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Prerequisites for the use of electromagnetic forces in
technologies for refining aluminum alloys from non-metallic

inclusions

In the production of aluminum castings, the problem of removing non-metallic inclusions (NMls) is very relevant. A
modern efficient way of refining aluminum alloys is filtration through ceramic foam filters. However, their capabilities
for retaining small NMls are limited, since the dimensions of the smallest cells are much larger than the dimensions of
the NMis to be retained. The retention of such particles occurs due to their coagulation and adhesion inside the filter.
To enhance the role of these two processes, additional effects on the melt passing through the filter are required. An
analysis of current trends shows that at present the most promising application of electromagnetic factors is to create
physical conditions in the filter cells, under which the role of coagulation and adhesion will significantly increase. The
article describes the main electromagnetic phenomena, using which the task can be solved and specific ways can be
outlined to create a technology for the separation of NMls in aluminum alloys using electromagnetic factors. The basis
of electromagnetic influences is the interaction of electric current with a magnetic field. Electric current can interact with
both its own and external magnetic field. In both cases, the Lorentz force arises, which creates a pressure gradient in
the liquid metal. The direction of the vector of this gradient can be chosen arbitrarily. In a particular case, it may coincide
with the direction of the gravitational gradient or be opposite to it. A force opposite to the direction of the vector of the
artificial pressure gradient will act on the NMIs located in the pores of the filter. As a result of this factor, it is possible to
control the direction of movement of the NMIs. For example, if the pressure gradient vector is directed away from the
pore walls, then the role of NMIs adhesion to the filter material will increase and favorable conditions will be created for
their coagulation. As a result, an increase in the probability of retaining NMls, which are much smaller than the pore sizes

of the filter, is expected.

Keywords: aluminum alloys, non-metallic inclusions, refining, electromagnetic force, pressure gradient, ceramic

foam filter, filtration, coagulation, adhesion.

on-metallic inclusions (NMIs) have a negative im-
pact on the properties of aluminum alloys starting
from their pouring into casting molds, especially into
chill molds. A melt containing a lot of inclusions fills
casting molds worse than a refined one, which increases
the rejection of underfilling. It also increases the tendency
of castings to hot crack. In finished products, due to the
presence of non-metallic inclusions in them, mechanical

properties, including fatigue strength, are reduced. In ad-
dition, in the obtained products, as a rule, corrosion resist-
ance decreases. This is especially true for high-strength
alloys of the Al-Cu system. In metallurgical practice, the
main methods for refining the melt from NMIs are purg-
ing with argon, processing with special fluxes, and filter-
ing. Despite the successes achieved, technologists still
have a serious need to improve the efficiency of refining
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m Typical ceramic foam filter with dimensions 180%x180x50 mm (a), photo of the surface (b) and flat section of this filter (c)

[1]. The geometric shape of the elementary cell of the filter (d) [2]

technologies. First of all, it is necessary to increase the
completeness of the removal of NMls, especially those
with dimensions less than 20 ym. Currently, refining by
filtration through ceramic foam filters is most often used
in production. Usually they are square slabs with a side
from 180 to 660 mm and a thickness of 50 mm (Fig. 1a).
They are made by introducing a polymeric cellular foam
into a liquid ceramic pulp. This foam is then dried and
fired to burn out the polymer base. As a result, a ceramic
replica of the original organic foam structure is obtained
(Fig. 1b, c¢) [1]. Each pore is an elementary cell of the
filter. In an idealized form, its geometric shape is shown
in Fig. 1d [2].

To trap small particles, it is necessary to use filters
with a small mesh size. However, firstly, the smaller the
filter cells, the lower its throughput, and secondly, the
smallest cells have dimensions many times larger than
the dimensions of the small NMIs to be retained. It is
possible to detain such particles due to adhesion. How-
ever, the probability that a fine particle will be retained in
one pass through the filter is small. Most of the inclusions
will pass through the filter unhindered, so it is necessary
to use additional control factors to increase the probabil-
ity of retaining small particles. At present, such factors
can provide the means of magnetohydrodynamics.

There are a number of experimental and theoretical
works on the study of the behavior of non-metallic par-
ticles under the action of bulk electromagnetic forces.
Their appearance was due to the fact that in induction
channel furnaces and electromagnetic pumps, the pro-
cess of overgrowing of channels with deposits consisting
of NMls is observed. In [3], a theoretical analysis of this
process was carried out. The substance that is deposited
on the walls of the channels looks like a gray powder
formed from non-metallic particles. This phenomenon
has long been the basis for the conclusion that induc-
tion channel furnaces and electromagnetic pumps to a
certain extent perform the function of refining aluminum
alloys from non-metallic inclusions. In other words, they
are electromagnetic devices that detain some of the
non-metallic inclusions in the alloy. This fact served as
the basis for the work on the creation of electromagnet-
ic filters. Unfortunately, it has not yet been possible to
create an effective electromagnetic filter, so ideas have
appeared, the essence of which is that electromagnetic
influences are superimposed on a ceramic filter through
which a metal melt flows, for example, [4] (Fig. 2). The
essence of the idea is that the liquid metal is poured into
the receiving funnel 6, from where it enters the electro-
magnetic force creation zone 4, including the ceramic fil-
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m Scheme of an electromagnetic device for separating non-metallic inclusions from a metal melt [4]: 1 — C-shaped magnet-
ic circuit; 2 — coil; 3 — electrodes supplying electric current; 4 — zone of creation of electromagnetic force; 5 — ceramic filter;

6 — receiving funnel; 7 — perforated refractory plate

ter 5 location zone. The electromagnetic force is created
by the interaction of an electric current supplied by elec-
trodes 3 with a magnetic field directed perpendicular to
the plane drawing. According to the rule of the left hand,
the force will be directed either down or up.

The obvious disadvantages of this device are that
it uses a conductive supply of electric current, and the
electromagnetic force acts only along the melt flow. That
is, it either speeds it up or slows it down. In recent years,
in a number of European countries and the People's Re-
public of China, studies have been carried out on the
effect of the magnetic field created by the solenoid on
increasing the efficiency of NMIs separation in a ceramic
foam filter installed inside the solenoid [5, 6]. A device
based on this principle has been tested at Giant (PRC)
in semi-continuous casting of wrought alloys. Encourag-
ing results have been obtained, but further development
is still required.

The Physico-technological Institute of Metals and
Alloys of the National Academy of Sciences of Ukraine
(PTIMA NASU) also carried out experimental work on fil-
tering aluminum alloys through a ceramic foam filter with
the imposition of electromagnetic effects on it, however, a
fundamentally different technological scheme was used
(Fig. 3), since the process was carried out in a magne-
todynamic installation [7]. The refining of the AK7 grade
alloy obtained from the Antonov State Enterprise serial
plant was carried out in the form of defective castings.

<] [X
| e

2 4

msmematic diagram of the removal of non-metallic
inclusions from aluminum melt, built on the basis of a
magnetodynamic unit [7]: 1 — crucible; 2 — canal; 3 - liquid
metal bath; 4 — electromagnetic pump; 5 — inductor; 6 —
ceramic foam filter; 7 — liquid aluminum alloy stream;
8 — alternating electric current 50 Hz

The melt circulated under the action of an electromag-
netic pump 4 along the contour shown by arrows 7: "bath
3 — ceramic foam filter 6 — channel 2 — electromagnetic
pump 4 — channel 2 — bath 3". An alternating electric cur-
rent passes through channel 2 and bath 3 and filter 6,
which is induced by inductor 5. The studies of cast sam-
ples obtained from the alloy according to the technologi-

Table

Comparison of mechanical properties of factory and experimental samples

Facility where the samples were

Strength, ¢, MPa

Relative extention, 3, %

obtained
State Enterprise “Antonov” 218.4 4.0
PTIMA NASU 2448 13.9
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cal scheme (Fig. 3) were carried out in the laboratory of
the State Enterprise "Antonov". The results of the study,
shown in the table, showed that the quality of the metal
has improved significantly compared to the samples ob-
tained at the factory.

Aluminum alloys always contain non-metallic inclu-
sions, the presence of which impairs their performance
properties. The most typical among them are oxide AlL,O,,
MgO, AlLMgO,, SiO, and non-oxide Al,C,, SiC, AIN. Com-
pact inclusions are 5—-100 um in size, and oxide films are
up to 5 mm in size [8]. The density of these inclusions is
higher than the density of liquid aluminum alloy, but they
settle very slowly due to their small size. In addition, con-
vective currents prevent their settling. The overwhelming
majority of NMIs are not electrically conductive. Some
of them, for example, SiC particles, are still electrically
conductive, but their electrical resistance is much higher
than the resistance of liquid aluminum alloy, so when an
electric current is passed through the melt, they behave
almost the same as dielectric particles.

The forces of Archimedes, Stokes and Magnus act
predominantly on non-metallic particles in liquid metal [9].

The Archimedes force is due to the static pressure
gradient created by gravity.

The Stokes force is mathematically expressed by the
dependence of the rate of its settling or floating on the
difference between the densities of the liquid and the
particle, the viscosity of the liquid and the size of the par-
ticle.

The Magnus force arises from a combination of trans-
lational and rotational motions of a particle.

The electromagnetic force (Lorentz force) causes a
change in the pressure gradient in the electrically con-
ductive medium and acts on the metal melt, and not on
the non-conductive particle. In order for a particle whose
density is greater than the density of the melt to float, it is
necessary to increase the static pressure gradient. This
can be achieved by creating a bulk electromagnetic force
in the liquid metal, the direction of action of which coin-
cides with the direction of gravity. There is an effect of an
apparent increase in the density of the liquid at a con-
stant density of the particle. When an electromagnetic
force of the opposite direction is created, the effect of an
apparent decrease in the density of the liquid occurs, so
a particle having a lower density than the liquid will sink
in it [10]. To create an electromagnetic force, an electric
current must flow through the melt, and a magnetic field
must pass perpendicular to the direction of the current.
The magnitude of the electromagnetic force that acts on
the elementary volume and its direction are determined
by the vector product:

F =1[B], (1)

where F is the electromagnetic force vector, Newton, j is
the electric current density vector Amp/m?, B is the mag-
netic induction vector, Tesla.

Let us agree to consider the direction of the electro-
magnetic force as positive if it coincides with the direc-
tion of gravity. According to [10], the apparent specific
gravity of the elementary volume of the melt, provided

that the magnetic field and electric current are homoge-
neous, is determined by the equation:

y=pg £ jB=+gradp, (2)

where y is the apparent specific gravity of the melt, j
is the electric current density, B — magnetic induction,
grad p — pressure gradient, Pascal/m.

The pressure gradient in a liquid metal also arises un-
der the action of two types of pinch effect, which manifest
themselves as axial compression of the conductor [11].
In both cases, the electric current interacts with its own
magnetic field.

The first type, the linear pinch effect, occurs when a
direct or alternating electric current passes through a lig-
uid conductor. If the conductor is round and has a radius
r, then the pressure p on the axis of the conductor is
determined by the equation:

pz_%.jz

2
4 T+ P, ©)

where p is the magnetic permeability of the liquid metal
(dimensionless value), u, — magnetic constant equal to
47107 H/m, j — current density A/m?, r is the radius of the
conductor m, p_is the static pressure in the melt when no
electric current flows through it, Pa.

The minus sign on the right side of the equation
means that the pinch effect creates a pressure opposite
to the gravitational metallostatic pressure p,. Metallo-
static pressure presses the melt against the walls of the
channel in which the melt is located, and electromagnetic
forces tend to squeeze the melt away from the walls. The
particles will then move towards the walls. It follows from
equation (3) that the melt will move away from the walls
when the absolute value of the negative term becomes
greater than p..

The second type is the 6-pinch effect, which operates
in a liquid conductor placed in an alternating current so-
lenoid. With direct current, the effect does not appear.
The pressure p on the axis of the conductor is:

A2
P CLY) (4)

2u

When an electric current flows through a solenoid, an
axial compressive force acts on the liquid rod. The par-
ticles will then move in the direction of the walls. If the
current strength in the solenoid is increased, then the
liquid metal will be squeezed out from the walls as soon
as the absolute value of the negative term exceeds the
value of p_.

In industrial practice, a linear pinch effect occurs in
induction channel furnaces, since the electric current
flows along the channel and causes melt compression.
As a result, a static pressure gradient appears, directed
towards the longitudinal axis of the channel. The above
example shows that as a result of the action of electro-
magnetic forces on a liquid metal, it is possible to create
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a movement of non-metallic particles in a given direction
using a linear pinch effect. It should be noted that in the
technological scheme (Fig. 3) a linear pinch effect oper-
ates in the volume of the ceramic foam filter.

The idea of using the 6-pinch effect to remove non-
metallic particles is reflected in a number of theoretical
works. For example, in [11], the separation of non-con-
ducting particles in a channel passing through the field
of a current ring (solenoid) was considered. A formula is
obtained for calculating the required magnetic field in-
duction for given particle sizes to be removed.

In [10, 12], a theoretical analysis of the use of a mag-
netohydrodynamic (MHD) machine in general and its
various modifications in particular as a separator of non-
conductive particles in a liquid metal is carried out. There
are also experimental works on electromagnetic effects
on liquid metals to improve the efficiency of refining from
NMIls, for example [13, 14].

Thus, over the past decades, various researchers
have created a solid theoretical basis for the electromag-
netic separation of NMIs from liquid metals. Promising
practical results have also been achieved in the refin-
ing of aluminum alloys from NMIs using electromagnetic
factors, including the development of the PTIMA NAS of
Ukraine.

Conclusions and research perspectives

Many years of production experience in the opera-
tion of induction channel furnaces and electromagnetic
pumps has shown that MHD factors create conditions in
the liquid metal under which the NMIs move to the chan-
nel walls.

Theoretical works of many researchers have revealed
the physical nature of the forces acting on non-conduc-
tive NMIs and have shown that using electromagnetic
forces it is possible to control the process of movement
of non-metallic particles in metal melts.

Ceramic foam filters widely used in production do not
retain small non-metallic inclusions, the dimensions of

—
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which are many times smaller than the pores of a ceram-
ic foam filter with the smallest cells. For their retention,
additional external influences are required that promote
the coagulation of NMIs and enhance the role of adhe-
sion.

To date, specialists in the field of applied magneto-
hydrodynamics have not been able to create an effec-
tive electromagnetic filter due to the influence of scal-
ing factors. The problem can be solved if an additional
functional element is used, which divides the total melt
flow into many small jets. In each such jet, it is possible
to effectively carry out an electromagnetic effect on the
melt due to a decrease in the influence of scale factors.
Such an element can be a ceramic product with many
channels, for example, a ceramic foam filter.

In the development of the above concept, it is advis-
able to continue the research and development of the
technology developed in the PTIMA NAS of Ukraine us-
ing the magnetodynamic pump (MDP) according to the
scheme (Fig. 3). In MDP, it is easy to create conditions
under which an electric current passes through the ce-
ramic foam filter; therefore, at the first stage of research,
it is necessary to focus on studying the influence of this
factor.

To develop a filtering technology in crossed magnetic
and electric fields, it is necessary to create an autono-
mous filter box designed for two use cases. The first op-
tion is the pouring of the melt into the mold from an elec-
tromagnetic filter box, into which the melt enters from
the MDP, which is switched on in the mode of controlled
electromagnetic pouring. The second variant assumes
the use of a circulation circuit: "MDP — filter box — MDP".
The filtration process continues for a predetermined
time, and then the refined alloy is electromagnetically
poured into the mold.

Studies of the quality of the metal after refining should
be carried out using a set of modern technological sam-
ples presented in [15].
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'®i3uko-mexHonoaiyHul iHcmumym memarnie ma cnnaeie HAH YkpaiHu
(Kuis, YkpaiHa)
HaujoHanbHut yHisepcumem «O0ecbka nonimexHika» (Odeca, YkpaiHa)

MepeaymoBy BUKOPMCTAHHSA €NEKTPOMArHiTHUX CUN Yy TEXHOMOriAX padiHyBaHHA
anoMiHieBUX cnnae.iB Bif HeMeTaneBUX BKNHOYEHb

Y BUPOOHULITBI a/toMiHIEBOro NINTTS AYXe aKTyaslbHOK € rpobnema BUAaIEHHS HEMETaNeBux BkIOYeHb (HB). CyyacHum
epeKkTUBHUM criocobom pagiHyBaHHS antoMiHIEBUX CriiaBiB € QibTpyBaHHS Hepe3 niHokepamidyHi Qinbtpu. OgHak an1s 3a-
TPUMaHHS ApibHUX HB ix MOXMBOCTI OOMEXEHI, OCKiSIbKY PO3MIiPY HAaMEHLLIVX KOMIPOK 3HaYHO BinbLui, Hix po3mipy HB, ski
HeobxigHo 3aTpumMmati. 3aTpuMaHHs Takux 4aCTUHOK BigOyBa€eTbCsi BHACIAOK iXHbOI koarynsauii Ta agresii BcepeanHi inb-
Tpa. [ nocuneHHs poJii Lnx ABOX rpoLeciB HeoOXiaHI 4OAATKOBI BI/IMBM HA PO3I1/1aB, LU0 MPOX0oAsiTh Yepe3 QiibTp. AHali3
Cy4acHuUX TEHAEHLIV nokasye, LU0 B AaHWVi Yac HaKbinbLL NepCcrnekTUBHUM € 3aCTOCYBaHHSI €/1IeKTPOMAarHiTHUX akTopiB ass
CTBOPEHHSI B KOMipKax @inbtpa QiandHux yMmoB, 3a sikux iCTOTHO 3pOCTe poJib Koarynasuii Ta aaresii. Y ctarti onucyroTbcs
OCHOBHI e51eKTPOMAarHiTHi SBuULLA, NMpy BUKOPUCTaHHI SKUX MOCTaB/eHe 3aBAaHHs MOXe OyTy BUPILLEHO Ta HAMiYeHO KOHKPET-
Hi LLIISIXM CTBOPEHHSI TEXHOOTIT cenapadii HB B antomiHieBux criiaBax i3 3aCTOCYBaHHSIM €/1eKTPOMAarHiTHux gpakrtopis. OCHoO-
BOIO €JIEKTPOMArHITHUX BI/INBIB € B3AEMOIS ENIEKTPUYHOIO CTRYMY 3 MarHiTHUM nosem. ENeKTpuyHui CTpyM MOXeE B3aEMO-
JISITN 5K i3 BIACHUM, Tak i i3 30BHILLIHIM MarHiTHUM riosiem. B o6ox Bunaakax BuHukae cuna JlopeHua, Lo CTBOPIOE Y PiaKO-
My meTasni rpafieHT Tucky. Hanpsimok BekTopa Lboro rpagieHTa MoXHa Buopatu [oBifibHO. B okpeMomy BUnaaky BiH Moxe
3b6iratucs 3 HanpsIMKOM rpasiTauiiHoro rpaaieHTa abo 6yt npoTuaexHum iomy. Ha HB, Lo 3HaxoasTecs B nopax ¢inbtpa,
AiFTuMe cuna, npoTuaexHa HarnpsiMKy BEKTopa LUTY4YHOro rpafieHTa Tucky. BHacnigok aii uboro ¢pakropa MoxHa kepysaTtu
HarpssMkomMm pyxy HB. Haripuknas, siKLio BEKTOP rpafieHTa TUCKY CPSIMOBaHW Bif CTIHOK r10p, TO NMOCUJINTLCS POJIb aaresii
HB no marepiany ¢inbtpa, i CTBOPSATLCS CPUSTINBI YMOBU [J151 iXHbOI Koarynsauii. B pe3ynbtarti O4ikyeTbCs nigBULLEHHS FMO-
BipHOCTI 3aTpuMaHHs HB, po3mipu sikux Habarato MeHLLI, HiX po3Mipu rnop GinbTpa.

AnOMIHIEBI CcriiaBy, HEMETAaEBI BK/IIOYEHHS, paiHyBaHHS, eJ1IeKTPOMarHiTHa cuna, rpagieHt
TUCKY, MIHOKepaMiyHui QinbTp, QiUIbTPYBaHHS, Koarynsauis, aaresis.
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