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ABSTRACT

It is predicted from the known ionic properties of the slags
used in electroslag melting, that the D.C. melting process should be
accompanied by Faradaic reactions on the slag/ingot and slag/electrode
interfaces. In the present work we have determined the magnitu&e of
the overpotentials resulting from concentration polarization at these
interfaces, for.the case of pure iron in contact with CaF2 + A1,0, and
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CaF2 + Ca0 slags. This has been carried out using a galvanos tatic
pulsing technique in an electrolytic cell.

The polarization overpotential existing on an electrode in an
operating ESR unit has been measured essentially by the same technique.
It was found that the potentials observed on melting ESR electrodes
agree well with the results from the electrolytic cell. The primary
anodic process is postulated to be the corrosion of iron, leading to an
Fe2+ -~ saturated slag layer on the anode surface at sufficiently high
current densities. The cathodic process isvsuggested to be the
Fgradaic reduction of Al3+ or Ca2+, to prodﬁce a concentration of
[Al]Fe or (Ca)slag in the cathode interface region. _ :

The concentration polarization behaviour of other pure
eiectrode materials (Cr, Ni, Co) was also investigated'in CaF2 + A1203
slags. For these materials, it has been postulated that the primary
aﬁodic process is the corrosion of the mectal which again leads to inter-
face saturation by the appropriate metal ions.

The concentration polarization beﬁaviour of iron alloy elect-

rodes (Fe-Cr, Fe-C) was also investigated. It was found that the

more easily oxidizable alloying elements are preferentially removed from

ii



iij
these alloys when they are anodically polarized.

At very high current densities both the anodic and cathodic
processes may convert to arcs, leading to process instability.

The chemical and thermal phenomena associated with D,C. ESR
were studied by making ingots from pure electrode materials and
iron-alloy electrode materials, Chemical effects which include metal
oxidation and possible alloy loss were explained in terms of the
Faradaic reaction mechanisms proposed inrthe electrolytic cell studies.
Thermal effects were also explained on the same basis.

It was concludgd that glectrochemical reaction products were
responsible for the formation of large humbers of small oxide inclusions
" in the pure metals., In the case of alloy materials, electrochemically
produced oxidation resulted in significant losses of alloy components

during melting.
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CHAPTER 1
INTRODUCTION

1.1 The Electroslag Remelting Process

Electroslag Remelting (ESR) is a process in which a metal elec-
trode is consumably melted through a slag to solidify in a water-cooled
mold forming an ingot. ESR is one of the few processes suitable for up-
grading the quality of the‘more complex alloys in use in specialized
structural applications. The most‘widely used process in North America
is Vacuum Arc Remelting (VAR) which 1is the chief alternative to ESR.
More expensive processes such as Electron Beam Melting are normally used
to process only the rarer metals because of the high operating costs and
the small melting capacity of those units.

Any refining action during VAR is a result of metal exposure to
the vacuum and is therefore restricted to pressure sensitive reactions..
In contrast, in ESR the melting metal spends a finite length of time in
contact with the slag. For this reason compoéition changes requiring
solid/liquid or liquid/liquid reactions are bossible.

ESR appears to be a more satisfactor} secondary refining process
than VAR mainly gecause of the greater flexibility in melting conditions.
Withvproper utilization of.slag chemistry and melting parameters, it
should be possiblé té achieve rigorous compoéition and structure contrdl
hence producing aﬁ ingot with better overall properties.

The ratejéf production of an ESR unit is controlled by the maxi-

mum tolerable freezing rate. In general a lower melt rate produces a



flatter pool profile while a higher melt rate produces.a deeper pool pro-
file and possibly unfavourable dendrite orientation. At present the
maximum ESR ingot size is 150 tons with a diameter of 3 m., and this can
be increased to 200 tons with a 3.5 m. diameter without requiring any
major technological changes. Power consumption during ESR ranges from.
120 to 2000 kwh per ton of metal, again depending on which parameters

the operator chooses to control, in contrast to a typical 3 f)-arc furnace
consumption of 550-650 kwh/ton. Both‘VAR and ESR add approximately the
same cost per ton of metal. Iﬁ this cost structure electrical power con-
sumption accounts for approximately 30-50% of the total direct and in-
direct costs. Optimization of this power consﬁmption would evidently bé

a major advantage in furnace operation.

1.2 The problem

1

The majority.of ESR units in operation today use single-phase,
line frequency (60 Hz) A.C. power. It is desirable that the power supply
cables have the shortest possible route from transformer to electrode
connection and be sited on the same route as the baseplate return lines.
Such an arrangement will reduce the inductive loop and maintain trans-
mission efficiency. A power factor of between 0.85 and 0.92 is normally
obtained on suchvequipmenﬁ without correction measures. As larger elec-
troslag furnaces are.built, it is necessary to determine whether they will
use A.C. or D.C. power. A.C. power factors tend to decrease with increas-
ing ingot size, and although these furnaces could operate at low power:
factors, the supply authorities woﬁld not permit this because of wave-

shape distortion on the incoming mains. Power factor correction can be



accomplished using variable capacitors but the cost is exceedingly high.
D.C. melting, on the other hand, has no electroslag circuit power-factor
problems and thus has advantages for very large ingot sizes.

Strictly from power considerations then, D.C. power is apparently
preferable to A.C. power for very large eleétroslag furnaces, but such a
decision must also be made with respect to possible electrochemical, and
thermal phenomena which might be encountered during the passage of large
amounts of D.C. current through the electroslag system. One must there-
fore attempt to answer the following questions about D.C. electroslag
melting:

1. Whét electrochemical, chemical, and thermal
changes will occur during remelting?

2, Wﬁ& do they occur?

3. ﬁéw important will they be in terms of affecting
the final chemical and mechanical properties of the ingot

metal?

1.2.1 Chemical effects

It is a generally accepted fact that D.C. melting of alloy mater-
"ials produces a higher loss of easily oxidized alloying elements than
occurs during A.C. melting, and also that thevmain concern is not with
the loss of major alloying elements, but instead with changes in minor
components such as Ti, Si, Al, O, S, etc. Etienne (1) reported titanium
losses from AISI 321 stainless steel (0.5 wt. % Ti in the electrode) of

40% in the electrode negative mode and losses of 807% in the electrode



positive mode. Kennard (2) reported Ti losses of approximately 30%
when remelting 18% Ni Maraging steel (0.80 wt. Z Ti in electrode) in
the electrode negative mode. Other workers (3, 4) have reported serious
losses of Si (~10%) and Al (~15%) from iron alloys remelted with D.C.
power. Whittaker (5) and Holzgruber (6) found varying levels of oxygen
and sulphur in ingots made using electrode negative, electrode positive,
and A.C. power. As mentioned previously, oxidation losses are higher
during D.C. melting. These chemical effects must therefore be a result
of electrochemically produced oxidation. The nature of this phenomenon
is unclear due to the lack of definitive electrochemical studies of

metal electrodes ih calcium fluoride-based slags.

1.2.2 Mechanical effects

General concern for oxidative losses is not surprising, since some
alloys, where a small concentration of an essential alloving element is
present, are particularly sensitive to composition fluctuations. In Mar-
aging steel type 300, for instance, which contains 0.8 wt. %Z Ti, a loss
of 0.1 wt. % in Ti will cause the yield strquth to drop by 10,000 psi
(3%). It is apparent, then, that thése observed alloy losses can be very
serious indeed, and one must be awafe of such potential losses during D.C.
remelting in order to decide what mode of melting is most feasible in large
remelting furnaces. Effective loss of alloying elements may also occur by
formation of oxide inclusions in the ingot. In this case, the elements have
not actually been.lost, but they are no longef available to serve their in—
tended purpose.in the matrix. Consideration must also be given to the'detri—

mental effect of inclusions on the mechanical properties of the metal.



1.2.3 Thermal effects

Thermal effects in D.C., Electroslag mélting,will arise directly
if the mode of current passage at the metal/slag interfaces alters either
the rate of heat generation or heat transfer. Depending on the type of
current conduction in the slag, such changes might arise from a Peltier
effect, from an electrochemical polarization resistance, or from the for-
mation of an arc. These possibilities will be discussed subsequently.
Heat effects apparently do exist during electroslag melting because it
has been noted (7,8 that the three modes of melting (ﬁ.C. -ve, D.C. +ve,
A.C.) broduce differences in the specific melt-rate (kwh/ton), and, further-
more, these findings by different investigatgrs are not in agreement as to
which mode is the most efficient. These differences in specific melt-rate
must arise, in part, from heat generation effects at the electrode, which
in turn must resﬁit from electrochemical and chemical effects associated
with the mode of current passage'at the élaé/metal‘interfaces.

Since it is apparent that chemical, mechanical and thermal effects
are associated with using D.C. power for electroslag remelting, and that
the resulfs to dafe are contradictory regérding these effects, it is worth-

while investigating these phenomena on both small and large scales.

1.3 Background to the problem

Before one can study the occurrence of the effects discussed pre-
viously, it is necessary to understand fully all the possible methods of
current passage.in a liquid metal/fused salp system, and in each case to
consider the possible mechanisms which could give rise to chemical and_

thermal effects. The three possible modes of current passage between a



liquidimetal electrode and a fused salt are:
I. Electronic conduction.
II. Faradaic reactions.
IIT. Arc discharge.
Each of these have specific characteristics which may or may not

be able to explain the effects being examined.

1.3.1 Electronic conduction

If current passage through such a system takesAplace by electro-

nic conduction, i.e., the slag is an electronic conductor, there will be

no Faradaic reactions occurring at the slag/metal interfaces. There will
therefore be no electrochemically produced material to affect the chemis-
‘try of the metal and the slag. Any chemical changes would_result only from
chemical interactiqn between the'élag and the melting metal. Heat gener-
ation in the bulk of the slag will occur by resistance heating, the amount
of heat so generated being equal to the product of the process voltage and
current. If any change in the Can stoichiometry is to be produced by high
temperature reaction it would be most likely to lead to metal-excess com-
positions. Hence the slag would behave as an n-type semiconductor. It

is possible during electronic conduction, to generate localized heating

or cooling at an interface due to the Peltier effect, which is important
whén two materials have differing electron mobilities. The amount of

heat so generated ié given by:

q ="l
where m is the Peltier coefficient and I is the current. The Peltier co-

efficient is given by:



T = aT
where o is the Seebeck coefficient and T is the absolute temperature. The
Seebeck coefficient of one of the best commercial thermoelectric materials
(PbTe), is approximately 400 uV.°C_l, but that of a calcium-fluoride slag,
would likely be much lower, say approximately 10 uV.°C_l. At a temper-
ature of 2000°K, and a current of 1000 A., the rate of Peltier heating at
such a proposed interface would be 20 cal.sec._l, a negligible amount in
comparison to the total process heat geﬁeration rate of 6.5 Kcal.sec—l.
Also, such heat generation at one electrode interface, would be comple-
mented by an equivalent amount of heat loss at the other interface. One
can therefore conclude that electronic conduction during ESR processing
would produce no éignificant chemical changesband that localized heat
generation arisiné from the Peltier effect wéﬁld be insufficient to affect
ﬁhe melt rate of the electrode. In view of fhese deductions, one must.
account for any éﬁemical and thermal effects observed during electroslag
~melting by means ogher than electronic conduction, even though the degree
of electronic cénduction in such a metal/fused salt system might be quite

substantial (as will be discussed in Chapter 5).

1.3.2 Ionic conduction

If current passage between liquid mefal electrodes in contact
with calcium fluoride-based slags takes place by ionic conduction, Faradaic
processes must take place at the electrode/slag interfaces. This require-
ment has two impo;tant consequences. The first is that Faradaic reaction
products are available in the system to react chemically with the metal

and the slag. The second is that polarization can occur at the metal/



slag interfaces which could result in localized excess heat generation and
modify iso-potential surfaces in the bulk of the slag. This would affect
the local dynamic heat balance at the metal/slag interfaces, and would be
reflected either in melting efficiency or in process temperature distri-
butions.

Although it has been stated that calcium fluoride-~based slags
are completely ionic in nature (9), this in fact means that ﬁhe degree of

electronic conduction is extremely small. In pure liquid CaF the transport
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number of electrons is approximately 10—4(10), and arises from a small degree
of nonstoichiometry which is inherent in all compounds at high temperature
(11). Calcium fluoride will have significant electronic conductivity when
calcium is dissolved-in it, calcium being completely miscible with calciumA
fluoride (12). Although the effect of dissolvea calcium on the electrical
conductivity of calcium fluoride has not been studied, data are available

on the effect of sodium addition to sodium fluoride and similar halide sys-
tems (12). From these data it appears that a 30+40'increase in conductivity
for 2»5 mole % addition of calcium to calcium fluoride is not unreasonable.
This would represeﬂ£ a large degree of nonstgichiometry'and therefore a sub-
stantial aegree of n—-type electronic semiconduction. :

For the méﬁent, calcium fluoride slags will be presumed to con-
duct ionically, and fherefore dufing eléctroslag remelting with D.C. power,
cathodic and anodié Faradaic reactions take pléée continuously at the
appropriate sites. It is difficult to justify‘the presence of substan-

tial net Faradaic reactions in an electroslag furnace in view of the fact

that the slag chemistry is essentially unchanged during melting. The



overall system reaction efficiency must therefore be very low, apprdxi—
mately 1%, a condition that can arise in two ways. The first possibil-

ity is that the individual total anodic and cathodic processes themselves
operate at very low current efficiencies. This would be the case if

there was a substantial amount of electronic conduction. The second possi-
ibility is that, if the reaction current efficiencies are high, the indi-
vidual reaction products continuously recombine during remelting such that
during melting a small steady state amount of anodic and cathodic products
are present in the slag. Observation of the system as a whole would there-
fore indicate that the reactions behave efficiently but that the net elec-
trochemical composition changes in the slag are small.

The lack of substantial chemical changes in the slag implies that
the chemical changes which occur in the metal are also small, although |
even small losses iﬁ some alloying elements can have very serious effects
on the mechanical pfoperties of the metal. The purpose of this study is
then to formulate Faradaic reaction mechanisms occurring at liquid metal/
fused salt anodic and cathodic interfaces which can account for the folloﬁ—
ing phenomena:

'I. Chemical changes in the slag are small.
II. Easily oxidized alloying elements are
preferentially removed from the melting metal.
ITI. Chemical changes in the metal are small.
IV. Thermal effects have been observed and are

apparently related to the mode of power used during melting.
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1.3.2.1 Interfaces at equilibrium

It is useful at this point to consider the type of metal/slag
interface that would exist between pure iron and a calcium fluoride-
based slag atbequilibrium, (no net current flow across the interface).
If a solid iron electrode is immersed in a liquid calcium fluoride-
-calcium oxide slag, equilibrium between the metal and slag will be
attained by dissolution of iron ions in the slag at the interface. Al-
though the iron surface is in equilibrium with the slag, the interface
is not a static one. An exchange current flows, in which the forward
current equals the reverse current. Aqueous systems generally have low

12—>10—3A.cm—2) but some liquid metal/fused

exchange current densities (10
salt systems have comparatively high exchange current densities (iO = 210
A.cm.-'.2 for the Cd(II)-Cd reaction) (13). The exchange current density
can be considered to be a measure of the reversibility of an electroche-
mical reaction, which in turns indicates the ease with which an electrode
may be polarized.‘

‘A high exchange current density implies that an electrode is diffi-
cglt to polarize.' The behaviour of polarized electrode interfaces will
now be discussed siﬁce polarization phenomena can be used to answer some
of the questiqns:previously presented with respect to chemical and ther-
mal effects. At a simple liquid metal/fused salt electrode interface,
polarization phenomena have the following consequences.

1. The presence of polarization at such

an interface implies that excess heat will be generated

by current passage through the thin polarized slag layer
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representing part of the irreversibility of the reaction.
Significant polarization could therefore account for any
observed thermal effects during remelting.

2. Polarization will take place by Faradaic
reactions, the products of which may lead to small but

important composition changes of the metal during melting.

1.3.2.2 Polarized electrode interfaces
At equilibrium, the potential, with respect to a reference elec-
trode, of an Fe electrode in contact with a calcium fluoride-calcium
oxide slag is defermined by the concentration of Fe’' ions at the slag/
metal interface. This concentration is governed by the half-cell reac-
tion:
Fe > Fe2+ + 2e (1-1)
For the cése of a simple metal/ion electrode having the electrode
reaction valencé n = z:
Me - MeZ+‘+ ze (1-2)

the equilibrium electrode potential, E, is written in the form of a

Nernst equation:
(1-3)

where E° is the standard electrode potentiél when all reactants and products
are at.,unit activity. If must be stressed that all half-cell potentials

are measured with respect to a reference electrode whose potential is con-
stant for a giﬁen electrolyte. Ideally, a reference electrode consiééé of

an electrode surface in contact with electrolyte of a known and invarient
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composition such that a standard reference electrode of known potential
can be used. An example of a standard reference electrode is the satur-
ated calomel electrode. A difficulty that arises with such electrodes
is that it is frequently necessary to have two different solutions in
contact, which gives rise to a liquid junction‘potential. ' The value

of the liquid junction potential can be minimized by using a salt bridge.
In aqueous systems where the solution resistances are generally high it
is necessary to utilize this type of reference electrode in order that
the IR drop between a working electrode.and the reference electrode can
-be minimized by having the reference electrode very close to the working
electrode. In fused salt systems, the resisfances are much lower and it
is possible to use a remote reference electrode in contact with the bulk
liquid if the range of liquid compositions studied do not grossly alter
the reference electrode potential. This will be discussed in detail in
Chapter 2. The important point:at issue is'that a reversible reference
electrode must beAused to measure the potential of the working electrode
being studied. If current is passed through aﬁ electrode at equilibrium
and the current is such that the concentration of the electrochemical
reactants or products is altered, the electrdde is said to be polarized,
and the potential-of the eiectrode interface is altered from the equili-

brium potential by the polarization overvoltage.

1.3.2.3 Polarization mechanisms
Vetter (14) defines four types of overvoltage, each one of which

is operative at an interface if that particular step of the overall
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electrochemical reaction is the slowest or rate—determining process.
The types of overvoltage are given below.
1. Ne = charge-transfer. overvoltage.
The transfer of charge carriers across the elec-

trical double layer is rate-—controlling.

2. n. - reaction overvoltage.
A slow chemical step in the overall electrode
reaction is rate controlling, and the rate constant is, by

definition, independent of potential.

3. n, - diffusion overvoltage.

d
Supply of reactants to or removal of reaction

products from the electrode is rate controlling.

4. n, - crystallization overvoltage.
Hindrance of the process by which atoms are
incorporated into or removed from the crystal lattice leads

to crystallization overvoltage.

In a liquid metal)fused salt system at high temperature (~1400°C)
it is unlikely that activation processes other than diffusion would be
rate controlling. Further discussion will therefore be concerned with
diffusional processes and associated phenomena.

Diffusion overvoltage. Diffusion overvoltage, appears when

nd,

the supply of reactants to the electrode or the removal of reaction pro-
ducts from the electrode is rate determining. If all chemical processes,
including the crystallization processes and also the charge-transfer

reaction, are in equilibrium, only diffusion overvoltage is present.
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The potential of an electrode experiencing pure diffusion polarization
can be calculated in terms of the Nernst equation in which the concen-
tration of the components directly at the surface must be used and not
those in the interior of the electrolyte. Therefore, the diffusion

oyervoltage nd is equal to the difference:

ng = E'-E . (1-4)
between the equilibrium potential E and the impressed potential E'_re—
quired for current flow.

Td correlate the diffusion overvoltage N4 with concentration

changes, a general overall electrode reaction will be given.

- -
- - 4. + ... + -
( vl)Sl + ( v2)82 < vlSl + quq ne (1-5)
The stoichiometric factors vj are positive for oxidized components and
negative for reduced components. At equilibrium the overall electrode

reaction leads to the:xequilibrium electrode potential E whose concentra-

tion dependence is expressed by the Nernst equation:

E=E + %3y, «1lnz (1-6)
nF j 3 v

In equation (1—5)5j are the activities Ej = szj of the components Sj
of the overall electrode reaction. On curreqt flow the concentrations
cj directly before the surface, are functions of the current density 1
and of the time t. Hence aj = aj(i, t) # Ej. Therefore, the potential
E'(i, t) is given in accordance with the Nernst equation by:

RT
nF

E'(i,t) = E° + . Evj « In aj(i,t) V (1-7)
and by substraction of equation (1-6) from (1—7), the diffusion over—

voltage is:
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a ,(i,t) ,
ng = E'-E = B%~' v, * In —1:——— (1-8)
n 3 aj

Diffusion polarization therefore results when mass transport of
reactants or products to or away from the electrode interface is rate-
controlling. This produces concentration changes in components Sj at the
interface and the resulting diffusion ovérvoltége is expressed as a

Nernst equation in terms of concentration or activity changes.

1.3.2.4 Mass transport

‘The concept of a diffusion boundary layer must be used when dis-
cussing diffusional transport of species to or away from an electrode
ihterface. For the simplest case, one assumes a planar electrode sur-
face with a diffusion layer of thickness G,FWhich is assumed to be
stationary. Tranépgrt of the component Sj héving the activity aj can
take place only if an activity gradient daj/dx exists for this compo-
nent. Xx is the pérpendicular distance from the electrode surface. The
number of moles N5 of substance Sj diffusing through a cross-section of
1 cm.2 per second is given by Fick's first law. For simplicity, the
concentration Cj will be used in place of thé activity aj, and the flux

is written as:

-t ,
Nj = Dj " ix » (1-9)

All components Sj of the overall electrode reaction (1-5) must:
diffuse through this diffusion layer. A transfer of‘one mole of Sj
corresponds to é charge amounting to n - F/vj coulombs. Therefore the
current density divided by n - F/Vj represents ﬁass transfer in_mole;

cm._2 sec.—l, which passes from the electrode through the layer to the
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electrolyte. With due consideration to sign-

v, dec,
oF Pyt - 3(-10

is obtained. In the stationary state and in the absence of homogeneous
chemical equilibria through the entire layer, the flow of the components

ISjl must be constant and a linear concentration gradient dcj/dx = —(cj—Ej)/6
= constant is established throughout the entire layer. Equation (1-10)

may now be written as:

o O e | (1-11)
n - F i 8 '

In princdple, with thelmovement of ions through the diffusion
layef, the influence of an eléctric field must also be taken into account.
This field causes an additional migration current which is superimposed
on the diffusion current. A high excess of an indifferent electrolyte
minimizes this electric field effect within the diffusion layer to a
large extent, since the excess electrolyte causes the transport number
-tj of the reacting components Sj to become very small. By assuming that
the concentration of ions involved in the electrochemicai reaction is
small, the effect of the electric field can be neglected.

The value 6f the concentration gradient (cj-Ej)/dsis proportional
to the current density i ;[equation (l—ll)],»and in the case of ions
diffusing to the electrode surface, the conceﬁtration gradient will
have a maximum value which is réaﬁhéd when tﬁe current density is such
that the ionic concentration Cj of species Sj becomes zero at the elec-

trode surface (cj=0). This maximum concentration gradient is then Ej/G
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and the corresponding current density is called the limiting diffusion
current density i;ingith respect to substance Sj. For each substance
Sj in the overall electrode reaction equation (1-5) there is such a
limiting diffusion current density which is characterized by the index
.

D,
i =—‘9—-F-—f§L-E- (1-12)

The electrode reaction can take place no faster than the value deter-
mined by this limiting current density. However, if a potential is im-
pressed on the cell sufficient to produce a current density i higher

than the limiting current density i , ., the potential at the electrode

d,j
will change to such an extent that a second electrode process may take
place at the current density (i—id).

The ratio of the concentration cj/Ej is important for the calcu-

lation of the diffusion overvoltage according to equation (1-8). This

ratio is easily derived from equations (1—11)_and (1-12), i.e.,

C,
1 = —d L= 1 -0
i - —
d’j R C.
CJ ]
or c i
- = 1 -3 (1-13)
c, 43

Equation (1-13) is valid for every component Sj in the overall
electrode reaction, so that one obtains the general expression for the

total diffusion overvoltage after substitution into equation (1-8), i.e.,

= B e (P71 ) (i-14)
nF J 1ij
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The diffusion overvoltage resulting from transport of species
Sj is written in terms of the current density, i, and the limiting current
density, id i Examination of equatibns (1-14)and (1-12) shows that id
, -

contains the mass transport variables inherent in'nd.

1.3.2.5 Transition time
The term chronopotentiometry is applied to the techniques of

electrolysis at conétént current under conditions of linear diffusion con-
trol. It musf be stressed that chronopotentiometry is.a‘selected form of
unsteady state. An important experimental quantity in chronopotentiometry
is the "transition time" 7. This time is the time interval subsequent to
the onset of cohstanf current electrolysis during which the surface concen-
tration of diffusing material undergoing electrode reaction reaches zero and a
rapid increase of electrode potential occurs. The value of the transition
time can be calculated from linear diffusion theory, derived from the follow-
ing conditions:

1. Uniform initial concentration Ej of diffusing
species S,.

. J .

2. Constant concentration gradient at the electrode

surface equal to i Vj/nFDj'
The concéntration of species Sj'at the interface can then be

found by solving thé partial differential equation for diffusion (Fick's
vSecond Law) under the appropriate initial and boundary conditions. The
interface concentration cj varies with the distance x and the time t such

that cj = cj(x, t) and is written:
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_ 2 N, ¢/? _ x2 N_.x x
cj(x,t) = Cj - —TT%—I7§~e 4 Djt + 5%—-'erfc (1-15)
Doom J 4Dt
3

where Nj is the éonstant flux imposed by the current density i. As
stated in equation (1-10) the flux Nj is equivalent to i - vj/nF at the
electrode interface; and this can be substituted into equation (1-15)
for the boundary condition x = 0 to obtain

2 dv,

= =7 - 1.t -
cj(x 0,t) cj 5 p— (1-16)
By writing
2 iv, T
P= + “'}ﬁ?l' 7D (1-17)
equation (1-16) becomes
1/2

cj(x =0,t) = c, - Pt (1-18)

The expression gives the variation of concentration of species éj at
the interface wifh time, after application of a constant current density,
but one seeks also to know the time variation éf the potential difference
across the interface at which the reaction is occurring. To obtain this
relationship, the Nernst equation can be used to relate the potential diff
ference to the interface concentration. That is, by substituting (1-18)
into the Nernst equation, the electrode potential measured with respect
to a reference electrode is given by:

1/2

E'(x = 0,t) = E° + %% In &, - e’ (1-19)

Before one can develop this equation further, consideration must be -

given to the material produced by the electrochemical reaction. A simple
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example is the electro-reduction of ferric ions to form ferrous ions

3+, - 2+ . .
(Fe™ + e™ Fe” ) where the reactant and product are in solution, and
one must take into account the diffusion of the electron donor away from
the electrode and the variation of its interfacial concentration with
time. If the reacting species. is Sa and the product species Sb’ equa-

tion (1-19) can be written as:

c (x = 0,t)
"(x = 0.t) = F° + XL g2~ -
E'(x = 0,t) = E° + < In S G0, (1-20)
where ca(x=0,t) = Ea - Ptl/z. ' (1-21)

If 1 mole of S, is formed from 1 mole of Sa and their diffusion

b

coefficients are the same, one obtains

¢ G =0,0) = ¢ + ppl/2 (1-22)
and equation (1-20) becomes:
c - Ptl/2
CE'(x = 0,t) = E° + 5% In 22—y (1-23)
n cy + Pt

is negligible, then ¢, = 0

If at zero time, the concentration of S b

b
and equation (1-23) becomes:

P Pt1/2

1 = _ po 4 RT a
E'(x = 0,t) E° + oF 1n 172

(1-24)
Pt

Consider the expression (1-24) for the time variant potential of
the working electrode at which a diffusion controlled electro-reduction

reaction is stimulated by a constant current switched on at t = 0. The

1/2 1/2

product Pt = 0 at t = 0. Hence, Ea/Pt tends to infinity as does

1/2 |
i

its logarithm. At values of time greater than t = 0 the term Pt s
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finite and at some value of time is equal to Ea' This time has been

Pt1/2) tends

previously defined as 1, the transition time, and ln(Ea -
to minus infinity, and the potential changes rapidly. In fact, it sinks

till it has become sufficiently negative so that the electro-reduction

of some other ionic species can occur. By definition, therefore, when

t =1 and (Ea - Ptl/z) = 0, Ea = PTl/z and equation (1-24) can be
‘written as:
1/2 1/2
RT - .
E'(x = 0,£) = E° + = 1n & Pt (1-25)
. nF 1/2
Pt
where P was defined by equation (1-17) to be
U § 1
p.P = +2 nF 7D 7(\3 =D
and equation (1-25) becomes
- /2 1/2
Y(x = —go 4 RT 4 T -t _
E (x 0.t) E° + F 1n t1/2 (1-26)

Prior to current passage, the equilibrium electrode potential
determined by the concentration of species Sa is written as:

b oo 4+ BL = | -
E = E° + F 1n c, _ (1-27)

As defined by equation (1-4), the diffusion overvoltage ng can
then be written as:
1/2 1/2
=E' - F = RT ,,z__-¢ -
ny=E' -E=A+_-1In 72 (1-28)
where the constant A is given by:
RT -

A= -—=lnc, (1-29)
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By manipulation of the equation

< =pt/? (1-30)
a .
and substitution of equation (1-17), it can be shown that
- 1/2 _1/2
_1/2  PEe, T D (1-31)
it = 5

1/2

The product it is seen to be constant for diffusion controlled electro-
lysis regardless of the current density. Equation (1-31) therefore consti-
tutes a simple experimental criterion of diffusion control.

The preceeding discussion on ionic conduction has presented the
basic information regarding diffusion polarization processes.

Genéral expressions were presented to show that the polarization:
overvoltage can be described in terms of concentration changes of reactant

or product species at the electrode surface, and these changes can be

considered in terms of a Nernst equation:

c, (i, t)
ng = hF " oy In - G
- |
' J

Using the concept of mass transport at constant current density in
unstirred solutions, the definition of a limiting diffusional current
was discussed and it was shown that the diffusion overvoltage can also be
expressed in terms of the current density(i) and the limiting current
density (1d5j)’

- RT | . 1-1i -3
Ny = oF Zvj_ In ( i ] ) (1-33)
3
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The transition time, 7, was defined as the time after the on-
set of constant current that the concentration of reacting ionic species
becomes zero at the electrode interface. The diffusion overvoltage can

also be expressed in terms of T and t:

Ny =A+§—§-ln Tl/2 - tl/2
1/2

t

(1-34)

1.3.2.6 Ionic chemical and thermal effects

Chemical effects. The Faradaic reaction products produced at the

electrode surfaces are available in the system to interact chemically
with the metal and the slag. Therefore ionic conduction can account for
chemical effects observed during D.C. electroslag melting.

Thermal effects. A polarized electrode interface through which

high current densities pass will behave in a quite different thermal
manner from an unpolarized interface. Current passage through ionic

slags produces heat by Joule heating according to the relationship:

P =Vi (1-35)
where P is the ﬁower generation in watts, and.v is voltage drop in the-
slag. At an dnpolarized electrode, the voltage gradient in the slag at
the electrode interface is the same as that in the bulk of the slag.

At a polarized electrode, the'voltage gradient is higher than normal in

the polarized layer and heat generation in this layer will be according-
ly higher. The increased voltage gradient is produced by the polariza-

tion overvoltage and the excess heat generation is given by:

P = ni (1-36)
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In this way polarization at liquid metal/liquid slag interfaces
can account for thermal effects obéerved during D.C. electroslag melt-
ing.

It is interesting to consider the possibilities of cﬁemical and
thermal effects when melting with A.C. power. If slow diffusional
processes are responsible for D.C. melting effects, and if the diffu-
sion times are long in comparison to the half-wave time of 60 Hz. A.C.
power, net chemical effects should bé zero. This is to say that reaction
products produced on the anodic half-cycle should be entirely removed by
the cathodic half—cycie. Howevergany polarization resistance heating

would not behave reversibly.

1.3.3 Arc discharge
Consideration will now be given to the case in which current

transfer between a melting electrode and liquid CaF, based slag takes

v 2
place by arc diécharge. This possibility will be discussed in terms of
thermal effects and chemical effects, and it is assumed that the slag
conducts ionically. Very little is known about the mechanisms of current
movement through a high current arc, especially for arcs between higﬁ—
temperature slag and metal surfaces.

In metal electrodesgcharge is conducted by a ''degenerate gas'
of free electrons, but they remain loosely associated with atoms. With-
in the plasma region of an arc, electrons -and ions exist.and move as

separate entities but very little is known about the transition from

one type of conduction to the other at the arc terminals. In the case
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of arcing during electroslag melting the conduction sequence in going
from the metal to the slag is electronic » electronic + ioniec - ionic.

At a metallic arc cathode,.thermionic emission is most often
proposed as the primary mechanism of electron liberation, but there is
doubt as to the source of energy needed to sustain emission. Also,
the effect of ion current in reducing requirements for electronic
emission must be recognized.

The anodes of high—current metallic arcs appear to function pri-
marily as coilectors of electrons and secondarily as contributors of
vapours and ions to the plasma. .The principal means of anode heating
is electron boméardment. Hence, it is generally concluded that the
current at the énode is almost entirely electronic.

)With respect to a metal/slag arc, one can propose that current
transfer through the arc plasma takes placé by electron plus ionic con-
_duction. There Qill be Faradaic reaction products deposited at both the
metal/plasma interface and the plasma/slag interface. Electrochemical
reactions are therefore possible, but the most important aspect of arc
phenomena are those of heat generation in the arc. During electroslag
melting, an arc could be initiated at the electrode in two ways.

1. By evolution of a Faradaic reaction
product which is gaseous or has a very high vapour pressure

0, ). This product would facilitate electron

(e.g., Cal, 2g

emission at the ionic liquid surface. An arc so formed
would be self-sustaining by virtue of continued production

of the materials.



26

2. By passage of sufficient current at
the electrode to heat the slag at this point to its

boiling point and vapourize it.

Both possibiiities will be considered in the discussion, but,
at this point, it is sufficient to say that the most important aspect
of arc discharge will be the high rate of heat production at the
electrode. This should produce anomalously high electrode consumption
rates. Chemical effects would be possible but would be secondary in

importance to the thermal effects.

1.4 Conclusions

The conclusions of this chapter are as follows:

1. Chemical and thermal effects do exist using
D.C. electroslag melting. Chemical effects result in oxi-
dation loss of important alloying elements from the metal,
the magnitude of which can be sufficient to alter ingot
mechanical properties. Thermal effects are apparently

manifested as differences in the specific melt rate.

2. Electronic conduction in the slag cannot

account for the observed chemical or thermal effects.

3. Ionic conduction in the slag can account
for the reported observations, through Faradaic reactions

and their consequent associated polarization effects.
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4, Arc discharge at a melting electrode
is possible and is important in regard to thermal

effects.

5. Definitive small scale and large
scale studies are justified in order to establish
the chemical and thermal effects, and to propose

suitable electrochemical mechanisms.

1.5 Experimental programme outline

It is now necessary to decide what experimental results are
needed to satisfactorily explain the chemical and thermal phenomena
observed during D.C. electroslag remelting. In view of the contradic-
tory nature of these phenomena as reported by other workers in the
field, the following questions must be asked.

A. Are the reported effects real in
experiments in which the following parameters are
controlled?

- atmosphere
- process voltage and amperage
~ alloy composition
- slag composition
B. What is the magnitude of these effects?
C. What is the nature of the electrochemical
reactions at liquid metal/calcium-fluoride based slag

interfaces?
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‘The experimental programme designed to answer these questions

consisted of two areas of work, and these are:

A. The investigation of metal/slag inter-

faces polarized at realistic current densities.

B. The production of ESR ingot from pure
metals and alloys using various modes of power under

controlled atmosphere and slag chemistry conditions.



CHAPTER 2

SMALL SCALE STUDIES
2.1 Experimental considerations

As was outlined in the'preceeding section, one experimental ob-
jective was the study of electrochemical phenomena occurring on metal
electrodes in CaF2 slags. As will be shown later,‘for experimental rea-
sons, cylindrical electrodes were used in these studies and it was there-
fore necessary to consider the effect of cylindrical geometry on diffusion-
al process occurring in the slag. The diffusion problem can be treated in
terms of two variables, the distance r from the cylinder axis and time
elaﬁsed from the beginning of electrolysis. The flux through a cylinder

of radius (r + dr):
q(r,t) + Bq(r,t)/sr] - dr | (2-1)

The change in concghtfation of the substance being reduced at

the electrode is, in a shell of thickness dr per unit time:

BCO(r,t) in (r + dr)q(r + dr,t) - 2nr q(r,t)

2t - . 2nrdr (2-2)

THe cylinder surface area is 2Znr and the cylinder height is one unit of
lengtﬁ;
The flux of the diffusing substance through the surface of a cylin-
der of radius r>is‘prpp0rtional to the concentration gradient. Thps
| | - 8¢ (x,t)

q(r,t) =.Do Fve (2-3)

[a¥a)
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By combining (2-2) and (2-3) one obtains:

2. :
BCo(r,t) P Co(r,t) 1
r

D ¢ —F——— +

~ _écé(r,t)
ot T Yo 3 2
2

(2-4)
ar

Equation (2-4) will be solved for the case in which the substance
is reduced at the electrode surface as soon as it reaches it. The boundary

and initial conditions are as follows:

Co(ro,t) =0

where r is the cylinder radius.
o
Co(ro,o) = C

¢, (r,t) = c® for r » »

Integration of equation (2-4) is rather complicated and only the expansion

for the current density will be presented in terms of expanded Bessel functions:

1 [ 1

T 55

1 = nFAD c°
. o)

+
ro| =
1
e

™

(i)l/z+ %«b .. ] (2-5)

where ¢ represents the dimensionless group Dot/roz. When ¢ is sufficient-
ly small, all but the first term in the bracket in equation (2-5) vanish,
and the current is the same as for linear diffusion. This will be so when
the quantity l/(ﬁ%¢%)is smaller than 0,0l. The electrodes used in the small

scale studies had r = 0.363 cm. and for an average diffusion coefficient

D0 = 10'—4 cm.2 sec.—1 in Can slags, a maximum value of t can be calculated

below which the current will be the same as for linear diffusion (¢ = 0.01).
Dot'
¢ =

r
(o]
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so t =

102 x1.32 x 1071

1074

]

so t = 13.2 seconds.
Therefore, if electrolysis times less than 10 seconds are used
with the electrodes considered, conditions of linear diffusion can be

applied to subsequent analysis.

Galvanostatic pulsing. The technique of galvanostatic pulsing
was used in the small scale electrochemical studies rather than‘a potentio-
static technique because of the design aspects of the electrochemical cell.
The reference electrode was well removed from the working electrode and
the potential difference produced by the cell resistance when current flowed
was significant, and occésionally as large as the measured overvoltage. It
was therefore necessary that, for a given slag composition at a given current
density, the iR product remain constant which is the case with a galvano-
static technique. When using a potentiostatic technique, the iR_product
would decrease continuously as the working electrode polarized and reliable

overvoltage values would be difficult to obtain.
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2.2 Small scale polarization apparatus

The apparatus used in these experiments evolved through a ser-
ies of designs in which many problems were encountered. The aim of the
experiments was to study metal/slag interfaces at high temperatures and
high current densities. The slags of interest are very corrosive to
most high temperature structural materials. The crucibles were machined
from graphite, and lined with molybdenum foil to avoid carbon contamina-
tion of the slag., A disc of molybdenum, 0.25 in. thick, was placed in
the bottom of thé crucible to prevent molten metal which had fallen from
the electrode corroding the graphite'crugible and therefore exposing the
slag to graphite. Since there is no material known that will hold liquid
iron and calcium fluoride slags isothermally, it was necessary to hang
the working electrode from above so that it was in contact only with the
slag. The entire assembly was enclosed in a silica tube thermally in-
sulated with carbon felt and purged with argon. Induction heating was:
used in spite of its drawbacks in giving rise to electrical noise. It
was attempted at all times to keep the temperature of the slag below the
melting point of the electrode material to ensure that the electrode tip did
not change shape and therefore surface area. It was also necessary to
use only slags férming a primary phase with a lower melting point than
the electrode material. This restriction arose through the formation
of slag skins on the électrode tip which could not be removed without
completely melting the electrode tip. We have therefore had to con-

fine all our studies to slags with CaF, as the primary phase. The

2
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graphite crucible acted as the counter electrode and was supported on a
graphite pedastal mounted on the water cooled bottom plate of the furnace
assembly. The top plate on the silica tube was water cooled and’i% served
to suspend the working electrode, the slag thermocouple and the reference
electrode. The reference electrode was a short graphite rod encased in a
closed end boron-nitride sleeve and supported by a single bore alumina tube.
A small hole was drilled iﬁ the side of the boron-nitride tube to expose

an area of the graphite to the slag to act as the reference electrode. A
molybdenum wire was used as the electrical contact to the graphite. Before
initiating the galvanostatic pulse, the reference electrode was anodically

polarized and the reference potential was established by the reaction:

cC_ +02 * o + 28 (2-6)
gr < g

Reference electrodes of similar design have been used in cryolite
systems, and were found to behave reversibly (15, 15a). Ideally a reference
electrode should Bé isolated from the system by an ionic membrane such as a
boron-nitride filament carrying slag to act as a salt bridge, but due to.the
dimensional limitations of our system this was not feasible and the absolute
reference electrode potential therefore contains an inherent variation due to
the oxide-ion activity variations in the slags used. |

However; theée variations would be émall ("30 mv between CaFé +
0.5 wt. 7 A1203 and 8 Wt. % A1203).compared with the experimental

error in individual measurements. In no case did we find that the

potential between the reference electrode and the unpolarized iron
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electrode was outside the range 80 - 110 mv.

Finally, the nature of the high current density experiments dic-
tates that a transient method must be used to avoid gross chemical and
thermal changes in the system. The method used was that of galvanosta-
tic pulsing, essentially as used by Gosh and King (16), and as outlined
theoretically by Delahay (17). Since we wanted to investigate high cur-
rent densities we could not use the more usual methods of fast-rise time
éonstant—current pulsing, and instead used constant-current generators
(Hewlett-Packard Models 6269A and 6203B). These have rise times well
within the polarization times we investigated,vexcept at very high cur-
rents (720 A),.;nd in these regions we used the voltage decay rather
than rise, measurements. At the higher cuffent densities (> 5 A. cm.;z),
we would expect to find a significant effect of the electrical field
superimposed on‘the chemical diffusion gradient. Hence in these regions
also we have used the voltage decay measuréments. The voltage~time .
transients weré recorded on a Tektronics étorage oscilloscope model
564 B calibrated against a KiethlyModel 153 electrometric potentiometer.
The apparatus is showﬁ in Figures 1, 2, ana 3.

All the slags used invthese small scale studies were prepared by
mixing weighea<quantities of prefused caléium fluoride (British Drug
House "extra pﬁre") with the required oxide additions of alumina (Nor-
ton fused alumina) or recrystallized calcium oxide. Thevcalcium fluoride
was prefused under argon in the experimental apparatus., The mixed dry
slag was then fused in the apparatus at a high temperature to ensure
complete solqtibn of the oxide. The slag temperature was then lowered

to the working temperature which was always 20 to 30°C lower than the
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Figure 1. Cell electrical circuitry.
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melting temperature of the electrode material being studied. When the
temperature was stable, the working electrode was lowered:'slowly to-
wards the slag until initial electrical contact was made in the current
supply circuit. This position was taken as a zero point and the elec-
trode was then lowered a predetermined distance (normally 1.0 cm.) into
the slag to present a known surface contact area between the electrode
and the slag. The temperature of the system was measured and controlled
by two separate W3Re/w25Re thermocouples.

At this point, the reference electrode potential was measured .
with respect to the working electrode, and established to be: stable
and within the range 80 - 110 mv. It was found that a stable reference
electrode potential could be achieved much ﬁore quickly by passing a
low current (100 ma. for 10 sec.) between the two electrodes with the
reference electrode being anodic. Once the'system was stable, the in-
duction generator was switched off, aﬁd the current was completed be-
tween the counter electrode (crucible) and the working electrode at a
pre-determined censtant current setting. The Veltage fise between the
reference and working electrodes was traced.on the oscilloscope and
followed to its constant value, usually established in less than 10 sec.,
and also followed as it decayed when the current supply was stopped. A
typical low current test oscilloscope trace is shown in Fig. 4. This
shows the gradual buildup of potential difference between the two elec-
trodes. The schematic below the oscilloscope picture shows the method
of obtaining the overpotential from the trace. The iR potential drop

between the two electrodes is estahlished very quickly and is not traced
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on the screen. The total charge passed through the system during one
such test is small as are the bulk chemical changes so produced.
Approximately 5 minutes was allowed between teéts to allow the work-
ing electrode to re-equilibrate with the liquid slag as the slag was
slowly brought back up to temperature. By testing at increased applied
currents each time, the polarization of a given electrode material in a
given slag can be plotted against the current density to give a galvan-
ostatic polarization curve.

It was found that the largest part of the experimental error
arose from the difficulty of defining_a precise and constant electro-
active surface area on the working eléctrod;. The immersion of the
electrode was known but chemical reactions at the interface gave rise
to changes in interfacial tension which when combined with overheating
and partial melting of the electrode tip reéulted in a change in the
electrode shape. The second major source of experimental error lies
in the nature ofvthe polarization. As will be shown later, this is a
concentration effect, and is therefore modified by both electrical and
liquid-shear fields. Any error arising from electrical effects was
eliminated by using decay measurements, but the thermal effects produc-
ing convection are unknown and cannot be stabilized in this type of
apparatus. The degree of temperature confrol in the system was con-
sidered to be t 5°C and it was decided that errors arising from intrin-

sic thermal effects were small in comparison to the others.
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2.3 Electrode materials

2.3.1 Ferrovac-E pure iron

The Ferrovac-E pure iron electrodes were made by machining thé
1.25 in. diameter bar down to 0.50 in. diameter stock and then swag-
ing this down to 0.285 in. in diameter. This rod was then cut to 4
in. lengths and a female thread machined on one end for attachment to

the electrode holder.

2.3.2 A1S1 430 stainless steel

This material was found to be unsuitable for swaging in the as
received condition, therefore these electrodes were machined directly

from the 1.0 in. diameter bar.

2.3.3 Fe-1.0 wt. % Cr alloy

This alloy was produced by melting a piece of Ferrovac-E together
with a piece of Al1S1 410 stainless steel to produce a final alloy of 1
wt. %Z Cr in iron. The melt was deoxidized with aluminum wire prior to
solidification. . The solid slug was then welded to a piece of mild
steel rod, 0.75 in. in diameter, machined down to the diameter of the

fod, and then swaged down to the desired diameter of 0.285 in.

2.3.4 Pure chromium
This material was made by hot extrusion of steel clad chromium

metal. The purpose of the cladding was to prevent excessive oxidation
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of the chromium during.the hot working stage. After extrusion, the

cladding was dissolved in acid. The material had an irregular surface
but because of its brittleness, machining was not attempted, and it was
used in the as received condition by silver soldering it to a threaded

mild steel stub.

2.3.5 Pure nickel

These electrodes were made by swaging the as received 0.375" dia.
nickel rod down to the desired size, and then cuttiﬁg to the appropriate

length.

2.3.6 Pure Cobalt

Because qf the difficulty in obtaining pure cobalt in the appro-
priate size range, this electrode was made from a deformed single crys-
tal of cobalt which had é slightly irregular surface. The single crys-

tal was silver-soldered into a threaded mild steel stub.

2.3.7 Iron-carbon alloy

These electrode materials were supplied by the Babcock and Wil-
cox Company. They were machined to the correct size when received and
had only to be threaded:before use. Only one experiment was.carried
out with this material, the purpose of which was to see if an anodic
iron-carbon alloy would experience carbon loss. Carbon analyses was

carried out on the tip after electrolysis had been completed.
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2.4 Electroslag remelting polarization experiments

It was thoughtithat_it would be meaningful to measure the degree
of polarization of an electrode during electroslag remelting in order
to correlate the small scale experiments with the conditions existing
during actual remelting. These experiments were carried out with Armco
iron electrodeé, and reference electrodes of the same design as used in
the small scale studies. As shown in Figures 5 and 6, the reference
electrode was attached to the eléctrode by means of iron wire and mullite
spacers, such that it entered fhe slag after steady-state melting
had taken place for approximately 30 minutes. When the reference elec-
trode entered the slag (Fig. 6), the process current was switéhed off
and the voltage decay between the reference electrode and the melting
electrode was traced on the oscilloscope. - An example of this trace is
given in Fig. 7. The voltage decay times observed were éhort compared
to the time taken for.the slag to solidify in.the electrode region;
which is approximately one minute., It was essential that the power
be interrupted immediately after the reference electrode entered the
slag. If this was not the case the physical distance between the
reference and melting electrodes was too great and the ohmic potential
drop'following.current interruption exceeded the full scale defectioﬁ
of the oscilloscope. This prevented any measurement of the bolariza—

tion potential.
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2.5 Polarization results

2.5.1 Ferrovac-E pure iron

The anodic and cathodic polarization curves for Ferrovac-E pure
iron electrodes in calcium fluoride-alumina élags and calcium fluoride-
calcium oxide slags are given in Figures 8, 9, lOvand 11. 1In certain
slags (5 wt. % A1203) at certain current densities (1 A. cm.—z) anodi-
cally polarized Ferrovac-E electrodes exhibited apparent transition
times as shown in Fig. 12. This behaviour was not oBserved during
cathodic polarization of the same electrode material.

The usual electrode current density during melting in the electro-
slag unit is much higher than the current densities normally applied
during the small scale tests. It was therefore thoughtito be useful to
carry out small scale tests at normal remelting current densities. This
was done for both anodic and cathodic Ferrovac-E electrodes in a CaF, +

2
5 wt. % Al,0, slag using a bank of 12 volt lead—-acid storage batteries

273

to produce current densities up to several hundred A. cm.—z. The re-
sults of this work are given in Fig. 13. At these high current densi-
ties the electrode melted to some extent during each test due to local-
ized heat production at the interface as well as resistance heating of
the slag. These results, although quite inaccurate, appear to agree
well-with the lower current density results in the same slag. It was
noted that, at current densities above points X in Fig. 13, an arc was

established at the electrode. This was seen as a sudden increase in.

radiation when the test current was passed through the cell, and was
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often accompanied by excessive electrode melting.

In this small scale work on Can + A1203 slags, no work was

3 concentrations greater than 10 wt. %,

which is the eutectic composition (18). This arises in the fact that

carried out successfully at A120

pure A1203 is the primary precipitate upon cooling a.hypereutectic:com-

position, and once a layer of A1203 had been formed on the electrode

tip, it could not be removed without completely melting the electrode
tip. The large experimental scatter observed in the "pure" CaF2 measure-
ments in Fig. 8 is probably due to the variable (100 - 500 ppm) CaQ con-
tent of this material. The data points shown are the average of three
separate experiﬁénts.

Polarization of Ferrovac-E electrddes in A120 slags results in

3
significant conééntration changes in the electrode. Fig. 14 shows opﬁi—
cal and electronmicroprobe scans of a section through an anodic electrode
tip. This initially low oxygen (20 ppm) glectrode was polarized at high
+ 5 wt. % A1203 élag for several 10 sec. per-

iods, and then removed from the slag. The optical picture shows the

current density in a CaF2

resulting "dirty“ microstructure, and the probe pictures show areas of
oxygen—containiﬁg material, probably iron-oxide. The other half of tﬁis
tip was analyzé& for total oxygen and found to contain 400 ppm.

An equivalent Ferrovac-E electrode was cathodically polarized
in a CaF, + 8 wt. ¥ A1203 slég for 1 hour ét a current of 1 A. A sig-
nificant portion of the tip had mélted off, but the remaining portion
~ was analyzed forVAl on the electron microprobe.- The concentration of
Al in the matrix was calculated from the probe X-ray intensities uéing

the "MAGIC" computer program, and was found to be 3.0 wt. %. 1In no

case did we detect fluorine or calcium in cither electrode tip.
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2.5.2 AISTI 430 stainless steel

The polarization curves obtained for AISI 430 stainless steel
in CaF2 + A1203 slags.are given in Figures 15 and 16. 1In addition to
these experiments, one test was carried out for the purpose of studying
chromium depletion of the alloy. An electrode was anodically polarized
in a CaF2 + 8 wt. Z A1203 slag at a current of 1 A. for 915 sec. The
electrode tip was then cut veritcally for examination on the electron
microprobe. A horizontal traverse was made from the outside edge towards
fhe center and Cr counts were taken at 20 y steps. These X-ray counts
weré corrected to give wt. % Cr using the "MAGIC" program, and the results
are given in Figuré‘17. This figure shows a diffusion profile.in which
the Cr concentratién falls from‘the bulk concentration of approximately
17 wt. %Z Cr, to a vélue of approximately 9 wt. % at the.electrode-slag
interface. The purpose of this éxperiment was to show that easily oxi-
dizable alloying eléments can be selectively oxidized at an anodic inter-
face during anodic:polarization. The Cr loss so observed indicates a build-
up of Crn+ ions in tﬁe slag. The current efficiency of Cr removal, assum-
ing Cr goes to Cr3+rin the slag, was calculated by assuming the concentra-
tion profile in Fig. 17 is linear between 9 wt. % Cr and 17 wt. % Cr at
300u depth. The totél Cr lost during electrolysis is therefore approxi-

mately 20 mg. which gives a current efficiency for chromium removal of

approximately 10%.4

2.5.3 Fe - 1 wt, %lCr alloy

The anodic polarization curves for an Fe + 1 wt. % Cr alloy in
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a CaF2 + 1 wt. % A1203vslag are given in Fig. 18. The two curves drawn

correspond to the rise overpotential measﬁred when the cell circuit is

closed, and the decay overpotential measured on current interruption.

2.5.4 Pure chromium

The anodic polarization curve for a pure Cr electrode in a CaF2

+ 1 wt., % A1203 slag is shown in Fig. 19.

Y

2.5.5 Pure nickel

A pure nickel electrode was anodically polarized in a Can +.

2.5‘wt. % A1203

lar to that of a pure iron electrode in A1203 slags. The behaviour of

in order to establish that its anodic behaviour was simi-

the nickel électréde is shown in Fig. 20. This figure is a picture of
the oscilloscope trace at a current of 3 A. A steady state plateéu is
observed, which is established quickly, and is followed on current inter-
. Tuption ﬁy a relatively slower potential decay.'

A nickel electrode was cathodically polarized at a current of

2 273

and examined in the electron microprobe for Ca and Al. The appropriate

1.25 A, for 900 sec. in a CaF, + 8 wt. 7% Al,0, slag, and then sectioned

electron microprobeﬁscans are given in Fig. 21. These show a strong con -
centration of matrik-Al and a sigﬂificant numbér of Ca contaiﬁing areas
~corresponding to thé lighter'afeas on the AEI.

The electrode tip gave a strong response for aluminum X-ray
counts, and these rééults were corrected using the "MAGIC" program to

give a matrix concentration of aluminum of 8.9 wt. %. However there was
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no response when Ca X-rays were counted in the matrix, despite the fact

that there were Ca rich areas as shown in Fig. 21.

2.5.6 Pure cobalt
A pure cobalt electrode was polarized anodically in a-CaF2 +

2.5 wt. % A1203_slag. Fig. 22 shows its polarization rise and decay at
a current of 3 A. The similarity is to be noted for the case of an

anodic nickel electrode (Fig. 20).

2.5.7 Fe - C alloy

An Fe'+v0.83 wt. % C alloy was anodically polafized at a cur-
rent of 1 A. for 200 sec. in a CaF2 + 2,5 wt. % A1203 slag in order to
study the carbon loss. Approximately one—half of the electrode tip
melted off during this time.

The reﬁaining part of the tip was éut from its base and analyzed

3
for total carbon. The carbon content had dropped to 0.31 wt. % C.

2.6 Electroslag remelting polarization results

The electroslag polarization results are given in Figures 2326

203-containing and CaO-con-

taining slags. Figures 23 and 25 are anodic polarization results while

for Armco iron electrodes being remelted in Al

Figures 24 and 26 are cathodic results. These results are superimposed
on the small scale results given in Figures 8+11, and although some extra-
polation was necessary to extend the small scale results into the current

L1
H

density range ekberienced during remelting,.good agreement is found. The
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extent of polarization was also measured on AIST 430 stainless steel
electrodes and AIST 1095 steel electrodes. The results are too incon-
clusive to present in graphical form, but will be discussed in Chapter

5.

71



CHAPTER 3

MELT PROGRAM

3.1 Melting procedure

All the ingots used in this investigation were made on the
U.B.C. Electroslag Unit, the design and operation of which have been
described by Etienne (4). Each run was started using a compact consisting
of metal turnings-and calcium~-fluoride power, the metal turnings being
machined from the electrode material. When the slag was completely molten
and the melting conditions were stable, the operators proceeded to record
the pertinent process parameters at regular time intervals. In this manner,

a complete record of each ingot was taken and used for subsequent analysis.

3.2 Electrode materials

The electrode matérials used in this pfogram of experiments can
be classified into two types, the first type-consiéting of essentially
pure metalé and the second being diron-base alloys ;ontaining other poten-
tially oxidizable eléments. The reasons for usiﬁg each material are given
togethér with the analysis of the electrode materials in the as received

condition. All compositions are given in weight per cent.
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3.2.1 Low carbon mild steel: AISI 1018 grade

(Supplied by Stelco)

C Mn max Smax 0 Fe

.15-.20 .60-.90 .040 .050 .0155 Bal.

This electrode material, because of its low cost, was used in

the initial experiments where the melting conditions were uncertain.

3.2.2 Ferrovac-E: vacuum melted (Supplied by the Crucible Steel
Company, Sorel, Quebec)

C Mn P S Si CONi
.010 .001 - .002 .004 .006 .01
Cr Mo N 0 H
<.01 .001 .0002 .00092 - ,000018

Co Cu A% W Fe

.006 .006 <.002 .02  Bal

Ferrovac-E pure iron was the ideal electrode material on which
to study electrochemical phenomena during ESR. Because of its very low
éxygen content, any oxygen found in the ingots must have arisen directly
.as a result of remelting the metal whether by chemical or electrochemical
means.

A later series of ingots were made using é second batch of
Ferrovac-E which was excessively high in oxygen (316 ppm). Apart from .
this, it was essentially pure iron as was the previous batch of Ferrovac-

E. Since it had been found that this high initial oxygen content would



74

be lost during remelting, and would have very little effect oﬁ the
final ingot oxygen content, this material was used in the same way as
was the ini&ial batch of Ferrovac-E. Two ingots were made using this
second batch of Ferrovac—-E with lengths of aluminum wire held in
shallow grooves machined on the electrode surface. The purpose of

this was to investigate whether or not excess aluminum would control
the ingot oxygen content in spite of eléctrochemical oxidation. Thé
amount of wire added would produce 2000 ppm of Al in the final ingot if

none were to be lost during melting.

3.2.3 Armco iron:‘ (Supplied by Armco Steel Cdrporation)

o Mn P .s CE 0 Fe
.012 .017 .005 .025 trace .070 Bal.
Armco iroﬁ:was used in place of Ferrovac~E pure iron for
several runs as it was found that despite the high oxygen content of
the Armco iron, ingots made from it had oxygen contents very close to
the O contents of Ferrovac-E ingots made under the same'conditions. This

resulted in substantial savings in electrode materials.

3.2.4 Ferritic stainless steel: AISI 430 grade

(Supplied by Allegheny Ludlum Industries, Inc.)

c Mn. P S Si . Cr 0
.06 b .024 .015 .26 17.35 .0115
It was desired to make ingots from an iron alloy containing a

second major element which could be oxidized during remelting. AISI 430
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' stainless steel was chosen because it is essentially an iron-chromium
alloy containing little.else which could interfere with Cr oxidative
losses. Another advahtage of this alloy was that its melting pdint is

very close to that of pure iron.

3.2.5 Medium carbon mild &teel: AISI 1095 grade
(Supplied by Stelco, Hamilton, Ontario)
C Mn Si P S 0 Fe
max max

.975 .39 .34 .040° 050 .0020 Bal.

Ingots were made from this electrode material ' to study the
effect of a substantial amount of carbon on the final oxygen content

of these ingots.

3.2.6 Pure Ni: Supplied by Falconbridge Nickel Mines

C - Si - Mg Fe 0

01 .17 .18 _ 1.9 .0011

Ingots were made from Falconbridge Nickel to investigate the
behaviour of pure nickel during ESR and to compare this behaviour to

the melting behaviour of pure iron.
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3.3 Slag materials

The slags used during this melting program were all based on

calcium-fluoride with additions of aluminum-oxide (A120 ) or calcium-

3
oxide (Ca0) to alter the melting point, the conductivity, and the acti-

vities of the various components.

3.3.1 Calcium fluoride

The célcium—fluoride used in these slags was a fine power pro-
duced by a hydro-fluorination process. Approximately two-thirds of the
calcium-fluoride used in each run was pre-fused in graphite crucibles
by induction heating under an argon cover. The slag was held as a liquid
for only a very short time in the graphite crucible to minimize carbon .
pick-up from the crucible, After fusion, the cold slag was crushed into
small particles (approx. 1/8" in diameter) before being mixed with the
other slag components.

Iﬁ was found from experience that if these calcium-~fluoride
granules were too large they could bind between the electrode and the
mould wall thus stopping electrode travel and causing the current.path to
be broken during the start-up period of a melt. If the slag was too fine,
sintering of the solid particles would occur, again preventing electrode
tfavel during the start-up. Another reason for fusing part of the cal-
cium-fluoride waé to drive off the surface moisture on the fine powder.
Moisture in the slag can alter the slag compésition according to the

reaction:
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+ -
CaF2 HZO + Ca0 + 2 HFg (3-1)

to form calcium—oxide in the slag. Calcium-oxide is the main slag im-
purity and is usﬁally found to be at a level of 500 ppm although it would
vary from melt to melt. This iﬁpurity was only important whén the slag
used during remelting was kept low in oxide content. For higher oxide'
content slags (5 wt. % A1203 or more) the calcium-oxide impurity con-
tent is unimportant in comparison to the total oxide content of the slag.
When it was desired to make ingots in low oxide content slags,
BDH extra pure calcium-fluoride was prefused in graphife crucibles and
used for the entire calcium-fluoride content of the slag. The as re-

ceived analysis of this calcium-fluoride is given below as maximum im-~ .

purity limits in wt. 7.

Chloride (C1) .005 7
Sulphate (SOA) 01 %
Iron (Fe) .005 %
Lead (Pb) .005 %
Silica (SiOz) .05 %

3.3.2 Alumina

Norton granular alundum (A1203) of 99.37% purity was used in
the as received condition for making alumina containing slags. This

material is electrically fused from Bayer process alumina.

3.3.3 Calcium oxide
Recrystallized calcium oxide (Ca0) of 99.5% purity was used to
make calcium-oxide containing slags. This material was supplied by Dyna-

mit Nobel, Germany.
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3.4 Atmospheric control

Ingots were made under two types of atmospheric control equip-
ment. The initial 24 ingots, as well as some later ones were made using
a crude tyée of argon fume hood as shown in Fig. 27. This fume hood
directed an argon flow down towards the slag/atmosphere surface and
collected most of the fumes given off during remelting.

| A more sophisticated design was used to make the balance of
the ingots. As shown in Fig. 28, it consisted of a number of rubber
‘bellows, clamped at the lower end to a flanged section of pipe and
fixéd above té a wafer—cooled copper electrode carrier, such that the
downward travel of the electrode caused the bellows to collapse. The
flanged pipe, Which was held to the top of the ingot mould by C-clamps,
_ﬁad two aluminum foil blow-out windows. This design provides an atmos-
phere the quality of which depends almost exciusively upon the purity
of the argon used. By contrast, chromatograbﬁic analysis df the argon
fume hood atmosphere indicates that it may éoﬁfain up to 1% 0, with an

2
argon flow rate of 100 1/hr.

3.5 Melting Conditions

Most of the ingots produced in this melt program were made
under stabievmelting conditions which in turn were determined by such
factors as slag composition, electrode polarity, and electrode materials.

In general, it was found that melting using either A.C. or elec-
trode negative was quite stable but melting with electrode positive at

the same voltage and current as used in electrode negative was very un-
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stable, if ﬁot impossible. This instability was the resultkof arcing
between the radial slag segment around the electrode and the mould wall
and occurred even though the mould was insulated from the base plate (19).

The problem of arcing was overcome by painting the inside of the
Cu mould with Boron-Nitride paint (type S) which is an electrical insula-
tor but has a high thermal conductivity. Using this technique, it was
possiblevto make ingots using the electrode positive mode at higher
operating voltages while still maintaining the desired electrode-slag-
ingot current path.

In a number of cases, ingots were made using a live mould. This
was done by conneéting separate leads directly to the bottom of the mould
putting it in paréllel with the base plate thereby allowing the process
current to flow thfdugh either the mould or tﬂe ingot/base plate on the

return path.

3.6 Melt records

During the melting of an ingot, detailed accounts were kept of
all the important operating parameters. A Sargent Model SR Millivolt
Recorder was used to.keep a continuous record of the operating current.
When the electrode was melting in a stable fashion (the slag was complete-

ly molten) the following data were recorded in the log book at 100 sec.

intervals:
v - process voltage - D.C. or A.C.
A - process current -~ D.C. or A.C.
t - time in seconds with t = 0 the beginning

of recording the data
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C. - totél coulombs passed x 2 x 10—2

P - total electrode travel in mm. from the
beginning of the run

M.S. - speed of electrode travel drive motor

AT - temperature-difference in °C between the

inlet and outlet temperature of the mould
cooling water. '

Also recorded for each ingot were any operating peculiarities

evident during melting.

3.7 Melt record calculations

3.7.1 Melt rate
The average melt rate of each ingot was calculated using the
following mathematical approach. The starting point for the calculation
is the actual distance traveled by the electrode, this distance being
recorded at rééular time intervals during a run. The diameter of the
eleétrode is known (De) and the average diameter of the ingots (Di) is
measured. To convert thg electrode travel into ingot rise as a function
of ingot diameter, it is assumed that the electrode ingot separation re~
mains constant during a run and that the ingot is fully dense. The amount
of ingot rise resulting from 1 mm. of electrode travel is given by:
X = [1+ (—25)2] : [(%)2] e Re ©) _(3-2)
i i 7 ceme ool /[7(, ‘é(,/b ¢ 6 wé/d’)- :

The weight of ingot formed per mm. of electrode travel is given by:

2 )
Y=X-R;pop ' (3-3)
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where P is the dehsity of the metal. The melt rate is then calculated

according to:

Y .P tgm )

M.R. = s sec

(3-4)

where P is the electrode travel in mm. and t the time in seconds over

which the travel occurred.

3.7.2 Specific coulombic.density (Z)

A éarameter was required reflecting the rate at which the electro-
chemical reaction products entered the ingot metal dufing melting. This
" parameter could then be compared to the measured final oxygen content of
the ingot. Such a parameter must take into account three terms; the éur—
rent at the surface in question, the area of this surface, and the melt
rate (which is a crude measure of the rate at which this surface is re-
ceiving fresh metal). An appropriéte area was aésumed to be the area of
the ingot top, which was also considered to be flat; Thé rate of forma-
tion of electrochemical products would be proportional to the process
current (assuming iOOZ current efficiency of any Faradaic processes) and
inversely proportiénal_to the surface area as.well as the melt rate. This

parameter Z could then be calculated as follows:

Process current (A.)

zZ = Ingot top area .(cm.4) x melt rate (gm.seé—l)
_ coul. sec.—l
cm.2 X gm.'sec—
Z = coul.

2
cm.” X gm.
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3.7.3 Drop size and surface tension
It is known that oxygen is surface active in liquid iron as are

many other elemeﬁts (B, Se, S) and that the effect of oxygen in iron is
to reduce its surface tension quite markedly. It.waé therefore thought
to be desirable to measure the size of drops produced at the melting
electrode during electroslag melting_and to correlate the drop size to
the surface tension of the drop, hence ultimately to the presence or
absence:of oxygen in the drops.

* Campbell (20) studied droplet formation in electroslag remelt-

ing and derived the relation given below using a dimensional argument.

e’ = 5 | - 3-9)
r - drop radius

Yb - interfacial tension between two liquids

g - acceleration due to gravity

Ap - density diff. between liquids at T

k - a constant

He assumed that the drop radius, r, is independent of the elec~
trode radius for a sufficiently large electrode and he states the relation-
shib is valid for conical electrode tips, such as is the case dufing the
melt program. In order to use this relétionship it is first necessary to
calculate r from the melt records. This is done by counting the drop -
rate on the process current recorder chart{ each drop coinciding with a
peak on the chart. Combining the drop weight with the melt rate, one
can find the drop size, then r, and calculate y using the appropriate
physical constants. This was done for Ferrovac—-E electrodes melted under

various conditions.
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3.7.4 Melt program results

The melt record data, the calculated parameters (melt rate and
the s?ecific coulombic density [Z]), and the average oxygen content of
fhe ingots are summarized in Tables I»V. The drop size and interfacial

tension results are given in Table VI.
3.8 Ingot analysis

3.8.1 Oxygen analysis of ingots

I All of the ingots produced in ﬁhis meit program were analyzed
for their averagejfotal oxygen content using a Leco Rapid Oxygen Analy-
ser (No. 734-300).i It must be noted that the oxygen in these ingots is
in the form of noﬁ—metallic inclusions formed by the reaction of dissolved
oxygen with eithef.metals dissolved in the bﬁse metal orvthe base metal
itself. i |

Ingoﬁé to be analysed for total oxygen are sectioned as shown.

in Fig.‘29 giving individual 1 g. specimens. An ingot is cﬁt horizon-
tally one-~third of the way up from the bottom, and then a vertical slice
one—quarter of an inch thick is cut from the top portion. This slice is
-then cut horizontaily into 10 1/4" square sliées and the desired slice
cén then be cut inﬁo 1/4" cubes for analysis.  Normally, five cubes would
be cut from the outside int§ the center from the second, fifth, ana tenth
slices to give 15 specimens for analysis from each ingot. Portions of; )

these slices were also used for metallographic and electron microprobe

examination of the inclusions in the ingots.
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3.8.2 Aluminum analysis of FVE ingots

Five Ferrovac-E ingots were analyzed for total aluminum using
the neutron activation method (21). The results of these analyses are

given in Table VII.

3.8.3 Analysis of AIST 1095 steel
Electrode material and ingots made from 1095 steel were analysed
spectrographically to determine what alloy losses took place during re-

melting. The results are given in Table VIII.

3.8.4 . Analysis of AISI 430 stainless steel
Electrode material and ingots made from 430 stainless steel were

also analysed spectrographically; The results are given in Table IX.

3.9 'Slag cap analysis

Several of the slag caps were observed to contain dark green or
brown phases, usually near the ingot region. These regions were thought
to contain a high goncentration of iron-oxide. Segments of four slag
caps from FVE runs (-, +, +(im), A.C.) were crushed and analysed for
total iron by causfic fuéion and acid dissolution to make solutions
suitable for analysis by the atomic absorption technique. vThé results

are given in Table X,



TABLE I

MELT RECORD RESULTS OF AISI 1018 MILD STEEL

Atmosphere - Argon fume hood

Electrode Dia.

= 3.82 cm.

. Ingot Dia.(av.) = 7.3 cm.

Electrode O content

= 150 ppm.

CA » calcium aluminate

88

22

INGOT SLAG ADD'N. ELECTRODE
NO. POLARITY VOLTS AMPS MELT. RAIE - OXYGEN Z -1
(wt., %) (gm.sec. ) (ppm) (coul.cm. “ gm.
4 30 CA —_ 24.6 1160 2.94 481 8.9
5 30 cA —_ 23.8 1200 2.40 500 11.3
11 30 cA - 23.5 1177 2.97 500 8.9
17 30 cA — 23.2 1025 2.21 475 10.5
18 30 CA — 23.2 1350 3.08 375 9.9
15 30 CA -§:Zert)n.a. 0 2000 ‘n.a
14 nil - 22.2 1181 2.50 205 10.7
6 10 MgF, - 20.5 1150 510
7 10 MgF, - 21.0 1100 505
1 30 CA + 22.1 1020 2.45 55 9.4
2 30 CA + 22.5 1015 2.86 50 8.0
3 30 cA + 23.0 1058 3.13 50 7.6
21 30 CA _ A.C trial runs 180
30 cA . A.C 200
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TABLE II

MELT RECORD RESULTS OF FVE INGOTS

Atmosphere - Argon fume hood
Electrode Dia. = 3.18‘cm.
Ingot Dia.(av.) = 5.5 cm.

Electrode O content = 9 ppm.

* - new FVE O content = 316 ppm.
CA ~ calcium aluminate‘ v
INGOT SLAG ADD'N. ELECTRODE |
NO. POLARITY ~ VOLTS AMPS  MELT RAJE OXYGEN oz,
(wt. %) . (gm.sec 7) (ppm) (coul.em. © gm. 7)
8. - 24caA _ 235 689 1.28 1075 21.8
9 24 CA - - 23.2 862 : 1.63 788 21.4
10 24 CA - 23.5 1047 2.06 730 21.4
16 24 CA + 20.5 782 1.32 250 23.2
23 24 ALO, - 23.3 966 2.33 425 16.7
72" 25 AL,04 - 22.7 892 1.49 569 22.7
24 24 AL,0, + 20.2 749 1.59 10 19.0
74* 25 Aizo3 +(im). 22.5 878 1.68 174 - 17.9
73* 25 A1,0, A.C. 23.3 558 2.99 165 8.7
19 25 Ca0 - - 22.4 1000 2.20 800 17.8

20 30 Ca0 - 22.5 1040 1.58 550, 26.6
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TABLE III

MELT RECORD RESULTS OF FVE INGOTS

Atmosphere - Argon gas cap.
Electrode Dia. = 3.18 cm.
Ingot Dia.(av.) = 5.5 cm.

- Electrode 0 content = 9 ppm.

+ % > new FVE O content = 316 ppm,

INGOT ELECTRODE

273

NO. SLAG ADD'N. POLARITY VOLTS AMPS f?ELT RATE  OXYGEN. 2, 1
wt. 2) » , : gm.sec ) (coul.cm. gm. )

25 25 AL, - 22.6 833 1.38 450 27.3

26 25 A1,0, - 22.5 949 1.75 450 22.8

27 25 Al,0, - 23.3 924 177 470 2?-8

28 25 AL,0, - 22.2 750 1.28 - 450 26.6

29 25 AL,0, - 24.5 859 1.64 500 \ 23.3

30 25 A1,0, - 24.0 748 1.43 680 , 22.0

39 25 A1,0, - 23.5 991 1.83 - 460 23-6

77f 25 AL,0, - 26.0 1160 3.55 378 13.7

31 25 A1,0, + 19.0 652 1.30 67 21.2 |

32 25 AL, 0, .+ 19.1 655 1.11 317 23.9

33 25 AL,0, -+ . 18.9 748 1.28° 171 - 229

37 25 A1,0, +(1m) ~ 22.0 791 1.77 175 18.1

38 25 AL,0,  +(m) 22.4 917 1.58 70 2644

41 25 A1,0, +(im) 22.2 957 2.50 170 16.7

35* 25 A1,0, + (Im)  21.5 857 1.15 690 32.7

83" - 25 A1,0, .+ (g5 22.5 933 176 834 22.3

34 25 A1, 0 A.C. 24.2 655 2.22 © 225 12.9



TABLE III (Continued)

INGOT ELECTRODE

273

NO. SLAG ADD'N. POLARITY VOLTS AMPS MELT RATE OXYGEN Z_,
(wt. 7%) (gm.sec (ppm) (coul.cm. © gm. )
40 25 A1,0, A.C. (im) 22.9 819 2.62 200 13.1
36 25 A1203 A.C. (Im) 23.8 810 2,15 225 15.9
*
79 25 Ca0 - 22.6 1065 2.06 342 20.8
*
78 25 Ca0 + (im) 21.4 828 2.22 119 15.0
82 25 a0 + (lm) 21.5 908 2.11 230 18.1
% ' , [« g b
75 25 A1,0, - 23,8 1150 3.07 - 548 8.7 o
* 0O M
76 25 A1,0, +(im)  24.5 1045 2.31 153 10.2 §
* N
80 25 A1.0 - 3.8 779 2.59 548 12.7
273 A
* ‘ H =
81 25 A1.0 +(im)  22.0 792 1.75 526 22.1 ®




TABLE IV

MELT RESULTS OF ARMCO IRON INGOTS

Atmosphere - Argon gas cap

Electrode Dia. = 3.18 cm.

Ingot Dia. (av.) = 5.5 cm.

Electrode ‘O content

700 ppm.

92

ELECTRODE VOLTS AMPS MELT RATE OXYGEN

" INGOT SLAG ADD'N. Z
NO. | POLARTTY N o o
wt. %) (gm.sec. ) (ppm) (coul.cm. © gm.
42 25 AL,0, - 22.4 908 1.49 550 26.5
49 25 AL - 22.6 954  2.14 470 18.7
47 10 AL.0 - 23.0 886 1.70 . 820 21.1
65 5 Al0 - 22.3 896 2.37 - 820 15.3
48 1A1,0, - 22.5 910 1.77 810 22.6
50 nil - 20.0 536 1.79 660 16.3
54 25 AL,0, o+ 20.0 732 1.72 300 S 17.9
57, 25 ALy, + - 18.5 757 1.80 195 17.0
58 25 A1,0, + 19.0 768 1.80 290 17.3
55 10 AL,0, + 18.5 808 1.53 250 22.1
56 10 A1,0, + 18.8 786 1.53 260 ©21.5
59 5 41,0, + 19.0 827 1.58 285 21.3
44 25 AL,0, +(im)  22.2 899 1.82 255 20.8
43 25 A1,0, A.C.  23.0 710 2.94 260 10.9
60 25 ALO, A.C.  26.4 588 3.06 245 8.1
66 39 cao - 23.0 973 2.10 505 19.1
52 25 Ca0 ~ 23.0 1062 1.91 580 23.4
5. 5 0.98 1200 45.7

Ca0

- 20.0 1104




430

1095

Ni

MELT RECORD RESULTS OF MISCELLANEOUS

Atmosphere - Argon gas cap.

TABLE V

Ingot Dia.(av.) = 5.5 cm.

INGOTS

93

MATERTAL - ELECTRODE DTA. (cm.) O CONTENT (ppm)

AIST 430 2.54 115

AISI 1095 2.54 20

Pure Nickel 3.50 11

“INGOT , ELECTRODE

NO.  SLAG ADD'N. POLARITY VOLTS AMPS MELT RATE  OXYGEN _

(wt. %) (gm.sec. 7) (ppm) (coul.cm. gm.
61 25 AL,0, - 22.7 834 1.75 125 20.0
62 25 AL,0, - 22.7 877 1.85 115 19.8
63 25 A1,0, - 23.1 858 1.79 225 20.1
64 12 AL,0, - ~23.0 843 1.95 170 18.2
70 25 A1203 + (im) very unstable 91
68 25 A1,0, - 24.0 910 2.15 145 17.8
67 25 A1,0, + (im) 22.0 790 2.45 50 13.6
69 10 Al,0, - 23.0 780  1.96 7 15.6
71 10 ALl,0 + (im) 22.0 628 2.23 362 11.4

273




TABLE VI

DROP SIZE AND INTERFACIAL. TENSION RESULTS FOR FVE

ELECTRODE POLARITY

AND CONDITIONS DROP WT. (gm) y (DYNES cm. 2)
- 2.57 | 421
+ (includes +im 1.11 240
and +1m)
A.C. " | 3.51 | 517
- (Ingot 80- Al wire)  3.46 513

+ (Ingot 81- Al wire) 1.17 250




TABLE VII

TOTAL ALUMINUM CONTENT OF FVE INGOTS

INGOT NO. MELT CONDITIONS ppm. Al
25 - 522
41 +(im) 55
83 +(1m) 169
80 -[Al wire] 1962
81 2621

+ (im)[Al wirel

95
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TABLE VIII

COMPOSITION OF AISI 1095 ELECTRODE AND INGOTS

ELEMENT ELECTRODE INGOT 68 [el. - ve] INGOT 67 [el + ve(im)]
c - .975 .903 .914
Mn .39 .37 © .38
si .34 .27 .37

0 .0020 .0145 .0050




TABLE IX

COMPOSITION OF AISI 430 ELECTRODE AND INGOTS

97

ELEMENT ELECTRODE INGOT 63 [el - ve] INGOT 70 [el. + ve(im)]

Cr 17.35 17.16 16.90
Mn ' 0.44 0.47 0.40
Si o 0.26 0.15 0.19
C | 0.060 0.051 0.060
P 0.024 0.024 0.022

s 0.015 0.006 0.009
o» 0.0115 0.0225 0.0091




TABLE X

TOTAL IRON CONTENT OF FVE SLAG CAPS

INGOT NO. POLARITY (CaF2 + 25 wt. % A1203)
(wt. % Fe )
39 - 0.52
31 + 1.74
37 + (dm) 1.34
34 A.C 1.01
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CHAPTER 4
DISCUSSION OF SMALL SCALE STUDIES

4.1 Introduction

The small scale studies were carried out with the purpose of
formulatihg electrochemical reaction mechanisms responsible for current
ﬁransfer across liquid metal/liquid élag interfaces, under ESR conditions.
The reaction mechanisms so proposed must be aBle to account for chemical
and thermal phenomena which exist during D.C. electroslag melting. It

has been stated that CaF, slags conduct ionically and this was found to

2
be essentially true, except when there were significant amounts of Ca and
Al metals dissolved in the slag.

The mechanism responsible for polarization in such systems 1is
the slow diffusion of reaction products away fromAthe reaction interface
into the slag and the metal.

In ;he following section we shall show that the anodic Faradaic
reaction for puré.iron in CaF2 - A1203 slags is at low current densitieé,
the anodic corrosion of iron leading to FeO saturation in the slag at the
interfaqe at sufficiently high current densities. In addition we shall
demonstrate that the . cathodic Faradaic reaétion involveé deposition of

Al and/or Ca such that some Al dissolves in ﬁhe iron and Ca and Al dis—>

solve in the slag.

-~ 4,2 Previous electrochemical work
There have been very few studies in which the electrochemical

phenomena of liquid metal electrodes in slags at relatively high tempera-

99
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tures have been investigated. In the case of chloride melts (22), it

has been shown that there e%isfs clear evidence for electrochemical reac-
tions in which the slow step is the adsorption of a complex species.

This is an activation process and has a.very short transition time (< 1 p
sec.). At higher temperatures there are only a few studies involving

the steady state polarization of a carbon-saturated iron/oxide slag inter-
face. Shantarin (23) studied the anodic polarization of carbon satura-

ted iron surfaces in oxide melts and, although he did nbt find the nature
qf the electrochemical reactions, he mentioned that the anodic dissolution
of Fe to give Fe2+ ions in the slag was accompanied by considerable current
‘efficiencies, andrﬁas assumed to lead to concentration polarization at the
interface. Other‘workers (24) studied the cathodic processes of carbon
saturéted steels in various fluoride-oxide slégs but they were mainly con-
cerned with alloy content increases resulting from electrolysis. Gosh and
King (165 studied the discharge kinetics of oxide ions from lithium sili-
cate melts on plétinum anodes. They employéd a galvanostatic pulse tech-
nique, and observed electrode polarization pﬂenomena produced by evolution
of oxygen gas at fhe electrode. In another'éase, the concentration polari-
zation of iron aﬁd nickel surfaces in oxide~free and nickel oxide saturated
fluoride melts was studied in the temperature range 500 - 600°C (25). .It
was found that anjimportant aspect of the .reaction characteristics in éhe
.oxide containing melts was the semi—conductihg nature of the passive oxide
layer formed on the metal electrode surface. Far the case of most low
temperature studies, the aim has been to define the electrochemical reac- .

tion steps, while eliminating concentration polarization from the cell.
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" This means that all these experiments had to be carried ouf»at low (<1 A.
cm.~2) current densities. However, in the case where polarography has
been studied in fused salts (26), the system has been found to follow
élosely the ruling equations derived.for analogous aqueous situations

under similar hydrodynamic control.

4.3 Anodic polarization of pure iron in A1203 slags

The anodic behaviour of pure iron in Can - A1203 slags is
'showﬁ.in Fig. 8. These polarization curves can be represented schemati-
cally in Fig. 30. ' The curve has three sections denoted A, B and C. Part
YA of the anodic polarization curves fits an é#ponential form which, to-
gether with thebobserved long times (.5 > 5 sec.) required to establish

steady state polarization, implies that the mechanism is a diffusion con-

Values‘of‘i

trolled process, leading to a limiting current density, iD" D

were obtained from the curves for 1, 5, and 10 wt.»%_AIZO3 slags by extra-

polating the sections A of the curve. The curves were then plotted accord-

ing to the equation (1-14):

RT !

N4 - n¥F " In \ (4-1)

as shown in Fig. 31. Values of n between 1 and 0.1 are obtained which
seems to indicate that the electrochemical mechanism responsible for sec-
tion A is indeed a diffusion limited reaction. Such processes generally
involve the depletion of a dilute ionic species in the solvent elecﬁroiyte

. near the electrode to such an extent that the rate of diffusion of this
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Over-
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Figure 30, Schematic representation of the anodic polari-
zation curve for pure iron in CaF2 + Al,,O3
slags, -
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Figure 31. Application of a limiting current density
law to anodic polarization of pure iron in

CaF2 + A1203 slags.



104

species towards the electrode equals the rate of removal of the ions at
the electrode. Such a situation is unlikely in this fused salt system
because the solvent is being electrolyzed(there is no solute to be deple-

ted). The simplest anodic process in this case is the reaction

Fegy > Fe2+ + 2e : » (4-2)

which will not lead-to such a limiting law (14). It is, however, bossible
thatbthe corrosion product, Fe2+, could lead to saturation of the slag at
the electréde interface, and that the measured eleétrode potential would
therefére reach some maximum value which would be determined by the equi-
1i5rium electrode potential of the Fe/FeO interface. The values of n
obtained from Fig. 31 are then simply a fortuitous representation of the
" exponential diffusion gradient of re?t existing in the slag at the elec-
trode interface 4t current densities too low to saturate the interface.
It is therefore reasonable to expect the values of n to vary with slag
oxide cdntent which should not occur if a single diffusion limited reac-
tion involving okide'ions was taking place.

When the current density at the electrode is sufficiently high,
safuration of the interface in the anodic céfrosion product takes placé,
and the curves enter section B on the schematic plot, Fig. 30. It is
necessary to stfeés that the potential diffgrence measured between the
working and reférence eleétrodes is established by the potential existing
at the iron eleé;iode surface. Thus a higher current density in sectioﬁ
B of a given cur;é will only produce a thicker saturated layer, and will

not affect the measured potential, but this is true only if the saturated

. layer remains ionic in nature, and does not become an electronic conductor.

SN
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If the slag remains ionic, the Faradaic process continues to take place
at the electrode surface. If the anodic corrosion of iron is indeed the
Faradaié process responsible for these results, the rate at which concen-
tration polarization would arise in the slag due to the establishment of

a steady,state concentration gradient, will depend on the electrode current
density and on the slag éomposition (oxide type and content).

.It is of interest to calculate the approximate thickness of this
proposed FeO saturated layer. This calculation refers fo a pure iron elec-
trodé in a Ca F2 + 2.5 wt., % A1203 slgg. Anodic saturation began at a-
current of 600 mA. on an electrode whose total exposed area was 2.75vcm2.

Approximately 3.2 sec. was required to saturate the surface and the coulom-

»bic density was therefore 0.70 coul. cm.“2 For the reaction

’ ‘ Fe - Fe2+ + 2e

n = 2, and the number of moles of iron corroded is equal to 3.6 x 10—6

moles. cm._z, which is equivalent to 2.6 x 10.—4 gm. of FeO per sec. The

saturation solubility of FeO in low oxide CaF, slags is low and for this

2
slag will be less than 5 wt. %, and an assumed value of 1 wt. % is used..
The density of pure Can at 1500°C. is 2.54 gm. cm.--3 and neglecting the
change in density (increase) due to saturation with FeO, the weight of
saturated slag per:unit area will then be 2.6 x 10-'-2 gm. which has a voif

-3 ' ' . .
. This latter value contains the assumption that

ume of 1.03 x lO_Z:ém.
all the FeO produced remains in the vicinity of the electrode surface..
Therefore the thickness of the Fe0 saturated 1ayer at a current density

which is high enough to produce saturation will be approximately 100 mi-

crons thick.
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It is also of interest to calculate the thickness of a diffu-
sion boundary layer in the small scale system. ‘Levich (27) derived an
expression for the diffusion boundary layer thickness, 6; for the case
_ of convective diffusion. The driviﬁg force for mass trénsport is the
density gradient produced by movement of electro-active sgpecies to the
electrode surface. The equation so derived.should.also apply to the
case of diffusion of Faradaic reaction products away frbm'the eléctrode

surface into the bulk of the slag, and is:

. x1/4 ‘
§ = — _ (4-3)
' 0.7 Prl/A'(EQQ) /4
4v
wﬁere
x - distance from the upper edgé of the plate

Pr - Prandtl No. of the slag -
g - accéleration due to gravity

C - concentration of diffusing species at
the plate surface

v -~ Kinematic viscosity of the slag.

This equation applies to natural convection at a planar elec-
trode surface, however in the case of cyliﬁdrical diffusion the divergence
of the flux would tend fo decrease the diffusion boundary layer thickness.
By assuming that the electrodé surface is planar, ¢ can be calculated us-

ing the following data:

x = 1 cm.

Pr = 0.12 which is the Prandtl No. of liquid
-2 -3

C = 2.54 x 10 " gm. cm. for 1 wt.

% Fed saturation in low oxide CaF2 slags
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. B _ 0.6poise ?sec.”! -
v p 2.54 gm.cm. 3 0,24”cm. oee “
1/4
and § = 1/41980" 0.0254.1/4
0.7) (.12)7 " 55
§ = 0.757 cm.

Diffusion boundary layer thicknesses in natural convection are
found to be substantially greater than in forced cbnvection, and the values
of thebdiffusional fluxes are found to be correspondingly smaller. The
calculated‘value of § is much larger than would be found in aqueous sysfems.
It is quite likely that the actual diffusion boundary layer thickness in
the small scale system is smaller than this calculated value, i#s thickness
being determined by thermal convection in the slag.

-Al1,0_~-FeO

There is no phase diagram information available on the CaF 204

2

system, but in analogy with the CaF2 -A1203 - MnO system‘(29) and the

CaF2 - CaD - FeO system (30), (the partial phase diagrams of which are

L9 . . . :
given in Fig. 32, and show the Fe0 solubility to be strongly composition

and temperature dépendent), the system is believed to exhibit a large mis-
cibility gap. Hénce the corrosion rate at wﬁich surface saturation in FeO
is attained would’be expected to &epend strohgly on slag composition aﬁd.
temperature. Once the slag of the anodic electrode surface has become

saturated in FeO, the potential of the surface may be represented by

Fe(s) + 02',+ FeO + 2e , (4-5)
(slag sat'n.)
This potential will be approximately independent of slag compo-
sition as is seen from the approximatély;constant plateau values in Fig.

8. The overall potential difference which is measured between the refer-

ence and working electrode will then be represented by the virtual reac-

g
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tion:

Fe_ +C0 < C__ + (Fe0) ) (4-6)
& g (slag sat'n) '

which is obtained‘by‘adding reactions (2-6) and (4-5N« 'It is difficult to
check (4-6) with an exact calculation because the carbon monoxide pres-
sure ét the reference electrode is unknown. However, if it is assumed

. that the éffective‘préssure of CO at the refefence electrode is one at-
mosphere, the pOtential difference existing between thé reference and -

saturated iron electrode (a at the iron surface is unity) can be cal-

FeO

culated using standard thermochemical data (31) at the measured slag

temperature of 1480°C (1753°K) .-

C(gr) + %Oz(g) > CO(g) A F° = 63,540 cal. (1753°K) (4-7)
Fe(s) + 7 0,(g) > "Fe0"(1) A F® = -36,496 cal. (1753°K)  (4-8)

‘and AFS.= + 27,044 cal (1753°K)
= -nFE°

so E° = -586 mV.

where n = 2 equivalent. mole_l.

and F = 23,060 cal. - volt_l. equivalent.'_l

This calculated value of 586 mV. is reasonably close to the ob-
served value.of ;pproxima£ely 500 mV. measured as the beginning of sections
‘B in Fig.'S.

At higher current densities in sections B, it is thought that
the rate of ele¢tron transfer could be accommod;te& by dincreasing the
rafio of Fe3+ to Fe2+ by the reaction: |

+ o - |
re?t 5 re’T 4 e (4-9)
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in the saturated slag layer, which will have the effect of displacing the
measured potential to a higher value. This is seen as the slope of the
sections B in Figu;e 8, and will again be ihdependent of slag composition.
As mentioned previously, it was found to be impossible to carry out small
scale stﬁdles in high oxide slags due to Al2 3 precipita;ion on the elec-
trode and due to the rising liquidus temperature at Al2 3 concentrations
above the eutectic composition (10 wt. % Al O ) None the less, a trend
can be observed if we plot the extrapolated values of the limiting current

.density (iD) against the mole % of Al1,0. in the slag as shown in Fig. 33.

273

This seems to indicate that as the A1203 content of the slag is increased,

iD will asymtoticall§ approach a "limiting” value. The practical signifi-
~ cance of this is that as long as anodic metal-slag interface current den-
sities are maintained beldw»the iD curve duringAD.C. electroslag melting,
FeO saturation of the.anodic surface will not occur, and oxidation of the
metal will be held tg a minimum.

It was coﬁsidered necessary to examine the polarization results
to see if there were activation mechanisms present which would have very

fast rise and decay time at these temperatures. If such a decay existed,

it would be included in the potential difference we have attributed to an

Al

ohmic potential gradient seen as the initial rise on the oscilloscope
trace. To check this, the "IR" portion of the rise times for a Ferrovac-E
anodic electrode in a CaF2 + 2.5 wt. % A1203 slag was plotted against the

current I, as shown in Fig. 34, The straight line behaviour of the plot ex-

cludes the presence of any activation process in these systems (16).
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Figure 33, Estimated limiting current density for anodic

polarization of pure iron in Ca‘F2 + A1203
slags.
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Figure 34. lR drop as a function of applied current, I,
for anodic polarization of pure iron in a

. Can + 2.5 wt.% Al203 slag.
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It is thought that towards the end of sections B in the anodic
polarization curves of Fig. 8, when the rate of electron transfer has
. . . 3+, 2+ ,
become too high to be accommodated by increasing the Fe™ /Fe ratio, that

gas evolution at the interface is achieved by the reactions:

2. % - |
0°" >0 + 2e (4-10)

20" > 0,(8) (4-11)

- It was shown in Fig. 14 that anodic polarization at relatively
high current densities produces oxygen in the bulk of.the electfode. Fig.
35 is the oscilloscope trace of a high current‘density anodic pulse on a
Ferrovac-E electrode in a low oxide content slag (250 ppm. Ca0). The sér—
rated behaviour of the steady-state portion of the curve is characteris-
tic of gas evolution on metal electrodes as observed by Gésh and King (16).
It was observed that anodic electrodes showed significant dissolution,&hen
polarized at high current density in section B, butlnot when poiarized‘iﬁ
section A. This behaviour is expected as a result of formation;of liquid
FeO on the solid electrode surface, the Fe0O having a lower melting point
(& 1380°C) than the iron. The oxidation of the electrode is explained b&
the following mechanism. During the time when the electrode surface is
saturated with Féb, theré will be significant diffusion of oxygen into '
the solid electrode despite the fact that the iron itself is being ano-
‘dically corroded. When the oxygen content of the surface layer is high 

enough, FeO forms as a liquid which falls away from the solid electrode

producing the observed electrode dissolution.
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Anodic pulse on pure iron in

CaF,, + 250 ppm Ca0. The electrode
polarization is seen to transfer from
the saturation condition to an arc, ag
polarization continues io= 500 ma.cm
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4.3.1 Apparent transition time

The type of anodic polarization curves resulting from a single
pulse test as shown in Fig. 12 were found at values of current lying in
the middle region of sections B in Fig. 8. At higher and lower current
densities, the individual traces exhibited the usual exponential rise and
decay behaviour.

The shape of fhe galvanostatic polarization curve shown in Fig.
12_is qualitatively the same as that expected for a transition between
two slow, diffusion controlled processes as described in equation (1-28).

Therefore analysis of these curves according to the relationship

s g 2o 2
N4 oF 172

should indicate ﬁhéther or not the polarization mechanism being studied
was indeed a diffﬁsion controlled reaction innwhich some ionic species

in fhe slag Qas being depleted at the electrode surface. The transition
curves were analysed for applied currents of 0.5 A, 2A., and 3A. and the
values of the curgent density (ib)? the tranéition time t, and the pro-

‘duct ibrl/z are given below.

I(A.) io(A. cm.—z) T (sec.) ioTl/z (A. sec.l/z)
0.5 0.18 8.5 2.92

2.0 0.73 1.3 ﬁ 1.14

3.0 1.09 0.8 0.89

It is apparent that the transition time does indeed decrease as

1/2

the current density increases, but the product io T is not constant for

a given slag, a condition which must be satisfied for such a mechanism,


http://whlchmust.be
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The diffusion overvoltagé is plotted according to equation (1-28) for the
1/2 _ t1/2

t1/2

the points for each current density lie on straight lines, the slopes

three applied currents in Fig. 36 [f(x) = 1n = ] and although

increase with the current density. Values of n can be calculated by

equating the measured slope to BE-and are given below.

nF
I(A.) v n (gm. equiv./gm. mole)
0.5 o 5.2
3.0 3.0

The values of n so obtained are not unreasonable in magnitude,
Eut vary over a range which is much wider than would be expected‘for a
correct analysis. Eecause the values of n and, also, the values of the
product ioTl/2 are found to Be functions of the current density, it must
be concluded that the observed transition curves do not arise from diffu-
sional depletion of the slag in some ionic species. This finding agrees
with the previously proposed mechanism of anodic corrosion of irbn which
is a single step diffusion process and would not exhibit a transition
time behaviour. The'appérent transition times must therefore be explained
in another way.

Sﬁch an éxplanation can be found if we examine Figures 32 and
37. Fig. 37 is the oscilloscope trace obtaiﬁéd when repetitive anodic
pulsés are.applied in the "transition" region, at a frequency which main-

tains part of the saturated FeO layer produced by the previcus pulse.

Here it is observed that the inflection in the polarization curve is
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Figure 36. Application of transition time law to anodic

polarization of pure iron in CaF, + 2.5 wt.%

2
A1203.
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Figure 37. Successive anodic pulses applied to pure iron

in CaF, + 2:5 wt.%Z Al 03, showing the dis-
appearance of the apparént transition time when
surface saturation is retained between pulses.
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gradually removed with successive pulses. This indicates that the trans-
ition curves are the result of chemical phenomena rather than electro-

chemical ones, and can be explained using the single electrode reaction-

Fe » Fe?t + 2¢”

If we examiné the partial phase diagrams of the CaF,-Ca0-FeO

2

system (Fig. 32), we éeg a two 1iquid‘region in é composition range
through which the slag at the'électrode surface must pass in order to
_achieve Fe2+ saturétion. Therefore thg first portion»of.the transition’
curve; shown as line A—A' in Fig. 32, répresents the simple dissolution
of Fezf; while tﬁé inflection point indicates‘the‘beginning of the two -

liquid slag system as Fe2+ saturation is approached.
4.4 Anodic polarization of pure iron in Ca0 slags

The anodic polarization behaviour of pure iron electrodes in

CaF, — Ca0 slags is shown in Fig. 10, Comparisons of Figures 8 and 10

2

show that the plateau section B is much more pronounced in Al contain-

2%3
ing slags than in Ca0 containing slags where the overpotential at equi-

valent current density is seen to decrease more rapidly with increasing

Ca0 content. This :is probably the combined result of the lower viscosity

- Ca0 liquids (32) and their higher solubility (30) of re?t as

’

of CaF2

comparéd'with:Can - A1203 liquids at equivalent oxide content. It was

also observed that anodic iron electrodes melted at much lower current

densities and Ca0 contents than they did in an equivalent A1203 content.
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One can speculate, from the results in Fig. 10, that an ESR slag con-

taining 25 wt. %Z CaO, at a given current density, would not saturate
) . 2+ '

a melting iron electrode in Fe ', whereas an ESR slag of the same

273

lower oxygen content when melted through the Ca0 containing slag because

Al_O_ content would. This might result in the final metal having a
of the lower oxidation rate at the anodic surface.
4.5 Cathodic polarization of pure iron in ESR slags

In order to provide a Faradaic mechanism at the slag/metal

cathodic interface, we may postulate any combination of the following

..

reactions:
ca?t + 207 > ca” C(4-12)
*
[«
Ca - (Ca )Slag (4-13)
Ca - Ca’g v g (4-14)
- * :
At 437 > a1 (4-15)
*
Al ~» [Al]FE (4-16)
X
° —
Al - (Al )S]_ag ([4 17)
%
Al - Al°2 (4-18)

for the appropriate slag cation compositioﬂ.

In tﬁé case of the overall reaction (4-12) and (4-14), the poten-
tial seen by the measuring circuit is represented by the equation:
' (4-19)

(Cao)slag +C -~ COg + Cg

gr (g)

Similarly, the potential seen at an electrode which is cathodi-

cally polarizing due to reactions (4-15) and (4-16) is represented by the
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reaction:
(A1203)slag + 3 Cgr > 3COg + 2[A1]Fe ' | (4~20)
giving potentials:

AE° 800 mv

4~-19

[]
and E 4=-20

400 mV

at 1812°K, for Raoultian standard states. However, as the observed reac-
tion must involve solution of Al in both the metal and the slag and Ca

in the slag, we would not expect to see these potentials as the polariza-
tion values.

The form of the cathodic h/ln io curves at the lower_current-
densities is again that to be expected from the diffusion of reacfion
products away froh the cathodic interface. One might expect to observe
a limiting potential at interface saturatiop but this will not occur as
it did in the anodic cases because there is no electrochemical mechanism
by which the interface can remain saturated as the current density is
increased abovebthe initial saturation current density. At higher cur-
rent densities, it is believed that the calcium gas produced forms a
soft arc which is very stable and the increase in measured polarizatioh
. results from the arc resistance. This concept is supported by Fig. 38
which is a plot of the cathodic overpotential against the working current
of 'a pure iron eiectrode in a CaF2 + 1 wt. % A1203 slag. The curve be-
comes linear after a current of 5 A. (1.8 A. ém.—z) which is characteris-
tic of an arc pfocess. In slags with a hiéher okide content, it appears

that this very stable soft arc does not initiate until higher current .

densities are attained. This is one way in which the cathodic polariza-
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Figure 38, Cathodic polarization of pure iron in a CaF, +

1 wt.Z% A1203 slag plotted against the appliéd
-current.
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tion curves can be reasonably explained.

Another péssible explanation of the linear behaviour shown in
Fig. 38 is that the current density, io, and convection boundary layer
are related in such a fashion that a linear overpotential-current density
plot is obtained. Thié is based on the assumption that the measured over-—
potentials do indeed result from a change in activity of a deposited spe-
cies at the interface, and that this potential can be described in terms
of a Nernst -equation. This would apply when a steady-state condition is

achieved, with the diffusion overvoltage given by

where c(i) is the imposed concentration of the diffusing species at the
interface, and ¢ is the concentratioﬁ before current passage (concentra-
tion has been substituted for activity). If we assume that the initial
curved portion of thevplot given in Fig. 39, represents the cathodic de-

position of Al in the iron by ‘the reaction:

3+ -
Al” + 3e - (Al)Fe

and that the linear portion represents the deposition of Ca which sub-
sequently dissolves in the slag, the current density at which the curve
becomes linear -should be the limiting diffusion current density of Al3+

ions in the slag. The diffusion boundary layer can therefore be calcu-

lated using equation (1-11).

when i = 1 c = 0.

D’
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2

For the anodic reaction given above, n 3 and iD'= 1.8 A. cm.

The slag contains 1 wt. % A1203 M.Wt. 102 gm), and the den-

sity of the slag is approximately 2.6 gm.cm.—B, therefore ¢ = 2.55 x 10«4

-3
moles. cm.

96,500 coul. gm.-equiv.._l

8.5 x 10_5 cm.2 sec. -1 (33) and 8§ can be calculated

“F

D

to be 0.347 cm, Therefore the diffusion boundary layer for A120 deple-

3

tion at a cathodic iron surface is approximately 3500 microns thick, a

reasonable value for such a system. When the electrode current density
R . - 2+

exceeds the limiting current density for Al deposition, Ca ions must

deposit, and the linear portion of the curve must correspond, in the ab-

sence of a stable soft arc, to the reaction:

2+ -
Ca” + 2e -~ [Ca]slag

where the measured overpotential is determined by the Ca activity at the

 electrode interface. For Nernst type behaviour, N4 is proportional to .

£

5 (¢ =0). There-

ln ¢, and from equation (1-11), i is proportional to
fore i and 6§ must be related in such a way that the concentration, ¢, of

Ca in the slag at the interface, varies to produce the relationship:

iao lnc
and therefore

nd o In c.

Although it is difficult to conceive of such behaviour during
electrolysis, it is felt that this explanation is more realistic that the

idea of establishing a soft arc at these low current densities.



125

In high oxide content slags containing Al 03, Al and Ca should

2
be deposited together such that some Al will dissolve in the iron elec-
trode while Al and Ca dissolve in the slag. The fact that Al is produced

at a cathodic surface was shown by the electron microprobe studies of an

cathodic iron electrode as discussed in Section (2-5).

4,6 Polarization of Fe-Cr alloys and pure chromium

The anodic and cathodic polarization behaviour of AISI 430
stainless steel electrodes was shown in Figures 15 and 16. Very little
information can pe drawn from these curves exéept to say that at an equiva-
lent current density and slag composition, the degree of anodic polariza-
tion is lesé on a stainless steel electrode than on a pure iron electrode.
No B regions, or plateaus were found on the anodic polarization curves;pf
these electrodes. At low current densities, thé anodic reaction is
thoﬁght to be

Cr - Cr3+ + 3e (4-21)

As the current denmsity is increased, and the Cr concetnration at the inter-
face decreases due to preferential anodic corrosion, iron will start to
R 3+ 2+ .

corrode to produce a build up of Cr and Fe ions at the electrode inter-
face.

The cathodic polarization curves (Fig. 16) show a behaviour sim-
ilar to the cathodic curves for pure iron shown in Fig. 9. This would
indicate that the cathodic reaction is not appreciably influenced by the

presence of Cr as an alloying element in the iron matrix.
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The concentration gradient of Ctr at the surface of an AISI
430 stainless steel shown in Fig. 17 gives ample evidence of the prefer-
ential anodic corrosion of Cr from Fe-Cr alloys. As indicated previous-
ly the removal of Cr took place at a current efficiency of only 10Z.

This means that even at this relatively low current density, the anodic
reaction was accounted for in the main by corrosion of iron, not chromium.
One might expect to observe an anodic polarization plateau established by
FeO saturation in the slag becéuse of the fact that Cr removal accounts
for only 10% of thé current passage. However, no plateau was observed
because the potentials measured were established by corrosion of both.

Cr and Fe such that the effect of the Cr was to mask the Fe'plateau.

The anodic polarization curves for the Fe -1 wt. 7 Cr alloy;‘
shown in Fig. 18 can also be explained using the concept of Cr depletion
at the electrode surface. Prior to current passage, the electrode_sur—v
face has a Cr concentration of 1 wt. %. Upon passage of current, the
electrode polariées to produce a plateau at approximately 230 mV., the
value of which is deterﬁined by the Cr content at the surface. As cur-
rent passage proceeds, the Cr is quickly depleted at the surface and anodic
.corrosion of" iron takes place causing the measured potential differ-
ence between the reference and working electrodes to increase to the
plateau value of an anodic iron electrode. Upon current interruption,
the measured polarization decay is therefore that of an iron electrode
as shown by decay polarization curve in Fig. 18,

The anodi¢ polarization curve of pure chromium (Fig. 19) ekhi—
bits a plateau at a potential between 200 and 300 mV. This plateau arises

. . : + \
from saturation of the slag at the interface in Cr3 iens and is therefore
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comparable to the plateaus found for anodic iron electrodes in CaF2 -

A1203 slags. The potential difference existing between the graphite

3+ .
reference electrode and the Cr saturated surface is represented by

the equation:

3-Clgr.y ¥ 0r05 > 2Cry+3 C0 () (4-22)
(8) _
From the free energies given below (T = 1809°K),
3 .
+ = ¢ = - . -
3 Cr(s) 2 O2 + 3 CO(g) AF 194,007 cal (4-23)
(g)
3 .
2 Cr(s) + 5 02 >
' (g) €r 03 () AF® = -159,481 cal. (4=24)
AF° = =34,526 cal.
rX. _

and AE°® = -250 mv.
This calculated value agrees very well with the observed value

of the plateau.

4.7 Polarization of pure nickel

The small scale studies carried out on an anodic nickel elec=-

trode in a CaF2 + A1203 slag were not suitable for presenting as a polari-
zation curve because at the lower current densities, the electrode would
not polarize to a steady state value in the time available during an in-
dividual pulse eﬁperiment; Steady state polarization was not achieved
until the current density was increased to 1.1 A. cm._2 The oscillo- . .
scope trace of this test is shown in Fig. 20, and the observed polariza-

tion potential is approximately 700 mV, which should correspond to the

reaction:
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+ NiO, , > Ni, , + CO,. 4-2
Clgry * MO() ™ Ni(g) * COgq) (4-25)
The free energy change for this reaction is calculated as follows at
1726°K:
c + Lo, =
( 2 co AF® = -62 1. 4~-26
(gr) 2 (8) (2) ,996 ca ( )
. 1 . e — _
Ny ot S oz(g)—> Nlo(s) AF 21,325 cal. - (4-27)

AForx = -41,671 cal.

and AE® = -904 mV.

The discrepancy between the observed and calculated values for
;he plateau heightzmight be explained by the relatively long time needed
to establish the steady-state polarization in this sytem, a time during
which the entire system is cooling. If the system temperature was sig;
nificantly lower than the assumed temperature of the melting point of
nickel, then a calculated AE® would also be smaller.

The electronmicroprobe results obtained upon the examination
of a cathodically polarized nickel electrodé were presented in Fig. 21.
Although calciﬁm is insoluble in iron (34), it is soluble in nickel, but
the question arises as to whether or not Ca will be deposited in the pre-
sence of Al_O, containing slags. Bell (21) considered the interaction |

23

between Ca0 + A1203 in Can

brium conditions, found that the interaction between the oxides and

slags and liquid nickel, and under equili-

dissolved Al and Ca in liquid nickel was such that as long as alumina
is present in a slag, alumina will react with liquid mickel to a much

greater extent than Ca0. He stated that Ca would not dissolve in the
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‘metal even when the Ca0 activity in the slag was 0.56, unless the A1203
activity was less than -0.00018, which was certainly not the case in the
CaF2 + 8 wt. 7% A1203 slag used for electrolysis of the nickel electrode.
We must therefore conclude that the Ca containing regions shows in Fig.

21, were not electrochemically formed, but that this calcium was in the

nickzl in the as received condition.

4.8 Anodic polarization of cobalt

The anodic polarization behaviour of cobalt was very similar
to that of nickel ;n that steady-state polarization could not be attained
until the current density was high. Fig. 22 shows the osciiloscope trace
obtained at a current density of 2.0 A. crn.--2 This shows a measured
potential difference of almost 800 mV. which corresponds to the reaction:

+ CoO > Co )+ co

(gr) (s) (1) * €0qy (4-28)
The free energy chénge for‘this reaction is calculated at 1766°K, the
melting point of cobalt, as follows:
c + Lo, :
(gr) 2 2(g)+ co(g) AF® = -63,803 cal. (4-29)
m@ + —;-._oz(g; Co0 () BF® = 26,010 cal. (4-30)

AF® = -37,793 cal.
X
and AE® = -819 mV.
This figure of 819 mV. agrees very well with the measured value.
‘If the rise times in Figures 20 and 22 are compared, it is apparent that
the cobalt rise time is much faster and the degree of system cooling is
therefore kept to a minimum. The faster rise times so observed must be

a result of a difference in saturation solubility of CoO0 and NiO in CaF2

slags.
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In silicate melts, it is found that the saturation solubility
of oxides of transition metals decreases according to the order Cr, Fe,
Ni, Co, and it is possible that a similar trend exists in the slags pre-

sently studied.

4.9 Anodic polarization of an Fe-C alloy

As stated in section (2.5.7) the anodic polarization of an
Fe-C electréde significanfly decreased its carbon content. This ob-
served carbon 16ss must have taken place by evolution .of carbon-monoxide
gas despite the fact that there is often .a bubble nucleation problem
associated with carbon-monoxide evolution. It is not'surprising, however,
that carbon monoxide evolution occurred because. according to Distin et.
al. (35), there will be no nucleation barrier at an iron surface con- '
téining 0.8 wt. Z C when it is in contact with FeQ saturated slag.

From this experiment one can conclude that carbon loss during

D.C. ESR could be quite substantial. ' ;

4.10 High current density polarization

The visual observation of arc effe;ts at very high current
densities on both anodic and éathodic surfacés is supported by the
behaviour of the polarization curves shown in Fig. 13. It is evident
that at sufficiently high current densities the electrode surface dis-
plays an essentially linear overpotential/current density behaviour which
is unexplainable by a diffusion controlled mechanism. However, it would

be the case if the observed polarization resulted from the resistance of
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a gas film around the electrode (36). Such an arc could ariée in either
of two ways. Firstly, the electrode reaction could evolve gas, either
Ca(g), 02(3) or Fz(g) at a rate sufficient to create a steady-state gas
envelope around the electrode. At the high temperature at the tip,
sufficient electron transport would be possible ip this envelope to trans—
fer the electrode reaction to its outer (slag/gas) surface, thus retaining
the electrode reaction, and hence the arc would be self-sustaining. Fig.
35 shows the formation of such a condition in a CaFé + 250 ppm. Ca0 slag.
The electrode first polarizes, in this case anodically, then evolves gas
at a higher potential. The anodic reaction here would be the initial for-
mation of a saturated layer of FeO at the electrode surface, by reaction
(4-2), which would be instantly followed by reaction (4-9). When the

rate of these reéctions.is insufficient to sustain the current density
imposed by the current source, reaction (4~11) will be initiated, evolving
a gaseous species to form the arc, which produces a significant increase
in the‘polarization potential. This region of arcing is section C in Fig.
30. This situatién is probably the phenomenbn referred to in the litera-
ture as a "soft'" arc, since although the effect is visible as a sudden
increase in radiation, it has no characteristic arc splutter. The initia-
tion of such an arc is very similar to the initiation of the "anode |
effect" in aluminum electrolysis (37), and as with the anode effect, the
current density required for anodic arc formation is strongly dependent

on the oxide content of the slag. As in the case of the transition into
the FeO saturation condition at lower anodic current densities, we can

only use an approximate extrapolation to extend our findings to higher
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TABLE XI

CRITICAL CURRENT DENSITY ESTIMATION

g

ELECTRODE SLAG ESTIMATED CURRENT DENSITY
POLARITY ~ CaF, FOR ARC INITIATION
+ wt. % oxide ' A.cm.-2

+ 25 A1,0, 250

- 25 A1,0, | 400

+ 5 AL,0, 150

- 5 A1,0, 200

+ 0 o 10

- 0 25

+ 5 Ca0 300

- 5 Ca0 400

+ 25 Ca0 | 500

- 25 Ca0 500
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oxide slags. However, since the current density at the point of arc in-
itiation marks‘the upper limit for the working of a stable electroslag
process electrode, we feel that such an approximation will provide valu-
able operating information. The anodic and cathodic current limitation
figures are shown in Table XI.

The electrode current density in the U.B.C. electroslag fur-
nace is approximately 100 A. cm._z, while in a commercial electroslag ,
furﬁace, the current density on an 18 iﬁ. diameter electrode at a current
of 15 KA. is approximately 10 A. cm.-2 Both of these current densities
are below the estimated values of critical current density for arc initi-
ation in a 25 wt. % A1203 slag. On the other hand, tﬁe current densities
in electroslag welding afe very high. TFor a wire diameter of 1/8 in. and
a process current of 450 A., the electrode current density is approximate—
ly 3 x lO4 A. cm.;-2 This current density is far greater . than that re=
quired for arc initiation and électroslag welding must therefore operate
as a submerged arc process.

A second possible mechanism for suéh arc initiation is heat
generation by Joule heating in the polarized:slag layer leading to local
boiling in the slag. This has been considered from a theoretical stand-
.point (38) in analogy with the Leidenfrost phenomenon, and may operate in
the present case. It is possible to calculate the required current den-
- sity to boil the slag at the eléctrode tip uéing the following model.
Consider a “coni¢alpolarized electrode with a surface area of

11.3 cm.2 (an average electrode tip). Joshi (32) calculated the heat

transfer coefficient, h, between slag and electrode to be:
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h=1 ca1.°C_l s&c."l cm.—2

If the assumption is made that all of heat generated by currént
passage through the polarized slag layer is transferred to the electrode
at this value of h, it is possible to calculate the current density needed
to raise the slag temperature at the interface to its boiling point. The

heat transfer equation is

q=h=+ A+ AT cal. sec. (4-31)

where A is surface area of transfer, and AT is the temperature difference
across the interface. By assuming that the slag is at its boiling point

and the metal (Fe) is at its melting point.

AT = B.P.CaF2 - M.P.Fe

2509°C - 1538°C

n

|}

971°C

Therefore, for these assumptions,

1x 11.3 x 971

e
]

11,000 cal. sec.

If the voltage drop in the polarized slag layer is assumed to
Be 10 V. the power dissipation is given by:
? = 10T watts
where I is the current in amps. Multiplying P in kW by the factor 0.24
converts P to kcal. sec.“1 ThérefOre the current can be calculated as 3

follows:
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P
I—-EA
’ -1 11
11 kcal. sec. = 5% kW.
= 45,9 kW.
Therefore I = 3%62— = 4.59 KA.
= 4590 A.

The electrode current density would then be

: -2, 4590 * -2
1O(A. cm., ) = 113 = 400 A. cm,

This is an unreasonably high current density, even in view of
the initial assumptions and one can therefore conclude that arc initiation
by this means is very unlikely.

The evolution of gas on the working electrode will only alter
the measured polarization through its effect on the Fe3+/Fe2+ ratio of the
slag at the slag{gas.ihterface. When gas‘bubbles are evolved, the.ine
crease in polarization overvoltage observed is due to the increase in
ohmic resistance in the region of the working electrode surface. Although
the calcium fluoride used. contained only a small quantity of oxide (250
ppm), and extensive precautions were taken to exclude oxygen from the sys-
tem, there were no indications that fluoride species were involved in ﬁhe
polarization reaétions in "pure" calcium flﬁbride, as evidenced by changes
in, for example, the anodic polarization times. It is probable that the
low levels of oxygen present in the fluoride were sufficient to providé a
saturated layer on the working electrode since oﬁide solubility in "pure"
calcium fluoride is very small.

: |

The observations made on the cathodic process indicate that: the

arc initiation condition must be associated with the production of Ca(g).
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In CaF2 + Ca0 slags, this is evidently the only possible mechanism, and
should 'occur at electrode potentials of approkimately 1 volt with,reépect
to the graphite reference electrode. 1In Can + A1203 slags, the mechanism
should remain the same, but the observed potentials at arc initiation will

be markedly different from the CaF, + Ca0 case due to the effect of Al,0

2 273

on the Ca0 activity.

4.11 Electroslag process polarization

The values of anodic and cathodic polarization on melting elec-
trodes in the melting unit given in'Figures,23+26 agree well with the ex-
trapolated small scale polarization results. One can therefore conclude
that neither the obviously different hydrodynamic regime at the ESR elec-
trode nor the fact that the electrode is continuously melting héve a sig-
nificant effect on the polarization reactions. We may also conclude that
the substantial (8%) 360 Hz ripple present in the D.C. rectifier circuit
has no detectable effect on the reactions. The few anodic and cathodic
overpotential values obtained on melting AISI 1095 and AISI 430 steel
electrodes are approximately the same as those measpred on pure iron elec-
trodes at equivaignt current>densities. This indicates that the alloyiﬁg
elements had no éppreciable depolarizing effect and that our findings on

pure iron electrodes appiy-to all iron-based materials.



CHAPTER 5

DISCUSSION OF MELT PROGRAM RESULTS
5.1 Introduction

The purpose of the melt program was to investigate the chemical
and thermal effects which occur during D.C. electroslag melting, and ex-
plain these effects in terms of the Faradaic reaction mechanisms proposed
in Chapter 4.

The more important findings of the melt program are shown to be:

1. Chemical effects exist during D.C. electro-

slag melting. In the case of pure metals, oxidation occurs

at the anodic surface to produce ingots with a finalioxygen

content which is dependent principally on the electrode

polarity. Deposition of Al occurs at the cathode surface

and the Al—O interaction is paftially responsible for

oxygen removal from the ingot pool.

2. Thermal effects are present during D.C.
electroslag melting. They apparently arise from excess
heat generation in the polarized slag layer at the liquid
metal/liquid slag-interfaces. These effects result nof in
a higher slag temperature but, in the case of an anodic
electrode,‘in a higher specific melt rate and, in the
case of an anodic ingot; in a larger liquid metal volume

in the ingot pool.

137



138

3. 1In the case of D.C. electroslag melting of
alloys, the chemical effects result in significaht losses
of easily oxidizable alloying elements. Alloy depolariza-

tion is small.

4, All of these effects can be explained in
terms of both Faradaic reaction mechanisms and mass

transfer phenomena at the two metal/slag interfaces.

5.2 Effect of electrode polarity on oxygenkcontent

The oxygen analysis results of the ingots made in the melt program
show that ingots made on the D.C. electrode negative mode have a much higher
final oxygen content than ingots made on the electrode positive mode, inde-
pendent of atmospheric interactions. This fact is best illustrated by ex-
amining thebmelt record fesults of Ferrovac—E ingots (Table III) in which
the average oxygen content of electrode negative ingots melted through
CaF2 + 25 wt. % A1203 slag is 480 ppm. O, while ingots made on the electrode
'positive mode in the same slag have an average oxygen content of 185 ppm.

'O; As sﬁown in the melt records, there are actually three types of electrode
positive melting possible. The first type is the standard electrode positive
mode in which the makimum réte of power input is controlled by the voltage

at which arcing to the "insﬁlated" mold. occurs f”l9 V.). To operate at a
higher voltage, it was necessary to paint the inﬁer surface of the copper
-mold with.boron—nitr{ée paint as described in Chapter 3. 1In this type of

electrode positive melting [+(im)] it was possible to melt at higher applied

voltages without arcing to the mold (see ingots 37, 38, and 41). These in-
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gots had an average oxygen content of 140 ppm. O which is only slightly
lower than that of the normal electrode positive (+) ingots. Two ingots
were made in the third type of électrode positive mode which is electrode
positive with a live mold, [+(Im)]. In this mode the mold was purposely
made to carry current being connected to the power return circuit with its
own leads and current shunt. It was found that in this mode approximately
90% of the process current passed through the live mold circuit, and ingots
35 and 83 made this way in a CaF2 + 25 wt. 7 A1203 slag had the higher
oxygen content (760 ppm. O0). Three ingots made using A.C. power (34, 36
and 40) had an average oxygen content of 215 ppm. O. As shown in Table
III, ingot 36 was ﬁade using a live mold connection, while ingot 40 was
made in an insﬁlééed mold, but these conditions appeared not to affect-.the
final oxygen conteﬁt to any extent.

This obééfved dependence of the oxygen content on the electrode
polarity can be explained using the findings of the small scale studies.
Consider first the case of the ingot being made in the electrode negative
mode. The electrode is cathodic and the ingot anodic such that Al and Cé
will be deposited éf the melting electrode tiﬁ. The Ca will dissolve in
the slag and Al will dissolve at a steady-state rate into the liquid iron
film on the electréde tip. Therefore, the metal droplets which detach from
the tip will contain dissolved aluminum which will be carried to the liquid
metal pool ofthe solidifying ingot. 1In the U.B.C. electroslag rig, the
current density at. an anodic ingot tip is high enough to saturate the slag
at the interface iﬁ FeO, and iron oxide will be dissolving continuously:

into the liquid metal pool. Depending on the relative concentrations of
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Al and O in the liquid;oxide inclusions will nucleate and grow as solidi-
fication'proceeds. The inclusions that are trapped by the solidifying
interface represent the final oxygen content of the ingot meﬁal. This is
a very simplistic view of inclusion formation and entrapment in which no
consideration has been giﬁen to the problems of inclusion nucleation or Al
loss from the drops as they pass through the iron-oxide saturated anodic
interface.

Ingots made in the electrode positive [+] or electrode positive
with an insulated mold [+(im)] mode will pick up Al and O by the same means
with the exception that the electrode is anodic and the ingot cathodic.
Why, then, do electrode negative ingots have abhigher final oxygen content?
This can be explained by considering the location of the anodic reaction
sites in the two céses. The ingot current density is approximately one-
half that of the electrode tip current density, but:the‘operating current
in the U.B.C. electroslag rig is sufficiently high to saturate an anodic‘
ingot surface in FeO. 1In electrochemical terms an anodic ingot surface is
equivalent to an anodic electrode tip, and the observed dependence of final
ingot oxygen coﬁten£ on electrode polarity must therefore arise from differen-
ces in the rate of metal oxidation at the two possible anodic surfaces.
Anodic liquid iron surfaces are exposed to FeQ saturated slag which repre-
sents an unlimited:supply of oxidant, and the rate of oxygen dissolution:
must be controlled by the liquid métal flow characteristics at these inter-
faces. A,melting electrode has a liquid film on the surface which is approx-
imately ZOQﬁ thick (4). ‘As will be shown in Section (5.6), the amount of.

oxygen which dissolves in the melting electrode metal is equal to 1600 ppm.
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O for pure iron electrodes. It waé not possible to calculate an equiva-
lent value for the amount of oxygen dissolution at an anodic‘liquid ingot
surface,‘because too little is known about the fluid flow conéitions in

the ingét pool. However, due to the larger surféce area at the pool, ome
can speculate that more oxygen will be dissolved at an anodic ingot; One
must now consider how this oxygen is removed from the liquid metal, because
the observed final ingot oxygen contents are much lower than the calculated
oxygen content. In the case of the anodic electrode, the metal droplets
could.conceivably lose some of their dissolved ékygen during the time thel
drops fall through the slag, especially when one considers the fact théf
oxygeﬁ is surface active in iron and the drop surface therefore presents a
large amount of the dissolved oxygen to the refining action of the slag.'
Also when the drops reach the cathodic ingotvsurface, they must pass through
- a layer of strongly deoxidizing slag containing metal produced by the cé—
thode reaction. It is therefore reasonable to expect that the bulk of.the
oxygen dissolved in a melting anodic electrode will be removed from the
metal before the metal becomes part of the.iﬁgot pool proper. In the éase
of an anodic ingot pool which is in contact with an FeO saturated slag, the
only supply of deoxidant is that which is transported to the pool by thé
métal drops. Thén drops will contain electrdchemically produced aluminum .
which will react with the dissolved oxygen in the iﬁgot'metal to form in-
clusions; some of which will dissolve in the slag. The dependence of the
final ingot oxyéén content on eléctrode polarity can therefore be expléined
in terms of differences in oxygen dissolutién rates at the ingot and eléc~
.tfoae‘and the chemical interaction between the electrochemically produced

products.
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The fact that live mold electrode positive ingots have the high-
est oxygen céntent of any modé can be explained if we again consider the
electrochemical reaction sites. The anodic surface is the electrode tip
which behaves in the same manner as the anodic surface in any other mode
Bybdissolving oxygen in the melting metal. In this mode, the bulk of the
current flows to the mold and the path of lowest resistance should be a
radial one, orthogonal to the electrode tip. It seems unreasonable to
propose that the process current passés through the solidified slag skin
to fhe Cu mold. It would be more plausible to have the current transferréd
through a "soft arc," (section 4.10) established between the liquid slag
and the copper mold. As discussed in Section (1.3.3) such an arc might con-
duct Both electronically and ionically, with the principal Faradéic site as
the arc/slag interfaée. Hence tﬁe ingot/slag interfacé has little cathodic
deoxidizing capability and thus will not substantially alter the electrode
metal éompositibn; :We would expect then that tﬁé ingot pool coﬁtaiﬁ large

amounts of dissolved oxygen.

5.3 Inclusion types

As previously indicatéd in Chapter 1, electroslag processiﬂg en-
sures that no large inclusions are present in the ingot metal. Electron
microprobe examination of iﬁgot specimens produced in the present melt
program show this to be the case. Fig. 39 shows the appropriate electron
micrbprobe pictures obtained upon examination of ingot no. 27 (FVE. el.—vé)
while tﬁe‘pictures in Fig. 40 were obtained froﬁ the AISI 430 stainless

steel ingot (No. 61). Both ingots contained small round inclusions of high
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Al X-ray X 1200

Figure 39, Section from interior of Ferrovac~E
electrode negative ingot showing Al
containing inclusions.
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A.E.l. X 2100

Al X-ray X 2100

Figure 40, Section from interior of AISI 430
stainless steel ingot showing Al
containing inclusions.
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aluminum content. The same type of inclusions were found in most of the
ingots examined whether they were made from AIST 1095 steel or essentially
pure nickel. Inclusion formation and composition during electroslag.prof
cessing will not be discussed here, ﬁaving been aaequately covered by Bell
(21). Evidence of inclusion removal by flotation was found upon examina-
tion of the top surface of ingot 30 as shown in Fig. 41. This shows a large
number of alumiﬁa inclusions which were about. to enter the slag. These in-
clusions were larger than those found in the bulk of the ingot and they
appear to have  formed.by agglomeration of smaller inclusions. This produced
inclusions with a larger effective radius which were able to float out of
the ingot pool. This observation indicates that the measured oxygen content
of the ingots is 1owér than the electrochemically produced oxygen content.

It must gé noted that the final ingot oxygen and aluminum contents
in pure iron were far higher than would be produced by equilibration of irbn
with alumina. This is shown to be true in Fig..42 which is a plot of exper-
imentally determinea Al and O contents of pure iron in equilibrium with |
alumina of unit activity at 1600°C (21). The residual Al and O contents.
of ingots 25, 41, and 83 are shown to lie wellvabove the equilibrium con-
tents. This suppor;é the argument that the eleétrochemical reaction pro-
ducts are responsible for the observed ingot inclusions.

With respect to removal of inclusioné.present in the starting
electrode metal, it ﬁas been noted (39) that the electrode tip is the site
at which these inclusions are most efficiently removed. As discussed pre-

viously, this is not the case with respect to removal of electrochemically

formed inclusions.

-
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Optical X950

Figure 41. Alumina inclusions on the top of a
Ferrovac-E electrode negative ingot.



147

Al Wfo/o

- O
0. o
N o
0 o
O
X0
O
m.
00
O '© g}; ' Qo
o
o Figure 42. Al and 0 in liquid iron in equilibrium with unit

activity Al,0, at 1600°C. Experimental data falls
within the %agched area.
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5.4 Effect of specific coulombic density (Z) on the fihal oxygen content
As presented in Chapter 3, it was postulated that the final in-

got oxygen content could be correlated to a parameter, Z, which took into
account the operating current density and the melt rate. There may indeed
exist such a relationship, but the range of stéble operating current densi-
ties available on the U.B.C. electroslag rig is limited, Hence, we were un-
able to vary Z over a sufficientiy wide range for the postulate to be exam-
ined with respect to the final ingot oxygen content. Despite the limited
amount of data, a trend does appear to exist. If one examines the values of
Z and oxygen content for ingots 31+33 in Table III (el. +ve.), it can be .
seen that the 1owestvo;ygén content corresponds to the lowest value of Z,
but this may simply be a reflection of the higher melt rate of ingot 31.
Examination of the data for the electrode negati&e ingots in Table IIT
shows the same trend:in that ingot 77 has the loﬁest oxygen content as well
as the lowest value éf Z and the highest melt rate. However, although the
approach appears entirely reasonable, the range of accessible experimental

data is insufficient to adequately test our initial postulate.

5.5 Effect of atmosphere control

Two types of atmpspheric control were used during the melt pro-.
gram. The argon fume hood produced a relatively oxidizing atmosphere (up
to 1% 02) whereas thg argon gas cap atmosphere purity depended solely on
the purity of the argon in use. Etienne (4) states that the atmospheric
oxidation rate during melting is dependent upon exchange reactions between
slag and atmospheré which in turn are controlleé by diffusion of multiple

. 24+, 3+ .
valence ions (Fe” /Fe” ) in the slag. He also concluded that electrode
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oxidation above the slag was unimportant as a means of atmosphere oxygen
transport to the melting metal. His final conclusion is that the partial
.pfessure of okygen in the atmosphere bears little relation to the amount:
of atmospheric oxidation e#cept when the actual rate of supply of atmos—.
pheric oxygen is less than the limiting rate of éxygen tranéfer at the
slag/atmosphere interface. If one compares the oxygen contents of Ferro-
vac-E ingots made in the argon fume hood (23, 72, 24, and 74)with those
of the Ferrovac-E ingots made in the argon gas capi(25+30, and 31+33) it
is obvious that the different atmosﬁheres have had very little effect on
the oxygen content in either the electrode negative mbde or the electrode
positive mode. One must therefore conclude that the ingot oxygen contents
are a result of.metal.oxidation by the FeO-saturated slag 1ayer4produced
by electrochemical feactions at the anode. The oxidizing power of this
anodic slag layerlis much greater than any atmospheric oxidation pro-
cesses‘which might have existed during melting in the U.B.C. electroslag

rig.

5.6 Diffusion of oxygen into an anodic electrode

As previously discussed (5.2) a melting anodic iron electrode
is exposed to slag saturated in FeQ. Oxygen dissolves in the liquid
electrode film to establish a steady-state rate of oxygen transfer to

the melting metal. Etienne (4) developed a mathematical model by consid-
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ing an idealized situation in which the liquid metal film flows down a
conical electrode tip under the influence of gravity, neglecting fhe
effects of surface tension and momentum transfer from the slag to the
liquid metal film. The total weight of oxygen QO transferred per unit
time across the slag/metal interface is the same as the flOW'fate of
oxygen at the system exit. (electrode tip) which may be calculated by
integration of the diffusion flow equation over the entire area of the

electrode cone, A. The flux of oxygen can then be wirtten as:

D.
= _o,m . - -
Q, 2 A[O]i Tt gm. sec. (5-1)
using:A = “Rz
cos ©

[O]i ~ concentration of O in Fe at slag metal interface,

0.2 wt. % (saturation of Fe at 1550°C).

0.014 gm., cm._3

_ diffusion coefficient of O in:Fe

4

3. 10 cm.2 sec._l 40).

g

It has been assumed that the diffusion boundary 1ayér is small
compared to the film thickness and the situation therefore reduces to
diffusion in a semi-infinite medium. The exposure time, tys of a surface

element travelling between the base of a cone and the tip is given by:

| dmcos6 \2/3( Pm \1/3 { R\ 5/3 I5/6)W1/3)
£ = 3Wm' ) (p;g sin‘e) (cos.e ) . T(7/6) ‘ (5-2)

where
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W~ melt rate in gm. sec.

= 1.94 gm. sec._1 for eledtrode positive

ﬁﬁ' - total volumetric melt raté in cm.3 sec“1
v
- g-‘i = 0.277 em. sec.”}
p = P pé - effective density of liquid iron
due to slag buoyancy
= 7.0~ 2.6= 4.4 gn. (:m._3
ﬁm - viscosity of molten iron
= 0.05 poise.
R - -electrode radius
= 1.59 cm.
68 - “base angle of cone
= 45° (average of electrode tips)
g - acceleration due to gravity

r (5/6) I (1/3)
r(7/6)

- Eulerian functions which evolve from
integration of t, '

= 3.259
and ty = 0.976 sec. for the cénditions stated above.
A = 11.234 cm.2
and Q0 can now be calculated to be:

QO = 3.10 x 10—3 gm. sec.

The weight 7 of oxygen transported into the melting electrode
metal is then found by dividing Q0 by‘Wm, and is equal to 0.16 wt. %Z O or

1600 ppm 0. This figure of 1600 ppm 0 represents the theoretical amount
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of oxygen dissolved iﬁ the metal during the melting of pure iron in the
electrode positive mode. Comparing this with the observed final oxy-

gen contents of pure iron electrode positive ingots (185 ppm 0), it
appears that the bulk of the dissolved oxygen is lost between the drop
detaching from the electrode tip and metal solidification in the ingot.
‘In sections (5.2) and (5.3) it was shown that oxygen might be lost by
dissolution of oxide in the slag during the time the drops fail through
the slag and by inclusion floatation from the ingot pool. 1Ingot 83 (Table
III) was made in the electrode positive live mold mode [+(1m)] and ex-
amiqation of the slag cap showed that drdplets of iron were retained in
the slag cap. The larger droplets were analfzéd for their total oxygen
content and were found to céntain 1756 ppm 0. This figure is close to. the
théoretically calculated oxygen content of'l6OO ppm O. These drops had
been exposed to the slag for a finite length of time but still retained

a high oxygen contént. It therefore appears that oxide loss during drop
fall through the slag is negligible and that inclusion flotation and re-
moval from the ingot pool ﬁust account for the removal of the electro-
chemically produced oxygen.

In order for aluminum containing inclusions to nucleate homo-
geneously in the ingot pool, there must be high,supersaturation of both
aluminum and oxygen in the metal. This is invéontrast with Bell's find-
ings (21). He fouﬁd that ingots made with A.C. power had low supersatur?b
ations of aluminum énd oxygen and inclusions were nucleated only at the
freezing ingot ingefface. Inclusion flotatiom in D.C. ingots is "short

range' and occurs in the ingot pool near the slag/metal interface because
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this interface is the electrochemical reaction surface at which the high
" supersaturations are produced. For this reason inclusion flotation is

prbbably independent of convective motion in the pool.

5.7 Drop size and surface tension

The drop size and surface.tension data presented in Table VI,
shows a marked dependence of drop size on fhe electrode polarity during
melting., These differences must arise from the effect of oxygen on the
interfacial tension at the slag/metal interface. Droés produced at elec-
trode positive electrodes are the smallest because they have 5 high oxy-
gen content arising by the mechanism of anodic. saturation of the electrode
tip in FeO. Drops from cathodic electrode are larger because they have no
appreciable oxygen content and in fact should be deoxidized by the diss-
solﬁed aluﬁinum produced by the cathodic processes taking place. A.C.
electrode drops are the largest, even larger than electrode negative -
drops, despite the fact that A.C. slags heve a higher bulk concentration
of FeO (Table X) which should decrease the interfacial tension at the
drop/slag interface. This disparity may simpiy arise from the cathodic
electrode containing aluminum produced by Faredaic processes. In general
these findings support our interpretation of the eleetrochemital phenomena
occurring at anodic and cethodic electrode tiés, and they agree with the
findings of Whitteker (5). Our estimated valﬁes of interfacial tension
are not unreasonably different from the value of epprokimately 800 dynes.
cm.-2 found by Yokabashvili et. al (41) for the interfacial tension be-

tween CaF2 + 25 % A1203 slag and mild steel.
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5.8 Significance of iron in the slag caps

The results presented in Table X.show that slags used during
electroslag processing pick up iron in the form éf iroh—oﬁide. There
is no detectable iron in these slags before they are used,therefore the
observed iron contents arise by chemical and electrochemical_méans during
remeiting. In the electrode negative mode (ingot 39), the Bulk of the
slag cap is very clean in appearance, with only a very thin layer of Fe0
containing slag at the ingot pool/slag intérface. Both electrode posi-~
tive slag caps (ingots 31 and 37) have a substantially‘thicker layer of
FeO coﬁtaining slag at the ingot pool/slag interface.' These visual ob-
servations of the slag caps agree with the analysis shown in Table X;

In ordér to consider the possibility of simple chemical forma—.

tion of FeO in the slag, one must study the thermodynamics of the Fe-Al,0

273
system. Three possible reactions which may pro&uce FeO in the slag are:
3:Fe(l) + A1203(s) + 3 FeO(l) + 2[A1}Fe | | (5-3)
2 Feyy * AL0y y > 2 FeO,y + Al.zo(g) o f(s-a)
Fe(l) + A1203(S) > FeOCl) + 2 AlO(g) (5-5)

These reactions, however, are all highly endothermic and hence
would produce no FeO duriﬁg electroslag melting. Therefore any-Fe0 occur-
ring in the slaé mﬁst have an electrochemical origin. The FeO produced
at the anode represents only one-half of the overall elgctrocﬁemical reac-—
tion, and there,ﬁﬁst also be an equivalent amoﬁnt of electrochemically

produced calcium and aluminum dissolved in the slag during melting.
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El.—ve.

El. +ve.

A.C.

e g . . . .
Figure 43. Various electrode tips showing oxide present
on an anodic iron electrode tip.
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One can envisage a steady-state rate of production of both anodes
and cathodic components, the bulk of which dissolve in the slag and con-
tinuously back-react in the slag as shown below:

(Ca and Al)Slag + (FeO)Slag » (Ca0 and A1203) + Fe (5-6)

1

Thus steady-state amounts of the electrochemical products are
present in the total slag cap. When the current is interrupted and elec-
trochemical reactions cease, the back-reaction will continue presumably
until the slag caps solidifies and a residual FeO content is retained in
the slag. An equivalent amount of residual Ca and Al must also be re-
tained and, in the case of Ca, will be present as Ca+ or Ca22+ ions in
the solidified slag. Presently available analytical methods are inade-
quate to detect this amount without ambiguities.

One must also consider why the FeO containing slag in an elec-
trode position slag cap is found near the ingot/slag interface. This is
not immediately clear, but it must arise from density effects in the slag
cap since the FeO was produced in the electfodé region. Fig. 43 shows
pictures of clean electrode tips produced by melting in the electrode
negative or A.C. mode and a heavily oxidized electrode tip produced by

melting in the electrode positive mode. This lends support to the pro-

posed model requiring FeO saturation at an anodic surface.

5.9 Melt rate and heat generation

An important effect associated with electrode polarization is
heat generation at the electrode tip. The average specific power consump-

tion when melting Ferrovac-E electrodes in CaF, + 25 wt. % Ale slags is

2 3
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12.6 kWs. - gm._l in the electrode negative mode and 10.6 kWs. - gm._l
iﬁ the electrode positive mode. We know from our small scale studies
that at the operating electrode and ingot current densities, an anodic
surface is polarized to a greater degree than a cathodic surface. The
heat generation due to current passage through these anodic and cathodic
polariéation resistances is'therefore greater at an anodic electrode, and
it is evident that the heat transfer pattern in the electrode slag/inter-
face reéion is such that the heat generated in fhe polarized slag layers
is transferred efficiently into the electrode melting process. The effect
is thus seen in specific meltiﬁg efficiency and not directly in a slag
temperature distribution. Similarly, the heatzgeneration at an anodic
ingot surface manifests itself by producing a greater liquid metal volume
then is observed iﬁ a cathodic ingot.

It was alse noted that A.C. power produced the most efficient
melting with a specific power consumption of 7.7 kWs. - gm._l If polari-
zation-effects did net exist, then there is no'reason why there should be
any differences in tﬁe melting efficiency between A.C. and D.C. melting.
This disparity can be explained by using an electrochemical argument.

The cathodic products during D.C. melting are eélcium and aluminum, both

slags, and substantially increase the slag.

of which are soluble in CaF2

conductivity. Joshi (32) found a 35% increase in slag conductivity when
melting with D.C. pewer as compared to A.C. power. With a higher conduc-
tivity siag, heat geﬁeration is decreased and the melting efficiency ée—
creases. This is in agreement with the melting efficiencies obhserved in

this study.'
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5.10 Calcium oxide slags and ingot porosity

The insolubility of calcium in iron was quite apparent when

Armco iron ingots were made in CaF, + CaO slags. The cathodic electro-

2
chemical product is calcium which dissolves in the slag while, in the
electrode negative mode, the ingot is efficiently oxidized. The solidi-
fying ingot metal therefore had a high oxygen content but no dissolved

aluminum and the result was carbon-moncxide blow hole formation by the

carbon-oxygen reaction:

- [Clg, *+ (01, > co, | (5-7)

The carbon content of Armco iron is .012 wt. % and was suffi-
cient to produce ingots of high porosity.. In the case of ingot 52
meited in the electrode negafive mode in a 25th. % Ca0 slag, bubble
formation was so drastic that iron bubbles would form on the top of the
liquid pool and rise up to contact the melting electrode. This is ad-
mittedly an extreme case, but such conditions cannot be tolerated dur-

ing commercial electroslag processing.

5.11 Effect of increasing ingot/electrode diameter ratio

In an attempt to produce a wider variation in Z, ingots were
prepared using the electrode/ingot diameter ratio as a variable. Ingots
75 and 76 were made using 3.2 cm, diameter Ferrovac-E electrodes but
they were melted into a 7.6 cm. dia. copper mold instead of the usual

5.5 em. dia. copper mold. Ingot 76 was made in the electrode negative
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mode and had a final average oxygen content of 548Vppm. 0 which is some-~
what greater than the 480 ppm. O measured as the average o#ygen content
of 5.5 cm. ingots. Ingot 76 was made in the electrode positive mode
[+(Im)] and had an average oxygen content of 153 ppm. O which lies inside
the range of oxygen contents measured for 5.5 cm. electrode positive in-
gots. The higher final oxygen céntent of ingot 75 must have arisen in
part, because of the lower currént density at the anodic ingot surface,
a lower current density which still saturated the interface in FeO and
produced mofe efficient net electrochemical oxidation of the iron. The
higher current density at the cathodic electrode interface may have re-
sulted in less efficient aluminum transfer té.the melting electrode and
therefore less efficient deoxidation of the ingot pool. These results
would indicate tﬁat the ingot pool/slag interface is the most important

electrochemical reaction site during D.C. electroslag melting.

5.12 Effect of aluminum addition at the electrode during melting

Experiments were carried out in which aluminum wire was
attached to Ferrovac-E electrodes to make ingots 80 and 81. 1In these
ingots, if all the aluminum from the wire was dissolved in the iron
during melting, the aluminum content would be 2000 ppm. The aluminum
analysis results given ianable VII show that there was efficient trans-—
fer of alumiﬁhm into the ingot metal. These aluminum analysis figures
are total aluminum figures because both_matrik aluminum and aluminum
in inclusions are counted by‘thé neutron activation technique. The lower
than normal total oxygen content of ingot 80'(259 ppm. O as compared to

an average of 480 ppm. O) indicates that the added aluminum was respon-
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sible for a higher than normal rate of inclusion formation and removal.
The presence of the excess aluminum at the melting cathodic electrode
increased the drop size to 3.46 gm. as shown in Table VI, a drop size
compara?le to the A.C. drop size. The effect of aluminum wire on the
oxygen content of ingot 81 made in the electrode positive mode is un-
expected in view of our other observations. The final ingot oxygen
content (576 ppm. 0) was much greater than the normal electrodé posi-
tive ingot oxygen content of 185 ppm; 0. One would have expected the
aluminum to prevent:excessive oxygen dissolution in the melting elec-
trode metal, but this apparently does not occur even though the aluminum
was transferred éfficientlv to the ingot which had a final Al content

of 2621 ppm. This agrees with the results given in Table VI which show
the drop size of ingot 81 was not appreciabl? greater than the drop size
of a normal electfode positive.ingot. These results could be explained
on the basis thatlboth oxygeﬁ and aluminum are transferred efficiently
into the ingot péol. The oxide inclusions subsequently pfecipitating
would be higher in aluminum content than normal electrode positive in-.
gots, and might be less efficiently removed into the slag. Hence the net

effect of adding aluminum is to retain oxygen as ingot oxide particles.

5.13 Alloy losses during remelting

5.13.1 AISI 1095 steel
The ingot analysis results given in Table VIII show that there
were significant losses in carbon and silicon during remelting, but no

manganese loss. Ingot 67 melted in the electrode positive'modé lost 6%
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of its initial carbon but no silicon, while ingot 68 melted in the elec-
trode negative mode lost 7% of its carbon.and 27% of its initial silicon
content. These alloy losses must be associated with the anodically
produced layer of FeO containing slag at the anodic interface whether
this interface be at the electrode or the ingot pool. In the case of
ingot 67 the carbon loss should occur ét the electrode. The lack of
silicon loss in this mode of melting can be explained if one considers
that a continuous supply of high carbon liquid metal is exposed to the
oxidizing interface at such a rate that the carbon level will never be
depleted sufficiently to permit silicon oxidation. Why then is silicon
loss experienced in the electrode negative mode? The anodic ingot is
being oxidized during melting to such an extent that the carbon at

the interface is sufficiently depleted to allow silicon to oxidize. By
assuming an ingot pool/slag interface temperature of 1600°C, and neglec-
ting the interaction effects between carbon and silicon, it can be shown
that the equilibrium oxygen content of iron with 0.975 wt. 7% carbon is
approximately 20‘ppm. 0, an oxygen level too low to oxidize silicon.
Silicon will not ;xidize at this temperature until the oxygen level is
above approximately 80 ppm. O which could not be reached under equilibrium
conditions unless the carbon level is depleted to approximately 0.2 wt. %
at an interface. Therefore silicon oxidation oﬁly occurred in the elec-
trode negative mode (anodic ingot) because the degree of mixing at the
ingot pool/slag interface was low. Hence the rate of carbon transport
to this interface was insqfficient to accommodate the rate of o%idation.

In the electrode positive case, the rate,of carbon supply to the anodic
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interface was sufficiently high and no silicon losses were observed.
The fact that no silicon containing inclusions were found in these in-
gots tends to substantiate the idea that silicon losses took place

at the ingot pool/slag interface. The oxygen contents reported in
Table V are higher than both of the C~0 or Si-O0 equilibrium values.
This supports the proposal that inclusion precipitation is taking place

in the ingot pool surface region and not in the bulk of the pool.

5.13.2. AISI 430 stainless steel

The ingot analyses information given in Table IX shows that
chromium, silicon; and sulphur were lost during the melting of AISI 430
stainless steel, and that the total alloy losses were greatest in the
electrode negative mode. These observations again show that the anodic
ingot surface is capable of more efficient oxidation of alloying ele-
ments than is the anodic electrode tip. The lower rate of metal trans-
port through the ingot surface produces a longer exposure time to the
oxidizing anodic slag interface than is encountered at an anodic electrode.
A calculation following the lines indicated in Section (5.5) was done for
the known melt rate and electrode diameter of this material, and Qo’ the
flux of oxygen into an anodic electrode tip was found to be 2.0 x 10_3 gm.
Séc.—l If it is assumed that én equivalent amount of chromium is oxidized
to the Cr3+ state and diséolves in the slag, this corresponds to a chrom-
ium loss of 0.22 wt. % from the alloy, which is close to the observed
chromium loss of 0.19 wt. Z in the electrode positive mode. The solubil-
ity of oxygen in pure Fe-Cr alloys is relatively high, (7400 ppm at 1600°C

in Fe-20 wt. % Cr) but the presence of 0.26 wt. % Si in the alloy decreases
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the oxygen solubility to 100 ppm. O. In the absence of dissolved Al one
would expect to find Si containing inclusions in this material. However
this was not observed, and the inclusions found could only have been

formed in a silicon-depleted region.

5.14 Remelting of nickel electrodes

The melt record results of the two nickel ingots are given in
Table V. ‘Ingot 69 melted in the electrode negative mode has a low oxy-
gen level of 7 ppm., while ingot 71 melted in the electrode positive in-—
sulated mold mode has a relatively high oxygen content of 326 ppm. O.
This is contrary to the findings for pure iron ingots in which electrode
negative ingots had the higher oxygen content. The inclusions in ingot
71 were found to be aluminum containing, whereas ingot 69 contained a
very large number of carbon-monoxide blow holes. The dependence of final
oxygen content of these nickel ingots appears to have arisen from a com-
bination of chemical and electrochemical means. It is possible that the
rate of aluminum deposition in the cathodic electrode of ingot 69 was
low, and the carbon-oxygen reaction in the ingot pool removed most of
the anodically produced oxygen. However, in‘the electrode positive casé,
aluminum and possibly calcium were deposited in the ingot pool more
efficiently to produce a sufficient concentration of deo%idizing elements
which consumed the anodic okygen to form inclusions. Most of these were
trapped during ingot solidification. The corollary of this is that if
ingots were made from nickel with a negligible carbon content, then the

electrode negative ingot would have the higher oxygen content.
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5.15 A.C. melting of pure iromn

The electrochemical phenomena occurring at the two slag/metal
interfaces during A.C. melting are extremely difficult to study. The
asymmetry of the anodic and cathodic polarization curves on pure iron
suggests a mechanism by which a degree of electrochemical rectification
could occur. If this was so, then there would be a net chemical effect.
Bell (21) measured oxygen contents in pure iron A.C. ingots which were
in excess of the theoretically predicted oxygen level that would be pro-
duced by equilibration with A1203 containing slags. He also measured a
substantial D.C. current (5+10 A.) in the meltiﬁg unit which did not arise
from the A.C. power source. It can therefore be concluded that electroche-
mical rectification does occur during A.C. electroslag processing of pure

iron, and that this D.C. current deposits oxygen in the metal which gives

rise to non-metallic inclusions.
5.16 Electrochemical phenomena in commercial ESR

It is necessary to consider the fipdings of this study in relation
to commercial D.C. ESR practices.

It is apparent that the current density at the anodic surface,
whether it be the electrode or the ingot, should be maintained below the
current density at which interface saturation in FeO occurs. In this way,
metal oxidation during melting will be kept to a minimum énd allo§
losses will be less extreme. In view of the fact that the current densi-
ties in commercial ESR furnaces are lower than those used in U.B.C. fur-

nace, this condition should be satisfied when using slags with a high
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oxide content,

The mechanism of drop formation on a commercial electrode is one
of multiple drop formation and is therefore quite different from that in
a smaller furnace in which drops form one at a time. It is not known what
effect this will have on the rate at which the Faradaic reaction products
enter the melting metal. It is also difficult to define the effective
electroactive surface area and any model developed for such an electrode
tip will be very complicated.

Convective movement in the liquid ingot pool will be important
with respect to inclusion nucleation in the liquid metal and inclusion
removal by flotation. Little is knpwn about the flow patterns in the
liquid pool and it is therefore unreasﬁnable to speculate about such pﬁe—

nomena.



CHARTER 6

CONCLUSIONS

The observatioﬁs made in the melt program can be interpreted
on the basis of the anodic and cathodic Faradaic reaction mechanisms
proposed to explain the results of the small scale studies. The pre-
dominant anodic reaction at pure iron surfaces in CaF2 + A1203 slags and
CaF, + Ca0 slags is the anodic corrosion of iron according to:

2

Fe - Fell + 2¢”

At sufficientlyfhigh_current densities the slag adjacent to the anodic
interface becomes saturated in Fe2+ jons, which is formally equivalent
to iron oxide saturation. This saturation condition leads to oxidation
of the electrode metal. The cathodic reaction at iron surfaces is pro-
posed to be the .deposition of aluminum at low current densities and the
codeposition of both aluminum and calcium at higher current densities.
Aluminum dissolves. in iron and chemical reaction in the ingot pool be-
tween the electrochemically produced oxygen and aluminum produces alumina
or aluminum containing inclusions in the final ingot metal. These in—
clusions are typically small (<20 microms) in diameter. The proposed
anodic and cathodic reactions have a high net reversibility even at high
current densities, therefore the slag composition remainé essentially un-
changed during remeiting.

At equivalent electrode anodic and cathodic current densities

in the U.B.C. electroslag furnace a higher degree of anodic polarization
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is observed. The heat generation due to this polarization resistance
manifests itself as a lower specific power consumption in the electrode
positive mode. At ekcessively high current densities, an arc is estab-
lished at the electrode tip and the melting conditions become exfremely
unstable due to arc hgat generation at the electrode tip.

As has been obser?ed by other workers, alloy losses of easily
oxidized elements are very substantial during D.C. melting. Results from
the present studies on the galvanostatic pulsing of iron alloy anodes
demonstrate that such losses are associated with negligible alloy depol-~
arization. Thus the pélarized anode behaves essentially as if it were
a pure iron surface.

It appears, from this work, that the ingot pool/slag inter-
face is the most important reaction site with respect to electrochemical
cxidation and deoxidation reactions. Such reactions occur in a manner

essentially independent of the atmosphere.
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