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Abstract: The difference of conductivity between primary irorr rich phases and aluminum melt has been used to separate them by

electromagnetic force ( EMF) which is induced by imposing a direct electric current and a steady magnetic field in molten AFSi al-

loy. Theoretical analysis and experiments on self- designed electromagnetic separation indicates that primary needlelike B phases

are difficult to separate; while primary a irorr rich phases can be separated by electromagnetic separation. Primary irorr rich phases

have been removed from the melt successfully when the molten metal flows horizontally through separation channel. The iron corr

tent is reduced from 1. 13% to 0.41% .
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1 INTRODUCTION

Iron is usually considered to be harmful impurity in
aluminum. The needle-like or massive irorrsilicon inter-
metallic compounds, are not only crack origins but also
crack growth paths which dramatically influence the
strength and elongation of aluminum alloy. These hard
and brittle phases affect the surface property of material,
too. Many researchers have suggested methods for reduc
ing the detrimental effect of iron, such as gravity settle-

]

ment' ', centrifugal method'?, addition of neutralization

element | tapid solidification®!
ing! " * . Gravity settlement and centrifugal separation are

difficult to apply to manufacturing systems because of low

and melt superheat-

efficiency and norr continuous processing. Though neu-
tralization element, rapid solidification and melt super
heating can reduce the detrimental effect of irorrrich
phases, these methods can not erase the deleterious effect
completely.

Electromagnetic separation is a new method to re-
move primary irorrrich phases from aluminum melt with
advantages of high efficiency, constant separation, caus-
ing no pollution on the melt which was studied scarcely.
Park and Kim et al'™ '

tion of irorrrich phases from static aluminum melt. They

studied electromagnetic separa

got the result that the irorrrich phases can move to one
side of separator. Continuous processing technique of this

method and the influence of parameters and morphology of

irorrrich phases on removal efficiency have not been re-
ported' '

In this research, removal efficiency of primary iron-
rich phases and removal law have been studied. Primary
phases formed by adding manganese have been removed
by electromagnetic separation on a self-designed electro-
magnetic separation equipment continuously which pro-
vides a theoretical and technical basement for industrial

application of this method.
2 THEORETICAL BACKGROUND

2.1 Forces exerted on irom rich phases

The principle of electromagnetic separation is that
EMF scarcely exerts on norrmetallic phases due to differ-
ent conductivity between aluminum melt and norrmetallic
phases, as a result, the norrmetallic phases move in the
direction opposite to that of EMF and are eliminated out of
the melt. The net force exerted by the EMF field on a
spherical particle can be expressed by Eqn. (1) according
to Leenov and Kolin'®! in steady-state conditions and un-

der the simplifying assumption that the fluid velocity is

small:
. 30-09 Mz
Fy= = 220+ 0, 6 el k1)
where F is the net force exerted on the particle ( elec-

tromagnetic repulsive force) ; O, 0, is electricity of alu-

minum melt and the particle; d, is diameter of particle;
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J is the current density; and B is the magnetic flux den- Pu Pu &)
i . . . . 82 * 82 - v ( 8)
sity vector. Electricity of irorrrich phases can be consid-
ered to be zero relative to aluminum melt. Boundary conditions are
For long cylinder norrmetallic particles, the force x= Tb, u=0, y= *h, u=0 (9)
will depend on the orientation of the cylinder axis. Eqns. where u is velocity of the melt, Ais head pressure loss

(2), (3) and (4) describe the electromagnetic repulsive
force exerted on cylinder particles in three different cases:
axis parallel to B; parallel to J; parallel to the force,
hence perpendicular to B and J.

0,
F,=- (1- T)p) VI J x Bl
A
F,= - VIJ xBI (2)
20
F,= I"O—VI J x Bl
Fr= 0 (3)
_9-0
Fy= o+ OI_VI J x Bl
F,= - VI J x Bl (4)
where V is volume of the particle.

Except electromagnetic repulsive force, gravity,
buoyance and drag resistance exert on irorrrich phases
when the phases move in the melt in electromagnetic

field. Drag resistance, R, can be calculated by
R= CoxA, x> ful (5)

where  Cy is resistance coefficient, A, is the area where
drag resistance exerts on, u, is velocity of irorrrich parti-
cle in the direction of electromagnetic repulsive force.
is the density of aluminum melt.

In order to separate primary irorrrich phases from a-
luminum melt, electromagnetic repulsive force and gravity
should be in the same direction and perpendicular to the
velocity of aluminum melt. When forces exerted on irorr
rich particle reach balance, the velocity of irorrrich parti-
cle, wup, reaches utmost velocity, o, which is the

terminal velocity.
CoxAyx 5 Pub= [T1TXBl+ (O B)g]
14 (6)

Therefore, the terminal velocity of particles can be calcu-

lated by Eqn. (7)1
d; «dy
_ o -0
= o4 T ¥ Bl+ iR B (7

where M is viscosity of the melt, (, is the density of

irorrrich phases.

2.2 Analysis of removal efficiency
The sketch of separator section is shown in Fig. 1.
If the

flow of aluminum melt is even and constant, the velocity

z-axis is in the flow direction of aluminum melt.

distribution of the melt can be expressed by

of unit mass in unit flow path, Vis kinematic viscosity.
&

+h
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Fig. 1 Sketch of separator section

Hence the distribution of melt Velocity is

w(x v) = Ey(nto yy)- B3y L=

F=i0 (2k+ 1)
(2k+ 1)Tx f2k+ 1) Ty

2h cos 2h
(Zlﬁ:i: L ITH
ch h

ch

/ (10)

Value of z indicates the length of the separator EMF
exerted on. Because diameter of irorrrich particles is
small enough, velocity of particles in direction of z is e
qual to velocity of the melt, that is, w.= u(x, y)= dz/
dt, uy= ue= dy/dt, so that

dz/dy=u(x, y)/tw (11)

As one irorrrich particle gets to the edge of the sep-
arator (y= — h, z= z) which is considered to be cap-
tured and removed from the melt, its former position ( y
=y, z= 0) can be calculated by Eqn. (11). When this
particle is captured, all irorrrich particles with the same
diameter which are lower than this one at z= 0 are cap-
the re-

tured and removed from the melt. As a result,

moval efficiency can be expressed by the following equa

h h h b
f f u(x, y)dxdy/J. _r u(x,
—h ¥-1) -h J-b

y)dxdy (12)
According to Eqn. (11

tion:

) and Eqn. (12), one value
of z can get one y and one y can get one Tl so that differ-
ent lengths of the separator EMF exerted on result in dif-
ferent removal efficiencies.

Numerical integration of Eqn. (11) and Eqn. (12) is
difficult and can not get clear relationship between the pa-
rameters and removal efficiency. For rectangle of large ra-
tio of width to height, the velocity distribution of the melt
can be simplified to be

w=unl 1= (37)% (13)

where wuy is the maximum velocity of the melt. There-

fore, numerical integration of Eqn. (12) is

h 2 2 h 2 2
B aren G g



Ne 1 Electromagnetic separation of primary irorrrich phases from aluminunrsilicon melt -+ 123 -

Vol. 13
3h%y = v+ 243
= 14
n v (14
Numerical integration of Eqn. ( 11) is:
h 3 .2
J‘dz = _[ uy b%zLdy
, h h
2 3 3
_ 3h'y- y '+ 2h"  um (15)

3h 1L oo

The density of iromrrich phases is (3. 35 73.45) x

10° kg/ m” and the density of the melt is 2.4 x 10’ kg/

m’. In most electromagnetic separation, EMF is larger

than 1x 10° N/m’. Therefore, the influence of gravity on

the velocity of iron-rich particles can be neglected so that
1 can be calculated by

2

_ 3zBl, dy
" Shu 240 (16)
where wui= 0.5 uy is average velocity of the melt. It is

seen that removal efficiency increases with the increase of
EMF and diameter of iromrrich particles and decreases
with the increase of velocity of the melt and height of sep-
arator.

3 EXPERIMENTAL

Al-12% Si- 1% Fe-0. 6% Mnand Al- 12 % Si-
1.1% Fe-1. 2% Mn were chosen. The removal efficiency
is examined by observing metallographs of the metal before
and after electromagnetic separation and by the LECO im-
age analysis system equipped with an optical scope. The
removal procedure of iron-rich phases was illustrated in
Fig. 2. The whole separator was made of fire-resistant ma-
terial. The section of the separator in the range of electro
magnetic field was rectangle. An electromagnet was used
to generate the desired normal magnetic field. The mag-
netic flux density was measured by a Gauss meter to be 0.
94 T. A DC generator was used to support DC current for
the melt. The electric current density was adjusted by
changing the current and the section of the separator. The
velocity of the melt was measured by quantifying the melt
flown out of the separator within a certain interval.

1 > .Iron_-r}ch
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-

Fig. 2 Sketch of movement and enrichment
of irorrrich phases in separator

The experiment mainly involved melting and electro-
magnetic separating on self-designed equipment. The ex-
perimental alloy was melted and kept at 640 C for 30 min
to form primary irorrrich phases. The melt was stirred to
make irorrich phases uniform before electromagnetic sep-

aration. After the experiment, the solidified metal before
being processed, in the separator and after being pro-
cessed was examined metallographically and by image
analysis to determine content of primary irorrrich particles
in the metal and the particle distribution on the across
section of the separator. Iron content of the alloy before
and after electromagnetic separation was measured by
chemical analysis.

4 RESULTS AND DISCUSSION

Fig. 3 shows the microstructures of Al-12% Sr1%
Fe-0. 6% Mn before and after electromagnetic separation.
Experimental parameters were: EMF 1. 73 x 10° N/m’,
velocity of the melt 16. 4 mm/ s, section gauge of the sep
arator 11 mm X 16 mm. It can be seen that there were
many 0 (massive irorrrich particles) and B (needlelike)
irorrrich phases in the alloy before electromagnetic sepa-
ration and there were many B irorrrich phases but no
massive primary a irorrrich phases in the melt after sepa-
ration. It indicated that electromagnetic separation can not
remove irorrrich phases efficiently because of B irorrrich

phases was not large enough when ratio of Mn to Fe keeps

content (Mn/Fe). When axis of needlelike iron-rich

<200 pm-
o —

Fig. 3 Microstructures of AFSi alloy before
and after electromagnetic separation
(a) —Before electromagnetic separation;
(b) —After electromagnetic separation
( Corroded in 209% H,S04 at 70 C,

rorrrich phases are black)
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phases is parallel to B, to J and to EMF, electromagnet-
ic repulsive force exerted on the phases is different ac-
cording to Eqns. (2), (3) and (4).

of needle-like phases in the melt is random, the repulsive

Because orientation

force is not uniform, so only some needle-like phases
whose orientation is suitable to electromagnetic separation
can be removed from the melt. In addition, formation of
needle-like phases is in the end of solidification and vis-
cosity of the melt during this period is large so B irorrrich
phases are difficult to be removed.

Fig. 4 shows the microstructures of Al-12% Sr1. 1%
Fel. 2% Mn and after

separation. parameters

electromagnetic
were:  EMF

before

Experimental

! -
X
}HT“

Fig. 4 Microstructures of AFSi alloy before
and after electromagnetic separation
(a) —Before electromagnetic separation;
(b) —Distribution of irorr rich phases in separator;
(¢) —After electromagnetic separation

( Corroded in 20% H,S04 at 70 C,

irorr rich phases are black)

2.12x 10° N/m’, velocity of the melt 41. 6 mm/s, sec
tion gauge of the separator 8§ mm X 18 mm. It can be
found in Fig. 4( a) that there are more primary a irorrrich
phases than that in Fig. 3(a) but no B irorrrich phases
exist when Mn/ Fe is larger than 1. There were no primary
irorrrich phases in the alloy after electromagnetic separa
tion (o and B) indicated by Fig. 4(c). Fig. 4(b) is the
distribution of primary ironrrich phases in the separator.
Fig. 4 shows that primary iron-rich phases moved to one
side of the separator and were captured, so the melt flew
out of the separator was free of primary irorrrich phases.
Two separating experiments have been done to check
the effectiveness of electromagnetic separation of primary
rorrrich phases. The alloy is chosen to be AlF12. 23%
St 1. 13%Fe-1. 22% Mn. Experimental parameters in the
two experiments were: EMF 1.4 x 10’ N/m’, velocity of
the melt 51. 7 mm/ s, section gauge of the separator 9 mm
x 16 mm and EMF 8.7 % 10° N/m’, velocity of the melt
121.3 mm/s, section gauge of the separator 5 mm X 19
mm, respectively. Chemical  analysis  indr
cated that content of Mn and Fe are 0.69% and
0.77% , respectively, in the alloy processed by the first
mentioned experiment; while they are 0. 26% and O.
41% processed by the second experiment. The size and
content of primary a iron-rich phases in the alloy before
and after electromagnetic separation analyzed by LECO
Image Analyzer showed that there are many primary iron-
rich phases in the alloy processed by the first experiment;
while there are no primary iron-rich phases larger than 20
Hm in the alloy processed by the second experiment. Re-
moval efficiency of 30 Hm irorrrich phases was calculated
to be 40. 6% by Eqn. (16) according to the parameters in
the first experiment; while removal efficiency of 20 Hm
irorrrich phases was 100% according to the parameters in
the second experiment. It indicated that theoretical analy-
sis of removal efficiency is almost the same as experimen-
tal measurement. The experiments and theoretical analysis
showed that large EMF and small height of the separator
are advantageous to the remove of primary irorrrich phas-
es.

S CONCLUSIONS

1) Needle-like B irorrrich phases are difficult to be
removed from the melt by electromagnetic separation;
while primary a irorrrich phases can be removed by this
method.

2) The iron content of AFSi alloy can be reduced
from 1. 13% to 0.41% by electromagnetic separation.

3) The experimental result is the same as theoretical

analysis.
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