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Elimination of Fe in Al-Si cast alloy scrap

by electromagnetic filtration
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Fe in Al-Si cast alloy scrap melt was eliminated by electromagnetic filtration of primary
iron-rich phases, which were formed by adding Mn in the melt. The principle of
electromagnetic filtration is that the electromagnetic force scarcely acts on the primary
iron-rich phases due to its low electric conductivity as compared to the melt. As a result, a
repulsive force exerts on the primary iron-rich phases to move them in the direction
opposite to that of the electromagnetic force. It has been found that the forming
temperature of primary iron-rich phase increases gradually with the increment of ratio of
Mn to Fe (Mn/Fe), and that the iron-rich phases are formed as primary phases, they appear
as massive particles with size of 30–80 µm. Experimental results show that the primary
iron-rich phases are separated from Al-Si alloy scrap melt and are collected in the
electromagnetic separation chamber. Fe content in the cast ingot decreases from 1.20% to
0.41% by electromagnetic filtration, which can meet the demand for casting. This new
technique is highly efficient and available for continuous processing compared with natural
settling and filtration methods. It offers a possibility for recycling high quality aluminum
alloys. C© 2003 Kluwer Academic Publishers

Nomenclature
B magnetic flux density vector, T
J electric current density, A/m2

fp electromagnetic force acting on the primary
iron-rich phase, N/m3

σ f electrical conductivity of the Al-Si alloy melt,
�−1.m−1

σp electrical conductivity of the primary iron-rich
phase, �−1.m−1

2h height of the single filtration passage of the
separation chamber, m

b width of the single filtration passage of the
separation chamber, m

u horizontal velocity of Al-Si alloy melt, m/s
uM the largest horizontal velocity of the Al-Si alloy

melt, m/s
vt perpendicular terminal migration velocity of the

primary iron-rich phase, m/s
dp diameter of the primary iron-rich phase, m
µ viscosity of the Al-Si alloy melt, Pa.s
η removal efficiency of primary iron-rich phase, %
Po pressure loss of unit Al-Si alloy melt, Pa
ρ density of Al-Si alloy melt, kg/m3

ρp density of primary iron-rich phase, kg/m3

g gravity acceleration, m/s2

Re Reynolds number of primary iron-rich phase on
perpendicular direction

∗Author to whom all correspondence should be addressed.

ϕ coefficient of resistance
R resistance acting on the primary iron-rich phase,

N/m3

m mass of the primary iron-rich phase, kg
dv
dt acceleration of the primary iron-rich phase
Wo factual gravity of the primary iron-rich phase in

the Al-Si alloy melt, N/m3

x acting length of electromagnetic force, m

1. Introduction
A crucial technical subject in recycling scraps is how to
remove the detrimental elements, which are harmful to
the mechanical properties of end products and difficult
to be eliminated, e.g., iron in aluminum [1–3]. Usually,
it can be eliminated by natural settling [1] and centrifu-
gal methods [3] based on density difference between the
melt and the iron-rich phases and by filtration method
[2]. However, these methods have significant disadvan-
tages of long treatment time, low efficiency, and most of
all, settling and centrifugal methods can not work con-
tinuously. Therefore, they are very limited in applica-
tions. In electromagnetic filtration the electromagnetic
force is exerted on the melt in the separation chamber.
Thus, The electromagnetic force scarcely acts on the
primary iron-rich phases due to its low electric conduc-
tivity, which then moves in the direction opposite to that
of the electromagnetic force. As a result, the primary
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iron-rich phases are separated from Al-Si alloy scrap
melt and are collected in the separation chamber while
the melt is in continuous flow. Therefore, the electro-
magnetic filtration can improve filtrating efficiency as
compared with natural filtration method. This method
has significant potential advantages of high efficiency,
continuous work, and increased cleanliness of the melt.
Although the method of electromagnetic separation of
iron in static molten Al-Si alloy has been preliminar-
ily studied [4, 5], it can not work continuously. Nagy
EI-Kaddah et al. [6] have simply studied the removal
of (Fe,Mn)-Al intermetallic phase from Al-1Fe-6Mn
alloy by an induced-current separator. In this research,
the formation of primary iron-rich phases in the Al-Si
alloy melt has been studied by settling method and ther-
mal analysis. Furthermore, electromagnetic filtration of
primary iron-rich phases has been investigated by theo-
retical analysis and on a self-designed electromagnetic
filtration equipment.

2. Experimental procedure
The chemical compositions of test materials are listed in
Table I. Fifty grams of alloy was heated to 800◦C within
a crucible in a resistance furnace, then the melt was
cooled for settling. Settling experiments were carried
out every 10◦C from 760◦C to 600◦C. The melt was
kept 40 minutes at every settling temperature, then the
solidified samples were prepared for observing their
metallographic structures. Thermal analysis was also
used to determine the forming temperature of the iron-
rich phases. Fig. 1 shows a schematic illustration of
the electromagnetic filtration system, which consists of
an electromagnet, casting mould, an electromagnetic
separation chamber and a DC power supply. The size
of the electromagnet poles was 130 mm × 130 mm.
Structure of the electromagnetic separation chamber is
shown in Fig. 2. The various processing parameters for
the electromagnetic filtration were as follows:

(1) The temperature of the alloy melt was 720◦C;
(2) The space distance between two magnetic poles

was 40–120 mm, and the magnetic flux density was
0–1 T;

(3) The direct electric current intensity in the melt was
0–2.0 × 105 A/m2;

(4) The weight of the melt was 5 kg.

Figure 1 Sketch of experimental apparatus.

TABLE I Chemical compositions of test materials (wt%)

Mark Fe Mn Si Al Mn/Fe

A-0.0 1.2 0.0 11.7 Bal. 0.0
A-0.5 1.2 0.6 11.7 Bal. 0.5
A-1.0 1.2 1.2 11.7 Bal. 1.0
A-1.5 1.2 1.8 11.7 Bal. 1.5
A-2.0 1.2 2.4 11.7 Bal. 2.0

3. Results and discussion
3.1. Formation of primary iron-rich phases

in Al-Si alloy melt
Fig. 3 shows the effect of Mn on the microstructures
of Al-Si-1.2 wt%Fe alloys. It is seen that the mor-
phology of the iron-rich phases (compounds) changes
from long needle-like (Fig. 3a) into long needle-like
particles and massive particles (Fig. 3b) with increas-
ing of Mn/Fe ratio. When Mn/Fe is equal to 1.5, the
needle-like iron compounds become completely mas-
sive (Fig. 3c). The change in the morphology of iron
phases is due to the transformation of needle-like β

iron compounds (Al9Fe2Si2) into massive α iron com-
pounds (AlSiFeMn). The chemical compositions of
massive α iron compound are (wt%): Al-54.26, Si-
10.72, Mn-22.97, Fe-17.04 as determined by electro-
probe analysis.

Fig. 4 shows the cooling curves of Al-Si-1.2 wt%Fe
and Al-Si-1.2 wt%Fe-1.8 wt%Mn. From Fig. 4, it can
be seen that the primary crystallization temperature of
primary iron-rich phases (iron compounds) is 735◦C.
Fig. 5 shows the settling results at each marked point
on the cooling curve. It can be seen that the amount
of the primary massive iron-rich phase increases grad-
ually with decreasing settling temperature. When the
settling temperature is 680◦C, large particles of iron-
rich phases are present owing to conglomeration during
settling, as shown in Fig. 5c. Some times the size of the
primary iron-rich phase is 30–80 µm after adding Mn.
The relationship between primary crystallizing temper-
ature and Mn/Fe is obtained by thermal analysis and
settling tests, as shown in Fig. 6. The forming tempera-
ture of the iron compound increases gradually with the
increment of Mn/Fe because the forming temperature
of α iron compounds (AlSiFeMn) is higher than that
of needle-like β iron compounds (Al9Fe2Si2) [1]. The
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Figure 2 Structure of the electromagnetic separation chamber.

region of the forming temperature of iron-rich phase
is 680–735◦C, and is above the eutectic temperature
(570◦C) of the alloy when Mn/Fe is over 1.0. Since
the iron compounds are formed primarily after adding
Mn, it is possible to separate iron-rich phases from the
melt.

3.2. The principle of electromagnetic
filtration

An electromagnetic force was generated by passing a
DC current through the melt contained in the separa-
tion chamber within a crossed uniform magnetic field
as shown in Fig. 7. According to references [7–9], the

Figure 3 Effect of content of Mn on morphologies of iron-rich phase in the Al-Si-1.2 wt%Fe alloy. (Etched in 20%H2SO4 at 70◦C for 30 s. The black
phase is iron-rich phase.) (a) without Mn, (b) 0.6 wt%Mn, and (c) 1.8 wt%Mn.

Figure 4 Cooling curve of the alloys: (a) Al-Si-1.2 wt%Fe and (b) Al-Si-1.2 wt%Fe-1.8 wt%Mn.

net force exerted by electromagnetic field on a spher-
ical non-metallic particle in melt can be expressed as
follows:

fp = −3

4

πd3
p

6
f (1)

where f = | �B × �J | is electromagnetic force acting on
a unit volume of the melt, dp is the diameter of the
particle.

Drag force acted on the primary iron-rich particle by
the Al-Si alloy melt in vertical orientation is [10],

R = ϕρd2
pv2 (2)

where ϕ is drag coefficient, R is drag force exerted on
the primary iron-rich particle, v is movement velocity in
the vertical orientation of the primary iron-rich phase.

The relationship between the moving velocity of the
primary iron-rich phase and drag of Al-Si alloy melt is
shown in Equation 3,

Wo + fP − R = πd3
p

6
ρp

dv

dt
(3)
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Figure 5 Microstructures after settling at temperatures shown on the cooling curve of Fig. 4b (a), (b) and (c) (Etched in 20%H2SO4 at 70◦C for 30 s.
The black phase is iron-rich phase.)
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Figure 6 Relation between Mn/Fe ratio and primary crystallization tem-
perature (Al-Si-1.2 wt%Fe).

Figure 7 Action forces of primary iron-rich phases while the molten
Al-Si alloy is horizontal flow in the single passage of the separation
chamber.

where dv
dt is the acceleration of the primary iron-rich

phase; Wo is factual gravity of the primary iron-rich
phase in the Al-Si alloy melt.

The viscous resistance of the primary iron-rich phase
increases as the velocity increases. When forces ex-
erted on the iron-rich phases kept balance, the velocity
reached terminal velocity (vt).

vt =
√

πdp f

8ϕρ
+ πdp(ρp − ρ)

6ϕρ
g (4)

An acceleration procedure of particle exists while
imposing the electromagnetic force on the particle. This
procedure can be described by relaxed time τp [10].

τp = 2ρpr2

9ρµ
(5)

where r is radius of the primary phase,µ is the dynamics
viscosity of the melt, ρp and ρ are the density of primary
phase and the melt, respectively.

According to Table II and Equation 5, the relaxed
time of primary iron-rich phases in this experiment
is 5.6 × 10−4 s. That is, the relaxed time of primary
iron-rich phase of size less than 80 µm is less than
5.6 × 10−4 s. Therefore, in normal conditions, the ac-
celeration procedure of particles can be neglected.

As Reynolds number (Re = dpvtρ/µ) for small par-
ticle in micron size range is less that 1[11,12], ϕ in
Equation 4 is taken to be 3π /Re [13]. Equation 4
changes to be,

vt = d2
P

18µ

[
(ρP − ρ)g + 3

4
f

]
(6)

In this experiments, the electromagnetic force f ranges
from 0 to 2 × 105 N/m3 (J = 0–2.00 × 105 A/m2 at
B = 1T, µ = 2.54×10−3 Pa.s). Under such conditions,
the calculated value of vt as a function of f is shown in
Fig. 8a. It is seen that the terminal migrating velocity
is less than 3–7 mm/s for the primary iron-rich phase
smaller than 30 µm.

The terminal natural sedimentation velocity of pri-
mary iron-rich phases can be determined by Stokes law,
supposing the particle is spherical and molten metal

TABLE I I Typical experimental parameters

r (µm) µ (mm2/s) ρp (×103 kg/m3) ρ (×103 kg/m3)

Experiment 40 1.064 at 4.0 2.4
on the 720◦C
melt
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Figure 8 (a) Calculated terminal velocity vt vs. f (b) the relation between ξ and the electromagnetic force.

remains undisturbed,

vg = d2
p�ρg

18µ
(7)

where vg is the terminal settling velocity; dp is the di-
ameter of the iron-phase; �ρ = ρp − ρ, is the density
difference between the iron-phase (ρp = 4.0 kg/m3)
and the melt (ρ = 2.4 kg/m3); µ = 2.54 × 10−3 Pa.s is
the kinetic viscosity of the melt. In order to make a com-
parison between electromagnetic filtration and natural
settling, the ratio (ξ ) between the ultimate migrating
velocity and the terminal settling velocity is calculated,
which gives according to Equations 6 and 7,

ξ = 1 + 3 f

4(ρP − ρ)g
(8)

The values of ξ with the variation of f are given
in Fig. 8b. It is seen that the terminal migrating ve-
locity can be up to about 5–8 times higher than the
settling velocity. Considering that the magnetic field
used in the experiments is rather weak, the terminal mi-
grating rate can be significantly increased in practical
cases.

3.3. Model of removal efficiency
The rectangle passages of the electromagnetic separa-
tion chamber used in the experiments have large width-
to height ratio. Therefore, it is thought that the height of
single filtration passage relative to the boundary layer is
small. Thus the velocity of the melt depends on the po-
sition in the single filtration passage of the separation
chamber. At the same time, the moving trajectory of
primary iron-rich phases effects its removal efficiency.
Thus, trajectory model is analyzed.

The rectangle single filtration passage, 2h in height
and b in width, is used in the experiment. The follow-
ing hypotheses are made in the analyses: (1) The flow
of the melt inside the single filtration passage of the
separation chamber is steady, laminar and uniform; (2)
The primary iron-rich phases are considered spherical
in shape and there is no interaction between them; (3)
The primary iron-rich phases are small enough to ne-
glect the inertial effect; (4) The primary iron-rich phases

are entrapped and fixed as soon as they reach the sepa-
ration chamber walls.

The rectangle passages of the single filtration passage
of the separation chamber used in experiments which
have large wide-to-height ratio can be thought as two
infinitely wide parallel walls with a distance of 2h. As
shown in Fig. 9, the direction of melt flow is specified
as the x-axis, and the y-axis is perpendicular to it. The
flow equation is as follows [14]:

u = ρg Po

2µ
(h2 − y2) (9)

where µ is viscosity of the Al-Si alloy melt, Po is pres-
sure loss of unit Al-Si alloy melt, u is horizontal ve-
locity of Al-Si alloy melt, 2h is the height of the single
filtration passage of the separation chamber.

It is obvious that distribution of flow velocity is
parabola, and when y = 0, flow velocity is the most,

uM = ρg Po

2µ
h2 (10)

It can be obtained from Equations 9 and 10 that,

u = uM

[
1 −

(
y

h

)2]
(11)

where uM is the maximum flow velocity of the melt. The
x- and y-component of the primary iron-rich phases are

Figure 9 Distribution of the melt fluid velocity in a single passage of
the separation chamber.
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denoted by ux and uy, respectively.

ux = uM

(
1 − y2

h2

)
= dx

dt
(12)

uy = vt = dy

dt
(13)

As a result,

dx

dy
= ux

uy
= uM

(
1 − y2

h2

)
vt

(14)

When integrating the above equation, it can be ob-
tained that,

x = uM y − uM y3

3h2 + 2
3 huM

vt
(15)

The initial y position of the primary iron-rich phases,
which arrive at an arbitrary x position, can be deduced
from Equation 9. Apparently, the primary iron-rich
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Figure 10 Removal efficiency vs. technological parameter: (a) fluid velocity(uM), (b) electromagnetic force ( f ), (c) height of the single filtration
passage of the separation chamber (2h), and (d) action length of electromagnetic force (x).

phases below the y position have already reached the
wall. Therefore, the removal efficiency of the primary
iron-rich phases can be expressed by,

η =
∫ y

−h
ux.bdy

/∫ h

−h
ux.bdy (16)

i.e.

η = 3h2 y − y3 + 2h3

4h3
(17)

It can be obtained from Equations 15 and 17 that,

η = 3xvt

4huM
(18)

By combining Equation 6 with Equation 18, the ef-
fects of x , 2h, f and uM on η can be found. For Al-Si
alloy melt, the effects of x , 2h, f and uM on η are shown
in Fig. 10 when µ, ρ, ρp are taken to be 2.54×10−3 Pa.s,
2.4 × 103 kg/m3, 4.0 × 103 kg/m3, respectively. It is
indicated that the removal efficiency increases with the
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increment of electromagnetic force ( f ), action length
of electromagnetic force (x), particle size (dp) and de-
creases with the increment of height of single filtra-
tion passage (2h) and velocity of the melt (uM). From
Fig. 10b, it is seen that the removal efficiency of the
iron-phases larger that 30 µm can reach above 90%
when f is equal to 1.5 × 105 N/m3. From Fig. 10c, it is
seen that the removal efficiency of the iron-rich phases
larger that 30 µm can reach 100% when the height of
the separation chamber is 5 mm.

The above analysis is concerned within a single pas-
sage of the separation chamber. Since the case of a com-
plete separation chamber (multi-passages) is like that
of a single passage, the obtained results can be used
as an aid to design the structure of the electromagnetic
filters and to predict the removal efficiency.

3.4. Electromagnetic filtration of primary
iron-phases from Al-Si alloy melt

According to the calculated results, the process parame-
ters of electromagnetic filtration are: fluid velocity(uM)
is 50 mm/s; electromagnetic force ( f ) is 1.5×105 N/m3;

Figure 11 Electromagnetic filtration of iron-rich phases from Al-11.7 wt%Si-1.2 wt%Fe-1.8 wt%Mn alloy (Etched in 20%H2SO4 at 70◦C for 30 s.
The black phase is iron-rich phase.) ( f = 1.5 × 105 N/m3, uM = 50 mm/s, x = 120 mm, 2h = 5 mm): (a) macrostructure of the metal in the single
filtration passage of the separation chamber (b) enlarged detail indicated by frame in (a), and (c) metallograph of processed alloy metal.

height of the single filtration passage of the separation
chamber (2h) is 5 mm; action length of electromag-
netic force (x) is 120 mm. The results of electromag-
netic filtration of iron-rich phases from Al-Si alloy are
shown in Fig. 11. Fig. 11a and b are metallographs of
the alloy solidified in the single filtration passage of
the separation chamber. As shown in Fig. 11a and b, a
large amount of the primary iron-rich phases were cap-
tured by the separation chamber when the melt flowed
through the chamber. Fig. 11c, demonstrates that there
are no primary iron-rich phases in the microstructure
after electromagnetic filtration.

It can be seen in Fig. 12 that when other parame-
ters were kept the same, a large electromagnetic force
is more efficient in removing primary iron-rich phases
than a small one. There are no primary iron-rich phases
in Fig. 12d while some primary iron-rich particles can
be found in Fig. 12a, b, and c. At the same time,
as shown Fig. 13, a slow fluid velocity is more effi-
cient in removing primary iron-rich phases than a rapid
one. There are no primary iron-rich phases in Fig. 13a
while some primary iron-rich particles can be found in
Fig. 13b, c, and d.
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Figure 12 Influence of electromagnetic force on separation effect (Etched in 20%H2SO4 at 70◦C for 30 s. The black phase is iron-rich phase.) (a)
f = 0, (b) f = 0.5 × 105 N/m3, (c) f = 1.0 × 105 N/m3, and (d) f = 1.5 × 105 N/m3 (uM = 50 mm/s, x = 120 mm, 2h = 5 mm).

Figure 13 Influence of melt velocity on separation effect (Etched in 20%H2SO4 at 70◦C for 30 s. The black phase is iron-rich phase.) (a) 50 mm/s,
(b) 65 mm/s, (c) 80 mm/s, and (d) 95 mm/s ( f = 1.5 × 105 N/m3, x = 120 mm, 2h = 5 mm).
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T ABL E I I I Fe content before and after electromagnetic treatment

Before filtration After electromagnetic
(wt%) filtration (wt%)

Fe Mn Fe Mn Parameters

1.18 1.85 0.54 0.33 uM = 50 mm/s, f = 1.0 × 105 N/m3, 2h = 5 mm
1.20 1.81 0.41 0.26 uM = 50 mm/s, f = 1.5 × 105 N/m3, 2h = 5 mm
1.21 1.72 0.86 0.55 uM = 80 mm/s, f = 1.5 × 105 N/m3, 2h = 5 mm

Fe and Mn content in the alloy before and after
electromagnetic filtration are listed in Table III. Fe
reduction in Table III also indicates that larger elec-
tromagnetic force and slow fluid velocity are favor-
able to the removal of primary iron-rich phases. The
iron content in the cast ingot decreases from 1.20% to
0.41% by electromagnetic filtration when the fluid ve-
locity (uM) is 50 mm/s, the electromagnetic force ( f ) is
1.5 × 105 N/m3, the height of the single filtration pas-
sage of the separation chamber (2h) is 5 mm, and the
action length of electromagnetic force (x) is 120 mm.
The removal efficiency of the primary iron-rich parti-
cles larger than 30 µm is calculated by Equation 18 to
reach 100%, which is in agreement with the experimen-
tal results that there are no primary iron-rich particles
larger than 30 µm in Fig. 11c. Therefore, the composi-
tion of the alloy can meet the demand for casting after
electromagnetic filtration.

4. Conclusions
1. It has been found that primary iron-rich phases

are formed primarily in the Al-Si 1.2 wt%Fe melt after
adding Mn. They appear as massive particles with size
of 30–80 µm.

2. The primary iron-rich phases can be removed from
Al-Si alloy melt by applying an electromagnetic force
on molten aluminum contained in a separation chamber,
and are captured by the separation chamber while the
melt is in continuous horizontal flow.

3. The method of electromagnetic filtration of pri-
mary iron-rich phases is highly efficient and amenable
for continuous flowing melt in contrast with natural
settling and filtration.

4. The iron content in the cast ingot decreases from
1.20% to 0.41% by electromagnetic filtration and the
composition of the alloy can meet the demand for
casting.
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