISSOLUTION

React ions '}'? AGO {Joules/mole) Tcmpc;alurc
{ K)
: O (1 atm) = [O] 9.3 41,860 + 14.46 T : 1673 1823
2 opt MM = (s wt®) | (1773 °ky }T T ‘ )
LI ]
Mn (s) = IMn](s.lwt%) 1,55 -35.20 T 1773
. = . .\‘0 . . .-
51 (s) [S'l(s.lwl%) G, 001 89.10 T 1773
AL (1) = [Al . 63, 219 T
{(n | I“’]wl%) 200 63,160 - 27.9 T 1873
LRl
C = C 224 - . .
a (g) i “(t,lwn%) 0 39,445 + 49,4 T 1873

-

data from Swisher and Turkdogan (1967):

data from Fujisawa et al., (1978):

Sigworth

and Elliott (1974).
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TABLE 6-3: CHEMICAL REACTIONS AND EQUILIDRIUM CONSTANTS BBTWEEN SI1LICATH
SLAG AND IRON ALLOY OBTAINED FROM DATA IN TABLES 6-1 AND 6.2

Renctions Ag® Uoutesy Bui libr ium iunn.
nt 1763 K
[Fel + [Q) = (FeO) - 54,350 - 16,70 T 00
[Mal + (O] = (MnO) - 218,360 + 53.90 T 4000
(Ca) + [O] = (CaO) - 704,680 + 127.30°T 5.9110”
21A1) + 310 = (A1203) < 1,427,570 + 340D T 7.01I024
1Si] + 210] = (Si02) - 551,785 + 141,70 7T B.Bxlou

TABLE 6-4 LIST OF INTERACTION PARAMETER S eJ,. IN LIQUID IRON
i

(data from Sigworth and Bitiout, 1974)

J
i\\ Al Cn o] Mn Si
»
Al 0.045 .0.047 -6.6 0.0 0.0056
- L ]
Ca -0.072  .0.002 0.0 0.0 0,097
0 -3.9 -0.45 S 20 -0.021 013
[ ]
Mn 0.0 -0.07 -0.083 0.0 0.0
Si 0,058 0.18 -0.23 0,002 0.1
* - due to lack of data, the value zero isused in

computations.

TABLE 6-5 LISTOF INTERACTION PARAMETERS INTHE ALLOY Fe-Mn.Si
AT SOLID-LIQUID EQUILIBRIUM TEMPERATURE (Fujisawa, 197H)

N )
e " = . 0.004: Mn (s) < 1.9% ST o 0023: Si (3) < 0.6%
Mn Mn
Mn Si

- D.05; X .
eSi 5 Mn (s) < 0.5% eSi

0.086; Si (s) < 1.4%
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6-1-2  Activities in Alloy and Slag
In the metallic phase, Henrian activilies and activity coefficients of

dilute elements may be defined through following equations:

p
log £ = T el [%j] (6-1)
j=1
b, = f; [%i] (6-2)
where c-} is the first order interaction parameter of element j on element i, hi
and [ are Henrian activity and activity coefficient of ith element using one
weight percent as the standard state, respectively.

In the literature, considerable information is available on thermodynamic
interactions among- solutes in liquid iron (e.g. Sigworth and Elliott, 1974) and
the relevant data are listed in Table 6-4. Fujisawa, Imaoka and Sakao (1978)
reported interaction parameters between manganese and silicon in solid Fe-Mn-Si
alloys near solid-liquid equilibrium temperature (Table 6-5). In the present
study, the iron alloy was in (he solid state, about 20 °K below melting
temperature.  Thus, data from Fujisawa et al. are the most relevant to our system.

Therefore, interaction parameters between Mn and Si from Fujisawa el al.
will be used in the [following computations. For the other elements, i.e.
aluminum, calcium and oxygen, since there is no report of interaction parameters
in solid iron to our best knowledge, values reported for liquid iron will be used.
Since concentrations of aluminum, calcium and oxygen in the alloy are much lower
(at ppm levels) than those of manganese and silicon, the use of values for liquid
iron would not have significant influence on the study of kinetic behavior in our
system.

In slag, the IRSID model (Gaye, Riboud and Welfringer, 1986) s used to
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calculate activities of Si02, A1203, CaO and FeO, and have been shown by these
authors lo be in good agreement with measured data reported by other authors (e.g.
Elliott, et al, 1963). For activity of MnO, Abraham, Davis and Richurdson
(1960), as well as Filer and Darken (1952) reported that when MnO is below 8 wi%,
activity coelficient of MnO is constant al a constant ratio of CanO:AI203:Si02.
When the ratio changes, e.g. by increasing SiO2 from 40 wi% to 50 wt% with 20% of
A1203 present, aclivity coeflficient of MnO is reduced to nearly hall from abouwt
1.0 1o 0.5 at 1873 %K (see Fig. 6-1). These values are much smaller than those
calculated from the IRSID model.

In the present system, it is seen from the measured concentration profiles
of oxides in slags (see Figs. 5-2 1o 5-5) that changes of concentrations of CaO,
AI203 and SiO2 arc within the error range. Activity coefficient of MnQ may then
be assumed to be constant during the course of reaction. To test the sensitivity
of computed results 1o different values of activity coelTicient of MnO, the
computed results are compared with measured data in Fig. 6-2. It shows that
computed MnO concentrations in the reaction zone by using values calculated from
IRSID model are much smaller than measured values. This suggests that the
activity coefficient of MnO computed from the IRSID model may be over estimated.
Then, the relationship reported from Richardson et al. (1960) is used in the

following computations.

6-1-3 Self Diffusion CoelTicients
The measurements of self diffusion coefficients of iron, manganese,
aluminum and silicon in iron alloys and cations of iron, silicon, calcium and

aluminum and oxygen anion in silicate slag have been reported in the literature
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and are listed in Table 6-6 and Table 6-7. Among these data reported, there were
two values of diffusion coelficients ol manganese in iron alloy at the same
temperature  which are different by two orders of magnitude. The diffusion
coefTficient of oxygen was documented only al a temperature of 1473 K and below.
On the other hand, diffusion coefficients of manganese ion in slag and calcium in
the alloy have not been documented (1o our best knowledge). Following the rules
reccommended by Kirkaldy and Young (1987), sell diffusion coelflicients of
manganese ion in silicate mells and calcium in solid metal may be estimated to be

7 cm2/sec., respectlively.

ol the order of magnitude of 107 cmzlsec. and 107

From the reaclerd specimens in our experiments, concentration gradients of
manganese in alloy and MnO in slag are measured with confidence. The
concentration gradients of other species, i.e. FeO, SiOZ, Ca0, A1203 in slag and
Al, Ca, O, Si in the alloy are less reliable than those of MnO and Mn, considering
errors introduced by EPMA and the precision of the instrument. Therefore, the

vitlues reported or estimated which are reviewed above will be evaluated in Section

6-3.
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TABLE 6.6: LIST OF SELF DIFFUS ION COEFFICIENTS IN [RON ALLOY

System Dif fusing Tempernture D Re ference
Elements 0 2
( K) {em [sec.)
210
Fe 1630 6.5x10 Seith
, (195%)
Mn { 3wid) 1673 1.0x10°
-8
Al 1323 2,0x10
) -7
Si { Swi%) 1708 l.1x10
-9 .
Fe{1.15 wi%Mn) Fe 1623 I, 4x10 Elliott
9 (1963}
Fe(0,20 a1%Mn) Mn 1673 L7107
-8
Y-Fe Al 1373 3.7x10
.9
¥-Fe 0 1473 1.0x10
-7
Fe(0-4%51) Si 1708 Ligko.2)x10
.7 Askitl
717 .
Fe (O) Fe 1773 2,010 (1970)

TABLE 6-7: LIST OF SELF DIFFUSION COEFFICIENTS IN SILICATE MELTS

Diffusing Compocsitions Tempe rature L Reference
lons n 2
{ K} {ecm /sec,)
26 , " .4 ,
Al 43%Ca0- 10%A1,0,.475i0, 1760 1.2510°.2,0x%10 Biliott
26 8 p (1963)
N 39%Ca0-20%A1,0,-41%i0, 1760 1 0x10 233210
-6
Ca 40%Ca0- 21 %A1,0, 39570, 1773 3.8x10
-7
Si 39%Ca0-21 %A1,0,-405i0, 1703 1.1010
18 . .5
0 40%Ca0-20%AL,0,-405i0, 1773 L6510
F 13%Ca0-22%A1_0_-355i0 1773 5. 0x10° Yung and
LR - 1 . LS
¢ 2] 2 Derge (1961
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6-1-4 Chemical Reaction Rate Conslants

In the literature, there are numerous publications on the study of
chemical kinetics in slag/metal systems. However, most of the experimental
measurements were carried out for liquid slag and liquid metal which had been
stirred with various intensities, In the extraction of reaclion rale constants
from the changes of concentrations in bulk phases as a function of time, there are
two difficullies in heterogencous systems, which are not usually recognized by
authors, that: (1) the contribution of ftransport step, i.e. the exisltence of
concentration gradients, is not corrected for and (2) the actual interfacial area
is not known,

Among these experimental studies, the work which is relevant 10 our system
has been reported by Derge and Birchenall (1953) and Ray (1981). Derge, et al.
studied the transfer of radioactive isolope of iron from liquid iron to
iron-silicate slag. In their measurements, a rotating crucible containing both
slug and metal was used. Reaction rate constant ol iron transfer was thus
reporied at 1873 %K to be that k. = 0.006 sec'l, by using the simple model of

kinetics Tor pseudo-homogeneous systems, viz,

Fe (iron) - Fe (slag) (6-3)
*
dC
Fe _ 1. *
- 1 - ]‘FcCFe (6-4)

With the assumption that convection and stirring were adequate lo maintain a
uniform composition in the slag and constant interfacial area, the above reaction
rale constant may be converled to the value of a proper set of units for

heterogeneous systems, i.e. kF = ‘..4)(10'5 cmy/sec.
e
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To avoid the uncertainty of interfucial area in data analysis, Ray (1981)
studied kinetics of interfacial reactions in Fe-Can and Fe-FeO systems at 1723 K
by using sclid iron in the experiments. To obtain the reaction rate constants for
iron and oxygen transfer, both electrochemical and chemical approaches were used
and interfacial reactions in this system were described through the following

simultaneous reactions:

Fe » Fet + 2 ¢ (6-5)

O+2¢ »0% (6-6)

In the electrochemical experiments, an external electrical current  was
imposed on the Fe/CaF2 system where transfer of iron across the interface may be
considered as the dominant reaction in the system, The net Faradiac current from

the transfer of iron across the interface was expressed as:

oz F (l-a)zF
i =i - —_— - - —_— G-
=g [exp( - T]l) exp( T nl)] (6-7)

where io denotes the exchange current density and may be relaled 1o the reaction

rale constan! kFc, concentration CF, aclivalion encrgy oE'a and the potential
<

difference at equilibrium A¢eq' viz,

i0 = z.?kFeCFc exp ('(oEa - (l-a)z.(/""Aq)eq)/R'l'l (6-8)

and n, is a charge lransfer overpotential, n, = Ad - Acpcq. In this approuach,
kinetic data, i.e. changes in values of electrical overpotential n, with time were
recorded through "Double Pulse Measurements”. Then values of io and the order of
magnitude of reaction rate constant of iron were obtained. The value, k=
0.6x103 cm/sec, was then suggested.

In the chemical experiments, thin iron foils were welded on the side wall

of a rotating iron crucible to cover the holes on the iron crucible which were
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drilled on purpose. The iron foils had contacts with FeO on one side (inside of
iron crucible) and CaF2 on the other surface. Oxygen in the iron foils was
reporied to be saturated.  Therefore, there would be a very large chemical
potential difference for oxygen transfer across the interface to molien CaF,. For
reaclion of oxygen, mass flux was wrillen as:

o, =kaas - ka) (6-9)
which is of identical form as those shown in Chapter Three. By monitoring change
of the amount of oxide markers, which had been created in the iron [oils before
experimenls, with reaction time through metallographic analysis, the mass flux for
transfer of oxygen across Lhe iron foils was observed. Considering the continuity
of Mux in the system and assuming that oxygen transfer [rom metal lo CaF2 was
irreversible, the measured mass flux, i.e. 1.3><10'7 moles of oxygen/cmzsec was
observed. Thus, the value of the reaction rale constant of oxygen transfer was
extracted, i.c. ko = 1.3x10° /ﬁxlO's = 2.2x10'3 cmy/sec, where 6)(10'5 is the
concentration of oxygen (mole 0/cm3).

So far, these are the most relevant data of chemical reaction rate
constants in the literalure for the application in our system, These values at

1723 °K, that k _ = 0.6x103

and ko = 2.2)(10'3 cmy/sec which also serve as the
guideline to estimate reaction rate constants of other elements, will be used to
start the model computations. In Section 6-3, reaction rate constants for

transfer of Fe, Mn and Si will be further evaluated through our experimental

measurements,
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6-2 Dctermination of the Thickness ol Reaction Zone, Sxm, st and Time Intervals
for Computalions
In the mathematical model, the reaction zone is divided by interface into
two portions, one in the metallic phase and the other in the ionic phase. In the
absence of any better criterion, we assume that the sum of atoms and ions taking

part in reactions in the reaction zone are the same on each side of the interface,

i.e.
Q Cs st =0 Cm Sxm (6-10)
Relationship between Sxm and st may be described as follows, viz,
ox C.
me = (6-11)
Ox C,,

where C_, and C, are the molar densities ol alloy and slag, respectively and Q is
the interfacial area.

For the iron alloy and the silicate slags used in the present work, the
molar dessities at 1773 °K are calculated to be C m = 0.125 molc/c:m3 for the alloy
and CS = 0.05 mole/cm3 for the slag (The Making, Shaping and Treating ol Steel,
1964). From equation (11), the ratio, Sxmlﬁxs = 0.4, is calculated. In our
computations, sensitivity on the ratio of 8xm/8xs has been tested.  Varying
Sxmlﬁxs by a factor of two, ie. Sxmlﬁxs = 0.2 or 0.8, and keeping all other
paramelers constant, in the case of manganesc transfer, equation (1) gives the
best fitting of curves as shown in Fig. 6-3.

The time intervais, for the compulation of changes of concentrations duc
to chemical reactions (AlR) and for diffusion (AID) (see Chapler Four), are
determined 1o be 1.0 ms and 0.5 ms respectively in order for the numerical results

to be convergen. Any further reductions of the size of time intervals only



72

result in a difference at the fourth digit of computed concentrations. The
influence of the selection of total time period for the computation of chemical
reactions (n Aln) before swilching to diffusion calculation for the period of m
AlD, and vice versa, are tested between 5 ms (n =5 and m = 10) and 50 ms (n = 50
and m = 100). The difference of computed concentrations between 5 ms and 50 ms is
in the third digit or smaller, which is within the error ranges of experimental
results, Thus, the total 1ime period of n AtR =m AtD = 50 ms is used for further
compulations.

During 1.0 ms of reactions, the mean diffusion distance of an atom in the
alloy or an ion in the slag which may be either reactants or products of
interfacial reactions, may be calculated (v2D1) to be about 0.1 pum in iron alloy
and 1.0 um in slag. With these two values in mind, the thickness of reaction zone
at interface for following computations is chosen to be that 8x m=0:4 Hm and

8xs=l.0 pm.

6-3 Computed Results and Comparison with Experimental Data

In experimental measurements by EPMA, concentration profiles of elements
in alloy and oxides in slag were obtained. Therefore, computed results should
also be presented in the form of concentration profiles in order to be compared
with cxperimental results. In the previous sections, it had been shown that most
physical parameters have been documented in the literature. However, there are
several parameters which are either estimated, based on the recommended rules in
the literature (e.g. diffusion coefficients of manganese ion in slag and calcium

in iron alloy) or assumed (i.e. chemical reaction rate constants of Al, Ca, Mn and

S1).
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to evaluate these physical

parameters by using our experimental measurements in view of accepted ervors,

Through the method of curve-fitting between computed results and experimental

data, chemical reaction rate constants for transfer of iron, manganese and silicon

and dilfusion coeflficient of manganese ion in slag at 1763 OK will be extracted

{rom our data.

TABLE 6-8: INITIAL VALUES OF THERMOCHEM I CAL PARAMETERS FOR COMPUTATIONS

Fe Mn Si

Al Can 0

Rate Constant
{cm/sec)

3

. Y -
6.0:I042.2x10 3 2.2x10 2,

-3 4 - 34 -3
2x 10 2.2x10 2.2x100

Equilibrium
constant fTor
formation of
oxides

8
300 4000 §.8x10 7.

4 1
Oxl(l2 5.9x10 5

7

m 2 -7 -7 .
Di(cm Isec.) 2.0x10 1.0x10 1.1x10 2.

. [}

-B .7 .
0x10 1.Ox10 1.0x10

. . .7
D:(cmzlscc.) 5.0:&1065.0”0 3 1.¥x10 l.

-7 -0 -5
O x 10 J.Bxi0 I .6GalD

* . values estimated based on Lhe recommended
1987},
# - values assumed to be the same as reaclion

transfer (Ray, 1981),

rules (Kirkaldy and Young,

rale constant of oxygen
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6-3-1 Computed Results of Kinetics of Interfacial Reactions Based on the Initial

Values of Thermochemical Parameters

For the start of compulations, reaction rale constants for transfer of
clements, other than iron and oxygen are assumed to be the same as the value of
reaction rale constant ol oxygen transfer (ko = 2.2x107 cm/sec) reported by Ray
(1981). Values of all thermochemical parameters are listed in Table 6-8.

Based on these values in Table 6-8, the computed results are demonstrated
for reactions with the acid slag (i.e. specimens la and 1b). From resulls of
compuled interfacial reaction rates al various times, reaction rates of aluminum,
calcium and oxygen are found to be several orders of magnitude smaller than those
ol iron, manganese and silicon,

In view of the coupling through the constraint of no net electric current,
chemical reactions of aluminum, calcium and oxygen are less influential in the
sysiem than those of the other three elements. It implies that the cornputed
changes of interfacial concentrations for iron, manganese and silicon are
insensilive 1o the varimion of values of chemical reaction rate constants for
transfer of aluminum, calcium and oxygen. On the other hand, because of the lack
ol relizble data for aluminum, calcium and oxygen in our experiments, the
evaluation of associated parameters for chemical reactions and diffusion of these
three elements can not be as critical as with other elements. Thus, more
attention will be paid to iron, manganese and silicon. Especially, concentration
profiles ol manganese in alloy and manganese oxide in slag are the most reliable

data in the present work and will be used most often in the following di<cussions.
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6-3-2 Recommended Values of Chemical Reaction Rate Constants for Transler of

Iron, Manganese and Silicon

The comparison between computed and cxperimental results in terms of
concentration profiles of manganese and manganese oxide, based on wvalues of
thermochemical parameters listed in Table 6-8 for acid slag, are demonstrated in
Fig. 6-4a. By extrapolating measured concentration profiles of manganese and
manganese oxide to the interface, it can be seen that interfacial concentrations
of manganese in alloy was about 0.39% at 10 minutes and went down to 0.32 at 80O
minutes of reactions. For manganese oxide in slag, the interfacial concentrations
at 10 minutes was about 1.4% and increased to 1.7% at 80 minutes. The
corresponding computed vﬁlues are: for manganese in alloy 0.3846 at 10 minutes and
0.3851 at 80 minules; for manganese oxide 1.851 at 10 minutes and [.855 at 80
minutes.

The interfacial concentration of a particular element is determined by the
relative rate of its supply and removal. One of the steps for the reactant is
mass transfer from the bulk phase and the other is inlerfacial chemical reaction,
and vice versa for the product of interfacial reaction. For the case that the
chemical reaction is extremely fast in relation to the rate of mass transfer, the
two portions of interfacial reaction zone will reach equilibrium and  overall
reaction rates will be limited by the supply of reactants and removal of the
prcducts,  The interfacial concentrations will be rapidly adjusied to values which
are very close to its final, i.e. equilibrium values. On the other hand, if the
diffusion process is extremely fast, there should be no concentration gradients al

all

For data shown in Fig. 6-d4a, necither extreme case could be used to
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descrite our experimental observations concerning the transfer of manganese,
However, the compuled results indicate that the paramelers listed in Table 6-8
lead to a case that the chemical reaction for manganese transfer was assumed
relatively 1oo fast. A similar siluation for the transfer of iron and silicon
across the interface lead to the same argument that the chemical reaction rate
constant of iron transfer listed in Table 6-8 was large and that of silicon
transfer was in relalively good agreement with our experimental data. Qur
approach in the curve fitting is to vary values of these chemical reaction rate
constants in computations. Through a sequence of computed results, it is found
that the best {itting belween computed and experimental concentration profiles of
manganese and manganese oxide are shown in Fig. 6-4b. These curves are obtained
with the following values of chemical reaction rale constants, ie. Kk g =
I.OxlO'S, Koy = 8.0x10” and ke, = 1.2x10°> cm/sec, without changes of any other

parameters in Table 6-8.

6-3-3 Sclf Diffusion Coelficients of Manganese in Alloy and Manganese Ion

in Slag

In the - ent work, the measured concentration gradients of iron, iron
oxide, silicon and silicon oxide are relatively small and less accurate. Thus, the
present experimental data could not lead to a critical evaluation or confirmation
of these diffusion coefficients. The values reported in the literalure are then
accepted.

For diffusion of manganese in iron alloy, there are two values of seil

-7

diffusion coelficient of manganese reported in the literature, 1.0x10"° and

. 2
l."»'><IO9 cm“/sec (see Table 6-6). The computed concentration profiles of
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manganese for the cases with three chosen values of self diffusion coelficient of

-8 -7 7 .2 ——
cm™/sec are shown in Fig.

manganese, i.e. D':;n = 5.0x10°°, 1.0x10"" and 5.0x10°
6-6. The value that D::n = l.O)(IO'7 cm?'/scc reported by Seith (1955) gives the
best fitting (see right side of Fig. 6-6b) to our éxpcrimcnlul data and is thus
accepted.

In slag, the value of diffusion coefficient of manganese jon is estimated
lollowing the rules recommended by Kirkaldy and Young (1987). In computations,
three values, i.e. D:‘n = l.OxlO'S, 5.0>':10'5 and l.0><lO'4 cmz/scc for the acid slag
(specimens la and Ib), are tested and computed results are shown on the right side
of Fig. 6-7. It appears that computed results with either value of 5.())(]0'5 or
1.0>~:10'4 cmz/sec will fit equally well with the experimental data.  TFor slag of
different compositions, due 1o the existence of silicate network, the dilfusion
coefficient may be a function of compositions, i.c. degree of polymerization,
In specimens 2a and 2b where the slag is less acid, the diffusion cocfficient of
manganese ion may be larger. A good fitting is obtained when the diflusion
coclTicient of manganese ion is chosen to be 2.0><10'4 cmz/scc. (shown in Figs
6-10 and 6-11).

Therefore, values of sell diffusion coelficient of manganese ion may be

recommended: 5.0)(10'5 cmz/sec in 50%5102-30%&10-20%/\1203 slag and 2.(J><IU'4
em?/sec. in 40%Si0,-409%Ca0-20%Al,05 slag at 1763 °K.

6-3-4 Computed Results Based on Recommended Thermochemical Parameters
In summary, a complete list of recommender thermochemical parameters has
been obtained and is listed in Table 6-9. By using these parameters, compuled

results of interfacial reaction rates are calculated and listed in Table 6-10. It
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cun be seen that, even though values of chemical reaction rate constants for iron
and manganese are smaller, the reaction rates of aluminum, calcium and oxygen are
still several orders of magnitude lower than those of iron, manganese and silicon.
For a longer period of reactions (e.g. 10 minutes), the computed changes in
concenlralions for Fe, Mn and Si are still insensitive to the variations of
thermochemical parameters for aluminum, calcium and oxygen.

The compuled concentration profiles for all oxides in slag, silicon and
manganese in iron alloy as well as these experimental data are presented in Figs,
6-8 and 6-9 for the acid slag, i.e specimens la and 1b and in Figs, 6-10 and 6-11
for the neutral slag, i.e. specimens 2a and 2b, Good agreement between computed
and experimental results are obtained considering the experimental errors shown in

these figures.

TADLE 6-9: RECOMMENDED VALUES OF THERMOCHEMICAL ¢/ RAMETERS FOR COMPUTATIONS

Fe Mn Si Al Ca (4]
Rat Lant .8* 7e L3 ) ] )
pte constan 1.0x10° % 5. 0x10 1.2x10 2.2x10"0 2.2x10° % 2.2510°°
{em/lsec)
Equil ibrium
t [} 8 4
cons tant for 300 4000 8.8x10 7.0x10%" 5.9x10"° .
Formation of
orides
2 .7 .1 .7 ; -7 ;
D" (em ssce.) 2.0%10 1.0x10 1.1x10 2.0x10°% 1.0x10"7 t.ox10""
. S5
: 2 -6 5.0x1 -7 .7 . .
D Cem /sec.) 5.0%10 MO k10 1.ox10”" 3.8x10°% 1.6x107°
2.0x10

values recommended through curve-Titting method in the present work,

** - valvue recommended for :O%SiOZ-SU%CnO—ZO%AIZO slag,

3
*** . value recommended for 40%Si02-40%Cn0-20%A1103 slag.
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TABLE, 6-10: COMPUTED INTERFACIAL CHEMICAL RBACTION RATHS OF BACH OLUMEBNT

FOR THE SPECIMENS 1a AND 1b AT VARIOUS TIMES (mulclcmlscc) HASED ON

THERMOCHEMICAL PARAMETERS IN TABLE 6-9

Time (min} Fe Mn Si Al Cn Q
.9 . <10 212 -1 -

0 1.0x10 5.8x10°° -9.4x10 9.6x10 2ax10 ' aLove?

.10 .9 .9 14 7 Y

| 5.4x10 2.7210 1.6x10 21810 9510 2 a0

.1 .10 . 1S i T

10 l.ix10 0 7.3xt0 < 2x100 1o -6.7!.10I LF.0010 1 6.3v1 10 I3

.13 Y Y 16 18 16

80 3.4x10 2.6x10 " .1.3x10 S3.ax1D dox10” 't 2exr0 '

6-3-5 Test of Sensitivity of Computed Results on Chemical Reaction Rate
Constants and Equilibrium Constants
In Table 6-9, a set of thermochemical parameters have been recommended for
use of the model computations. In this section, the changes in computed results
due to variations of values of chemical reaction rate constanls and cequiltbrium
constants, one al one time, will be demonstraled and sensitivity of computed

concentration profiles tested, by comparing with experimental data,

6-3-5-1 Chemical Reaction Rate Constants
(1) Chemical reaction rate constant of manganese transler
Through comparison of concentration profiles of manganese between compulted

and experimental results, the impact of variation in chemical reaction rate
7

constant of manganese transfer is shown for three cases, i.c. k“ = 1.6xI)
N

8.0x10"/ and l.6><10'6 cm/sec in Fig. 6-12. The computed concentration profiles
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are plotted in Figs. 6-12a, 6-12b and 6-12¢, It can be seen that, in the case
with kwn = 8.0)([0'7 cmy/sec, the agreement is satisfuctory, in view ol the

experimental errors. [t is the value listed in Table 6-9.

(2) Chemical reaction rate constant ol silicon transfler

In the present experimental data, because changes of concentrations of
both silicon oxide in slags and silicon in iron alloy are relatively small in
relation 1o experimental errors (see Figs. 5-2 to 5-5), i.e. their measured
concentrations are less reliable than those of manganese.  Thus, a direct
comparison between measured and computed data of silicon and silicon oxide has

been inconclusive and could not lead to a meaningful examination of the value of

Ko

However, an indirect approach by comparing its effect on the trunsfer of
manganese is used. The influence of values of ksi on concenlration profiles of
MnO and Mn is shown in Fig. 6-13, in which the best fitting is with ksa = I.2><10'3
cm/sec. When this value is reduced to hallf, i.e. 6.0><10'4, the reaclion rale of
Si decreases. Furthermore, it must be pointed out that the reaction of Mn is also
slowed down clearly in the first 10 minutes due to coupling among reactions of Fe,
Mn and Si. Since silicon ion in slag is driven to metal by the transfer of iron
and manganese lo slag. A decrease of kSi implies that resistance 1o the
proceeding of Mn and Fe reactions is increased. Thus, reaction rates ol Mn und Fe
become smaller. When the value of ksi is increased, the opposite is also lrue as

shown in Fig, 6-13a. Thus, the chemical reaction rate constant of silicon transfer

recommended 10 be l.2><1()'3 cm/sec in Table 6-9 is further substantiated.
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(3) Chemical reaclion rale constant of iron transfer

Similarly, the evaluation of the chemical reaction rate constant of iron
transfer has to be examined indirectly because of the relatively poor quality of
the measured data. The influence of the value of the chemical reaction rate
conslant of iron transfer on the reaction rale of manganese is shown in Fig. 6-14.
The computed concentration profiles for manganese and manganese oxide are less
sensitive to the variation of rate constant of iron in the range from 1.0x10'7 o
l.OxlO'8 cmfsec.  This indicates thai, coupling effect between reactions of
manganese and silicon lransfer is stronger than that between manganese and iron
for a reaction time longer than 10 minutes. It is shown in Table 6-11, however,

that if k__ is 1.0x10™7

cmy/sec., the mass (lux of iron to slag becomes initially
large and subsequently is reversed in direction in less than one minute. The
reaction time in the present work is relatively long (10 and 80 minutes) and the

reversal of iron transler could not be discerned in our measurements. Thus, rate

constant of iron ransfer chosen to be I.0>4:10'8 cm/sec in Table 6-9 is acceptable.

TABLE 6-11: DEMONSTRATION OF REVERSED MASS FLUX OF IRON WITH kFe EQUAL TO

-7
1.0X10 ¢cm/sec FOR SPECIMENS [a AND 1b

Time (min) Fe Mn Si Al Ca Q
0 roxio’® agxi0? s.axt0” |or.axiot 9. 5x107"% 4. 0x107°
I soavio ' aiexie? e |l2usx0™ S s 2exen M
211 . . . . .
i0 -2.8x10 §.3x10 10 -4.0x10 10 -8.3x10 L3 -3, 5x10 17 7.6x%x10 13
.12 -1 - - - -
80 RTINS T e T T A T T M T TIT S




6-3-5-2 Equilibrium Constants for Chemical Reactions of Formation of FeO,
MnO and Si0,
In this section, equilibrium constants are tested in the similar way to
the preceeding section. Basgd on the reported values given in Table 6-8, computed

resulis on variations of KMn 0= 2000, 4000 and 6000, KFc 0= 300 and 1000 and Ksnoz

= 8.8x108 and 1.0><109 are plotted in Figs. 6-15, 6-16 and 6-17. The computed
results, based on the reported values of equilibrium constants, ie. K = 4000,

K o= 300 and KSiO = 8.8x108, are shown lo be fitting well with experimental
2

data in these figures. When equilibrium constant of SiO:a is arbitrarily increased
from 8.0)(108 to l.0x109, the computed reaction rate of manganese transfer (shown
in Fig. 6-16) is shown to be slowing down. An increase of equilibrium constant of
FeO from 300 to 1000, on the other hand, shows no noticeable influence on
concentration profiles of manganese and manganese oxide. However, with the larger
equilibrium constant (at K_ = = 1000), it will give compuied interfacial
concentration of FeO in slag over one weight percent, which is inconsistent with
the present experimental data (see Fig. 5-2 to 5-5). Thus, it can be concluded
that computed results shown in this section, based on the reported values of

equilibrium constants for formation of MnO, FeO and SiOz, listed in Tuble 6-9 have

been confirmed for the validity of the thermodynamic dala.

6-4 Concluding Remarks

Through the method of curve fitting between computed and experimental
results, chemical reaction rate constants of transfer of manganese, iron and
silicon, and sell diffusion coefficient of manganese ion in slag, which have nol

been well established in the literalure, are obtained. The complete list of
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recommended and reported values of physical parameters for the model computations
in slag/metal system is shown in Table 6-9. By using these values, the computed
concenlration profiles for all oxides in slag and silicon and manganese in metal
are considered Lo be in good agreement with all available data in our experiments.
It may be concluded that the theory of coupled interfacial reactions and diffusion
in both phases presented in Chapter Three and Chapter Four is validated lo the
extent ol accuracy ol experimental measurements in the present work and in the

literature concerned.



CHAPTER SEVEN
DISCUSSIONS

The objective of the present work is 1o study the nalure of coupling in
the kinetics of interfacial reactions in multi-component metailic/fionic systems.
In this chapter, discussions will be focused on the coupling effect and the
electrochemical nature in interfacial reactions through computed resulls in

slag/metal sysiem.

7-1 The Nature of Coupling Among Interfacial Reaclions

The theory which defines the coupling of interfacial chemical reactions
and mass transfer of ionic components through an electric field in multi-component
metallic/ionic system (see Chapter Three) is electrochemical in nature.  Fluxes
induced by chemical reactions in the interfacial reaction zonc and difffusional
fluxes in slag must maintain collectively the electroncutrality of the system,

viz,
z. 0w =0 (3-8)

This is the only fundamental constraint imposed on simullancous interfacial
reactions. In the following, chemical kinetics in slag/metal system will be

discussed through this relationship.

7-2 Simultaneous Chemical Reactions in Slag/Metal System

In the slag/metal system concerned, there are six elemenls and equation

84
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(3-8) may be rewrilten as follows:
3

mFe+an+2mSi+ —z-mm-z-wcﬂ-moso (7-1)
From the compuled results shown in Chapter Six, chemical reaction rates of
transfer of aluminum, calcium and oxygen across the interface are several orders
of magnitude smaller than those of transfer of iron, manganese and silicon. Thus,
the coupling equation (1} may be approximated, viz,
W, +0, +20 %0 (7-2)
Since initially there are no iron and manganese in slag, these two elements would
have relatively large thermodynamic driving forces to move into slags, resulting
in mass [luxes leaving metallic phase, i.e. @, > 0 and W, > 0. As a consequence
of the condilion of electrical neutrality, silicon ion in slag is driven to the
alloy, i.e. W, < 0.

By using the conventional formulations that chemical reactions may be
expressed through neutral species in slag and elements in metals, presented by
many authors (e.g. Philbrook, et al. 1950, 1954), the reacting system may be
described by usi;{g chemical reactions that silicon oxide in slag is simultaneously
reduced by manganese and iron in alloy, viz,

(SiOz) + 2 [Fe] = [Si] + 2 (FeQ) (7-3a)
and

(Si02) + 2 [Mn] = [Si] + 2 (MnO) (7-3b)
However, in conventional formulation which is empirical in nature, there is no way
to predict relative rates of these two parallel reactions. The conventional and
the present formulations for kinetics of this pseudo-ternary system will be

compared.
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(1) The conventional formulation (Philbrook ct al., 1950, 1954)

The system would be further reduced to a pseudo-binary system by ignoring
weaker reactions, such as (3a), to give reaction (3b) as the only reaction in the
system, ignoring the fact that stoichiometry [or reduction of SiO2 is not
satisfied through the only reaction (3b). The influence of iron on Kinelics of
the system is included in the chemical reaction rate constant, ie. k. 1t s
well known that the chemical reaction rate constant should be a function of
temperature and independent of concentrations in both phases. In the conventional
formulation, the necessily to make rale constant k of a transferring clement as a
function of concentrations of another in either or both phases to fit the curve is

a good indication that improvement in the formulation is needed.

{2) The present work

Based on equations (3-20), (3-21) and (3-24), mass fluxes of muanganese,
iron and silicon in the interfacial reaclion zone can be calculated, for initial
compositions of both phases shown in Table 7-1, and plotied in Fig. 7-1. It can
be seen that manganese serves, in higher proportion, as the more important
reductant than iron for the reduction of silica and that it takes a shorter time

to approach the final state in basic slag.

a
=k C N |1- FeO Uz] (3-20)

O = *re alloy Ytil IFcI[ y 0
FeO'!|Fe| |Fe)
o

T Ma dvn0 2
thnl[ [. — MwO Uo] (3-21)

o =k Cnlloy
M 2 K. h
an ‘ ([%i]/Wi) MO |Mn]
i

Mn
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TABLE 7.1: LIST OF CASES FOR COMPUTATIONS OF CHANGES IN INTERFACIAL
REACTIONS OF SLAG/METAL SYSTEM

(%Ca0) (%A’ZOS) (%5i0,) [ %eMn ] [%Si])
Case One 10 20 50
{with the acid slag)
Case Two 40 20 40 L.4 1.5
{with the neutral slng)
Cnse Three 50 20 30
(with the basic slag)
a
C y°, 5i0
AR gL L 1AL S I I— N (3-24)
Si Si E . ISII K h (o]
WSi ([%l]/Wi) $i0, 1)
i

For these three types of slags, the pseudo-termary reacting system of
iron, manganese and silicon in reactions (3a) and (3b) are shown in Fig. 7-2. At
the beginning of the reactions, the error by ignoring reaction (3a) is about 16%
in all slags. As reactions proceed, both FeO and MnO will increase in slags and
net reaclion rates [or transfer of iron and manganese will decrease. In equations
(3-20) and (3-21), it shows that the reverse reaction term depnds on equilibrium

constant for formation of MnO or FeO (i.e. K _or KFcO)' and activities of MnO or

MnO
FeO, respectively. In Chapter Six, it is shown that data of KMnO and K £e0
measurements have been reporied in the literature to be 4000 and 300, respectively
(see Table 6-3), which are common [or all three slags. From equilibrium constants

alone, the second term in the bracket in equation (3-20) increases faster than

that in equation (3-21) for comparable amount of oxide formed. This is the main
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reason why reaction (3a) diminishes laster than reaction (3b).

Considering the activity of FeO and MnO, e.g. in acid slag, values of
aclivi.ly coefficients of FeO and MnQO are about constant during the course of
reaction, i.e. about 1.6 and 0.5 respectively. This is also the case shown in
Fig. 7-l1a. The rate of manganese transfer is faster than that of iron transler
and the reaction (3b) becomes more dominating at the later stage ol reactions (see
solid lines in Fig. 7-2).

From the acid to the neutral slag, the activity of SiO2 is lowered and the
activity coefficient of MnO is nearly doubled, i.e. from 0.5 to 1.0 and thut of
FeO increases slightly from 1.6 to 1.9. This indicates that transfer of silicon
jon to alloy and manganese and iron to slag has relatively a larger resistance.
Thus, the transfer of manganese and iron to slag, in comparison with acid slag,
takes place at slower rate but active for a similar duration as shown by dashed
lines in Fig. 7-2.

In the basic slag, the activity of SiO2 is further lowered and the
activity coefficients of FeO and MnO further increased. Nel rate of transfer of
iron diminishes much faster than those of transfer of manganese and silicon. In
this case, a pseudo-binary approach may be acceptable after about five minules of
reactions.

In summary, the influence of reacling elements on kinetics of interfacial
reactions has been demonstrated through the coupling equations. It shows tha, in
multi-component metallic/ionic systems, the condition that certain reacting
elements may be discarded in the kinetic formulations is that their transfer rales
should be much smaller than others. Otherwise, these reacling elements must be

simultaneously studied in kinetic formulations.



89

7-3 Computed Electrochemical Affinities of the Reactions
In our formulations shown in Chapter Three, the electrochemical affinity

of ith reaction, Ki' has been split into two terms, viz,

Ai Z,
exp [- —_— ] = LiU (7-4)
RT
Thus, when Li and U are obtained, Ri/RT can be calculated through equation (5):
- ——=n LiU (7-5)
RT

To apply this equation to the slag/metal system, expressions lor ‘E‘i’ where i = Fe,

Mn and Si, may be modified into the lollowing equations (see Section 3-4), viz,

K FeO
el Ut =10 u? (7-6)
RT Fe ¥ N ©
FeQ'[Fe) |[Fe}
iy - a
MnO ~
c M el U= v’ ] (7-7)
RT - KMnO [ Mn]
A 3sio
M1 Py PY LS,U"’ = In 2 Ui (7-8)
RT ! K. h_
- SlO2 {§i)
where U0 has been defined in equation (3-31), i.e.
(a=_+/ ) 1/2
_ 0 (Ca ) [0]'eq
U, =U [ Co )| ] (3-31)

O (G )

where %t is aclivity of oxygen anion in slag by selecting CaO as the

standard state.

By plotting the compuied values of the thermodynamic driving forces, | -

A. A
expl- — 1, and its approximate form, ——, against time in Fig. 7-3 for reactions
T RT

with the acid slag (i.e. for specimens la and 1b), it can be seen that the



20

A,
difference between these two [unctions depends on the value of LR
RT
anticipated. Validity of linearization, which has been used by Okongwu (1973} and
Yamada (1973), is confirmed in the case of silicon transfer for all the time and

for manganese and iron at later stages of reaction.

7-4 Variations of Electrical QOver Potential Difference Across Interface with Time
In Section 3-2, it has been shown that electrical over potential
difference across the interface may be calculated with the value of the coupling

factor U, through equation (3-9).

RT
Ad - ‘M’eq = -g-r— In U (3-9)
where Ad = ¢mg - ¢alloy' In equation (3-31), if it is further assumed that the

activity of oxygen anion does not change with time, i.c.
{

when the param-~ter U0 and the value of hIOI al equilibrium state are oblained as

do=(cn+ i-)

Bomcat™ eq the coupling factor for the slag/metal system can be calculated

results of computations in our mathematical model.

1/2

u=1u, (h[mleq. (7-9)

The computed results of the coupling factor U and electrical over
potential Ad - Aq)e q against time for both type of slags are plotted in Fig. 7-4,
It can be seen that the value of electrical over potential is about -17 mV al
initial state, -3 mV for about 10 minutes of reactions and approaches zero as
reactions proceed further. These values are of the same order of magnitude as

those reported by Ray (1981) in his electrochemical experiments.
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7-5 Dissipation of Gibbs Free Energy in the System

It is stated in the second law of thermodynamics, that the entropy
production rate in an isolaled system must be greater than zero for irreversible
process or equal to zero for reversible process. For chemical reactions in an
isothermal and isobaric system, such as our systems, it may be re-stated that the
rate of change of total Gibbs Free Energy, due to chemical reactions in the
system, must be less than or equal to zero. In our system, the change of Gibbs
Free Energy may be evaluated in 1wo portions, one for chemical reactions in
interfacial reaction zone and another [or mixing due to dilfusional fluxes. In
this section, the discussion will be focused on the change of Gibbs Free Energy
due 1o inlerfacial reactions. In our formulations, the change of Gibbs Free
Fpergy per unit time per unit area of interface can be expressed through

rlectrochemical affinities and rates of interfacial reaclions, viz,
p ——
— =3 ®WA. <0 (7-10)

From the definition of electrochemical affinities of reactions and the constraint

of no net electric currenl, equation (10) can be re-arranged as:

t dG P -
— —- .lei [am; + 2, + @0 - 20,1 (-1
1=
P ~ p
= T oA + [;,Le + (Ad - Ad eq)] 2z, (7-11b)
i=1 i=1
P
=2 04y, <0 (7-11c)
i=1

where Q is interfacial area (cn12), ®, is the reaction rate of ith element



2
(mole/cmzsec.). Api is the chemical potentinl difference of ith clement between
the ionic phase and the metallic phase i.e. By, = ].1:' - u';‘ (oule/mole) und ‘K‘i is
the electrochemical affinity of the reaction for the ith eclement (oule/mole).
Thus, change of Gibbs Free Energy per unit time, -g—?— (joule/see.), in the system
can be calculated.

Substituting equation (1) lor @, in equation (11c), we have:

1 dG
H I = O AR+ AU + O BHy + AlG) + mc:.(mlc;.+ Ak
1
+ ;mM(Z ApM+ 3 Au O) + mSi(ApSi-b 2 Apo)
1
= chAGFcO + mMnAGMnO + wCaAGCaO + T;mAIAGMzO{* mSiAGSiO" (7-|2)

where AG £eQ’ AG etc. are Gibbs Free Energics of formation of oxides

Mo’
(joule/mole oxide). Computed results of Gibbs Free Energies of formation of these
oxides are demonstrated in Fig. 7-5a and that of %—?— in Fig. 7-5b for reactions

with the acid slag. It can be scen from Fig., 7-5a that AGSi() is positive for
T

periods of time during the course of reaction because the reduction ol silicon
oxide was forced by the transfer of manganese and iron through the neutrality (or
no net electric current) condition. However, —ﬂ?— the collective property of the
system, according to the second law of thermodynamics, is shown to approach zero
monotonically in Fig. 7-5b. It can thus be concluded that our formulations in
kinetics of simultaneous interfacial reactions in multi-component metallic/ionic
systems and the nature of coupling are consisteni with the sccond law of

thermodynamics.



CHAPTER EIGHT
CONCLUSIONS

In the study of kinetics of simultaneous interfacial reaclions in
multi-component metallic and ionic systems, both theoretical and experimental work
have been carricd out and can be summarized in the following conclusions:

(1) General rate expressions for simultaneous interfacial reactions have
been proposed in equations (3-5) and (3-8), based on (he application ol mass
action law to the electrodic half-cell reactions and the constraint of no net
electric current across interface. In the formulations, the coupling factor which
represents the electric field at interface is defined through the coupling
equation (3-8). Coupling effect among interfacial reactions has been discussed.

(2) The system of liquid silicate slags and solid Fe-Mn-Si alloy has been
selected for the experimental work under well controlled conditions.
Concentration profiles of Mn and Si in alloy and A1203, CaQ, FeOQ, MnQ and SiO2 in
slags, Figs. 5-2 to 5-5, are measured using an electron probe microanalysis with
relatively good accuracy.

(3) A mathematical model with coupled interfacial reactions, serving as
boundary conditions for diffusion, equations (4-2) and (4-6), in both phases has
been developed. The computations have been carried out based on most
thermochemical parameters selected from literature and reaction rate constants for
transfer of iron, manganese and silicon through curve fitting with experimental

data, Table 6-9. The computed results are in good agreement with experimental
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measurements within accepted errors (Figs. 6-8 1o 6-11). Thus, it may be concluded
that the theory of kinetics of inlerfacial reactions developed in the present work

is validated to the extent of accuracy of experimental measurements in the presemt

work,

The above theory of Kkinetics for coupled interfacial reactions and
diffusion in multi-component metallic/ionic systems has been complete and
comprehensive for all components. However, il could be unduly complicated for
certain applications. A systematic way to simplify the mathematical model is
recommended:

(4) By applying the theory developed in the presemt work, kinelic
behavior of each reacting element across the interface can be individually and
simultaneously studied.  Experimental results show that the reaction rates of
transfer of Al, Ca and O are much smaller than those of Fe, Mn and Si. The
influence of Al, Ca and O on kinetic behavior of Fe, Mn and Si is negligible. A
pseudo-ternary reacting system among Fe, Mn and Si can then be approximated.

(5) The conventional pseudo-binary approach in the study of kinelics of
slag/metal system [e.g. equation (2-3)] has been shown to be the limiting case of

the general rate expression developed in the present work.



FUTURE WORK

(1) More experiments for different initial compositions in both metallic
and ionic phases and the temperalures of reaction may be designed and carried out
to further illustrate the theory and to study the dependence of reaction rate
constants on temperature of the system.

(2) The methodology and theory in the present work may be applied to
other metallicfionic systems, such as ceramic/metal bonding, glass/metal joint,

melal/inclusion reactions, composite materials, etc.
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APPENDIX A
A STUDY OF ION ACTIVITIES IN IONIC SOLUTIONS

It has been shown in Chapter Three that ion activities are part of
formulations in kinetics of interfacial reactions and diffusion in multi-component
metallic/fionic systems. However, ion activilies have not yet been properly defined
in multi-component ionic solutions (Forland, Forland and Ratkje, 1988). The
formulations may be subject to the inconsistencies against classical
thermodynamics, especially in molten salts and slag, which had been demonstrated
by several authors (Blander, 1977, and Forland and Grjotheim, 1978). In the
following, effort will be made to define ion activities in ionic solutions in
such a way that the inconsislencies against classical thermodynamics in ionic

solutions are avoided.

Al Lileralure Review
Al-1 Definition of Ion Activity in Aqueous Solutions

In aqueous solutions where strong electrolytes, e.g. NaCl, are dissolved,
Lewis and Randall (1923, re-published by Pitzer and Brewer, 1961) introduced

thermodynamic equation of the chemical equilibrium in the following form:

a +a_-
KVa-Cl = _E;_Cl (A)
' NaC1
where KW al is the dissociation constant which is a function of temperature,
Na-
d,h a4y and a are activities of cation Na*, anion CI” and compound NaCl.

For the convenience, KNB_ o May be chosen to be unity and activity of NaCl
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can be expressed as the product of activities of cation Nat and anion CI', viz,

= . 2
Aect = Nt Yo (A2)

This indicates that the total change of chemical potentials at the standard
states for the dissociation reaction is zero, i.e.

NaCl (aq) = Na™ + CI (A3)

Apl =0 (A3a)

In this definition, two type of activities in the solution, i.e.
activities of neutral species and ions, are introduced. The reference stale of an
ion activity is defined in such a way that "the potential of a reversible hydrogen
electrode with gas at one atmosphere pressure in equilibrium with a solution of
hydrogen ions at unit activity shall be taken as zero al all temperatures”
(Grjotheim & Rosenblat, 1966).

In a simple case, ion activities may be calculated in a pscudo-binary
solution where the electrolyte is infinitely dilute and the molalities of cation
and anion are the same, thus, following relationship is obtained for ion
aclivities, viz,

_ 12

3t = 3o = (Ad)

As the amount of electrolyte increases in the solution, this relationship
may be broken down at a certain concentration due 1o incomplete dissociation of
the electrolyte (Grjotheim and Rosenblatt, 1966). When a second electrolyte, e.g.
KCl, is added to the system, equation (A4) is also not valid. For concentraled
and multi-component ionic solutions, Lewis and Randall (1923) proposed the
geometric mean of the two ion activities, one cation and one anion, denoted by a "

viz,
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_ 12 _ 172
8y = (gr 3077 = By (AS)

In this way, the mean aclivity coefficient, Ty is introduced, viz,

a
Y = _m_i'_ (ASa)

where m is molality of the electrolyte,

Al-2 Temkin's Rule
In molten salts and slag, solutions are generally multi-component in
nature. Temkin (1945) treated ideal solutions of molten salts by having:
AHMX = 0 (A6)

Then, Gibbs Free Energy of mixing can be expressed:

AGMX = G - G° = AHM'* . TASM!X = .TASMX (A7)
where G is Gibbs Free Energy of the solution and GP is the Gibbs Free Energy
of pure components before mixing.

To calculate the entropy change of random mixing, Temkin assumed that
there exist cation and anion sublattices in the solution. Entropy in cation
sublattice is denoted by AS* and in anjon sublattice by AS’, which may be
calculated by equations (A8) and (A9):

ASt =k W' (A8)

AS" =k In W (A9)

where W' and W™ are the densities of siate of cation and anion sublattices

respectively and kg is Boltzmann constant. The total entropy of mixing is then
equal to the sum of two:

ASMX = AST + AST = k_In (WTW)) (A10)

On the other hand, Gibbs Free Energy of the solution at given temperature
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and pressure can be defined by the partial molar frec energies of the components:

n n o
G=3 ni“l =3 n.(u; + RTn a,) (Al1)
i=1 i=1 ' ‘

where L, and u? are the chemical potential and the standard chemical potential of
ith component, n; is number of moles for ith component and P is activity ol ith
component.

Following Temkin's approach, assuming that the solution is made [rom n_
moles of FeO, n moles of MnO, n__ moles of FeS and n moles of MnS, the

MnO FeS MnS

densities of state of cation and anion sublattices can be computed based on number
of ions in the ideal solution, viz,
[Av(nhﬂ +on, !

(AVnFe++)! (AvnM“H N

M

wt =

_ [AV(nFe0+ nMnO-l~ nFeS+ nMnS)]

= - e (A|2)
[Av(n Fc0+ nFeS)]! [AV(nMn0+ nMnS)]!
and
o [A,(n=+ ngz=)]!
(A, n =)t (A=)
= (AL oF Myno® Prest Puns )1 (A13)

[Av("::eo+ nMnO)]! [Av("scs+ Mytns) 1
where A is Avogadro’s number (6.025><1023 /mole).
Substituting equations (A12) and (Al3) into equations (A8) and (A9) and
using Sterling approximation, i.. In n! = n In n - n, Gibbs Free Encrgy of the
solution is obtained in equation (A7), viz,

p— 0 . —_
G =GP + RT [n NN eoN =) + n In(N, N )

0 In(N_nN=) + nMnsln(NMnHNs:)] (Al4)
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o

. ' eefe .
where NF ++, N Lt Noa and Ns= are calion fractions of Fe' ", M and anion
[

M
fractions of O~ and S~ which are defined later in equations (A23) and (A24).

Comparing equations (Al4) with (All), Temkin’s rule is obtained, viz,
o 0 o

G° = "Fcop‘geo t oPmno T Mrestres T MvnsHng (AL5)
a;no =N, + N (A16)
a:co = N+ N (A17)
ag =N, o N (A18)
ars = N_+ Ne= (A19)

where a;no. etc. are Temkin activities of ncutral species in ideal solution of

ionic melts.

Following these equations, it can be seen that activilies ol neutral

species are inter-refated, i.e.

T T
a(MnS)a(FCO) =1
T a7 -

{MnO) (FeS)

(A20)

where all cation and anion fractions are canceled each other. This implies that

change of chemical potentials at their standard states for displacement reaction

(A21) is zero, viz,

(MnO) + (FeS) = (MnS) + (FeO) (A21)
o _ (o] (o] fo) 0 _
AG . = (Mg * My - Uy o + 1 ) =0 (A21a)

This has become another condition that Temkin's ideal solutions should meet. To
satisfly this condition, standard states for chemical potentials of these neutral
species have to be chosen properly. In conventional thermodynamic studies, pure

compounds are usually chosen to serve as the standard state for neutral species in
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ionic solutions. Therelore, equilibrium constant of reaction (A21) should be a
function of temperature and equation (A21a) may not be true unless either cations

or anions or both have the identical thermochemical properties, e.g. isotope ions.

Al-3  Aciivity Coefficients of Neutral Species

To avoid the relationship given by equation (A20), Grjotheim and
Rosenblatt (1966) introduced Temkin's activity coefficients, Yo For the neutral
species MX in multi-component ionic solutions and its activity may be written by

the following equation, viz,

B = Vo Nyt Ny (A22)

where NM+ and Nx' are cation and anion fractions defined as follows;

nM+
NM-l- = ﬁ'— (A23)
and
n -
N, = --Z--’E_ (A24)
n

. . - + ~ -
where Nyt and n,.- are number of cation MY and anion X" and ¥ n™ and ¥ n” are
total numbers of cations and anions in the system, respectively, without

*
consideration of the difference in charges carried by ions . In such flormulism,

activities of neutral species are related 1o the product of cation and anion

fractions.

* . For the solutions containing ions with different charges, the equivalent ion

Z + 0D+ Z_ -0_. +

fractions, i.e. NM+ = [——%] and NX- = [L—x—] where z° and 2 are the
xz'n zzn

valences of cation and anion respectively, are to be applied. The equivalent ion

fractions are identical to the ion fractions given above when valences of iony in

the system are all the same.
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For the system containing four ions, i.e. Fe++. Mn++, O~ and S,
equilibrium constant of reaction (A21) can be given by the ratio of four activity

coefficients, with cancellation of all cation and anion {ractions, viz,

K = [ a(MnS)a(FeO) - Y(MnS)Y(FeO) (A25)
A2l
3 Moy (res) "4 Y{MnO)Y(FcS) €q

Since the equilibrium constant is only a function of reaction temperature, this
shows that there are three independent measurements of aclivily coefficients and

the fourth one can be calculated by equation (A25).

Al-4 Typical Arguments on The Formulation of Ion Activilies
Elliott, Lynch and Braun (1975) attempted to use the following alternative
formulation of single ion aclivities to study slag/melal equilibria, viz,

aFc++ = '}'Fc++ NFcH (A26a)

ao= = '{0= NO= (A26b)

In the formulations, however, the standard states for single ion activities had
not been clearly defined. Blander (1977) and Forland and Grjotheim (1978)
pointed out that if the relationships from equation (A2) and (A22) are accepted,

cation and anion activities can be related to the activity of neutral species as

follows, viz,
a(FcO) S YFeH 1o NFCH Noz (A27)
then
Yreoy = Yrett Yo" (A28)

Similarly, the relationships in equations (A27) and (A28) were assumed to be

equally valid for other neutral species in the system. Blander (1977), Forland
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and Grjotheim (1978) demonstrated that activity coefTicients of FeOQ, MnO, FeS and

MnS are related through equation (A29), viz,

Yreoy _ Tret* Yoo _ Vet Ve VT Yires)
Tomoy  Twa** Yo T Tuatt T

(A29)
¥ imns)

This arbitrary equality of the ratios of activity coelTicients indicates that the
value of equilibrium constant KMl has to be unity which is not generally true,
Therelore, it was concluded that use of ion activities in such formulation is
against classical thermodynamics (Blander, 1977).

In this argument, however, there are implications that equation (A2) is
equally applicable 1o activities of all four components in the solulion in
Raoultian scale, i.e. using pure compounds as the standard state. Since equation
(A2) was originally obtained in an arbitrary manner for a pseudo-binary solution,
there should be another way lo relate thermodynamic quantities of ions with those
of compounds in multi-component systems which will be introduced in the present

study.

A2 Definition of Chemical Activities ol lons
A2-1 Formulation of Activities of Cations and Anions

Following Temkin’s suggestion, an ionic solution may be conceplually split
into cation and anion sublattices. However, cations and anions are next to each
other and inseparable in the solution. Thermodynamic propertics of ions,
therefore, should be defined not only from the ions of the same set of sublattice
but also through the consideration of their nearest neighbors, ions on the
sublattice of opposite charges.

In a system containing cations C‘iH' (i=1,2,....p) and anions A?
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(j=1,2,....m), chemical aclivity of C';'+ for ith cation in the solution may be

defined through its chemical polential of cations in such a way:

uC.H- = I'LZH(‘;F) + RT In aCH{‘l’:) (i=1|2v"vp) (A3O)
H i i

where Kot is the chemical potential of cation C';"", p'gH(Y:) is the chemical
i i

potential of C';'+ in a standard state that is in pure compound C.Y, and a7 is
i

the chemical activity of cation C}™ with C.Y as the standard state. The chemical
activity of CT'*' may be further expressed by using cation fraclion as concentration

unit, viz,

aCH(Y=]= 'YCH(Y=) Nci.—r (i=1,2,-.-,p) (A31)

where Yot v is the aclivity coelficient of C';"" with C.Y as the standard state

and N o is cation fraction which is defined through number of cations [see
i

equation (A23)].

In this definition, subscript C';""(Y:) of the activity coefficient shown
above indicates that the anions Y~ are the nearest neighbors of cation C';'+.
Equation (A31) indicates that the activily coefficient is characterized bv ions in
both sublattices but the concentration is expressed in the property of cation
sublattice only.

Similarly, for jth anion A'T. its activity can be defined as:

pA? = uﬁ?  *RTln aA?xw) (A32)
and

a A?( = ‘YA?(XH) NA? (A33)

where j=12....m. In this formulation, A;T'(X'H') shows that the cation X is a
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part of standard state, i.e. pure compound AjX. in the definition of aclivity of

anion Aj.

A2-2 The standard State of lon Activities

In the above definition, the ion of opposite charge in ionic systems
serves as a parl of description of the standard state for the ion aclivity, To
elaborate it further, the solutions containing up to four divalent ions, ec.g.
Mn++, Fe++, O~ and S~ are discussed in this section. For (his purpose, the

existence of lattice defect is ignored.

A2-2-1: Ions in A Pure Compound, e.g. MnO
In pure MnO, the nearest neighbor of a cation Mn* is anions O only and
vice versa. The cation fraction of Mn™ and anion fraction of O arc both unity.

The dissociation reaction may be written as:

MnO (pure) = MnTT(0O7) + 0T (Mn™) (A34)
Chemical potentials of Mn** and OF may be expressed in such a way:
— o — =
[.I.Mn-H- = |J.Mn++(o_)+ RT In aan(o-) (A35)
and
— 0_ -
].lo= = p'o-(MnH)"- RT In dO_(MnH} (A306)
Since there are no other ions, a standard state for bhoth ions thal
aMnH( o5 and ao=(Mn++) are both unity is selected. The change in reaction (A34)

is in one’s perception and nothing physical. Therefore, the change of chemical

potentials for dissociation reaction (A34) should be zero, viz,
(“Mn++ + u0=) - Myo = 0 (A37)

where
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_ 0
= GM“0 + RT Ina (A38)

uMnO {Mn0O)

When pure MnO is chosen to be the standard state for activity of MnO, 2 M) is
unity. Thus, the relationship between Gibbs Free Energy of pure MnO and chemical
potentials of ions at the standard state is established, viz,

o 0

— - 0_
MaO l'anH(o") + uo'(Mn)'*) (A39)

where Gan o i the Gibbs Free Energy of pure MnO which can be evaluated by the

convention used in classical thermodynamics.

A2-2-2; The Solution of MnO and FeO

When MnO is dissolved in FeQ, cation sublattice contains two cations, Mot
and Fe'™. To form an ionic solution, it may be considered in the following two
steps:

MnO (pure) = (MnO) (Ad0a)

where (MnO) stands for MnO in solution and then dissociated into cation Mn™ with
the nearest neighbors of O~ and anion O originated from MnO to be with the

nearest neighbors of both Mn*T and Fe'™,
(MnO) = Mnt*(0%) + OT(Fe™ Mn*™) (A40b)

Combining equations (A40a) and (A40b), then we have the overall reaction of the

dissolution of MnO in FeO,
MnO (pure) = MnTH(©O™) + 07 (Fet* Mn*H) (A40c)

For the same reason as discussed with reaction (A34), the change of chemical
potentials for reaction (A40b) should be zero and equation (A37) is applicable to

reaction (A40b), i.e,

Myt + B -n, =0 (A37)
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For neutral species, pure MnO is chosen as the standard state for activity ol MnO.
In the selection of the standard state for jon activities, if we limit our
discussion to the interaction of nearest neighbours only, cations Mn™t and Fett do
not experience any change in environment but oxygen anion does during the
formation of solution. Since the nearest neighbor of O~ could be a combination of
Mn** or Fe*™ ions, either pure MnO or pure FeO may be selected as its standard

stale.

Case One: Pure MnO chosen as the standard state for activity of oxygen anion
If MnO is selected, the expressions of chemical potentials of manganese

cations Myt and oxygen anions, M, are identical 1o equations (A35) and (A36),

i.e.

=° - -
Hyott = Bt o5)t RT In it 00 (A35)

and

-— 0_ -
Hom = o'yt RT In R (A306)

Substituting equations (A35), (A36) and (A38) to (A37), we have:

0 0
[ Oz(MnH)-l. RT In ao-(Mn-H-)] + [}J.Mn++( O")+ RT In aMnH(O=)]

- [G;no +RTIlna 1=0 (A4D)

(Mn0O)
sy . o 0 0 ,
Considering equation (A39), [U ottt Mot 0_)] and GMn o are cancelled.

Therefore, equation (A41) results in:

a(MnO) = aMnH(O:) ao=(Mn++) (A42)

where 22100y is the activity of MnO with pure MnO as the standard state. This

equation will be identical to Temkin's rule if the activity coefficients of ions
in equation (A31) are unity, viz,

By = Naert* Noo (Ad2a)
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Case Two: Pure FeQ chosen as the standard state for activity of oxygen anion
In this case, the expression of Ho® becomes:
= % -
Ho= = Kometyt RT In 8= £y (A43)

where ”g=(|=e” is the standard chemical potential of O~ with "pure and

)
stoichiometric FeO" as the hypothetical standard state and the change in Gibbs

Free Energy for reaction (40b) can be expressed similar to equation (A41), viz,
0 o -
[ 0=(Fc++)+ RT In a 0=(Fe++)] + [uMnH( 0-)-1- RT Ina vt 0")]

- [G;no +RTIna, ]=0 (Add)

(MnQ)

or

0 = | yo- C ...
Cyno * RT 10 20y = [ o™ T Mwntto?) ]

+RT In [a et et J (A45)

. o , 0 - 0_
From equation (A39), G vno MY be replaced by [pMn++{ o * lJ.o-(Mn-H')]. Then

pﬁnﬁ(c):] is cancelled and equation (A45) becomes:

— 0_ - o_
RT In a0 = [ Ko™ ™ Ho™ ™ ]

+RT In [ Y ] (Ad5a)

0 0 . . .
The term [l.lo—(Fe++) - !J.o—(Mn-H-)] represents the dilference of standard chemical
potential of O~ in different environment of cations. Its value is generally

non-zero because they belong to dilferent chemical substances. Thus, a new

c0)

o is introduced in equation (A46):

(F
arameter
P et BM“

4]

o 0. - (FeO)
uO-(Fcﬂ) u o~ vt = RT In BMn ° (A46)

The Raoultian activity of MnO can then be expressed as:
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— n{FeQ) _ _
o) = Omno a0 Yot

(A47)
In equation (A47), pure MnO is chosen as the standard state for aclivity of Mot
and pure FeO for activity of 0~ 9:4::)0) is the conversion factor for activity of
O from the standard state of pure MnO to pure FeO.

In equation (A46), 9;:;0) is defined by two thermochemical parameters of

pure compounds, i.e. u.o- ++) and p°= + where u°= ++)is from pure MnO in

0 (Mn O {Fe O (Mn
equation (A39) and ;.l°= +_ from pure FeO in equation (A48).
0 (Fe )
]

- o - 0_
reo -~ Meet0h ¥ Mot (A48)

Thus, 9];:;0) is only a function of temperature and pressure.  Since the
. 0 0 0 o . S

separations of Ko=ret and Ko ot from GFe o and GMnO in equations (A39) and

(A48) are perceptional, 9;5;0) cannot be directly calculated. ‘The altemative

approach will be discussed in section A2-3.

With such a selection of standard state for activity of 0", activily of

FeO can be expressed:

o 0
[u' 0=(Fe++)+ RT In aos(&“)] + [uFe++{0=)+ RT In 8F=++(0=)]
o —
-[G o+ RTInag 1= 0 (A49)
ie.
= - a= (FeO} _ o
Aeeo) — o) ot and 6" =1 (A49a)

A2-2-3 A Solution Containing A Second Anion, e.g. S~
Sulphur anion S™ may be introduced to the solution by adding either FeS or
MnS. Similarly, if the standard state for activity of Fe™™ is chosen to be FeO

and S~ to be FeS, the activity of FeS can be wrilten by introducing the conversion

(FeO),
factor eFe g -
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— pfFe0) _
ey = s B0 BsTre™) (AS0)
where B:::;o) is defined by equation (A50a):
""ge”(f) i “ge”(f) =RT In 9;':;0’ (A502)

In the above, it has been shown that the standard state for ion activities
should be related to neutral species. Temkin's rule, when applied to non-ideal
solutions, is a special case in the present work, if the pure compound is the
standard slate for aclivities of both cation and anion, ie. equation (A49a)., If
the standard states for cation and anion activities are chosen from different
compounds, the conversion factor has to be introduced and Temkin’s rule is thus
modified.

The selection of standard state for ion aclivities is arbitcary, Once it

is chosen, all ion activities in the solution should be uniquely defined.

A2-3 Evaluation of the Conversion Factors and Activity Coefficients of Ions

In order for our formulation to be useful, the conversion factors
introduced above must be evaluated from experimental measurements of solutions.
For this purpose, the following relationship in the solution of FeO-MnO will be
derived. Following Grjotheim and Rosenblatt (1966), concentrations of FeO and MnO
in the solution are taken as the products of cation and anion fractions:

N(Fe 0= NFc-H- N o (A51)

N(Mn o= N ™ N o (A52)

Then, activity coeflicient of FeO and MnO with pure FeO as the standard state can

be expressed as:
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Yeeoy = Yre™ (0% Yo re™ (A53)
_ pn(FeQ)
Y(MnO) ~ “MnoO YMnH(O':) ’YO:(FcH) (A54)

In these two equalions, and Yoy € measurable quantities. There arc

Tomor
four other unknowns including one conversion factor and three activily
coelficients of ions, to be evaluated. It should be poinied out that activity
coefficients are functions of the concentrations and the conversion [laclor 0;:;0)
is not.

Thus, we may consider a limiting case that ions Matt are infinitely dilute
in the solution. In the pseudo-binary solution, the solute MnO and Mnt*(07) may
be assumed to obey Henry's law and the solvent FeO, Fet*(07) and O-(Fet™) obey

Raoult’s law, viz,

s — .0
N ]:T Yooy = ¥ (mn0) (AS5)
Mn 0
. lim -7 = yﬁn%:) (A56)
Mn++-)0
Hm  y=_+ =1 (A5T)
N e+ O (Fe )
Mn 0
where Y? MnO) and 'y:;n o5 May be identified as Henmrian conslants which are

independent of concentrations.  From equations (A54) 10 (AS57), [lollowing
relationship is obtained in this special system, viz,

4] _ n(Fe0)

O
Y(MnO) ~ “Mno YMn ©) (AS8)

So that BI:‘E;O) can be expressed as the ratio of Henrian constants of one compound

and one ion in equation (A59).

1
(FeQ) _ {MnQ)
One = o (A59)
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(FeQ)

Substiluting equation (A59) for 8

in equation (A54), we have:

Y(MnO) = YMn++(0=) 7 = w
) o, . o)
T (mn0) Tun**(0%)

(A60)

In equation (AG60), there are still three unknown activity coefficients of

ions, including the Henrian conslant 'Y:ln-H-( =, in one equation. To reduce the

o)

. o _ - :
unknowns, (wo of them, Yo 107 and Y, oy may be grouped into one. Thus,

Henrian activity coefficient of Mnt" is defined:

Ya**07)
an++(0=) = — — (A61)
YMn {0 )

Similarly, Henrian activity coelficient of MnO, f (MnO) is also defined:

Y
- {MnO)
S, (Mn0) ~ .0 (A62)
Y(MnO)

Substituting equations (A61) and (A62) into equation (A60), a simple relationship
among Henrian activity coefficients of MnO and Mn'™ and Raoultian activity

coefficient of O is obtained, viz,

S

Mooy = et o) Yomwe™ (AG3)
In equation (A53) and (A63), there are five activity coefficients of ions and
compounds. The corresponding activities can be expressed by activity coefficients

and concentrations in the following equations, viz,

Mooy = Lomno) Newnoy (A64da)
3reoy = Yireor Nereoy (A64b)
hyne® = fnto Nt {Ab4c)
Ao = Yretod) Neet (A64d)



118
8% mey = Yo (re™) Non (A64c)

Substituting equations (A51), (AS52), (A64a) to (AG4e) into equations (A53) and
(A63), Henrian activity of MnO and Raoultian activity of FeO can be expressed as

the products ol ion activities:
Bamor ™ Puato™) SoTre™ (A63)

Areoy = PR 0 0o (AGO)

A2-4 A Reference State for Evaluation of lon Aclivities

In equations (A53) and (A63) for MnO-FeO pseudo-binary system, there are

two activity coefficients ol compounds (y__ and ano) which can be experimentally

YFcO
measured and three aclivity coefficients of ions (ie. f v and

'ty Tore'™h
Ve, o=)) to be determined. To remove this extra degree of freedom, a reflerence
state for evaluation of ion activities needs to be defined. In agueous solutions,
the potential of a reversible hydrogen elecirode with hydrogen at one atmosphere
pressure is taken to be zero at all tempcratures (Grjotheim and Rosenblatt) and
the activity of hydrogen ion is unity. In other ionic solutions where hydrogen
ions do not exist, the reference state may be chosen accordingly by the

convenience of studies. For instance, in MnO-FeO system, oxygen is the only anion

in the solution. Then, we may choose 70={Fe++) = 1. Then, activities of Fett and

+ .
val L. = = d h = = .
Mn' " can be evaluated, i.e aF=++( o) a(Feo) and hy v : h(M“ o)

In a general system containing p ions, there will be p-1 independent
measurements of aclivities of compounds. Similarly, when the reference state is

chosen for one ion, activities of all other p-1 ions can be evaluated.
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A3 Discussions
In this section, the consistency of our formulations of ijon aclivities
with the classical thermodynamics and some applications of these equations to the

study of ionic solutions will be discussed.

A3-1. Internal Consistency with Classical Thermodynamics in the Formulation of
lon Activities
In the definition of standard state for ion activities, Temkin’s rule has
been modified by the conversion factors. In the system containing Mn++, Fe'H', o
and 8™, activities of FeO, FeS and MnO have been expressed in equations (A47),
(A49a) and (A50). Similarly, activity of MnS with FeO as the solvent which obeys

Raoult's law can also be obtained, viz,

_ ni{Fe0)

a(MnS) = YMn$ (A67)

Q0 ATwe

Through the equilibrium ol displacement reaction in the solution:

(MnO) + (FeS) = (MnS) + (FeO) (A21)

the equilibrium constant can be expressed, i.e.

{FeO)
K = [ A Mn$) 2 (Fe0) ] - eMns (A68)
eq

a a {(FeO) p{FeO)
MnO) " (Fe§) BMnO BFCS

With equation (A68), these three conversion faclors are related through the
equilibrium conslant KMI.

On the other hand, comparing with equation (A29) which was demonstrated by
Blander (1977), the ratio of aclivity coefficients of compounds may be expressed,

considering equations (A54) and (A67), in the following way:
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Y(reoy _ Yeet* 0™y To"(re* ) - Tee** 0™ (AG%)
Y Y e = Y =k (FeD) ¥, +t = (FeD)
(MnO) Mn (0 ) 'O (Fe' ) BMuO Ma' (0 ) OMnO
and
_ _ ( FeO) - {FeQ)
YiRes) _ Yeet 0™ Vs ™ Otes _ Yeet 0%y Yres (AGOh)
Y B AR IPC R S L (FeQ) ¥, +t = {FeQ)
(MnS) Mn (0) 'S (Fe ) OM“S Mn {0 ) OMns
From (A69a) and (AG69b), we have:
_ (FeO)
Y(FcOJ - Fe''(07) = -Y(FeS) 0MuS - Y(FeS) K (A70)
Y Y, ++ = n(FeO) ¥ (FeO)n(FeO) | ~— Y A2
(MnO) Mn (O ) eMnO (Mn$) eMnO Fes (MuS)

This equation is to be compared with equation (A29). Therefore, the
inconsistencies in the Temkin's rule when is applied tc non-ideal solutions
demonstrated by Blander (1977) and Forland and Grjotheim (1978) could be avoided

in the present formulation,

A3-2 Two Type of Ideal lonic Solutions

In the formulation of ion activilies, the activity coelficients of both
neutral species and ions may be properly defined. To salisfy the condition of
ideality proposed by Temkin [equation (A6)], there might be two type of ideal
solutions to describe one solution (e.g. FeO-MnO), by defining the activity

coefficient of ions or neutral species lo be unity.

Type 1: All activity coefficients of ions are unity.

From equations {A53) and (AS54), following relationships are obtained:

Yoy = Tre™o™) Yoore'™ = I (ATD)
_ (FeO) e _ p(FeO)
Twno) = Yvno Twnt*i07) Toowe™) = Mno (A72)
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r

Type 2: All activily coefficients of neutral species are unity.
In this case, equation (A71) is still applicable to activity coefficient
ol FeO. For MnO, equation (A73) is assumed, viz,

— pn(FeQ)

Yomn0y = Pmno T 07 Yoiweth = l (A73)

. . -1 .
In equation (A73), the product (YMnH(0=) 70={Fc++)) is [Bh(&:;o)] instead of

unity in equation (A72).

From an experimentalist’s point of view, activity coelficients of neutral
species can be measured. It is usually recognized in the current practice tha,
when the value of actlivity coefficient of the neutral species is unity, e.g.
Y(MnO) = |, MnQO behaves ideal in a solution of oxides. For ionic solutions, the

ideality may be considered that the activity coefficients of ions are unity, i.e.

equations (A71) and (A72).

A3-3  Application of Gibbs-Duhem Relationship in Ionic Solutions
In ionic solutions, total Gibbs Free Energy may be expressed through the
summation of chemical potential of ions, viz,

G==% n';'u';' + X nu; (A74)
i j )]

where p';' and pj are the chemical potential of cation and anion, respectively. By
dilTerentiating equation (A74) at constant temperature and pressure and

considering the relationship:

4G = £ uidn] + ¥ Widn; (A75)
i j

Gibbs-Duhem equation in ionic solutions is then obiained:



Y oatdpt + Tl =0 (A76)
i 11 j J

For the ionic solution consisting of two cations Mnt* and Fet? and two
anions O and S, Gibbs-Duhem equation (A76) becomes:

nM“++ d},l.Mn-H- + nFc++ dl.ch-H- + ngy= d].loz + ns= d},ls= = (ATD)

By using compound MnQ as the standard state for aclivities of Mn++. FeO flor
activity of Fe'™ and O and FeS for aclivity of s-, equation (A77) can be

rearranged in form of ion activities:

nMn++ din aMnH(O:) + nFc++ din chH(O=)
+ 0= din e R din A= reth = 0 (A78)
By substituting charge balance equation (A79):
no= =N, + + M+ - N (ATH)

into equation (A78), the Gibbs-Duhem equation can be further rearranged, viz,

(nMn++ - l'ls=) din [a w050 0=(Fc")] + 0+ din [aFcﬂ( oY 0=(Fc“)]
+ n = din [aMnH( 0=)as=m++)] =0 (AS0)
Considering that conversion factors are independent of concentrations, we have:

{FeOQ) _ (FeQ) _ (FeQ) _
din 9Mn0 = din GMDS = din BFcS =0 (A81)
and equation (A80) can be rewritten in form of neutral species:

(nMn++ - ns.—.) dln a o T Mett din ot N din a =0 (A82)

Mn MnS

From equation (A82), we have:

- dln dps = [(nMnﬁ/ns=) - 11 din a, o * (nFc++/nS=) din A, (A83)

0

Similarly, activity of FeS can be calculated:
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- din s = [(nFc++/n5=) - 1] din o ¥ (nMn++/nS=) din A0 (A84)

Since it is usually more convenient to measure activities of oxides than 1o
measure aclivities of sulfides, equations (A83) and (A84) provide an opportunity

to calculate activities of sulfides from the measurements of oxides.

A4 Summary

It has been shown that the definition of standard states is the key issue
for defining jon activities in ionic solutions, such as molten salts and slag.
The Temkin's rule has been found to be leading to the inconsistencies in ideal
ionic solutions (activity coefficients of compounds to be unity) by Temkin (1945)
and to have similar difficulties in non-ideal solutions by Blander (1977) and
Forland and Grjotheim (1978). The present work is aimed to solve these problems
and is summarized as follows:

(1) In defining the chemical activity of one ion, the nature of
co-existing ions of opposite charge must be recognized, equations (A30) and (A32).
The conversion factor which converts the standard state of an ion activity in
terms of one pure compound to another, equation (A46), is introduced. With this
formulation, the inconsistencies in classical thermodynamics of ionic solutions
demonstrated by Blander (1977) and Forland and Grjotheim (1978) may be avoided.

(2) Temkin's rule in the original form for molten salts is found to to be
a limiting case in our {ormulation where the conversion factor is unity, equations

(A42) and (A42a).
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(3) The conversion factors, which are defined in terms of standard
chemical potentials of ions in pure compounds, may be expressed in terms of
Henrian activities of ions and compounds. The formulation becomes analogous with
that used in the dilute aqueous solutions.

(4) A relerence state for ion activities, similar to the definition of
the standard hydrogen electrode for the study of aqueous solutions, needs 1o be
selected for ionic solutions, e.g. unil activity of oxygen anion in oxide slags.
Thus, activities of all ions in ionic solutions can be, in principle, evaluated

based on the experimenial dala.
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APPENDIX B
CALCULATIONS OF CONCENTRATION CHANGES
IN THE REACTION ZONE DUE TO MULTIPLE AND
SIMULTANEQOUS INTERFACIAL REACTIONS

In this appendix, the details of calculations based on general reaction
rate equations (3-5) and (3-8) for slag/metal system but limited to the reaction
zone are presented. For a very short period of time, it is assumed that there is
no mass [luxes across the boundaries between the reaction zone and the bulk
phases. Therefore, masses of ail reacting elements are conserved within the
boundary of the reaction zone. The computed results will be used as the boundary
conditions for computations of diffusion in slag and alloy (for details sce

Appendix C).

Bl General Equations
By substituting equation (3-5) into equstion (3-8), the following equalion

is oblained:

p

Z
p zikiai[ |- LU ] =0 (B1)

In equation (B1), there is one equation with which one unknown may be determined,
therefore, let it be the coupling factor U. Since the valence z, of any element is
an integer number (tl, 2, ..), equation (Bl) can be solved as a polynomiul

equation, i.e.

126
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P P
Z Zikiﬂ.i - Z Zikiai LiU
i=1 i=1

Zi_

0 (B2)

Using a special case for illustration that the sysitem contains only

divalent ions, e.g. At ™, ™ X" and YT, equation (B1) becomes:

2 -2 _
bl - sz + b3U =0 (B3)
or
4 2 _
b2U - blU - b3 =0 (B4)
where
b1 = kAaA + kBaB + kcac - kxax - kYaY (B5)
b2 =L AkAaA + L’Bkaas + Lckcac (B6)
b3 = L‘xkxax + L Yk Ay (B7)

Since the solution to the coupling factor U has to be non-zero and positive

definite, U can then be uniquely calculated by the following equation:

b +1/b2+4bb

2b,

Another special case is the system containing ions of only single valence,

e.g. A*, BY, ¢t X and Y, the coupling factor is then calculated in equation

(B9), viz,

b +\/b2+4bb

Ue SLFYP1 T M0 (B9

2b2

In general, ionic solutions usually contain ions of different valences,
e.g. silicate slag. Thus, equation (B2) has to be solved through numerical

methods which will be demonstrated in the next section,
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B2 The Computation of Rates of Interfacial Reactions in Slag/Metal System

In our experimental system, there are six chemical elements, Al, Ca, Fe,
Mn, Si and O. In alloy, iron is the solvent and the others are solutes. [For
convenience, aclivily of iron is expressed in Raoultian scale and those of solutes
are in Henrian scale by using hypothetical one weight percent as the standard
state. In slag, the standard states for activities of ions are chosen to be pure
oxides in such a way that CaO is for activities of Ca™* and 0T and other oxides
for related cations only (Appendix A). Therefore, the term l"i in the rate

equation (3-5) can be described as follows:

& = _ ++
L = 2 ) (B10)
° K h
0 0]
a_ ++ =
L = € (0) (B
Ca K h
Ca ICal}
a_ ++ =
LFe = Fe (0) (BIZ)
KFCY[FC]N”’C[
a_ . ++ =
LMn - Mn (0) (B|3)
I.(Mnthﬂl
a_ +++ =
L = Al ©) (B14)
Al K h
Al [AT]
a_4+ =
L. = S 0) (B15)
KSih[Sil

e . = . 44
where a = _++, a_++ =, elc are activities of anion O~ and cations Ca’ ', etc.
0O (Ca ) Cs (O)

in slag, h etc. are Henrian aclivities of elements in alloy by using one

jor
weight percent as the standard state, e.g. hIOI = fIOI[%O]. Virel is Raoultian
activity coefficient of iron and K o ©lc. are the partition ratios between the ion

activity in slag and activity of the element in alloy at equilibrium state,
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Following Appendix A, these ion aclivities can be related lo the activities of

necutral species, i.e.

Yoo T qamo) ote™ (B16)
_ (Ca0) o
Aro) Oeo At 00 2o ™ (B17)
e n{CrO) - n =
a(MnO) =~ VMo ‘a0 ao'(Ca“) (B18)
_ n(Ca0) 2 o3
qaLoy Bt o 0% Yot (B19)
2 2”3
. n(Ca0) 2
ﬂ(Sioz) " sio, o) T (B20)

Then, from chemical reactions of formation of oxides, the equilibrium constants

can be expressed by the products of partition ratios and the conversion factors,

viz,
[Ca] + [O] = (Ca0) (B21)
a a_++ = 4a .= ++
o = [_h Qo) - (= 00 @) | =xk, @2
icar o - (cay' (0] €q
[Fe] + [O] = (FeO) (B23)
(C10) o
= [ A keo) ] - [ Oeo et 0% o™ ] _ B;C;O)KF K (B24)
¢ Y. N _ a Jeg Y. N _a eq ° ¢
{Fe]l [|Fe] (0] [Fe) (Fel [0]
[Mn] + [O] = (MnO) (B25)
3 Mn0) h(vlg:)maMn++(0=)aO=(Ca++) (Ca0)
KMn0= [ h h = h h ] = 0MnO KMnKO (826)
Mn1 o) 9 [Mn]10] 4
2{All+3[0]= (A1203) (B2
(Ca0) 2 3
a + =" = 4+
« - (a0 ¢ a0t e o™ ) 5(CH0) 2 3
Al203_ W2 B e - ) 3 YN KAIKO (B28)
(a1 oy "4 (Al1[0] °q 23
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[Si] + 2 [0] = (SiOz) (B29)
{Ca) ol ]
a(Sioz) esao2 A+ 05 0%t (©r0) ’
Ksi02= b 1 ]e = [ 2 ]e = Bs;oz K Ko (B30)
isiior 4 1si110] 9

By substituting equations (B16) to (B20) and (B22), (B24), (B26), (B28)
and (B30) for cation activities and the partition ratios of cation eclements in

equations (B11) to (B15) and canceling the conversion (actors, following relations

are obtained:

a K
LCa = Ca0 0 ] (B31)
Ca oh el 20T (et
a K
KFeOYIFeINIFeI 3% (aa™)
a K
Mno! (Mn] 0" (a'h
a172
Al0, K o 3/2
Ly = —s [ o ] (B34)
A1,0,7 (Al
a
Si0 K 2
L, = 2 [ 0 ] (B35)
KsioMsin ™ 207 (aa*)
In the above equations, there are two unknown paramelers, Ko and A% cat)

which are common in the expression of all Li's. Therefore, these two parameters
can be separated from the expression of L.’s and included in a new parameter U,
viz,

Ko 172
-----] (B36)
a0= ( CaH)
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Then, reaction rate equations for Ca, Fe, Mn, Al, Si and O can be wrilten as:

a
- Ca0 2
wCa - gCathnl[ L- K h UO ] (B37)
Ca0O |Ca)
a
- FeO 2
W, = E"FeYIFcIN[Fc][ L- ” N Uo] (B38)
FeOY[Fe] [Fel
a
- MnO 2
Oy = gMnhIMnl[ L- h Uo ] (B39)
MnO' [Mn]
o112
e BT B40
Wt = E-‘mhmu[ L- _W—l'l— Uy ] (B40)
A1,0 " 1Al
$i0
- 2 4
Wg; = E’Sih[ss][ L- XK h_ Uo] (B41)
sio, (i)
2
Lo
o, = Ljoh[O][ - — ] (B42)
0]

where [or the solvent:

£ =k C. in the unit of (cm/sec)(moles/cm?) (B43)

and for the solutes with conversion of concentration unit to weight percent in hi’

then,

vi

C
E—'i - al | oy (i = Al, Ca, O, Mn and Si} (B44)

M, £ wivmy
where Cn“oy is the density of alloy in moles per unit volume (mole/cm3), 'y? is

the Henrian constant of ith element, M, is the molar weight of ith element and
[%j] is the weight percent of jth element. Applying the constraint of no net

electric current to the slag/metal system, we have:

20, + 20 +20, + 30 + 40, - 20, =0 (B45)
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By substituting above rate equations (B37) 1o (B42) in (B45), following polynomial

equation is obtained:

2 3 4 -2
¢ - c:,-U0 - c3U0 -c4U0 + cho =0 (B46)

where:

—2§ hicu E"CY[F] [Fel+2§ h +3E“M [AI|+4E"Sih|Sl|-QE"0h10| (B47)

2(§ClaCn0 + gFeﬂFeO + EMnaMnC))

¢, = (B48)
l(CnO KFeO KMnO
1/2
3 éAlahlzoa
¢y = T (B49)
A[203
4 gSi S5i0
SiO2
cs =2 &, (BS1)

To solve for U0 in equation (B46), a numerical approach is applied. Since
U o is a non-zero parameter, the solution 1o equation (B46) is then identical lo
solving that I'(UO) = 0, viz,

4 U5 6

= c.U% -
[(U) = cUg - cpUy - eUp - ¢qUy + ¢5 =0 (B52)

With the first derivative of f(UO) with respect to Uo‘ i.e.

df (U)
_.._.i.=2c

1
dUo

3 4 5
UO- 4(:2U0 - 51::3UO - 604U0 (B53)

Newtonian function is then built in such a way:
reuy

F(Uo) = UO- (B54)
df(Uo)/dU0

Therefore, the calculations are iterated through equation (B55):
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f(Uo‘k)
-lf(Uo , k)/dUO’k

] (B55)

ok+1 = Yok -

The initial value for iterations has been chosen from the calculated result
through equation (B56) by neglecting high order terms in ecjualion (B52), which is
corresponding to the syslem consisting of only divalent ions [equation (BS8)].
This approach has been successful in obtaining numerical values of Uo for all

cases computed in the present study.

cy +y czl 4 4c2c

U, = 5 (B56)
ol 2c
2
The iterations will stop when Uo.k +l'U ok is less than the required precision g,
i.e.

In actual computations for slag/metal system, € has been chosen to be € = l><10'4
U0 K’ Once Uo is obtained, reaction rates of all elements can be calculated

according to equations (B37) to (B42).



B3 Mathematical Model ol Kinelics ol Interfacial Reactions

During the course ol reaction, mass fluxes of each element across
interface result in re-distributions of these elements between two phases und
corresponding changes of concentrations and concentration gradients. The strategy
of computation of this complex system has been outlined in Section 4-2, i.e. the
simultaneous process of chemical reactions and diffusion in a physical system may
be replaced by sequential sieps, alternating between chemical reactions and
diffusion.

The amount of elements transferred within a short time interval A'u can be
calculated, viz,

An, = @, Q At (i=1,2,...p)  (B58)

where Q is the interfacial area for reactions (cmz) and w, is net reaction rate
(mole/cm2 sec.).

The computations may be carried out {rom the reaction rates determined at
a time t (1=0 at initial slate) and let it continue for a period of At. Al the
end of this period At , new concentrations in terms of mole fractions in metallic
phase and cation and anion fractions in ionic phase at t =t + Al“, which are
uniform in the reaction zone, are computed. The general expression for reactions
take place for a duration of At , between | and t + Al are shown in the lollowing
equations:
for iron in metallic phase:

1+AlR n:_E- AnFe

= ] (B59)
Z(n-i - Anj )

Fe

and other elements:
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1
[%i]w.\lR (ni - Ani) Mi

il

%100 (B60)

{
. = An. M.
3;(“] n) M

where i = Al, Ca, O, Mn and Si, j = Al, Ca, O, Fe, Mn and Si and Mi is the molar
weight of ith element;

for mole fractions of oxides in slag:

L
l+AlR "ko"' A"k
Nko = { , (B61)
}I:(n]o+ Any ) + (nA|203+ 1/2 &n,)
t
1+A1 Mato * llenAl
N, o" = 23 (B62)
273 1 t
}l:(nlo+ An] ) + (nA1203+ 1/2 Anm)

where k, 1 = Ca, Fe, Mn and Si and kO, 10 represents oxides of CaO, FeO, MnO and
5i0,.

When new concentrations at time t+At are obtained, activities of each
component will be re-calculated. Another round of computations of reaction rates
for a duration of At will continue. The flow chart is shown in Fig. BI. This
repetitive calculations of the chemical state in the reaction zone may be slopped
afler certain required changes made or afler certain time of reaction. Then, the
chemical reactions will be switched off and diffusion switched on.

One of important parameters in computations is the selection of time
interval 4l . If At is too large, computations may nol be converged or errors in
numerical results may be large. 1 AIR is too small, computing time may be
unnecessarily long. The value of AtR should be adjusted in computations. In our
system, it has been selected to be 1.0 millisecond in the computations (Chapter

Six).
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APPENZIX C
NUMERICAL SOLUTION OF DIFFUSION EQUATIONS
BY FINITE DIFFERENCE METHOD

In order to solve diffusion equations (4-2) and (4-6) in metallic and
ionic phases, the total length of specimen L may be divided by ~ nodes. In each
spatial interval, Ax, which is equal to L/». In computations, the lime interval
A, is also chosen.  In this way, diffusion distance and time become
discontinuous. Thereflore, all the derivatives in equations (4-2) and (4-6) can be
replaced by the equation of finite difference approximation using a taylor series
expansion, viz,

At

Y

Cl(4+i,0) = Clh.t) + —2
(Ax) i

([ e g~

[[cj(,e,z) i Cj(£+1,J-1)]x

1

[Diju,,/) i Diju.+1,/-1)] + Dij(é,ﬂ)x[cj(,g’ /a1)-

2C4,4) + cj(4,+1,/-1)]) 1)

where i=1,2,...,p, # represents time intervals starting from zero and /for the
spatial intervals starting from one to ~-l. Since equations (4-2) and (4-6) have
identical formulations, equations (Cl) may be used for computations of diffusion
in both ionic and metallic phase by changing values of diffusion coefficients and

concenlrations.

In computations, the application of boundary conditions given in Chapter

137



138

Four is described as follows. Al time zero, i.c. 4= O, initial condition is
used, i.e. Ci(O./ } = C? . When reactions starl, e.g. 4= 1, boundary conditions
are used, where Ci(l,O) is computed through the model of kinetics for interfacial
reactions and C.(1,») will be kept a constant value, i.e. C?. In this way,
iterations will continue until the time m At for the model computations (see

Chapter Four) is reached.
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APPENDIX D

TABLES OF CHEMICAL ANALYSIS OF REAGENTS AND Fe-Mn ALLOY

Table DI: Lot Analysis of Silicon Oxide, SiOz, 09.995+%

Lot Number: 02207 JV

Appearance:
Loss on Ignition: 0.37
Trace Analysis (ICP):
Na
Al
Fe

Element ppm

White crystalline powder

Element

Ca

1

Table D2: Lot Analysis of Fe lump, Electrolytic, 99.9+%

Lot Number; 00329 LK

Appearance: Shiny grey-black chips

Trace Analysis (X-ray): Al 350 ppm
Zn 25 ppm
Si 20 ppm
Cu 5 ppm
Ca 2 ppm
Mg 0.4 ppm
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Table D3: Lot Analysis of Manganese, Mn Flake, 99.98%
Lot Number: 01611 PT

Appearance: Metallic grey chunks

Trace analysis (ICP): Pb 95 ppm
Co 35 ppm
Mg 30 ppm
Cr 25 ppm
Ca 9 ppm

Table D4: Chemical Analysis of Fe-Mn Alloy

Mn: 22.33%
Trace analysis (ppm):
P S8 Cu Co Pb As Sn Nb B Ca Mg
850 23 28 23 166 219 84 21 16 3 4
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APPENDIX E _
LIST OF MEASURED CONCENTRATION PROFILES BY USING EPMA
TABLE El: MEASURED CONCENTRATION PROFILES IN SPECIMEN la

Distance

from Slag Phase Metal Phase
Interlace

x (um) (%CaO) (%A1203) (%810,) (%MnQ) (%FeO) [(%Si] [%Mn]

*

0 325 20.5 45.6 1.41 0.20 2.00 0.39
10 318 20.0 46.8 1.40 0.16 1.93 0.40
20 319 20.0 46.7 1.41 0.15 1.89 049
30 31.9 20.0 46.6 1.45 0.14 1.93 0.53
40 31.8 19.9 46.9 1.45 0.12 1.88 0.54
50 32,0 20.1 46.7 1.27 0.10 1,91 0.55
60 31.9 20.0 46.8 1.36 0.10 1.88 0.62
70 319 20.0 46.8 1.28 0.10 1.92 0.68
80 32.1 20.1 46.7 1.15 - 1.91 0.72
90 319 20.0 46.9 1.13 0.07 1.82 0.76
100 320 20.1 46.9 1.08 - 1.92 0.83
150 32,0 20.0 47.0 0.93 0.04 1.73 1.04
200 323 20.2 46.6 0.82 0.05 1.80 .19
250 325 20.3 46.5 0.64 - 1.74 1.24
300 324 20.2 470 041 0.03 1.72 1.33
350 323 20.2 47.1 041 - 1.76 1.52
400 323 20.1 473 0.32 - 1.64 1.50
450 32.2 200 47.5 0.20 - 1.71 1.50
500 322 20.0 47.5 0.19 - 1.68 1.47
550 32.1 20.0 47.7 0.19 - 1.67 1.53
600 31.9 19.8 48.1 0.09 - 1.70 1.47
Far end 31.6 19.9 48.3 - - 1.65 1.46

where * indicates that the measurd data are in the vicinity of interface through
the control of the electron beam.
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TABLE E2: MEASURED CONCENTRATION PROFILES IN SPECIMEN 1b

144

Distance
from Slag Phase Metal Phase
Inter face
x (pm) (%CaQ) (%A1203) (%8i0,) (%MnO) (%FeO) [%Si]  [%Mn]
0" 30.8 202 473 172 044 168 033
10 30.7 20.1 474 1,79 0.28 1.73 0.39
20 30.7 20.1 47.5 1.66 0.37 1.76 0.31
30 30.6 20.1 47.6 .70 0.26 1.71 0.31
40 30.6 20.0 47.6 .79 0.33 1.68 0.36
50 30.7 20.1 47.6 1.62 0.26 1.72 0.31
60 30.6 20.0 479 1.60 0.24 1.72 0.37
70 30.6 20.0 47.7 1.72 0.24 1.71 0.34
80 30.7 20.1 47.7 1.56 0,21 1.71 0.41
90 30.7 20.1 47.7 1.56 - 1.66 0.42
100 30.5 19.9 47.8 1.77. 0.18 1.71 0.48
150 30.5 19.9 48.0 .54 0.16 1.65 0.55
200 30.6 20.0 48.0 1.49 0.18 1.69 0.63
250 30.6 20.0 48.5 1.38 0.17 1.68 0.69
300 30.7 20.1 47.7 1.42 0.15 1.73 0.79
350 30.9 20.2 47.9 1.09 - 1.58 0.90
400 30.6 19.9 48.3 1.08 0.13 1.64 0.88
450 30.8 20.1 48.1 1.03 - 1.69 1.06
500 30.8 20.1 48.1 0.96 0.11 1.66 1.08
550 30.9 202 48.2 0.75 - 1.72 .11
600 3.1 20.2 479 0.78 - 1.61 1.19
Far end 30.6 20.3 49.1 - . 1.62 1.45

where * indicates that the measurd dala are in the vicinily of interfuce through

the control of the electron beam.
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TABLE E3: MEASURED CONCENTRATION PROFILES IN SPECIMEN 2a

Distance
from Slag Phase Metal Phase
interface

x {(um) (%Ca0O) (%Al203) (%510,) (%MnQ) (%FeO) [%Si] [%Mn]

*

0 39.1 18.7 414 0.79 0.61 1.43 0.51
10 40.0 20.0 39.1 0.98 0.43 1.48 0.51
20 40.1 19.4 39.6 0.95 0.31 1.49 0.55
30 39.7 194 40.0 0.87 0.26 1.52 0.57
40 39.8 19.4 40.0 0.86 0.17 1.44 0.61
50 40.1 19.8 39.3 0.83 0.18 - 1.48 0.67
60 39.6 194 40.3 0.73 0.18 1.52 0.74
70 39.8 19.5 39.9 0.82 0.20 1.49 0.74
80 40.3 19.6 39.3 0.82 0.18 1.50 0.79
90 404 19.7 39.1 0.77 0.15 1.44 0.86

100 39.8 19.6 39.8 0.74 -

150 39.8 19.2 40,2 0.76 0.14 1.43 1.03
200 40.6 19.9 38.8 0.73 0.08 1.40 1.10
250 394 19.3 40,7 0.62 0.06

300 40.0 19.7 39.7 0.63 0.06 1.41 1.29
350 399 19.8 39.9 0.46 0.08 1.37 1.28
400 40.0 19.4 40.1 0.48 0.05 1.39 1.27
450 40.3 19.5 39.7 0.49 -

500 40.7 19.5 394 0.33 0.08 1.31 1.32
550 40.8 19.9 39.0 0.30 -

600 39.6 19.3 40.8 0.25 - 1.33 1.31
Far end 39.8 19.8 48.4 - - 1.41 1.46

where * indicates that the measurd data are in the vicinity of interface through

the control of the electron beam.
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TABLE E4; MEASURED CONCENTRATION PROFILES IN SPECIMEN 2b

llb

Distance '
from Slag Phase Metal Phase
Inter face
x (um)  (%Ca0) (%Al,0,) (%8510,) (%Mn0O) (%FeO) [%Si] [%Mn]
0* 31.1 259 39.5 0.84 0.66 1.44 0.23
10 35.6 272 35.8 0.96 0.46 1.41 0.38
20 36.8 25.6 36.6 0.97 0.26 1.47 0.40
30 37.2 26.3 35.5 1.03 0.35 1.50 0.36
40 36.9 25.7 36.7 0.91 0.11 1.38 0.40
50 37.1 25.8 364 0.90 0.06 1.47 0.36
60 A5 26.3 35.5 0.99 0.08 1.40 0.43
70 37.0 26.1 35.7 0.93 0.02 1.40 0.42
80 36.7 25.6 36.9 0.95 0.13 1.45 0.48
90 38.2 26.1 349 0.98 0.18 1.47 0.50
100 37.1 25.5 36.8 0.89 0.08 1.44 0.43
150 37.8 26.0 35.6 0.93 0.06 1.46 0.49
200 36.9 25.7 36.8 0.87 0.08 1.37 0.69
250 35.9 253 38.2 0.82 - 1.41 0.76
300 36.1 25.1 383 0.77 0.05 .39 0.79
350 36.1 25.3 37.8 0.74 0.03 1.39 0.88
450 36.6 25.6 371 0.72 0.02 1.30 0.85
550 36.0 25.6 37.8 0.68 0.03 1.43 t.11
Far end 36.2 25.5 38.3 - - 1.43 i.45

where * indicates that the measurd data are in the vicinity of interfuce through

the control of the electron beam.
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APPENDIX F

THE COMPUTER PROGRAM FOR COMPUTATIONS OF CHANGES

IN COUPLED INTERFACIAL REACTIONS AND DIFFUSION
IN THE SLAG/METAL SYSTEM

IMPLICIT REAL*8 (A-H,0-Z)

DOUBLE PRECISION DENSM,DENSS,AREA,DDT,DT,ENS,TD,TDR,TG,TP,
TEMP,ACCU,S0,SP,SQ,YS,YZ,XM,XS,DXM,DXS,.DYM,DYYM,DYS,
DYYS,U,YB,YC,ZB,ZC,ZD,ZZ, WCOP,WMETAL,WSLAG,WIRON,YD

DOUBLE PRECISION ACTM(8),ACTS(8),CE(8),CCM(8),CK(8),C5(8),
CTM(8),DN(8),DM(8),DS(8),ELCHE(8),FA(8),HREF(8),ONS(8),
Q(8),Q1(8),RATE(8),SREF(8), TNS(8), TWM(8),W 1(8), WTPC(8),
XMO(8),YMO(8,0:150),Y Y(0:150),Y YMO(8),ZM(8)

DOUBLE PRECISION ACTMI(8,0:150),CATAN(8,0:150),EE(8,8),
FB(8,0:150),SACT(8,0:150), WT(0:150), WTP(8,0:150},
XCATAN(8,0:150), XMET(8,0:150),YION(8,0:150),ZION(8,0: 150)

DOUBLE PRECISION DVM(8,8,0:150),DVS(8,8,0:150),E(2,8,8),
ONSV(8,8,0:150),W(2,8,8)

INTEGER UIL(8),VI(8), VAL(8)
PRINT*, 'PROGRAM START'

OPEN(UNIT=3, STATUS="OLD")
OPEN(UNIT=4, STATUS="NEW")
OPEN(UNIT=7, STATUS="NEW")
REWIND 3

Input Data
FARADY=23063
R=1.987
IONS=6
ICAT=5
TI=0.
TDR=0.0
TII=0.
TIME=0.
TQ=9.9
GAMN=0.5
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100

ano

C

20

30

60
70

10

READ(3,*) (CS(), I=1, 5)

READ(3,*) (CCM(I), I=2, 6), PT

READ(3,*) DENSM,DENSS,AREA,DDT,DT,TD,TG,TP,TEMP,NB,NC,
NF,NH,ACCU,NS,NM,XM,XS,DXM,DXS

DO 100 I=1,IONS

READ(3,%) CK(I), CE(l), VAL(I), ZM(l), DM(I), DS{I)

CONTINUE

DO 20 I=1, IONS
READ(3,*) (EE(L)), J=1,IONS)
CONTINUE

DO 30 I=1, ICAT

READ(3,*) UI(I), VI(I), HREF(I), SREF(I)
CONTINUE

DO 70 I=1, ICAT-1

DO 60 J=1+1, ICAT

READ(3,*) W(L, L)), W(2,L)), E(1,1J), E(2,1.])
CONTINUE

CONTINUE

CLOSE(UNIT=3)

Initialization

WMETAL=DENSM*AREA*DXM
WSLAG=DENSS*AREA*DXS
DYS=XS/NS

DYM=XM/NM
WS=DENSS*AREA*DYS
WM=DENSM*AREA*DYM

DO 10 1=1,IONS

Q()=0

CONTINUE

C Computing Initial Comp. & Activities in Metal Phase
C

15

WIRON=0

DO 35 1=2, IONS
WIRON=WIRON+CCM(I)
CONTINUE
CCM(1)=.1D3-WIRON

DO 15 K=0, NM
DO 15 I=1, IONS
WTPC(I)=CCM(1)
CONTINUE

PRINT*, (CCM(D), I=1, IONS)
PRINT*, (CS(]1), I=1, ICAT)
PRINT*, (VAL(]), I=1, IONS)
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WRITE(4,110)
110  FORMAT(1X,' I',5X, Ul ,.X MO *,2X,'Vi',5X.))

DO 710 I=1, IONS
TWM()=WTPC(I)*WMETAL/.1D3
FA(1)=0.0

710  CONTINUE
DO 910 1=2, IONS
DO 810 J=2, IONS
FA(I)=EE(I,Jy*WTPC()+FA(I)

810 CONTINUE
ACTM(I)=EXP(FA(I)*2.303)*WTPC(1)

910 CONTINUE
ACTM(!)=.1D1

YZ=0.DO

DO 305 I=1, IONS

YZ=YZ+CCM(1)/ZM(T)
305 CONTINUE

DO 312 I=1, IONS

DO 3i2 J=0, NM

XMET(1,))= CCM(I)/ZM(I)/YZ
312 CONTINUE

C
C COMPUTING COMP. & ACTIVITIES OF 10! IN SLAG PHASE

C
YS=0
DO 11 I=1, ICAT
CTM(I)—ZM(I)*U HD+ZMIONSY*VI(I)
YS=YS+CS(1)/CTM(I)
11 CONTINUE

DO 17 I=1, ICAT
XMO(I)=CS(I)/CTM(1)/YS
17 CONTINUE

DO 130 I=1, ICAT
WRITE(4,120) LUI(I),XMO(I),V ()
130 CONTINUE
120 FORMAT(1X,12,5X,12,2X,F7.2,2X,12,5X)

CALL ACTSLAG (XMO, ACTS, WSLAG, TEMP,UL,V I, HRFF,SREF.W EICAT)
IF(XMO(2).LE.0.05) THEN

ACTS(2)=GAMN*XMO(2)

ENDIF

ACTS(IONS)=1.0D0

$0=0.0
5Q=0.0
SP=0.0
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DO 40 I=1,ICAT
SO=SO+CS(I)/CTM(I)*WSLAG*V1(1)/.1D3
SQ=SQ+CS(IYCTM(I)*WS*V1(1)/.1D3
SP=SP+XMO(1)*U1(])

CONTINUE

CATAN(IONS,0)=80

DO 50 I=1, ICAT
CATAN(,0)=XMO(I)*(WSLAG*YS/.1 D3y*U(I)
CONTINUE

DO 55 I=1, ICAT

DO 55 K=1, NS
CATAN(LK)=XMO(I)*(WS*YS/.1D3)*U1(])
CONTINUE

DO 57 K=0, NS

CATAN(IONS, K)=8Q
XCATAN(IONS,K)=1.0

DO 57 I=1, ICAT
XCATAN(I,K)=XMO(I)*U1(1)/SP
CONTINUE

PRINT*,"ELEMENTAL MOLE WEIGHT: ' (ZM(l), I=1, IONS)
PRINT*, (ACTS(K), K=1, IONS)

CALL ELECTRO (CK, CE, IONS, NB, NC, NF, NH, VAL,
ACTM,ACTS, TEMP,U,R,FARADY)

PRINT*, U
WRITE(4,920) TIME, U

WRITE(4,200)
FORMAT(1X,'IONS=",7X,'[ Fe 1'4X,’[ Mn J'4X,’[ Ca J'4X,’[ Al T,
4X[Si 14X 0]%)

WRITE(4.240) (VAL(I), I=1,IONS)
FORMAT(1X,'"VAL.="4X,6(2X,16,2X))

WRITE(4,260) (CK(l), I=1,JONS)
FORMAT(/,1X,” KK ='4X,6(1X,D8.3,1X})

WRITE(4,280) (CE(I), I=1,IONS})
FORMAT(IX," KE =",1X,6(1X,D8.3,(x),)

DO 300 I=1, IONS
QID=ACTS(I)/CE(I)
IF(U1(1).EQ.2) THEN
QI(N=SQRT(ACTS(I)/CE(I))
ENDIF

IF(ACTM(1).EQ.0) GOTO 300
Q=Q()/ACTM(D)
CONTINUE
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1100
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WRITE(4,940) (XMO(]), I*1,ICAT)

WRITE(4,950) (ACTS(D), 1=1,ICAT)
WRITE(4,960) (WTPC(]), 1=1,IONS)
WRITE(4,980) (ACTM(1), I=1,IONS)

DO 420 I=1, IONS
IF(ACTM(IONS).EQ.0.D0) GOTO 420
ELCHE(D=Q(I*EXP(LOG(Li*VAL(L))
CONTINUE

WRITE(4,1280) (ELCHE(]), 1=1, IONS)

WRITE(4,360) (Q(I), 1=1,I0NS)

ENS=0.0

DO 350 I=1, IONS
RATE()=CK(IY*(ACTM()-Q(D*EXP(VAL()*LOG(U)))
IF(ELCHE(I).EQ.O) THEN

ELCHE(I)=1E-10

ENDIF

ENS=ENS+RATE(1)* AREA*R*TEMP*LOG(ELCHE(I))* 1000
CONTINUE

FORMAT(1X," L(I)=",3X,6(D9.3,1X)./)

WRITE(4,1240) (RATE(:), 1=1,IONS)

WRITE(4,1350) ENS

DO 520 I=1,IONS
TNS(I)=CATAN(1,0}
CONTINUE

COMPUTING REACTION RATES

DO 1100 I=1, IONS
Qi(1)=ACTS(I)/CE(I)
1IF(U1(1).EQ.2) THEN
QI(1)=SQRT(ACTS(1)/CE(L))
ENDIF

RATE()=CK()*(ACTM(I)-QL(I*EXP(VAL(I*LOG(U)))
W 1(I)=ABS(RATE(D))
CONTINUE

WCOP=W1(1)

DO 1120 I=2, IONS
IF(WCOP.LT.W1(I)) THEN
WCOP=W1(l)

ELSE

ENDIF

CONTINUE

C
C COMPUTING NEW COMP. & ACTIVITIES IN SLAG

Cc

DO 1200 I=1, IONS
DN(I)=RATE(I)*AREA*DT
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TNS(I)=TNS(I)+DN(I)
IF(TNS(I).LE.0.DO) THEN
TNS(I)=0.D0
ENDIF

1200 CONTINUE

CAT2=0.0
CAT1=0.0
DO 1300 I=1, ICAT
CAT2=CAT2+TNS(I)/U1(l)
CATI1=CATI+TNS(I)

1300 CONTINUE
DO 1500 I=1, ICAT
XMO()=TNS(I)/U1(I)/CAT2
XCATAN(I,0)=TNS(I)/CATI

1500 CONTINUE

DO 1600 I=1, IONS
WSLAG=WSLAG+DN(I)*ZM(I)
1600 CONTINUE

CALL ACTSLAG (XMO, ACTS, WSLAG,TEMP,U1,V1,HREF,SREF,W,E ICAT)
IF(XMO0(2).LE.0.05) THEN
ACTS(2)=GAMN*XMO(2)

ENDIF
ACTS(IONS)=1.0
XCATAN(IONS,0)=1.0
YD=0.0

DO 2230 I=1, ICAT
YD=YD+XMO(I)*CTM(I)
2230 CONTINUE
DO 2235 I=1, ICAT
CATAN(I,00=XMO(I)*CTM(I)*.1D3/YD
2235 CONTINUE

COMPUTING NEW COMPOSITIONS IN METAL FHASE

DO 1700 I=1, IONS
TWM(I)=TWM(I)-DN(I)*ZM(I)
IF(TWM(1).LE.0.DO) THEN
TWM(1)=0.D0
ENDIF

1700  CONTINUE

aan

DO 1800 I=1, IONS

WMETAL=WMETAL-DN(I)*ZM(I)
1800 CONTINUE

DO 1900 I=1, IONS

WTPC()=TWM(I)/WMETAL*1.0D2
1900 CONTINUE
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YC=0.0
DO 1910 I=1, IONS
YC=YC+WTPC(I)/ZM(l)
1910 CONTINUE
DO 1920 I=1, IONS
XMET(1,0)=WTPC(I)/ZM(1)/YC
1920 CONTINUE

C COMPUTING THE ACTIVITIES IN METAL PHASE
C

DO 900 1=2, IONS

FA(1)=0.D0

DO 800 J=2, IONS
FA(I)=EE(I,J*WTPC(U)+FA(l)

800 CONTINUE
ACTM(I):=EXP(FA(I)*.2303D 1)*WTPC()

900 CONTINUE
ACTM{1)=1.0D0

CALL ELECTRO (CK,CE,IONS,NB,NC,NF,NH,VAL,
& ACTM,ACTS, TEMP, U, R, FARADY)

TI=TI+DT

IF(TL.GE.TD) GOTO 2000

GOTO 1

Computing Diffusion in Slag Phase

DO 2050 J=0, NS
YY(1)=0.DO
DO 2040 I=1, ICAT
YY(D=YY()+VAL(I)*VAL(I)*XCATAN(1J)*DS(I)
2040 CONTINUE
2050 CONTINUE
DO 2100 K=0, NS
DO 2100 I=1, ICAT
DO 2100 J=1, ICAT
IF(J.EQ.I) THEN
DVS(1.J,K)=DS(I)* YY(K)-DS(I)*XCATAN(LKy*VAL(I)*VAL())/YY(K)
ELSE
DVS(LJ,K)=-DS(I)*DS(J}*XCATAN(LKY*VALJ)/YY(K)
ENDIF
2100 CONTINUE
DYYS=DDT/DYS/DYS
DO 2150 K=[, NS-1
DO 2150 I=1, ICAT
YB=0
DO 2140 J=1, ICAT
YB=YB+(DVS(1,],K)-DVS(1,J K- 1))*(XCATAN(J,K)-XCATAN(J,K- 1))
* +DVS(LJ K)*(XCATAN(J,K+1}-XCATAN( , Ky*2+XCATAN(J,K-1))
2140 CONTINUE
YION(I,K)=XCATAN(LLK}+DYYS*YB
IF(YION(I,K).LE.0.0) THEN

o lIplp]
g
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2200

3020
3030
3040
3000

3060

3150

3250

YION(I,K)=0.0
ENDIF
CONTINUE

DO 2200 I=1, ICAT
DO 2200 J=1, NS-1
XCATAN(LJ)=YION(LJ)
CONTINUE

Computing Diffusion in Metal Phase

DO 3040 K=0, NM

DO 3030 J=I, IONS

DO 3020 I=1, IONS

DVM(I,},K)=0.D0

CONTINUE

CONTINUE

CONTINUE

DO 3000 I=1,IONS

ONS(1)=DM(I)/R/TEMP

CONTINUE

ZG=0.D0

DO 3050 I=1, IONS

ZG=ZG+ONS(I)

CONTINUE

DO 3150 K=0, NM

DO 3150 I=2, IONS

DO 3150 J=2, IONS

IF(XMET(J,K).LT.0.1D-3) THEN

GOTO 3150

ENDIF

IF(J.EQ.I) THEN

ONSV(1,J,K)=(1-2*XMET(J,K))*ONS (J)+ XMET(J,K)*XMET(J,K)*ZG

ELSE

ONSV(IJ,K)=-XMET(I,K}*ONS(J)-XMET(J,K)*ONS(l)
+XMET(I.K)*XMET(J, K)*ZG

ENDIF

DVM(LJ,K)=R*TEMP*(1+EE(I))*ZM(J)*XMET(J,K)/.2425)
*ONSV(1,J,K)/XMET(J,K)

CONTINUE

DYYM=DDT/DYM/DYM

DO 3270 K=1, NM-1

DO 3270 1=2, IONS

ZB=0.0

DO 3250 J=2, IONS

ZB=ZB+DVM(1J,K)*(XMET(J,K+1)-2*XMET(J,K)+XMET(J,K- 1))+

(DVM(IJ,K)-DVM(1,J,K- 1)) XMET(J,K)-XMET(J,K-1))

CONTINUE

ZION(I,K)=XMET(I,K)+DYYM*ZB

IF(ZION(1,K).LE.0.DO) THEN

ZION(1,K)=0.0
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3320

3350
3400

3900

4000

920

930

ENDIF
CONTINUE

DO 3400 K=1i, NM-1
DO 3320 I=2, IONS
XMET(1,K)=Z1ON(L,K)
CONTINUE

ZC=0.0

ZD=0.0

DO 3350 I=2, IONS
ZC=ZC+XMET(I,K)*ZM(I)
ZD=ZD+XMET(I,K)
CONTINUE
XMET(1,K)=1-ZD
CONTINUE

TI=TI+DDT

TDR=TDR+DDT

IF(TDR.GE.TG) GOTO 3900
IF(TII.LE.TD) GOTO 2000
[F(WCOP.LE.ACCU) GOTO 2000
T1=0.0

TII=0.0

GOTO 1

TIME=TIME+TDR
TG=TG+TP

TIME1=TIME/.6D2

DO 4000 I=1, IONS
IF(ACTM(I).EQ.0.D0) GOTO 4000
Q()=ACTS(1)/CE(I/ACTM(I)
IF(U1(1).EQ.2) THEN
Q(I)=SQRT(ACTS(I)/CE(I))/ACTM(I)
ENDIF

CONTINUE

PRINT#*, 'Reaction Time: ', TIMEL," min.’

WRITE(4,920) TIMEI1, U

FORMAT(/,10X,’TIME = " F10.4,3X,"min.",6X,"COUPLING (Do)=",
3X,D144.3X./)

WRITE(4,930) WMETAL, WSLAG

FORMAT(2X,"WEIGHT OF METAL='2X,D10.5," &',
6X,'WEIGHT OF SLAG="2X,D10.52X," g'./)

WRITE(4,200)

WRITE(4,240) (VAL(D), I=1,IONS)

WRITE(4,940) (XMO(I), I=1,ICAT)
WRITE(4,945) (CATAN(L,0), I=1,ICAT)
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945
950
960

980
1240

1260

1280

1320
1350

4400

4410

4420
4450

WRITE(4,950) (ACTS(I), I=1,IONS)
FORMAT(/,1X,’X(I)=",4X,5(1X,F9.6))
FORMAT(/,1 X, (w1%)=",3X,5(1X,F9.6))
FORMAT(/,1X,’ACTS=",4X,6(1X,F9.6))
WRITE(4,960) (WTPC(I), I=1,IONS)
FORMAT(1X, [wt%]=",3X,6(1X,F9.6))

WRITE(4,980) (ACTM(]), I=1,IONS)
FORMAT(1X,'ACT=",5X,6(1X,F9.6))
WRITE(4,1240) (RATE(I), I=1,IONS)
FORMAT(1X 'R ".I'E=",4X,6(D9.3,1X))
DO 1260 I=1, IONS
IF(ACTS(1).EQ.0.DO) GOTO 1260
IF(ACTM(I).EQ.0.D0) GOTO 1260
ELCHE(D=Q()*EXP(LOG(U)*VAL(I))
CONTINUE

WRITE(4,360) (Q(I), I=1,IONS)
WRITE(4,1280) (ELCHE(I), I=1, ITONS)
FORMAT(1X,’L*D =',2X,6(F9.3,1X})
ENS=0.0

DO 1320 [=1, IONS
IF(ELCHE(I).EQ.0) THEN
ELCHE(I)=1E-10

ENDIF

ENS=ENS+RATE(I)*AREA*R*TEMP*LOG(ELCHE())*1000

CONTINUE
WRITE(4,1350) ENS

FORMAT(1H, Free Energy Rate:’,8X,F14.6,3X, mili-cal/sec.’,/)

IF(TIMEL.LT.TQ) GOTO 4900
PRINT*, 'Writing Diffusion Profile’
TQ=79

DO 4400 K=0, NS
ZZ=2/(2-XCATAN(4,K))

DO 4400 I=1, ICAT

IF(1.LEQ.4) THEN
YMO(L.K)=XCATAN(L,K)*ZZ/2
ELSE
YMO(1,K)=XCATAN(I,K)*ZZ
ENDIF

CONTINUE

DO 4450 K=1, NS

YD=0.0

DO 4410 I=1, ICAT
YD=YD+YMO(LK)*CTM(I)
CONTINUE

DO 4420 I=1, ICAT
CATAN(I,K)=YMO(LK)*CTM(I)/YD* 100
CONTINUE

CONTINUE

WRITE (7,920) TIMEI, U
VV=XM/NM*.1D5
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DO 4125 K=0,NS
WT(K)=0.0
DO 4120 I=1,]ONS
WT(K)=WT(K)+XMET(K)*ZM(1)
4120 CONTINUE
DO 4125 J=1,IONS
WTP(J,K)=XMET(,K)*ZM{J)/WT(K)* 100
4125 CONTINUE

WRITE(7,4130)
4130  FORMAT(///,2X,’Compositions in Metal Phase:'/))

WRITE(7,4100)

4100 FORMAT(1X,'X (micro)’,5X,’ Fe *.5x. Mn ' 5x,’ Ca’',

& 5x,’ Al °,5x, Si ’,5x%,’ o'JMN

DO 4150 K=0, 100
WRITE(7,4170) VV*K, (WTP(],K), I=1, IONS)
4150 CONTINUE

4170 FORMAT(3X,F5.0,7X,6(F10.5,3X))
VW=XS§/NS*.1D5

WRITE(7,4185)
4185 FORMATY(///,2X,’Compositions in Slag Phase:’.//)

WRITE(7,4100)
DO 4200 K=0, 100
WRITE(7,4170) VW*K, (CATAN(,K), I=1, ICAT)
4200 CONTINUE

4245 FORMAT(5X, Element’,3x," Fe{l) ",5x," Mn(2) *,5x,’

& 5%, Al(4) *,5x, Si(5) ".5x,"  0O(6) ')
4180 FORMAT(8X,!3,4X,6(D9.3,4X))
4900 TI=0.0
TII=0.0

IF(TIMEL.GT.PT) GOTO 5000
IF(WCOP.LE.ACCU) GOTO 2000

GOTO 1|
5000 STOP

END
C END MAIN

Ca(3) ",

SUBROUTINE ELECTRO(CK,CE,IONS,NB,NC,NF,NH,VAL,ACTM,

& AS,TEMP, U, R, FARADY)
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IMPLICIT REAL*8 (A-H, O-Z)

DOUBLE PRECISION CK(8), CE(8), ACTM(8), AS(8)

DOUBLE PRECISION A, Bi, B2, B3, B4, BS, B6, B7, DFUNC,
FF, FU, FUNC, U, Ul, U2, U3, U4

INTEGER VAL(8)

A=0.D0

B1=0.D0

B2=0.D0

B3=0.D0

B4=0.D0

B5=0.D0

B6=0.D0

B7=0.D0

DO 100 I=1, IONS
A=A+VAL(I*CKI)*ACTM(])
CONTINUE

DO 200 I=1,NB
B1=Bl+VAL{I)*CK(Iy*AS(1)/CE(])
CONTINUE

DO 300 I=NB+1,NC
B2=B2+VAL(I)*CK(I)*SQRT(AS(1)/CE(]))
CONTINUE

DO 400 I=NC+!,NF
B3=B3+VAL(I)*CK(Iy*AS(1)/CE()
CONTINUE

DO 800 I=NF+!,NH
B7=B7+VAL(I)*CK()*AS(I)/CE(I)
CONTINUE

FF=ABS(B2)+ABS(B3)
U1=SQRT(A*A-4.*B1*B7)
U=SQRT((A+U1)/2/BIl)

IF(FF.NE.0.0) GOTO 1100
GOTO 2000

U2=U*u
U3l=u2*uU
U4=U2*U2

FUNC=A*U2-B1*U4-B2*U3*U2-B3*U3*U3-B4*U3*U4-B5*U3-B6*U-B7
DFUNC=2*A*U-4*B1*U3-5*B2*U4-6*B3*U3*U2-7*B4*U3*U3-3*B5*U2-B6

U=U-FUNC/DFUNC

IF(U.LT.0.D0) THEN

PRINT*, U is less than zero, check initial value’
GOTO 2000

ELSE

ENDIF
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FUNT=FUNC/DFUNC
FU=ABS(FUNT)

1%{FU.LE.1.0D-7) GOTO 2000
GOTO 1100

RETURN
END
END ELECTRO

SUBROUTINE ACTSLAG (X,ACTS,WSLAG,TEMP,U,V,HREF,SREFW E:,M)
IMPLICIT REAL*8 (A-H, 0-Z)

DOUBLE PRECISION ACT(8),X(8),HREF(8),SREF(8),ACTS(8),CEREF(8),
W(2.8,8),E(2,8,8),HR(8),SR(8),XX(8)

DOUBLE PRECISION WSLAG, TEM?
INTEGER U(8), V(8), UU(8), VV(8)
LOGICAL SNV, SOK

DO 10" I=1, M
UU()=U(M+1-I)
VV(D)=V(M+1-1)
HR(I)=HREF(M+1-1)
SR(1)=SREF(M+1-I)
XX(D=X(M+!-1)
CONTINUE

DO 200 =1, M
un=uu(l}
V({I)=VV(])
HREF(I)=HR(I)
SREF(I)=SR(l)
XD=XX(I)
CONTINUE

CALL CTHMKF (M,U,V,W,E,TEMP,X,4,.1D3,SNV,SOK,ACT)

IF (SNV) WRITE(6,300)
FORMAT(/2X,"SNV")
IF (SNV) GO TO 700

DO 400 J=1,M
CEREF(J))=EXP((HREF())-TEMP*SREF(J))/1.987/TEMP)
HR(J)=ACT(J)*CEREF(J)

IF (HR(J).GE.1) HR(J)=1.

CONTINUE
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DO 500 I=1, M
ACTS(I)=HR(M+1-I)
CONTINUE

DO 600 I=1, M
UU=UM+1-1)
VV(D=V(M+1-1)
HR(I)=HREF(M+1-I)
SR(1)=SREF(M+1-I)
XX(D=X(M+1-3}

CONTINUE

DO 650 I=1, M
u)=uu(I)
V()=vVV(l)
HREF(1)=HR(I)
SREF(I)=SR(I)
X(I=XX(1
CONTINUE

GOTO 1000

PRINT#*, 'Not Logic Computation’
STOP

RETURN
END
END ACTSLAG

SUBROUTINE CTHMKF (M\U,V,W.E,T,X,INDEX,PREC,SNV,SOK,ACT)

IMPLICIT REAL*8 (A-H, O-Z)

DOUBLE PRECISION W(2,8,8),E(2,8,8),X(8),R(8,8),ACT(8),
WR(2,8,8),ER(2,8,8),XR(8),RR(8,8),
XM(8),XP(8),RM(8,8),RP(8,8),DG(8)

DOUBLE PRECISION PREC, T, GM, HM, SE, GE, GEM, GEP, T™M, TP
INTEGER U(8),UR(8), V(8),VR(8), IR(8)

LOGICAL  SNV,S0K,SOKP
PRINT *'START OF CTHMKF’

INITIALISITION
A)

SNV=.FALSE.
SOK=.TRUE.
GM=0.D0
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GE=0.D0
HM=0.D0
SE=0.D0

DO 1 I=IM
ACT(1)=0.D0
DO | J=IM
R(1,J)=0.D0

B) INDEXATION

MR=0

DO 5 I=IM

IF (X(1)-.1D-4) 5.5.6
MR=MR+!

IR(MR)=I
CONTINUE

C) STOP CALCULATION FOR SINGLE CONSTITUENT
IF (MR-1) 11,10,14

I=IR(MR)
ACT(D)=1.0
R(LD)=V(I)*X(1)
RETURN

D) INITIALISITION OF REDUCED SYSTEM VARIABLES

DO 15 I=I,MR
DO 15 J=1,MR
DO 15 10=1,2
WR(IO,1,1)=0.0
ER(10,1,))=0.0

DO 16 I=I,MR
K=IR(l)
UR(I)=U(K)
VR(D=V(K)
XR(H=X(K)

DO 18 J=IlMR
L=IR({J)

DO 18 I0=1,2
WR(IO,LN)=W(IO,K,L)
ER(1O,1.)=E(IO,K,L)

CONTINUE

CALCULATION OF THERMODYNAMICS MAGNITUDES
A) CELL FRACTIONS AT POINT T,XR
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CALL RI} (MR,UR,VR,WR.ER.TXR,!,PREC,SNV,SOK,RR)
IF  (SNV) RETURN

DO 20 I=I,MR

K=IR(I)

DO 20 J=LMR

L=IR(J)

R(K,L)=RR(l,J)

R(L.K)=R(K,L)

B)- CALCULATION OF EXCESS MIXING FREE ENTHALPY

CALL GFROH (MR,UR,VR,WR,ER,T,XR,RR,GM,GE)
GO TO (11,25,30,25),INDEX

D)- CALCULATION OF MIXNG ENTHALPY AND EXCESS ENTROPY

TM=T-10
TP=T+10
DO 26 i=1,MR
DO 26 J)=IMR
RM(LJ)=RR(1,J)
RP(L))=RR(L.J)

CALL R (MR,UR,VR,WR,ER,TM.XR,2,PREC,SNV,SOKP,RM}

IF (SNV) RETURN
SOK=SOK .AND. SOKP

CALL RIU (MR,UR,VRWR.ER,TP,XR,2,PREC,SNV,SOKP,RP)

IF (SNV) RETURN
SOK=SOK .AND. SOKP

CALL GFROH (MR,UR,VR,WR,ER,TM,XR,RM,GMM,GEM)
CALL GFROH (MR,UR,VR,WR,ER,TP,XR,RP,GMP,GEP)

SE=(GEM-GEP)/.2D2

HM=GE+T*SE

GO TO (11,11,59,30) INDEX

E)- CALCULATIOM OF ACTIVITY OF CONPONENT

DO 31 ID=2MR
Z=DMINI1(.1D-4,XR(1).(1-XR(1)).XR(ID),(1-XR(ID)))/.1D2

DO 32 I1=1,MR
XM(I)=XR(1)
XP()=XR(1)

XM(ID)=XM(ID)-Z
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XM(D=XM(1)+Z
XP(ID)=XP(ID)+Z
XP(1)=XP(1)-Z

CALL Rl (MR,UR,VR,WR,ER,T,XM,2,PREC,SNV,SOKP,RM)

IF (SNV) RETURN
SOK=SOK .AND. SOKP

CALL RIJ (MR,UR,VR,WR,ER,T.XP,2,PREC,SNV,SOKP,RP)

IF (SNV) RETURN
SOK=SOK .AND., SOKP

CALL GFROH (MR,UR,VR,WR,ER,T,XM,RM,GMM,GEM)
CALL GFROH (MR,UR,VR,WR,ER,T,XP,RP,GMP,GEP)

DG(ID)=(GMM-GMP)/(XM(ID)-XP(ID))
CONTINUE

K=IR(1)

ACT(K)=GM

DO 42 [=2MR

L=IR(l)
ACT(K)=ACT(K)-X(L)*DG(})

DO 43 I=2,MR
L=IR(I)
ACT(L)=ACT(K)}+DG(I)

DO 44 I=[MR

K=IR(I)

ACT(K)=EXP(ACT(K)/1.987/T)

IF (ACT(K) .GE. 1.00) ACT(K)=1.D0

RETURN

END

END CTHMKF

SUBROUTINE GFROH (M.U.V.W.ET.X.R.GM.GE)

IMPLICIT REAL*8 (A-H, 0-2)

DOUBLE PRECISION W(2.8,8),E(2.8.8).X(8),R(8.8). Z0(8).Z1(8).
Z2(8),R5(8,8)

DOUBLE PRECISION T,GM.GE,GLN,PLN,UUSLN.ES.EF.ELS

INTEGER U(8), V(8)

[)- CALCULATION OF DIVERSE PARAMETERS
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non ann

an

TP

50

51

52

60

65

70

76
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PRINT *BEGINNING OF GFROH'’

DO 50 I=IM
Z0(=0.D0

DO 50 J=IM
ZO(D=20(1)+V(J)*X(J)

DO 51 I=[M-Il
Z1(D=ZO(1)*LOG(ZO(I)/V{I)/X(I))
Z2(1)=Z0(1+1)*LOG(ZO(1+ 1 )/V(1)/X(1))

DO 52 I=IM
DO 52 J=I,M
RS(ID)=V(I*X(I*V(I)*XJ)/Z0(1)

[1)- CALCULATION OF SYSTEM DEGENERATION
A)- CALCULATION OF LN(P) (LOGARITHM OF TOTAL PERMUTATION
NUMBER OF METALLIC ATOMS

PLN=0.DO
DO 60 I={M-1
PLN=PLN+U)*(Z1(1)-Z2(1))/V(I)

B)- CALCULATION OF LN(U/U*) (LOGARITHM OF PERMUTATIONS
DISTIMNCTES NUMBER BETWEEN CELLS

UUSLN=0.DO
DO 65 [=IM
DO 65 J=I.M

UUSLN=UUSLN+RS(L.Jy*LOG(RS(1,J))-R(LL})*LOG(R(1,3)}
C)- CALCULATION OF LOGARITHM OF DEGENERESCENCE
GLN=PLN+UUSLN

I1}- CALCULATION OF TOTAL SYSTEM ENERGE
A)- CELLS FORMATION ENERGE

EF=0.D0
DO 70 I=I1,M-1
DO 70 J=I+|,M
EF=EF+2.DO*R(L)*(W(LLI)+X(H*W(2,10)

B)- CELLS INTERACTION ENERGE

El=0.D0

DO 75 I={,M-1

$=0.D0

DO 76 J=l+I.M
S=S+VIPF XX EL L+ X(D*E(2.1,))



75

G

80

C

EI=EI+2.0%R(I,1}*S/Z0(1)

TOTAL ENERCE

ES=EF+EI

IV)- CALCULATION OF FREE ENTHALPY
GM=ES-1.987*T*GLN

V)- CALCULATION OF EXESS FREE ENERGE
GE=GM

DO 80 I=I,M

GE=GE-1.987*T*X(I)*LOG(X(1))

RETURN

END
END GFROH

C st kbl ook sk sk okok e ko sk ok sk ok ok

C CALCULATION OF CELL FRACTIONS
ook kR R AR K

51
50

52

SUBROUTINE RIJ (M,U,V,W.E,T.X.IND,PREC,SNV,SOK,R}

DOUBLE PRECISION W(2,8,8),E(2,8,8).X(8),R(8.,8),P(8,8).Y(8),
PZ(8,8),A(8,8),Al(8,8),B(8),DY(8), D2 Y (8),Q(8)

DOUBLE PRECISION T, PREC, AD, DZ, Z

INTEGER U(8), V(8)

LOGICAL  SNV,S0K
PRINT *,BEGINNING OF RIJ’

INITIAI ISATION OF P AND Y IN RU

AD=V(M)*X(M)
P(M,M)=1.D0
Q(M)=0.D0

DO 50 I=1,M-1

AD=AD+V(1)*X(I)

P(1,))=1.D0

Q(1)=0.D0

DO 51 J=I+1M
QU=QU)+VUPXU*E(LLIM+X(D*ER,L)
CONTINUE

DO 52 I=1M-1

DO 52 J=I+IM
P(LY)=EXP((-W(1,1,)-X(1)*W(2,1))+(Q(1)+Q(J))/AD)/1.987DO/T)
P(.1)=P(1,))
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GO TO (1,2),IND

DO 3 I=I.M
3 Y(DH=V)*X(I)/SQRT(AD)

Z=0.D0
GO TO 5

2 DO 4 I=IM
4  Y(I)=SQRT(R(LI1))

GO TO 20

CALCULATION OF Y BY DEVELOPMENTS LIMITS
1)_ CALCULATION OF MATRIX PZ

5 DO 6 I=I,M
DO 6 J=I.M
6 PZ(IJ)=P(1J)**Z

C 2)- CALCULATION OF MATRIX A

DO 7 I=IM
A(LD=2%Y(])
DO 7 J=IM
IF (1-J) 878

8  AN=PZN*Y(D)
A(LD=A(LD+PZ(LN)*Y(J)

7 CONTINUE

C 3)- INVERSION OF MATRIX A

—

Q0

CALL GAUINV (M,A,SNV,AI)
IF (SNV) RETURN
C 4)- CALCULATION OF DY

DO 10 I=IlM
B(I)=0
DO 10 J=I.M
10 B(D=B(D-PZ(!.JY*LOG(P(LN)*Y(D)*Y(J)
DO Il I=IM
DY(1)=0
DO 11 J=1.M

11 DY(I)=DY()+AI(LIY*B(J))
C 5)- CALCULATION OF D2Y
DO 12 I=IM



C

C

C

12

13
6)-

16
17
18
15

19

20
1)-

30

22

21
2)-

3)-

B(1)=0

DO 12 J=I.M

B()=B(1)-PZ(11)*(2*DY (I*DY(J)+2*LOG(P(1,))*(Y()*DY(J)+
Y(*DY D)+ Y (1Y ()*LOG(P(1,1))**2)

DO 13 I=IM

D2Y(I)=0

DO 13 J=IM
D2Y(I)=D2Y(I)+AI(1,J)*B{J)

CALCULATION OF Z AND Y NEW VALUE
DZ=0.5D0

DO 15 I=IM

IF (DY(D)) 16,17,16
DZ=DMIN1(DZ,ABS(.1*Y(1)/DY(I)))

IF (D2Y(l)) 1%,15,18
DZ=DMIN1(DZ,SQRT(ABS(.05*Y(I)/D2Y(1))))
CONTINUE

DZ=DMAX(DZ,.1D-2)
DZ=DMINI(DZ,(1-Z))
7=Z+DZ

DO 19 =IM
Y(D=Y(D)+DY(I)*DZ+D2Y(I)*DZ*DZ/2

IF (Z-1) 5,20,20
VALUES IMPROVEMENT OF Y BY ITERATION

NITER=0
CALCULATIPON OF MATRIX A

DO 2! I=IM
A(LD=2*Y (1)

DO 21 J=1.M

IF (I-]) 22,2122
A(L)=P(LI*Y(I)
ALD=A(LD+P1.J)*Y()
CONTINUE

INVERSION OF MATRIX A
CALL GAUINV (M,A,SNV,AI)
IF (SNV) RETURN
CALCULATION OF DY
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23

24
34

26

27

40

42
41

C

DO 23 I=IM
B()=V(I)*X(I)
DO 23 J=IM
B()=B(I)-P(,I*Y(I)*Y(J)

DO 34 =M
DY(1)=0

DO 24 J=IM
DY()=DY(I)+Al(1,})*B(J)

CONTINUE
SOK=.TRUE.

DO 25 I=lM

IF (Y(I)) 26,25,26

SOK=SOK .AND. (ABS(DY(I)/Y(l)) .LT. PREC)
CONTINUE

DO 27 =I.M

Y(D=Y(D)+DY(D)

NITER=NITER+1

[F (SOK) GO TO 40
[F (NITER-10) 30,40,40

CALCULATION OF CELL FRACTIONS

DO 41 I=IM

DO 42 J)=IM
R(L=P(LIY*Y(1}*Y(J)
CONTINUE

RETURN
END
END RD

Cok ook dokokkok

C

INVERSION OF MATRIX BY GAUSS METHOD

Cortesioksioiokrkokor ok okk

SUBROUTINE GAUINV (N,A,ASINGL,U)

IMPLICIT REAL*R (A-H, O-Z)
DOUBLE PRECISION A(8,8), U(8.,8)
DOUBLE PRECISION §, UMAX
INTEGER 1L(8), JL(8)

LOGICAL  ASINGL

C INITIALISATION OF U
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DO 1 I=LN
DO 1 J=LN
U(LD)=A(LJ))

ASINGL=.FALSE.

DO 3 L=I\N

UMAX=0.

IF (ASINGL) GO TO 3

C SELECTION OF ELEMENT

4

DO 4 I=L.N

DO 4 J=L\N

IF (ABS(UMAX)-ABS(U(LJ))) 544
UMAX=U(L}H

IL(L)=I

JL(L)=)

CONTINUE

C CALCULATION OF PARTIAL DETERMINANT

ASINGL=ABS(UMAX) .LT. 1.0D-8
IF (ASINGL) GO TO 3

C DISPLACEMENT OF ROWS AND COLUMNS

10

12

1

17

16

21
20

I=IL(L)

IF (I-L) 8,108
DO 6 J=IN
S=U(LJ)
U(L.))=U(1L.)
u(,J)=-8
J=JL(L)

IF (J-L) 12,1512
DO 11 I=LN
S=U(ILL)
U(L,L)=U(1.J)
u(,))=-5

DO 16 I=LN

IF (I-L) 17,16,17
U(I,L)=-U(I,L)YUMAX
CONTINUE

DO 20 I=1,N

DO 20 J=LN

IF ((I-L)*(J-L)) 21,20,21
U(L))=U(L,3)+U(L,L)*U(L,])
CONTINUE
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DO 25 J=!,N

IF (J-L) 26,25,26
26 U(LJ)=U(LJYUMAX
25 CONTINUE

U(L,L)=1.0/lUMAX
3 CONTINUE

C STOP CALCULATION WHEN A IS SINGULAR
IF (ASINGL) RETURN
C ORDERING OF INVERSE MATRIX
DO 30 LI=IN
L=N-L1+1
J=IL(L)
IF (J-L) 35,3532

32 DO 31 I=LN

S=U(I,L)
U(L,L)=-U(1.J)
31 U(L))=S
35 I=JL(L)

IF (I-L) 30,30,37
37 DO 36 J=IN
S=U(L.J)
U(LJ)=-U(L))

36 U(LJ)=S
30 CONTINUE
RETURN
END
C END GAUINV
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Computation of initial Concentrations
& Activities in both phases, t=0

11=O

Calculation of Rates of

A )

Interfacial Reactions

l

Calculation of new concentrations
& activities at the reaction

zone within time interval AlR 0<t<l+nAlR

!

Concentlrations the reaction zone

as one of boundary conditions ¢
for calculation of diffusion

l

Calculation ol diffusion

l<l+mAlD

in both phases in space

index Ax and time interval ALD

|

concentration distribution
in both phases

t=t+mAtD

-

Stop

Fig. 4-1 The flow chart for the computations of coupling of

diffusion and interfacial reaclions in slag/metal system
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Fig. 6-11: Comparison between computed results with recommended
thermochemical parameters in Table 6-9 and experimental data in
specimen 2b (80 min).
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Fig. 6-12: Influence of variation of reaction rate constant of manganese transfer
(cm/sec) on computed results comparing with measured concentration
profiles of Mn and MnO in 1a and 1b (see Table 6-8 for other parameters).
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Fig. 6-13: Influence of variation of reaction rate constant of silicon transfer (cm/sec)
on computed results comparing with measured concentration profiles of
Mn and MO in 1a and 1b (see Table 6-9 for other parameters).
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Fig. 6-14: Influence of variation of reaction rate constant of iron transfer (cm/sec)

on computed results comparing with measured concentration profiles of
Mn and MnO in 1a and 1b (see Table 6-9 for other parameters).
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Fig. 6-15: Influence of varying values of equilibrium constant for formation of
MnO on computed results comparing with measured concentration profiles of
Mn and MnO in 1a and 1b (see Table 6-9 for other parameters).
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Fig. 6-16: Influence of varying valuss of squilibrium constant for formation of

silicon oxide on computed results comparing with measured concentration
profiles of Mn and MnO in 1a and 1b (see Table 6-9 for other parameters).
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Fig. 6-17: Influence of varying values of equilibrium constant for formation of

FeO on computed results comparing with measured concentration profiles of
Mn and MnO in 1a and 1b (see Table 6-9 for other parameters).
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Fig. 7-2: Demonstration of distribution in simultaneous

reduction of SiO2 by manganese and iron in alloy.
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Fig. 7-3: comparison between thermodynamic driving force

1-exp{-Aj/RT} and its appoximated formA, /AT .
(computzd for reactions with the acid slag)
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Fig. 7-4: Demonstration of the coupling factor and
electric over potential in slag/metal reactions

for reactions with the acid siag;
- ——— for reactions with the neutral slag.
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Fig. 7-5: Demonstration of change of Gibbs Free Energy of
formation and Gibbs Free Energy of the system (with acid slag).
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Fig. Bl: Flow chart for computations of reaction kinetics in the reaction zone

in slag/metal system, where L is pre-determined reaction time at which

computations stop, e is pre-determined value of reaction rate to slop

compulations.




