
Rare Metal Materials and Engineering 

Volume 47, Issue 12, December 2018 

Online English edition of the Chinese language journal 

 

 

Cite this article as: Rare Metal Materials and Engineering, 2018, 47(12): 3579-3589. 

 

               

Received date: June 14, 2018 

Foundation item: National Natural Science Foundation of China (U1708253) 

Corresponding author: Wang Lei, Ph. D., Professor, Key Laboratory for Anisotropy and Texture of Materials (Ministry of Education), Northeastern University, 

Shenyang 110819, P. R. China, Tel: 0086-24-83681685, E-mail: wanglei@mail.neu.edu.cn 

Copyright © 2018, Northwest Institute for Nonferrous Metal Research. Published by Elsevier BV. All rights reserved. 

ARTICLE 

 

 

Numerical Simulation of the Influence of Electrode 

Shrinkage Cavity on ESR Process of IN718 Alloy 

Wang

 

Zixing

1,2

,    Li Qing

2

,    Wang Lei

1

 

 

1 

Key Laboratory for Anisotropy and Texture of Materials (Ministry of Education), Northeastern University, Shenyang 110819, China;  

2 

Research Institute, Baoshan Iron & Steel Co., Ltd, Shanghai 201900, China 

 

 

Abstract: Numerical simulation and analysis of the influence of electrode shrinkage cavity on electroslag remelting (ESR) process 

of IN718 alloy ingot with a diameter of 430 mm were carried out using the self-developed ESR process model. Electromagnetic 

fields of ESR system were simulated by a specially designed shrinkage cavity with different shapes and sizes in the electrode. The 

results show that the contacting area changes between the electrode and the slag owing to the cavity, which plays a predominant role 

in the distribution of the Joule heat and electromagnetic force in the slag, while the effect of axial dimension change of the shrinkage 

cavity is negligible. Constant melt rate ESR processes were simulated for different radius cavity situations. It is shown that, at a 

constant melt rate, the shrinkage cavity has no effect on the ESR process as its radius is less than 0.025 m, and only a small influence 

on the slag flow when the radius reaches 0.05 m. As the radius increases over 0.05 m, an increasingly evident influence on the slag 

zone appears via the weakened center downward flow and the increased temperature. Nevertheless, the cavity has no obvious 

influence on the ingot including the melt pool and mush zone. There is a nonlinear relation between the shrinkage cavity radius and 

the ESR melting parameters such as current and power, and the critical value of the radius is approximately 0.05 m. Below the 

critical value, faint or even no change in the parameters appears, while, above the value, the parameters of power and current 

increase rapidly in an approximately linear manner. From the standpoint of process control stability, the shrinkage cavity radius 

should be controlled below 0.05 m. 
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Electroslag remelting (ESR) is one of the most important 

remelting processes, which has been widely used to produce 

high quality special steels and superalloys. ESR process 

research has long been known as a trial-and-error approach, 

owing to the complex process mechanism including multiple 

physical phenomena and interactions, phase transformations, 

and simultaneous chemical reactions. Fortunately, there is an 

alternative approach of numerical simulation for ESR research. 

ESR modelling and simulation has been profoundly developed 

over the last 4 decades, covering many aspects of physical 

processes, including electromagnetic field, fluid flow, heat 

transfer, mass transmission, electrode melting and dropping, 

ingot solidification, slag/metal interface phenomenon, 

solidification structure parameters, ingot element distribution, 

etc  

[1-10]

. With a systematically formulated ESR model, the ESR 

process can be simulated to optimize process parameters such as 

melt rate, electric current frequency, electric conductivity of 

slag skin, and protecting gas flux 

[2-4,11-14]

. Extended model can 

be used for ingot quality predictions, such as dendrite arm 

spacing, macro-segregation, criterion parameters for freckle 

formation, and also for new technology predictions and 

evaluations such as current conducting mould, rotating 

electrode, hollow ingot with multi-electrodes, and ESR process 

casting with liquid metal 

[1,2,14-19]

. There is a trend of multi-scale 

combined simulation  

[20]

 that could realize the prediction and 

control of solidification structure of ingots.  

Other than the suitable slag composition and operating 

parameters, high quality of consumable electrode is also 
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critical to obtaining high quality ESR ingots. While, in 

practice, large or small and deep or shallow holes are 

frequently formed in the electrode under certain conditions, 

most likely due to the solidification shrinkage of the ESR 

electrode made by the up-pouring method in the VIM process. 

The existence of the shrinkage cavity causes fluctuations in 

the ESR process, resulting in deterioration of the ESR ingot 

qualities. In almost all present ESR simulations, a sound, 

defect-free electrode is assumed. In this work, the specific ESR 

process of IN718 alloy was selected for simulations considering 

the different shapes and sizes of electrode shrinkage cavities, a 

self-developed ESR process model 

[21]

 was used, and the 

calculated results of physics field distributions, ingot 

solidification parameters and melting parameters were 

discussed, so as to provide reference for the quality control of 

ingot solidification. 

1  Mathematical Model Description 

1.1  Electromagnetic field model 

To simulate the effect of the electrode shrinkage cavity, the 

magnetic vector potential A and scalar potential φ�equations 

[22]

 

were combined to solve the alternating electromagnetic field. 

Ignoring the induced current caused by fluid flow, the phase or 

representations of the equations are written as follows: 

( )

2

jµσ ω φ∇ = +∇

�

� �

A A

                          (1) 

2

0φ∇ =

�

                          (2) 

Here, 

µ

 is permeability (H/m), σ  is electric conductivity 

(S/m), 

ω

 is angular frequency (rad/s), and j is 

1−

. Fig.1 

shows the geometry domain and corresponding boundaries of 

the calculation. The calculation domain includes the electrode, 

slag bath, ingot (including melt pool), and the surrounding zone 

of air gas. The electrical insulation of the slag skin was assumed 

to be sufficient; thus, the slag skin and mould zone were not 

included. Assuming an axisymmetric shape of the shrinkage 

cavity, as well as the symmetry of the physical process, 2D 

axisymmetric coordinates were used. Only half of the area was 

required for calculation, and the symmetry axis was dealt with as 

a symmetrical boundary. The 

�

A �and φ

�

�each have their own 

calculation zone and corresponding boundary conditions. For 

�

A , the calculation zone is the entire region shown in Fig. 1, 

with the boundary condition of 0n∂ ∂ =

�

A . Here 

n

 

represents the normal direction displacement. The calculation of 

φ

�

�is confined to the conductive zones, also, for the medium 

interfaces, the condition of continuous electric current in the 

normal direction is appended. On the top surface of the 

electrode, φ

�

�is set as the input value 

0

φ

�

, and on the bottom 

surface of the ingot, φ

�

 is set to 0. Thus, closed and reasonable 

solution conditions are constituted. 

Based on the calculation results, the Lorentz force and Joule 

heat are calculated as follows: 

jωσ σ φ= − − ∇

�

�

�

J A  

= ∇×

�

�

B A  

= ×F J B   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1  Schematic of geometric domain and boundaries for the electro- 

magnetic field calculation 

 

/P σ= ⋅J J                                    (3) 

Here, F is the Lorentz force (N/m

3

), J is electric current 

density (A/m

2

), B is magnetic flux density (T), 

σ

 is electric 

conductivity (S/m), P is the Joule heat (W/m

3

). 

1.2  Fluid flow and heat transfer model 

The universal transportation governing equation

[23]

 is 

presented as follows: 

( )

( ) ( )

S

t

ρφ

ρ φ φ

∂

+∇ ⋅ = ∇ ⋅ Γ∇ +

∂

u                   (4) 

Here, φ  is calculation variable representing velocity, temperature, 

concentration, etc; ρ is density (kg/m

3

); t is time (s); u is 

velocity vector (m/s); Γ  is generalized diffusion coefficient 

(kg·(m·s)

-1

); S is source term of each variable equation, and the 

standard form can be seen in Ref. [23]. In addition, the 

momentum equation needs appended sources of the Lorentz 

force and, at the same time, the source of buoyancy should be 

included for the vertical velocity transportation equation, which 

is dealt with using the Boussinesq assumption  

[23]

. The energy 

equation should consider the source of Joule heat as well as the 

latent heat of solidification based on the change in volume 

fraction of solid phase. 

Fig.2 provides the geometric domain and corresponding 

boundaries for the calculation. Similarly, the 2D axisymmetric 

cylindrical coordinate was chosen. The moving reference was 

selected to satisfy the consideration of the continuous growth 

of the ingot and the upward movement of the slag bath. Based 

on the moving reference and the coordinate with further 

considerations of ESR process situation and characteristic 

process variations, all variable boundary conditions and 

appended source terms of energy equation were determined. In 

view of the turbulent characteristics of the fluid flow, the 

standard k-ε model 

[23]

, in association with method of the wall 

function

[23]

, was chosen for the calculation. Thus, corresponding 

z

r 
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to Eq. (4), φ  represents 5 variables of u, v, k, ε and T. Here, k 

is turbulent kinetic energy (m

2

/s

2

), ε is dissipation rate of k 

(m

2

/s

3

), T is temperature (°C). The related parameters for the 

geometry conditions and material properties used in this paper 

are listed in Table 1. 

2  Simulation Results and Discussion 

2.1  Model calculation verification 

A practical IN718 alloy ESR process was carried out, and 

the entire process was simulated. Fig.3 shows the calculated  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Schematic of geometric domain and boundaries for the fluid 

flow and heat transfer calculations 

 

Table 1  Parameters of geometric conditions and material properties 

Parameters Value 

Radius of electrode/m 0.17 

Slag bath height/m 0.123 

Immersed depth of electrode in slag pool/m 0.005 

Radius of ingot/m 0.215 

Radius of gas zone/m 1.175 

Electrical conductivity of alloy/S·m

-1

 7.1×10

5

 

Magnetic permeability of air/H·m

-1 

1.26×10

-6

 

Liquidus temperature of slag/°C 1250 

Liquidus temperature of ingot/°C 1350 

Solidus temperature of ingot/°C 1205 

Latent heat of fusion of electrode/J·kg

-1 

195000 

Specific heat capacity of ingot/J·(kg·K)

-1 

750 

Specific heat capacity of molten alloy/J·(kg·K)

-1

 750 

Density of molten alloy/kg·m

-3

 8000 

Density of ingot/kg·m

-3

 8200 

Density of molten slag/kg·m

-3

 2750 

Thermal conductivity of molten steel/W·(m·K)

-1 

30 

Thermal conductivity of ingot/W·(m·K)

-1

 17 

Thermal conductivity of molten slag/W·(m·K)

-1

 0.8 

Viscosity of molten slag/Pa·s

 

0.03 

Viscosity of molten alloy/Pa·s 0.007 

Thermal expansion coefficient of molten alloy/K

-1 

0.0002 

Thermal expansion coefficient of molten slag/K

-1

 0.0003 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Distribution of flow field, temperature and liquid volume 

fraction at a certain point during the process 

 

results of the flow field and temperature and liquid phase 

volume fraction distributions within the slag and ingot zones 

at a certain time close to the melting end point when the melt 

rate was controlled at 3 kg/min. It can be seen that the slag 

temperature is comparatively higher than the temperature of 

the melt. The high temperature zone in the slag is located near 

the bottom surface of the electrode, and the highest 

temperature zone in the slag lies in the vicinity of the bottom 

corner of the electrode. Overall, the temperature decreases 

gradually downward along the central axis. The isotherms in 

the slag pool are approximately horizontal and scattered while 

turning to vertical and concentrated near the mould wall. 

When entering the melt pool, the isotherm starts to lean and its 

angle to the horizontal gradually increases. The angle 

continuously becomes larger into the mushy zone and then 

reaches a maximum at the boundary between the mushy zone 

and the fully solidified ingot zone, where the isotherm of the 

solidus temperature lies. Beneath the solidus isotherm, the 

angle becomes smaller in the downward direction with an 

inverse tendency, and the isotherm becomes flat accordingly.  

The molten pool and the mushy zone areas can be defined 

and distinguished using the contoured line of the liquid 

volume fraction. The size and shape of the mushy zone are 

closely concerned with the process control, and are also the 

basis for extended calculation and model validation. Fig.4 

shows the analyzed results of the melt pool profiles near the 

top of the ESR ingot, where the pool depth value h is marked. 

Evidently, the calculated melt pool has a similar shape and 

consistent depth to the experimental one.  

Based on the temperature distribution and evolution, the 

secondary dendrite arm spacing (SDAS) distribution was 

calculated, as shown in Fig.5. The SDAS shows a gradient 

distribution in the radial direction, while it has a faint variation 

along the longitudinal direction except at the upper and 
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Fig. 4  Image of the melt pool shape in axial section of the ingot 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.5  Simulated results of secondary dendrite spacing distribution 

of solidification quality 

 

bottom part of the ingot. 

The SDAS decreases continuously from the ingot center to 

the outer surface. Fig.6 shows images of the dendrite structure 

analyzed by sampling along the radial direction of the ingot 

axial section. Through the comparison between Fig.5 and 

Fig.6, the magnitude and change tendency of the calculated 

SDAS in the radial direction coincide with the experimental 

results fairly well. 

2.2  Influence of the shrinkage cavity on electromagnetic 

field 

Four kinds of electrode shrinkage cavities were designed 

based on practical production, seen in Fig. 7a~7d. All cavities 

were symmetrically designed for ease calculation without the 

risk of losing generality. The inner shape sizes of the cavities 

are shown in Fig.7e, and the melt rate was set to 4.0 kg/min; 

Other parameters are listed in Table 1. Under high temperature 

conditions, the materials have the same magnetic conductivity 

in the atmosphere.  

Fig.8 provides the calculated distributions of electric 

current density J in z direction J

Z

 for the four different 

shrinkage cavity conditions according to Fig.8a~8d. There is a 

so-called “skin effect” in alternating electric current situations. 

As shown in Fig. 8a, the magnitude of J

Z

 increases gradually 

from the inner to the surface of the electrode and the ingot, 

while it changes much less in the slag with the greater 

difference in electric conductivity between the slag and the 

metal. The existence of shrinkage cavity somewhat weakens 

the skin effect in the electrode and ingot zones, as seen in Fig. 

8b to Fig. 8d. The surface current decreases at the upper part of 

the electrode containing the cavity, and increases at the lower 

part where the current becomes more uniform with a rather 

decreased electrode cross-sectional area. For the slag bath, a 

considerable decrease in current density was observed in the 

region just beneath the cavity, similarly caused by the changed 

sectional area between the electrode and the slag. In spite of 

the deep influence of the cavity, there is no change in the 

current distributions in the slag and ingot when the 

longitudinal size of the cavity changes. 

Fig. 9 shows the calculated distributions of magnetic field 

intensity amplitude H for the corresponding conditions. H 

primarily shows that the radial distribution, which is weakest 

at the center line, increases gradually outward and reaches a 

maximum at the surface, seen in Fig. 9a. H is determined from 

the electric current distribution according to Ampere’s law. 

The interval of the isoline in the electrode and the ingot 

shrinks outward, which is more vivid in the ingot while 

smaller in the slag, corresponding to the different degrees of 

skin effect. As the current density changes, H also changes. As 

shown in Fig. 9b~9d, H distributions are quite different from 

that without the shrinkage cavity (Fig. 9a), as their peak values 

are slightly smaller. H is close to zero within the cavities and 

slightly higher in the solid part near the top of the shrinkage 

cavity, as shown in Fig. 9b. H is significantly weakened in the 

local zones of the slag under the cavity, while it changes less 

at the lower part or near the circumferential surface of the slag 

pool. Additionally, there is no evident difference in H between 

the slag and ingot for the cavity of different lengths. 

Fig.10 shows the calculated distributions of Joule heat 

power P and electromagnetic force F in the electrode, 

showing the slag bath and the upper part of the ingot for the 

different shrinkage cavity situations. Taking the case of 

no-shrinkage cavity (Fig.10a) for an example, the Joule heat is 

generated almost entirely in the slag zone, with the power 

nearly 4 orders of magnitude larger than that in the electrode 

and the ingot. P in the slag zone increases as it gradually 

approaches the bottom of the electrode, reaching a maximum 

around the corner of the electrode bottom, while it decreases 

gradually towards the mould, reaching a minimum at the free 

surface of the slag pool near the mould. F, in all zones, points 

50 mm 

r 

0 

z 

Melt pool profile 

h 

1.8

1.6

1.4

1.2

1.0

0.8

0.6

0.4

0.2

0.0

Z
 

–0.6    –0.2  0   0.2    0.6     1.0 

R 



                            Wang Zixing et al. / Rare Metal Materials and Engineering, 2018, 47(12): 3579-3589                        3583 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.6  Images of the dendrite structure along the radial direction 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.7  Shapes and dimensions of the designed electrode shrinkage 

cavity: (a) no shrinkage cavity, (b) cylindrical shrinkage cavity, 

(c) combination of two different cylindrical shrinkage cavities, 

(d) combination of two cylindrical and one cone frustum 

shrinkage cavities, and (e) dimensions of cavity 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.8  Simulated distributions of electric current density J

z

 in z 

direction (displaying domain contains the local air gas zone 

and the electrode including the cavity, slag and upper part of 

ingot corresponding to Fig.1; a~d correspond to the different 

shrinkage cavity situations in Fig. 7) 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.9  Simulated distributions of magnetic field intensity amplitude 

H (a~d correspond to the different shrinkage cavity situations 

in Fig. 8) 

 

to the axis center. Except in the local zones near the corner of 

the electrode bottom, the free surface of the liquid slag and the 

slag/metal interface, all force directions are nearly horizontal. 

The magnitude of F decreases from the circumferential 

boundary to the center and reaches a minimum in the center 

axis. Compared to F in the electrode and the ingot, the 

magnitude of F in the slag has a weaker inward damping and 

a larger effective range, which is a combined effect of B and J 

according to Eq. (3). 

Compared to the case of no-shrinkage cavity, the 

distributions of P and F in the slag pool are evidently different, 

as shown in Fig.10b~10d. One additional centralized 

heat-generating spot appears near the boundary of shrinkage 

cavity in the slag pool, and the Joule heat of the slag pool zone 

under the shrinkage cavity is significantly reduced. These 

effects are caused by changes in the distribution of J due to 

the existence of the shrinkage cavities. In addition, F nearly 

decreases to zero near the slag pool surface beneath the  
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Fig.10  Simulations of Joule heat power P and electromagnetic force F distributions in electrode, slag bath and upper part of the ingot      

(a~d correspond to the different shrinkage cavity situations in Fig. 8) 

 

shrinkage cavity, which is greatly reduced in the lower slag 

region as well. By comparing Fig.10b~10d, it can be inferred 

that the axial size of the shrinkage cavity has no obvious 

influence on the distributions of P and F in the slag pool. The 

key effect comes from the contact area between the electrode 

and the slag. 

2.3  Influence of shrinkage cavity on the fluid flow and 

temperature distributions during the ESR process 

ESR process simulations were carried out here through 

multi-field coupling calculation. Since the key role is 

attributed to the cross-sectional area of the slag/metal interface, 

the electrode shrinkage cavity can be designed as a simple 

shape in Fig.7b; the length of the cavity is constant while the 

radius is designed in 5 different sizes: 0, 0.025, 0.05, 0.075 

and 0.1 m. The length of the cavity is set to 0.1 m; thus, even 

shorter electrodes are sufficiently long. The length of the 

electrode is set to 0.5 m. The ingot length is 0.7 m here, which 

is sufficient for the electric magnetic field calculation and heat 

transfer of present calculation with a specific bottom condition 

of ingot. The steady-state calculation is selected to 

approximate the steady-state process. The bottom condition of 

the ingot is set as heat insulation; thus, the long ingot situation 

can be modeled with an even shorter ingot. For different 

radius cavity conditions, a constant melt rate of 4 kg/min is set 

in view of the commonly used melt rate controlling methods 

and the anticipated comparable results. The electrode melting 

rate is determined by both the input power and the heat 

transfer situations. Similar to the above calculations, the 

electric conductivity of slag with the same value is introduced 

here; thus, only one of voltage, current and power is needed. 

For present simulations, the voltage is selected as the input 

parameter, and the value is changed consistently for different 

cavity conditions owing to different heat transfer conditions. 

The consistence between the melt rate and the power is the 

kernel for the reliability of the calculations. This model 

provides a consistence judgment method based on the heat 

transfer balance of the electrode 

[21]

. Other parameters are the 

same as the above calculation, and additional physical 

property parameters are required, including density, heat 

capacity, viscosity, thermal expansion coefficient, liquidus and 

solidus temperatures, latent heat of solidification, and the 

blackness coefficient of the slag and the alloy. All values are 

mainly from references and can be set as inputs through the 

UI.       

Fig.11 shows the simulated distributions of the fluid 

velocity, temperature and liquid volume fraction for the 5 

different cavity conditions. All distributions for different 

conditions have unified characteristics. Taking the situation of 

no shrinkage cavity as an example (Fig.11a), there are two 

main vortexes in the slag pool, one is the counterclockwise 

flow downward along the central axis caused by the cooling 

effect attributed to the heating and melting of the electrode, 

and the other is the clockwise at the mould boundary caused 

by the mould cooling. In the melt pool, the flow only 

circulates clockwise downward and inward along the 

solidified boundary. All flows are determined by the combined 

effects of electromagnetic force and buoyancy. The flow 

downward along the central axis in the slag pool is consistent 

with the magnetic force, while the boundary flows in the slag 

and melt are opposite to the magnetic force; thus, buoyancy 
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Fig. 11  Simulated distributions of flow velocity vector, temperature 

and liquid volume fraction for the different shrinkage cavity 

radii: (a) 0 m, (b) 0.025 m, (c) 0.05 m, (d) 0.075 m, and    

(e) 0.1 m 

 

plays a dominant role. The temperature isotherms are 

approximately horizontal in the slag pool, though they change 

rapidly in the radial direction when approaching the mould 

boundary and the central axis. The temperature of melt pool is 

relatively more uniform, as the isotherms are also nearly 

horizontal and become steep near the solidified boundary. The 

depth of melt pool and the profile of mushy zone can be 

determined by the contours of liquid volume fraction in Fig.8. 

The isoline 0.99 can represent the boundary of pure liquid, 

and the isoline 0.01 can represent the boundary of solid. In the 

middle is the mushy zone. The bottom of melt pool boundary 

is approximately a circular arc and becomes flat towards the 

center, while the bottom boundary of the mushy zone is 

approximately parabolic. In the mushy zone, the isotherm 

interval decreases downward along the radial axis and the tilt 

angle (the angle between isotherm and horizontal) gradually 

increases, which is the result of combined effect of the heat 

conduction in the ingot, the released solidification latent heat, 

and the defined cooling conditions. Below the bottom of the 

mushy zone is the solidified zone, in which the isotherm 

interval increases, and the isotherm tilt angle decreases along 

the axial axis. These effects are also caused by the ingot heat 

conduction and the cooling from the ingot bottom and 

circumferential surfaces. 

There is an increasingly obvious change with the increased 

radius of the shrinkage cavity, as shown in Fig.11, which is 

absolutely located in the slag zone. At first, the comparatively 

small radius, such as 0.025 m, hardly changes, as can be seen 

by comparing Fig. 11b with Fig. 11a. As the cavity radius 

increases to 0.05 m, there is a visible small decrease in center 

downward flow in the slag pool. With the further increase of 

the cavity size, the center downward flow in the slag is 

weakened, and the slag pool temperature increases 

significantly. For all situations, there is no obvious change in 

the distributions of velocity, temperature, and liquid volume 

fraction in the ingot, as well as in the melt pool. This result 

will be reasonable since the melt rate is the dominant factor in 

the process. The different statuses in the slag poll are 

attributed to different power inputs, such as the driving force 

and heat transfer conditions mentioned below. All the different 

situations bring the same melt rate; thus, with the present 

steady-state simulation, no evident change in the melt pool 

and solidification zones can be seen. 

2.4  Influence of the shrinkage cavity on the distribution 

of ingot solidification parameters 

Based on the calculated temperature distributions, the 

solidification parameters for freckle formation including the 

local cooling rate (G

*R

), the local solidification time (LST), 

the primary and secondary dendrite spacing (PDAS, SDAS), 

and the criterion of modified Rayleigh number (Ra) can be 

calculated

[24]

. For the present steady-state calculation, only the 

radial distributions can be obtained. All distributions are 

displayed in Fig. 8. As shown in Fig. 12a, the G

*R

 value is very 

small in the ingot center, where it gradually increases outward 

at an increasing rate in the radial direction until reaching the 

ingot surface. When close to the surface, it rises sharply and 

obtains the maximum on the surface. It can also be seen that 

G

*R

 is obviously unaffected by the radius change of the 

shrinkage cavity. As shown in Fig. 12b, LST is the highest at 

the center where it gradually decreases outward from the 

middle radius to the surface of the ingot in an approximately 

linear manner. Additionally, the variation in the shrinkage 

cavity size has the minimal influence on the LST. Fig. 12c and 

Fig.  12d show PDAS and SDAS distributions in the 

corresponding situations. Both figures show an approximately 

linear decrease outward. Again, there are few differences in all 

distributions of PDAS and SDAS for the different cavity size 

situations. The modified Rayleigh number Ra

[24]

 is a 

mathematical criterion used to evaluate the possibility of 

freckle formation. When Ra exceeds the critical value Ra

*

, 

freckles tend to form with a high possibility; otherwise, no 

freckles would form. It has been reported that freckles form 

during solidification process rather than at the solidification 

front 

[24]

. Therefore, two modified Ra numbers corresponding 

to different solid fractions (f

s

) of 0.5 and 0.8 are selected as the 

criteria. Fig.12e and 12f show the radial distributions of the 

ratios of the calculated Ra to the critical values of Ra

1

/Ra
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 and  
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Fig.12  Calculated distributions of the solidification parameters along the ingot radius under the conditions of different shrinkage cavity sizes: 

(a) G

*R

, (b) LST, (c) PDAS, (d) SDAS, (e) Ra

1

/Ra* (f

s

=0.5), and (f) Ra

2

/Ra* (f

s

=0.8) 

 

Ra

2

/Ra

*

, respectively. Ra

1

/Ra* is the maximum at the position 

of nearly 1/3 radius, where it gradually decreases inward or 

outward. Ra

2

/Ra

*

 shows a similar trend, but it is higher than 

Ra

1

/Ra* in the ingot center. The peak values of Ra

1

/Ra

*

 and 

Ra

2

/Ra

*

 are both less than 1, which means that the possibility 

of freckles formation is minimal at this melt rate. In addition, 

the values of these two parameters vary merely in a small 

range with the increase of shrinkage cavity radius up to 0.1 m. 

2.5  Influence of shrinkage cavity on the melting parameters 

Additional results of melting parameters including the 

power, voltage, and current can be determined from the 

simulation corresponding to a specific melt rate and melting 

situation. The specific melting situation particularly refers to 

the different shrinkage cavities in this paper. A specific 

practical process using an electrode containing a shrinkage 

cavity is selected here for a similar systematic calculation 

aiming at the designed different radius cavity conditions. Thus, 

the calculated melting parameters can be compared with the 

measured values. All the geometric and physical property 

parameters are the same as the calculations above, except the 

melting parameters. The melt rate is set as the practical value. 

The slag electric conductivity is introduced, and only one 

melting parameter is required. Here, the power is set to the 

input parameter, which can be adjusted as mentioned above. 

Thus, the consistence between the power and the melt rate can 

be attained. Two other parameters of the voltage and the 

electric current can be deduced based on the results of electric 

magnetic field calculation. From a consistence point of view, 

no difference in results will be brought for different choices of 

the input melting parameter, since all the parameters are 

uniquely determined for a specific melt rate and melting 

situation. 

Fig.13 gives simulated melting parameters for current and 

power inputs in the ESR processes with different sizes of 

shrinkage cavities. It can be seen that there are nonlinear 

relationships between the radius of shrinkage cavity and the 

two melting parameters. The changes in input power and 

current are negligible if the radius of the electrode shrinkage 

cavity is less than 0.025 m. As the cavity size becomes larger, 

the current decreases gradually in a small range, which is 

attributed to the increased electric resistance caused by the 

decrease in the contact area between electrode and slag, while 

the power varies minimally up to a cavity size of 0.05 m. 

When the cavity size is larger than 0.05 m, both parameters 

quickly transit into a rapid increase with the increase of the 

cavity size. At a cavity radius of 0.1 m, the consumed power 

increases by 19.4% and the current increases by 4.9% 

compared with the case without the cavity. 

Fig.14 shows the actual ESR melting power, current and 

melt rate curves using an electrode containing a shrinkage 

cavity. The opening shrinkage diameter is approximately 200 

mm, and its depth is approximately 700 mm. For most of the 
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Fig.13  Simulated melting parameters for various sizes of shrinkage 

cavities in the electrode: (a) power and (b) current  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.14  Practical power, current, and melt rate curves for ESR 

process when using electrodes with shrinkage cavities (w is 

the melt rate, and w* is a reference value) 

 

time except the melting start and hot topping phase, the ESR 

melt rate remains nearly constant. When the shrinkage cavity 

is melted at the constant melt rate, the actual power is 

approximately 195 kW, and the corresponding current is 

approximately 5.3 kA. These two values can be compared 

with the calculated melting parameters of 197 kW and 5.25 

kA, respectively, when the shrinkage radius is 0.1 m (Fig. 14). 

With the progression of the melting process, the shrinkage 

zone is gradually melted away, and the power and current 

gradually return to normal melting values. For the normal 

smelting zone, the constant melt phase corresponds to the 

no-shrinkage calculation. In this phase, the actual power and 

current values are approximately 164 kW and 5.0 kA, where 

the corresponding calculated results are 165 kW and 5.0 kA, 

respectively, as seen in Fig.14. The calculated melting 

parameters are very close to the measured values at a specific 

melt rate with simultaneously the consistent sizes of the 

shrinkage. 

2.6  Discussion 

Simulations point out that there is a critical value of the 

shrinkage cavity size for the judgment of the evident effect 

brought by ESR system. Below this value, almost no effect is 

seen, while, above this value, an increasingly evident effect 

appears with the increasing size. This phenomenon is 

attributed to the existence of a certain degree of "skin effect" 

under alternating current conditions. The skin effect renders 

the electrode to have a confined electric-conducting sectional 

area, i.e., a hollow conductor. Thus, when the cavity does not 

match the region of the hollow area, its influence on the 

distributions of electromagnetic force and Joule heat in the 

slag is small or even negligible. However, once its size 

exceeds the critical value, its influence becomes increasingly 

evident. Additionally, the cavity is generally located at the 

bottom center of the electrode where the slag pool surface 

temperature is relatively lower than other slag areas adjacent 

to the electrode bottom (Fig.8), which means that the center of 

the electrode bottom surface is not a crucial heat transfer area. 

Therefore, a cavity with a relatively small size has no notable 

influence on the flow and heat transfer in the slag pool.  

In spite of the evident influence on the slag bath flow and 

temperature distribution brought by the shrinkage cavity, it has 

no obvious effects on the ingot solidification according to the 

above simulation results. This result does not indicate a 

negligible influence of the shrinkage cavity on the ingot 

quality. The calculated small effect of the shrinkage cavity is 

due to the steady-state assumption with a constant melt rate, 

and since the melt rate is the predominant factor, this result is 

reasonable. Nevertheless, there is a profoundly deep effect of 

the shrinkage cavity as revealed by the calculation results of 

the changed melting parameters. To achieve a prescribed melt 

rate, the input power, current and voltage will be adjusted 

drastically and constantly when melting through the cavity 

zones in the electrodes and even regions above and behind the 

cavity. This effect makes it difficult to maintain the stability of 

the system, leading to drastic fluctuations in the melting 

parameters and system status, thus deteriorating the ingot 

quality. To obtain a stable and high precision control of all 

remelting parameters, the radius of electrode shrinkage cavity 

should be controlled within 0.05 m and, if possible, less than 

0.025 m. Then its influence of the shrinkage cavity can be 

neglected. 

The critical size of the electrode shrinkage cavity has been 

deduced in this study, and it can be served as a reference for 
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judging the cavity-containing electrode in production. This 

value is suitable for the specific size magnitude or 

approximate size conditions of the electrodes and ingots in 

this paper.  

Nevertheless, it must be emphasized that, in order to ensure 

process stability, uncertain factors should be avoided as much 

as possible. Therefore, the key is to take measures to minimize 

the size of the shrinkage cavity, such as reducing the VIM 

electrode casting temperature and pouring speed, increasing 

the baking temperature of electrode moulds, and using 

insulating riser. 

3  Conclusions 

1) A self-developed ESR simulation model based on a 

multiple physics field-coupled calculation, including the 

electromagnetic field, fluid flow, and heat transfer, was 

introduced for the simulation. The specific IN718 alloy ESR 

process was selected for this study. 

2) The existence of the cavity brings a significant change in 

the distributions of magnetic field intensity and current 

density in the electrode and slag bath, as well as Joule heat 

and electromagnetic force, but with only small changes in the 

ingot. In spite of the significant change caused by the cavity, 

there is no obvious difference in all these distributions in the 

slag bath and ingot between the designed cavity existence 

situations. The key factor is attributed to the contacting area 

between the electrode and the slag, while the longitudinal size 

of the cavity is negligible. 

3) At a radius value of 0.05 m or more, an increasingly 

evident influence on the slag zone appears via a weakened 

center downward flow and increased temperature, whereas, 

there is a small change below the critical value. Despite the 

increased effect on the slag bath, there is no obvious influence 

on the ingot including the melt pool and mush zone for the 

constant melt rate process.   

4) A critical value for a cavity radius of approximately 0.05 

m was obtained to judge the evident change in melting 

parameters. Below the critical value, faint or even no change 

of the parameters appears. However, above this value, the 

parameters soon turn into high-speed changes in an 

approximately linear manner. From the standpoint of process 

control stability, the radius of electrode shrinkage cavity 

should be controlled below 0.05 m for the ESR ingot with a 

diameter of 430 mm. 
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