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Abstract 

The electroslag remelting process combines both a chemical refining ability and a better 

control on solidification which produces materials of more uniform properties. In spite of 

the advantages of this process, segregation-prone alloys are still difficult to produce via 

ESR, particularly when large ingot diameters are involved. In this context the study of 

externally applied electromagnetic fields is of great interest. 

An AC operated stirring device was designed and laboratory-scale experiments were 

conducted. The solidification structures resulting from the stirring as well as the mixing 

conditions prevailing in the liquid pool were investigated. Also, modelling studies on the 

electromagnetic body force produced by the stirrer and the resulting thermal field were 

conducted. 

The start of stirring results in a clearly defined band in both steady- and unsteady-

state regimes. The microstructure was not significantly modified in the center of the 

ingot but a loss in directionality was found at the mould wall. It seems apparent that 

the stirred liquid does not penetrate significantly inside the interdendritic region. Mixing 

studies revealed that the degree of mixing in the pool is enhanced by the stirring. 

The theoretical calculations show that most of the electromagnetic body force is 

confined to the magnetic skin depth at the mould wall and the metal-slag interface. 

Using a previously developed two-dimensional heat transfer model it was not possible to 

reproduce the experimental pool profiles obtained when stirring was applied. 
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Chapter 1 

Introduction 

The electroslag remelting process (ESR) [1 - 6] is one of the special melting processes 

which also include vacuum arc remelting, electron beam remelting and plasma arc remelt-

ing. The ESR process yields improved ingots by means of both, controlled solidification 

and chemical refining. It allows a controlled freezing of limited amounts of liquid at a 

time as opposed to conventional casting. Nevertheless ingot quality deteriorates as ingot 

diameter and/or melting rate increases [6]. 

A schematic sketch of an ESR system is shown in fig. 1.1. Alternating or direct current 

is passed from a solid electrode through molten slag to the base plate which closes the 

circuit. Since the slag has a high electrical resistivity heat is generated by Joule effect 

and melts the electrode. The molten metal produced in the form of either droplets or a 

continuous stream (depending on the melting rate) passes through the slag and builds up 

a solid ingot. The slag and the ingot are contained inside a water cooled copper crucible. 

The base plate is also water cooled and it is this heat extraction configuration which 

produces the highly directional structure characteristic of ESR ingots. 

Since most of the alloys fabricated using ESR are segregation prone, factors affecting 

this phenomenom should be understood in order to increase productivity. The possibility 

of implementing technologies such as electromagnetic stirring as an aid in improving 

ingot quality, by controlling segregation and/or modifying the microstructure, should be 

investigated as well. 

1 
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1.1 Magnetic Fields in Metallurgical Processes 

The thermal and hydrodynamic effects resulting from the interaction between magnetic 

fields and metals have been used in several metallurgical processes. The most common 

applications are shown in fig. 1.2. It should be noted that the presence of electromagnetic 

fields in most of these applications is intrinsic to the process itself, the exception being 

the use of externally applied fields for stirring. 

1.1.1 Thermal Effect 

Eddy currents can be induced in a bath of liquid metal by a fluctuating magnetic field. 

These induced currents will then generate heat inside the melt as a result of the Joule 

effect. This sequence of events constitutes the basis of induction melting where the 

dissipation of the thermal energy generated in the metal bath is used to melt scrap as well 

as alloying additions. An induction furnace consists of a coil surrounding a nonconductive 

(alumina, silica) crucible which contains the metallic charge; a time varying current 

(with frequency ranging from 50 up to 10000 Hz) is passed through the coil generating a 

fluctuating magnetic field. An important variant of this basic principle is the operation 

of induction furnaces under vacuum for the production of high temperature steels and 

superalloys [8 - 10] 

The heat generated inside the molten metal can be evaluated from the induced current 

distribution and the electrical resistivity of the melt. Then a thermal energy balance will 

give the temperature distribution inside the bath as well as the thermal energy available 

to melt the scrap and the additions. 

Using a dimensional analysis Szekely et al. [12] have shown that the melt is essentially 

isothermal with temperature gradients present only in the vicinity of the scrap-melt 
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boundary. This is a result of the fact that thermal energy is dissipated at a much faster 

rate than it is generated. 

1.1.2 Hydrodynamic Effect 

The interaction between magnetic fields and current passing through a fluid of very 

high electrical conductivity (liquid metal or plasma) results in mechanical forces that 

modify the structure of the flow in that fluid. This coupling between electromagnetic 

and mechanical phenomena constitutes the basis of magnetohydrodynamics (MHD). 

The electromagnetic body force that has to be incorporated in the Navier-Stokes 

equation is given by 

Fm = JxB (1.1) 

Obviously, the first step in order to obtain the velocity field inside the melt or plasma 

will be to calculate the current density and magnetic field intensity distributions. This 

task can be done through the solution of the Maxwell's equations [13, pp 10-11] : 

divS = 0 (1.2) 

C n i l E =

 ~~dt
 ( L 3 ) 

curl# = J (1.4) 

divj = 0 (1.5) 

and the statement of Ohm's law : 

J = a(E + vxB) (1.6) 
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After some algebraic manipulation one can obtain the equation describing the con-

servation of magnetic field : 

dB 

— = cni\(vxB) + r]V
2

B (1.7) 

where 

11 = 7i 
fi0cr 

is the magnetic diffusivity. 

A dimensional analysis of eq. 1.7 [14, p. 17] results in the so-called magnetic Reynolds 

number defined as1 : 

_ uL 
Rm = — (1.9) 

V 

By analogy with the ordinary Reynolds number it represents the ratio of convective 

to diffusive transport of, in this case, magnetic field. In tackling the theoretical analy-

sis of MHD in metallurgical processes this dimensionless number is probably the most 

important parameter. For most of the cases of interest it can be shown that 

Rm«l (1.10) 

which results in diffusion being the dominant mechanism in magnetic field transport and 

therefore one can expect the current and its magnetic field not to be disturbed by the 

fluid movement which also means that any electric currents induced by the motion of 

the fluid across the lines of force will be negligible compared with the electric currents 

induced by the pulsation of the applied magnetic field [15]. In terms of the solution of the 

general problem defined by eq. 1.10 it allows the decoupling of eq. 1.7 and Navier-Stokes 

equation . 

1

This is the magnetic Reynolds number based on the velocity as opossed to the one based on the 

frequency. 
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It follows that the solution of the MHD applications shown in fig. 1.2 should include 

the calculation of, in order, 

1. Current distribution. 

2. Magnetic field distribution. 

3. Electromagnetic body force distribution. 

4. Velocity distribution. 

Since most of the processes involve the presence of thermal gradients which generate 

buoyancy body forces a thermal balance should also be incorporated. 

It should be noted that the electromagnetic contribution to recirculatory flows in 

liquid metal baths comes from the stirring force density [16] 

and not from the absolute value of F m . In other words, the current lines should diverge 

in order to create vorticity [17]. 

Moreover, since the frequency used in AC devices is large one will be only interested 

in the mean value of the Lorenz force given by [18] 

While the analytical procedure to find the mean Lorenz force distribution in the 

melt is quite straigthforward for some idealized cases [15,16,19] numerical solutions are 

generally required for the solution of practical problems. In this context the drawbacks 

arising from trying to evaluate eq. 1.12 from magnetic flux measurements only have been 

pointed out by Meyer et al. [20] and Shercliff [16]. Since the current and magnetic field 

S = curl(Jx5) (1.11) 

(1.12) 
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are usually confined to either two-dimensional or axisymmetric conditions Shercljff [16] 

has proposed the use of the vector potential, A, as an aid in evaluating < Fm >� This 

vector is defined by 

B = curlA (1.13) 

and 

Alternatively, a comprehensive set of experiments involving measurements of all the 

parameters involved (current density, magnetic field intensity, phase angle) in the com-

putation of Fm was performed by Vives et al. [21] in an induction furnace containing an 

aluminium alloy. In this experimental programme the current density is evaluated from 

electric field measurements done with electrical potential sensors while the magnetic field 

distribution was obtained measuring the voltage across a small coil placed in the liquid 

—* 

and relating it to the r.m.s. value of B through the use of Lenz's law. Details of such 

probes are given in [22]. It should be pointed out that before the advent of this probe 

there were only velocity measurements available to compare the theoretical results; these 

measurements were based on either high speed photography of the bath surface [23,24] 

or drag forces [25,26] (only in low melting point metals). 

It is illustrative to examine the result of decomposing the mean Lorentz force into its 

potential and non-conservative parts [15] : 

< Fm >= V * + F (1.15) 

The potential component (V<&) in eq. 1.15 can be interpreted as an 'eletromagnetic 

pressure' which acts on the free surfaces of the melt while the non-conservative part (F) 

will result in stirring [11]. 
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The importance of obtaining a precise calculation of the electromagnetic body force 

distribution before engaging in the solution of Navier-Stokes equation has been clearly 

demonstrated by Lavers [11] who obtained the magnetic force distribution in an induction 

furnace considering both the presence of a meniscus of a given shape and the common 

practice of representing the melt by a sharp cornered cylinder. 

Although magnetic fields can be produced with either AC or DC, most of the in-

dustrial applications use AC fields. A very important effect associated with this kind of 

field is the magnetic skin effect which results from the interaction between the field and 

a material of finite electrical resistivity which will act as a sink. The magnitude of this 

interaction is characterized by the magnetic skin depth, defined as [27] 

Physically, it represents the distance at which the magnitude of the magnetic field has 

decayed to 37 % of its original value and is a measure of the ability of a field to penetrate 

a given material. From eq. 1.16 it can be deduced that a good electrical conductor will 

absorb a large amount of the field while an insulating material will be almost transparent. 

Additionally, low frequencies will favour this penetration. Regarding fluid flow generated 

by magnetic fields, most of the induced turbulence will be confined to a region of the 

order of the magnetic skin effect. Therefore, classical wall functions used in turbulence 

models have to be modified accordingly as in, for example, [28]. 

In the following, MHD phenomena in the metallurgical applications illustrated in 

fig. 1.2 will be briefly presented. The particular case of the MHD of the ESR process will 

be discussed in a subsequent section. 

(1.16) 
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1.1.2.1 Induction Furnaces 

As described before (see 1.1.1) an induction coil wound around a crucible is used to create 

eddy currents inside the metal bath of induction furnaces. Besides the heat generated 

through the Joule effect the induced currents react with the magnetic field creating a 

vigorous stirring characterized by a double toroidal pattern. The interest in a detailed 

study of the flow regime inside the mould is twofold : 1) the stirring is responsible for 

the very uniform temperature distribution inside the melt and the ability to incorporate 

alloying additions, and 2) if it is too violent it will erode the refractory walls at a very fast 

rate causing contamination of the melt and forcing an early replacement of the crucible 

wall. A very interesting modification to the original design is the use of metallic shields 

which modify the magnetic field produced by the inductor. These shields are a good 

example of the flexibilty offered by technology based on MHD. 

1.1.2.2 Hall-Heroult cell 

The Hall-Heroult cell has been used for the electrolytic production of aluminium since 

the past century . It consists of an array of carbon anodes submerged in a molten 

salt that serves as the elecrolyte, electrically connecting the anodes to a bath of molten 

aluminium (which acts as the cathode) located at the bottom of the cell. Fine particles 

of alumina are fed into the system and reduced to liquid aluminium and oxygen which 

in turn reacts with the anodes forming C O 2 bubbles. The molten aluminium goes to 

the bottom of the cell from where it is intermittently extracted. Also, a frozen skin of 

alumina and electrolyte is formed at the lateral walls of the cell. The passage of current 

from the carbon anodes through the electrolyte to the molten aluminium bath induces 

a magnetic field which in turn interacts with the current generating an electromagnetic 

body force which results in a recirculating pattern. Although the process has been 
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used for a number of years, detailed studies of the hydrodynamic phenomena have not 

been available till recent years. The driving forces behind these types of studies as an 

aid in cell design include improvement in thermal and electrical efficiencies as well as 

prevention of short circuits caused by contact between the melt and the anodes resulting 

from waves at the electrolyte/metal interface. Also, heavy recirculating flow will cause 

deterioration of the carbon cell lining. In tackling the hydrodynamic description of the 

cell the complexity of the interrelated phenomena should be realized [29]. The flow in 

the electrolyte is not only driven by the electromagnetic body force but also by the 

buoyancy forces created by the C O 2 bubbles whose presence makes this a two phase 

region. In addition, the electrolyte/air and electolyte/aluminium interfaces constitute 

free boundaries that cannot be approximated as flat surfaces. 

1.1.2.3 Arc Melting and Welding 

There are several melting and welding processes (arc furnace, vacuum arc remelting, arc 

welding) which rely on the energy supplied by an arc created between an electrode and 

the melt surface. Because of the high currents usually employed, a considerable stirring 

is caused by the interaction of the current with its self-induced magnetic field. It should 

be pointed out that this interaction not only alters the hydrodynamics of the metal pool 

but also the structure of the plasma generated within the arc. 

In arc furnaces for steelmaking an alternating current in the range of 10 to 100 kA is 

passed through a graphite electrode generating an arc which is used to melt the metallic 

charge. A need of a better understanding of such a well established technology is re-

quired in order to have a better control on the thermal field and, mainly, the chemical 

homogenization of the bath. Also, wall erosion produced by excesive stirring should be 

avoided. 
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The vacuum arc remelting process (VAR) is used to produce high quality, segregation-

free superalloy ingots [10]. The energy necessary to melt the electrode is provided by 

a D.C. arc generated between the bottom of the electrode and the top of the remelted 

ingot, which acts as the anode. Because pool shape and interdendritic fluid velocities 

are altered by the fluid flow conditions inside the pool it is important to be able to 

predict the flow behaviour as a function of system geometry and current input. Such an 

approach would require a good understanding of the hydrodynamic phenomena produced 

by MHD interactions between the current and the magnetic field that it creates, as well 

as buoyancy body forces arising from thermal gradients. 

In arc welding of metals an arc is created between an inert electrode (cathode) and 

the metal surface (anode) which will provide the energy required to form a weldpool. 

The presence of a self-induced magnetic field will create strong stirring in the weldpool 

which ultimately will affect its quality. It should be pointed out that the fluid flow in the 

pool is also influenced by thermocapillary forces, i.e., there is a surface tension-driven 

component usually referred to as Marangoni convection. The familiar counterclockwise 

pattern produced by the electromagnetic body forces is dominant in most regions of 

the pool when the surface tension increases with temperature whereas the Marangoni 

convection plays a more important role in the opposite case. 

1.1.2.4 Electromagnetic Casting 

The electromagnetic casting (EMC) of round and rectangular ingots of aluminium alloys 

is currently used to produce more than 450000 ton/year [30]; it has also been applied to 

copper base alloys [31]. The main advantages of the process are reduction of material 

losses because of scalping and trimming [32] as well as an improved hot workability [31]. 

In EMC the role of the conventional mould is now played by radial induced elec-

tromagnetic body forces acting on the liquid pool. The many interrelated operational 
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parameters involved in the process, e.g., liquid height, geometry, frequency and intensity 

of the exciting current, superheat, drop rate, water cooling, etc., makes the automatic 

control of the whole operation very difficult if it is based on semiempirical observations. 

Although the fluid flow conditions are improved in EMC some other problems are still 

present i.e, non flatness of the surface and metal overflow. In this context, magnetic 

screens play an important role in controlling the flow. 

1.1.2.5 Levitation Melting 

Small amounts of metal (typically in the order of grams) can be levitated and supported 

against the action of gravity by alternating magnetic fields induced by a high frequency 

curent passing through a coil. The joule dissipation taking place inside the metal provides 

enough heat to melt it. Since the need of a crucible is obviated, levitation melting can be 

very useful in studies of thermodynamics of slags [33] and refining behaviour of refractory 

metals [34]. It is also a very attractive technique for space processing experiments on 

solidification, where buoyancy forces are eliminated in abscence of gravity [35]. 

The equilibrium shape of the melt and the possible existence of convection currents 

inside it are dependent on the geometric configuration of the coil as well as on the 

frequency of the exciting current. It is therefore desirable to predict the hydrodynamics 

of the system in terms of those parameters. 

1.1.2.6 Electromagnetic Transport of Liquid Metals 

The transport of liquid metal is of great importance regarding automation and energy 

savings in metallurgical processes. The use of electromagnetic pumps for metal transport 

in die casting [36,37], as well as in the aluminium industry [38,39,40,41] (where it provides 

forced convection in melting and holding furnaces, refining and degassing) is of particular 

interest. A novel application of the same principle is being used in the recovery of 
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aluminium scrap [42]. The main feature of these types of pumps is that its operation 

does not involve any moving parts and the flow can be easily controlled and be continuosly 

varied using phase shift [43]; the disadvantages are lower discharge velocities [38] and the 

high cost associated with its ceramic components. Electromagnetic pumps work on the 

principle of the linear induction motor with the liquid metal acting as the secondary; 

at the same time that the metal is being transported the channel where it is running 

is heated by Joule dissipation generated inside the metal. There are two basic types of 

pumps [43] : submersible and non-submersible. In the case of aluminium alloys three 

different duct designs have been used. 

1.1.2.7 Electromagnetic Stirring 

Electromagnetic stirring (EMS) of liquid metals during solidification has become a very 

important tool in metallurgical processes. Special attention has been devoted to EMS 

during continuous casting of steel [44], although its application in laddie metallurgy 

[45], VAR [46,47] and basic solidification studies (see, for example [98]) is well known. 

The stirring is provided by the Lorenz force generated by the interaction between the 

induced eddy currents and the magnetic field. In the case of EMS in continuous casting, 

several inductor arrangments have been proposed; all of them use an exciting current of 

low frequency to overcome the magnetic shield effect of the copper moulds. Rotating, 

travelling, and a combination of rotating plus travelling magnetic fields have been used. 

Although the main advantage of this process is an increased equiaxed zone some other 

advantages have been claimed. One disadvantage, caused by excesive stirring is the 

presence of 'white bands' . 

In spite of the importance of predicting the flow caused by a given inductor config-

uration, very few theoretical treatments of the problem are available; the bulk of the 
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experimental work being devoted to semiempirical observations of the metallurgical ef-

fects. 

1.2 Influence of Fluid Flow on Segregation 

1.2.1 Segregation 

A phase diagram indicates that during the solidification of an alloy the newly formed 

solid will have a different composition than the liquid from which it originated. Under 

ideal circumstances (uniform composition in both liquid and solid phases) one can define 

the equilibrium distribution coefficient, k0, as the ratio of solid to liquid compositions as 

given by the phase diagram at the temperature of interest [62] : 

When the conditions for this equilibrium mode of solidification are met one can expect 

to have the nominal alloy composition throughout the solid. Unfortunately, in real pro-

cesses, solidification very seldom occurs tinder equilibrium and therefore there will always 

be compositional differences along an ingot or casting. This variation in composition oc-

curs because of redistribution of solute into both solid and liquid phases and it is known 

as segregation. There are several types of segregation depending on the particular way 

in which solute is redistributed during solidification. In general, they can be classified as 

micro and macrosegregation [49]. The former is a variation in solute concentration which 

extends over small distances (on the order of the primary dendrite arm spacing) while 

the latter occurs in a larger scale. 

Despite the impact that predictive models would have on industrial solidification pro-

cesses [50,51,52], it has been only until recent years that quantitative descriptions of the 

solidification phenomena in general, and segregation in particular, have been available. 

Cs (1.17) 
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The reason for the lack of basic research in this area is the complexity of the solidification 

process which normally occurs under unsteady-state and non-equilibrium conditions. Its 

full description requires a good understanding of fluid phenomena in the fully liquid and 

mushy zones througout the process which in turn depend on the thermal history of both 

solid and liquid phases. Changes in liquid and solid composition during freezing are inter-

related with the thermal field and alter significantly the thermophysical properties of the 

phases involved. Additionally, the dendritic structure present in most of the industrial 

processes is geometrically complex. 

Flemings [53] has pointed out the importance of mathematical modeling as a tool for 

understanding and controlling solidification. Due to the complexity of the interrelated 

phenomena ocurring during solidification, several assumptions had been made during 

the development of mathematical models describing segregation in ingots and castings 

which have constrained the applicabilty of such models. From the experimental point 

of view, the main difficulty arises from the non-transparent nature of liquid metals. In 

order to overcome this problem, radioactive tracers have been used to follow the different 

flow patterns during solidification [54,55]. Transparent models using organic compounds 

have also been employed to get qualitative information on the nature of the solidification 

process [56,57,58]. Recently, in situ electron microscopy studies on solidification of alloys 

have been reported [59]. 

1.2.1.1 Microsegregation 

Microsegregation in a dendritic array occurs because of lateral solute rejection. Conse-

quently solute concentration varies from the center (where it is a minimum, for alloys 

with kQ < 1) to the outside surface of a dendrite branch. This phenomenon is usually 

referred to as coring. In extreme cases a second phase may form between the dendrite 
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arms. While this second phase might have a deleterious effect on the mechanical prop-

erties of a particular product (as is the case of MeC in M2 tool steel and Laves phases in 

Inconel 718 [60]) in some cases it is intentionally formed [61]. 

The degree of microsegregation can be characterized by a parameter known as segre-

gation ratio [62, p. 295] 

S R = ^ C ° n C - (1.18) 
Min. cone. 

or the segregation area index [63]. As microsegregation diminishes the segregation ratio 

tends to 1 while the segregation area index approaches 0. 

Because the time needed for solid-state diffusion is a function of the square of the 

distance, the extent of residual segregation, i.e., the microsegregation level after postso-

lidification homogenization, will depend on the dendrite arm spacing. 

Correlations between dendrite arm spacing and local solidification time (defined as 

the time at a given position in an ingot or casting necessary to go from the liquidus to the 

solidus isotherm) have been reported. A straight line is found when the logarithm of the 

secondary dendrite arm spacing is plotted against the logarithm of the local solidification 

time for Al-4.5% Cu [64] and Pb-Sn [65] alloys. Similar results, expressed in terms of 

cooling rate, have been reported for cyclohexanol [66], Fe-Ni and Fe-Cr-C [67], and Al-Si, 

Al-Sn, Al-Ag, Sn-Sb and Zn-Sn [68] alloys. 

Apart from the dendrite arm spacing, other factors affecting the residual segregation 

after a homogenization process are the geometry of the isoconcentration surfaces, the 

diffusion coefficient of the solute and the time of thermal processing [69]. 
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1.2.1.2 Macrosegregation 

There are several types of the long-range compositional difference known as macrosegre-

gation. 

Binary alloys with low solute concentration will solidify with a planar interface. In 

this case, the first solid formed will have a lower solute concentration (for an alloy of 

k„ « 1) than the nominal alloy composition, the solute in excess being rejected at the 

solidification front and enriching the remaining liquid. This type of segregation is known 

as normal segregation [70] and would lead to an ingot of low concentration at the surface 

and high concentration at the centreline with the exact shape of the solute profile being 

dictated by the mixing conditions in the liquid [62, p. 251]. The two extreme cases are 

1. Solute transport in the liquid by diffusion only. 

2. Complete mixing in the liquid by diffusion and convection. 

In general the intermediate case of partial mixing in the liquid will occur. 

A quantitative description of normal segregation can be obtained from a mass balance 

assuming steady-state which results in 

When solute transport in the liquid occurs by diffusion only, k*s is equal to ka while 

1<< fc*ff « kQ for partial mixing. 

In this model the solidification process is viewed as composed of a boundary layer in 

front of the solid-liquid interface where the main solute transport is by diffusion while 

Cs — k*f{C0 1 _ £ <=*eff- 1 

L. 
(1.19) 

where k*n, the effective distribution coefficient, is defined as 

ko + (l- k0)exp(-R8/D) 
(1.20) 
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convective transport is assumed in the bulk of the liquid. The greater the degree of 

mixing the smaller will be the thickness of the boundary layer. Ghias et al. [71] have 

pointed out the problems arising from the use of this so-called boundary layer model. 

Besides the fact that this is not a truly boundary layer but a stagnant film model, the 

assumption of a finite unstirred zone in front of the solid-liquid interface might lead to 

erroneous conclusions. 

The more common case of dendritic growth leads to various forms of macrosegrega-

tion [72]. As opposed to what happens during solidification with planar interfaces the 

segregation pattern of a dendritic array is inverted, i.e., portions of an ingot close to the 

chill end will be solute-rich while the top of the ingot will be depleted in solute. This 

behaviour is thus known as inverse segregation [73] . A different type of defect, known as 

channel-type segregate, is also present. Positive segregation (solute concentration greater 

than the average) channels with characteristic 'A' and ' V shapes can be found at outer 

and inner regions, respectively, close to the top of an ingot. A negative cone of segregation 

will be present near the bottom [74,75]. 

Chains of equiaxed grains might also be present on the surface of a casting. These 

zones are enriched in all but the inversely segregated solute and are known as freckles [76]. 

They are the result of flow of solute-enriched interdendritic liquid due to solidification 

contraction, gravitational or electromagnetic forces [77] and/or gas evolution [78]. Band-

ing is a kind of macrosegregation that appears as a change in composition and structure 

in a band parallel to the solid-liquid interface [79]. It results from thermal or mechanical 

disturbances at the solidification front [80]. 

Early investigations had related each of the previously described defects to different 

causes. Flemings et al. [81 - 83] suggested that this is not the case and proposed a basic 

mechanism common to all of these defects, namely, interdendritic fluid flow. Based on 

work by Kirkaldy et al. [84], these researchers developed a local solute redistribution 
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equation which takes into account interdendritic solidification shrinkage exclusively. 

The main assumptions in that model are : 

1. Constant solid density. 

2. Negligible solid diffusion. 

3. No pore formation. 

The general equation derived for the three dimensional case is 

In order to get analytical solutions for some cases of practical interest further assump-

tions have to be made : 

5. The equilibrium distribution coefficient is constant, i.e., the slopes of both liquidus 

and solidus are constant. 

6. The liquid density is constant. 

7. The fraction liquid varies linearly with the temperature. 

8. Planar isotherms, i.e., unidirectional heat flow. 

Once eq. 1.21 is solved the degree of segregation can be calculated from 

C = pJo~
QE

 Csdgs + PSE9ECE ^ 2 2 ) 

ps(l - 9E) + PSE9E 

and 

AC = C-C0 (1.23) 

Working with radioactive tracers, Hebditch et al. [85] found that gravitationally 

induced flow in a Sn-6% Zn occurs in the mushy zone of a casting. Since the densities of 
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those elements are very similar, they concluded that even more pronounced effects can 

be expected in other systems. The gravitational contribution to the interdendritic fluid 

flow was accounted for by Mehrabian et al. [86] who extended a previous work [81 - 83] 

including details of the fluid flow in the mushy zone. They obtained the interdendritic 

fluid velocity by treating the mushy zone as a porous medium which behaves like a bundle 

of capillary tubes with the dendrite arms acting as the walls. Assuming that Darcy's law 

[87] applies, the following expresion for the velocity vector was obtained 

v = - — (S7P + PL9). (1.24) 
ML 

An important parameter in the previous equation is the permeability2, K , of the porous 

medium. In that investigation the authors assumed it to be isotropic and therefore only 

dependent on the fraction liquid : 

K = 7<?i (1-25) 

where 7 depends on geometric factors and was assumed to be constant for a given dendrite 

arm spacing. 

The analytical solution of the equation describing solute redistribution (eq. 1.21) re-

quires some physical approximations which drive the solution from the real problem. 

The availabilty of numerical techniques has made possible the outcome of more realistic 

approaches. Ohnaka et al. [89] stressed the shortcoming of having to assume the tem-

perature field across the mushy zone. In order to solve this problem they used the inner 

nodal point method which allowed them to solve the fluid flow and heat transfer equa-

tions alternately. Again, a linear relationship between liquid temperature and fraction 

solid and between liquid density and temperature in the mushy zone was assumed. Streat 

et al. [90] studied the macrosegregation occuring in vertically solidified ingots. In that 

2

Actually, this is the specific permeability [88]. 
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investigation the interdendritic fluid flow was assumed to be driven by gravitational ef-

fects only, neglecting backflow due to solidification contraction. The numerical technique 

employed permitted the use of variable distribution coefficient and liquid density. The 

solid-liquid region was, again, approximated by the porous medium model. The calcula-

tion of the permeability involved an estimation of the number of channels from measured 

primary dendrite arm spacings and an experimentally obtained tortuosity factor. 

By means of radioactive tracers (Cu 6 4 in Al-10% Cu) Prabhakar et al. [91] inves-

tigated inverse segregation and found that some solidification variables not included in 

the previous models can influence the segregation patterns. Based on this observation 

Minakawa et al. [92] proposed a more comprehensive finite-difference model for predict-

ing inverse segregation. This model includes the change in volume associated with the 

phase change, density changes in the residual liquid due to changes in concentration, 

and thermal contraction. Two important parameters, degree of superheat and thermal 

resistance at the chill end, were also investigated. 

Phenomena occuring in the fully liquid zone ahead of the solidification front may alter 

the interdendritic fluid flow behaviour. Experimental observations [93 - 96] show that 

the liquid penetration into the mushy zone depends on factors such as temperature and 

density differences as well as the fluid velocity in the liquid region. Working with brine 

solutions, Weinberg [93] reported that at high density gradients even forced convection in 

the liquid cannot effectively alter the fluid in the two phase region because the high den-

sity liquid found in the lower part of the pool acts as a barrier which prevents the passage 

of the less dense liquid. Verhoeven [95] reported observations related to macrosegregation 

under mixing in the liquid pool ahead of the solidification front. His results for tin alloys 

show that the temperature gradient is an important factor regarding liquid penetration 

into the dendritic array. Takahashi [96] found that the washing effect of bulk fluid flow 

is stopped for a value of solid fraction of 0.67. 
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Zanner et al. [97] developed a mathematical model for describing the heat and fluid 

flow in vaccum arc remelting furnaces. In this model a different type of boundary con-

dition was defined in the liquid pool, i.e., the immobilization temperature. Physically, 

this temperature defines the deepest isotherm into the liquid pool at which heat transfer 

due to liquid movement is still significant, in other words, below this isotherm the liquid 

mass and velocity are so small that their contribution to the heat transport is negligible. 

It can also be viewed as a progressive decrease in the liquid motion due to an increase 

in the drag force caused by the growing solid. From the point of view of the numerical 

solution of the problem it defines a surface at which the flow can be treated as rigid-body 

motion. In that particular investigation the immobilization temperature was arbitrarily 

defined in terms of mass fraction solid, (f8 =0.38). 

Many solidification processes have been improved through the use of external devices 

applied with the aim of enhancing liquid movement during solidification. Although most 

of these techniques have been studied with the promotion of equiaxed structures or finer 

grain sizes through mechanical interactions as the main objective, it is expected that 

they may also alter the interdendritic fluid flow patterns. The influence of externally ap-

plied forces on the interdendritic fluid flow was studied by Keane [98]. He implemented a 

mathematical model and showed that the interaction between applied homogeneous cur-

rent and an inhomogeneous magnetic field in horizontally solidified ingots can counteract 

the effect of gravitational forces on interdendritic fluid flow up to the point of supressing 

macrosegregation. The theoretical predictions were compared with experimental results 

obtained with Al-4.5% Cu and a good agreement was found. He also investigated the 

effect of externally applied centrifugal forces and found similar results. No experimental 

work was done in this area. 
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1.3 Segregation in E S R 

As discussed before, the flow of interdendritic liquid is mainly responsible for macroseg-

regation in conventional castings. The same principle applies to ESR [77,99] ingots. 

Mitchell et al. [99] studied the effect of liquid movement on macrosegregation and heat 

transfer. They added FeS or Sn 1 1 3 during the remelting of AISI 1015 and W80 electrodes 

and concluded that the liquid mixing in the mushy zone will solely dictate the value of 

the effective distribution coefficient. 

A macrosegregation criteria can be defined from the segregation equation presented 

before (eq. 1.21) 

— = PS9L + 9E(PSE - ps) / j 2 g x 

n-u PL9L 

where the dimensionless parameter —(fi'v/n'u) can be interpreted as local flow veloc-

ity perpendicular to an isotherm relative to the isotherm velocity. When both terms in 

eq. 1.26 are equal no macrosegregation should occur. If the right-hand side is smaller 

more interdendritic fluid will flow from the hotter to the cooler region of the mushy zone 

resulting in negative segregation. Positive segregation will occur for the opposite case. 

When the left-hand side of this equation is less than zero some remelting will occur. This 

type of behaviour is thought to be responsible for the formation of channel-type segre-

gates. Since the liquid density varies throughout the mushy zone several interdendritic 

fluid flow patterns might develop during solidification under axi-symmetric conditions. 

This patterns are shown in fig. 1.3. 

Following the solute redistribution equation proposed by Flemings and coworkers 

[81 - 83], Ridder et al. [100] developed a steady-state model which can be used in 

predicting macrosegregation in ESR ingots. An important feature of this model is that 

the actual two-dimensional isotherms are used during the calculations. The experimental 

and theoretical segregation profiles, as well as the calculated interdendritic fluid flow, 
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for a Sn-15% Pb ingot produced in a simulated ESR apparatus which eliminates the 

electromagnetic forces present in real systems are shown in fig. 1.4. Similar plots for a 

200 mm diam., Ni-27% Mo ingot produced by ESR are shown in fig. 1.5. Jeanfils 

et al. [123] applied the same model to a multicomponent alloy. They found only a 

qualitative agreement between predicted and measured macrosegregation for a 40 cm-

dia. Waspaloy ingot. 

Kou et al. [102] studied the effect of rotation on segregation in remelted ingots. They 

extended the theoretical model proposed by Keane [98] including concave isotherms. 

Fig. 1.6 shows theoretical results when the mould is rotated at several speeds during 

remelting. The combined effects of rotational speeds and solidification rates are shown 

in fig. 1.7. From both figures the influence of the applied force on the flow pattern and 

hence on the resulting macrosegregation is readily seen. In order to verify the model, 

experiments were carried out using Sn-12.2% Pb alloys. A good agreement between ex-

perimental and theoretical segregation patterns was found. The particular alloy used in 

this study has a liquid density which increases with lead concentration. Additional theo-

retical calculations are presented for hypothetical alloys with liquid densities decreasing 

and, increasing and then decreasing with solute concentration, respectively. 

Petrakis et al. [103] employed a different method for rotating the system. They 

rotated the liquid pool ahead of the solidification front. The forced convection induced in 

the fully liquid zone altered the shape of the mushy region and, at high rotational speeds, 

even produced a convex liquidus isotherm. They modified the previous mathematical 

model by changing the boundary condition along the liquidus which now has a different 

pressure distribution reflecting convection in the liquid. Experimental and theoretical 

results for two rotational speeds are shown in fig. 1.8. The rotation of the liquid pool 

results in two opposite effects : the pressure at the center of the ingot is reduced (which 

drives interdendritic fluid towards the center) while the convex liquidus isotherm causes 
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the liquid to flow away from there. The solidification rate is, again, an important overall 

factor in the final solute distribution. 

Ridder et al. [104] included the effect of the motion in the liquid pool due to natural 

convection only on the segregation pattern. They concluded that very little influence on 

the interdendritic fluid flow should be expected. Consequently, the predicted segregation 

will not be considerably affected when natural convection is included in the model as can 

be seen in fig. 1.9. 

1.4 Liquid Movement in E S R 

Because of the adverse experimental conditions found in ESR operations, i.e., a high 

temperature environment and a highly reactive slag, it is difficult to obtain direct mea-

surements regarding the hydrodynamic behaviour of the liquid metal in an ESR opera-

tion. Nevertheless, indirect evidence suggests that there is some degree of motion in that 

zone. Working with a physical model, Campbell [105] observed a very fast diffusion of 

the superheat accompanying the falling metal droplets which can only be rationalized in 

terms of convection currents into the metal pool; from the analysis of the macrostructure 

of quenched samples of laboratory size 18/8 stainless steel ingots Fredricksson et al. [106] 

suggested that an appreciable movement in the metal pool should be expected. Another 

indirect evidence of the motion in this region is the fact that several authors have intro-

duced an effective themal conductivity in the metal pool in order to take into account the 

convective contribution to energy transport. It is important to keep in mind that fluid 

flow and thermal phenomena in the metal pool are intimately related : liquid movement 

will contribute to the convective energy transfer while temperature differences will create 

buoyancy body forces that drive the liquid. 

While several studies regarding the movement of the liquid slag have led to a good 
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understanding of the main mechanisms responsible for it, the same does not hold for the 

liquid pool. There are two main reasons for this difference : 1) the sources of motion in the 

liquid pool are different from those found in the slag, and 2) while all the slag boundaries 

(slag-gas, slag-metal and slag-slag skin) are well defined, the separation between the fully 

liquid and the mushy zone is not clear. 

Four possible sources of movement of the liquid metal in ESR furnaces can be postu-

lated : 

1. Momentum carried by the falling droplets. 

2. Interactions between slag and metal pool. 

3. Buoyancy body force 

4. Electromagnetic body force. 

Obviously, the first step in characterizing the hydrodynamics in this region is to assess 

the relative importance of each source. Campbell [105] used a transparent model in which 

the slag was simulated by the LiCl-KCl eutectic and the consumable electrode was made 

from lead, zinc or aluminium. From his observations on the droplet motion as it enters 

the liquid pool, he suggested that the momentum acccompanying the falling droplets is 

the main contribution to the movement observed into the liquid pool. An important 

finding reported in that investigation pointed out the fact that the slag-pool interface 

behaves as a rigid boundary which results in a complete independency between the two 

phases from the momentum transfer point of view, i.e., the vigorous motion observed in 

the liquid slag does not influence the movement in the pool. Samoilovich et al. [107] 

made a combined fluid flow and heat transfer analysis and reached the same conclusion 

regarding the importance of the momentum carried by the droplets as they enter the 
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liquid pool. Experimental observations by Rawson et al. [108] using a physical model 

support this probable source of motion. 

Mitchell et al. [99] conducted some experimental work with AISI1015 and W80 steels 

in a laboratory-scale ESR unit. From attempts to fitting the shape of the experimentally 

obtained isotherms they postulated that a stronger metal movement in the neighborhood 

of the metal-mould interface should be present. Since the thermal gradients are steeper 

at that boundary they concluded that the flow should be driven by thermal convection. 

Also, in contrast to previous results, they stated that the falling droplets do not have 

an important contribution to the overall pool mevement. Essentially the same trend of 

results was reported by Nakamura et al. [109] in a similar experimental program. The 

results indicate that no stagnant zone should be expected inside the pool. A differential 

equation for describing the mass transfer assuming complete mixing was proposed and 

the experimental results also show that fully mixing conditions prevail in the metal pool. 

Another set of experiments was set up in order to study the coupled effect of slag/metal 

reactions and mixing in the liquid pool. The experimental values were close to those 

predicted by a differential equation which incorporates both mixing and chemical reaction 

effects. 

The ESR process is characterized by the passage of a current from an electrode 

through the liquid slag and metal baths to the base plate. The main purpose of this 

current is to provide the necessary heat for melting the electrode by means of the Joule 

effect caused by the high electrical resistivity of the slag. There is another important 

effect associated with the current flow, namely, the induction of a magnetic field. When 

this self-induced field interacts with the current passing through the system it produces 

a mechanical force given by eq. 1.1 : 

Fm = JxB. 



Chapter 1. Introduction 27 

Therefore, the current distribution plays an important role in determining the mag-

nitude of the electromagnetic body force. It is basically defined by the two electrical 

configurations used in ESR units : 1) live mould, where the current is partially carried 

by the mould and 2) insulated mould, in which case the current goes completely to the 

base plate. 

There is a number of other factors that can alter the current distribution in an actual 

operation. Birck et al. [110] found that the depth of electrode immersion modifies the 

global slag resistance and therefore the loci of isopotential lines. The electrical resistivity 

of the slag plays an important role in the process and any change on it will be reflected 

in the actual current path. Obviously, the overall chemical composition of the slag 

influences its electrical conductivity [111]. Another important factor is the dependence of 

the electrical resistivity with temperature (this fact being more accentuated in laboratory-

scale ESR furnaces where the thermal field is less uniform). Stirring effects due to 

electromagnetic and buoyancy forces, as well as the presence of metal droplets (which 

have a lower electrical resistivity) can also affect the overall electrical resistance offered 

by the slag [1, p. 14]. 

1.5 Electromagnetic Stirring during E S R 

Among the several techniques proposed to modify the liquid metal movement in processes 

involving solidification the use of an externally applied electromagnetic field has gained 

more and more acceptance over the last years. It is important to note that, according to 

a mathematical model which includes electromagnetic and buoyancy body forces [127], 

the velocities in the liquid pool of an ESR installation are much more smaller than the 

ones in the slag and it is, therefore, possible to increase them. 

Zabaluev et al. [113] reported a favourable effect of the magnetic field on segregation 
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in square ingots (415 x 415 mm) of ShKhl5Sgsh and ShKhlSSh steels. Rawson 

et al. [108] observed a flatter pool profile when a solenoid was surrounding the mould in 

its physical model. They suggested that the reason for this behaviour is the deflection of 

the droplets during its falling through the slag (due to their interaction with the magnetic 

field) which results in a more evenly distributed heat input to the metal pool. Dudko 

et al. [114] also found a flatter pool profile along with smaller volume and depth of the 

pool when ingots where cast with A.C. in 100 mm-dia. moulds. They also report an 

increase of 30% in the melting rate. 

Wagner [115] obtained similar results for Inconel 600 ingots remelted with direct 

current using a positive electrode. The ingots were 75 mm in diameter and an increase 

of 20% in the melting rate was obtained. The same trend is reported by Nikulin 

et al. [116] for a D.C. operation coupled with a solenoid fed with direct current. Miyazawa 

et al. [117] studied the effect of an external magnetic field generated with direct current 

on the behaviour of a laboratory-scale ESR unit operated in D.C. mode. From the 

maximum speed of rotation observed at the free surface of the slag they estimated the 

mean electromagnetic body force and found it lower than that predicted theoretically. 

They suggested that this difference is entirely due to asymmetry of the applied magnetic 

field. Since calculations of the current distribution are not presented in detail, it is 

thought that it could be another source for the observed discrepancy. 

Due to the possibilty of operating an ESR machine with either direct or alternating 

current four different combinations can be set up when using direct or alternating current 

to feed a solenoid wound around the mould. The resulting mean electromagnetic body 

force for the possible combinations is shown in table 1.1. 
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This force is calculated using eq. 1.12 : 

1 fT 
<Fm>=- JxBdt 

I Jo 

where 

J= V2J0sm(ut) (1.27) 

and 

B = V2B0 sin(w* + </>') (1.28) 

From this expression it can be readily realized that the maximum force (for a given 

combination of current and magnetic field intensity) will be obtained when the current 

path intersects the magnetic lines at angles of 90 degrees and the current passing through 

the system and the one used to feed the coil are on phase. Asai et al. [118] developed an 

experimental programme covering the conditions presented in table 1.1. Besides obtain-

ing the qualitatively predicted results shown in table 1.1 they also found a deeper pool 

profile when the external field was applied. 

As can be noticed, most of the experimental work on this topic has been carried out 

using a coil wound around the mould as the source for the magnetic field. Campbell 

et al. [119] showed that the radial component of the magnetic field can be enhanced by 

opposing coils placed either side of a compact coil. 
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Table 1.1: Electromagnetic body force for the 4 possible combinations of applied current 
and magnetic field in an ESR furnace. 

Magnetic 

current 

density 

Electric current density 
Magnetic 

current 

density DC AC 

DC J0B0 0 

AC 0 J0B0 cos(<j)') 
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Figure 1.1: Schematic illustration of an ESR furnace. 
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Figure 1.2: Metallurgical applications of EMS. 
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n � u 

Figure 1.3: Schematic illustration of possible interdendritic fluid flow in axisymmetric 

ingots, (a) Flow resulting in negative segregation at ingot centerline, (b) flow resulting 

in positive segregation, (c) flow resulting in enhanced negative segregation [104]. 
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Figure 1.4: (a) Comparison of experimental and theoretical segregation profiles in a 

Sn-15% Pb ingot produced in a simulated ESR system, (b) calculated interdendritic flow 

velocities [100]. 
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Figure 1.5: (a) Comparison of experimental and theoretical segregation profiles in a 
Ni-27% Mo , 200 mm dia., ESR ingot, (b) calculated interdendritic flow velocities [100]. 
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Figure 1.6: Effect of rotation of mould on flow of interdendritic liquid and macrosegre-
gation in Sn-12% Pb ingots. Freckles are expected along the center in (a) and at the 
surface in (d) [102]. 
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Figure 1.7: Difference in composition between center and surface as a function of rota-

tional speed and solidification rate for Sn-12% Pb ingots [102]. 
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Figure 1.8: Flow patterns and macrosegregation : (a) calculated flow pattern in lower half 

(0 rpm), (b) measured and calculated macrosegreagtion of the lower half, (c) calculated 

flow pattern in the upper half (23 rpm), (d) measured and calculated macrosegregation 

of the upper half [102]. 
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Figure 1.9: Comparison between experimental and theoretical segregation profiles in a 

Pb-26.5% Sn ingot [104]. 



Chapter 2 

Mathematical Simulation 

A theoretical analysis of the electromagnetic stirring of ESR ingots was conducted in 

order to establish a reference frame for the experimental programme as well as to help 

in the analysis of the results. Two exercises were carried out : 1) The simulation of the 

thermal field during the remelting, by modifying an existing computer code, and 2) the 

calculation of the electromagnetic body force distribution generated by the externally 

applied field. 

2.1 Thermal Regime 

Numerous models of the thermal history for both, slag and metal pool, have been reported 

[120 - 130]. In general, one can classify them in two groups : 1) those in which heat 

transfer and fluid flow phenomena are coupled through an effective thermal conductivity 

in the liquid metal [120 - 126] and 2) those which involve the simultaneous solution of 

the equations of motion and energy [127 - 130]. In the latter case a model for describing 

the turbulence characteristics of the fluid, usually the k — W or k — e models, has to be 

incorporated. 

It should be pointed out that although the second approach is more rigorous (resulting 

in a detailed description of the fluid flow) a careful characterization of the boundary 

conditions as well as of the removal of latent heat is of upmost importance. 

A previously developed code [131] was used to simulate the thermal regime when 

EMS is applied during ESR. This particular model considers steady-state conditions and 
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links the heat transfer phenomena in the slag and the metal pool through a predefined 

temperature distribution at the top of the ingot. The convective flow in the pool is taken 

into account by increasing the value of the thermal conductivity in that zone while the 

latent heat evolution is incorporated by using a modified heat capacity. The numerical 

technique used is finite differences and a typical mesh will include 11 nodes in the radial 

direction and 101 nodes in the axial direction. The nodes are regularly spaced in the 

whole domain of the computation. 

The original code was developed based on a heat balance over each volume element 

as shown in fig. 2.10. Since the convective and conductive flows are in parallel, they 

were added in a combined transport mechanism characterized by an effective thermal 

conductivity. The modifications implemented are as follow : 1) in order to simulate the 

flow of heat in preferential directions the thermal conductivity was treated as a vecto-

rial quantity by introducing a multiplying factor and 2) this anisotropy of the thermal 

conductivity was restricted to nodes close to the center of the ingot only. 

2.2 Elect romagnet ic B o d y Force 

The distribution of electromagnetic body forces plays an important role in determining 

the fluid flow patterns and, therefore, the thermal history, mass transfer and mechanical 

interactions taking place during processes involving magnetic fields. Because of the mul-

tiple choices of electrical configurations capable of producing magnetic fields of different 

intensities and distributions, a predictive tool that can be used for designing purposes is 

often desirable. 

Since the magnetic Reynolds number is small for most of the metallurgical applications 

the Navier-Stokes equations can be decoupled from the magnetic transport equation. 

Then, the first step in order to calculate the magnetic force contribution to the fluid 
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motion is to evaluate the induced magnetic field intensity distribution. In the ESR 

process there is a self-induced magnetic field generated by the passage of the melting 

current through the electrode. Therefore, the total electromagnetic body force would be 

composed by the interaction of both the self-induced and the externally applied magnetic 

fields with the melting current. Assuming that the magnitude of the latter is greater than 

the one of the former, the instantaneous electromagnetic body force is calculated as 

Fm = JxBext (2.29) 

The current density distribution in both the slag and the metal pool is still a matter 

of discussion. The reason for this is that an unknown part of the current is carried by 

the mould which modifies the boundary condition at the mould wall required for solving 

the Maxwell's equations. In this work, the steady-state current distribution computed 

by Jardy et al. [132] is used as an input. 

The electromagnetic field distribution created by the stirring device is calculated 

following work by Gagnoud et al. [133] for levitation melting using cold crucibles. The 

setup is analogous to a transformer : the induction coil is the equivalent of the primary 

winding and the mould-charge system (where charge is both the metal pool and the slag) 

constitutes the secondary. 

During AC operations current varies periodically with time and so does the induced 

magnetic field. Therefore, the unsteady-state term in eq. 1.7 cannot be neglected. A 

mathematical technique commonly used to handle this situation is the introduction of 

'phasors'. A phasor is essentially a vector that rotates in the real-imaginary plane at a 

frequency of u> radians. The usefulness of this approach consists in that the real part of 

a phasor, in the mathematical sense, corresponds to the real component in the physical 

sense. The introduction of phasors obviates) the unsteady character of the problem at 
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the cost of introducing complex quantities. Another mathematical entity, the vector 

potential (see p. 6) is also used in the solution of eq. 1.7. 

The presence of the conducting crucible and charge as well as the fluctuating nature 

of the induced field makes this a very difficult problem if an analytical solution is sought. 

Consequently, a numerical solution was implemented. 

The first step in building the numerical algorithm is the computation of the vector 

potential induced by a current flowing in a circular path. For this geometry the vector 
—* 

potential, A, induced by a current flowing through a wire of radius p and positioned at 

z = £ (see fig. 2.11) has the components 

A = (0,Ag,0) (2.30) 

The azimuthal component induced by a single turn coil of infinitesimal area is defined 

by 

where 

and 

A6(r,z) = ^If(p,t,r,z) (2.31) 
7T 

f(p,i,r,z) = [ ( 1 -m/2)K(m) - E(m)\ (2.32) 

In eq. 2.32 the quantities K(m) and E(m) are elliptic integrals of the first and second 

kind. 

This expression can be extended to a wire of finite dimensions positioned at any angle 

with respect to the r-9 plane : 
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where 

g(n,t)=f(p,(,r,z) (2.35) 

J = V=T (2.36) 

and 8 is the magnetic skin depth. 

When h is small enough to assure that the current density is uniform in each element 

it is possible to write 

J(t) = const = J, (2.37) 

and 

h = Ji8h (2.38) 

Finally, since the skin depth is small compared with the radius of the mould, 

Mr,*) = 2Jll 8lj)Mf(p,Z + ^r,z)+f(p,t- |,r,*)] (2.39) 

The model used to simulate the stirring assembly is shown in fig. 2.12. The exciting 

current induces two mutually dependent current sheets at the internal and external faces 

of the mould as well as a current sheet at the outer surface of the charge. Each one of 

these current sheets has a width of the order of the corresponding magnetic skin depth. 

For the numerical simulation all of these sheets are divided into a number of elementary 

wires of height h and a uniform current distribution across each element is assumed. For 

such a model the induced vector potential at a particular position will be given by the 

contributions of the exciting coil, the composite mould and the charge. 
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Then, the vector potential induced by the system coil + mould + charge along the 

wire k of the external current sheet of the crucible is 

MRe,Ze(k)) = J^lj) ^ZJ(Re,Ze(i))[f(Re,Ze(i) + ^,Re,Ze(k)) 

+ f(Re,Ze(i)-^,Re,Ze(k))}} 

1X0811

 >J2J{Ri,Zi(i)MRi,W) ~ tRe,ze(k)) 

+ f(Ri,Zi(i)-^,Re,Ze(k))]
]

j 

+V 7 coi l (E f(R,Z(m),Re,Ze(k))\ 

+2^TTj) ^f: j(Rc^c(i)){f(Rc,zc{i) + ±Re,ze(h)) 

+ f(Rc,Zc(i)-^Re,Ze(k))}^ (2.40) 

In order to solve eq. 2.40 a relationship between sheet pairs has to be established. 

This can be done by defining the current density vector in terms of the vector potential 

and the electrical potential : 

J - -ergrad V - juaA (2.41) 

As a first approximation, the induced currents are assumed to be flowing along purely 

horizontal loops. Mathematically, this closure of the current is expressed as 

J(Re,Ze(i)) = -J(Ri,Zi(i)) (2.42) 

This results in a constant electrical potential around the system, or 

grad V = 0 (2.43) 
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Therefore, the vector potential and current density at a given element in the external 

sheet are related through 

J(Re,Ze(i)) = -jucrA(Re,Ze(i)) (2.44) 

Similarly, 

J(Ri, Zi(i)) = -juo-AiR^Ziii)) (2.45) 

and 

J(Rc,Zc(i)) = -juxrA(Rc,Zc{i)) (2.46) 

for the internal and charge current sheets, respectively. 

Finally, substituting eqns. 2.44 to 2.46 in eq. 2.40 results in : 

Ae(Re,Ze(k)) = ^jYTj) \p-^™MRe,Ze(i))[f(Re,Ze(i) + ^,Re,Ze(k)) 

+ f(Re,Ze(i)-^,Re,Ze(k))]} 

, PoSh lf^JuamMR^Ze{i))[f{RhZi{i) _ hRe,Ze(k)) 

+ f(Ri,Zi(i)-^,Re,Ze(k))} 

+ V 7 c o i l ( E m Z(m), Re,Ze(k))^ 

VoSch \^_jweMRc,Zc(i))\f(Rc,Zc(i) + ^,Re,Ze(k)) 

+ f(Rc,Zc(i) - ^,Re,Ze(k))\ (2.47) 
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Similarly, the vector potential induced in the charge is given by 

MRc,zc(k)) = 2 ^ ^ i^-jucrmMRe,ze{i))[f(Re,ze(i) + ^,Rc,Zc(k)) 

+ f(Re,Ze(i)-^,Rc,Zc(k))}} 

^°
8h

 ^J^MRe,ze(i))[f(Ri,Zi{i) - ^,Rc,zc(k)) 

+ f(Ri,Zi{i)-^,Rc,Zc(k))} 

+ V J « > i l l £ f(R,Z(m),Rc,Zc(k)) 
Km=l J 

+

2^T7) {f:-^MRc,zc(i))[f(Rc,zc(i) + ^Rc,zc(k)) 

+ f(Rc,Zc(i) - |,iJe,Zc(fc))]| (2.48) 

Eqns. 2.47 and 2.48 constitute a system of 2N{ x 2iV,- linear simultaneous equations 

of complex coefficients. In order to avoid dealing with complex numbers these equations 

were splitt into their real and imaginary parts which results in two systems of 2Ni X 2iV, 

simultaneous equations of real coefficients. These systems can be readily solved using 

any of the available matrix solver packages. Particularly, the SLIMP package available 

in the AHMDAL library at UBC was utilized. 

In transforming the coefficients of eqns. 2.47 and 2.48 from complex to real, the 

following definitions were used : 

Areai = Re{(Ar + jA^e™
1

} (2.49) 

and 

7real = Re{I0e
iwt

} (2.50) 

Once eqns. 2.47 and 2.48 are solved the vector potential distribution at every point of 
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the system can be computed. Then, the induced electromagnetic field is readily calculate 

using eq. 1.13. 

Finally, the interaction of the induced magnetic field with the current passing through 

the system gives the instantaneous electromagnetic body force which has only one com-

ponent : 

Fe(r,z) = -(Bz(r,z)Jr(r,z) - Br(r,z)Jz(r,z)) (2.51) 
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Figure 2.10: Heat balance over a volume element, (a) Isotropic keR, (b) anisotropic keS. 
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Figure 2.11: Vector potential induced by current flowing through a circular path. 
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Figure 2.12: Model used to calculate magnetohydrodynamic quantities. 



Chapter 3 

Experimental Procedures 

3.1 Experimental Setup 

The laboratory-scale ESR unit at UBC was used to conduct the entire experimental 

programme. A detailed description of this particular unit can be found elsewhere [134]. 

Stirring of the system slag-liquid pool was accomplished through the interaction of an 

external electromagnetic field and the melting current passing through the ESR furnace. 

Since the main unit operates with AC (at a frequency of 60 Hz), the current used to feed 

the external coil had to be AC too (see table 1.1). In order to have as much flexibility as 

possible an independent source was used to provide the exciting current : for low currents 

a Hobart welder model T-500 was employed while an AC power supply was used when 

high currents (over 300 A) were needed. 

In order to design the most effective mould one has to consider the magnetic skin effect 

(see p. 7). The magnetic field damping caused by shielding of the field lines is illustrated 

in fig. 3.13. In this figure the ratio of the magnetic field intensity at a given distance 

from the source to its original value is plotted against the distance from the surface of a 

block, for materials with low and high electrical resistivity. A typical ESR mould used 

at UBC is made of aluminium and has a thickness of 1 1/2 in. Refering to fig. 3.13 the 

magnitude of an externally applied AC magnetic field at the inner surface of the mould 

would have decayed to ~ 3 % of its original value. In order to overcome this loss of 

magnetic field intensity a mould made of a material of very high electrical resistivity 
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would be desirable. Unfortunately, the heat extraction requirements of the process [135] 

ask for a mould capable of extracting a considerable amount of heat, which requires a 

good thermal conductor. In consequence a new mould design had to be considered. 

In first instance an attempt was made to use a copper bar wound in a cylindrical 

shape with a double purpose : 1) to act as a magnetic field source and, 2) to serve as the 

mould itself. Cooling was accomplished by running water between the outer surface of 

the 'mould' and a rubber hose. After several trials it was not possible to prevent water 

leaking and therefore it was decided to take a different approach. In the inductoslag 

process [136] an split cold crucible is used to contain the melt, the idea behind the split 

crucible being the possibility of getting magnetic field lines to cross the melt by leaking 

through the splits. It was thought that a similar design could be applied to an ESR 

mould. 

An schematic view of the stirring mould is shown in fig. 3.14. Each half of a 4 in dia., 

6 in. high, standard aluminium mould was split into three sections, each one containing 

a water inlet and outlet, and solid graphite pieces (fig. 3.15) were used to replace the 

original material. Once the aluminium and graphite blocks were clamped together a 4 

turn coil made from 1/2 in. O.D. stainless steel tube was placed around the composite 

mould. In order to prevent electric arcs the coil was coated with epoxy paint and rubber 

pieces where placed between the coil and the mould. A detail of the final arrangment is 

shown in fig. 3.16. Before an experiment was conducted the inside surface of the mould 

was painted with boron nitride paint (type S). 

The mould configuration consisted of two standard aluminium moulds placed at the 

bottom and top of the stirring mould. The bottom mould was 3 in. in dia., 4 in. high 

and was used as an starter while a 5 in. dia., 16 in. high mould was used to finish the 

experiment. Copper leads were connected from the main power source to both bottom 

and top moulds which can, therefore, be considered as live moulds. 
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A photograph of the complete setup is shown in fig. 3.17. 

3.2 Experimental Programme 

The remelting experiments are summarized in table 3.2, complemented by table 3.3 which 

includes the chemical composition of the several slags used iii the experiments. For all 

the runs, the electromagnetic stirring was started once the liquid metal had reached the 

stirring mould, as determined through monitoring the outlet mould water temperatures. 

The stirrer was turned on for times ranging from 5 to 150 seconds in the unsteady-state 

trials, although in most of the cases the time for stirring was in the 40 to 60 second range 

(a typical ESR run takes about 25 min). 

Experiment I was conducted in order to visually inspect the slag top surface with 

and without stirring. For this purpose the layer of fiberfrax normally placed on top of 

the upper mould was removed. Experiments II to VII were used to establish the effect 

of different exciting currents levels on the resulting structure as well as on the thermal 

regime (through the isotherms). Both steady and unsteady cases were studied. For run 

VII the stirrer was first turned on for 60 sec, stopped for 50 sec and then turned on for 

the rest of the experiment. The thermal profile resulting during the steady-state stirring 

was traced using tungsten powder (-100 + 170 mesh). The effect of a different electrode 

material was investigated via experiments VIII (Cu - 50 % Fe), and IX and X (Inconel 

718). Experiments IX and X also provided a reference to compare the remelting of the 

same electrode under two slags of different chemical composition. 

In order to study the mixing conditions prevailing in the pool for both, stirred and 

unstirred ingots, two experiments using a chemical tracer were conducted (runs XI and 

XII). The electrode was a 1 1/2" dia. round bar of standard 4340 alloy steel (see table 3.4 

for composition). Since any joint would perturb the fluid flow in the pool the electrodes 
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used for these experiments were made with one single piece. In both cases 10 g of tungsten 

powder ( -100 +170 mesh) were throughly mixed with 9 g of nickel powder ( +150 mesh) 

and added 870 s (6100 revs) after an stable condition had been reached. 

In all the cases the melting current, inlet and outlet temperatures as well as electrode 

travel and electrical parameters were monitored and recorded once the melt had reached 

an stable condition. 

3.3 Ana lys i s 

For all the experiments a longitudinal section of the remelted ingots was obtained and pre-

pared for macrography. For the 4340 alloy steel ingots standard hot acid 

etch (50 % HC1 in water, at 70 °C) was used; in the case of Inconel 718 and Cu - 50 % Fe, 

Marble's reagent (4 g C U S O 4 , 50 ml HC1, 50 ml H 20) was employed. 

A sample comprising the beginning and end of the stirring zone in experiment II 

was prepared for microscopic examination. The sample was obtained at the centreline 

of a longitudinal section of the ingot and etched with Oberhoffer's reagent ( 30 g F3CI3, 

1 g CuCl 2, 0.5 g SnCl2, 50 ml HC1, 500 ml ethyl alcohol, 500 ml distilled water ). A 

wave dispersive x-ray (WDX) line scan of a segregated region was performed using the 

microspec WDX-2A system equipped with WDX-3PC software. The analysis was done 

at a magnification of 110 X using an accelerating voltage of 20 kV and a 15 % P, 85 % 

Cu standard. 

Four samples (see fig. 3.18) were obtained from ingot VII at a position where steady 

electromagnetic stirring was started (as revealed by the macroetch). The samples repre-

sented the three orthogonal directions plus a plane perpendicular to the tungsten-marked 

isotherm (sample 4). After being ground and polished following standard procedures the 
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samples were etched with hot picric acid solution. The etching procedure is : 

1. Prepare a saturated solution by dissolving 5 g of picric acid in 100 ml of H 2 O . Add 

a few drops of liquid soap to improve wettability. 

2. Dip fine polished sample maintaining the solution between 70 and 90 ° C using a 

water bath. 

3. Etch for 1 to 2 minutes, then slightly polish using fine alumina. 

4. Repeat steps 2 and 3 until an adequate structure is obtained. 

Samples at the ingot surface were cut from ingots XI and XII (after stirring was 

started). The area perpendicular to the ingot surface was polished and etched with hot 

picric acid. 

Longitudinal samples of ingots XI and XII taken in the vicinity of the pool profiles 

marked with tungsten powder were prepared (polished up to 1 jitm diamond paste) for 

quantitative microanalysis. The samples were analysed for Ni, W and Cr using WDX in 

the microspec WDX-2A. A line scan was performed for points located 1 mm apart by 

moving the stage manually to every point position. The area used for acquisition was an 

square of approximately 150 (xvo. per side. Because WDX analysis requires the stage to 

be tilted 45 degrees the samples were positioned in such a way that the scan direction 

was parallel to the stage x-direction. The standards used were pure elements; details of 

their count acquisition are presented in table 3.5. The filament current was 4.0 nA. In 

order to take into account possible interferences from the matrix (mostly Fe) the raw 

intensities were input to a Kevex 8000 version of the MAGIC IV program. 
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Table 3.2: Experimental programme 

Run Electrode 

material 

Exciting 

current, A 

Comments 

I 4340 380 Slag flow visualizaton and general ob-

servations 

II 4340 500 Unsteady-state stirring 

III 4340 350 Unsteady-state stirring 

IV 4340 100 Unsteady-state stirring 

V 4340 200 Steady-state stirring 

VI 4340 350 Steady-state stirring 

v n 4340 250 Unsteady- and steady-state stirring 

v m Cu-50 Fe 350 Unsteady-state stirring 

IX Inconel 718 380 Effect of slag composition. Unsteady-

state stirring 

X Inconel 718 380 Effect of slag composition. Unsteady-

state stirring. 

XI 4340 0 Mixing (non-stirred) 

x n 4340 380 Mixing (stirred) 
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Table 3.3: Chemical composition of slags used in the experimental programme 

Run Slag composition (% by weight) Run 

CaF 2 CaO A1 20 3 MgO 

I - VIII 56.3 15.5 28.2 -

IX 70.0 12.5 12.5 5.0 
X 40.0 25.0 25.0 10.0 

XI - XII 56.3 15.5 28.2 -
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Table 3.4: Nominal chemical composition of 4340 alloy steel, in weight percent. 

%c 0.36 - 0.44 
% Mn 0.55 - 0.80 
% Cr 0.60 - 0.90 
% Mo 0.20 - 0.30 
% Ni 1.65 - 2.00 
% P < 0.035 
% s < 0.400 
% Si 0.15 - 0.30 
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Table 3.5: Count acquisition for the standards used in the WDX analysis. 

STANDARDS 
SEM Beam voltage = 20 kV 

Stage tilt = 45 degrees 
Take off angle = 45 degrees 

Standard 

Abs Peak PkCt Bkgd BkCt Counts 
Z Elem Line Cur Counts Time Counts Time Per sec 

(»A) (sec) (sec) 

24 Cr Ka 
4.0 16564 10 12 5 1654.0 

28 Ni Ka 4.0 15342 10 26 5 1529.0 
74 W Lai 4.0 7888 10 83 5 772.2 
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Figure 3.13: Magnetic field damping caused by the magnetic skin effect. 



Figure 3.14: Schematic view of the stirring mould, (a) Top view, (b) Lateral view. 



Figure 3.15: Graphite pieces used in the stirring mould. 



Figure 3.16: Detail of the stirring mould. 
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Figure 3.17: Mould arrangment used in the experimental programme. 
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Figure 3.18: Samples from ingot VII. 



Chapter 4 

Results and Discussion 

4.1 Magnetohydrodynamic Calculations 

The mathematical model developed to calculate the electromagnetic body force was used 

to simulate several induction arrangments, namely, frequency and magnitude of the ex-

citing current, and number of turns and coil position with respect to the slag-metal 

interphase. The first part of the model simulates the magnetic field induced by the 

coil. This result is then used, together with a predefined current density distribution, to 

calculate the instantaneous magnetic body force. 

4.1.1 Electromagnetic Field 

The geometric parameters as well as the electrical properties of the several phases in-

volved used in the simulations are summarized in table 4.6. The magnetic field density 

distribution obtained for those conditions is shown in fig. 4.19. The difference in electrical 

resistivity between the two phases is clearly reflected in the path of the magnetic field 

lines : for the liquid metal, most of the field is confined to the vicinity of the mould walls 

whereas it is more evenly distributed in the slag bath. It can also be observed that the 

flow lines diverge considerably at the interphase slag-metal pool, due to the presence of 

the magnetic skin. 

The effect of varying the current passing trough the coil was investigated for frequen-

cies of 20 and 1000 Hz. The resulting magnetic field distributions are shown in figs. 4.20 
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and 4.21, respectively. It can be noticed that a reduction in the frequency from 60 to 

20 Hz does not alter significantly the magnetic field pattern, while a very high frequency 

( 1000 Hz ) produces a dramatic change. Since the magnetic skin varies inversely pro-

portional to the square root of the frequency, at very high frequencies the depth of this 

conducting layer becomes extremely small. 

The proportionality between the exciting current and the magnetic field is illustrated 

in figs. 4.22 and 4.23. The intensity of the field increased by a factor of 2 when the 

induction current was doubled. Similarly, the magnetic field density decreased by a 

factor of 10 when the exciting current was decreased to a tenth of its original value. 

Coil geometry, i.e., number of turns and position is a very important parameter in 

processes where the fluids are at least partly driven by electromagnetic forces. Magnetic 

field patterns obtained when only one or two coils were used are shown in figs. 4.24 

and 4.25. When these figures are compared with fig. 4.19 it is evident that the magnitude 

of the field increases with the number of coils. It should be noticed that such increment 

is much more pronounced in the vicinity of the mould wall (for the metal pool) and at 

the slag-metal interphase. It is very important to note that the amp-turn/m were kept 

constant in all the three cases which, according to the classical solution for an infinitely 

long solenoid fed with DC, should produce the same field intensity. 

The effect of changing the position of the inductor with respect to the slag-metal 

interface is illustrated in figs. 4.26 to 4.28. The differences arising from the different 

positioning of the inductor result from the end effects associated with the fact that the 

coil has finite dimensions. Again, the changes are more noticeable inside the magnetic 

skin layers. 
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4.1.2 Electromagnetic Body Forces 

Once the induced magnetic field is calculated the magnitude of the electromagnetic body 

force in the regions of interest can be estimated from the cross product of that field and 

the current density. Since this force would only modify the hydrodynamic behaviour of 

the liquid phases a provision was made to reflect the solidified ingot. 

As mentioned earlier, the current density distribution in the slag-metal system ob-

tained by Jardy et al. [132] was used as a complementary input to the model. Such a 

distribution is shown in fig. 4.29 from where it can be noticed that the current density 

vectors at the lateral surface of the charge are parallel to the mould wall. This kind of 

distribution arises from the assumption that the mould does not carry any current at all. 

Also, there are two definite zones where the current diverges : 1) at the slag-argon inter-

phase, because of the change in cross section, and 2) at the slag-liquid metal interphase, 

due to the magnetic skin effect (the electrical resistivity of the liquid metal being much 

smaller than that of the molten slag). 

Results for the ^-component of the instantaneous electromagnetic body force were 

obtained for the same conditions used in the previous subsection. It should be pointed 

out that the magnitude of this body force is influenced by the phase angle between the 

magnetic field and the electric current. For these simulations they were assumed to be 

in phase. Additionally, one is more concerned with the time averaged value of this body 

force and, therefore, conclusions drawn from the interaction of a magnetic field varying 

with time at a different frequency than the one of the current are meaningless. 

The magnetic body force generated when the current density distribution shown in 

fig. 4.29 interacts with the magnetic field illustrated in fig. 4.19 is shown in fig. 4.30. The 

main feature of this particular plot is the fact that the magnetic body force is larger in 

the metal pool than in the slag. Since this body force accelerates the fluid it follows that 
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a larger increment in velocity should be expected in the liquid pool when the external 

magnetic field is applied. It is interesting to note that a theoretical analysis for the 

stirring of an ESR furnace operated with DC using a DC magnetic field rotating in the 

azimuthal direction [117] predicted the same kind of behaviour. 

Results for different exciting current values as well as number of coils and inductor 

position were also obtained. Since there was only a single current density distribution 

used for producing all these results, the conclusions that can be drawn are similar to the 

ones already discussed in the previous subsection and, therefore, will not be considered 

here. 

A calculation of the electromagnetic body force distribution for a 500 mm dia. in-

got produced with an operational current of 10 k A was also performed. The resulting 

distribution is shown in fig. 4.31. Again, most of the stirring would be confined to the 

magnetic skin layers. 

With the electromagnetic body force distribution already calculated one might be 

tempted to calculate the velocity distribution. Unfortunately, such a calculation requires 

the full solution of the Navier-Stokes equation as demonstrated by [137]. 

4.2 Electromagnetic Stirring During ESR 

4.2.1 General Observations 

The high temperatures involved in the ESR process as well as the chemical aggressiveness 

of the slag make it difficult to carry out measurements of velocity profiles in the system. 

Consequently, the presence of the externally applied magnetic field has to be assessed 

through some indirect observations. 

For one experiment (run I) the insulating material normally placed at the top of the 

mould arrangment was removed and it was possible to visually inspect the slag surface 
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before and after the start of EMS in runl. During the normal operation the slag was slowly 

rotating clockwise; after stirring was started, the surface of the slag rotated vigorously in 

the same direction at an estimated angular velocity of 1 rev/s. As a consequence of this 

rotation a deep vortex was created around the electrode. Virtually no time delay was 

observed between the start of EMS and the increase in rotational velocity in the slag. In 

contrast, some time was required after the stirring device was switched off before the slag 

recovered its original degree of motion, this being a result of the momentum generated 

by the stirring. Another evidence of the increased fluid motion caused by stirring is the 

presence of surface ripples around the diameter of the ingot when high exciting current 

levels were used. A detail of the surface of ingot II at a position where stirring had 

just started is shown in fig. 4.32. The rapid increase in the rotational speed of the slag 

bath generated by EMS can be postulated as responsible for the formation of such a gap 

between the mould and the slag skin. 

The melting current flowing through the electrode decayed noticeably when the stirrer 

was switched on. It is thought that this behaviour results from the vortex created in the 

slag bath which may, for large values of the exciting current, cause a decrease in electrical 

potential because the electrode loses contact with the slag and therfore the circuit cannot 

be closed. In order to keep a constant current flowing through the system the rate of 

electrode travel has to be increased and this is reflected when the melting rate is plotted 

against time (see fig. 4.33). It is then apparent that the 'increase' in the melting rate is 

not a direct result of EMS but rather a consequence of the electrical requirements of the 

installation which are perturbed by the stirring. Several research efforts [113,116] have 

pointed out an increase in the melting rate resulting from EMS; however they do not 

report any adjustment required in the electrode rate of travel. Regarding the melting 

rate calculation it has to be recalled that the ingot rises in an opposite direction to the 

electrode travel and therefore both, ingot and electrode velocity, have to be taken into 
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account. A mass balance that includes such a correction gives the melting rate as a 

function of electrode speed and electrode and ingot areas : 

Additionally, the ingot cross-sectional area varies from mould to mould in the experi-

mental setup. Consequently, the melting rate was calculated only for the stirring section 

of the mould when fig. 4.33 was generated. 

The energy efficiency of the furnace is plotted as a function of time in fig. 4.34. If 

one postulates that the stirring will cause more heat to be dissipated towards the mould 

wall the energy efficiency of the furnace should be diminished. That is exactly the trend 

shown in that plot. 

4.2.2 Metallurgical Consequences of E M S 

4.2.2.1 Unsteady-state Stirring 

Photomacrographs of ingots II to IV are shown in figs. 4.35 to 4.37 corresponding to 

exciting currents of 500, 350 and 100 A, respectively. From these phothographs it is 

clear that the stirring will have a more pronounced effect as the current increases. They 

also provide a reference for the curent level required to achieve a minimum effect in the 

macrostucture, as ingot IV hardly shows any difference from a conventionally remelted 

ingot. 

The fluid flow perturbation originated by the additional convective component gener-

ated by the magnetic field results in a region showing a different structure where the start 

and end of stirring are clearly discernible. From the photographs one can observe that 

this region is larger at the ingot center and practically non existent towards the surface. 

This behaviour can be explained considering that the electromagnetic body force acts on 

(4.52) 
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a volume of fluid and that there is more volume at the center of the ingot (larger mushy 

zone). A detail of a stirred zone in ingot III (taken without further metallographic work) 

is shown in fig. 4.38. Two lines can be clearly seen at the bottom of the picture. It is 

reasonable to suggest that the first one results from the abrupt change in fluid flow con-

ditions while the second arises from increasing the electrode rate of travel. The strongly 

directional structure present before EMS was started continues for a definite distance 

after which shorter, randomly oriented dendrites can be observed. This particular struc-

ture is known as columnar branched. The upper boundary of the stirring zone is also 

clearly revealed by the etch. The survival of the original structure well into the stirred 

zone suggests that the growing dendritic front does not immediately 'see' the change in 

thermal conditions consequence of the stirring, presumably because the fluid flow in the 

fully liquid zone ahead of the tip of the dendrites does not penetrate deep enough into 

the interdendritic zone to cause a drastic change in the solidification conditions, although 

it is enough to modify the segregation patterns as revealed by the macroetch. 

It has been shown that the effect of forced convection on macrosegregation patterns 

is affected by the thermal gradient at the solidification front and the solidification rate, 

as well as the length of the mushy zone. Predicted values of these parameters are shown 

in fig. 4.39 for this particular ESR installation. In general, these conditions favour the 

directional structures characteristic of ESR ingots. 

A photograph of the microstructure of an stirred zone of ingot II, as revealed by 

Oberhoffer's reagent, is presented in fig. 4.40. In this photograph several macrosegregated 

zones can be observed, mainly at both ends of the stirring zone. They resemble the 'semi-

macroscopic' centreline segregation found in slabs produced by continuous casting with 

EMS [138]. These macrosegregated areas were qualitatively analyzed for P and C using 

SEM-WDX. An SEM picture, along with the WDX line scans, are shown in fig. 4.41. 

From this figure it can be concluded that the segregated zones are rich in P. A sample 
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cut in a perpendicular direction was metallographically prepared in the same way and 

the resulting structure is shown in fig. 4.42. A larger occurrence of such segregated areas 

can be seen in this picture but no evidence of channels can be found. Therefore, it can 

be postulated that they are formed by solute rich interdendritic liquid trapped in the 

randomly oriented structure produced by the stirring. 

4.2.2.2 Steady-state Stirring 

The photomacrographs of ingots V-VII are shown in figs. 4.43 to 4.45. The lines shown 

in the pictures are liquidus isotherms as marked by tungsten powder additions. 

In contrast to the macrostructures produced by unsteady-state stirring, no drastic 

changes are visible in this ingots. It is particularly interesting to compare figs. 4.36 

and 4.44 which show the macrostructure obtained when an exciting current of 350 A is 

applied under unsteady- and steady-state conditions, respectively. The different shape of 

the pool profiles suggest that the thermal field cannot recover from the sudden increase 

in liquid motion in the short time during which the stirrer was on for the unsteady-state 

case. It is also interesting to note the asymmetric profiles produced by the stirring. Both, 

a change in the drop motion pattern through the slag [119] and electrode asymmetry [117] 

has been postulated as reasons for such a behaviour. In any case, this lack of symmetry 

suggests that the two-dimensional analysis of the thermal field generally used to model 

the conventional ESR may not be entirely adequate when the melt is stirred by means 

of an electromagnetic field. 

4.2.2.3 Effect of Pool Profile 

Since the electromagnetic body force acts on fluid volume elements, the pool depth and 

shape should play an important role in determining the liquid metal motion. For a given 

set of electrical conditions and mould geometry the shape of the pool profile will depend 
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on the thermophysical properties of the remelted material (particularly, liquidus and 

solidus temperatures) as well as on the electrical resistivity of the slag. Therefore, runs 

VIII to X can be viewed as examples of the role played by the pool geometry in the 

overall liquid motion. 

A photograph of ingot VIII (Cu-50 % Fe) is shown in fig. 4.46. The susbstancial 

temperature difference between liquidus and solidus in this particular alloy ( ~ 340 ° C ) 

is reflected in a large mushy zone. The porosity defects and large segregated areas 

observed in the photograph are a direct consequence of the larger volume of liquid metal 

present during solidification and the larger local solidification times. 

Experiments IX and X were run under two different slag compositions. When the 

CaF2 content of the slag is decreased its electrical resistivity increases [139] which favours 

heat generation in the slag bath and, consequently, modifies the pool shape. Figs. 4.47 

and 4.48 show the macrostructures of ingots IX and X, respectively. Clearly, the deeper 

pool profile of ingot IX favoured a stronger stirring of the liquid pool. 

4.2.2.4 Liquid Metal Flow 

The main objective of applying the external field is to increase the motion of the liquid 

metal. Experimentally, due to the non-transparent nature of liquid metals, it is not 

possible to visualize such a flow and one has to resort to changes produced in the solidified 

structure. 

A microstructural feature commonly used to characterize the flow patterns present 

when stirring is applied during solidification is the deflection angle of the primary den-

drites with respect to the growing direction at the solidification front [140,141]. Four 

samples ( fig. 3.18 ) where obtained at the point where stirring was started in run VII 

(steady-state stirring) and etched with hot picric acid in order to reveal the dendritic 

structure. Photomicrographs of the etched samples are shown in figs. 4.49 to 4.52. The 
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strongly columnar growth characteristic of ESR (as evidenced in fig. 4.51) was not sig-

nificantly disturbed by the stirring device, the only possible evidence of an increase in 

the fluid flow being the thin white band present at the point where stirring was assumed 

to start. This band is similar to the 'white band' present when EMS is applied during 

continuous casting of steel (although in that case marks the boundary between columnar 

and equiaxed zones [142]) and can be attributed to liquid suddenly sweeping the upper 

boundary of the mushy zone. 

In order to complement these observations, samples were taken from ingotsXI andXII. 

The microstructures are shown in figs. 4.53 and 4.54, which correspond to cross-sectional 

samples in the vicinity of the ingot surface for non-stirred and stirred sections. Because 

of the liquid head at the top of the ingot and the highly directional heat transfer at the 

mould wall, fig. 4.53 shows a high degree of directionality in the array of dendrites. On 

the other hand, the flow induced by the stirrer completely destroyed this directionality, 

as shown in fig. 4.54. This result seems to contradict the observations obtained from the 

experiments involving unsteady-state stirring, where no appreciable change in structure 

was observed at the ingot surface. The difference arises from the fact that fig. 4.54 

shows a zone where dendrites are just starting to grow and therefore the disturbance at 

the solidification front caused by the stirring modifies the conditions under which these 

dendrites grow. 

4.3 Mixing in the Liquid Pool 

The mixing behaviour of continuous flow systems is influenced by the distribution of 

residence times of the various fluid elements. It is common practice to estimate this 

distribution by adding a definite amount of a chemical or radioactive tracer to the input 

stream and then following its behaviour as it exits the reactor [143]. The tracer can be 
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added either continuously during a long period of time (step input) or in a pulse. In 

this work, nickel powder was added in a pulse at a given time after stirring was started. 

The non-stirred case was also investigated. In an ESR operation, the liquid pool acts as 

the 'vessel' and the tracer behaviour is monitored via chemical analysis of longitudinal 

samples. Along with nickel, tungsten powder was added to identify the point of addition. 

The chemical analysis was performed using SEM-WDX. The ZAF corrections for the 

analysis were generally small (the difference between K ratio and weight fraction being 

in the order of 5 % for Cr and Ni, and 10 % for W). 

The results for stirred (runXI) and non-stirred (runXII) ingots are shown in figs. 4.55 

and 4.56. In the stirred case the nickel profile suggests that most of the powder was 

dissolved and then uniformly distributed by the complex fluid flow pattern created by 

the additional stirring. In contrast, the high peak in the nickel concentration observed 

in the non-stirred experiment reveals that the powder went through the liquid pool and 

up to the dendrite tips where it was trapped by the growing dendritic array. Since no 

periodic variations in the concentration were observed it can be assumed that the liquid 

metal motion does not follow a simple recirculating pattern. 

This behaviour was quantified via both the calculation of the effective distribution 

coefficient for Ni (&*ff) and the reactor dispersion number (inverse of the axial Peclet 

For the effective distribution coefficient calculations the decay part of the tracer dis-

tribution curves was analyzed following the method proposed by Mitchell et al. [99]. The 

value of k*^ is obtained from fitting the experimental curve to the following equation : 

where Ah is the volume increment on an ingot of constant liquid pool h„. The value of 

hQ was estimated from the pool profiles as marked by tungsten powder. 

number). 

(4.53) 
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The best fit values for the experiments with and without stirring are shown in fig. 4.57. 

Since 1 < k*s < kQ (where k0 is 0.39 as calculated from the Fe-C diagram for 0.4 w/o Ni) 

some degree of mixing exists inside the liquid pool. The smaller value of k*s corresponding 

to the experiment with stirring proves that a higher degree of mixing is present in the 

liquid for this case. 

The classical dispersion number analysis was also used. Because of its higher accuracy 

the C curve representation was prefered over the F diagram. The full set of experimental 

values was transformed according to : 

C = - ^ r (4.54) 
w/V 

where 

c = exit concentration, g cm - 3 

w = quantity of tracer added, g 

V — volume of fluid in the vessel, cm3, 

and 

6 = | (4.55) 

t=
V

- (4.56) 

where 

t = average residence time, s 

Q = volumetric flow rate, cm3 s_1. 

Both, the volumetric flow rate and the transformation from ingot height to time were 

estimated from an early determined ingot growth velocity (0.0158 cm s_1). 

The inverse of the axial Peclet number was obtained by fitting values to the theoretical 

curve represented by 

C = / , « p ( - ^ ) (4.57) 
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When Pe _ 1 —»� 0 plug flow (no mixing) predominates while Pe _ 1 —* oo represents 

complete mixing. Since eq. 4.57 is derived for a vessel originally free of the addition, the 

theoretical C values where corrected for the nickel concentration in the original electrode. 

The resulting curves are shown in figs. 4.58 and 4.59. Once again the experiments with 

stirring are best described by a higher degree of mixing, Pe - 1of 0.14 and 0.025 for stirred 

and unstirred ingots, respectively. 

4.4 Thermal Regime 

The additional stirring created by the electromagnetic field modifies the way heat is 

transported during ESR and consequently alters the thermal field. Experimental evi-

dence of such modification was found by inspecting the pool profile as well as the energy 

efficiency of the installation. 

An existing computer code was modified and used to investigate the changes in the 

predicted pool profiles when heat transfer inside the liquid pool is altered. Since the 

boundaries of the system did not suffer any modification, the changes will only reflect 

variations in the convective transport of heat inside the pool. Early attempts to predict 

the exact geometry of the experimental runs failed to produce any results due to numerical 

instabilities, presumably related to the small ingot size. Consequently, an hypothetical 

ingot (30 in dia., 90 in long) had to be considered. The melting rate was assumed to be 

750 kg/h. The original version of the code was used, first, to simulate the remelting of 

the three alloys used in the experimental programme. The pool profiles for 4340 allloy 

steel, Cu-50 % Fe and Inconel 718 are shown in figs. 4.60 to 4.62, respectively. 

For the rest of the simulations, the thermophysical properties of the 4340 steel were 

employed. 

The vigorous rotation induced in the slag bath implies a more uniform temperature 



Chapter 4. Results and Discussion 80 

distribution across it. Since the mathematical model relates the thermal phenomena 

in the slag and metal through a temperature distribution at the top of the remelted 

ingot, several distributions were simulated (see fig. 4.63). The corresponding solidus and 

liquidus isotherms are shown in figs. 4.64 to 4.66. In spite of the big differences among the 

temperature profiles used in this computations the resulting thermal field hardly shows 

any difference with respect to the reference ingot ( fig. 4.60 ). 

The modifications done in the computer code allow the simulation of different levels 

of convective heat transfer inside the metal pool. Moreover, it is possible to have a larger 

amount of heat transported in either the radial or axial directions. 

Figs. 4.67 and 4.68 illustrate the effect of an increase in the effective thermal conduc-

tivity in the liquid pool. In these cases both, radial and axial components of the flow 

were increased by the same factor. The general trend shows an increase in the pool depth 

as the convective heat transport is increased (larger values of fceff). 

Presumably, the effect of the external field will not be the same along the radius 

of the liquid melt. Therefore, several simulations were done where the effective thermal 

conductivity was a function of the radial position. Additionally, several values of the ratio 

axial to radial convective heat transport, k^/k^n were tested. Representative results of 

the thermal profiles obtained are shown in figs. 4.69 to 4.71. In all the cases, an isotropic 

effective thermal conductivity was used for nodes 4 to 11 in the radial direction, while 

anisotropic values were chosen for the nodes close to the ingot axis. 

Figs. 4.69 and 4.70 show the results of using a base effective thermal conductivity 

equivalent to 2 x &at, modified at the central nodes for preferential transport in the axial 

or radial direction, respectively. It can be observed that the modifications implemented 

alter significantly the central region of the pool : if the heat is mostly transported in 

the axial direction, a flatter pool profile and an smaller mushy zone are obtained. The 

thermal field resulting when the base thermal conductivity is increased to 5 x fcat is shown 
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in fig. 4.71. For this run, the ratio &|ff/A£ff was 0.2 in the central nodes. The pool shape 

is similar to the one of fig. 4.70 but the pool depth is larger. 

Some of the experimentally obtained profiles (see fig. 4.45, for example) showed a 

particular shape that suggest that the heat is transported in a different way at the center 

of the melt. It was not possible to reproduce such a profile with the modified code. 
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Table 4.6: Geometric parameters and electrical properties used in the magnetohydrodi-
namic calculations. 

Crucible heght, 7.0 in 
crucible I.D., 10.0 in 
crucible thickness, 1.25 in 
h, 0.0148 m 
coil radius, 7.5 in 
number of turns, 4 
frequency, 60 Hz 
number of nodes : 

radial direction 16 
axial direction 12 

crucible electrical conductivity, 4 x l O ^ f t m ) - 1 

slag electrical conductivity, 4 x l O ^ f t m ) - 1 

melt electrical conductivity, 4 x l O ^ f t m ) - 1 
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Figure 4.19: Magnetic field distribution obtained for the conditions shown in table 4.6. 
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Figure 4.20: Magnetic field distribution obtained for u = 20 Hz. 
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Figure 4.21: Magnetic field distribution obtained for a; = 1000 
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Figure 4.22: Magnetic field distribution obtained for an exciting current of 1000 
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Figure 4.23: Magnetic field distribution obtained for an exciting current of 50 A . 
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Figure 4.24: Magnetic field distribution obtained when the coil has only one turn. 
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Figure 4.25: Magnetic field distribution obtained when the coil has only 2 turns. 



Chapter 4. Results and discussion 90 

8-

I - 500.0 A 

4 -

0.007 Wb/m* c 

2-

0-t 

electrode 

7 

r 

\ 

T 

r 

\ 

* > / 

\ \ \ 

/ 

\ 
3 
o 

r, i n 

Figure 4.26: Magnet ic field dis t r ibut ion obtained for the coi l geometry shown. 
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Figure 4.27: Magnet ic field dis t r ibut ion obtained for the coi l geometry shown. 
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Figure 4.28: Magnetic field distribution obtained for the coil geometry shown. 
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Figure 4.29: Current density distribution used in the electromagnetic body force cal-

culations. 
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Figure 4.30: Electromagnetic body force distribution resulting from the interaction of 
the fields shown in figs. 4.29 and 4.19. All vectors are projections in the r — z plane. 
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Figure 4.31: Electromagnetic body force distribution for a 500 mm dia. ingot. Melting 

current is 10 kA. All vectors are projections in the r — z plane. 
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Figure 4.32: Detail of the ingot surface showing the effect of slag rotation. 
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Figure 4.33: Melting rate as a function of time for ingot X I (stirred). 
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Figure 4.34: Energy efficiency as a function of time for ingot X I (stirred). 



Figure 4.35: Photomacrograph of ingot II. Unsteady-state stirring, I 

stirred zone is marked with an 'S'. 

= 500 A. A typical 



Figure 4.36: Photomacrograph of ingot HI. Unsteady-state stirring, I = 
stirred zone is marked with an 'S'. 

350 A. A typical 



Figure 4.37: Photomacrograph of ingot IV. Unsteady-state stirring, I = 100 A. 
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102 

Figure 4.38: Detail of the stirred zone in ingot III. 
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Figure 4.39: Mushy zone height, temperature gradient and solidification rate for the 
experimental conditions. Obtained with a two-dimensional, steady-state heat transfer 
model [131]. 
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Figure 4.40: Microphotograph of the stirred zone in ingot II. 



Figure 4.41: Analysis of a segregated area in the stirred zone in ingot II. (a) SEM picture, 
(b) Phosphorus segregation. 
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end of 

stirring 

2.8 mm 

Figure 4.42: Photomicrograph of the stirred zone in ingotll showing an area perpendicular 
to the area shown in fig. 4.40. 



Figure 4.43: Photomacrograph of ingot V. Steady-state stirring, I = 350 A. 
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Figure 4.44: Photomacrograph of ingot VI. Steady-state stirring, I = 350 A. 



Figure 4.45: Photomacrograph of ingot VII. Unsteady- and steady-state stirring, 
I = 250 A. 
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Figure 4.46: Photomacrograph of ingot VIII. Cu-50 Fe, I = 350 A. 
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Figure 4.47: Photomacrograph of ingot IX. Inconel 718, I = 380 A. 
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Figure 4.48: Photomacrograph of ingot X. Inconel 718, I = 
sition. 

380 A, effect of slag compo-
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Figure 4.49: Microphotograph of sample 1 in fig. 3.18. 
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2.0 mm 

Figure 4.50: Microphotograph of sample 2 in fig. 3.18. 
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Figure 4.51: Microphotograph of sample 3 in fig. 3.18. 
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2.5 mm 

Figure 4.52: Microphotograph of sample 4 in fig. 3.18. 



Figure 4.53: Microphotograph of a cross-sectional sample at the ingot surface (non stirred 
zone). 
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1.7 mm 

Figure 4.54: Microphotograph of a cross-sectional sample at the ingot surface (stirred 

zone). 
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Figure 4.55: Nickel and tungsten concentration along the longitudinal axis. Ingot XI . 
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Figure 4.56: Nickel and tungsten concentration along the longitudinal axis. Ingot XI I . 
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ingot height, mm 

Figure 4.57: Effective distribution coefficient for experiments with and without stirring. 
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Figure 4.58: Dispersion number for experiment XII (with stirring). 
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Figure 4.59: Dispersion number for experiment XI (without stirring). 
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Figure 4.60: Pool profile for a hypothetical 4340 alloy steel ingot. 
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Figure 4.61: Pool profile for a hypothetical Cu- 50 % Fe in; 
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Figure 4.62: Pool profile for a hypothetical Inconel 718 ingot. 



Figure 4.63: Top temperature distributions used in the study of its effect on the thermal 

field. Curve (d) represents the distribution used throughout the rest of the calculations. 
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Figure 4.64: Pool profile resulting when curve (a) in fig. 4.63 is used. 
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Figure 4.65: Pool profile resulting when curve (b) in fig. 4.63 is used. 



Chapter 4. Results and Discussion 
130 

Figure 4.66: Pool profile resulting when curve (c) in fig. 4.63 is used. 
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Figure 4.67: Pool profile resulting when an isotropic fceff equivalent to 5 x fcat is used. 
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Figure 4.68: Pool profile resulting when an isotropic keR equivalent to 10 x k&t is used. 
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Figure 4.69: Pool profile resulting when an anisotropic kef{ is used. The ratio kla/kln is 

5.0. 
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Figure 4.71: Same as fig. 4.70 except that fceff has been increased to 5.0. 



Chapter 5 

Summary and recomendations for future work 

5.1 Summary 

During the course of the present work a stirring device based on the application of an 

AC electromagnetic field during the AC operation of a laboratory-scale ESR furnace was 

designed and built. The electromagnetic field damping caused by the aluminium moulds 

used in conventional ESR practice was overcome by substituting parts of the mould with 

graphite. 

The externally applied field caused a vigorous rotation of the slag. The metallurgical 

effects were investigated via metallographic analysis. The results show a more pronounced 

effect on the solidification structure as the exciting current increases. It is apparent that 

the solidification front does not immediatly 'see' the change in the thermal field produced 

by the stirrer which suggests that the flow in the bulk of the liquid does not penetrate deep 

enough into the interdendritic region. In both, steady- and unsteady-sate experiments 

a thin segregated band accompanied the start of stirring. Also, the pool shape has an 

important influence on the effects caused by EMS. 

The mixing characteristics of the liquid pool were studied using a chemical tracer. 

Both an effective distribution coefficient and the reactor dispersion number were obtained 

for experiments with and without stirring. The fitted parameters indicate a larger degree 

of mixing when stirring was applied. 

The resulting electromagnetic body force was modelled using the mutual inductance 
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technique. It was found that this force is mainly confined to the skin depth : at the 

mould wall and at the liquid metal-slag interphase. A previously developed code was 

used to simulate the thermal regime. The steady-state code was modified to include an 

effective thermal conductivity with vectorial properties. Even with this modification it 

was not possible to reproduce the experimental pool profiles. 

5.2 Recommendations for future work 

In the present investigation the mould arrangment was composed by three moulds of 

different diameters. It is thought that a single mould with carefully machined segments 

filled with a nonconductive, refractory material is required. A comprehensive experimen-

tal programme for quantifying the segregation levels resulting from EMS during produc-

tion of alloys of practical interest would be advisable. Also, the mechanical properties of 

stirred ingots should be obtained. 

The model used to estimate the electromagnetic body force was greatly simplified and 

not verified. A more detailed model accompanied by experimental verification, probably 

using a liquid metal or alloy of low melting point, is desirable. Regarding the thermal 

model, a two-dimensional aproach does not seem to be entirely adequate and therefore a 

three-dimensional model is recommended. Before any effort in this direction is started a 

careful definition of the current path is of outmost importance. 

5.3 Concluding remarks 

This work is the first step towards a more adequate understanding on the effects of 

applying AC electromagnetic fields during ESR. Much more work has to be done in both 

the metallurgical consequences of EMS and the design of appropriate stirring devices 

before this technology can be safely applied in an industrial environment. 
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