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Abstract: A mathematical model considering free nuclei was developed to reveal the migration behavior of the free nuclei.
Numerical simulation results show that most of the nuclei on the top surface of the melt move downwards and distribute randomly
inside the Al melt, which induces more nucleation sites resulting in grain refinement. At the same time, the effect of nuclei size on the
nuclei distribution and refinement employing electric current pulse (ECP) was also investigated. The smaller nuclei migrate a short
distance with the Al melt at lower speed. But for the larger nuclei, the migration downwards with higher speed benefits the
refinement of interior grains of the melt. The research results help to better understand the refinement process and provide a more
reasonable explanation of the grain refinement mechanism using ECP.
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1 Introduction

Electric current pulse (ECP) plays an important role
in materials processing, especially in the field of metal
solidification [1—4]. It has been testified that the ECP can
effectively refine the solidification structure of metal
materials [5—10], resulting in high mechanical properties
of metallic materials [11,12]. In recent years, more
attentions have been paid to revealing the refinement
mechanism of the ECP on the solidification structure,
and several theories regarding the grain refinement
mechanism of the ECP have been proposed. DING et al
[13,14] analyzed the effect of the ECP on the
electromagnetic field and flow field of Ti—Al melt based
on numerical simulation, but the effect of the ECP with
respect to resultant microstructure was not clarified.
ZHAO et al [15] inferred that the change of solidification
structure is resulted from electromagnetic pulse, which
could induce the forced convection in the melt and result
in the fragmentation of dendrite during the solidification.
However, the movement of the fragmentation and its
influence on the nucleus rate have not been further
investigated. ZHAI et al [16—19] investigated the
refinement mechanism of the ECP on the solidification

structure of pure Al systematically and proved that the
nucleus rate increases with applying the ECP during the
initial nucleation stage of the melt and that the ECP
makes crystal nuclei on the top surface of the melt fall
down and move freely in the molten metal, which
promotes the refinement of solidification structure.
However, a more detailed explanation about the
migration behavior of crystal nuclei under the effect of
the ECP lacked explicit research. In our previous
study [20], the temperature field and flow field of the
melt after applying the ECP were calculated based on the
mathematic model, by which the fluctuation of the Al
liquid surface could lead to the generation of more nuclei
after applying the ECP. But the movement of the free
nuclei, the crucial factor for the refinement mechanisms,
was not considered in that model. Therefore, a further
research is necessary to better understand the mechanism
of grain refinement with the ECP.

In the present study, a three-dimensional
mathematical model is developed to simulate migration
behavior of the free nuclei under the effect of the ECP.
The heat effect, electromagnetic effect and mechanical
effect caused by the ECP are considered in this model
and the nucleus movement is analyzed coupling
with fluid flow. The calculated results with this model
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describe the nuclei migration and distribution under the
effect of the ECP, and also clarify its relationship with
the resultant microstructure.

2 Physical and mathematical models

2.1 Physical model of solidification process

Figure 1 shows the geometric model of the
solidification process. The dimensions of silica sand
mould are d50 mmx75 mm and d40 mmx65 mm for
cavity. The paralleled steel electrodes with dimensions of
d3 mmx8 mm are inserted into the Al melt from the top
surface. The electrodes immersed into Al melt are 4 mm
in length and 2 mm away from the sidewall. The ECP is
applied to the pure Al melt through the parallel
electrodes.

I ECP

Electrode Electrode

- - — Melt

~—_|=— Mould

Fig. 1 Schematic of physical model of pure Al with ECP

2.2 Mathematical model

The finite difference method incorporating the
volume of fluid (VOF) method is employed to calculate
the momentum and energy transport of the melt. Some
assumptions for the subsequent calculation and
simulation are given as follows: 1) the fluid flow is
assumed to be Newtonian, laminar, and incompressible;
2) the melt is assumed to be nonpolar; 3) the nuclei are
assumed to be generated on the top surface of the melt.
2.2.1 Governing equations

The differential  equations  governing the
conservation of mass, momentum, and energy based on
continuum formulation are used to describe the heat and
mass transfer and fluid flow as follows:

Momentum equation:

0
p(a—v+v-Vv):VV2v—Vp+RSOR-v+Fb+7 e))
t
Mass continuity equation:

0
Ve V(o)) =0 )

Energy equation:
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where p is the fluid density; v is the molten metal
velocity; ¢ is the time; u is the dynamic viscosity; p is the
hydrodynamic pressure; Rgor is the mass source,
including the nuclei mass; F}, is the body force (e.g.
gravity, buoyancy and electromagnetic force); y is the
surface tension; vg is the fractional volume open to flow;
E is the internal energy per unit mass; k is thermal
conductivity; T is the local temperature; and Esor is the
energy source term generated by pulse current.
2.2.2 Volume-of-fluid (VOF) method

The VOF method is taken to track sharp interface
through a fixed grid of control volumes [21]. The
configuration of the interface in computational elements
is reconstructed according to the value of F in VOF,
where F is described as follows:

a—F+LV-(vF)=FS @)
ot g
where F represents the volume fraction occupied by the
fluid.
2.2.3 Electromagnetic model

The ECP is applied to the melt through the parallel
electrodes, leading to cyclic magnetic field and in reverse
inducing cyclic electric current. The distribution of
electromagnetic field is governed by Maxwell’s
equations [22] as follows:

oB
VXE =—— 5
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ot
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V-B=0 (8)

The electromagnetic constitutive equations of
simple isotropic material mediums can be expressed as

D=¢E )
B=.uH (10)
J=0oF (11)

where E is the electric field; B the is magnetic flux
density; ¢ is the time; H is the intensity of magnetic field;
D is the electric displacement; J is the vector of current
density; pq is the density of free charge; u is the vacuum
permittivity; and o is the conductivity.

The Joule heating generated by the current can be
expressed as

e =jJ-Edv (12)

The equation of the Lorentz force is described as
follows:
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Fc=JxB (13)

2.2.4 Boundary conditions
The heat transfer at the interface between the sand
mould and the melt can be described as follows [23]:

q = hegW(Tyy —T) (14)

where A is the heat transfer coefficient between sand
mould and the melt; T is the fluid surface temperature;
W, is the heat-structure surface area; Ty is the surface
temperature of the mould.

Boundary conditions on the top surface containing
the free surface can be described as follows [24]:

—kaa—T:—q1+hc(T—T0)+ag(T4—To4) (15)
n

where k is the thermal conduction; 4, is the convection
coefficient; a is the Stefan—Boltzmann constant; and ¢ is
the emissivity.
2.2.5 Nuclei model

The initial distribution status of nuclei is very
important in analyzing the nuclei migration behavior.
According to the former research carried out by LI et al
[17], the nuclei mainly form on the top surface of the
melt. Assume that the nuclei generate on the top surface
of the melt and neglect the nuclei produced in other
places, which helps to observe the migration process of
the nuclei clearly. In addition, the heat transfer of nuclei
to fluid and its temperature are omitted.

The dynamics equation of the mass nuclei is as
follows:
(9Vp Vp P
==L oig st Br—r)+ B v, (r=v,)- L= (16)

o py Pp

where v, and p, are the nuclei mean velocity and density,
respectively; g includes gravity and other body force; v
and p are the fluid velocity and pressure, respectively; f
is the drag coefficient between nuclei and the melt.

Coupling calculation with the fluid, initial nuclei
velocity value is given and then velocity is updated by
the results calculated as follows:

Vit = (1= o)) + o™ (17)

where

w=F (18)
1+otp

Then the fluid velocity is calculated depending on
the nuclei velocity as follows:

mev™ ! = Moy" +m,a(u -y (19)
where £ is the drag coefficient; o¢ is the calculated time

increment; vg and V" are the velocity of nuclei and the
melt in the control volume; m¢ and m, are the mass of

melt in the control volume and nuclei mass, respectively.

The different electromagnetic forces are imposed on
nuclei and the melt respectively for their different
electric conductivities. The relevant force imposed on the
nuclei can be expressed as

Fy =(0,—0)ExB (20)

where oy is the electric conductivity of the nuclei and o is
the electric conductivity of the melt.

2.3 Numerical procedure

The basic procedure for advancing a solution
through one small increment in time 8¢ is as follows: 1)
Explicit approximations of the conservation of
momentum are used to compute the first guess for new
time-level velocities using the initial conditions or
previous time-level values for pressure. 2) To satisfy the
mass continuity, when the implicit option is used, the
pressures are iteratively adjusted at each cell and the
velocity variation generated by each pressure change is
added to the velocities computed in Step 1. 3) When
there is a free-surface or fluid interface, the VOF method
must be used to give the new fluid configuration. 4)
Electromagnetic equations are used to calculate
electro-magnetic force as body force in the domain of the
melt. 5) Energy equation is solved using explicit option
to get the new temperature distribution and the thermal
properties of the melt are updated. 6) Equation (1) is
used to calculate the velocity of the nucleus.

Repetition of the above steps will advance a
solution through any desired time interval. At each step,
corresponding boundary conditions will be imposed at all
meshes.

3 Results and discussion

The thermo physical properties for the Al melt and
nucleus are listed in Table 1 [24,25]. The Al melt is filled
in the mould with 64.65 mm height and 936 K initial
temperature, and ECP is applied to the melt through
paralleled electrodes on the top surface. The peak current
of the pulse is 100 A, the pulse frequency is 100 Hz and
pulse width is 200 ps. The nuclei are formed on the top
surface of the melt at a certain rate.

3.1 Migration behavior of nuclei under effect of ECP
With the application of ECP, the melt flows under
the combined effects of Lorentz force, surface tension
and buoyancy, which make the temperature field change
greatly in this condition [20]. At the same time, the
nuclei generating on the top surface of the melt migrate
to the other places of the cavity. Figure 2 shows the
migration process of the nuclei with a diameter of 50 pm
from r=0.1 s to =2 s with ECP. At 0.1 s, the free nuclei
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Table 1 Thermo physical properties of Al melt and related

parameters
Property Value
Thermal conductivity, &/(W-m K" 96.4
Specific heat capacity, c/(J’kg “K™") 10
Dynamic viscosity, v/(Pa's ") 1.3x107
Surface tension coefficient, yo/(N-m ') 1.02
Temperature coefficient of surface, A/(N'm™')  —2.55x107*
Thermal expansion coefficient, f/K ' 1.5x107
Nucleus density, pp/(kg-m_3) 2700
Liquid density, p/(kg'm ) 2375
Electrical conductivity of melt, o/(S'm™") 8.2x10°
Electrical conductivity of electrode, 6o/(S'm ') 1.15x107
Electrical conductivity of nucleus, o/(S'm ") 3.6x107
Radiation emissivity, & 0.9
Stefan—Boltzmann constant, o/(W-m 2K ) 5.67x10°

move downwards from the top surface with a slow initial
velocity in a short distance. From /=0.4 s to =0.7 s, the
nuclei speed up under the effect of the gravity and
electromagnetic force, moving to the inner part of the

cavity, which results in the fine crystals. With time going
on, the nuclei arrive at the bottom of the cavity at =1 s,
which shows that fine grain would be achieved for the
entire cavity if continually applying the ECP. From /=1.5
s to =2 s, more nuclei generating on the top surface
move to the inner part of the cavity and distribute more
evenly. The process of nuclei migration with time
showed that the employment of the ECP promotes the
nuclei movement leading to fine grain, and that
increasing existence time of the ECP causes the fine
grain for entire cavity.

The gravity and electromagnetic force drive the
nuclei to move downwards in cavity. The density
difference between the nucleus and melt makes the
nuclei tend to move downwards. And the higher electric
conductivity of nucleus leads to the large magnetic force
imposed on the nucleus. When the resultant force
imposed on the nucleus is larger than the resistance of
the surrounding melt, the nuclei have tendency to
migrate downwards.

The flow fluid of the melt also plays an important
role in the nuclei migration process. Figure 3 shows that
the melt on the surface flows inwards and downwards,
and also the melt close to the wall flows upwards in the

Fig. 2 Nuclei movement and distribution under effect of ECP: (a) =0.1 s; (b) t=0.4 s; (c) +=0.7 s; (d) =1 s; (e) =1.5s; (f) =2 s
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upper part of the cavity, with the results of the nuclei
densely distributing in the center of the cavity and
sparsely distributing near to the wall from /=0.1 s to
t=1.5 s. In our previous research, the fluctuation
phenomenon in the melt surface was observed in both
numerical simulation [20] and experimental research
[17], which is beneficial to produce more nuclei on the
top surface and provide more nuclei to the interior of the
melt.

Fig. 3 Flow field of melt under influence of ECP

It can be concluded that once crystal nuclei exist on
the top surface of the melt, these nuclei would be brought
into the interior of the cavity and distributed evenly
under the combination of gravity, magnetic force and the
flow of the melt. The increase of the number of nuclei in
the melt finally leads to the refinement of solidification
structure. LI et al [17] carried out similar experimental
research and set a net in the middle of the cavity to
divide the melt into two parts. Fine grains were found
above the net, while coarse columnar crystals existed in
the lower part under the net after applying the ECP with
parallel electrodes. The experimental results show that
the nuclei migrate downwards from the top of the melt,
so the present simulation results are well verified by the
experimental phenomenon.

3.2 Effect of nucleus size on migration behavior of

nuclei

In order to investigate the effect of nucleus size on
migration behavior, the migration process of nuclei with
different sizes is simulated based on this model. It should
be pointed out that the size of the nucleus is assumed for
comparison of migration process in calculation.

Figure 4 shows distribution of the nuclei
with different sizes at =0.5 s with the ECP. When the

Fig. 4 Distribution of nuclei with different sizes under influence of ECP: (a) d=1 um; (b) d=5 pum; (c) d=10 pm; (d) d=50 pm;

(e) d=100 um; (f) =500 um
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diameter of the nucleus is smaller than 10 pm, as shown
in Figs. 4 (a)—(c), it is hard to change the distributions of
nuclei at /=0.5 s. The nuclei move to the middle of the
electrodes with small downward movement distance,
especially for smaller size, as shown in Fig. 4(a). The
surface area of the nucleus is relatively large for the
nucleus in smaller size, and the viscous resistance caused
by the surrounding melt makes it more difficult to move
downwards. In this case, the migration process of the
nuclei mainly depends on melt flow. From Figs. 4(d)—(f),
it can be concluded that the nuclei move into the interior
of the melt obviously for the increase of the nucleus size
with the ECP. Furthermore, the larger the size of the
nucleus is, the farther the nucleus moves away from the
top surface. And when their sizes are big enough, the
nuclei can arrive at the bottom of the cavity in a short
time due to relatively small viscous resistance. The
gravity and electromagnetic force finally results in the
downward movement of the nuclei compared to the
surrounding melt. It should be noticed that the flow field
of the melt also has an important influence on the
migration process of the nuclei in large size.

The size of the nucleus is variable in the process of
solidification. On one hand, the size of the nucleus keeps
growing after exceeding the critical size based on the
thermodynamics conditions of solidification. On the
other hand, the nucleus may become smaller for sake of
temperature variation. Figure 5 shows the temperature
field of the melt at /=0.5 s, the temperature inside cavity
is very high, which probably makes nuclei become
smaller or even be re-melted if their size is not big
enough during the migrate process. When the nucleus
becomes smaller, the viscous resistance imposed on them
will prevent them from moving downwards. So, only the
nuclei with large size can move and arrive at the bottom
of the cavity.

Temperature/°C

‘ 943.6

L ! 98419

L 9401

| 938.4

| 9349

z

933.2

Fig. 5 Temperature field of pure Al melt after applying ECP

4 Conclusions

1) A mathematical model considering the free nuclei
is developed to reveal the nuclei migration process and
analyze the effect of the grain size on nuclei distribution
under the effect of the ECP.

2) The numerical simulation results show that most
of nuclei on the top surface of the melt will move
downwards under the combined effects of gravity,
electromagnetic force and flow field of the melt and will
be distributed randomly inside the Al melt. This
migration behavior would induce more nucleation sites
leading to the refinement of solidification structure with
applying the ECP.

3) The smaller nuclei would migrate downward a
short distance together with the Al melt at a lower speed.
On the contrary, the larger nuclei could migrate to the
bottom of cavity with a higher speed, which is beneficial
to the refinement in the interior of the melt. But not all
the nuclei with larger size could move to the interior of
the melt for becoming smaller or even re-melting during
the migration process in the melt at a high temperature.
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