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Abstract: Non-metallic particles and metallic impurities present in the feedstock affect the electrical and mechanical properties of
high quality silicon which is used in critical applications such as photovoltaic solar cells and electronic devices. SiC particles strongly
deteriorate the mechanical properties of photovoltaic cells and cause shunting problem. Therefore, these particles should be removed
from silicon before solar cells are fabricated from this material. Separation of non-metallic particles from liquid metals by imposing
an electromagnetic field was identified as an enhanced technology to produce ultra pure metals. Application of this method for
removal of SiC particles from metallurgical grade silicon (MG-Si) was presented. Numerical methods based on a combination of
classical models for inclusion removal and computational fluid dynamics (CFD) were developed to calculate the particle
concentration and separation efficiency from the melt. In order to check efficiency of the method, several experiments were done
using an induction furnace. The experimental results show that this method can be effectively applied to purifying silicon melts from
the non-metallic inclusions. The results are in a good agreement with the predictions made by the model.
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1 Introduction

Carbothermic reduction of quartz in submerged arc
furnaces is the established process in order to produce
metallurgical grade silicon (MG-Si). The liquid silicon
produced at temperatures around 2000 °C contains
dissolved carbon. After tapping the melt from the furnace,
additional SiC particles will be formed, as the solubility
of carbon in liquid silicon decreases with falling the
temperature [1].

One of the important applications of silicon is in
making of photovoltaic solar cells. Existence of SiC
particles in the solidified silicon can cause shunting in
the solar cells as well as affecting the mechanical
properties of the cells. Therefore, these inclusion
particles must be removed from the silicon melt before
solar cells are fabricated.

Electromagnetic processing of materials (EPM) has
been widely applied to the continuous casting of steel
like electromagnetic stirring and electromagnetic braking
for the purpose of clean steel production [2]. Recently,

effective separation methods of non-metallic inclusions
from liquid steel have been more searched because of the
strong demand for higher cleanliness of steel products.
Concerning nonferrous metals like aluminium and
copper, the situation is the same. Especially for recycling
of aluminium, fine inclusions from molten scrap must be
removed. Electromagnetic (EM) separation based on the
works done by LEENOV and KOLIN [3] and MARTY
and ALEMANY [4], is one of the most promising
methods for inclusion removal. Various methods have
been proposed to generate EM forces in liquid metals:
imposition of alternating current [5], simultaneous
imposition of alternating current and AC magnetic field
[6,7] and imposition of AC magnetic field [8—10].

It is well known that silicon has a quite low
electrical conductivity (6,=5x10* S/m) in the solid phase.
However, liquid silicon has an electrical conductivity of
0,=1.23x10° S/m, which is approximately twenty five
times more than the solid conductivity [11]. Such high
electrical conductivity of the silicon melt makes it
possible to remove the nonconductive inclusions from
the melt using electromagnetic separation method. In the

Corresponding author: Mehdi KADKHODABEIGI; E-mail: mehdi.kadkhodabeigi@material.ntnu.no

DOI: 10.1016/S1003-6326(11)61537-9



2814

current research, the feasibility of electromagnetic
separation method for removal of SiC particles from
silicon melt is studied.

2 Principle of electromagnetic separation

According to Leenov-Kolin’s theory [3], when a
uniform electromagnetic force is applied to a liquid
metal, the metal is compressed by the electromagnetic
force and a pressure gradient is generated in the metal.
The nonconductive particles in the liquid metal receive
only pressure because they do not experience the
electromagnetic force. This phenomenon is simply
shown in Fig. 1.

LEENOV and KOLIN [3] derived a theoretical
expression of the force acting on a single sphere
suspended in liquid metal in the case that the electrical
conductivities of the sphere (o,) and liquid (op) are
different. The equation is
Fp:_é.MVpF (1)

2 20y, +0,

where F,, is the separation force acting on a sphere; V5 is
the volume of the sphere and F is the electromagnetic
force (EMF) given by:

F=JxB| 2)
where J is the induced current density; B is the magnetic
flux density.

This separation force does not include the effect of
fluid flow around the spherical particle because the
viscous force cancels out totally on the sphere. As the
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inclusion particles are nonconductive compared with the
liquid metal in general, o, is zero in Eq. (1) and the
following equation is obtained:

3

3)

where d,, is the particle diameter.

In the case where the AC magnetic field is imposed
alone, the induced electromagnetic force should be
restricted in a skin depth given by the following
equation:

1

Nl oy

where g is the relative liquid permeability.

The skin depth becomes thin with increasing the
frequency, f. In order to enhance the separation, the mean
convection velocity and turbulent dissipation are
effective to carry particles from the bulk of liquid to the
vicinity of the wall, where a strong electromagnetic force
captures them. Using the physical properties of the
silicon melt (Table 1) and frequency of the induction
furnace (Table 2), the skin depth ¢ is equal to about 4.33
mm.

5= “4)

Table 1 Physical properties of silicon melt and SiC particles
[11,12]

Electrical

Material gfnrsr?;; conductivity/ V(IIS)ZOSS};[ )y / 1\2)116111:}212
g (S m*l) p
Silicon 55 1.23x10° 0.00075 1415
(melt)
SiC 3185 0.0001—1 - 2735

Liquid metal F
= |O

High pressure zone

Pe ==
1.2
—=

Low pressure zone

Fig. 1 Graphical presentation of principle behind electromagnetic separation of nonconductive inclusions from liquid metals (a) and

electromagnetic forces inserted on particle in cross section of melt (b)
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Table 2 Geometrical and electrical parameters of induction
furnace

Coil Coil  Coil electric ~ Power Coil turns
diameter/cm length/cm current/A frequency/Hz number

10.0 15.0 385 11000 10

3 Experimental

In order to check the separation of SiC particles
from molten silicon under -electromagnetic forces,
induction melting of silicon containing SiC particles was
done.

3.1 Material

Industrial metallurgical grade silicon (MG-Si) with
the particle size in the range of 1-5 mm was used in the
present study as the main material. Physical properties of
silicon melt and SiC particles are given in Table 1
[11,12]. Silicon carbide particles with the average
particle size of 9 um (Fig. 2) were melted with the silicon
and Si/SiC composites containing 3% and 10% SiC were
produced. Inside the graphite crucible and close to the
melting point of silicon, SiC particles exist in the melt as
a separate phase. These composites were crushed down
to 1 mm and added to MG-Si in four experiments, as
listed in Table 3.

Volume fraction/%

L

0 2040 60 30 100
Particle diameter/um

Fig. 2 Size distribution of SiC particles

Table 3 Amount and composition of silicon materials

Experiment e . Total SiC content
pNO' m(SUSIC)g m(MG-Siyg . > - O
A 1.73 * 128.2 0.04
B 14.3 * 128.5 0.3
C 14.4%* 130 0.3
D 12.8%* 128.4 1.0

*3% SiC, ** 10% SiC

Silicon and Si/SiC composite were put in a graphite
crucible prepared from dense graphite (Carbone Lorraine
2020) with dimensions of 100 mm in height, 50 mm in
outside diameter and 40 mm in inside diameter. The
material charge was distributed in two different ways for
the experiments as schematically shown in Fig. 3.

AB,D C

Si/SiC

MG-Si

Fig. 3 Material charge in graphite crucible for experiments A to
D

3.2 Induction melting

The induction melting of the material was done in a
vacuum induction furnace with the coil dimensions listed
in Table 2. The furnace chamber was evacuated two
times with a mechanical pump to below 0.1 Pa followed
with Ar (99.999%) flashing. The melting was then
carried out under continuous Ar flow. The furnace power
was tuned in the way to be enough to keep the melt
temperature of 150 g silicon around 1450 °C where the
melt surface temperature was recorded by a portable
pyrometer.

The melting of material was possible to be observed
from a glass window on the furnace top. The melting was
completed in about 12 min and then the power was tuned
to keep the melt temperature close to the silicon melting
point. Then melt was held at constant temperature for 12
min. The crucible was then cooled down through power
off and silicon was solidified in the crucible. It is found
that for all experiments the solidification starts from the
top of the melt and completes at the bottom, resulting in
cracks in the graphite crucible bottom due to the silicon
expansion through solidification.

3.3 Metallography

The crucibles containing the solidified silicon were
cut vertically from the middle by a diamond cutter and
metallography samples were then prepared. The
distribution of silicon carbide particles were studied by
microscopy and  micrographs were used as
documentation.

4 Mathematical modelling

As discussed above, the electromagnetic forces will
cause segregation of the inclusion particles from the
liquid metal. The segregation rate is obtained easily as a
product of the particle concentration (uniform) and the
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migration velocity due to electromagnetic force
perpendicular to the side wall and the bottom. Expressing
the migration velocities based on the forces exerted to
the particles is an essential step of explaining the
segregation procedure. Figure 4 shows the different
forces and migration velocities for a single particle in the
melt.

Silicon melt

Fig. 4 Schematic view of different forces acting on
nonconductive particle suspending in liquid metal and related

migration velocities

The drag force acting on the inclusion by the melt in
vertical orientation is given by
ReLp Mrcy 5)

=——p; —2Cp-|V|V
> Pt 4 D

where R is the drag force exerted on a unit volume of the
inclusion; Cp is the drag coefficient; v is the movement
velocity in the vertical orientation of the inclusion and p¢
is the density of the melt.

The relationship between the moving velocity of the
inclusion and prescribed forces is shown in Eq. (6):

2

1 ndp
W +R+Fp =(pp_pf)ng _Epf 'T'CD'|V|V_

3 3
i%.‘]xgzﬂpﬂ (6)
4 6 6 " Pdt

where W is the effective gravity of the inclusion in the
melt; dv/dt is the acceleration of the inclusion; g is the
gravity acceleration, and p, is the density of inclusion.
The viscous resistance of the inclusion increases as the
velocity increases. In the absence of electromagnetic
forces and when the net force exerted by the gravity of
the inclusion and the viscous resistance of the inclusion
are in balance, the velocity of the inclusion reaches the
terminal velocity ().

o= | ™o Py = Pr) )
6Cpp

Assuming Reynolds number for small inclusion in
micron size range is less than 1, Cp in Eq. (5) is taken to
be 24/Re which leads to the following relation:

_dy(py—pr)8

18v ®

t

Considering the effect of electromagnetic forces on

the particles, the terminal velocity is calculated based on
the following equation:

3
d;[(ﬂp - P9 +ZJ x B}
= 9
Ve 18v ©)

In Eq. (9), v represents viscosity of the liquid metal.
Since the -electromagnetic forces are stronger than
gravity close to the crucible side walls. The first term in
Eq. (9) can be neglected in these zones and the particles
velocity then are calculated as follows:

d2
vV, =—>.JxB (10)

24v

Due to strong stirring of the liquid metal caused by
the electromagnetic forces, it is reasonable to assume that
the melt is completely mixed, resulting
homogeneous particle concentration. Using this
assumption the conservation equation for the inclusions
in the melt is given by Eq. (11). This equation expresses
time evolution of the particle concentration in the bulk of
melt. The non-conductive particles are removed from the
bulk of melt as they reach in vicinity of the crucible wall,
within the skin depth J (~4.33 mm) due to the existence
of prescribed electromagnetic forces; they are
accumulated on the wall. The rate at which the particles
are accumulated on the crucible wall is considered the
particle removal rate from the bulk of melt.

PS5 Ly i) + g (v, )IC (n
where ¥V is volume of the melt; C is content of SiC
particles; Aw is area of side wall and Ap is area of
crucible bottom wall; e, is the radial unit vector; e, is the
vertical unit vector. The first term in the parenthesis is
the average radial velocity at the side wall and the
second term in the parenthesis represents the average
vertical velocity at the bottom.

in a

4.1 Governing equations on fluid flows

The Lavers method is used as the basis to calculate
the electromagnetic fields in the induction furnace. Using
this method magnetic flux density, Joule heat, and the
different components of the electromagnetic force in
liquid metal are obtained. Using the standard k—¢
turbulence model, the governing transport equations are
as follows:

Vu=0 (12)
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p(U-VIU=V [-pl+(v+v)(Vu+(Vu))]+F  (13)

pu-Vk=V .Kv-rLJVk} +v,Vu:[Vu+ (VU)T]—pg

O
(14)
pu-Ve = V.HVJFLJVE}F
05
C,evVU:[Vu+(Vu) ' 1/k=C,, ps* Ik (15)

where [ is identity or unit matrix; ¢ is turbulent
dissipation rate; & is turbulent kinetic energy.

Turbulent viscosity and the model parameters are as
follows:

v =Ck*/e (16)
C,=0.09,C,, =144,C,, =1.92,0, =1,0,=13 (17)

where C, is the turbulent model constant.

Finally, the boundary conditions are required to
complete the definition of the flow problem. We have
specified zero velocity wall functions on the solid
surfaces and zero shear on the free surface. Furthermore,
the & and ¢ are set as zero on the solid surfaces and their
gradients are stipulated to be zero on the free surfaces.

4.2 Geometry of induction furnace

A 3D CFD model of the induction furnace was
developed. The furnace geometry and its electrical
parameters have been selected based on the laboratory
scale induction furnace used in experimental work. The
geometrical and electrical properties of the induction
furnace are presented in Table 2 and Fig. 5 shows a cross
section of the furnace used in modelling.

Induction coil, N=10

4 cm
Graphite crucible

0000000000

0000000000 O

Fig. 5 Geometries of induction furnace used in CFD modelling
of fluid flows in silicon melt

5 Results

The governing equations for the fluid flows are

solved using COMSOL Multiphysics 3.5a. The results of
the CFD model then are used as the input parameters in
the prescribed classical models of particle removal from
the melt. The obtained results from both the modelling
and experimental works are described in the following.

5.1 Modelling results

The results of the CFD model show that due to the
fairly high electrical conductivity of liquid silicon, the
induced current in the melt is very high. The vectors of
induced current density at different heights in the melt
are shown in Fig. 6. It can be seen that the induced
current has higher values in the regions very close to the
crucible walls comparing with the other zones of the
melt.

Fig. 6 Vectors of induced current density in silicon melt at
three different levels

Interaction between the induced current in the melt
and the magnetic field created due to current pass
through the induction coil, leads to the generation of
electromagnetic Lorentz forces in the melt. The vectors
of Lorentz forces in a vertical cross section of the
crucible are presented in Fig. 7. It is clearly seen from
Fig. 7 that the electromagnetic forces are very strong
near the crucible walls. This phenomenon causes
effective separation of the inclusion particles from the
melt when the particles get close to the crucible walls.

Due to existence of the electromagnetic forces, the
melt flow inside the crucible shows a complex turbulent
flow pattern which assures good mixing in the liquid
silicon. Figure 8 represents the velocity pattern of the
melt in the central plane of the crucible. It is seen from
Fig. 8 that the silicon melt flows upwards in the central
part of the crucible and moves downwards in the zones
close to the walls. The resulted melt flow pattern shows
that there is a very good stirring and therefore complete
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Fig. 7 Vectors of electromagnetic Lorentz forces in central
vertical cross section of crucible
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Fig. 8 Velocity flow pattern in central vertical cross section of
crucible showing stirring of silicon melt under effect of
electromagnetic forces

mixing in the melt. This means that it is very likely that
the SiC particles can reach the crucible wall.

The results of the model show that as the result of
electromagnetic forces the nonconductive particles are
pushed away from the bulk of silicon melt and they are
accumulated on the crucible side and bottom wall.
Therefore, the particle concentration in the melt
decreases to a lower amount as the separation process
proceeds. Figure 9 shows the prediction of model for
evolution of the content of the SiC particles in the melt
for 600 s after start of separation.

The results show that the particle separation rate is
very high as the process begins and it slows down to a
much lower rate as time goes on. It could be predicted
that the bigger particles are separated from the melt

much faster than the smaller ones. This phenomenon is
clearly seen from Fig. 10 which shows the change in the
size distribution of the inclusion particles in the silicon
melt as the separation process continues.

100

80r

60

40

Total inclusion content/%

20

0 100 200 300 400 500 600
Time/s

Fig. 9 Result of model showing evolution of total content of
SiC particles in silicon melt for 600 s after start of separation

process
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Fig. 10 Size distribution of SiC particles in melt with
separation process proceeding

The removal efficiency for the size group of i
among the SiC particles is defined as follows [13]:
=05 ()

Cio

where Cj represents the initial content of particle size i
and C; shows the same parameter as the separation
process proceeds. The removal efficiency is a factor
which determines how effective the electromagnetic
separation for each particle size is. The removal
efficiency as a function of particles size is shown in
Fig. 11. It shows that the smaller the particles size, the
lower the removal efficiency.

The changes in unified content of each individual
SiC particle as a function of time are presented in Fig. 12.
It shows that the content of smaller particles in the melt
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decreases very slowly which again shows the difficulty
in getting rid of this range of particles.

5.2 Experimental results

The micro-structural studies indicate that the SiC
particles are located on the crucible walls. Particles
content on the crucible side wall is absolutely more than
the bottom wall. This shows that the particle removal has
happened due to the effect of electromagnetic forces than
particle sedimentation because of the gravity force. Very
few or none SiC particles could be observed in the
middle of crucible. No large SiC particle was observed in
the middle of crucible and away from the wall. It is
worth mentioning that a thin SiC layer is formed on the
crucible wall through the contact of molten silicon with
graphite, and this type of silicon is also seen in some
areas in the graphite due to the penetration of the liquid
silicon to the open pores. This SiC is distinguishable
easily with the suspended SiC particles added to the
silicon. These results can be observed for all the samples
in Figs. 13 and 14. It can be seen that the thickness of the
apparent SiC aggregation area on the crucible wall varies
with the total SiC content. No difference between
samples B and C was observed, meaning that the
dispersion of SiC particles into the melt is probably
similar or it does not matter for the applied melting time.

The metallography study supports the model
prediction and the effect of the electromagnetic forces
under the induction melting on the SiC separation.
Obviously, the SiC particles are separated through the
induction melting from the melt and pushed to the walls.
It is worth noting that the content of SiC particles on the
side wall is much higher comparing with the bottom wall

SiC particles

100

-c\‘o 80-

=

g

%

= n—=20s

z 40 *—1=40's

g e—r=100s

o 20 «—=200s
+—=600s

0 10 20 30 40 50

Particle diameter/um

Fig. 11 Particle removal efficiency based on particle size
showing bigger SiC particles more likely to be separated from
silicon melt in a shorter period of time
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Fig. 12 Evolution in content of each individual particles size

showing limitation of electromagnetic separation method in

removing very small particles

Fig. 13 Microscopy images from different positions of silicon/crucible interfacial area in experiment A
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of crucible. This indicates more efficient particle
separation due to the electromagnetic forces comparing
with gravity force.

6 Conclusions

1) Feasibility of removing the nonconductive SiC
particles from silicon melt using the electromagnetic
separation method was studied. A conceptual model of
the electromagnetic separation process was developed.
The model is made of a combination of classical models
of inclusion removal and a CFD model for calculation of
electromagnetic forces, melt flows etc in a laboratory
scale induction furnace. The results show that it is
possible to use this method for purification of silicon
melt from nonconductive inclusions.

2) The experimental studies for different conditions
prove the validity of the model and the results show that
this method can be successfully applied for purification

25um

Fig. 14 Microscopy images from silicon/graphite crucible interfacial area in experiments B (a,a’), C (b,b") and D (c,c")

of silicon melt from the SiC particles. The particle
content on the crucible side wall is significantly more
than the crucible bottom wall, which proves that the
particle separation is mainly because of electromagnetic
forces but not gravity force.

3) It should be mentioned that in the experiments
the melt holding time is continued for 12 min while our
model which has been made based on complete mixing
assumption, predicts faster inclusion removal rate.
Therefore, it is recommended that the experiments with
shorter holding time for the melt will be performed in
future.
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