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[ Abstract] In order to solve the mould filling problem of large thirwalled aluminum alloy castings effectively, a new

casting technology called electromagnetic die casting has been developed. Emphasis has laid on studying the mould filling

ability and microstructure under the mentioned method. The results show that the mould filling ability of A357 is increas-

ing continually with the increasing of the input voltage, that is, the magnetic induction intensity. The pressure head of

the molten metal increases from the lowest one at the input of the mould to the highest one at the end of the mould while

in a conventional mould the pressure head depends invariably on the sprue height. Under electromagnetic die casting, the

grains of A357 alloy are refined, and the pattern of eutectic silicon of alloy changes from rough plate to smooth strip.
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1 INTRODUCTION

Cast aluminum alloys are widely used in

aerospace, aeronautics, automobiles, mechanical
manufacturing industries, etc., due to their desirable
features such as low density, high specific strength.
With the development of modern industries and new
casting technologies, the demand for aluminum alloy
castings has been increased, especially, with required
features such as large sized, thin-walled, integrali-
ty[l’zl.
solidification velocity of thin walled castings reduce

the mould filling ability of melt greatly, hence it is

However, the large radiating area and high

necessary to apply special mould filling technolo-

I Up to now, there exist several methods to

gies
produce large thin-walled and integral aluminum alloy
castings including sequence crystallization casting,
low-pressure casting, counter-pressure casting,
squeeze casting, die casting and permanent mould
casting, etc. But reasons of large equipment invest-
ment or complication processing make them limited
application'* '

Recently, a kind of method based on magneto-
hydrodynamics has been widely used in various metal-
lurgical processes which can be utilized to carry out
norr contact stirring, transporting and shape control-
[6-9  However, few results deal with the
availability of such method in use of casting large and

integral thinrwalled aluminum alloy have been report-

ed.

ling of melt

A357 alloy is one of the alloys in AFSrMg sys

tem, which has excellent casting performance, emi

nent mechanical properties and rust-resisting capabili-

101 make it widely used in industries, especially in

ties
the aeronautics and aerospace industries! '™ '*!. When
liquid alloy solidifies under electromagnetic die casting
method, it is affected by the strong stirring of elec
tromagnetic forces, which will make the structure of
alloy change than that without the effect of electro-
magnetic forces.

With regard to development of casting technolo-
gy for producing large thin-walled light alloy cast-
ings, the mould filling ability of alloy is the funda-
mental aspect. Therefore, in the present study, the
mould filling ability and microstructure of aluminum
alloy under so called electromagnetic die casting
method has been investigated and discussed under dif-
ferent conditions including input voltage, pouring
temperature and

temperature, mould preheating

moulding materials.
2 EXPERIMENTAL

2.1 Brief introduction to experimental apparatus
Fig. 1 shows a schematic drawing of apparatus
used in the experiment. The experimental apparatus
consists of an inductor, voltage transformer, magnet-
icmatrix switch and MHD-mould. A permanent
mould in which the cavity having length of 570 mm,
width of 140 mm and thickness of 3mm and a gyp-
sum mould, having cavity length of 550 mm,
width of 160 mm and thickness of 2 and 5mm have
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Fig. 1 Schematic diagram of

electromagnetic die casting method
1 —Support; 2 —Iron core; 3 —Colil;
4 —Bottom half mould; 5 —Top half mould;
6 —Pouring gate; 7 —Casting

been used. The fundamental operating principle of
this method can be described as follows. A mould of
special design is employed, called magneto-hydrody-
namic mould (abbr. MHD-mould) is placed on the
inductor of a linear motor. When molten metal is
pouring into the mould, the top half mould of MHD-
mould which is made of ferromagnetic material ( here
steel used) and non-ferromagnetic materials ( melt)
compose a composite secondary pole. In this sec
ondary pole, steel is mainly used for conducting mag-
netism, while melt for conducting electricity. Thus
the whole secondary pole can be supposed to consist of
infinite paralleling set conducting bars, then, the in-
ductor supplied with an alternating current generates
a variable magnetic field in the molten metal that, in
turn, gives rise to an induced current. While three
phase current varies with time, the airgap field will
move along a line in the order of A, B, C, A and B.
By the interaction between the eddy current and the
airgap magnetic field which is doing a line motion,
the molten metal is subject to a pushing force which is
in the state of relatively longitudinal motion between

steel plate and inductor. And then, the melt will fill
the mould under the effect of electromagnetic propul-
sive forces.

2.2 Comparison experiments on filling ability of
alloy A357

The alloy used in experiments is namely A357
alloy, which is composed of high purity aluminum
( 299. 9%) , silicon ( 299. 7%), pure magnesium
( 299. 95%) and AF3.37Be (impurity content is less
than 0.39% ) master alloy. Comparison experiments
are carried out between castings solidified under the
effect of electromagnetic field and castings solidified
without any effect of electromagnetic field trying to
clarify the effect of electromagnetic field upon the fill-
ing ability of the alloy.

To study the effect of the variation of the elec
tromagnetic force on the filling ability of the molten
metal, castings are made under different input volt-
ages. Because the variations in input voltage result in
the variations of the strength of the magnetic field
which leads to the variations in the inductive force in
the molten metal.

Besides the different input voltages in the induc
tor, the comparative effects of pouring temperature
and preheating temperature of mould are also investi-
gated.

2.3 Microstructure observation

The samples for microstructure observation were
taken from the end away from pouring gate of plate
castings of A357 alloy produced under the electromag-
netic die cast method. Model Olympus BH2 Optical
M icroscope and model S-570 Scanning Electro-micro-
scope were employed.

3 RESULTS

3.1 Filling ability of A357 alloy

Fig. 2 shows the influence of mould materials on

Fig. 2

Influence of mould materials on filling ability of A357 alloy under electromagnetic die casting
(a) —In permanent mould; (b) —In gypsum mould
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the filling ability of plate castings that solidified under
electromagnetic  die In  which
Fig. 2(a) is in the permanent mould under the condi-
tion of input voltages as 100, 150V respectively with
the pouring temperature of 700 C; Fig.2(b) shows
the castings solidified in the gypsum mould under the
condition of input voltages as 200, 380V respectively

casting method.

with the same pouring temperature as above.

Fig. 3(a) shows the castings solidified in the per-
manent mould without the effect of electromagnetic
field, pouring temperature is 660, 700, 740 C re-
spectively. The input voltage is kept to be a constant

and then the pouring temperature is changed to certi-
fy the influence of the pouring temperature upon the
filling ability under the effect of electromagnetic
field. In these experiments the input voltage was set
to be 380V, pouring temperatures were 660, 700
and 740 C respectively. Fig. 3(b) is used to compare
with Fig. 3(a).

In order to get a quantitative comparison of the
experimental results mentioned above, some his
togram figures are obtained as shown in Fig. 4 to indr
cate the relationship between mould filling ability of
A357 alloy and mould materials, pouring tempera

| 1=660'C

Fig. 3

Influence of pouring temperature on filling ability of A357 alloy in

permanent mould with or without presence of electromagnetic
(a) —Without presence of electromagnetic field; (b) —With presence of electromagnetic field
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Fig. 4 Relationships between filling length of A357 alloy and

pouring temperature and input voltage of inductor, respectively
(a) —With the presence of electromagnetic field; (b) —In permanent mould;

(¢) —Without the presence of electromagnetic field; (d) —In gypsum mould
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ture, and input voltage of the inductor, respectively.
Fig. 4(a) shows the filling length is 425mm when
pouring temperature is 600 ‘C, while as the pouring
temperature is above 660 C, the mould cavity is fully
filled. Fig. 4(b) shows: when pouring temperature is
equal to 700 C, the filling length is 310 mm with in-
put voltage to be 100V. With the increase of input
voltage, the filling ability of the melt increases also,
when input voltage is larger than 150V, the whole
channel is filled. As shown in Fig. 4(¢) when pouring
temperature is 700 C, the filling length of the melt is
105 mm only. It means that the filling length de-
creases greatly without the effect of electromagnetic
field. And in gypsum mould with thickness of 2mm
(shown in Fig. 4(d)), when input voltage is 200V,
the filling length of the melt is 423 mm. The most
mould cavity is just filled when input voltage is equal
to 380 V.

From the above figures, under the electromag-
the filling ability of
molten metal is greatly enhanced. The melt in the

netic die casting condition,

permanent mould can fill the full length of the cavity
whenever input voltage is larger than 150V.

3.2 Microstructures of plate castings

The effect of electromagnetic field on the grain
size and shape of A357 alloy under different input
voltages in inductor is shown in Fig. 5. When there is
no presence of electromagnetic field, the grains in
Fig. 5(a) have large size and sharp corner. Under the
presence of electromagnetic field, the grains in
Figs. 5(b) and (c¢) exhibit refinement and corner
rounded. This is due to the electromagnetic force
which induces oscillating motion act uniformly

whole channel. As shown in

Figs. 5(b) and (c¢), with the increase of input volt-
age, the size of grains decreases.

The morphologies of eutectic silicon phase are
shown in Fig. 6.

The eutectic silicon in the alloy appears in the
form of acicular and tabular (shown as Fig. 6(a)).
On the surface of the acicular eutectic silicon, there
are twin grooves and few tabular branches in the rib
of acicular. It is shown in Fig. 6(b), when the input
voltage is 200V, the eutectic silicon appears as the
form of fibers which has smaller size and more smooth
surface than that of the silicon without the effect of
electromagnetic field. When the input voltage is set
to 380V, the eutectic silicon in Fig. 6(c) is smaller
than that in Fig. 6(d), the morphology of eutectic
silicon varies with the change of pouring temperature,
in this respect, low superheat is favored.

4 DISCUSSION

The filling ability of the molten metal is a com-
plex property affected by the fluidity of metals and
external factors such as mould properties, structure of
casting. The fluidity of metals is affected by factors
including solidification mode, superheat, and pressure

head, mould coatings and metal treatments' '

A357 alloy is solidified in the form of dendritic
crystal. When molten metal is poured into the mould
cavity, solidification begins to occur at the mould wall
near the channel entrance. But due to the narrow so-
lidification range, the liquid metal continues to flow
through the center of the channel, those grains grow
inwardly, gradually reducing the flow until the solid
interfaces infringe upon each other, choking off and

throughout the

stopping the flow. In conventional casting methods,

Fig. 5 Optical microstructures of A357 as cast alloy
(a) —With no effect of electromagnetic field; (b) —Input voltage is 150 V; (c¢) —Input voltage is 380 V
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Fig. 6 Morphologies of eutectic silicon phase in castings made under different conditions
(a) —With no effect of electromagnetic field, pouring temperature 700 C;

(b) —Input voltage 200V, pouring temperature 700 C;
(¢) —Input voltage 380V, pouring temperature 660 C; (d) —Input voltage 380V, pouring temperature 740 ‘C

the crystalline growth velocity is larger than the flow
velocity of the molten metal when the molten metal is
poured into the narrow mould cavity, so the molten
metal cannot fill the whole mould cavity.

But in present method, the fluidity of the melt is
enhanced with the increase of input voltage in the in-
ductor. With the effect of electromagnetic field, the
mould filling process of molten metal is different from
those in other casting methods such as other pressure
casting methods. It possesses the characteristic of ap-
plving electromagnetic forces directlv in molten met-
al. During the process of pouring, with the move
ment of molten metal front along the horizontal direc-
tion of the mould cavity, the electromagnetic forces
applied on molten metal increase continuously, which
leads to the increase of resultant forces.

Then, some parameters include amplitude value

(Jom), flux density ( B), penetration depth ( 6), ac
tion force ( F') and filling pressure head ( h) which
describe the characteristic of electromagnetic die cast-
ing can be conduced as follow.

Firstly it is provided that the molten metal fills
the whole entrance end of mould cavity when mould
filling initiates, and the electromagnetic force propels
molten metal forward. Then, to a certain specific
cross section, it can be assumed that equal volume of
flow pass through per unit of time, which satisfied
the fluid continuity conditions.

Here, amplitude value (/o) of the molten metal
in the electromagnetic field in the vertical direction of

mould cavity can be given as Eqn. (1)1"):

Jon = K K,PT6R (1

where m is number of phase, w is number of coil,
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U is input voltage in inductor, R is coil resistance of
inductor, K and K, are Carter’ s coefficient respec
tively, P is number of poles of inductor, Tis the pole
pitch, and 6. is depth of electromagnetic air gap.
The flux density of inductor in the horizontal di-
rection of the mould cavity can be described as

Eqn. (2)'":
I Pl
B = ?Elome(* ) sin( o — ay + M) (2)
where P is electrical resistance of molten alloy, Ais

electromagnetic wavelength, a is coefficient, and ©
is angel frequency of current.

Then, depth of penetration of magnetic flux in
the molten alloy can be calculated by Eqn. ( 3):

6= J;_% (3)

where M is vacuum magnetic conductivity and f is
frequency of current.

According to the estimated value of depth of
magnetic flux penetration in A357 alloy is about
11. 7mm'", thus, for castings with thickness of 3
or Smm, the effect of magnetic forces can reach any
part of the castings during mould filling process.

The electromagnetic force along the horizontal
described as

direction of the mould can be

Eqn. (4) (el
F.= B ThSL §AK, (4)
where F, is the electromagnetic propelling force,

B 4 is the mean value of magnetic field imposed on the
melt, f is the industrial frequency, T is the pole
pitch, £ is the electrical conductivity, S is the slip
ratio, and L, & A are the length, width and thick-
ness of the casting, respectively, and K, is the
spread factor.

Then, the filling pressure can be described as
Eqgn. (5):

Fy 21r

Pe= GA = BOTESLK . (5)

So, the pressure head imposed on the melt can
be described as Eqn. (6):

h= g (6)

From the above equations, with the increase of
the input voltage of inductor, the strength of the
magnetic induction increases, so the pressure head in-
creases, the velocity of the molten metal is accelerated
in a very short time.

Theoretically, it can also be learnt that pressure
head along the horizontal direction of the mould dif-
fers not only in quantity but also in its nature depend-
ing on electromagnetic field presence and absence.
The pressure head of molten metal in electromagnetic
die casting method increases from the lowest one at
the entrance to the highest one at the end of the
mould. While in a conventional casting method, it
must be inevitably high at the entrance of mould and

depends on the sprue height or outer pressure. So, in
electromagnetic die casting method, the filling veloci-
ty of molten metal is increasing all the time along the
mould cavity. It means that a high initial aluminum
alloy front, filling flow velocity and its subsequent in-
crease are favorable prerequisites for obtaining thin
walled castings.

Under the effect of electromagnetic field, the
liquid metal could be inductively stirred. With the ef-
fect of the periodic current, the inductor generates a
variable magnetic field in the melt, which, in turn
gives rise to an induced current in the melt, then the
melt is subject to electromagnetic body forces!'”. Tt
causes the dendrites to be stirred violently, and at
last, the dendrites are clashed to fragments. And the
melt flow forward continuously carrying away the
fragments and dispersing them in a slightly under
cooled melt. Under these conditions, the crystalliza-
tion takes place simultaneously in most of the mould
cavity, which results in the appearance of fine grain
structure. Because of electromagnetic stirring of the
melt, according to the intensity of stirring, the grain
structures of castings change from columnar-dendritic
to equiaxed dendritic or globular.

The flow of melt during the mould filling process
belongs to turbulent flow. With the increment of in-
put voltage in inductor, the stirring effect of electro-
magnetic forces on the flow melt is enlarged, which
leads to the relatively homogeneous temperature field
and solute field in the melt. Then, the tips of Si
phases are partly dissolved or their growth is delayed,
which leads to the lack of characteristic of facet
growth of crystal, the increment of the thickness of
flat and the internal condensation of tips and brims,
and growing into fiber.

S CONCLUSIONS

The mould filling ability of A357 alloy is increas-
ing continually with the increasing of the input volt-
age in inductor under electromagnetic die casting.
The increase of pouring temperature leads to the im-
provement of mould filling ability. But the effect of
pouring temperature on mould filling ability is weaker
than that of input voltage. The mould filling ability
of A357 alloy is larger in permanent mould than in
gypsum mould under the same conditions.

Under the method of electromagnetic die cast-
ing, the grain size, shape and eutectic silicon of A357
alloy is much different from that with conventional
casting methods. With the increase of input voltage in
inductor, crystal grains of castings are refined, and
dendrites in castings have the trend to convert to e
quiaxial crystal. As for the eutectic silicon in cast-
ings, it is observed that the shape of silicon phase be-
came round. Under the mentioned method, eutectic
silicon changes from rough flat to coral then to
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smooth strip along with the increase of input voltage

in inductor.
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