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ABSTRACT

The dominant slag-metal reaction site in AC electro-slag
remelting (ESR) has been directly determined by estimating the rate of
sulphur transfer at the electrode tip/slag and metal pool/slag inter-
faces. In this investigation, negligible sulphur transfer has been
assumed at the droplet/slag interface, and the basis for such assumption

is discussed. Using a 5.825" diameter mould and CaF_~Ca0O slags,

2
it has been established that the electrode tip/slag interface is the
dominant reaction site. Calculations indicate that the pool sulphur

is close to equilibrium with the slag. The importance of all six
reaction sites in AC ESR are discussed. The results indicate the
importance of the slag/atmosphere interface, especially when using siags
of low lime content. Conventional overall sulphur balances have

been carried out and the results are in agreement with the rates

obtained at the different interfaces, thus indicating internal con-

sistancy of the results,
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CHAPTER |

INTROCUCT ION

Tﬁe advent of the aerospace age created a great demand for
materials with exceptional mechanical properties and a high degree of
reliability under critical service conditions. Conventional melting and
casting techniques could guarantee neither the chemical and structural
homogeneity of the ingot nor the necessary compositional tolerances.
Various special sféelmaking techniques, such as vacuum degassing, vacuum
arc remelting (VAR), electro-slag remelting (ESR), electron beam re-
melting and plasma arc remelting were develcoped to make high quality alloy
steels meeting the stringent specifications of the consumers. Of these
techniques, ESR is one of the most versatile, since it brings about
not only a marked improvement in structure but also a considerable amount
of chemical refinement (if required).

Electro-slag refining in its present form, was essentially

developed in the U.S.S.R.(') during the 1950's, although a previous U.S.

patent exisfs(Z). It has been many years now since extensive research in

the U.S.S.R.(l) proved that ESR is a.very efficient and commercially

feasible ftechnique for making high quality material. Since then, work

elsewhere(B-'S) has firmly established the superiority of ESR over most of

the other special steelmaking techniques. In fact, ESR ingots have

generally been found to exhibit better mechanical properties than ingots

(L 01,13,14)

remelted by VAR '’ , which is extensively used in the U.S . ESR



is also found to be economically more favourablie than VAR(|"|4),

Despite these factors, there has been a great reluctance in
the West, especially in North America, in accepting ESR. Duckwor+h and
Hoyle(!B) might have put their finger on the right place when they stated
that one of fﬁe obstacles To the widespread use of ESR is the semantic
reluctance of engineers to the acceptance of any process in which the
word "slag" is used. To engineers, "slag" generally has the connotation
of the word "dirty".

Obviously, the presence of this active slag gives rise to all
the differences between VAR and ESR. As pointed out by Duckworth and WQoding('é
a larger number of degrees of freedom are available to ESR as compared to
VAR due to this slag. A required amount of refining can be obtained during
ESR by an appropriate choice of slag composition, while the electrode
composition in VAR must be essentially the same as the desired ingot
composition.

Desulphurization is one of the most important reactions in
ESR. Can-based ESR slags, containing varying amounts of |ime, have been
found to be very efficient desulphurizers. |In fact, they have better
desulphurizing abilities than most of the normal steelmaking slags. This
is probably due tfo the higher activity of lime found in these slags(|5’l6"7).

Metal desulphurization is obviously taking place at the
following three slag-metal interfaces: the electrode/slag, the droplet/
slag, and the ingot pool/slag. Sulphur analysis of the ingot gives an

idea of the total desulphurization taking place, but gives no indication

of where most of the reaction is taking place.



In DC ESR electrolytic sulphur transfer occurs in opposite
directions at the electrode tip and metal pool/slag interfaces. Hence,
an indication of the dominant reaction site in ESR can be obtained in-

directly by comparing the results of the two DC modes of melting. The

(1

results of earlier workers' '*!®219:12) from smai| scale ESR rigs indicated

that the metal pool was the dominant site while the results from large scale

<(20,12)

rig indicated just the opposite. This apparent contradiction in

DC ESR has been explained by Holzgruber et alf'Z) on the basis of differences
in current densities and overpotentials in the two cases.

The main aim of this project is to determine directly the
dominant reaction site in ESR. Slags in the binary Can-CaO system have
been chosen for this study since the thermochemistry of this system is

fairly well es+ablished(|5’|6'|7'2|’22'23).



CHAPTER ||

ESR SLAGS

2.1 Introduction

All the major differences between vacuum arc remelting (VAR)
and electro-slag remelting (ESR) can be attributed to the presence of
an active slag in ESR. As indicated by Duckworth and WQoding(|4) the
presence of this slag is the principal reason for a much greater number
of degrees of freedom available to ESR as compared to VAR, in terms of
power requirements, type and shape of moulds, ingot properties, etc.

The two most important functions of the slag are: (i) it is
the main source of heat, and (ii) it is the principal means of control of
chemical composition. The slag also has a number of minor functions.

A thin layer of slag freezes on to the mould wall, insulating the ingot
electrically and thermally from the mould. This results in a greater
degree of axial solidification and shallower metal pools in ESR as com-‘
pared to VAR. Consequently, superiorlmechanical properties of the ingot
are obtained with ESR. According to some aufhorsf|’24'25’l3) the solidi=-
fied slag skin also helps to promote a smooth ingot surface. The slag
protects the molten metal from direct atmospheric oxidation and provides
a heat reservoir above the molten metal which prevents piping and internal

shrinkage during the final stages of solidification.



Hence, the prime requirements of fluxes used in ESR are a
high electrical conductivity in the molten state, an abpropriafe chemical
reactivity, chemical stability at high temperatures, and a low
volatility at operating temperatures. For these reasons, slags in CaF2-
based systems, which also have the desired surface tension and viscosity
properties, are generally chosen in the remelting of iron and nickel-based
alloys. |

Some authors contend that the liquidus of the slag must be
below that of the alloy melfed(‘3’24'7); otherwise the electrode would
tend to melt back out of the slag. The fact that slag bath temperatures
as high as 1800°C are quite common in melting ferrous alloys would indicate

(26) "

fallacies in the above argument. In fact, Russian workers
successfully melted copper through a slag with a liquidus of 1350°C.
Hence, this is not a prime requirement for ESR slags, although it has been
generally used in industry as'a rule of thumb for successful melting.
Therefore, a single slag composition must necessarily be a
compromise between the above requirements. Calcium fluoride has been found
to be a good base for ESR slags to which oxides such as CaO, MgO, etc.,
have been added to increase the chemical reactivity, especially desulphurizing
ability, of the slag. Alumina has been commonly added to ESR slags to
increase its resistivity and fo give a good ingot surface finish, Thus,
the CaFZ—CaO--AlZO3 system is most ihporTanf one as far as remelting
ferrous alloys are concerned.
But, in this investigation the simple binary CaFZ-CaO system

was chosen to avoid complicated chemical interactions. Also, as mentioned

in the last chapter, the chemistry of this system is better documented



L than most of the other ESR slag systems.

In this chapter, the properties of ESR slags have been re-
viewed with particular emphasis on the Can-CaO system. However, no
extensive or exhaustive literature survey is attempted since fairly good

(4,13,27,28)

reviews are already available.

2.2 Some Physical Properties of Selected Slags

2.2.1 Electrical Conductivity

The electrical conductivity of ESR slag is a primary factor
in determining the process heat generation, although some variations in
the distribution of heat generation can be obtained by changes in voltage,
current and slag volume. Calcium fluoride was mainly chosen due to its
high conductivity and stability at ESR temperatures, although it should be
borne in mind that too high a conductivity can lower the efficiency of
heat generation in the furnace. For reasons that will become clear later,
alumina is a good addition to the slag in such cases.

The conductivities of calcium fluoride based slags with

additions of Ca0 and/or Al,0, have been determined by various aufhors(29-36).

275
s . (13) . (36)
The available results are reviewed by Duckworth and Mitchell s

Considerable variations in the results of different authors can be sean
and the reasons for such discrepancies are indicated by Mifche!l(Sé).

However, same trends have been observed by all the authors for lime or

alumina additions to CaF2. Rep lacement of CaF2 by lime lowers the



conductivity by a small extent while additions of alumina greatly reduce
the conductivity of the slag.

FurTher discussions on slag conductivity are given in Seciion
5.12,along with the comparison of conductivity values reported in the |iterature

with those obtained from this investigation.

2.2.2 Vapour Pressure

Slag bath temperatures of 1700°C are quite common in ESR
and hence the components of the slag must have low vépour pressures at
these temperatures.

Vapour pressure data of selected fluorides and oxides are
summarized in reference (13). Among the highly conductive fluorides,:-
CaF2 is found to be the least volatile, and, being the least poisonous
fluoride, it is chosen as an'ESR flux. Most of the oxides, except those

of the alkali metals, have lower vapour pressure than CaF, and hence

2

their loss from slags is unimportant compared to that of CaF2.

At about 1500°C very small weight losses by volatilization

(16,23,27)

from different CaF_-based ESR slags were observed by various authors

2
They report around 1% to 3% weight loss from slag melts, larger losses
(16)
2 .

(near I700°C), much larger slag losses are expected and hence losses

being observed from slags rich in CaF At higher temperatures

between 5% and 10% cou!d be quite common during actual ESR melts.



2.2.3 Viscosity

(13,38)

Some authors believe that the viscosity of the slag

can affect reaction rates indirectly by influencing parameters such as
the velocity of circulating slag flow, the terminal velocity of molten
droplet, etc. Indeed, viscosity could be related to the reaction rate
through its inter-relation with diffusion rates,

Except for the work of Davies and Wrighf(sa), most of the
viscosity determinations of ESR slags are found in the Russian

O
Iiferafure("B) 44). Viscosities in Can-CaO-AIZO3 system in the temper-

ature range quuidus-lSSOoC have been obtained by Davies and Wrighf(sa)
by a rotating-crucible method. They found very low viscosity values
which lie in the centipoise range. They also observed no significant
change in slag viscosity wiTh'addiTions of Ca0 and AI203, either singly
or in combination. It is Thoughf('S) that viscosity is dependent on

the degree of superheat. Although this could be partially true, no

such correlation was found by Davies and Wrighf(38). They tried to
determine the iquidus temperature from the changes in the slopes of the

log (viscosity) vs. I/T curves. In the case of the CaF,-Ca0 system,

2
their observat ons are in line with the findings of Kor and Richardson('6)
and H. Yuan-Sun et al(|5) while they disagree with the phase diagrams
of Mukerji(45) and Budnikov et al(46). Their liquidus temperatures

were generally higher than given by phase diagrams.

Binary and ternary phase diagrams in the system CaFZ-CaO-

A1703 were also plotted from the viscosity measurements by thoidin(66'.



Three ternary eutectics were found in the above system.

2.2.4 Surface and Interfacial Tension

As indicated by Kay and Pomfref(zs), the absorption of

Inclusions by slag is governed by the various interfacial energies
between the inclusion, metal and slag. Also, interfacial tensions and
the shape of the electrocapillary curve may determine the nature of
the electrocapillary vibration during AC ESR. The electrocapillary curve
also relates the interfacial tension to the surface excess concentra-
tions of ionic species, which may determine the local rate of transfer
at the slag-metal interface.

Unfortunately, very few surface or interfacial tension data

for ESR slags are reported in the IiTeraTure(4i’48-53). The surface

(51)

energy of CafF, defermined by Kulifeev et al. is given by the

2

relationship:

°CaF2 = 303.7 - 0.033 T (2.1)

Pupynina et alf53) determined interfacial tensions between molten Armco iron

and Can-based slags between 1873 and 2073%K. Interfacial tensions were
found to be practically independent of slag composition and changed only
slightly with ftemperature. On the other hand, Evseev(54), measuring
surface tension by a maximum bubble pressure method, found that it

increased with the addition of CaO while no changes were observed with

"~ the addition of AIZOS' Further studies are required before a clear



10

picture of interfacial tension of ESR slags can emerge.

2.2,5 Density and Heat Capacity

A large density difference between metal and slag may be
desirable in ESR since it enhances phase separation and hence reduces
the possibility of slag entrapment in the solidifying metal. Duck-

worth and Hoyle('s)

postulate that the larger the density difference,

the smaller the size of metal droplets and hence, probably, the faster the
refining rate. No evidence has been given to substantiate the postulated
increase in refining rate, and it may be refuted by the argument that

very little reaction takes place in the drop during its quick transition
through the slag(g). Duckworth and Hoyle also state, however, that

larger density differences imply higher terminal drop velocities, resulting
in shorter reaction times.

Densities of slags are, however, useful in calculations of
slag volume from the weight of slag charged. Such calculations were
required during this investigation. An adequate review of the |iterature
is given in reference (13).

The heat capacities of the slag and metal are parameters
which determine, inter alia, the heat balance of the process. The
heat capacity of the slag also determines its effectiveness as a heat
reservoir for hot-topping purposes at the end of the melt. From
specific heat, Cp, and latent heat of transformation data, Duckworth and

Hoyle(IS) calculated the energy required to raise one ton of iron and



0.05 tons of CaF, from room temperature (298°K) to 2000°K to be 452.3

2
kWh fon-'. On commercial ESR plants the average energy consumption is

reported as 1200 kWh Ton-', giving a process efficiency of about 38%.

2.3 Phase Equilibria of Selected ESR Slags

2:341 CaF2

In spite of the apparently simple nature of the slag systems
based on Can, there exists quite large discrepancies in the literature
concerning the phase diagrams in these systems. |t is generally

(16,45,13,28,37,55)

bel ieved that these discrepancies arise from the

reaction of Can with water vapour:

(Can) + H.,0 (Cal) + 2HF (2.2)

2°(g) (g)
As much as 0.5 - 2% Ca0 can be formed by the above reaction in pure
Can which can reduce the melting point considerably. In fact, various

melting points of "pure" CaF2 have been reported in the l|iterature:

1386°C Eital 75
1390°C Budnikov and Tresvyatskii‘?®
1402°C Porter and Brown'>’’
1418°C Kettey'?®) Baak??, Nayior'®?
- 1419°C Mukerji ¢4°)
1420°C Baak and Olander ©®’, Gutt and Osborne‘®!’

1423% Masson et ail0%)



Masson et al's(62)

value for the melting point of CaF2
Is accepted as The "best" value since they purified the molten CaF,
by passing HF through the melt for 2 to 4 hours. From the free energy
data of reaction (2.2) they estimated the amount of lime in their final
CaF2 to be approximately 10 ppm on a molar basis.

Hence, the difficulties in the determination of phase diagrams

for CaF2 based slags can be appreciated. Can is also known to react

with SiO2 giving volatile SiF4:

2(CaF2) & (SIOZ) = SiF4(g) + 2(Ca0) (2.3)
which makes the determination of the Can-SiOZ system almost impossible(63),
although one study of the binary has been reporfed(64).

2.3.2 CaF_-Ca0

There exists considerable differences in the phase diagrams

of this system published by different authors. The earlier work of

(56)

Eitel indicates a simple eutectic around 18% CaF2 and 1360°C.

However, his reported value of 1386°C as the melting point of CaF2
would indicate the use of an impure variety of Can. Baak(zg) used
conductivity measurements to investigate the phase equilibria in this
system and reported a miscibility gap between 0.8 mole % and 10 mole %
Ca0, with a maximum at about 92.5 mole % Can and |485°C. The phase
diagrams of both Baak and Eitel are shown in Figure 2.1. Budnikov and

(46)

Tresvyatskii who studied this system both by the method of deformation



of cones and by differential thermal analysis, did not find the miscibility

gap reported by Baak, although the acfivify measurements of Yuan Sun

et a|€|5) agree with Baak's results.
Fairly recent work by Mukerji(45) using differential thermal
(65)

analysis, and Kojima and Masson using a depression of freezing

point method, do not show the presence of the two liquid region indicated
above. Their results are shown in Figures 2.2 and 2.3. |t can be seen

that their results are in good agreement, although the liquidus values

of Masson et alf65) are 4 to 10°C higher than those of Mukerji(45)

(45)

"due to the use of purer Can. Mukerji's eutectic is seen (Figure 2.2)

to be at 1360°C and 19.5% CaO.
Hence, the phase diagrams of all the authors do include a

eutectic, although the shape of the liquidus on the CaO-rich side is

in dispute. Results of Kor and Richardson(|6), Davies et aleZ),

Edmunds et a|5|7)

and
are in very'good agreement and lead to a liquidus
composition at 1500°C of 23 wt.% CaO. This gives a value of approxi-

mately 27 mole % Ca0O at 1450°C in good agreement with the results of

Yuan-Sun et al('S) and EiTeI(SG); it contradicts the phase diagrams of
Mukerji(45) and Budnikov et ali46), both of whom found much higher

Ca0 contents at saturation.

Figure 2.1 also includes the CaO-rich liquidus line obtained

from the results of Kor and Richardson('6>. The presently accépfed phase

diagram of the CaF,-Ca0 system, constructed mainly from the data presented

(28)

2

above, is reported by Davies and is shown in Figure 2.4,



P Can"EE¢0 and Can—CaO-Fefg

These systems are related to the present investigation due
to the fact that no attempts were made in this study to prevent air
oxidation of the electrode, and therefore the presence of iron oxide
in the slags was inevitable,

The phase equilibria of the binary system Can-Fe*O, where

Fe,O represents total iron in the slag expfessed as stoichiometric FeO,

(66)

1
was determined by Oelson and Maetz and is given in Figurs 2,5,

The extensive miscibility gap, shown in the above figure, indicates a

large positive deviation from identity in this system. The activities

of ferrous oxide Ao referred to the standard state of non-stoichiometric
ferrous oxide "FeO" in equilibrium with iron at that temperature were

{21)
and are plotted in

obtained from the ébove phase diagram at 1450°C
Figure 2.6. Hence, it can be seen from Figure 2.6 that even small
amounts of iron oxide infroduced in the slag during remelting can lead
to high oxygen potentials in Can—Fe*O slags. Since sulphur removal
can be considered to take place by an exchange reaction with oxygen
(see equation (3, 6), the FeO content of the slag is an important
parameter in this study.

(21,67) . gicate large activity coef-

Recent investigations
ficients for iron oxide in these systems which are found to decrease with
addition of Ca0. This agrees quite well with the ternary phase diagram
of the system CaF ,-Ca0-Fe,0 (see Figure 2.7) given by Oelsen and Maetz °°’,
The size of two liquid region decreases with increasing additions of CaO,

25% Ca0 being sufficient to close the miscibility gap at 1400°C.



2.3.4 Other Systems of Interest to ESR

Since alumina is a common addition tfo the slags used in

remelting ferrous alloys, the systems CaFZ-AIZO3 and CaFZ-CaO-AI203

(68) reports a eutectic in

(69)

are technologically very important. Pascal

the system CaF,-Al 05 at 1270°C and 27 wt.% Al 0, while Kuo and Yen

found the eutectic composition to be 9 wt.% AI203, although a very
similar eutectic temperature of 1290°C was reported. This disagreement
may arise from the presence of unknown amounts of CaO in the system

formed by reactions such as (2.2) or by the reaction:

3(CaF2) + (A1,0;) = 2AIF + 3(Ca0) (2.4)

2”3 3(g)

To resolve this discrepancy Mitchell and Burel(70) determined

phase equilibria in this system by obtaining cooling curves for different

(68,69)

CaF,-Al,0, melts. Their results along with those of previous workers

2 23
are shown in Figure 2.8. They obtained a eutectic at 10 wt.% AI203

and 1368°C. Thus, their eutectic composition essentially agrees with

that of Kuo and Yen(69), although their temperature was about 80°C

higher. Since Kuo and Yen derived their diagram from the X-ray
analysis of quenched melts, this discrepancy is not unexpected.

The only investigation of the important ternary system

CaF ,~Ca0-Al 0, appears to be that of Eitel >®) who studied the systen

Can-CaO-BCaO.3A5703. On the basis of this and the pertinent binary

diagrams, a tentative ternary diagram in this system is proposed by

Duckworth and Hoyle('S). Lack of sufficient data in this system is



unfortunate since as indicated in reference (13) most of the industrial

slags fall in this class. However, in recent experiments to determine

(i6)

sulphur capacities, Kor and Richardson have del ineated the Ca0

saturation boundary in this system at 1500°C.

The ternary phase diagram of another industrially important

system, CaF,-MgO-Al,0,, is tentatively proposed by Duckworth and Ho Ie(|3)
2 2y Y Y Y

from the different binary diagrams. Lime is sometimes replaced by
magnesia in ESR slags to prevent moisture pick up by highly hygroscopic
lime, - but the high liquidus temperatures of magnesia bearing slags
reduce their widespread application.

Silica can be intentionally added to ESR slags, or found as

a result of oxidation of silicon from the metal by the siag. According

to OI'Shanskli(63) determination of the CaF2-5i02 phase diagram is made

. impossible by the reaction:

2(CaF, )+ (510,) = S + 2(Ca0) (2.3)

2 2 Facg)

(64)

although one study has been reported without any mention of SiF4

formation.

Pseudobinaries in the system Can-CaO-SIO have been studied

2
(45,56,60,66,71)

by many authors from which ternary phase diagrams

have been proposed(45'72’73).

The system CaF,-Ca may be important if the mechanism of

2
current ftransport through the slag as proposed by Whi#faker(lg) were
true. Whittaker proposed that during OC ESR the calclum, which is deposited

at the cathode, is subsequently transported to the anode for regeneration
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of calcium fluoride or oxide. Ca has been shown(74) to be completely

miscible with CaF2 above its melting point, indicating the possibility

of the above mechanism, although free calcium has never been found in

any form in the slag after AC or DC remelfing(|9’75).

In the present investigation slags were prefused in a graphite

crucible before use and hence, phase equilibria in the Can--CaC2 system

may be important. According to Mifchell(76) it is a simple eutectic

system with the eutectic at 14 mole % CaC, and 1240°C. Positive

2
deviations from ideality were, therefore, observed and Racultian activity

coefficients around 8 - |0 are reported for CaC2 at I500°C(76).

2.4 Activities of Components in Selected ESR Slags

2.4.1 CaF,-Ca0

Yuan-Sun et al{!?) studied the activity of lime in CaF,

melts by equilibrating flowing mixtures of HF and H,0 with slag samples.

2

Knowing the pHF/pH 0 ratios and the standard free energy change for
2

the reaction:

(2.9)

(CaF2)+ H20(g) = (Ca0) + ZHF(g)

at I450°C, the ratios a /aCaF were obtained. Integration of a

Ca0 2

modified Gibbs-Duhem equation permitied the calculation of separate

activities of lime and calcium fluoride. Their results are given in



Figure 2.9. It contains a flat region corresponding to the miscibility

gap proposed by Baak(zg) which disagrees with Can—CaO phase diagrams

proposed by other —— L

During their sulphur capacity measurements, Kor and Richard-

son('ﬁ) obtained CaO-saturated liquidus lines from the changes in slope

of sulphur capacity vs. composition plots. The results are plotted
in Figure 2.1..

Assuming that the Can-CaO éysfem behaves in a similar
manner to the system PbFz-PbO,sTudied by Jeffes and Sridhar(77),’
Kor and Richardson calculated the CaO activity from their above results,
knowing the heat of fusion and the melting point of CaO. The activities

of Ca0 and CaF. thus obtained at 1500°C are given in Figure 2.10.

2

It must be noted that the activities reported in Figure 2.10 are relative

to pure liquids (and not solids). Results for the PbF,-PbO system are

2
also included. A slight deviation from Temkin ideality in this system
can be seen. In contrast to Yuan-Sun et alf's) no liquid miscibility
gap is predicted.

Recently CaO activities in CaF2 melts have been deTermined(|7)
by studying the equilibrium:

(Ca0) + SC(s) = (CaCz) + CO(g) (2.6)

The results of Edmunds and Taylor('7) are given in Figure 2.11. In

one respect there is good agreement between the three sets of workers,
namely the composition of the lime liquidus at 1500°C. All three place

this at between 0.26 and 0.3 mole fraction Ca0 which differs considerably



from the phase diagrams of Mukerji(45) and Budnikov(46). However, their

data agrees with the phase diagram reported by EiTel(sa).
Figure 2,12 gives the activity plot of the three sets of

authors. The data of Yuan-Sun et al is not considered to be very

reliable.

2.4.2 CaF.-Fe

h__4fo and CaFZ—CaO-FefO

Activities of ferrous oxide, Ao referred to the standard
state of non-stoichiometric ferrous oxide in equilibrium with iron at

that temperature, were obtained in CaF2-FeO and CaFZ-CaO-FeO melts by

Kay et aISZI) and Hawkins and Davies(67). In addition, Hawkins and

(67)

Davies also investigated the effect of the addition of AI203 on

AnggQ in the quaternary system CaFZ-CaO-AIZOS-"FeO". The activities
of ferrous oxide, AnEeon? in both invesfigaflons were determined by
studying the equilibrium:

= (" " '
Fe(s) + COZ(g) ("FeO") + CO(g)r K2.7)

in iron crucibles with known CO/CO2 atmospheres in the temperature range
1410° - 1500°C. Results obtained for both the investigations in the

Can-FeO system is shown in Figure 2.13. Large positive deviations from

ideal (Temkin) behaviour were observed which is in line with the large

miscibility gap of Oelson and Maefz(66) (Figure 2.5). There does exist

a discrepancy in the actual values obtained by the two sets of workers

(21)

(Figure 2.13), those of Kay et al. being somewhat higher than those
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of Hawkins and Davies(67). The reasons for the discrepancy are not
clear, particulary since the same experimental method was used. How-
ever, experimental difficulties, such as loss of slag by "creep" from
the crucible, separation of metallic iron from the slag, etc., reduce
the accuracy of the results. |

The large positive deviations from ideal behaviour in this
system arise from the differences in interaction energies between the
various pairs of ions. When these interaction energies are zero,
random mixing takes place and Temkin ideal behaviour is exhibited.

Following the model suggested by Flood, Forland and Grjofheim(78),

Davies(28) has calculated the activity of ferrous oxide in this system
and the results are also included in Figure 2.13. The experimental
activities can be seen to be much lower than those predicted by the
Flood model. The deviations are probably due to the breakdown of the
random mixing assumption.

Activities of FeO in the ternary system CaFZ-CaO-FefO at
1450°C are given in Figure 2.I4<67). The CaO-saturated liquidus
line was obtained from the changes of slope in 3k VS© composition plots.

Also shown in this figure is the boundary of the two liquid region of

Oelsen and Maetz at 1400°C.
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2.4.3 Other Systems of Interest to ESR

The CaF.,-MnO system has been studied at 1500° and 1600°C

37)

2
by Smith and Davies( who found very large positive deviations from
Temkin ideality just as in the case of the CaF,-Fe0 system. Their
results are shown in Figure 2.15.

Since the FeO-MnO system behaves ideally, the results
obtained for the Can-MnO system are siﬁilar to those discussed in

Section 2.4.2 for CaF.,-FeO systems. Smith and Davies also studied the

2
effect of additions of Ca0O and AIZO3 to CaFZ—MnO slags. An orthogonal

plot of the ternary Can-CaO-MnO showing liquidus and 3\no values at

1500°C is given in Figure 2.18°>7). The addition of MnO to the CaF ,-

Alzo3 system creates a large miscibility gap.

2-CaO-AI203.
(17)

system have been recently determined by Edmunds and Taylor by the

Activities in the industrially important CaF

technique described in Section 2.4.1. Their results are shcwn
as isolime-activity curves in Figure 2.17. Small negative deviations

from ideal Raoultian behaviour were observed.

The CaF_-Ca0-Si0, system was studied by Yuan-Sun et aIflS)

2 2

by the method described in Section 2.4.1 above. Their results are not

considered very reliable although good agreement with phase diagrams of

ak(73)

Ba is obtained. Silica activities in this system were also

(23)

determined by studying the equilibrium:

(SiO?) + 3C = SiC

(s) (s) (g)

+ 2CO (2.8)
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Silica activities obtained from this reaction by Sommerville and

Kay(23) at 1450°C did not agree very well with those of Yuan-Sun(IS)

Lime activities in this system were also calculated using a Gibbs-

Duhem relationship for ternary systems.



CHAPTER 111

ESR REACTIONS AND REACTION SITES

3.1 ESR Reacticons

3.1.1 Introduction

An understanding of slag/metal reactions during ESR is
essential toc the control of final ingot composition. By a proper choice
of slag components, refining reactions such as desulphurization,
dephosphorization, oxide inclusion removal, etc., are achieved under
laboratory and industrial conditions. During ESR it is quite usual to
experience losses of certain essential alloying elements, particularly
easily oxidizable elements such as Al, Ti, Si, Mn and Cr. A knowledge
of the chemical properties of ESR slags is, therefore, important in
minimizing such losses. The most important chemical reactions taking

place during ESR are discussed below.

3.1.2 The Oxygen Reaction

Reduction in the oxygen and oxide inclusion content of the

(|v4»47’79’80’8|), is generally achieved

ingot especially during AC ESR
through a proper choice of slag and meiting conditions. It is believed

that oxygen is removed by one or a combination of the following mechanisms:

23



24

(i) mechanical flotation of inclusions in the metal pool with subsequent
absorption by the slag, (ii) dissolution of inclusions in the molten
metal at the electrode tip followed by chemical reaction with the slag,
(iii) electrochemical reaction, especially during DC ESR,

A simple flotation mechanism for inclusion removal was

(1,82) 4nd in later reviews'’*8%). Inclusions

proposed in early works
which have terminal velocities greater than the velocity of the solidifi-
cation front are assumed to float out in the metal pool. Using Stoke's
Law, the minimum size of alumino-silicate inclusions that can be

removed is about 10 um in diamefer(47). Subsequent absorption of an
inclusion.by the slag depends on the interfacial energies between the
inclusion, meta! and slag. |t has been reporTed(84) that the majorlfy

of inclusions are removed at the electrode tip. Thus, it has been

(41,83,86) that, due to high local temperatures, ~ 1800° -

proposed
2000°C, inclusions dissolve at the electrode tip by reactions of the
type:

(Si02)incl = [Si] + 2[0] .1

Subsequent removal of oxygen and silicon takes place by the reaction:

(siJ + 2[0] = (SIOZ)S'ag (3.2)

Experimental evidence of the above mechanism is presenfed(47) in the

form of photomicrographs of electrode tips. Calculations based on a
model show that, at tip temperatures of 2000°C, 20 um diameter silica and

4 ym diameter alumina inclusions can dissolve completely within one
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second(47).
Reactive alloying elements can be lost from the metal by

oxidation reactions of the type:

x [M]+y [0]= (MxOy)slag (3.3)
From the Ellingham diagram for oxides, the descending order of reactivity

of elements with oxygen at ESR temperatures is:

Al, Mg, Ti, Si, Mn, Cr, Fe, Ni

This is also the observed order of loss of alloying elemenfs(|3) during
ESR. Equation (3.3) also determines the level of oxygen in the metal,
For example, if the activity of an oxide with a small negative free
energy of formation, such as FeO or MnO, is high, then tThe oxygen content
of the metal in equilibrium with this oxide will be high too. Thus,

for low metal oxygen levels and small losses of alloying elements, only
the oxides with equilibrium constants for reaction (3.3) greater than
l0'5 (such as CaO, ZrOz, AI203, MgO, Ti02, etc.) have been found suitable
as slag components. The presence of FeO in slag is unavoidable in air
melts due to oxidation of the electrode. The large values of the

activity coefficient of FeO in CaF2 melts (see Section 2.4.2) along

with the low equilibrium constant for the reaction:

[Fe] + [0] = (FeO) (3.4)

slag

can give rise to large oxygen levels in the metal with consequent losses

of alloying elements, This can be reduced by melting under an inert
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atmosphere such as argon or by addition of a slag deoxidizer such
as Al or Ti,

The oxygen content of the ingot has also been found to
depend on the type and mode of melting, i.e., AC, DC electrode +ve

(I,ll,lZ,l9)' and on the ingot diamefer('Z). In

or DC electrode -ve
DC remelting this suggests that some oxygen is transferred across the

slag-metal interface by cathodic reaction:

[0] + 26~ » (0%7) (3.5)
the reverse reaction taking place at the anode. These reactions are
obviously taking place at different rates resulting in a net increase

or decrease of oxygen in the metal.

3.1.3 The Sulphur Reaction

Sulphur, being present [n steels in the form of sulphides
which are highly soluble in liquid iron, cannot be removed by a simple
flotation mechanism. The solution of sulphide inclusions in the electrode
Tip(87) indicates that sulphur removal in ESR can only take place by
the following mechanisms: (i) chemical reactions at the slag-metal
interfaces controlled by localized concentrations, temperatures, and
the time and extent of contact between the slag and the metal, (ii) elec-
trolytic reactions controlled mainly by the interfacial potential drop.

The effect of slag basicity and oxygen potential on sulphur

(1,4,19,79,87)

removal during ESR suggests that the transfer takes place

by the conventional exchange reaction:



s3],

2

~ . _ 2-
wt. 4 + (07 ) = (5" ) + [0]| wt.%

for which the equilibrium constant is given by:

thus:

Hence, from equation (3.8), it can be predicted that desulphurization

will be improved by increasing the basicity of the slag (i.e., a(OZ—))

« < 2% Pro]

6
hrsy 2¢0%)
25y 20
h L
[s] [o]
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(3.6)

(3.7)

(3.8)

and by reducing the metal oxygen content, h[O]’ which is related to the

oxygen potential of the slag (see Section 3.1.2).

trend found in ESR by the authors referred to above.

Also, just as in the case of oxygen, it is found that

desulphurization during DC ESR depends on the polarity of the

eloctrode’ s 11512,18,19)

by the cathodic reaction:

[S] + 2" = (5°7)

and by the reverse anodic reaction at the other electrode.

~unit volume of the metal goes through both the reaction sites, the net

, indicating that some sulphur is transferred

This is exactly the

(3.9)

sulphur fransfer depends on which of the two sites is the dominant one.

A discussion of the dominant reaction sites is given in detaii



Section 5.10 below.
(16)

Kor and Richardson , and Hawkins et al.

equilibrium:

2 2

(0°7) + 1/2 S, (s

(g) -

in CaF, based slags at 1500°C. The values of (wt.% S) p

2

obtained for each slag by equilibrating with varying rati

1/2
and p
S
2

capacity, Cs’ i.e.,

C_ = (wt.% S) (p, /p )
s O2 S2

Sulphur capacities of various CaF2 based slags are reported

For reaction (3;!0):

1/2
3y - Po,
K =

studied The

Y+ 1/20

, are extrapolated back to zero (wt.% S) to give the sulphur

1/2
(wt.%S)+0

(16,22,55)

10 . 172
302"y - Ps,

Assuming that dilute solution of sulphur in the slag obey Henry's Law,

we have from the above definition of CS and equation (3.12):

= ' -
CS K " a(oz )
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(3.10)

(3.11)

(3.12)

(3.13)

which means that for a particular slag composition (i.e., for particular

a(OZ-)) the sulphur capacity of the slag is fixed for any particular

temperature. Sulphur capacity values are useful in choosing the proper
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slag composition for adequate desulphurization. The equilibrium values
of metal sulphur concentration can be predicted by knowing the slag
sulphur content, the metal oxygen content, and the sulphur capacity of
the slag, as shown in Section 5.8.

(1,11,19, 79, 87,88,89)

Different authors have suggested

that in ESR, sulphur can be oxidized from the slag by the reaction:

2-. . 3 _ 2=
(s°7) + 5'02‘9’ = 50,4y *+ (0°) (3.14)

This effect is discussed further in Section 5.10.2,

3.1.4 The Phosphorus Reactions

The classic equation for dephosphorization is written as:

2[P] + 5007 + 3(0%7) = 2<Po43‘) (3.15)
for which:
' a2 3-
_ P0,>")
K, = s (3.16)

2 5 o
aEP] . a[O] . a(o )

and hence the phosphorus partition coefficient can be given by the

relationship:

(PO ) 5/2 3/2
= Const. X a[O] X 3(02-) (3..17)
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Hence a high slag oxygen potential and a high basicity are required to
promote good dephosphorization. The requirement of a highly oxidizing
slag is one of the reasons why dephosphorization is not practiced in
ESR since the resulting ingot is found to be "dirty"(3). As much as
25% FeO had to be added to a CaF2 slag before a reasonable amount of
phosphorus(s) could be removed. Consequently, a "dirty" ingot with a
high inclusion rating was obtained. -

A discharge of complex (P043-) ions at the ingot pool is
indicated during OC negative electrode remelting, By the results of
Whiffaker(lg). He obtained better dephosporization with DC electrode
+ve than with DC electrode -ve, thus showing the electrolytic aspects

of P transfer.

3.1.5 The Carbon Reaction

Except for a slight increase in metal carbon conTenT('S)

carbon plays no part during ESR. Carbon is probably picked up from

CaC, in the slag which is formed by the reaction:

2

+ (CaC,) + CO (3.18)

(Ca0) + 3C(s) 2 (9)

during slag pre-fusion in a graphite crucible.
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3.1.6 The Hydrogen Reaction

One of the chief disadvantages of ESR is that unlike the VAR
process it does not remove substantial quantities of hydrogen. In fact,
unless reasonablie precautions are taken, hydrogen can be readily increased
resulting in ingot porosity or ingot cracking.

Forno et a|f47)

have determined the effects of several
melting parameters on the hydrogen reacfion in a small-scale ESR rig.
When using only calcium fluoride slag with a dry argon atmosphere,

only a slight increase in hydrogen is observed during AC remelting. On
incorporation of calcium oxide and alumina intfo the slag, high hydrogen
contents in the metal are obtained irrespective of the atmosphere.
There seems to be little doubt that the source of hydrogen in the

experiments is hydrated calcium oxide. The hydrogen is produced

probably by reduction of moisture in the slag by hot metal:

[Fel + (H,0) 2 (FeO) + 2[H] (3.19)

2
In order to investigate the electrolytic aspects of the
hydrogen reaction, DC melts with different electrode polarities were
performed. In general, the hydrogen levels in DC melits were found
to be much lower. The lowest hydrogen pick-ups were observed when
mei?ing under a dry atmosphere and with ingot-positive polarities.
It was observed that AC remelting following a DC start
also gave low hydrogen contents, suggesting that DC starting either
removed hydrogen from the slag or produced a "getter" which was sub-

sequently effective in keeping hydrogen at a low level. |If the latter
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were true, subsequent DC remelting may be irrelevant to the low hydrogen
levels. Therefore, some runs with AC arc starting followed by DC
remelting were made and low hydrogen levels were still obtained,
suggesting that it is indeed associated with electrolytic action in

the use of DC.

The lasting effect on the hydrogen content of a DC start
on subsequent AC remelting suggested that the hydrogen geTTer-was
produced during the DC arcing period., Calcium or aluminum metal could
be produced but addition of these metals during AC did not lead to low
hydrogen contents. Another possibility was that iron oxides were
formed in the initial arcing. Additions of ferric oxide during AC
remelting lead o low hydrogen contents. |In addition, oxides of copper
and chromium are very effective, but these elements are picked up in
the final ingot. The effect of slag additives is presumably due to

reactions of the type:
(Fe>*) + [H] = (Fe?") + [W"] (3.20)

(Fe?*) + 2[H]  [Fel + 2(H") (3.21)

3.2 ESR Reaction Sites

As stated above, one of the major advantages of ESR over VAR
is its ability tc impart a considerable amount of chemical refining to
the metal, especially desulphurization. Also, as discussed in Section

3.1.2, a considerable reduction and redistribution of oxide inclusions


http:addition.of

33

occurs during ESR. Since the revival of interest in ESR during the
1950's in the Soviet Union these reactions have been the subject of
extensive investigations (see Section 2.3).

Unfortunately, the analysis of an ingot yields only the
resultant or the net sulphur or oxygen transfer and gives no indication
of where and how these reactions take place. There are six possible
sites or interfaces where reactions can take place. They are:

(i) .the electrode-atmosphere interface

(i1) the slag-atmosphere interface

(ii1) the electrode tip-slag interface

(iv) the droplet-slag interface

(v) the metal pool-slag interface

(vi) the metal pool-ingot interface

These sites are shown in Figure 3.1. |In the case of DC ESR, an indication
of the dominant slag-metal reaction site can be obtained by comparing the
sulphur of the oxygen level between two ingots melted by the two
different modes. The direct experimental determination of the dominant

slag-metal reaction site in ESR is the principal object of this study.

3.3 An Apparent Contradiction in the Results of DC ESR

As we have seen in Section 3.1, the extent of sulphur or
oxygen refinement during ESR depends very much on the mode of melting,
i.e., whether it is AC, DC electrode +ve or DC electrode -ve. Thus a
clear dependence of desulphurization and deoxidation on the polarity of

DC remelting indicates the importance cf electrolytic reactions in ESR.
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Further, as the electrolytic reactions always oppose each other at the
electrode and at the pool, the determination of the dominant reaction
site is possible by the analysis of sulphur and oxygen levels in

the ingot.

For example, Medovar et alfl)

, working with a small-scale
laboratory ESR unit, report good desulphurization and deoxidation with
DC electrode +ve, whilst with DC electrode -ve virtually alll}he sulphur
and 6xygen wasrrefained in the metal. This would indicate that the metal
pool-slag interface is the dominant reaction sife,'slnce the polarity
determines the ingot sulphur and oxygen levels. This is in agreement

with the results obtained by Whiffaker(lg), Hl ineny and Buzek(|8’90),

(91 (12 on 3" diameter moulds. All these

Swinden , and Holzgruber et al
authors used laboratory ESR rigs with mould diameters between 2 and 5
inches.

On the other hand, the results of Holzgrdber et al(|2)
using a 17" diameter mould are shown in Figure 3.2, As can be seen
from this figure, better desulphurization and deoxidation are obtained
with DC electrode -ve as compared to DC electrode +ve. Similar
results are also obtained by Kusamichi and coworkers(ZO) using 8"
diameter moulds. All the above results are summarized (schematically)
in Figure 3.3 (reference 12), which indicates a switch of the dominant
reaction site from the metal pool to the electrode tip for ingots
greater than about 6" in diameter.

This apparent contradiction of results, between ingots less
than 6" diameter and greater than 6" diameter, was explained by

(12)

Holzgruber et al on the basis of electrochemical reactions at the
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slag-metal inTer%aces. In order to drive a siag-metal reaction in the
opposite direction to its normal chemical one, there must be a certain
minimum overpotential across the boundary. As soon as current is
passed across the interface, an overpotential exists and whenever this
reaches a certain minimum value, the chemiéal reaction may be reversed.

In the case of DC ESR in moulds up to about 5" diameter,
current densities and hence overpotentials at both the interfaces are
beyond this limiting value and hence other factors such as residence
time, etc., become important. Thus, the pool-slag interface is the
dominant reaction site for ingots up to 5" diameter.

WiTh.increasing ingot diameter, current densities at both

the interfaces decrease, as shown in Figure 3.4, At a certain point,

however, the current density at the pool will be below the limiting value
while that at the electrode will still be above this value. In this dual
situation only the polarity of the electrode will become important in

determining the results obtained in DC ESR.

Eventually, an ingot size will be reached where both the
electrode and the pool current densities will be below this limiting

value, and from this point on, polarities will have little or no further

effect on the results.

3.4 Polarization in ESR

The dependence of melt rate and poo! shape on the meiting
mode can be successfully explained on the basis of ion polarization in

ESR. I+ must be remembered that, in the Can based slags used in ESR,
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the cations (Ca2+, AI3+, Fe2+, etc.) are smaller and more mobile than

the anions (FI-,'SZ-, 02-, etc.).

As can be seen from Figure 3.3, for ingots of all diameters
the melt rate increases in the order DC electrode -ve, AC and DC elec-
trode +ve. |In the case of the DC electrode positive mode, anion polari-
zation occurs at the electrode-slag interface, resulting in a high local
reslsfanée at that interface, thus generating more heat at fhé electrode
tip.  This results in a high melt rate and a relatively low power
consumption., The reverse is true for the DC electrode negative case
where anion polarizaf}on at the pool-slag interface results in a deeper
molten pool and a lower melt rate. Polarization effects also occur in
the case of AC ESR using normal |line frequencies of 50 or 60 HZ(II),
giving rise to intermediate melt rates.

(75) measured anodic and cathodic over-

Mitchel | and Beynon
potentials, resulting from concentration polarization, at different
current densities. Because of the large current densities imposed,

a transient method had to be used to avoid gfoss chemical and thermal
changes in the system. A galvanostatic pulsing technique, essentially

as used by Ghosh and King(92), and as outlined by Delahay(93) was used.
IT mainly consists of measuring the rise of potential between the working
electrode (in this case a molten droplet of pure iron held by surface
tension on the end of a solid iron rod) and the reference electrode
(graphite) as a current is suddenly passed through the ceil. The decay
of potential as the power is switched off can also be used. This method

alsc eliminates the large ohmic drop between the working electrode and

the reference electrode,
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Anodic and cathodic polarization curves obtained for Can-

AI203 andean-CaO systems are shown in Figure 3.5. |t can be seen
that, except at very high current densities, the anodic overpotential is
much greater than the cathodic overpotential, especially in the slags
containing AI203. This quantitatively subsfanfiafes'fhe simple qualita-
tive argument given above on the basis of anionic and cationic diameters.
The anionic polarization curves shown in Figure 3.5(a),(c) can be seen

to have three distinct regions, A, B and C, as shown in Figure 3.6.

The sections A are found to fit the generai equation:

+C (3.22)

where n is the overpotential, i, is the limiting current density, i is

D
the current density, and C is any constant. Hence,the presence of a
diffusion limited reaction ieading fo a limiting current density, iD’

(75)

is indicated. Mitchell contends that the simplest anodic reacticn:

Fa, . + (Fe<¥) + 2" (3.23)

(2)
should not lead to such a limiting law unless there is a local saturation
of Fe2+ resulting in the precipitation of an FeO saturated liquid on
the anode'surface. At this point, the polarization curve enters the
section B in Figure 3.6. AT higher current densities the rate of

electron transfer can only be accommodated by increasing the Fe2+/Fe3+

ratio represented by the slope of the plateau region B. At sufficiently

high current densities further electron transfer can only take place
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by gas evolution by the reaction:

s
(0" ) » 1/2 02(g) + 2e (3.24)

resulting in arcing similar fo the "anode effect" in aluminum electrolysis.
Mitchell and Beynon(75) also measured overpotentials during

DC ESR and the values agreed well with those predicted from the above

smal l=scale polarization experiments., This indicates that polarization

was not affected by the electrode melting and the different hydrodynamic

conditions in ESR. The presence of an iron oxide layer on the anodic

electrode and in the slag skin of anodic ingots indicates the validity

of the above proposal. No such oxide layers were found on the cathodic

electrode.

They suggest the deposition of calcium or aluminum ions as

the Faradaic mechanism for electron transfer at the cathodic interfaces.

3.5 Theory Behind Direct Experimental Determination of the Dominant
Reaction Site

The main purpose of this study is to obtain direct experi-
mental evidence of the dominant reaction site in AC ESR.. It is proposed
that this can be achieved by obtaining reaction rates at each site from
purely mass balance considerations. Obviously, this requires the
knowledge of the sulphur concentration of the metal droplet, [S]D,
which led tfo the development of the graphite droplet sampling spoon
described in the next chapter. For reasons that will be apparent in

the discussion later in Section 5.10, it is assumed that no change in
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the droplet sulphur concentration takes place during its fall through
the slag. |
The rate of change of metal sulphur from the initial electrode
sulphur concentration, [S]E, to the drop sulphur concentration, [S]D,
is equal to the rate of sulphur transfer at the electrode tip-slag

interface, ERATE (g/s). Hence:

ERATE = ([s]_ - [s],) — (3.25)
E D
. : 100
where m is the melt rate (g/s).
Now, if the sulphur balance at the pool is considered,
the rate of increase of sulphur in the pool should be equal to the rate
of sulphur input into the pool minus the rate of sulphur lost

from the pool, i.e.,

s (Mpts]p / 100) = m [S]D/IOO - 'f[sjl/ioo - PRATE (3.26)

dt
where PRATE is the rate of sulphur transfer from the pool to the slag
(g/s), Mp is the mass of the pool (g), [S]p, ES]I are pool and ingot
sulphur concentrations respectively (in wt.%) and f is the freezing
rate (g/s).

' By simply rearranging equation (3.26) the equation for PRATE

can be obtained:

PRATE = m[$],/100 - [$],/100 - a_ (M [S],/100) (3.27)

dt
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'Finally, the sulphur balance for the slag gives:

ARATE = PRATE + ERATE - - [MSI

($)/100
at siag 'S A

(3.28)

d
g DM (), /1000

where ARATE is the rate of sulphur transfer from the slag to atmosphere

(g/s), M are the weights of the slag cap and slag skin

slag’ Mskln
respectively (g), and (S)s, (S)Sk are the wt.% sulphur in the slag
cap and slag skin respectively. |

| In the above equations, ERATE and PRATE aré taken to be
positive if the transfer is from the metal to the slag and ARATE is
taken to be positive when it is from the slag to atmosphere. The three
rates are schematically shown in Figure 3.7. The directions of the
arrows show the positive direction of each rate. Thus, all the three

rates can be obtained as a function of time from the above equations

if the pertinent sulphur concentrations are known.



CHAPTER 1V

EXPERIMENTAL APPARATUS AND PROCEDURE

4,1 Equipment

The experimental work was carried out on a 150 KVA electroslag
unit which is capable of remelting up to 8 inch (20 cm) diameter ingots,
using an AC or DC power supply.

The equipment can be conveniently divided into four major
sections: |
(1) Transformer and rectifier unit (power source)

(2) Electrode travel and drive mechanism
(3) Base-plate assembly, and

(4) Remelting platform and control console,

4,.1.1 Transformer and Rectifier Unit

The power source consists of an air cooled 150 KVA (output)
transformer, a rectifying unit for DC.oufpuT and an automatic control
circuit to obtain a constant voltage output which can be preset according
to the melter's choice, The input to the fransformer is a single phase,

60 Hz, 550 volts AC line with a maximum primary current of 350 A. The
maximum AC output specification is 50 V at 3000 A while the DC outputs are
slightly lower at 43 V and 2800 A, Rectification is carried out by two
sets of four water cocled solid state diodes. A saturable core reactor

41
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is incorporated on the primary side of the power transformer as a means of
secondary voltage control through the automatic control circuit. The unit
can be shut off in any of the following ways: (a) a remote controi

switch on the control panel, (b) a shunt trip, when the primary current
exceeds a certain value, and (c) when the water pressure is outside

the required limits, Water is used for cooling the rectifiers and the unit
operates in the pressure range 20 - 40 psi. The recommended value is

30 psi, which gives a flow of about | gallon/min.

4,1.2 Electrode Travel and Drive Mechanism

The electrode holder consists of a copper block, to which one of
the power leads is attached, and a steel clamping plate (see Figure 4.1),
It is designed to hold a 3" diameter electrode firmly, supporting the entire
weight of the electrode and making a good electrical contact with it.
The holder is mounted on a buggy which runs on rails, allowing motion in
vertical direction only.

The electrode drive mechanism consists of a 1/5 HP DC servo-motor
E-650 MGHS (Motomatic) with a contfrolled speed range of 0 - 2750 rpm. The
* set speed is maintained independent of changing load by means of a tacho-
generator feedback, This is essential in order to maintain a constant
feed rate inspite of the continuous reduction of electrode weight. The
circular motion of the motor is converted to the vertical motion of the
electrode holder by means of a chain drive, The correct speed and forque
is obtained by the use of a gear box, and a variabie slipping clutch

prevents accidental overloading of the motor.
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4.1.3 Base-Plate Assembly

Figure 4.2 is a photograph of the base-plate assembly, It
consists of a water-cooled copper base-pléfe which forms the second terminal
of the power input, the water-cooled power cable being bolted to it. The
base-plate is insulated from the supporting plate by compressed asbestos.
The supporting plate, which is of /2" thick aluminum, rests on three ball
castors which allow the base-plate to move in the horizontal plane, and
which are adjustable in height so that the base-plate can be levelled.

Two pneumatic cylinders, at right angles to each other, are used to center
the mould about the electrode. The entire assembly is restricted to move
in the vertical direction only by the buggy thch moves on steel tracks.
Vertical motion is obtained by two vertical pneumatic cylinders (not seen
in the photograph) each providing about 700 pounds thrust. The cylinders
also support the assembly during melting. The starting pad, with the spike

welded on it for a cold slag start, can also be seen in the photograph.

4,1.4 Remelting Platform and Control Console

The remelting platform is about 7 ft. x 7 ft. and approximately
7 ft. from the ground. During remelting the mould and its carriage are
supported by the baseplate, but during stripping the mould carriage is
supported by the platform, while the ingot is withdrawn by lowering the
base-plate assembly.

The control console is situated on the platform and it has

meters réading the primary current; AC output voltage, current and wattage;
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DC output voltage and current, Controls for the following are located

on the console: (I) the applied voltage, (2) the electrode movement,

(3) the base-plate positioning, in both vertical and horizontal planes,

(4) the power shut off. However, operations such as switching on the power,
setting various water flows and selecting the mode of power (AC or DC)

cannot be done from the working platform.
4,2 Mould

A water-jacketed copper mould was used for this study. The
Jjacket was formed by two co-axial copper tubes sealed at top and bottom
by brazed-in copper rings. The water inlet and ohflef pipes, consisting
of two 1/2" diameter, 6" long copper pipes, were fitted at the bottom
and top of the mould respectively.,

The mould had an internal diameter of 5.825" and an external
diameter of 8.5"., The water jacket was thus about 1,12" thick., The mould
was exactly 12" long.

The mould was electrically insulated from the base-plate by a

pad of asbestos paper.

4.3 Materials

In order to increase the compositional changes occurring during
remelting, three-inch diameter bars of high sulphur free-cutting steel
(AISI CI117) were used as electrodes. The nominal composition of AISI Cl117

is 0.14 - 0,20% C, 1.00 - 1.30% Mn, 0,04% max. P, 0,08 - 0.13% S.
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Fresh Ca0 was made by calcining pure CaCO_.5 obtained, in powder
form, from Fisher Scientific Co, Calcium fluoride was obtained from

Eldorado Nuclear Ltd.

4.4 Slag Preparation

As seen in Chapter Il, the thermodynamics of the CaFZ-CaO-FeO

(21,67) (16,22,55)

system and the CaF,-Ca0-CaS system are fairly well

2
established and for this reason it was decided to study the transfer
of sulphur in ESR using Can-CaO slags.

IT is difficult to obtain pure Ca0 as ff is highly hygroscopic
and hence it was decidéd To mzke it fresh by calcining calcium carbonate,
The required quantity of CaCO3 was calcined at about 1000°C in a graphite
crucible in an induction furnace before a weighed amount of Can was
added and the temperature raised to about 1500°C to form a fused homogeneous
mass. The molten slag wasb*hen poured info a steel mould to solidify
quickly and was crushed just before use. To prevent any appreciable amount
of moisture pick up, the slag was prepared in this manner only half-an-

hour to an hour before the actual remelting. The components were added

in the correct proportions to make up the desired slag composition.

4,5 Starting Procedure

The procedure of cold slag starting is shown in Figure 4.3, The
electrode is driven down onto a spiked starting pad (5 1/2" diameter), the

dimensions of the spike being approximately 4" x 5/8" diameter, About



46

3 1/2 - 4 kg. of crushed slag are poured into the mould. The electrode
is then raised a few millimeters, and the power turned on, thus striking
an arc between the electrode and the spike. The starting spike burns back,
melting the slag surrounding it and the electrode is driven down until the
stable remelting conditions are egfablished.

The control of electrode movement during a cold slag start was
found to be quite critical. If the electrode was driven down too fast,
it would weld on to the spike or fhe starting pad and short the power
supply. |f the electrode was not driven down fast ensugh, solid slag
would fall in between the electrode and the pad and prevent any further

electrical contact.

4,6 Sampling

From Section 3.5, it can be seen that the sulphur concentrations
in the pool, droplet, slag and ingot must be known as a function of time
before rates at all the three interfaces can be calculated. Hence, the

following samples were taken at convenient intervals during the run,

4.6.1 Pool Samples

Initially, attempts were made to obtain clean, slag-free pool
samples using evacuated and sealed silica tubes. However, the tubes would

soften and bend excessively before sampling was completed due to the high
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slag temperatures. The normal suction samples using silica tubes and

a rubber aspirator bulb proved quite adequate, although at times small
amounts of slag were found'along with the samplé. By and large, the
pool samples were sound in the middle with the ends slightly oxidized
and hollow. The unsound portions were cut off from the sample and the
sample cleaned on a belt grinder before analysis,

It was also found that the quality of the samples improved on

deoxidation with aluminum foil. In addition, slag could be prevented
from entering the sahpling tube by pressing the aspirator bulb while

pushing the tube through the slag layer.

4,6.2 Droplet Samples

As explained in the last chapter, droplet samples were absolufely
essential to the determination of the amounts of sulphur transferred
to the slag at the electrode and pool site. Droplets were caught by
the special samplers shown in Figure 4.4, The sampler consisted of a
graphite spoon, hol lowed out of a section of an annular graphite
ring, which screwed on to a 1/4" diameter graphite rod about 10" long.
As shown in the figure, this rod was attached to a metal handle by an
allen screw so that it could be quickiy replaced for the next sample.
The spoon was inserted into the annulus between the mould and the elec-
trode, then rotated under the electrede tip to collect a droplet., The
sampler was removed in the reverse manner and quickly quenched in water.
The lower portion of Figure 4.4 shows the position of graphite spoon

as it enters the mould and during sampling (as seen from top), while the
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upper portion shows the side view during sampling. As the samples were
taken out and quenched immediately, reaction during sampling is minimized.
The very slight increase in current during sampling (25A) due to the presence
of a more conductive graphite sampler in the slag bath, is not expected
to affect the result to any great extent.

It was generally found that a small portion of slag was contained
below the top surface of the droplet sample. This is most prébably
due to the sudden contraction during solidification as the droplet was
being quenched, However, another explanation, based on the surface
tension arguments, has been given by Lu(98) . Each droplet, therefore,

had to be annealed, cut and carefully cleaned before analysis.

4.6.3 Slag Samples

Dip slag samples were very easily taken by quenching them on a
I/2" diameter 3" long copper rod, which was screwed on fo a 12" long

asbestos bar,

4.7 Experimental Measurements

4.7.1 Measurements and Analyses Before a Run

Drillings were taken at various points along the diameter of
the electrode and analysed for sulphur. It was found that the mid-radius
sulphur concentration was higher than the rest of the eiectrode. It

was assumed that this segregation pattern would not change appreciably
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along the length of the electrode. The mean sulphur concentration in
the electrode is then given by the weighted mean of the sulphur distri-
bution along the diameter. This could be easily obtained in practice
by turning the electrode off on the lathe along the diameter and mixing
the chips well before analysis.

The spike was welded on the starting pad and the weight of
the starting pad and spike was noted. This was done in order to
obtain the accurate weight of the ingot by subtracting this weight from
the weight of ingot and starting pad at the end of the melt. The weight

of slag charged was also noted.

4,7.2 Measurements During a Run

After the initial instability, power characteristics settle
down to vaiues which primarily depend on the slag conductivity and elec-
trode descent rate. In these experiments, a constant voltage (30 V)
was preset and the electrode descent rate was adjusted to give currents
around 2500 A, Generally the current and voltage remained stable through-
out the melt and these values were noted.

The electrode posifions at various times during the melt were
noted and from these values the electrode descent rate was calculated,

Sampling was started somewhere half-way through the melt,
assuming that effects of the initial cold start had died out and that
stable melting conditions had been established. In order to synchronize
the ingot sulphur analyses with the other samples taken during the melt,

a few grams  of fine tungsten powder were dropped into the pooil at the
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start of the sampling period. This served no+ only to mark the position
of solidification front at The_beginning of sampling period, but also to
outline the pool profile'from which pool volumes were estimated. The

end of the sampling period coincided with the end of the melt and tungsten
was again used to mark the pool. The time at which various samples were

.taken were noted.

4.7.3 Measurements and Analyses After a Run

After a run, the individual weights of the slag cap and slag
skin were noted, the sum of these weights plus the weight of slag lost
with droplet samples giving the weight of slag charged. The slag cap
and skin were separately crushed and ground and their average sulphur
contents were determined,

The ingot and starting pad were weighed and then the starting
pad was cut off for use in a subsequent experiment, The ingot was
sectioned longitudinally and from one half, drillings were taken between
the two tungsten marks along the ingot axis. These samples were analyzed
for sulphur and oxygen. The other half of the ingot was surface ground,
polished and then etched with amonium per sulphate solution to reveal
clearly the tungsten trace of the solidification profiles and the macro-

structure.

4.8 Chemical Analysis

All the metal samples were analysed for sulphur by The standard

Leco technique which consists of direct combustion of the sample in an
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oxygen atmosphere and estimating the evolved 502 by absorbing it in
acidified starch iodide solution, while titrating continuously with
potassium iodate, The analysis was standardized using NBS metal
standards. The accuracy of this method is reported to be within
+ 3%,

The oxygen in the metal samples were analysed by the inert gas
fusion method. |

The sulphur in the slag was analysed by the same method as
used for metal except that high purity iron powder was used as the base.

(94)

Slag analyses were checked by a standard gravimetric method which

is reported in Appendix |,

4,9 Calculations

4.9.1 Melt Rate from Ingot Weight and Electrode Descent Rate

An accurate ingot weight was obtained by subtracting the weight
of the starting pad from the weight of ingot plus starting pad at the
end of the melt, The melt rate was simply found by dividing this ingot
weight by the total time of melting. '

Electrode positions were plotted against time and the slope of
this graph gave The electrode descent rate, RE, from which melt rate can
be estimated by the formula:

. Df+D .
m = RE ( o — ) - D E Pre (4.1)
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where m is the melt rate, g/s,

Rg is the electrode descent rate, cm/s,

Dl is the ingot diameter, cm,

D. is the electrode diameter, cm, and

E

°Fe is the density of steel, g/cm3

4,9,2 Pool Volume from Pool Profile

It was found that pools were not quite syﬁmefrical about
the ingot axis and so the left and the right hand sides of the pools
were separately mapped every half a centimeter along the pool axis
(X-direction) (see Figure 5.4), Fourth order curves were fitted by
computer to each half ftungsten pool profile by a least square tech-
nique. The volume of each half was numerically computed by dividing
the profile intfo 100 equal parts of thickness AX and using the formula:

1000 2
Volume = iﬁl T Yi AX (4.2)

Thus the tungsten pool volumes of each half were independently obtained
and added to the excess pcol volumes to obtain the total pool volumes
(see Figure 5.4). As shown in Figure 5.4, excess pool volumes are the vol-
umes of the cylindrical portions of the pools above the tungsten pool
profiles, which are calculated from the levels of the pools at that time.
Average pool volumes were taken as the average of left and right hand

pool volumes,
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4,9.3 Sulphur Concentration as a Function of Time

The data giving the variation of sulphur content with time
were treated by linear regression. The intercept and the slope of the
least square |ine were obtained using a standard technique (Appendix
“11A). The 95% confidence infervals were calculated from the variance
of the points about this line, using the formula given in Appéndix 1A,
Appendix |IA also provides the formula used for calculation of correla-
tion coefficient which was then compared with the critical correlation

coefficient given in reference (95), as a test of significance.

4,9.4 Rate Calculations

For the calculations of rates at the three interfaces, the

following data were required:

(i) the intercepts and slopes of all the four least square lines
representing the drop, ingot, pool and slag concentrations as a
function of time,

(ii) the total time befweén the two tungsten marks, TIME-S,

(iii) the average sulphur in the electrode, [S]E-wf.%,

(iv) the initial and final average pool volumes, VOLI and VOLZ respectively,

Cm3

(v) rate of slag skin formation, SKINRT - g/s,
(vi) average sulphur in the skin, SSKIN - wt.%,

(vii) initial weight of the slag charged, WSLAG - g,
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(viii) the times at which the drop samples were taken - s, and

(ix) the melt rate, m - g/s.

The weight of the slag pool at any time, WSLAG, was calculated
by subtracting from the initial slag weight the weight of slag skin
formed and an average of 20 gms of slag for each drop sample taken.

The inequal ity of ihifial and final pool volumes suggest a
variation in freezing rate, the melting rate being constant. It has
been assumed that the process is tending towards stability and hence
the final freezing rate is equal to the constant melting rate. It was
also assumed that change in freezing rate from the initial to the final

value is linear so that the initial freezing rate is given by:

vOoL2-VOLI
TIME

m + VOLINC where VOLINC = 7 ( )

Thus, the freezing rate at any time "1" is given by:

FREZ = m + VOLINC + FREZIN * t (4.3)
where : FREZIN = - VOLINC
TIME

The pool size at any time was calcuiated from:
VOL = VOLI + VOLINC * + (4.4)

The three rates, ERATE, PRATE and ARATE were calculated using

the formulae derived in Section 3.5. They were calculated at one
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second intervals using a CDC 6400 computer and were printed out at 50-
second intervals. ERATE was simply calculated using equation

(3.25):

ERATE = M (Cs1e 4 - Cs]y (4,5)

100

where the second subscript "t" is used to denote the sulphur concentra-

tion at time "t"., The last term in equation (3,27) was calculated as:

(M LS 100) =DELSP = (VOL-VOLINC) * [S -VOL*[S (4.6)
51/ (], 4. -VOL*CST, |

and hence, PRATE was obtained from the relationship:

PRATE = (h[S]D *-FREZ % [S]| + DELSP)/100 4.7)
L ’

A transformed form of equation (3.28) was used to obtain ARATE:

ARATE = ERATE + PRATE - SKINRT * SSKIN/100

= CORR(1) * (S). ./100 + WSLAG * (S) /100 (4.8)

S,t S,t-1
- [WSLAG = SKINRT -.CORR(1)] (S)S T/loo

where CORR(|) represents the average correction for slag lost during
droplet sampling. CORR(l) took the value of 20 g or zero depending on
whether a droplet sample was taken at time "1". The correction for the
sulphur lost with the slag during droplet sampling is the extra term

added to equation (3,28).
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4.,9,5 Electrode Tip Surface Area

In order to determine the curved surface area of the electrode
tip, it was mapped in the same way as the metal pool (see Figure 5.4),
As in the case of the metal pool, the left and the right hand side were
mapped separately due fto the lack of symmetry about the tip axis.
Second or third order curvesbwere fitted to the profiles using least
square techniques. The area was numerically computed by dividing the

profile intfo 1000 equal parts of thickness Ax and using the formula:

1000 2ny, A
Area = L (4,9)
i=1 [l+(dy/a)47'7% o

where the denominator represents the correction factor to obtain the curved
electrode tip area. An average between the left hand and the right

hand side éreas was computed and added to the area of the cylindrical
portion of electrode immersed in the slag to obtain the total surface

area of the immersed electrode.

4,9.6 Slag Conductivity

An estimate of slag condu;fiviTy can be obtained oncé the voltage,
current, electrode areas and distance befween electrodes is known,

The density of the appropriate slag at 1700°C was estimated
by extrapolating the data given in reference (13) and, knowing the slag
weight, the slag volume at that temperature was calculated. The height

of the slag bath was obtained from the slag volume and the average
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distance between electrodes, L, was estimated from the relationship:

) (4,10)

where h. is the estimated height of slag bath, h, is the height of cylin-

S I
drical portion of electrode immersed in the slag and h2 is the average
height of the curved electrode. These distances along with the average
electrode tip-pool distance (L) are shown in Figure 4.5, The resistance
was simply calculated by dividing the voltage by the current, while the

average area of the electrode and the ingot was taken as the effective

area, The conductivty (x) was calculated using the reiationship:
X = L/RA ' 4.11)

where R is. the resistance of slag bath in ohms and A is the effective

area of electrode in cmz.

4,9,7 Approximate Overall Sulphur Balance

An approximate disTribuTion'of the total sulphur input into
the system can be obtained by dbing a sulphur balance. Assuming that
no sulphur is present in slag initially, sulphur fnpuf can be cbtained
from the average electrode sulphur and the weight of electrode melted
(= ingof weight). This sulphur is distributed between the ingot, the
slag cap, the slag skin and the atmosphere.

The total sulphur in the Ingof.can be calculated if it is

assumed that the regression line representing the distribution of sulphur
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during the sampling period can be taken to represent the sulphur distri-
bution along the whole length of the ingot. With this assumption, the

total sulphur in the ingot, [TS] is given by:

Ingot’

P
[Ts] = § 2V [at+bt] dt +
I ngot 3 100 100

Cs] x VOL2 x 7
P,T (4.12)

where ;av is the average freezing rate,
a and b are the intercept and the slope of least square ingot sulphur
line, |
ES]P,T is the pool sulphur concentration at the end of the melt, and

VOLZ is the final pool volume.

Equation (4,12) can be simply integrated to yield:

f 2 £S5y 7
[1sd,, 1L:.E‘.."_ [aT + 2T 7 + —_P,T7VOLZ X (4.13)
9ot 00 2 100

The average freezing rate, ;av' is obtained by dividing the difference
between the ingot weight and final pool weight by melt time., Note that
a is not the intercept at the start of sampling but at the start of the
melt.

The sulphur in the slag cap and slag skin can be estimated
from their final and average sulphur concentrations and their respective
weights,

The difference between the sulphur input from the eliectrode
and the total sulphur in the ingot, slag pool and slag skin must be lost

To tThe atmosphere from which an average ARATE can be calculated.



CHAPTER V

RESULTS AND DISCUSSIONS

. Introduction

General information concerning the successful melts are given
in Table 5.1. Calcium fluoride-based slags containing 5, 10 and 20 wt.%
Ca0 were used in this study to melt 3" diameter, high sulphur AISI 1117
grade steel electrodes into a 5.825" diameter water cooled copper
mould, The melting current and voltage along with total melt time,
weight of ingot melted, weight ofvs!ag charged and melt rate are reported
in Table 5.1. This table also gives the total time of sampling, which
is the time between the tungsten additions. As explained in Section 4.7.2,
the end of sampling coincided with the end of the melt.

Some trial melts were performed in order to ascertain optimum
melfing characteristics with different slags and to try out various
sampling techniques. The techniques described in Section 4.6 were

finally chosen.

5.2 Melt Rate

As explained in Section 4.9.1, the melt rate was found
by dividing the ingot weight by the melt time. The results are given in

Table 5,2. !t can be seen that the melt rate increases with increasing

59
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|ime content of the slag, although the power input in the three cases
were not very different (82.5 KVA in Melt 24 compared to 75 KVA for the
6+her two), This is consistent with the observed increase in slag
resistivity with increasing addition of Ca0 in Can-based slags(29~3|)
(see also the slag resistivity calculation in Section 5.12),
Operating at constant current and voltage, the higher the slag
resistivity the shorter the electrode-ingot distance, so that the same
amount of heat is liberated in a smaller zone leading to a higher rate
of electrode burn-off. This is borne out by the calculations in
Section 5.12. As shown in Table 5.43, the average distance between the
electrode and the ingot pool decreased with increasing |ime content in
the slag, resulting in an increase in melt rate.
Tables 5.3, 5.4 and 5.5 give the electrode positions at various
times during the melt for melt numbers 21, 24 and 25 respectively.
These data are plotted in Figures 5.1, 5.2 and 5.3. The linearity
of these plots, especially after half-way through the melt, suggest
uniformity in melting conditions, at Ieasflduring the sampling period.
The slopes of these plots give the average electrode descent rate, RE'
for each melt and they are reported in Table 5.6, Using equation (4.1)
and these values of electrode descent rate, melt rates were calculated
and are also reported in Table 5.6, The pertinent values of ingot

diameter, D,, the electrode diameter, DE’ and the metal density, Pre

l s
used in the caiculations are given in Table 5.6,
The me!t rates calculated in this way do not agree with the

actual melt rate obtained from ingct weight, but in all the cases, they

were within 10% of the actual value, This diasgreement is probably due


http:content.of

6l

to the use of inaccurate values of RE arising from errors in electrode
position measurement. A part of this discrepancy may also be due to
assumptions involved in the derivation of equation (4.1). Equation (4.1)
assumes that negligible volume changes take place during solidification
and the cooling of the ingot; that the solidification rate is constant
and‘equa| to melting rate; and that the ingot has no flaws, such as
blowholes. Only the last assumption may be valid during the melt, though
in the final pool blowholes were observed.

The ratio of actual melt rate to the elecf}ode descent rate is
almost identical for melts 21 and 24, while it is somewhat different --
although closer to the theoretical ratio -- for melt 25, These discrepancies

may be due to variations in melting conditions and ingot diameters.,

5.3 Ingot Pool Profile and Pcol Volume

After the ingot was sectioned, surface ground, polished and
etched with amonium per sulfate solution, the left and the right hand
tungsten pool profiles were separately mapped. At intervals of half-
centimeters on the X-axis, Y values were read off as shown in Figure 5.4,
These pairs of values of X and Y are réporfed separately for each half
of both the initial and final pool profiles in Tables 5.9 and 5.10 for
melts 24 and 25 respectively. In the case of melt 21, the ingot
was unfortunately sectioned at a distance Z = |,l| cm away from the centre
a#is of the ingot. The tungsten profile on this section was mapped at
1/4" intervals as shown in Table 5,7; the pool volume could not be cal-

culated directiy from this profile using the technique described in

Section 4.9.2 since that technique is only valid for sections passing
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through the ingot axis. An estimate of the value of Y at centre section,
YCORR' was obtained from the value of Y at a section Z = I.1l cm away
from the centre using the relationship:
Yoorr = 7 Y2 + 272 (5.1)

Yalues of X were simply corrected by adding the extra distance by which
the origin of the centre section was estimated to be below that of the
offset section. The corrected pool profiles of Ingot 21 are given in
Table 5.8, |

Following the method outlined in Section 4,9.2, the initial
tungsten pool volumes were calculated and are given in Table 5.11. This
Table also gives the coefficients of the fourth order curves fitted to
each half of the tungsten pool profile together with the weighted sum
of sduares of residuals, These curves fitted the profiles very well
away from the origin, but near the origin some deviations existed. The
errors in volumes arising from tThese deviations were estimated to be
very small and were neglected., The excess pool volumes were calculated
by multiplying the pool area with the height of the cylindrical portion
of the pool as shown in Figure 5.4. The average pool volume was obtained
by taking the average of the left hand and right hand total pool volumes.
Similarly, final pool volumes were calculated and are reported in Table
2:12.

From Tables 5,11 and 5,12, it can be seen that initial and final
pool volumes of all the three melts are substantially different. As

mentioned in the last chapter, this would indicate changes in freezing
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rate during the sampling period if the melting rate was constant during
that period. As discussed in Section 5.2, the linearity of electrode
position vs, ftime plots (Figures 5.1, 5.2 and 5.3) during the sampling
period show that the melt rates did not change significantly. Thus,

a change in freezing rate is implied. The direction of this change
depends on whether the pool volume is increasing or decreasing. An
increase in pool volume, as in the cases of melts 21 and 25, implies
reduction in freezing rate while the réverse is true for melt 24,

In this study, in the absence of any other information, it was
assumed that the rate of change of freezing rate was constant. On the
basis that the process would tend towards a steady-state, it was further
assumed that the freezing rate tends to the melting rate at the end of
the melt., With these assumptions, the freeziﬁg rate at any Time is given
by equation (4,3),

Except in the case of melt 25, it was observed that the pool
shape changed considerably. The initial pool shape was flatter than the
final pool shape. This may be explained by considering the geometry of
heat extraction from the ingot. As the ingot builds up, the heat extracted
axially by the base-plate is reduced while more heat is extracted by
the mould. This results in a greater degree of radial solidification
as compared to axial solidification as the melt proceeds and hence the

rounder the final pool.
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5.4 Drop, Ingot, Pool and Slag Sulphur Concentrations as a Function of
Time

Tables 5.13 to 5.16 give the results of the sulphur analyses
for the drop, ingot, pool and slag samples taken at the times indicated.
It must be noted that the time shown in the first column in every
fablé is measured from the beginning of the sampling period, i.e., from
the first addition of tungsten powder to the pool.

Relatively few successful drop samples were obtained and it
was found that their sulphur concentration values were scattered consider-
ably. Hence duplicate analyses Qere made where the sample size permitted.

Following the techniques suggested in Section 4.9,3, least
square lines were fitted to the raw data. The variances of the popula-
tions about these lines were calculated and 95% confidence intervals
were obtained. These are reported in the above tables together with the
regressional estimate of the sulphur concentration. Table 5.17 summarizes
the results of the regression analyses for melt 2I. The table also includes
values of the critical correlation coefficients for 95% confidence
levels. |f the correlation coefficient is greater than this critical
correlation coefficient, then the regression line is supposed to be
significant at the 95% confidence Ievél. A value of the critical
correlation coefficient was read off Table 12.10 in reference (95) for
a particular sample size and confidence level., Thus Table 5.17 indicates
that all four regression lines are significant at the 95% confidence
Iével.

Similarly, Tables 5,16 to 5.21 give raw and processed data

for melt 24 while Table 5.22 summarizes the results of the least square
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analyses. Again, it can be seen +ha+vall data are significant at the
95% confidence level. The results for melt 25 are reported in Tables
9.23 1o 5.27,

It can be seen that all the regression lines except the one
for slag sulphur,Aare significant at the 95% confidence level. The small
correlation coefficient obtained for the slag sulphur line may be due to

T wt.8/5). In other words, the slag

its very small slope (= 2,5 x 10~
sulphur is almost independent of time, fesulfing in a low correlation
coefficient,

Sulphur contents as a function of time are plotted in Figures
5.5 to 5.13 for all three melts. The least square lines and the 95%
confidence intervals are also plotted in these figureé.

The drop sulphur concentrations can be observed to exhibit a
considerable amount of scatter resulting in wider confidence iimits.

All the sulphur concentrations, except the drop sulphur in melt 25,

are found to increase with Time.

5.5 Electrode Sulphur

As explained in Section 4,7.1, the turnings off the electrodes
were thoroughly mixed and four random one-gram samples taken for analysis.
The results are reported in Table 5.28, the same electrode material
being used for both melts 24 and 25, The average of these four readings
were used as the electrode sulphur concentration in the rate equations.
The variance about this mean was calculated and used in the determination

of standard errors of PRATE, ERATE and ARATE.
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5.6 Rates at the Three Interfaces

Using the parameters calculated up tfo now and the method
described in Section 4.9.4, the three rates, ERATE, PRATE and ARATE
at the electrode tip-slag, metal pool-slag and s]ag-afmosphere inter-
faces, respectively, can be calculated. The standard errors of the
three rates were computed at 50-second intervals using the formulae
derived in Appendix !|IB., The rates and their standard errors are
given in Tables 5.29 to 5,31 for melts 21, 24 and 25 respectively.
ERATE can be seen to be always Iafger than PRATE indicating that
amongst the slag-metal sites haximum desulphurization takes place at
electrode tip-slag interface thus making it the dominant reaction rate.
In fact, in melts 24 and 25 and early in melt 21, resulphurization seems
to be taking place as indicated by the negative values of PRATE.

| Consideratle amounts of sulphur seem to be lost to the atmos-

phere in all the melts as can be seen from the values of ARATE obtained.
In fact, in melt 25 ARATE is found to be comparable to ERATE indicating
that most of the sulphur lost from the metal is lost to the atmosphere.

The accuracy of ARATE depends on the accuracy of both ERATE
and PRATE and the accuracy of slag sulphur analysis. Thus, as expected,
the standard error of ARATE can be seen to be larger than that of either
ERATE or PRATE.

The comparison of rates between the melts is made difficuit by
various factors. Firstly, there was no standardized reference or starting
point, Sampiing was started arbitrarily, sometime half way through the

melt and hence zero time did not necessarily correspond to identical
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remelting conditions for all melts, Secondly, since the melt rates were
different, the rates of sulphur input to the system must be different.
In addition, it was almost impossible to obtain two electrodes with
identical sulphur confenfs;

The firs+ two problems could be overcome but it is very difficult
to correct for difference in electrode sulphur content. However, a
particular Weighf of electrode melted can be conveniently used as a
reference or starting point. Rates are fﬁen plotted as a function of
the weight of electrode melted from the reference point. This
technique accounts for differences in melt rate, since the amount of
sulphur input at any weight will be the same for electrodes with identical
sulphur contents,

The 95% confidence intervals for the rates cannot be obtained
from the standard error since the multiplying factor "f;_2’0.975 can
only be obtained if the number of degrees of freedom, n, is known.
From Table F (p. 466) in reference (95), it can be seen that for a 95%
confidence level "t" varies from 2,571 to 1.960 for n = 5 to =, Hence
two times the standard error is a good estimate for a 90 to 95% confidence
interval, |t was decided, therefore, to use 2 as an approximate value
of Mn-2,0.975°

Tables 5.32 to 5.34 give the three rates and their approximate 95%

confidence levels as a function of weight of electrode melted for melts
21, 24 and 25, respectively., The rates and their approximate confidence
levels are also plotted in Figures 5.14 to 5,16 for the three meits, In
the tables and figures given above, all the rates correspond to the ingot

formed in the range 15 - 20 kg.
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A further discussion on the three rates can be found in

Section 5.10,

5.7 The Rate of Sulphur Transfer at the Ingot-Metal Pool Interface

The final refining of the metal is obtained at the ingot-
pool interface due to solute distribution between the ingot and liquid
metal pool. This is very similar fo a zone refining effect. Thus, this
interface could become important for those alloying elements which have
equilibrium distribution coéfficiénfs much smaller than unity, such as
sulphur and oxygen. Hence, the rate of sulphur transfer at this inter-
face from ingot to metal pool has been calculated at 15 kg and 20 kg
ingot weights for the three melts. The results are given in Table 5.35,

Calculations were carried out as follows., The estimates of

the pool sulphur, [S]P, and the ingot sulphur, [S],, at any particular

l ’
time were obtained from the regression lines. The A[S] term reported in
Table 5.35 is Simply the difference between the above sulphur concentra-
tions. The instantaneous freezing rate, ;, was calculated using equation

(4.3) after which the sulphur transfer rate at the ingot-pool interface

was obtained from the relationship:

Rate at I/P interface = 2L51 # § (5.2)
100
Thus, it can be seen that except in The case of melt 24 where
the sulphur level in the pool is already quite low, the rate of refining

at this interface is considerable. Unless the sulphur rejected from this
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interface into the pool is removed from the pool by the slag, the exces-
- sive sulphur accumulation in the final pool may result in a top discard
giving a loss of yield. ‘Hence, this is not necessarily a beneficial

effect.

5.8 Equilibrium Pool Sulphur Calculations

As indicated in Section 3.1.3, the equilibrium metal
sulphur concentration can be estimated from slag-metal equilibrium

(16,22,55) knowing the metal oxygen and slag sulphur concentrations.

data
iHence, the electrode and ingot oxygen concentrations were determined by
inert gas fusion and are givén in Table 5.36. Samples were taken

at the top, middle and the bottom of the ingot but as the variations in
oxygen concentrations were found to be quite small and random, it

was decided to take an average of all the readings to represent the

overal | ingot oxygen content.

Under equilibrium conditions, the values of the function:

c /P y172 (5.3)

= (wt.%S) (P,
: 2 72

!
S
can be related to those of the function:

cg = (wt.% S) [h0] / [hS] (5.4)

by the expression:

=K, . C¥ " (5:3)
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where K7 is the equilibrium constant:

- 1/2
K7 = (PO2 / PSZ) [hs/ho] (5.6)

for the reaction:

[OJI wt.% + 1/2 SZ(g) = [S]l wt. % +1/2 02(g) (5.7)

In the above expressions, [ho] and [hs] are the Henrian activities of
oxygen and sulphur in the metal respectively, and (wt.% S) is the

corresponding slag sulphur concentration. The value of K, at 1500°

and 1700°C, calculated from avallable thermodynamic data'®’’, are

0.135 and 0.181, respectively.

Table 5.37 gives the values of Cé determined by Davies et al.(22)

at 1500°C. Extrapolation of these values to 1700°C was obtained

using the relationship:

cy (1973°K) = ¢! (1773°K) . K

o o
s 9 (1973 K)/K9 (17737K) (5.8)

(87)

as given by Codper and Kay , where Kg,is the equilibrium constant

for the reaction:

(Cal) + 1/2 Sz(g) = (CaS) + 1/2 0 (5.9)

2(g)

From thermodynamic dafa(97)

a value of .81 for the ratio of equilibrium
constants in équafion (5.8) is also obtained.
From the calculations of the Henrian activity coefficients

fs and fo of sulphur and oxygen respectively, as shown in Appendix IIlI,
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it was decided that, within 6% error, it would be accurate to use weight
percent concentrations in place of the Henrian activities of sulphur
and oxygen.

Thus, referring to Table 5.37, values of Cg were obtained
from those of Cé using equation (5.5). The slag sulphur concentration
half way through the sampling period and the average metal oxygen con-
tent are also reported. From these values and equation (5.4), equili-
brium metal sulphur concentrations were obtained and are given in
Table 5.37 along with the actual pool sulphur concentrations.

As can be seen‘from Table 5.37, the actual pool sulphur
concentrations are very close to the equilibrium sulphur concentration
values indicating a nearly eauiiibrium situation at the pool-slag
interface. This is in agreement with the observations of Cooper and

Kay(87)

in a small scale laboratory electroslag unit (1.59 cm diameter
ingots).

At 1500°C the value of the actual pool sulphur concentration
can be seen to be slightly greater than the equilibrium pool sulphur
concentration for melt 21 (10% Ca0) while the reverse is true for
melt 24 (20% Cald). 