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Abstract 
Electroslag remelting (ESR) and protective gas electroslag remelting (PESR) are standard 
processes for the production of high quality tool steels. A consortium consisting of a University 
department, software company, plant producer, a research department and a steel producer was 
founded with the objective to generate a numerical model of the PESR-process with respect to 
process optimization. The generated model is divided into two parts. A local model which 
describes the interaction of the metal with the slag and a general process model for calculating 
heat transfer, solidification and microstructure. The two models are coupled by transferring the 
temperature and momentum distributions. In detail the local model describes the metal-slag 
interfaces, e.g. electrode-slag, slag-droplet and slag-pool. In this way the formation of the 
droplets and their interaction during their path through the slag as well as the shape of the slag-
pool interface is realized by the volume of fluid (VOF)-technique by coupling thermal and 
magneto-hydrodynamic calculations. The modeling focuses on a hot working tool steel hence 
the validation of the models is done for this steel by measuring the temperature in the mould 
during the remelting process and by metallographic investigations of the ingots. The pool 
profile is constructed and secondary dendrite arm spacings are measured for calculating the 
local solidification time. These investigations are done in experimental and production PESR-
facilities.  
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INTRODUCTION 
Electroslag remelting (ESR) and protective gas electroslag remelting 

(PESR) are standard processes for the production of high quality tool steels 
with the following outstanding properties: Very low oxide and sulphide 
inclusion content, uniform mechanical properties in all directions, a low 
content of trace elements, a minimal degree of segregation and a high 
reproducibility through process automation.  

In order to generate a model of the current PESR-processes including also 
the description of the interaction of the electrode, droplets, slag and pool the 
RFCS-project ISA-PESR (acronym for Integrative Simulation of Advanced 
Protective Gas Electro Slag Remelting for the production of High Quality 
Steels) was started.  

PROJECT SET-UP  
The mentioned project is divided into 5 workpackages with an intensive 

interaction between them.  
• Development of a local model describing the interaction electrode-

droplets-slag-pool (MUL) 
• Development of a global PESR model (ESI) 
• PESR-experiments with instrumented mould for the validation of the 

models (CSM) 
• PESR remelting in industrial scale with instrumented mould also for 

validation (BEG) 
• Performance of temperature measurements during remeltings (ALD) 

 
The standard hot work tool steel X38CrMoV 5-1 (1.2343, H11) and the 

standard ESR-slag S2015 (31.5% CaF2, 33.5% CaO, 29.5% Al2O3, 3% MgO 
and 1.5% SiO2) were chosen for the model development, validation and 
parameter studies.  

In order to estimate the thermal boundary conditions temperature 
measurements with several thermo couples in the mould were carried out 
during remelting in the experimental PESR. 

THE LOCAL SLAG-METAL-INTERACTION MODEL (VOF) 
Existing numerical models of the ESR-process from literature only worked 

on special developed software [1-9]. In this project the existing solidification 
software calcosoft® is adapted to calculate the ESR-process. To improve the 
existing models the developments in this project are focused on the 
metallurgical active slag zone, e.g. the remelting of the electrode, the droplet 
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formation and the interaction of the sinking metal droplets in the slag (black 
box in figure 1). 

 
Figure 1 : Process description (1: electrode; 2: liquid slag; 3: pool; 4: 

ingot; 5: mould; 6: water jacket) 

These numerical simulations are realized with a multiphase volume of fluid 
(VOF)-technique taking into account conservation of mass, momentum, solute, 
enthalpy for metal an slag phase, Joule´s heating and Lorentz force [10]. This 
model describes the melting of the electrode, formation of the droplets, 
withdrawal of the droplets, their passing through the slag and their input in the 
pool (see figure 2). 

 
Figure 2 Calculation domain for the droplet formation [10] 
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The output of these simulations (distribution of metal and solute input at the 
slag-pool interface) is the input for the global model. 

THE GLOBAL MODEL (CALCOSOFT) 
In this project the commercial FE-software calcosoft® is adapted to the 

applications of the process. This software should calculate the overall 
remelting process (yellow box in figure 1).  
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Figure 3 Fluid flow situation for the PESR model (calcosoft 2D®) 

This model includes the current input, thermal and fluid flow in the slag and 
the pool due to buoyancy and Lorentz force, solid transport of the ingot due to 
the melt rate and the input of droplets (velocity, temperature) determined by 
the local VOF-model. The thermal boundary conditions of the model are 
compared with literature [11, 12] and are in good agreement. 

VALIDATION 
The experimental ESR at CSM works with a 5 Hz AC so the approximation 

of the process with the current DC model of calcosoft® [13, 14] is a good 
approximation [7, 8]. The development of the model with AC is in the state of 
validation.  

In the first stage of validation two remeltings were carried out at CSM for 
investigations on primary microstructure to get the pool profile and the local 
solidification time from SDAS [15].  

The input data for the simulation are listed in table 1. The material data of 
the steel H11 and the ESR-standard slag S2015 are derived from literature or 
measurements. The data are temperature dependant and therefore not listed.  
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Table 1 Process data of the experimental ESR 
 
 

 
 
 
 
 
 
 
In the steady state the pool profile should be stable. The profile itself can be 

reconstructed by the dendritic structure, because the preferred main direction of 
the dendrites is against the heat flow. Taking this into account the isotherms are 
perpendicular to primary dendrites. For the mentioned process parameters 
several pool profiles were reconstructed with a mean pool depth of 76mm.  

 
Figure 4 Pool profile of the test ingot (ingot diameter = 200 mm, melt 

rate = 2.4 kg/min, I = 5000 A, frequency = 5 Hz) 

For the characterisation of the microstructure of steels the secondary 
dendrite arm spacing λ2 is used [13]. The secondary dendrite arm spacing is a 
function of the local solidification time (LST) and is investigated for many 
kind of steels. The function always has the form: 
 

bLSTa ⋅=2λ       (1) 
 

Geometry  
Slag height (h) 125 mm 
Electrode diameter 130 mm 
Ingot Diameter 200 mm 

Operating condition  
Electric current  5.0 kA 
Electric current frequency 5 Hz 
Melt rate 2.4 kg /min 
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The factor a and the exponent b are calculated based on measurements with 
directional solidification or DTA [16].The local solidification time LST is 
defined as: 

 

•
−

=
T

TT
LST SL      (2) 

where, TL is the liquidus temperature, TS is the solidus temperature and 
•
T  

the cooling rate during solidification.  
In Fig. 5 the correlation between λ2 and LST is shown for H13, which is in 

analysis quite near to H11. The correlation is supposed to be the same for H11. 
Investigations to get the correlation for H11 are in progress. Linear correlation 
in a double logarithmic scale gives the form:  

 
Figure 5 Dependency of secondary dendrite arm spacing λ2 from the 

local solidification time LST for the steel X40CrMoV5-1 (1.2344, H13)  

In the steady state region of the ingot many secondary dendrite arm spacings 
were measured to have statistical satisfying values. The mean value of the 
Gaussian distribution was 96 ± 15 µm which is equal to a LST of approx. 200 – 
700s with a mean value of 350 s. 

For the validation LST of the simulation results is compared with 
metallographic investigations. The LST from the simulation is obtained in the 
following way: 
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with hTl as height of the liquidus isotherm [m], hTs as height of the solidus 
isotherm [m] and vingot as ingot growth velocity [m/s], which is equal to 
liquid/solid interface velocity at steady state [15].  

 

ρ⋅
=

A

mr
vingot       (4) 

 
with mr as melt rate [kg/s], A as cross section of ingot [m²] and ρ as density 

[kg/m³]. The calculation results are in the range of the experimental results. 

DISCUSSION 
This paper shows intermediate results. The first validation of the used model 

was carried out by simulating an experimental ESR-process operated with 
outstanding 5 Hz AC with the assumption the low frequency AC behaves 
nearly like DC. The validation is carried out with the DC-model. Although 
there are the mentioned assumptions the results are in good agreement with the 
experiments. The described validation are for ingots remelted in a experimental 
PESR facility. The AC-model for industrial scale PESR facilities is in the state 
of development and validation. 

CONCLUSION 
A new model for the simulation/optimization of the PESR process is 

introduced. The model also takes into account the melting of the electrode, 
droplet formation and the interaction of the droplets with the slag. 

In the present state the validation of the models are carried out on basis pool 
profile and LST of an H11-ingot remelted in a experimental PESR. 

OUTLOOK 
The next steps in the project are: validation of the AC-model on basis of 

industrial scale PESR-ingots with different melt rates, carrying out of an 
sensitivity analysis and optimization of the PESR process.  
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