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Abstract: The effect of electric current on inclusion agglomeration in molten metal has been 

investigated. It is found that the agglomeration is dependent on the electric current density, 

distance between inclusions and orientation of electric field. Electric current retards the 

agglomeration unless two inclusions are aligned along or closely to the current flow 

streamlines and the distance between inclusions is less than a critical value. The mechanism is 

also validated in the computation of cluster agglomeration. The numerical results provide a 

comprehensive indication for the current-induced inclusion removal and current-induced 

inclusion elongation. When the inclusions are in long thin shape, the calculation predicts the 

current-induced microstructure alignment and current-induced microstructure refinement 

phenomena.      
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Introduction 

Many non-metallic inclusions are detrimental to materials mechanical properties such as 

fatigue life,
1
 fracture toughness,

2
 impact resistance and creep resistance.

3,4
 However, they are 

favourable in fabrication of fine microstructure by providing extra heterogeneous nucleation 

sites in solidification, solid-state phase transition and recrystalization, e.g. acicular nucleation 

in steels.
5
 Recently, electric current has been implemented to expel inclusions from molten 

steel in order to fabricate super clean steel. It is reported that the electric current pulses can 

push up the cleanliness of steels from < 20 m
6,7

 to that of < 0.7 m
8 

maximum inclusion’s 

size in molten steel. The experiments were inspired from a numerical calculation which 

considered only a single inclusion submerged in molten metal and moved perpendicularly to 

the current flow direction.
9
 The calculation reveals a free energy reduction when an inclusion 

moves from the inner part of steel to the surface due to the different electrical conductivities 

between inclusion and the molten steel matrix. Electric current acts as a driving source to 

expel the lower conductive non-metallic inclusions from the higher conductive metal matrix. 

Agglomeration was not able to be considered in the single inclusion model.  The relative 

motion, the way of interaction and the configurational evolution among multiple inclusions 

under electric current processing have not been investigated. 

 

In fact, the electric current processing models based on single inclusion assumption are 

dominant in literature. For examples, the effect of electric current on alloys nucleation was 

based on the consideration of a single crystal nucleus to form in an infinite large liquid metal 

matrix.
10

 The effect of electric current on the crack healing was also based on the 

consideration of a single ellipsoidal crack to shrink in the solid metal matrix.
11

 The effect of 

electric current and magnetic field on materials separation considered a single biological cell 

to move in a plasma blood matrix too.
12,13

 Agglomeration and coalesce
14

 under electric 
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current are important phenomena in materials processing. A model containing multiple 

inclusions is required to simulate these processes. The aim of the present work was to develop 

a multi-inclusion model to study the effect of electric current on agglomeration. 

 

Modelling of electric current-assisted materials processing has several different levels of 

consideration. They are based on the electron-phonon interaction,
15,16

 electron-dislocation 

interaction,
17,18

 collective motion approximation,
19,20

 thermodynamic consideration,
21,22

 

respectively and so on. Experimental investigation has provided very rich evidences on using 

electric current to affect microstructure,
23,24

 crystallographic taxture,
25,26

 workability,
27,28

 and 

processing environments.
29,30

 In the present work, thermodynamic consideration is 

implemented to investigate the inclusion agglomeration behaviour under electric current.  

 

Thermodynamic consideration 

Inclusions have different electrical resistivity from that of the liquid metal matrix. Motion of 

inclusions inside the liquid metals causes the change of electric current density distribution. 

The current density )(rj


 is determined by the local electrical conductivity  r  and electrical 

potential gradient  r  via Ohm’s law   

   rrrj  )(


           (1) 

where r  is a point in three-dimensional space. The electrical potential inside the bulk 

inclusion ( i ) and matrix ( m ) obeys the followings Laplace equations  

  0 ri          (2.1) 

  0 rm          (2.2) 

At the inclusion-liquid metal interface, i  and m satisfy the following boundary conditions 

 mi              (3.1) 
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mnmini            (3.2) 

where n  represents the normal gradient to the interface. The distribution of electrical 

potential in the considering space can be obtained by numerical solution of Eqs. (2) and (3). 

The distribution of electric current density can be obtained by substituting the numerical 

results for the distribution electrical potential into Eq. (1). The motion of inclusions changes 

the materials spatial configuration. The electric current distribution for each configuration can 

be obtained numerically. The electric current free energy corresponding to each configuration 

can be obtained by following equation 
22
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           (4) 

Where   is the magnetic permeability of the phase. r  and r  represent different points in 

materials. The integration of each point goes throughout the whole system. In agglomeration, 

the chemical free energy is not changed because the volume fraction of each phase remains a 

constant value. The change of strain-stress energy can be ignored because stress can be 

released quickly in liquid matrix. The system free energy contains only the interface free 

energy and electric current free energy. If one considers only the motion of inclusions toward 

or away from each other without actual touching or detaching, the total interface area remains 

and hence the interfacial energy. The electric current free energy is the dominant 

thermodynamic quantity in this case. An infinite small displacement between two inclusions (

r ) can cause current density distribution to change from j


 to rj


. This will cause following 

free energy change:  

 
           

rddr
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The force to drive the motion of inclusion can be calculated via  
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It can be seen from Eq.(4)-(6) that the driving force for inclusions’ motion and agglomoration 

is proportional to the square of average electric current density.   

 

Numerical calculations 

When the space is discretized into cubic lattice, a lattice is occupied by either  phase (e.g. 

inclusion) or  phase (e.g. liquid metal). The interface between  and  is supposed to have 

zero thickness (i.e. classical Stephan approximation) and located at the middle between the 

neighbouring  and  lattices. This gives the electrical conductivity of an element between 

lattices  and  as  














2
             (7) 

It can be easily demonstrated that Eq. (7) is also valid when =, which describes the 

element in bulk phase. The electrical potential is calculated using the relaxation method by 

iteration of the following expression     





NN

11

/






            (8) 

where N is the total numbers of neighbouring lattices. N=6 when the nearest neighbours are 

considered in three-dimensional space. The electric current density along element  can be 

obtained from the electrical potential at lattices  and   respectively. The free energy change 

during the motion of inclusions for a displacement of r  can be obtained by 
22
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where V  and V  are the volume of lattice- and lattice-, respectively.  
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Results and discussions     

Agglomeration behaviour of two inclusions 

 

Figure1. A schematic diagram for the configuration of inclusions and electric potential 

 

A cubic lattice with logistic domain 300×120×11 is defined to represent the liquid metal 

matrix and inclusions. The length of each element is 
310
m. The electrical conductivity of 

liquid metal is 11510  m  and that of inclusion is 11210  m . Those values are similar to the 

electrical conductivities of liquid steel and MnS inclusion, respectively. An electric potential 

difference of 20 volts is applied horizontally to the left and right sides of the logistic domain. 

This value is selected to mimic the experimental parameters reported in literatures.
8-9,28

 The 

average current density across the liquid metal is calculated to be around 6.6710
6
 A/m

2
. Two 

identical spherical inclusions with radius of 2 mm are introduced into the matrix. A two-

dimensional section in the three-dimensional computational logistic domain is illustrated in 

Fig.1 schematically. The free energy is only meaningful when a reference state is defined. In 

consideration of two inclusions to move toward each other along a direction perpendicular to 

the current, the state with 6y  was set as the reference. In the case when two inclusions 

move in a direction parallel to the electric current streamline, the state with 8x  was set as 
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the reference. The numerical results for the change of electrical current free energy during the 

inclusions moving toward each other along vertical and horizontal directions are presented in 

Fig.2(a) and Fig.2(b), respectively.     

 

Figure 2. The change of electric current free energy during the motion of two inclusions: (a) 

The change of distance y along a direction perpendicular to current. (b) The change of 

distance x along the direction parallel to current. The applied voltage is 20 voltz. The 

average current density is calculated to be around 6.6710
6
 A/m

2
.  

 

It can be seen from Fig. 2(a) that the free energy decreases sharply and monotonically when 

the inclusions move away from each other. In another word, the free energy increases sharply 

if two inclusions move toward each other for agglomeration. The negative tangent of the free 

energy change curve gives a positive force according to Eq. (6), which is repulsive. Fig. 2(a) 

shows that electric current drives inclusions to move away from each other and toward the 

surface along the direction perpendicular to current. This result agrees with the theoretical 

prediction and experimental observation of current-induced inclusion removal.
8-9

 The extra 

information revealed in the present work is that the inclusion agglomeration along this 

direction will be retarded by the electric current. Fig. 2(b) shows that the electric current free 

energy drops very sharply when two inclusions move toward each other when the distance 
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between them is smaller than a critical value. When the distance between two inclusions is 

larger than the critical value, inclusions try to move away from each other in order to reduce 

electric current free energy. This means that electric current promotes the agglomeration 

when the inclusion population density is higher than a critical value, but retard the 

agglomeration in other case. In the present case, the critical distance is 36 grids length. It is 

worth to point out that magnitude of free energy change in Fig. 2(a) is 10 times larger than 

that of in Fig. 2(b). In general, inclusions might be configured in a direction between the 

perpendicular and parallel directions to the current, the overall driving force from electric 

current to agglomeration can be calculated by its components in those two principle 

orthogonal directions.                 

 

Figure 3. A schematic diagram showing the possible microstructure transformations driven 

by electric current: From (a) to (b) electric current drives inclusions to agglomerate; From (c) 

to (d) electric current drives long thin inclusions to align along electric field direction; From 

(e) to (f) electric current drives long thin inclusion to breakup.    
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In combination of the mechanisms revealed in Fig. 2(a) and 2(b), it can be suggested that for a 

system containing high population density of inclusions the agglomerate tends to form along 

the electric field direction but to separate in the perpendicular direction, as illustrated from 

Fig. 3(a) to 3(b). This is in agreement with the experimental observation of the current-

induced orientation of sulphides in medium carbon steel.
31

 For inclusions with long thin 

shape, electric current may cause alignment along the electric field direction, as illustrated 

from Fig. 3(c) to 3(d). Such phenomena has been reported in literature.
32

 There is another 

possibility if the thin long inclusions are aligned perpendicular to the electric field as 

illustrated in Fig. 3(e), the inclusion might, if possible, break up and form finer inclusion 

particles as illustrated in Fig. 3(f). The kinetics for the electric-current-driven structure 

breakup has been discussed using the interface instability theory.
33

 The similar experimental 

observations were reported in electropulsed low carbon steel, as is shown in Fig. 4, where 

carbides along the electric field direction are prolonged but that microstructures cross the 

electric current flow streamlines were broken.
34

 The local microstructure appears very similar 

to that of the pearlite. However, the carbide has not been confirmed to be cementite and the 

crystallographic orientations between carbide and ferrite are not checked if following that of 

Pitsch-Petch relationship.     

 

Agglomeration behaviour of inclusion clusters 

The computation of cluster agglomeration utilizes a cubic lattice with logistic domain 

320×128×8. The total inclusion clusters occupy 32×32×2 nodes in all the simulations. The 

rest of the parameters such as the length of each element, electrical conductivity of inclusion 

and matrix, and the electric potential difference are the same as that in the two inclusions 

simulation. Fig. 5 illustrates some configurations of inclusion clusters. The change of electric 
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current free energy during the agglomeration of 16 pieces of thin long clusters into 8, 4, 2 and 

1 are calculated for different cases, namely the inter-spaces are 2 mm and 4 mm and the 

orientations are parallel and perpendicular to the current, respectively.    

 

Figure 4. Electric current drives carbides microstructure to change at ambient temperature.
34

 

(a) the SEM image. (b) and (c) show that carbides are elongated along current. (d) carbides 

are broken up when electric current cuts the microstructure.  

 

 

Figure 5. A schematic diagram shows the evolution of inclusion cluster configurations. 
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Figure 6. The change of electrical free energy when the clusters are agglomerated from 16 

pieces to 8, 4, 2 and 1 piece. (a) Agglomeration along a direction perpendicular to current. (b) 

Agglomeration along a direction parallel to current. 

 

Fig.6 presents the numerical results for the clusters agglomeration. The reference state is 

chosen as the agglomeration completed. It can be seen from Fig. 6(a) that the cluster 

agglomeration causes the electric current free energy to increase. From the case of 4y  to 

2y  the electric free energy increases. This implies that the electric current prevents the 

clusters from moving toward each other along the direction perpendicular to current. Electric 

current also retards the clusters agglomeration. Fig. 6(b) shows an opposite behaviour. 

Electric current enhances the clusters agglomeration and also promotes the clusters to move 

toward each other. The results are in agreement with that of the two inclusions agglomeration 

discussed earlier in this work.        

 

Other factors in inclusion agglomeration  

This work has focused on the effect of electric current on inclusion agglomeration. There are 

a few other factors not mentioned in this work. a). The mass density of inclusions is usually 

different from that of the molten metal. Buoyant force will affect the motion of inclusions and 
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their clusters. The agglomeration will hence be affected by the mass density difference. b). 

Stokes flow caused by the motion of inclusions and their clusters will, in turn, affect the 

motion of suspended inclusions. The agglomeration will be affected by the motion-flow 

interaction. c). The convection due to temperature difference in the molten alloys will affect 

the motion of inclusions and their agglomeration. d). New inclusions may form due to 

oxidation in the high temperature molten metal. e). The melt and inclusions suffer different 

Lorentz force due to their electric conductivity difference. This may cause additional 

convection. f). A forced flow may be caused by electric current and its inducted magnetic 

field in melt. These factors will affect inclusion agglomeration on top of to the effect of 

electric current. We are working toward the integration of those effects by putting the electric 

current effect to the smoothed particle hydrodynamics model,
35

 and will publish the results in 

future.            

Conclusions 

The electric current free energy has been calculated when two inclusions move toward each 

other along two orthogonal orbits. One is parallel to and another is perpendicular to the 

electric current flow direction. In the direction perpendicular to the current, free energy 

increases when the distance between two inclusions reduces. In the direction parallel to the 

current, however, there is a critical distance to distinguish the behaviour. Free energy 

increases when the distance between two inclusions reduces until reach the critical value, then 

decreases sharply until agglomeration. This implies that the electric current retards the 

inclusion agglomeration unless the inclusion population density is very high. In that case, thin 

long inclusion clusters may form and will be aligned with the current flow direction. 

Numerical calculation on the agglomeration of inclusion clusters confirms the same 

behaviour. The effect of electric current on inclusion agglomeration is proportional to the 
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square of electric current density, and is related to the distance between inclusions 

nonlinearly. The mechanisms revealed in the present work have provided some suggestions 

for understanding of the inclusion removal, microstructure refinement and alignment that 

have been reported in literature, and have suggested some new perceptions for liquid metal 

processing. 
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