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Electrochemical reactions always occur at the electrode–slag and slag–metal melt
interfaces during the electroslag remelting (ESR) process. However, those reactions
together with the ion transport phenomenon in the molten slag region are still poorly
understood. A numerical model considering both the ion transport and the electrochemical
reactions is demanding. For this purpose, a numerical model is proposed. The ion transport
is modeled by solving the Poisson–Nernst–Planck (PNP) equations, while the kinetics of the
reaction at the slag–metal interface is modeled with the well-known “Butler–Volmer”
formula. Demonstratively, a one- dimensional case is calculated: a DC electric current is
applied to a molten multi-ion slag (CaF2–FeO) between the anode and the cathode. The
modeling results show that the redox reaction occurs only for the ferrous ion (Fe2þ), not for
other ions at low current density (<2 kAm�2), which was verified experimentally. We also
find that formation of ferric iron (Fe3þ) or discharge of calcium at large current density
(>5 kAm�2) may not take place, although some researchers have proposed such a
hypothesis. Therefore, further research steps are suggested to verify this point so that the
model is fully applicable for the industrial ESR process.
1. Introduction

The Electroslag Remelting (ESR) process is a secondary

metallurgical process for manufacturing superior quality

alloys such as Nickel base, Titanium base, and stainless

steel. A shown in Figure 1, the process is used to refine a

consumable metal electrode through a molten slag that is

electrically heated. The thermal energy (Joule heating) is

provided to the process that leads to remelting of the

electrode and formation of droplets. Then, droplets pass

through the slag and enter to the melt pool. Eventually, the

melt pool solidifies in a water-cooled mold to produce the

high-grade ingot.

Over the past decades, different numerical models have

beenproposed todescribeflow, thermal,magneticfields, as

well as solidification of ingots during the electroslag

remelting (ESR) process.[1–5]Modeling attemptsweremade

for thechemicalandelectrochemical reactions in theslagby
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means of thermodynamics and a kinetic modeling

approach.[6–7] Calcium fluoride-based slags, typically com-

posed of CaF2, CaO, Al2O3, SiO2, MgO, and FeO, are mostly

used to protect the liquidmetal against the surrounding air;

to provide heat through Joule heating into the process, and

to remove impurities such as sulphur and non-metallic

inclusions from the alloy. High chemical reactivity and

electrical resistivity (low electrical conductivity) are favor-

ableproperties of the slag. Evidently, the ion transport plays

an important role in the electrical conductivity of the

slag.[8–9] Additionally, several electrochemical reactions

such as a calcium discharge at the melt pool–slag interface

or formation of ferric iron (Fe3þ) at electrode–slag interface
(Figure 1) may take place. Mitchell et al.[10] evaluated

the electrochemical concentration overpotential at the

interface among an iron electrode and CaF2-based slags

such as CaF2–CaO, CaF2–Al2O3, etc. They found some

correlations between the ionic properties of the slag, the

distribution of oxygen in the ingot, and loss of alloying

elements during the DC operation of the ESR process.[11]

The melting behavior of an ESR electrode is notably

influencedbyelectrochemical reactions.[12–14] For instance,

themelt rateof a cathodic (negative) electrodewas reported

to be lower than that of the anodic (positive) electrode

during the ESR process as run under DC current.[15]

Apparently, electrochemical reactions at the slag–metal

interface and transport of ions within the slag are crucial.

In this paper, we employed a Finite Volume Method

(FVM)-based numerical model to solve the governing
steel research int. 88 (2017) No. 5 (1 of 8) 1700011



Figure 1. Schematic representation of electroslag remelting (ESR)
process and involving feasible electrochemical reactions at
slag–electrode and slag–melt pool interfaces.

Figure 2. a) Schematic representation of the CaF2–FeO electro-
chemical system in which the slag is fully dissociated and only
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Poisson–Nernst–Planck (PNP) equations which describe

the electrochemical transport of ions in the bulk of the slag

(electrolyte). The well-known “Butler–Volmer” equation is

implemented to model the electrochemical reactions

which occur at electrode–slag interface. Our proposed

numerical model can be efficiently used to investigate

complex electrochemical systems involving multiple ions.

Themodel enables us to directly calculate vital parameters

of the system such as the Ohmic potential drop, activation,

and concentration overpotentials. Additionally, the key

field structures including concentrations of ions, electric

potential, and charge density fields across the electrolyte

can be computed. Eventually, the obtained modeling

results helps to propose a possible explanation for the

relation between the polarity (positive or negative) and

melt rate of the electrode in the DC ESR process.
ferrous ion (Fe2þ) participates in Faradaic reaction; cathode is
located at x¼0, and anode is located at x¼ 1. Following
parameters are plotted across the electrolyte (CaF2–FeO) consid-
ering different bulk concentration of FeO (0.06, 0.10, and 0.17wt%
FeO) and various applied voltages including: 0.07 (gray), 0.12
(black), and 0.15V (dark gray): b) electric potential, c) concentra-
tion of ferrous ion.
2. Mathematical Model

2.1. General Equations

The electrochemical transport of ions in the bulk of the

electrolyte which is subjected to an electric field is

described according to the Poisson–Nernst–Planck (PNP)

equations:

�r � ðesrfÞ ¼ F
X

zici ð1Þ

@ci
@t

¼ �r � ~Ni ð2Þ
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~Ni ¼~uci � Dirci � FziDirf

RT
ci ð3Þ

The relationship between the electric potential (f) and

charge density (r ¼ F
P

zici) is given by the Poisson

equation, Equation 1, where es is the electric permittivity

of the electrolyte. The charge density is calculated using

the Faraday constant (F) as well as concentration (ci) and
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



1. Governing equations:

@
@x �z2 @f�

@x

� � ¼ zCa2þCCa2þ þ zFe2þCFe2þ þ zF�CF� þ zO2�CO2� ;

@CCa2þ
@t ¼ @

@x DCa2þ
@CCa2þ

@x þ zCa2þDCa2þCCa2þ
@f�
@x

� �
;

@CFe2þ
@t

¼ @
@x

DFe2þ
@CFe2þ

@x
þ zFe2þDFe2þCFe2þ

@f�
@x

� �
;

@CO2�
@t ¼ @

@x DO2�
@CO2�
@x þ zO2�DO2�CO2� @f�

@x

� �
;

@CF�
@t ¼ @

@x DF� @CF�
@x þ zF�DF�CF� @f�

@x

� �
;

z ¼ lD
Lref

; lD ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

esRT
2z2F2Cref

q
; f� ¼ Ff

RT ;

Ci ¼ ci
Cref

; i ¼ Ca2þ; F�; Fe2þ; or O2�

Symbols:

Calcium ion (Ca2þ),
Fluoride ion (F�),
Ferrous ion (Fe2þ),
Oxygen ion (O2�),
Time (t), distance (x),

Debye screening length (lD),

Reference length (Lref ),

Reference concentration (Cref ),

Electric permittivity (es),
Universal gas constant (R),

Temperature (T),

Charge number of each ion (z),

Faraday constant (z)

Electric potential (f),

Dimensionless electric potential (f�),
Concentration of each ion (ci),

Dimensionless concentration of each ion (Ci),

Diffusion coefficient of each ion (D),

Applied voltage (Vapp),

Effective stern width (ls),

Current density (j),

Exchange current density (j0),

Charge transfer coefficient (a),

Number of exchanged electrons (n),

Activation overpotential (hs),

Anodic concentration overpotential (hAR),

Cathodic concentration overpotential (hRC),

Total concentration overpotential (hAC),

Concentration of ferrous ion at anode (cA
Fe2þ

),

Concentration of ferrous ion at cathode (cC
Fe2þ

),

Concentration of ferrous ion in the bulk of slag (�cFe2þ ),

Ohmic voltage drop (iR)

2. Boundary conditions:

f�ð0Þ ¼ � F
2RT

Vappð0Þ þ ls
@f
@x
ð0Þ� �

;

f�ð1Þ ¼ þ F
2RT

Vappð1Þ � ls
@f
@x
ð1Þ� �

;

DCa2þ
@CCa2þ

@x ð0;1Þ þ zCa2þDCa2þCCa2þð0;1Þ @f
�

@x ð0; 1Þ ¼ 0;

DF� @CF�
@x ð0;1Þ þ zF�DF�CF�ð0; 1Þ @f�@x ð0;1Þ ¼ 0;

DO2�
@CO2�
@x ð0;1Þ þ zO2�DO2�CO2�ð0; 1Þ @f�

@x ð0;1Þ ¼ 0;

DFe2þ
@CFe2þ

@x ð0;1Þ þ zFe2þDFe2þCFe2þð0; 1Þ @f
�

@x ð0;1Þ ¼ � j
zFe2þCref F

;

3. System parameters

j ¼ j0 exp ð1�aÞnFhs
RT

� �
� exp � anFhs

RT

� �h i
; hs ¼ �ls

@f
@x ;

hAR ¼ RT
nF ln

cA
Fe2þ
�cFe2þ

	 

; hRC ¼ RT

nF ln
�cFe2þ
cC
Fe2þ

	 

;

hAC ¼ hAR þ hRC ¼ RT
nF ln

cA
Fe2þ

cC
Fe2þ

	 

; iR ¼ Vapp � hAC ;

b ¼ exp
nFhAC
RTð Þ�1

exp
nFhAC
RTð Þþ1

:

Table 1. Governing Poisson–Nernst–Planck (PNP) equations, related boundary conditions, and pertaining parameters for CaF2–FeO
electrochemical system.
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charge number (zi) of i-th ion. According to the conserva-

tion equation, Equation 2, the total flux of i-th ion (Ni)

including convection, diffusion, and electro-migration

must be conserved. The convection and diffusion fluxes

are dependent on the velocity (~u) and diffusion coefficient

(Di). The electro-migration flux takes into account the

transport of electroactive (non-zero charge number) ions

as described in Equation 3 where R and T denote universal

gas constant and temperature, respectively.

Note that the formulation of the problem is not

complete before assigning the appropriate boundary
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
conditions to the PNP equations. Assuming a stagnant

electrolyte (u¼ 0), the total flux of diffusion and electro-

migration at boundaries for non-reacting ions is assigned

to zero. However, the boundary flux of the reacting ion is

related to the current density that in turn is dependent on

the activation overpotential (h) and exchange current

density (j0) through the “Butler–Volmer” equation,[16]

NR ¼ � nj

zRF
ð4Þ
steel research int. 88 (2017) No. 5 (3 of 8) 1700011



Parameter

RðJ � K�1 � mol�1Þ 8.314546

TðKÞ 1723[22]

FðA � s � mol�1Þ 96 485

VappðVÞ Variable (Table 3)

esðF � m�1Þ 8.85418� 10�12

Cref ðmol � m�3Þ 105

Lref ðmÞ 10�3

lDðmÞ 10�9[17]

lsðmÞ 10�8[20]

a 0.6[22]

z 10�5[20]

n 2
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 j ¼ j0 exp

ð1� aÞnFh
RT

	 

� exp �anFh

RT

	 
� �
ð5Þ

whereNR and zR are the total flux and charge number of the

reacting ion which is produced (þ) or consumed (–) at the

electrode–electrolyte interface. Furthermore, n and a

denote number of exchanged electrons and charge transfer

coefficient, respectively.

The boundary conditions for the Poisson equation are

considered according to the potentiostatic technique, in

which the applied voltage is given and the current density

is computed in a self-consistent manner.[16] The electric

double layer (EDL), which appears on the surface of

electrode, is subjected to an electric field consists of a stern

layer, a diffusion layer, and a diffuse charge layer. The

potential drop across the compact stern layer determines

the activation overpotential, whereas the concentration of

the reactive ion at the surface of electrode governs the

amount of concentration overpotential.[17,18]
j0ðkA � m�2Þ Variable (Table 3)

�cCa2þðmol � m�3Þ 0.333� 105

DCa2þðm2 � s�1Þ 5.66� 10�9[23]

zCa2þ þ2

�cF�ðmol � m�3Þ 0.666� 105

DF�ðm2 � s�1Þ 4.12� 10�9[23]

zF� –1

�cFe2þðmol � m�3Þ Variable (Table 3)

DFe2þðm2 � s�1Þ 2.3� 10�9[21]

zFe2þ þ2

�cO2�ðmol � m�3Þ �cFe2þðmol � m�3Þ
DO2�ðm2 � s�1Þ 2.5� 10�9[23]

zO2� –2

Table 2. System properties and operational parameters used in
our calculations.
2.2. CaF2–FeO System

In the current study, the capability of our model to capture

the aforementioned parameters such as activation and

concentration overpotentials for an electrochemical sys-

tem is demonstrated. As an example, we calculate the

system of CaF2–FeO slag operating under a DC voltage,

which involves non-reacting ions of Caþ2, O2–, F� and the

reacting ferrous ion (Fe2þ). The system consists of the slag

(electrolyte) that is confined by two parallel and planar

iron electrodes as shown schematically in Figure 2a. The

slag is assumed to be fully dissociated and stagnant (u¼ 0).

Furthermore, the ferrous ion participates in Faradaic

reactions at the electrode–slag interface,

CaF2 ! Ca2þ þ 2F� ð6Þ

FeO ! Fe2þ þ O2� ð7Þ

ðAt anodeÞ:Fe ! Fe2þ þ 2e� ð8Þ

ðAt cathodeÞ:Fe2þ þ 2e� ! Fe ð9Þ

Thecathode is locatedatx¼ 0, and theanode is locatedat

x¼ 1. It is appropriate to formulate the PNP equations

regarding our electrochemical system in a one-dimensional

model. All governing equations, boundary conditions, and

relevant parameters are summarized in Table 1. The size of

the computational domain is 1mm, which includes 1000

grid nodes. Details of the mathematical model were

described in ref.[19,20]

The transport of each ion due to diffusion and electro-

migration is described by a conservation equation
1700011 (4 of 8) steel research int. 88 (2017) No. 5
(Nernst–Planck). In addition, the electric potential is

coupled to concentrations of ions through Poisson equa-

tion. Therefore, a total number of five coupled and non-

linear equations are simultaneously solved. All parameters

such as diffusion coefficient, charge number, effective stern

length used in our calculations are summarized in Table 2.
3. Results and Discussions

Weperformedanextensiveseriesofsimulationstoinvestigate

the relationship between concentration of the reacting ion in
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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 the bulk and at the surface of electrodes, activation/

concentration overpotential, Ohmic potential drop, and

current density. A transient calculation was performed but

only final steady state results are subject to further analysis. A

summary of all the calculated results (absolute values) is

described in Table 3. It must be stated that currently the

relationship among current density and applied voltage

cannot be established due to a presence of several ad hoc

parameters such as ls in themodel.[17,18,20] Here, the applied

voltage solely represents the driving force to impose a certain

amount of electric current through the electrochemical

system. Prange et al.[21] conducted an experiment on CaF2–

FeO slag to study the kinetics of the charge transfer reaction

for the ferrous ion (Fe2þ) at 1723K (14508C) using the double
pulse technique. Furthermore, Nowack et al.[22] analyzed the

identical system to assess concentration overpotential at

electrode surfaces. The results have been validated against

their experiments.

As previouslymentioned, a great advantage of themodel is

the direct calculation of field structures (e.g., electric potential

field) across the electrolyte. Figure 2b and c indicates the

electric potential and the ferrous concentration fields for

various bulk concentrations of ferrous ion, also reported in

Table3, subjected to threedifferentappliedvoltages (0.07,0.12,

and 0.15V).Variation in the average bulk concentration of the

ferrous ion strongly influences the system’s behavior through

theexchangecurrentdensity. Inotherwords,with the increase

of bulk concentration of the ferrous ion at constant applied

voltage, the system allows higher current density to flow

through the slag. As shown in Figure 2c, with the increase of

applied voltage, the distribution of the ferrous concentration

alters in the vicinity of the anode/cathode. However, variation

in ferrous concentration has no influence on the electric

potential field as long as the applied voltage is kept constant as

shown inFigure2b.This implies that theelectricpotential field

is dominantly determined by the distribution of non-reacting

ions. The cation (Caþ2) moves toward the cathode and anions

(O2–andF�)accumulateneartheanode.Thethermalfieldnear

theelectrodes is governedby Jouleheating,while Jouleheating

is directly related to the potential drop. The stronger potential

drop near the anode (electrode-positive) than that near the

cathode (electrode-negative) may well explain the in-situ

observation of highermelt rates for anodic electrodes than the

cathodic one in the DC-operated ESR process.[15]

Below 1600Am�2, a linear relationship between current

density and surface (activation) overpotential was reported

by Prange et al.[21] As illustrated in Figure 3a, concentra-

tion overpotential due to a presence of ion concentration

gradient between the bulk of slag and electrode–slag

interface rises over time. As such, the activation over-

potential is more precisely assessed in the experiment

during a short time (e.g., here 0.6ms). Furthermore, the

concentration overpotential develops faster at higher

current densities (e.g., here >1300Am�2). As shown in

Figure 3a, strong agreement is observed between simula-

tion and experimental results below 700Am�2, when the

concentration overpotential remains negligibly small at
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



Figure 3. a) A comparison is made between simulation results and experimental data regarding to the activation (surface) overpotential
which are reproduced from the experiment performed by Prange et al.[21]; in b) and c) the relationship among total concentration
overpotential and current density obtained in the experiment conducted by Nowack[22] is compared with simulation results for
b) low-current density, and c) large current density; d) The normalized b function (see Table 1) is plotted against the current density in
logarithmic scale for different bulk concentration of FeO (0.06, 0.10, 0.15, and 0.17wt% FeO).
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short measuring times (0.6ms). The accuracy of experi-

mental data further decreases due to a strong development

of concentration overpotential at high current densities.

Accordingly, the discrepancy between simulation results

and experimental data grows with the increase of current

density (>700Am�2).

The relationship between the current density and

concentration overpotential for various content of FeO is

shown in Figure 3b. Apparently, the concentration

overpotential is several orders of magnitudes larger than

the activation (surface) overpotential even at lower

imposed current density (< 500 Am�2). The total concen-

tration overpotential decreases strongly with increasing

FeO content. There is strong agreement observed

between the simulation results and the experiment.

Consequently, the injection of ferrous ion at the anode

and removal of ferrous ion at the cathode is a well-

founded mechanism to explain the behavior of the

system.[10] In contrast, a significant deviation is evident

between experimental and simulation results at high

current density (>2 kAm�2), as shown in Figure 3c.

Mitchell et al.[10] suggested that enrichment of ferrous ion

(Fe2þ) at the anode and discharging calcium at the

cathode takes place at a high current density. Then, the

ferrous ion converts to the ferric (Fe3þ) iron and the

calcium vaporizes, thus resulting in formation of gas

bubbles in the slag.[10] Nowack et al.[22] asserted that
� 2017 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
altering the involved Faradaic reactions at slag–electrode

interface significantly influences the relationship

between concentration overpotential and current density.

They suggested that variation in the slope of b function

(Table 1), when the function is plotted against the current

density on a logarithmic scale, can indicate the afore-

mentioned modification of Faradaic reactions.

Figure 3d shows b function plotted versus the current

density in logarithmic scale for the simulation results.

Obviously, a strong variation in the slope is obtained at

high current density (>5 kAm�2) although only one

Faradaic reaction (Equations 8 and 9) is considered for

all simulations. Furthermore, a comparison between the

calculated and measured data shown in Figure 3c reveals

that both experimental and simulation results follow the

same trend, although a notable mismatch exists. It

implies that altering Faradaic reactions may not be a

correct approach to explain the relationship between

current density and concentration overpotential for large

imposed current in the CaF2–FeO electrochemical

system.

Aiming at applying themodel for an industrial ESRprocess,

further modeling steps are currently under development: the

transport of other ions such as Al3þ, Si4þ, andMg2þwithin the

conventional slag; the mechanism of ionic conduction

involving electrochemical reactions at large current density

(>40kAm�2), considering the flow and thermal fields.
steel research int. 88 (2017) No. 5 (7 of 8) 1700011
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 4. Summary

We have addressed the necessity of developing an

electrochemical model capable of describing the ion

transport in the bulk of slag and electrochemical

reactions at slag–metal interfaces for an ESR process.

For that purpose, we propose a FVM-based numerical

model to solve PNP equations, facilitating an evaluation

of all relevant electrochemical parameters such as

activation and concentration overpotential, as well as

field structures like electric potential for the complex

multi-ion electrochemical system. The model is tested

on a one dimensional system: a DC electric current is

applied to a molten multi-ion slag (CaF2–FeO) between

anode and cathode. Here, only the ferrous ion (Fe2þ)
participates in the Faradaic reaction and all other ions

(Ca2þ, F�, and O2–) are inert. We found that the

maximum tolerable amount of current density at fixed

voltage increases with the rise in the FeO concentration

in the bulk, whereas the electric potential field remains

unchanged. In other words, the potential field is

governed by the distribution of non-reacting ions. The

aforementioned findings may well explain the depen-

dency of the melt rate on the electrode polarity for an

ESR process as run under a DC current. With the increase

of applied voltage, activation and surface overpotentials

as well as Ohmic potential drop rise. From the

relationship between the current density and concen-

tration overpotential, we can deduce that iron oxidation

at the anode and reduction of ferrous ion (Fe2þ) at the
cathode, Equations 8 and 9, are the governing redox

reactions at low current density below approximately

2 kAm�2.[10] However, the previously proposed altering

Faradaic reactions such as formation of ferric iron (Fe3þ)
or a calcium discharge may not be a convincing

explanation for the behavior of the CaF2–FeO system

at elevated current densities (>5 kAm�2). Although the

model was tested against the available experi-

ments,[21,22] we believe that further evaluation efforts

are still required to make the model applicable for

industry ESR process.
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