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Transient Simulation of Nitrogen Absorption
and Redistribution During Pressurized Electroslag
Remelting (PESR)

E. KARIMI-SIBAKI, M. ABDI, M. WU, J. BOHACEK, and A. KHARICHA

A multiphysics numerical model was developed to simulate nitrogen alloying during a
laboratory-scale pressurized electroslag remelting (PESR) of high-nitrogen stainless steel. The
model couples magnetohydrodynamic (MHD) flow, heat transfer, solidification, and species
transport, including nitrogen absorption from Si3N4 additives fed onto the slag-free surface.
Two additive feeding strategies, namely continuous and interrupted, were examined to evaluate
their influence on nitrogen distribution during ingot growth. The results indicate that nitrogen
transport is governed by the interaction between interfacial nitrogen transfer rate and
convective mixing within the slag and melt pool. Lorentz-force-driven recirculation enhances
nitrogen dissolution and lateral transport in the slag, while buoyancy-driven convection in the
molten metal controls redistribution prior to solidification. Continuous feeding increases overall
nitrogen uptake by sustaining a concentration gradient at the slag–metal interface, whereas
interrupted feeding promotes partial homogenization but limits final nitrogen absorption. In
both cases, incomplete mixing before solidification leads to spatial variations in nitrogen
concentration. Results are validated against an experiment.
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I. INTRODUCTION

HIGH-NITROGEN stainless steels represent an
important class of materials due to their excellent
strength and corrosion resistance. Electroslag remelting
(ESR), as a secondary metallurgical refining process,
enables the controlled remelting of a consumable
electrode immersed in an electrically heated molten slag
to produce an ingot and also provides a route for
introducing nitrogen into the steel ingot.[1] Pressurized
electroslag remelting (PESR) is an advanced variant of
ESR operated under elevated gas pressure, enabling
improved control of melt pool conditions and enhanced

nitrogen dissolution in steel. Recent studies have further
demonstrated its benefits in improving steel quality
through better control of inclusion evolution, chemical
homogeneity, and solidification structure. It has been
reported that PESR refines the microstructure by
reducing primary and secondary dendrite arm spacing,
thereby improving segregation behavior during solidifi-
cation.[2] In addition, slag modifications such as Ce-con-
taining[3] and Na2O-bearing[4] systems enhance inclusion
modification, desulfurization efficiency, and reduce
inclusion size and number,[5] leading to improved
corrosion resistance and steel cleanliness[6] produced
by PESR.
However, the efficient introduction and retention of

nitrogen remain challenging due to its limited solubility
at atmospheric pressure and the associated risk of
blowhole formation as an internal defect during solid-
ification.[7] A blowhole is a cavity formed during metal
solidification when evolved gas (e.g., nitrogen) fails to
escape from the melt and becomes trapped within the
solidifying metal. During ESR, nitrogen contents
exceeding the solubility limit, together with the rejection
of dissolved gas at the solid–liquid interface, can lead to
the formation of gas porosity. If the gas cannot diffuse
out of the mushy zone prior to final solidification, gas
becomes entrapped as blowholes (gas pores).[7] In
high-nitrogen steels, the relatively low nitrogen solubil-
ity in the solid phases intensifies this phenomenon by
promoting gas bubble nucleation and retention.[7]
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Nitrogen solubility depends on the solidification
phase of the alloy, temperature, alloy composition,
and pressure, with the solidification phase playing a
particularly significant role. Around the liquidus tem-
perature, solubility differs significantly depending on
whether the alloy solidifies as ferrite or austenite.[8]

Nitrogen exhibits low solubility in ferrite but is highly
soluble in austenite.[7,8] Nitrogen solubility increases
with increasing temperature in the liquid steel. However,
below the liquidus temperature, nitrogen solubility
decreases with increasing temperature in austenite,
whereas in ferrite, the very low solubility further
decreases with decreasing temperature.[7] Nitrogen sol-
ubility in steel alloys is also strongly influenced by alloy
composition. Alloying elements such as chromium (Cr)
and manganese (Mn) tend to increase nitrogen uptake,
while nickel (Ni) and silicon (Si) limit nitrogen
solubility.[8–10]

Generally, the saturation solubility of nitrogen in
liquid iron and steel alloys follows Sieverts’ law,

�
ffiffiffiffiffiffiffiffi

PN2

p

, which states that solubility increases with
pressure.[10] In high-nitrogen steels, the low solubility of
nitrogen in solid phases, particularly ferrite, promotes
gas bubble nucleation and entrapment during solidifi-
cation. Increasing the nitrogen partial pressure during
remelting raises nitrogen solubility in the melt, sup-
presses gas bubble formation/nucleation, and thereby
reduces gas porosity and blowholes. This is the primary
reason pressurized ESR (PESR) is employed for
high-nitrogen steels. Laboratory studies have applied
nitrogen pressures in the range of ca. 1 to 12 bar to
investigate solidification behavior, while industrial
PESR operations typically use pressures up to ca.
40 bar to achieve high-nitrogen contents and produce
defect-free ingots.[9,11]

Beyond a certain point, further increases in furnace
pressure provide diminishing returns due to thermody-
namic saturation of nitrogen in the melt, kinetic
limitations on gas diffusion, and the potential formation
of nitrides. Consequently, industrial PESR pressures are
carefully optimized rather than maximized, as very high
pressures impose additional equipment stress, elevate
costs, and increase safety risks without proportional
metallurgical benefit. This limitation necessitates alter-
native strategies to achieve high-nitrogen content in the
PESR steels.

Yamamoto et al.[11] conducted an experiment in
which nitrogen gas was blown into the slag through a
central hole in the electrode. They reported that nitrogen
could be effectively absorbed at the tip of the remelting
electrode, enabling direct contact between the nitrogen
gas and the molten steel. An effective way to further
increase nitrogen content during remelting is to intro-
duce nitrogen-bearing additives into the melt.[8] In the
PESR process, common nitrogen-carrier compounds
include silicon nitride (Si3N4), ferrochrome nitride
(FeCrN), chromium nitride (CrN), and manganese
nitride (MnN), which act both as nitrogen sources and
alloying additions in the steel. Indeed, continuous
feeding of granulated high-nitrogen additives into the

slag is considered the most cost-effective method for
nitrogen alloying, with silicon nitride (Si3N4) often
preferred due to its high-nitrogen content.[12]

CaF2-based slags used in the PESR process exhibit
negligible solubility and permeability for molecular
nitrogen.[8] Consequently, nitrogen transfer from the
gas phase to the molten metal does not occur directly
through the slag. Instead, nitrogen uptake requires
gas-ion exchange reactions at the slag–gas interface,
involving available O2� ions in the slag to form N3�

species. These nitrogen ions can subsequently partici-
pate in interfacial reactions with the molten metal, in
which nitrogen is incorporated into the steel via reac-
tions with dissolved oxygen.[13,14]

On the other hand, Si3N4 can participate in a series of
interfacial reactions with dissolved Fe and Ni at the
slag–metal interface, leading to the formation of silicide
phases such as Fe3Si, Fe5Si3, Ni3Si, and Ni5Si2, accom-
panied by the release of nitrogen, as pointed out by
Shimoo et al.[15] The overall reaction suggests that Si3N4

dissolves to form a silicon-containing solid solution,
while nitrogen is released and subsequently incorporated
into the molten metal, which can be represented by the
following net reaction[15]:

Si3N4 sð Þ ! 3Siþ 2N2 gð Þ: ½1�
The practical approach in the PESR process involves

controlled feeding of Si3N4 additives onto the slag-free
surface, as schematically shown in Figure 1. Nitrogen
released from these additives is transferred through the
slag into the molten metal, enabling uniform dissolution
without residual Si3N4 particles in the final ingot.[8] The
additive feed rate plays a crucial role in achieving a
homogeneous nitrogen distribution in the solidified
ingot. Patel et al.[9] conducted a series of experiments
using a laboratory-scale PESR furnace to investigate the
effects of furnace pressure and additives on nitrogen
solubility in a Fe–Cr–Mn alloy. They reported that
increasing nitrogen pickup through additives requires
continuous feeding and uniform distribution within the
slag. Li et al.[16] studied the influence of nitrogen on the
solidification structure and segregation behavior of
7Cr13 steel produced by atmospheric ESR. Their results
showed that increasing nitrogen content reduces the
mushy zone width, increases the metal pool depth, and
raises the equilibrium distribution coefficients, thereby
suppressing segregation of N, C, and V elements during
solidification. Yu et al.[14] investigated the transfer of
nitrogen from the gas phase to molten steel in PESR
without nitrogen-bearing additives using combined
experimental and numerical approaches, showing that
higher nitrogen partial pressure and reduced electrode
immersion depth lead to increased nitrogen content in
the final ingot.
The ESR process, including its pressurized variant

(PESR), involves complex, strongly coupled phenom-
ena, including electrode melting,[17,18] ingot solidifica-
tion,[19–22] and species transport,[23–28] which have
motivated previous modeling efforts. However, to the
best of our knowledge, no numerical model has yet been
reported that explicitly simulates nitrogen alloying
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through additive feeding in PESR; therefore, in this
study, a transient numerical model is developed to
simulate nitrogen alloying during ingot growth in the
PESR. The model couples fluid flow, heat transfer, and
electromagnetic field effects based on the principles of
magnetohydrodynamics (MHD), together with solidifi-
cation and species transport phenomena. The nitrogen
concentration field is resolved simultaneously with the
evolving thermal and velocity fields (see Figure 1). The
model accounts for nitrogen transfer in the slag and
across the slag–metal interface, its distribution within
the melt pool, and subsequent incorporation into the
growing ingot.

II. MODELING

The following assumptions are made in the present
model:

(i) Since the magnetic field is predominantly azimuthal,
a two-dimensional axisymmetric model is adop-
ted.[29] The computational domain focuses only on

the slag and ingot regions, while the mold and elec-
trode are excluded from the domain.

(ii) The slag-free surface and the slag–ingot interface are
assumed to remain flat and non-deforming
throughout the entire simulation. This approach is
extensively used in ESR/PESR modeling studies
where interface deformation is considered of sec-
ondary order compared to bulk convective trans-
port.[1]

(iii) The slag and ingot are assumed to be electrically
insulated from the mold.

(iv) The initial computational domain consists only of
the molten slag and a layer of the ingot. Thus, the
initial ramp-up stage, during which the current in-
creases to its steady value, is neglected. The initial
nitrogen content in the slag is assumed to be zero,
while the initial nitrogen content in the ingot is ta-
ken equal to that of the electrode (0.82 wt pct N).

(v) Nitrogen macrosegregation arising from solute
rejection during solidification is neglected. The
model presented in this study accounts for convec-
tive redistribution of solute in the melt prior to
complete solidification. The authors have previously
developed models for macrosegregation induced by

Fig. 1—Evolution of the 2D axisymmetric computational domain representing the PESR process, from the initial stage (t0) to the final ingot
height (t1). The grid shows the mesh used in the slag and ingot regions, where the mesh resolution is shown exaggeratedly coarse for illustrative
purposes.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 57B, OCTOBER 2026—6235



solidification shrinkage and solute redistribu-
tion.[30–32] A rigorous treatment of such effects re-
quires a fully coupled multiphase solidification
framework, such as an Eulerian two-phase model,
which is beyond the scope of the present study. Also,
nitrogen loss during solidification is neglected.

(vi) Direct nitrogen gas addition to the melting electrode
during PESR is not considered. Nitrogen is introduced
only through Si3N4 additives fed onto the slag-free
surface (see Figure 1) according to a prescribed feed
rate. The detailed dissolution kinetics of the additives
are not modeled; however, nitrogen transport within
the slag phase is fully taken into account.

(vii) Si3N4 may thermally decompose at high tempera-
ture, releasing nitrogen gas, while the resulting
silicon can subsequently oxidize and react with
CaO to form calcium silicates.[33,34] Therefore, not
all fed Si3N4 necessarily contributes to nitrogen
dissolution in the metal. Although such reactions

may reduce the available nitrogen, the present
model assumes that nitrogen loss is ignored, and
nitrogen transfer to the metal is governed solely by
thermodynamic equilibrium and mass transfer at
the slag–metal interface.

(viii) The effect of Si3N4 addition on slag physical
properties (e.g., density, viscosity, electrical con-
ductivity, etc.) is neglected in the present model.
This assumption is adopted to reduce model
complexity and due to the limited availability of
reliable temperature- and composition-dependent
property data for Si3N4-containing ESR slags.
Nevertheless, previous studies have shown that
Si3N4 dissolution may increase slag polymeriza-
tion and viscosity, reduce ionic mobility and
electrical conductivity, and induce slag boiling and
electric current fluctuations due to nitrogen gas
formation.[35,36] These effects may influence Lor-
entz force, Joule heating, and flow behavior, and

Table I. Governing Equations of Electromagnetic, Thermal, Solidification, Flow Fields, and Species Transport
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therefore represent an important direction for fu-
ture investigations.

The governing equations and corresponding bound-
ary conditions for mass and momentum transfer, heat
transfer, and the electromagnetic field in the entire
system have been described in detail elsewhere.[18,21,22,37]

They are summarized here to make the present paper
self-contained. The symbols used for modeling are listed
in ‘‘Nomenclature.’’ The governing equations in cylin-
drical coordinates, Eqs. [1] through [17], describing the
electromagnetic, thermal-solidification, flow fields, and
species transport, are summarized in Table I.

A single-electrode configuration is considered, in
which the alternating current flows from the electrode
through the slag and ingot toward the baseplate.
Assuming an axisymmetric system without an external
magnetic field, the magnetic flux density has only an
azimuthal component, Bh (Eq. [1]). For a sinusoidal AC
field, the magnetic field is expressed in phasor form as

Bh ¼ eBhe
ixt, where eBh is a function of position ðr; zÞ and

x being the angular frequency. Substituting this expres-
sion into Eq. [1] yields the governing equation given in
Eq. [2]. After calculating the real and imaginary
components of the magnetic field, the electric current
density throughout the system was determined using
Ampère’s law, Eq. [3]. Subsequently, the corresponding
Lorentz force and Joule heating were evaluated using
Eqs. [4] and [5], respectively.[1]

To determine the temperature distribution within the
slag and ingot, the enthalpy conservation equation,
Eq. [6], was solved considering the source terms asso-
ciated with solidification latent heat and Joule heating
given in Eq. [7]. Also, Eq. [8] was used to relate the
liquid volume fraction to the thermal field.[1,23]

To describe the flow field, continuity and momentum
equations were employed. Mass conservation was
ensured by solving the continuity equation, Eq. [9],
together with the momentum equations, Eqs. [10] and
[11], for the axial and radial velocity components (uz; ur).
The effective viscosity (leff) includes turbulence that is
evaluated using the Scale-Adaptive Simulation (SAS)
model.[21,22] The source terms, Suz and Sur (Eqs. [12]
through [14]), represent the body forces acting in the
axial and radial directions, respectively. These terms

include the effects of interdendritic flow resistance in the
mushy zone,[1,22,37] Lorentz force, thermal buoyancy,
and solutal buoyancy.
The transport of nitrogen is governed by the transient

convection–diffusion equation, Eq. [15]. Alternatively,
expressing the transport equation in terms of the
nitrogen mass fraction Y, where C ¼ qY, the Eq. [16]
can be reformulated accordingly.

Considering L ¼ ðYÞ
½Y� as the equilibrium partition

coefficient of nitrogen between slag, ðYÞ, and metal,
½Y�, the sink term of nitrogen in the slag phase is defined
in the vicinity of the slag–metal interface as follows:

Si ¼ � qsDsAi

DxiVi

Y� L Y½ �f g; ½18�

where qs is slag density, Ds is the diffusion coefficient
of nitrogen in the slag, and Ai, Vi, and Dxi denote the
interfacial area, cell volume, and cell size of the com-
putational cell adjacent to the slag–metal interface,
respectively. For industrial-scale processes with charac-
teristic dimensions on the order of meters, the direct
application of this equation is impractical, as resolving
the microscopic interfacial gradients would require
prohibitively fine spatial resolution. Therefore, an
alternative formulation based on an effective mass
transfer coefficient, kLeff, is employed as described in
Eq. [17]. The derivation and the necessity of employing
the alternative formulation given by Eq. [17] are dis-
cussed in detail in Section II–A. It should be noted
that after calculating the nitrogen sink term in the slag
using Eq. [17], an equal magnitude with opposite sign
(i.e., a source term) is simultaneously imposed in the
adjacent metal cell to ensure mass conservation across
the interface.
Droplet transport is incorporated in the model

through volumetric source terms for mass, momentum,
energy, and nitrogen concentration.[21] The droplets
generated from electrode melting are assumed to enter
the melt pool beneath the electrode region. The volu-
metric mass source (M) of droplets is defined as ( _m=V;)
where _m is the electrode melt rate and V denotes the
control volume in the ingot region under the electrode
shadow area. The associated momentum source term
(Mudroplet) is dependent on the droplet terminal velocity

Table II. Boundary Conditions of Electromagnetic, Thermal, Solidification, Flow, and Species Fields

# Electromagnetic Thermal and Solidification Flow Species Transport

0 axis axis axis axis

1 @Bh
@z ¼ 0 T ¼ Tl ur ¼ uz ¼ 0 Y ¼ Y0

2 Bh ¼ I0l0
2pr k @T

@z ¼ H T� T1ð Þ þ erðT4 � T1
4Þ @ur

@r ¼ uz ¼ 0 feed rate (see Fig. 4)

3 Bh ¼ I0l0
2pr k @T

@r ¼ H T� T1ð Þ ur ¼ uz ¼ 0 @Y
@r ¼ 0

4 Bh ¼ I0l0
2pr k @T

@r ¼ H T� T1ð Þ ur ¼ uz ¼ 0 @Y
@r ¼ 0

5 Bh ¼ I0l0
2pr k @T

@r ¼ erðT4 � T1
4Þ ur ¼ uz ¼ 0 @Y

@r ¼ 0

6 @Bh
@z ¼ 0 k @T

@z ¼ H T� T1ð Þ ur ¼ uz ¼ 0 @Y
@z ¼ 0

7 coupled coupled coupled calculated Eq. [17]
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(udroplet � 0:3ms�1) entering the melt pool. The energy

source term (MCpTdroplet) is calculated based on the
droplet temperature (Tdroplet), taken as the average
temperature at the slag–pool interface under the elec-
trode shadow area, and the average heat capacity of the

droplets (Cp � 800JK�1kg�1). Similarly, the nitrogen
concentration source term associated with droplets is
defined as (MYdroplet), where Ydroplet ¼ 0:0082 corre-
sponds to the nitrogen mass fraction in the melting
electrode. In addition, a separate nitrogen source term is
imposed along the slag–metal interface due to nitrogen
transfer from Si3N4 additives calculated according to
Eq. [17] in Table I.

All boundary conditions are summarized in Table II.
The boundaries are identified by their corresponding
numbers, as illustrated in Figure 1, instead of being
referred to by name.

Of note, the computational domain is divided into
two separate domains, namely slag and metal (ingot),
with the slag–metal interface treated as a conjugate wall,
to ensure coupled transport between the slag and metal
domains. For heat transfer, temperature and heat flux
are solved in a coupled manner to ensure conjugate heat
transfer between the two domains. Similarly, the mag-
netic induction equation, Eq. [2] in Table I, is solved in a
coupled manner to ensure continuity of the magnetic
field and current density across the conjugate wall. For
the flow field, the normal velocity is set to zero on both
sides of the interface, while the tangential (radial)
velocity is continuous across the wall, ensuring shear--
driven coupling between slag and metal motion. Species
transport is modeled using Eq. [17] in Table I. It should
be noted that the nitrogen sink term calculated in the
slag is applied with equal magnitude and opposite sign
as a source term in the adjacent metal cell to ensure
species conservation across the interface.

The dynamic mesh approach was employed, consid-
ering the physical behavior of the system. The entire slag
domain moves upward with a mesh velocity defined as
umesh ¼ _m

q�p�Ri
2 , since material is continuously added to

grow the ingot according to the melt rate of the
electrode. To model transient ingot growth during
remelting, the layering dynamic mesh method was
applied in the ingot region.[38,39] The ingot bottom
remained stationary, while the axis of symmetry, air
gap, ingot–mold interface, and slag–ingot interface
moved upward with the same mesh velocity
(umesh ¼ _m

q�p�Ri
2). A new structured mesh layer was added

when the height of the top layer satisfied
hmesh � ð1þ acÞhideal, where ac is 0:4. This ensures the
preservation of high-quality quadrilateral mesh elements
throughout the simulation.

A. Model Verification

The ability of the developed numerical code to model
mass transfer across the slag–metal interface, including
the implementation of an equilibrium interfacial parti-
tion coefficient, is verified in this section. Since the

present PESR model relies on this infrastructure to
simulate nitrogen transfer from slag additives into the
molten steel, a dedicated benchmark test is essential.
For verification, the analytical solution reported by

Graveleau[40] is considered. A one-dimensional diffusion
problem is defined for two phases sharing an interface at
x = 0. The right-hand side of interface (x > 0) is
denoted using superscript (+), and the left-hand side (x
< 0) is denoted using superscript (�). The initial
concentrations,Cþ

0 ¼ 1 kg m�3, C�
0 ¼ 0, at the initial

time (t = 0) are given. The diffusion coefficients are

taken as equal, Dþ ¼ D
� ¼ 10�4 m2 s�1, in both phases.

The interfacial equilibrium value is L = 2 imposed

through the partition coefficient: L ¼ C�
int

Cþ
int

. The governing

equation in each phase is the one-dimensional transient
diffusion equation, obtained by simplifying Eq. [15] by
neglecting convective transport,

@C

@t
¼ D

@2C

@x2
: ½19�

By introducing the parameter g ¼ x
ffiffiffiffi

Dt
p , the solution is

as follows[40]:

C ¼ b0erf
gþ

2

� �

þ b1; x>0;

c0erf
g�

2

	 


þ c1; x<0:

(

½20�

The constants are given by
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LCþ

0
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0
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p ;b1 ¼
ffiffiffiffi

D�
Dþ

p
Cþ

0
þC�

0

Lþ
ffiffiffiffi

D�
Dþ

p ;c0 ¼
ffiffiffiffiffi
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p ; and

c1 ¼ L

ffiffiffiffi

D�
Dþ

p
Cþ

0
þC�

0

Lþ
ffiffiffiffi

D�
Dþ

p :

To assess numerical accuracy and the influence of
spatial resolution, our code to solve Eqs. [18] and [19]
computed the solution at two different mesh sizes. A
coarse mesh with a grid spacing of 40 lm was used, as
shown in Figure 2(a), and a fine mesh with a grid
spacing of 10 lm, as shown in Figure 2(b). The
numerical model accurately captures the concentration
discontinuity at the interface. The comparison between
analytical and numerical solutions shows that mesh
refinement is crucial for accurately resolving the inter-
facial concentration gradient when a partition coefficient
is imposed. The fine mesh provides notably better
agreement with the analytical solution provided by
Graveleau,[40] confirming both the correctness of the
implementation and the importance of sufficient spatial
resolution.
To elucidate the nitrogen transfer mechanism at the

slag–metal interface, a simplified one-dimensional diffu-
sion model is formulated. In this configuration, a
one-dimensional case is considered in which nitrogen is
transported from the slag region (x>0, denoted by the
superscript +) to the metal region (x< 0, denoted by
the superscript �). The initial nitrogen weight fraction is
fixed on both sides as Yþ

0 ¼ Y�
0 ¼ 0:009. The corre-

sponding initial concentrations are defined as Cþ
0 ¼

qþYþ
0 and C�

0 ¼ q�Y�
0 , where qþ ¼ 2800 kg m�3 and

q� ¼ 7100 kg m�3. The partition coefficient is set to

L=0.01, and diffusion coefficients are Dþ ¼ 7� 10�10
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m2 s�1 and D� ¼ 7� 10�9 m2 s�1. Figure 3 illustrates
the results obtained with a fine cell size of 0.625 lm, as a
much finer mesh is required when diffusion coefficients
are small and steep concentration gradients develop to
obtain accurate results.

As shown in Figure 3, a very fine mesh is required to
capture the interfacial discontinuity through direct
numerical simulation. However, for industrial-scale
processes with characteristic dimensions on the order
of meters, resolving the microscopic interfacial gradients
using such resolution becomes computationally pro-
hibitive. Therefore, the interfacial mass transfer,
employed in Eq. [17], is modeled using an overall
effective mass transfer coefficient based on a resis-
tance-in-series formulation, which accounts for trans-
port limitations in both the slag and metal phases[14,41]:

kLeff ¼
kmksqs

ksLqs þ kmqm
: ½21�

This expression reflects the combined contribution of
mass transfer resistances on both sides of the interface,
coupled through the equilibrium partition coefficient
(L). The individual mass transfer coefficients in the
metal (km) and slag (ks) are estimated using Kol-
mogorov’s theory of isotropic turbulence[41]:

km ¼ D0:5
m

e
m

� �0:25

; ks ¼ D0:5
s

e
m

� �0:25

; ½22�

where Dm and Ds are the diffusion coefficients of nitro-
gen in the metal and slag, respectively. Also, e is the
turbulent dissipation rate, and m is the kinematic
viscosity.
Nitrogen transfer across the slag–metal interface is

modeled using an equilibrium partition coefficient
together with an overall effective mass transfer coeffi-
cient. This formulation assumes local thermodynamic
equilibrium at the interface and represents a diffu-
sion-controlled mechanism. The partition coefficient
ensures interfacial equilibrium, while the mass transfer
coefficient accounts for diffusion resistances in the slag
and metal boundary layers. This approach is commonly
used in high-temperature metallurgical process model-
ing, where interfacial reactions are generally fast com-
pared to mass transport.[14,25,41]

B. Thermodynamic Parameters for Nitrogen Transfer

To evaluate the effective mass transfer coefficient
through Eq. [21], the equilibrium partition coefficient
(L) must first be determined. A rigorous evaluation of
this parameter requires detailed thermodynamic calcu-
lations involving interaction parameters and the corre-
sponding activity coefficient of nitrogen in the

Fig. 2—Comparison between the analytical solution from Ref. [40] and the present numerical solutions at different times: (a) coarse mesh, and
(b) fine mesh. The interface is located at x = 0 in all cases.

Fig. 3—Numerical solutions of nitrogen concentration (wt pct)
profiles in the slag and metal at different times. The slag–metal
interface is located at x = 0.

METALLURGICAL AND MATERIALS TRANSACTIONS B VOLUME 57B, OCTOBER 2026—6239



multicomponent alloy system. Since such calculations
are beyond the scope and objective of the present study,
literature correlations are used to estimate the nitrogen
activity coefficient and the corresponding partition
coefficient. The stainless-steel alloy BioDur 108 is
considered, with the following main composition ranges:
Cr (19 to 23 wt pct), Mn (21 to 24 wt pct), Ni (� 0.1 wt
pct), Mo (� 1 wt pct), C (� 0.08 wt pct), and Si (� 0.075
wt pct). Herein, the empirical relation proposed by
Fruehan,[42] and subsequently applied by Yu et al.[14] to
study nitrogen transfer in PESR, is adopted to estimate
the nitrogen activity coefficient (fN) in Fe–Cr–Ni–C
alloys:

logfN ¼ �0:047 pct Cr½ � þ 0:0004 pct Cr½ �2 þ 0:13 pct C½ �
þ 0:0009 pctNi½ �:

½23�
Based on Eq. [23] and the nominal alloy composition,

the nitrogen activity coefficient is estimated as fN � 0:16.

Considering L ¼ ðYÞ
½Y� as the equilibrium partition coeffi-

cient of nitrogen between slag, ðYÞ, and alloy, ½Y�, Yu
et al.[14] proposed the following expression:

L ¼ 0:01fN
ffiffiffiffiffi

12
p

e�
ð3600þ23:9TÞ

RT

: ½24�

For the characteristic process temperature range of
1700 K to 2000 K, the partition coefficient is estimated
to be approximately L � 0.01, indicating that nitrogen is
significantly more soluble in the steel alloy than in the
slag phase.

C. Other Settings

The well-established Finite Volume Method (FVM) is
employed to numerically simulate the flow field, elec-
tromagnetic field, heat transfer, solidification, and
nitrogen transport during the PESR process. The
commercial CFD software ANSYS FLUENT v17.1 is
used to perform the simulations. User-defined functions
(UDFs) are implemented to incorporate additional
physical models not available in the standard solver,
including the electromagnetic field formulation and
nitrogen transfer at the slag–metal interface.

Over the past decade, the authors have developed and
experimentally validated several numerical models for
the conventional ESR process.[18,21,22,37] These validated
model features serve as the foundation for the present
study. From a modeling perspective, the primary dis-
tinction between conventional ESR and pressurized
ESR (PESR) lies in the introduction of nitrogen-bearing
additives and the subsequent transport of nitrogen
within the slag and ingot alloy, leading to nitrogen
incorporation into the growing ingot, as illustrated in
Figure 1.

Patel et al.[9] performed a series of experiments using a
laboratory-scale PESR furnace operating at 4 bar to
investigate the effects of furnace pressure and additive
feeding on nitrogen solubility in a Fe–Cr–Mn alloy. In
the present study, the numerical model is configured

based on their experimental conditions for the stain-
less-steel alloy BioDur 108. Their results demonstrated
that the additive feeding rate significantly influences the
nitrogen distribution in the final ingot. Accordingly, two
simulation cases are performed, namely continuous
feeding and interrupted feeding, representing 30 minutes
of physical time during ingot growth. In both cases, the
additive feeding rate is increased linearly to the target
value of 13 g min�1 over the first 5 minutes. In the
interrupted feeding case, the target feed rate is main-
tained for the subsequent 10 minutes, followed by a
15-minute period with zero feed rate. In contrast, in the
continuous feeding case, the target feed rate is main-
tained for 20 minutes, followed by a 5-minute period
with zero feed rate, as shown in Figure 4. This approach
allows systematic evaluation of the effect of the additive
feeding strategy on nitrogen incorporation and distri-
bution in the ingot.
The corresponding material properties and operating

parameters are summarized in Table III.

III. RESULTS AND DISCUSSION

Figure 5 presents snapshots at different times during
ingot growth. In all subfigures, isolines of liquid fraction
(0.98 and 0.07) are superimposed on the contours to
indicate the melt pool boundaries. Figure 5(a) shows the
electric current lines (left half) and magnetic field
intensity (right half). The current flows from the
electrode to the baseplate (ingot bottom) through the
slag and ingot. Due to the high current density near the
electrode edge, the maximum magnetic field intensity is
observed in this region. Figure 5(b) illustrates the
velocity field (left half), including a zoomed region in
the slag and melt pool. In the slag layer, the flow is
primarily driven by the Lorentz force, leading to a
converging flow beneath the electrode. Near the mold
wall, however, strong buoyancy forces generate a

Fig. 4—Temporal evolution of additive feeding rate used in PESR
simulations for continuous and interrupted feeding strategies.
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downward jet in the slag. In the melt pool, the velocity
field is mainly governed by buoyancy. The temperature
field (right half) indicates a hot region within the slag. As
ingot growth proceeds, the thermal field evolves, which in
turn strongly influences the melt pool profile. Figure 5(c)
shows the liquid fraction (left half), representing solidifi-
cation. Initially, a shallow U-shaped melt pool profile is
observed due to strong cooling from the bottom baseplate.
As the ingot length increases to approximately three times
the ingot diameter, the developed V-shaped pool profile
stabilizes and reaches a quasi-steady state. At this stage,
the influence of bottom cooling weakens, and the melt
pool depth becomes predominantly governed by the
interplay between buoyancy and electro-vortex flow within
the molten metal. The right half of Figure 5(c) presents the
nitrogen concentration (wt pct). At the electrode–slag
interface, a fixed nitrogen concentration corresponding to
the electrode composition (0.82 wt pct) is prescribed, while
the initial slag is nitrogen-free. At the early stages of the
process, the resulting strong concentration gradient,
together with the developing electro-vortex flow in the
slag, leads to localized convective transport structures.
Initially, the nitrogen content of the ingot is assumed to be
equal to that of the electrode (0.82 wt pct). Nitrogen enters
the system from the slag-free surface through the dissolu-
tion of Si3N4 additives. The additive feeding rate plays a
crucial role in determining the nitrogen distribution.
Herein, the feeding rate is increased linearly to the target
value of 13 g min�1 over the first 5 minutes. Then, the
target rate is maintained for 10 minutes, followed by 15
minutes without feeding, namely the interrupted feeding
strategy, as shown in Figure 4. Three main mechanisms
contribute to nitrogen redistribution within the ingot:
buoyancy-driven flow in the slag near the mold wall, which
initially transports nitrogen released from Si3N4 toward

the mold region; buoyancy-driven convection in the melt
pool; and the evolution of the melt pool geometry during
ingot growth, which modifies flow patterns and solute
transport. While nitrogen is introduced at the slag-free
surface through the dissolution of Si3N4, its transport into
and within the molten metal is governed by the coupled
action of electromagnetic forces, buoyancy, and the
evolving melt pool geometry. The Lorentz force generated
by the imposed current produces a strong recirculating
flow in the slag beneath the electrode, enhancing the
dissolution and lateral transport of nitrogen-rich regions.
Simultaneously, buoyancy-driven flow near the mold wall
redistributes nitrogen toward the periphery before it enters
the melt pool. Once transferred into the molten metal,
nitrogen transport is primarily controlled by convection
within the melt pool, whose intensity and structure are
influenced by both temperature gradients and magneto-
hydrodynamic (MHD) effects. As the ingot grows and the
melt pool approaches a quasi-steady geometry, the flow
field becomes more stable, promoting more uniform solute
mixing. However, the temporal variation in feeding rate
introduces a non-steady nitrogen supply, which interacts
with the evolving flow structures. The transient redistri-
bution process is more clearly observed in the animation
‘‘ESR_Nitrogen_Alloying.mp4,’’ which highlights the cou-
pling between electromagnetic flow, melt pool evolution,
and species transport.
The transient evolution of nitrogen concentration

during ingot growth for interrupted and continuous
feeding strategies is compared in Figure 6. During the
initial stage of the process (up to approximately 12
minutes), both cases exhibit similar concentration dis-
tributions since the feeding conditions remain identical
(see Figure 4). Afterward, noticeable differences develop
due to the change in feeding strategy. In the interrupted

Table III. Parameters Used in the Calculations

Material Properties Slag Steel

Density (kg m�3) 2800 7100
Viscosity (Pa s) 0.01 0.0062
Specific Heat (J K�1 kg�1) 1163 800
Liquid Thermal Conductivity (W m�1 K�1) 4 30
Solid Thermal Conductivity (W m�1 K�1) 0.5 20
Volumetric Expansion Coefficient (K�1) 0.0001 0.000224
Liquidus Temperature (K) 1670 1673
Solidus Temperature (K) 1598 1525
Electrical Conductivity (S m�1) 450 8.8 9 105

Operation Parameters

Ingot Diameter (mm) 152
Electrode Diameter (mm) 112
Ingot Length (mm) 350
Slag Height (mm) 76
Melt Rate (kg min�1) 1.45
RMS Current (kA) 3
AC Frequency (Hz) 50
Power (kW) 90
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feeding case, termination of additive feeding reduces
nitrogen enrichment near the slag–metal interface, while
convective transport partially redistributes the previ-
ously enriched regions. In contrast, continuous feeding
maintains sustained nitrogen transfer, leading to pro-
gressively higher nitrogen concentration and stronger
concentration gradients in the ingot.

bFig. 5—Snapshots at different times during ingot growth: (a) electric
current lines (left half) and magnetic field intensity (right half), (b)
velocity field (left half), including a zoomed area and temperature
field (right half), and (c) liquid fraction indicating solidification (left
half) and nitrogen concentration (wt pct) (right half). Iso-lines of
liquid fraction (0.98 and 0.07) are superimposed on all contours.

Fig. 6—Comparison of transient nitrogen concentration distributions (wt pct) during ingot growth for interrupted feeding (left) and continuous
feeding (right) at different times: 1, 6, 12, 18, 24, and 30 min.

Fig. 7—(a) Simulated pool shapes using liquid fractions of 0.07 and 0.98 compared with experimental measurements from Ref. [43], and (b)
experimental measurements of nitrogen concentration (wt pct) compared with simulation results for both (c) interrupted and (d) continuous
additive feeding. The experimental results are reproduced from Ref. [9]. Copyright � 2009, The Minerals, Metals & Materials Society and ASM
International.
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Figure 7(a) shows the experimentally measured pool
profile compared with the simulated pool profile. The
calculated pool profile is illustrated using isolines of
liquid fractions of 0.07 and 0.98. A good agreement in
both shape and depth can be observed, indicating that a
V-shaped melt pool is developed. This agreement
confirms that the coupled electromagnetic, thermal,
and flow fields are captured with sufficient accuracy to
reproduce the macroscopic solidification behavior. Fig-
ure 7(b) illustrates the experimentally measured nitrogen
concentration in the ingot. Figure 7(c) presents the
simulated nitrogen concentration for the interrupted
feeding case, whereas Figure 7(d) shows the simulated
nitrogen concentration for the continuous feeding case.

Figure 8 provides a more detailed analysis of the
nitrogen distribution along the ingot height. Figure 8(a)
compares the simulated nitrogen concentration profiles
for interrupted and continuous feeding strategies at
three radial locations, namely the ingot center, mid-ra-
dius, and surface. The results indicate that continuous
feeding leads to higher nitrogen concentration through-
out the ingot height due to the sustained nitrogen supply
at the slag–metal interface. In both cases, the highest
nitrogen concentration is observed near the ingot

surface, whereas the center region exhibits lower nitro-
gen content. The interrupted feeding case shows an
increase in nitrogen concentration near the ingot sur-
face, followed by a decrease in concentration within the
melt pool toward the end of the process.
The nitrogen enrichment near the ingot surface is

governed by coupled slag and melt pool transport. The
initial enrichment can be attributed to buoyancy-driven
flow in the slag near the cold mold wall, induced by
temperature gradients and clearly visible in the velocity
field (see Figure 5), followed by transport into the
peripheral regions of the melt pool. The later decrease is
associated with the cessation of nitrogen supply and
continued convective mixing.
In contrast, in the continuous feeding case, as shown

in Figure 8(a), a persistent increase in nitrogen concen-
tration near the ingot surface is observed, as the
sustained nitrogen input maintains a concentration
gradient at the slag–metal interface for a longer period.
In both cases, however, the central melt pool region
remains relatively low in nitrogen concentration, indi-
cating that convective transport is insufficient to fully
homogenize the absorbed nitrogen before solidification
progresses. In the interrupted case, the cessation of

Fig. 8—(a) Simulated nitrogen concentration profiles along the ingot height for continuous and interrupted feeding strategies at the ingot center,
mid-radius, and surface, (b) comparison between simulated and experimentally measured nitrogen concentration profiles for the interrupted
feeding case at different radial positions, and (c) segregation index (SI) along the ingot height for the interrupted feeding case, including
comparison with experimental data.
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nitrogen input allows convective mixing to partially
homogenize previously enriched regions, potentially
reducing radial concentration gradients but also limiting
the final nitrogen uptake. In contrast, continuous
feeding enhances overall nitrogen absorption but may
increase spatial heterogeneity if mixing is not sufficiently
strong. The final nitrogen distribution, therefore, results
from the competition between interfacial nitrogen trans-
fer rate and convective transport within the melt pool,
both of which are strongly influenced by MHD-driven
flow intensity and the evolving solidification front.

Figure 8(b) further compares the interrupted feeding
case with experimental measurements at the ingot
center, mid-radius, and surface. The simulation captures
the overall trend of nitrogen distribution reasonably
well, including the peripheral enrichment near the ingot
surface and the lower concentration toward the ingot
center. The major discrepancy is observed at the center
and mid-radius regions, particularly at low ingot heights
during the initial stage of the process. Based on the
experimental measurements, the initial nitrogen concen-
tration at the bottom of the ingot is approximately 0.925
wt pct, whereas the nitrogen content in the electrode is
0.82 wt pct. This discrepancy cannot be directly
explained by the initial electrode composition and may
originate from experimental uncertainty, macrosegrega-
tion during solidification, or local enrichment caused by
convective transport during the early stages of remelt-
ing. Therefore, this deviation should be interpreted with
caution.

The segregation index (SI) is introduced to quantita-
tively evaluate the uniformity of nitrogen distribution

along the ingot height. It is defined as SI ¼ Y�Yref

Yref
, where

Yref ¼ 1wtpct is the target nitrogen concentration in the
ingot. Negative values of SI indicate negative segrega-
tion relative to the reference composition, while values
close to 0 correspond to a more homogeneous distribu-
tion. The evolution of SI along the ingot height, shown
in Figure 8(c), follows the same general trend as the
nitrogen concentration profiles. A more pronounced
negative segregation is observed near the bottom and
top regions of the ingot, whereas the mid-height region
exhibits SI values close to 0, indicating comparatively
improved compositional uniformity during growth.

Future work may focus on extending the present
framework toward a more fully coupled multiphysics
description of PESR. In particular, pressure effects
could be incorporated more explicitly through pres-
sure-dependent thermodynamic properties and interfa-
cial equilibrium relations, which may become
increasingly relevant at higher operating pressures. In
addition, relaxing the assumption of a flat and non-de-
forming slag–metal interface using interface-capturing
methods (e.g., VOF) would allow a more realistic
description of interfacial dynamics and droplet impact
phenomena. Further improvements could include mod-
eling Si3N4 dissolution kinetics in the slag and its impact
on variations in slag properties, as well as coupling with
macrosegregation models to predict final ingot compo-
sition more accurately.

IV. CONCLUSIONS

A comprehensive multiphysics numerical model was
developed to investigate nitrogen absorption and redis-
tribution during pressurized electroslag remelting
(PESR) of the stainless-steel grade BioDur 108. The
model couples electromagnetic field calculation, magne-
tohydrodynamic (MHD) flow, heat transfer, solidifica-
tion, and species transport, including nitrogen transfer
across the slag–metal interface. The nitrogen source in
the slag was modeled based on Si3N4 additive dissolu-
tion. Two feeding strategies, namely continuous and
interrupted, were examined under experimentally
reported operating conditions.
The simulated melt pool profile shows good agree-

ment with experimental observations, reproducing both
the depth and the characteristic V-shaped geometry. The
results demonstrate that nitrogen redistribution in the
ingot is governed by the interaction between interfacial
supply kinetics and convective transport within the slag
and melt pool. The Lorentz-force-driven recirculation
beneath the electrode enhances nitrogen dissolution and
lateral transport in the slag, while buoyancy-driven flow
near the mold wall contributes to peripheral enrichment.
Within the melt pool, nitrogen transport is primarily
controlled by buoyancy-driven convection, whose struc-
ture evolves with ingot growth and melt pool
stabilization.
The feeding strategy was found to significantly

influence the final nitrogen distribution. In the inter-
rupted feeding case, cessation of nitrogen input allows
partial homogenization through continued convective
mixing, reducing radial gradients but limiting overall
nitrogen uptake. In contrast, continuous feeding sus-
tains a concentration gradient at the slag–metal inter-
face for a longer duration, increasing total nitrogen
absorption but potentially promoting spatial hetero-
geneity. In both cases, the central melt pool region
remains relatively lower in nitrogen concentration,
indicating incomplete mixing prior to solidification.
Thus, nitrogen homogeneity in PESR is controlled by
interfacial transfer, flow pattern in the slag and melt
pool, and solidification dynamics, shaping the final
distribution.
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NOMENCLATURE

Ai Area of the computational cell adjacent to the
slag–metal interface (m2)

Amush Mushy zone constant (kgm�3 s�1)
Bh Magnetic flux density in the tangential

direction (T)
eBh Phasor amplitude (T)
C0 Initial nitrogen concentration (kgm�3)
C Nitrogen concentration (kgm�3)
Cp Heat capacity (J kg�1 K�1)
D The molecular diffusion coefficient (m2 s�1)
Ds The molecular diffusion coefficient of nitrogen

in slag (m2 s�1)
f l The volume fraction of liquid (�)
Fz;Fr Lorentz force in the axial and the radial

direction (Nm�3)
g Gravitational acceleration (ms�2)
H Heat transfer coefficient (Wm�2 K�1)
h Local enthalpy (Jkg�1)
hideal The height of the defined mesh size (m)
hmesh The height of the new layer of mesh (m)
href Reference enthalpy (J kg�1)
i; j Unit vectors in axial, and radial directions (�)
I0 Total imposed current (A)
Jz; Jr Electric current density in the axial and the

radial direction (Am�2)
keff Effective thermal conductivity (Wm�1 K�1)
kLeff Effective mass transfer coefficient (ms�1)
km Mass transfer coefficient in metal (ms�1)
ks Mass transfer coefficient in slag (ms�1)
I Electric current intensity (A)
L Equilibrium partition coefficient (�)
Lh Latent heat of solidification (J kg�1)
_m Melt rate (kg s�1)
M Droplet volumetric mass source (kgm�3 s�1)
p Pressure (Nm�2)
Re Radius of electrode (m)
Ri Radius of ingot (m)
Rm Radius of mold (m)
Sh Enthalpy source term (Jm�3 s�1)
Sm Mass source term (kgm�3 s�1)

Suz ; Sur Axial and radial velocity source term (Nm�3)
Sct The turbulent Schmidt number (�)
Si Species source term (kgm�3 s�1)
T Temperature (K)
T1 Surrounding temperature (K)
T l Liquidus temperature (K)
Tm Melting temperature (K)
Ts Solidus temperature (K)
umesh Velocity of dynamic mesh (ms�1)
uz; ur Axial and radial velocity (ms�1)
V i Interfacial volume of the computational cell

adjacent to the slag–metal interface (m3)
Y Mass fraction of nitrogen (wt pct)
Y0 Initial mass fraction of nitrogen (wt pct)
z; r Coordinate in the axial and the radial

direction of the ingot (m)
ac Split factor (�)
bT Thermal expansion (K�1)
bC Solutal expansion coefficient (m3 kg�1)
Dxi Size of the computational cell adjacent to the

slag–metal interface (m)
j Permeability (m2)
r Electric conductivity (X�1 m�1)
leff Effective viscosity (Pa s)
l0 The magnetic permeability (Jm�1 A�2)
q Density (kgm�3)
qs Slag density (kgm�3)
m Kinematic viscosity (m2 s�1)
e Turbulent dissipation rate (m2 s�3)
x Angular frequency (rad s�1)
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