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Abstract

Using an AZ91D magnesium alloy as the research object, a three-dimensional (3D) numerical model was created and
simulated using simulation analysis software. The effects of a rotating electromagnetic field (REMF), a pulsed
electromagnetic field (PEMF) and a rotating pulsed electromagnetic field (R-PEMF) on the magnetic field and the flow
field of a metal melt were investigated. The simulation results show that during the REMF treatment a rotational force is
generated on the cross-section of the melt, and the PEMF exerts a magnetic pressure on the cross-section of the melt. Under
the combined effect of these two forces, the Lorentz force increases parallel to the melt axis, and a secondary flow directed
towards the core of the melt is generated, which contributes to the homogenization of the melt. By analyzing the
solidification structure and elemental distribution of the metal, R-PEMF was shown to effectively improve the solidification
structure and macrosegregation of Al in AZ91D magnesium alloy.

Keywords: Pulsed electromagnetic field; Rotating electromagnetic field; Combined electromagnetic field; Magnesium

alloy; Numerical simulation

1. Introduction

Magnesium alloys are the lightest engineering
structural metal material at present. Because of their
low density, high specific strength, high specific
stiffness, good thermal conductivity, electromagnetic
interference shielding performance, good cutting
performance and good casting performance,
magnesium alloys are considered to have broad
application prospects in aerospace, automotive
lightweight, electronic 3C, biomedical and energy
fields. In terms of environmental friendliness,
magnesium alloy waste can be recycled and reused;
this process is known as “green engineering new
material in the 21st century” [1-7]. However, due to
the high chemical activity of magnesium, the
corrosion resistance of magnesium alloys is poor. Due
to the small heat capacity and large solidification
range of cast magnesium alloys, composition
segregation can easily occur during solidification or
casting, and these alloys often contain casting defects
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such as holes and inclusions after casting [8,9].
Second, the specific gravity segregation in the casting
of rare earth magnesium alloys leads to the
inhomogeneity of rare earth elements in the alloy,
which leads to the inhomogeneity of the properties of
rare earth magnesium alloys [10,11]. These issues
have limited the production and application of
magnesium alloys. Researchers are exploring ways to
improve the corrosion resistance of magnesium alloys
through microalloying and different aging treatments
[12,13]. For other casting defects, it is currently
common to refine the grains of magnesium alloys by
adding grain refining agents and stirring methods to
reduce these defects; however, these refinements
generally increase the cost, and they also pollute the
melt itself [2,14]. Therefore, improving the
performance of conventional magnesium alloy
components is worthy of study. At present, the
commonly used methods are ultrasonic vibration
treatment or mechanical stirring treatment. Ultrasonic
vibration and mechanical stirring equipment are in
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direct contact with the melt, which easily exacerbates
the oxidation of magnesium alloys and often results in
impurities that can form unknown structures and
phases. Moreover, when using the ultrasonic vibration
method, the refining effect is not uniform because the
vibration intensity decreases rapidly as the distance
from the transmitter increases [15].

REMF and PEMF have significant effects on the
homogenization treatment of light metal alloys, but
there are differences in the form and mechanism of the
Lorentz force. In terms of grain refinement, S.Y. Gao
et al. reported that REMF had a good grain refinement
effect on Mg alloys [16]. The flush effect caused by
the forced convection of the melt during the REMF
treatment process and the Joule heat generated by the
current destroy, crush or fuse the dendrite arms during
the solidification process. The broken dendrites can
act as the core of new grains to increase the nucleation
rate [17]. Although PEMF is used to refine the grains
of magnesium alloys, it also has certain negative
effects; for example, J.W. Fu reported that a large
number of shrinkage pores appeared when treating
magnesium alloys with PEMF [18]. In terms of
element segregation, element segregation occurs
during traditional magnesium alloy casting, which
leads to high enrichment of the alloying elements Al
and Zn on the surface of the billet and depletion in the
center of the billet. Moreover, Griffiths et al. reported
that REMF exacerbated the macroscopic segregation
of this element in magnesium alloys [19]. However,
Zhang Cheng et al. found by means of experiments
and simulations that melt under the action of a PEMF
with suitable parameters generated forced flow to
promote melt exchange in the center and sides of the
melt [20]. The macrosegregation in the billet is thus
reduced, resulting in a more uniform distribution of
alloying elements [9,21-23]. In terms of
magnetohydrodynamic modeling, the k-e turbulence
model is easy to solve and suitable for
magnetohydrodynamic studies due to its good rate of
convergence [24-29]. However, a large number of
computational results and experimental data show that
this approach is suitable only for simple turbulent
flows, such as jet and tube flows, and is not effective
for complex turbulent flows, such as strong vortices
and separation. Compared to the k-¢ model, the k-®
model is more suitable for calculating high curvature
flow and internal flow. The k-o model does not
require modifying the wall function and can better
describe the wall effect. Due to the relatively fewer
equations used in the k- model, the computational
efficiency is higher compared to the k-¢ model and
therefore has a faster computational speed, especially
when dealing with complex flows [30]. C. Du found
that the k-o turbulence model was more accurate than
the k-g turbulence model for predicting turbulence by
comparing the experimental results with the

calculation results of different turbulence models
[31].

At present, most of the research on
electromagnetic treatment of magnesium alloys has
focused on the treatment of metal melts by a separate
REMF or a separate PEMF, and there are fewer
studies on the treatment of metal melts by a combined
magnetic field; in particular, research on rotating-
pulsed combined magnetic fields has not yet been
reported. Therefore, this paper combines the
characteristics of two stirring methods and evaluates
the effects of REMF and PEMF on grain refinement
and the improvement of PEMF on element
segregation. The magnetic induction intensity,
Lorentz force and melt velocity during the REMF,
PEMF and R-PEMF treatments were analyzed via
numerical simulation, which provided theoretical
support for the application of electromagnetic casting
technology in light metal alloys.

2. Model description
2.1. Experimental
establishment

device and model

The entity includes the metal melt, crucible, core,
coil and air domain, where the melt size is @32
mmx90 mm and @32 mmx192 mm AZ91D billet
ingots. Except for when the air area is divided by
tetrahedral meshes, the other parts are all hexahedral
meshes, as shown in Fig. 1 (a). The air area is not
shown in the figure, and the physical parameters used
in the numerical simulation are shown in Table 1. The
pulsed electromagnetic field is caused by the
waveform of the pulsed current passed inside the
pulsed coil, where the number of turns of the coil is
100. The rotating magnetic field is generated by a six-
pole electromagnetic stirrer, and the coils are fed with
a three-phase sinusoidal alternating current with a
phase difference of 120° and sequentially connected
to the poles. There are 56 turns for each pole coil. Two
magnetic field coils are placed on the melt axis in
sequence to form a combined electromagnetic field.

The physical parameters needed for the simulation
process of the stirrer model are shown in Table 1.

2.2. Mathematical model

In this study, the processes of magnesium alloy
melt treatment in an REMF device, a PEMF device,
an REMF area in an R-PEMF device and an R-PEMF
device are simulated. The melt position is shown in
Fig. 1(a). The effects of frequency, duty cycle and
current amplitude on flow velocity under REMF and
PEMF conditions were studied. The magnetic
induction intensity, Lorentz force and flow field
distribution of the melt in the REMF, PEMF, and
REMF regions under R-PEMF and R-PEMF

treatment were also studied.
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Figure 1. Schematic diagram of the electromagnetic processing system and signal feedback system; (a) Solid diagrams for

the experiments and simulations; (b) Pulse, three-p

2.2.1. Assumptions of the mathematical model

To facilitate the establishment of mathematical
models and numerical simulation, it is necessary to
simplify the model without losing rationality.
Therefore, the following assumptions need to be made
for the establishment of the model:

1) Because the stirring frequency is not high, the
displacement current is not considered;

2) The melt is an incompressible Newtonian fluid;

Table 1. Material physical parameters

hase AC waveform generation and signal feedback system

3) The effect of free liquid level fluctuations on
flow is not considered;

4) The relative permeability and other parameters
of the slurry are scalar and do not change with time;

5) The Reynolds number during melt flow is very
small, and the effect on the magnetic field can be
neglected;

6) The influence of gravity on the flow field is
considered.

. relative dielectric relative electric conductivity | dynamic viscosity density
material S ;
constant permeability S/m Pa's g/cm
magnesium alloy 1 1 4.9x10° 0.0013 1.78
slurry
crucible 10 1 5000 - 2.1
silicon steel core 1 7000 1960784 - -
copper coil 1 1 57142857 - -
air 1 1 1 - -
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2.2.2. Governing equations

The governing equations of electromagnetic fields
include Ampere’s law, Faraday’s law of
electromagnetic induction, the continuity equation for
magnetic flux, and Ohm’s law. To obtain a definite
solution, the constitutive equation needs to be added.
The specific description is as follows [32,33].

Ampere’s law

J=VxH (1)
Faraday’s law of electromagnetic induction
vxg--2 @)
Flux continuity equation

VxB=0 3)
Ohm’s law

J=cE “
Constitutive equation

B=uH 5)

In the above formula, B is the magnetic induction
(T), J is the current density (A/m?), E is the electric
field strength (V/m), H is the magnetic field strength
(A/m), p is the relative magnetic permeability (H/m),
and o is the electrical conductivity (S/m).

The magnetic field calculation equation is derived
from Maxwell’s equations:

Vx(VxB)z—uGa— (6)

t

The interaction between the magnetic field and
induced current generates the Lorentz force that
drives the movement of the metal melt [33]:

F=JxB 7
In the formula, F is the Lorentz force.

In this paper, the k- model is used for numerical

simulation. The governing flow field equations are as
follows [34]:

Momentum equation:

p(u-V)u=V-[-pI+K]|+F +pg ®)
Fluid continuous equation:
pV-u=0 ©)

The viscous stress tensor or deviatoric stress
tensor is given by:

K =(u+ ) (Vu+(Vu)') (10)
The turbulent kinetic energy k equation is:
p(u~V)k:V~[(,u+/JTUZ)VkJ+Pk—ﬁgpa)k (11)

The specific dissipation rate ® is given by

p(u~V)a):V~[(u+,uTGM)Va)]+a%Pk—pﬂ0w2 (12)

Turbulent viscosity coefficient:

k
Hr=p— (13)
0]
Turbulence generation term:
B=i | V.V, 4(9.))] (14)

where u is the velocity field (m/s), I is the 3 x 3
unit matrix, p is the pressure (Pa), k is the turbulent
kinetic energy (m*/s?), o is the specific dissipation
rate (W/mm?), p is the density (kg/m?), and g is the
acceleration of gravity (N/kg).

This numerical simulation study uses the
following Wilcox constant values [35]:

2
125

. 13 .
L B=52,B 0=, 0 =,

By = 100°" " 25

2.2.3. Boundary conditions

For the magnetic field calculations, the model sets
the magnetic field lines at the air domain boundary
parallel to the air domain boundary and sets the
outermost nodes of the air domain to be magnetically
insulated. For the flow field calculation, all the
boundaries of the metal melt are set to walls, and the
wall conditions are set to be nonslip.

2.3. Model validation

The transient waveform of the magnetic induction
intensity was measured by a TD8650 Gauss meter-
connected oscilloscope under a PEMF of 10 Hz, a
30% duty cycle and a 100 A current amplitude. The
specific testing positions are shown in Fig. 1(a) I and
I, and the signal feedback and testing methods are
shown in Fig. 1(b). Fig. 2 shows the comparison
between the simulated and measured values, and the
two results are highly consistent, with a maximum
error of 3.35%. Therefore, the simulation results are
considered reliable.
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Figure 2. Comparison between simulation results and experimental results; a) The variation in the pulsed electromagnetic
field over time; b) The variation in the peak value of the pulsed electromagnetic field with space

3. Results and discussion
3.1. Influence of electromagnetic parameters on
melt speed

Fig. 3 shows the influence of electromagnetic
parameters on the melt velocity when the melt is
treated by REMF and PEMF. The extraction positions
of the velocity data are shown in Fig. 1 (a). Points 6-
9 and 10-14 are the velocity extraction points when
REMF and PEMF, respectively, treat the melt. When
using a frequency of 10~40 Hz and a current of
40~100 A to treat the melt in REMF, the velocity
increases with the increase of current amplitude and
frequency, with the maximum velocity at 100 A and
40 Hz. However, the skin effect increases with
increasing frequency, which reduces the efficiency of
the rotating electromagnetic field, so it is more
favorable for the Lorentz force to act on the melt core
at low frequencies. When PEMF uses a frequency of
10~40 Hz and a duty cycle of 30%~60% to treat the
melt, the velocity increases with the increase of
frequency and reaches its maximum at 40 Hz. The
maximum velocity near the edge of the melt first
increases with the duty cycle and reaches its
maximum at 60%. However, the maximum velocity
near the center of the melt decreases first and then
increases with the increase of duty cycle. PEMF has
the maximum velocity when processing melt at 40 Hz
and 60% duty cycle, and the frequency parameter has
a greater impact on the velocity of the melt compared
to the duty cycle.

3.2. Laws of distribution of magnetic induction

Fig. 4 shows the magnetic field distributions of the
melts treated with REMF, PEMF and R-PEMF at
0.014 s; the PEMF parameters are 10 Hz, 100 A, and
30% duty cycle, and the REMF parameters are 20 Hz
and 100 A. The magnetic field direction is distributed

in the z direction when the PEMF is processed, and
the magnetic field is mainly distributed in the xy plane
when the REMF is processed. During R-PEMF
processing, due to the superposition of two magnetic
fields, the direction of the combined magnetic field
has a certain inclination angle with respect to the xy
plane, and the closer the area is to the PEMF coil, the
greater the inclination angle.

3.3. The distribution law of the Lorentz force

Fig. 5 shows the results of the Lorentz force on the
No. 1 melt treated in the REMF over a variation
period T. The Lorentz force distribution after 4T/8 is
consistent with the change before 4T/8, and the
change before 4T/8 is reproduced periodically. The
Lorentz force acting on the melt exhibits a distribution
with a diameter edge greater than the axis, and the
maximum value is 47305 N/m?, which is mainly due
to the skin effect. Second, the Lorentz forces on the
upper and lower sides of the melt are greater than
those in the middle. The Lorentz force acting on the
cross-section of the melt shows that at each moment,
the Lorentz force acting on the melt will form a pair
of rotational moments with consistent directions,
which will promote the rotational flow of the melt.

Fig. 6 shows the Lorentz force results for the No.
2 melt in the PEMF during a period of change. The
Lorentz force on the melt also shows that the edge is
greater than the axis, and the middle of the coil is
greater than the upper and lower sides. The maximum
Lorentz force on the melt is 21858.9 N/m?. In contrast
to that in the REMF treatment, the Lorentz force on
the melt during the PEMF treatment was mainly
distributed perpendicular to the axial direction and
periodically changed in the form of compressive
stress and tensile stress.

Figure 7 shows the results of the Lorentz force on
the No. 3 melt in the REMF region of R-PEMF during
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Figure 3. Effect of electromagnetic parameters on the melt velocity, (a) Effect of the REMF current amplitude on the melt
velocity at a frequency of 20 Hz, (b) effect of the REMF frequency on the melt velocity when the current amplitude
is 100 A, (c) effect of the PEMF frequency on the melt velocity when the current amplitude is 100 A and the duty
cycle is 30%, and (d) effect of the PEMF duty cycle on the melt velocity when the current amplitude is 100 A and

the frequency is 10 Hz

a period of change. Similarly, the Lorentz force on the
melt shows a distribution in which the edge is greater
than the axis, but the axial distribution is no longer
present in the middle of the large ends. The Lorentz
force on the melt in the cross section shown in Fig.
7(a) shows that the cross section of the No. 3 melt in
the middle of the axial direction varies similarly to
that in the case of the No. 1 melt treated by the REMF.
Moreover, the Lorentz force on the melt at each
moment in time creates a pair of rotational moments,
and the directions of the moments are consistent.
However, more complex asymmetric forces appear in
the cross sections near the top and bottom surfaces.
From the Lorentz force on the longitudinal section of
the melt shown in Fig. 7 (b), it can be seen that the
Lorentz force distribution on the No. 3 melt during R-
PEMF treatment increases the Lorentz force in other
directions in addition to the direction perpendicular to
the melt central axis, which leads to the generation of
secondary flow.

Fig. 8 shows the results of the Lorentz force on the
No. 4 melt in R-PEMF during a period of change. Fig.

5(a) and Fig. 8(a) show that when R-PEMF treats the
No. 4 melt, the Lorentz force of the melt in the REMF
device area of R-PEMF is consistent with the Lorentz
force when REMF treats the No. 1 melt alone,
forming a pair of rotating electromagnetic moments.
Fig. 6 (b) and Fig. 8 (b) show that when the melt is
treated with R-PEMF, the Lorentz force of the melt in
the PEMF device area is similar to that of the No. 2
melt treated with PEMF alone and changes
periodically in the form of compressive stress and
tensile stress. However, the Lorentz forces in the
middle regions of REMF and PEMF devices are
different. From the force on the cross section shown in
Fig. 8 (a), it can be seen that the Lorentz moment in
the middle area is no longer centered around the
central axis, which will cause the rotation axis to
move. It can be seen from the force on the
longitudinal section that the Lorentz force parallel to
the axis is generated in the middle area, as shown in
Fig. 8 (b), which causes the secondary flow to affect
the flow field distribution in the longitudinal section.
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3.4. Flow field distribution

Fig. 9 shows the distribution of the flow field in
the cross- and longitudinal sections of the melt when
the melt is treated by REMF, PEMF and R-PEMF.
The velocity is mainly distributed in the cross section
when the melt is treated by REMF, and the velocity is
mainly distributed in the longitudinal section when
the melt is treated by PEMF. The situation when
treating the melt in the REMF device area under R-
PEMF is similar to that when treating the melt in
REMEF. The flow velocity is mainly distributed in the
cross section and rotated along the axis, and the
maximum value of the flow velocity is reduced from
1.072 m/s to 0.792 m/s. However, the axis produces a
deviation from a straight line to a curve, which helps
to reduce the center deviation.

In the longitudinal section, PEMF and R-PEMF
produced different flow field distributions than REMF
treatment. From Figure 9 (a) and Figure 9 (b), it can

be seen that the flow velocity in the middle of the
longitudinal section of the melt treated by PEMF was
relatively large, and there was a larger stirring range
in the radial direction than in the melt treated by
REMF. It can be seen from Fig. 9 (a) and Fig. 9 (c)
that the radial secondary flow increased when the melt
was treated in the REMF device area under R-PEMF
compared with the melt treated by REMF alone, and
the circulation of the flow field increased from 4 to 6.
The radial stirring range is further increased, which
helps to homogenize the structure. From Figure 9 (b)
and Figure 9 (c), it can be seen that the flow velocity
in the longitudinal section of the melt treated by the
REMF device under R-PEMF is larger and the
gradient of flow velocity change is smaller than that
of the melt treated by PEMF alone, which will also
contribute to the homogenization of the structure.
The fluid morphology of the No. 4 melt treated
with R-PEMF in the transition region between the
rotating and the pulse device was analyzed, as shown
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200

Z. Liang et al. / J. Min. Metall. Sect. B-Metall. 60 (2) (2024) 191 - 204

in Figure 9 (d). The maximum flow velocity appears
in the cross section, and the maximum value is further
reduced to 0.771 m/s. From Fig. 9(c) and Fig. 9(d), the
axis of rotation returns from a curve to a straight line
when the melt is treated under R-PEMF. In addition,
the distribution area of the radial secondary flow is
reduced when the melt is processed under R-PEMF
and is mainly concentrated near the area of the REMF
device. This weakens the effect of R-PEMF on
reducing the central segregation of the melt compared
to the case where the melt is treated in the REMF
device region under R-PEMF.

Fig. 10 shows the streamline distribution of the
melt in the REMF treatment, PEMF treatment and R-
PEMF treatment. Fig. 10 (a) shows that the melt
mainly rotates in the circumferential direction when
REMF treats the No. 1 melt, and the streamlines are
mainly distributed at the edge and are layered at the
upper and lower parts of the melt, representing little
melt exchange between the upper and lower parts of

(a) Streamline sparse region

Vertical view Front view

Front view

Vertical view

as shown in Fig. 10 (¢). When the No. 4 melt is treated
in R-PEMF, the streamlines are more evenly
distributed in the axial direction, which further
strengthens the exchange of upper and lower fluids.
However, the streamline at the axis has been reduced
to a certain extent, which weakens the stirring effect
of R-PEMF at reducing the melt axis.

3.5. Experimental study on solidification

The solidification experiment used the AZ91D
alloy as the research object. The AZ91D magnesium
alloy was heated to 700 °C and melted for 10 min.
Then, the crucible was removed, and the surface oxide
film was removed by a slag scoop and cast into the
crucible for electromagnetic treatment until the
sample was completely solidified. During the process,
SF6 gas was used to protect the upper part of the
crucible to prevent the oxidation of the magnesium
alloy. The frequency parameter of REMF is 20 Hz, the

(b) Streamline sparse region

Front view

Vertical view

@ Streamline sparse region
Vertical view Front view 3D view

Figure 10. The streamline distribution of melts under different magnetic field treatment conditions, (a) The streamline
distribution of the No. 1 melt under REMF treatment in Fig. 1 (a); (b) The streamline distribution of the No. 2
melt under PEMF treatment in Fig. 1 (a); (c) The streamline distribution of the No. 3 melt under the R-PEMF
(REMF region) treatment in Fig. 1 (a),; (d) Streamline distribution of the No.4 melt under the R-PEMF treatment

in Fig. 1 (a)

the melt. Fig. 10 (b) shows that when the PEMF treats
the No. 2 melt, the melt mainly rotates in the axial
direction, and the upper and lower parts of the melt
are layered, resulting in little exchange between the
upper and lower parts of the melt. However, when the
No. 3 melt is treated in the REMF region of R-PEMF,
the streamlines are no longer distributed mainly at the
edge of the melt, which is beneficial for reducing
segregation at the axis. In addition, the upper and
lower parts of the melt strengthen the melt exchange,
which facilitates the homogenization of the structure,

frequency parameter of PEMF is 10 Hz, the duty cycle
is 30%, and the current amplitude of REMF and
PEMEF is set to 100 A. After the ingot was cooled, the
sample was cut along the longitudinal section from
the middle, after which the sample was polished. The
samples were etched with acetic acid for 4 s and then
washed with deionized water immediately, after
which the microstructure was observed immediately.
Finally, samples were taken at points 1, 2 and 3 in Fig.
1(a)-1II, and the elemental contents of Al (The
maximum measurement error is 0.485%), Zn (The
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Figure 11. The cross section of the melt after different magnetic field treatments, (a) Cross section of the melt in the absence
of magnetic field solidification; (b) Cross section of the melt treated by REMF (c) Cross-sections of melts treated
with R-PEMF (REMF region)

maximum measurement error is 0.05%), and Mn (The
maximum measurement error is 0.025%) in the
specimens were measured via ICP.

Figure 11 shows the longitudinal section surface
of the AZ91D magnesium alloy without magnetic
field solidification, after REMF treatment and after
REMF region treatment in R-PEMF. The grains of the
AZ91D magnesium alloy were effectively
homogenized and refined after the REMF treatment
and after the REMF region in R-PEMF.

In order to compare the segregation of elements
under different solidification conditions, the relative
deviations of Al, Zn, and Mn element concentrations
between points 1 and 2, as well-as points 1 and 3, were
calculated using formulas \m\=‘%‘ and \m\zc"c“ after
obtaining the ICP element content results. The mean
square  deviation of the P S
distribution of each element was . ;(Cf ¢ )
calculated using formula where 57 s = I

|x| represents the relative deviation, C,
represents the element concentration at point n, s
represents the mean square deviation of element
distribution, ¢ is the average value of element content

Gl

Table 2. Elemental segregation

8 "% Magnification factor of 3

e

at all sampling points, and n is the total number of
sampling points. The results are shown in Table 2.
Compared with the ingot without magnetic field
solidification, the Al in the ingot after REMF
treatment had greater segregation, and the segregation
after REMF treatment in R-PEMF was reduced to the
minimum value under the three different treatment
conditions, which improved the homogenization
degree of the Al. In contrast, the segregation degree of
Mn is aggravated after the melt is treated in the REMF
region of R-PEMF.

The presence of secondary flow in the melt flow
field causes sufficient stirring of the melt and leads to
a homogenization of temperature and solute
composition. On the one hand, the solidification
equilibrium temperature increases under the
electromagnetic field, and the number of primary
crystal nuclei increases, resulting in grain refinement
[36, 37]. On the other hand, due to the intensification
of momentum transfer, the solid-liquid two-phase
region cannot exist in equilibrium, which suppresses
crystal growth [38]. However, due to the significant
impact of different electromagnetic process

elemental solidification condition pointl-2 relative deviation pomtl-? re lative Mean. square
deviation deviation
No magnetic field 0.66% — 3.81% — 0.0012469
Al REMF 5.58% 1 7.86% 1 0.002502
(RFE;EX;OH) 0.25% | 336% | 0.0012122
No magnetic field 2.01% — 8.71% — 0.0001113
Zn REMF 3.13% 1t 8.25% | 0.0001066
R-PEMF (REMF region) 5.18% 1 6.95% | 0.0000942
No magnetic field 0.51% — 1.19% — 0.0000096
Mn REMF 0.76% 1 0.63% | 0.0000044
R-PEMF (REMF region) 5.00% 1 6.30% 1 0.0000370
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parameters on segregation and crystal growth, the
coupling research between eclectromagnetic field
process and solidification process will be further
conducted to obtain high quality microstructure,
which is suitable for different element and geometric
ingots.

4. Conclusion

In this study, the processes of treatment of AZ91D
magnesium alloy in the REMF, PEMF, and REMF
regions under R-PEMF and R-PEMF conditions were
simulated by creating corresponding three-
dimensional models. The magnetic field and flow
field characteristics during the casting process of
magnesium alloys under different magnetic fields
were investigated. The results obtained are as follows:

For the magnesium alloy melt, the velocity
increases with increasing current amplitude and
frequency during the REMF treatment, and the
highest velocity occurs at 100 A and 40 Hz. The
PEMF has the highest velocity at 40 Hz and a 60%
duty cycle.

The Lorentz force of the melt during the REMF
treatment is mainly manifested as a rotational force in
the circumferential direction on the cross-section. The
Lorentz force of the melt during PEMF treatment is
mainly characterized by periodic changes in extrusion
force and tension. When the melt is treated in the R-
PEMF in the REMF region and in the R-PEMF
region, the Lorentz force in the cross-section is
mainly manifested as a rotational force in the
circumferential direction, but there is also a force that
is not perpendicular to the axis.

The flow field distribution in the REMF region of
R-PEMF differs from that in the REMF and PEMF
magnetic fields. A radial secondary flow is generated,
which increases the stirring area of the melt, reduces
the velocity gradient, bends the axis of rotation and
increases the exchange of the upper and lower parts of
the melt, which helps to reduce center segregation and
improve microstructural uniformity. However, when
the melt is treated with R-PEMEF, the velocity axis of
the flow field returns to a straight line, which weakens
the stirring effect of the reduced R-PEMF on the melt
center.
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NUMERICKA SIMULACIJA PROCESA LIVENJA LEGURE MAGNEZIJUMA
AZ91D POD KOMBINOVANIM ROTACIONO-PULSIRAJUCIM
ELEKTROMAGNETNIM POLJEM
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Apstrakt

Koriste¢i leguru magnezijuma AZ91D kao istrazivacki objekat, kreiran je i simuliran trodimenzionalni (3D) numericki
model pomocu softvera za simulacionu analizu. Ispitivani su efekti rotacionog elektromagnetnog polja (REMF),
pulsirajuceg elektromagnetnog polja (PEMF) i rotaciono-pulsirajuceg elektromagnetnog polja (R-PEMF) na magnetno
polje i tok metalnog rastopa. Rezultati simulacije pokazuju da se tokom REMF tretmana generise rotaciona sila na
poprecnom preseku rastopa, dok PEMF deluje sa magnetnim pritiskom na poprecni presek rastopa. Pod kombinovanim
delovanjem ovih sila, Lorencova sila se povec¢ava paralelno sa osom rastopa, a sekundarni tok usmeren ka jezgru rastopa
se generiSe, Sto doprinosi homogenizaciji rastopa. Analizom strukture ocvrs¢avanja i raspodele elemenata u metalu,

pokazano je da R-PEMF efikasno poboljsava strukturu oc¢vrséavanja i makrosegreaciju aluminijuma u leguri magnezijuma
AZ91D.

Kljuéne reci: Pulsirajuce elektromagnetno polje; Rotaciono elektromagnetno polje; Kombinovano elektromagnetno polje;
Legura magnezijuma, Numericka simulacija
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