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Abstract: The effects of a pulsed magnetic field on the solidified microstructure of pure Mg were investigated. The results show that
microstructure of pure Mg is considerably refined via columnar-to-equiaxed growth under the pulsed magnetic field and the average
grain size is refined to 260 pm under the optimal processing conditions. A mathematical model was built to describe the interaction
of the electromagnetic-flow fields during solidification with ANSY'S software. The pulsed electric circuit was first solved and then it
is substituted into the magnetic field model. The fluid flow model was solved with the acquired electromagnetic force. The effects of
pulse voltage frequency on the current wave and on the distribution of magnetic and flow fields were numerically studied. The pulsed
magnetic field increases melt convection, which stirs and fractures the dendritic arms into pieces. These broken pieces are transported
into the bulk liquid by the liquid flow and act as nuclei to enhance grain refinement. The Joule heat effect produced by the electric

current also participates in the microstructural refinement.
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1 Introduction

A fine grain size is beneficial to structure uniformity
and mechanical properties for as-cast pure Mg and its
alloys[1-3]. Applying electromagnetic vibration to the
solidification of metals is a new method developed in
recent years[4—6]. Pulsed magnetic field (abbreviated to
PMF) processing as a new electromagnetic technology
has become one of the most promising new techniques to
refine the solidified structure. BAN et al[7-9] applied a
pulsed magnetic field to solidification of 2124 Al alloy
and found a remarkable change occurring in the
solidified structures. GAO et al[10] studied the structural
transformation in pure Al under external PMF. The
experiments showed that totally equiaxed grains were
produced for pure Al[10—12]. WANG et al[13—14]
investigated the effect of PMF on the solidified
microstructure of AZ91D and Mg-Gd-Y-Zr magnesium
alloys. The experimental results showed that the
remarkable microstructural refinement is achieved. The
average grain sizes of the as-cast microstructure of

AZ91D and Mg-Gd-Y-Zr alloys are refined to 104 pum
and 47 um, respectively. Based on this background, the
PMF has many advantages, such as simple equipment,
high efficiency, low cost, as well as its protecting the
melt from pollution because of the non-contact with the
melt.

However, the effects of PMF parameters on the
pulse current wave are rarely reported, particularly on the
electromagnetic force and fluid flow, impeding the
development of a refining technique by PMF and making
it difficult to obtain a useful technology in practice.
Therefore, it is fundamentally important to investigate
the mechanism of grain refinement by PMF.

2 Experimental

The experiment was carried out by using a pulsed
magnetic field solidification setup. A sketch map of the
experimental apparatus is shown in Fig.l. In the
equivalent circuit diagram, this setup can be represented
by RLC circuit in which the apparatus is symbolized
by the capacitor C, the inner resistance R, and the inner
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Fig.1 Sketch map of PMF solidification apparatus

inductance L. The coil can be regarded as a consumer
load. The pulse frequency and the discharge voltage of
the capacitor are 5 Hz and 100/200 V, respectively. The
sudden discharge of the capacitor causes a damped
sinusoidal current | through the coil, establishing an
accompanying  magnetic  field  within  several
microseconds. During this transient time, magnetic field
will change the melt flow and cause large vibration in the
melt, which will be analyzed by the finite element
method.

Pure Mg was first remelted in an electrical
resistance furnace using a mild steel crucible heated to
750 °C for 10 min. Then, the melt was poured into a
preheated (to 400 °C) graphite mould with a diameter of
50 mm, height of 100 mm and wall-thickness of 3 mm.
The pulsed magnetic field was imposed on the melt until
it was completely solidified. Different pulsed magnetic
parameters were used in the experiments through
changing discharge voltage. The melting, pouring and
solidification were conducted under a protective
atmosphere of 0.5% SF¢ + 99.5% CO, to prevent
oxidation.

The specimens for microstructure observation were
made from a transverse section taken at the mid-height of
the casting. After grinding and polishing, the specimens
were etched with a solution of 95 mL ethanol and 5 mL
nitric acid. The microstructures were observed using an
optical microscope. The average grain size was measured
by the linear intercept method.

3 Finite element analysis

3.1 Numerical procedures

There are three steps in the procedure. The RLC
electric circuit is solved first and then it is substituted
into the magnetic field model. Finally, the fluid flow
model is solved with the acquired electromagnetic force
in the magnetic field model. Fig.2 shows a coupled
computation chart of the concept. The 2-D transient
magnetic analysis is used in the magnetic and flow field

[Build electric field model|  [Build magnetic field model|

Load current results

Results of
pulse current
wave

Results of
magnetic field

Build flow field model

Load magnetic results

Results of
flow field

Fig.2 Flow chart of numerical simulation
model.

3.2 Model generation

The RLC circuit analysis determines the current
distribution in the electric circuit due to the effect of the
applied source voltages on the capacitance. The RLC
circuit in this experiment, modeled in ANSYS, is shown
in Fig.3. CIRCUI124 elements were provided for
simulating linear RLC circuit which consists of a resistor,
an inductor and a capacitor.

Ly
U

Fig.3 RLC circuit modeled in ANSYS

The magnetic field model is shown in Fig.4(a) and
the meshing model is shown in Fig.4(b), which includes
the magnesium melt, coil, air and the infinite field.
PLANES3 was provided for simulating the magnesium
melt, coil and air areas, and INFIN110 for the infinite
field. It is easy to control the mesh density and the
amount of elements and nodes. The value of the relative
permeability of those regions is 1. The electrical
resistivities of the magnesium melt and coil are 7.41X
107 and 1.7X 107 Q'm, respectively.

The fluid field model is shown in Fig.4(c), and the
meshing method of the melt zone is the same as that used
for the same zone in the magnetic field model.
FLUID141 was used for simulating fluid field. The
density and viscosity of the fluid are 1.584 g/cm® and 7.3
mPa-s, respectively.
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Fig.4 Geometry of model used in ANSYS for magnetic and
fluid field: (a) Geometry of magnetic field; (b) Enmeshed
model of magnetic field; (c) Enmeshed model of fluid field

4 Analysis and discussion

4.1 Coil current waveform

It is necessary to understand how the current waves
run through the coil, for the pulsed magnetic field is
induced by the pulsed current. The current waves in the
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coil as a function of time are shown in Fig.5. Fig.5(a)
shows the first pulse current waves as a function of the
discharge voltage of the capacitor. As the voltage
increases, the amplitude of the current increases, but the
damped sinusoidal current wave periods remain
unchanged. The time for the current to reach the
maximum is 0.001 s, and the maximum value of the
current for the 200 V discharge voltage is about 330 A,
twice the current when 100 V is used. The whole current
waves, including the off period, are shown in Fig.5(b),
under the conditions of 5 Hz and 200 V. For the
periodical variation of the pulsed current shown in
Fig.5(b), only the first pulse current wave is considered
in the simulation. In contrast to other types of
electromagnetic fields, the main advantage of PMF is the
strong energy concentration characteristics for acquiring
the peak value of the discharge current in a short time.

4.2 Magnetic flux density

The calculated results for the magnetic flux density
are shown in Fig.6. When the transient magnetic analysis
method is used, the magnetic flux density distributions
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Fig.5 Calculated results for current waves versus time: (a) First pulse current waves influenced by discharge voltage; (b) Current

waves with 5 Hz and 200 V PMF treatment
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Fig.6 Calculated results for magnetic flux density: (a) Magnetic flux density vectors and contours with discharge voltage of 100 V at
time of 0.001 s; (b) Magnetic flux density vs time curves with discharge voltages of 100 V and 200 V
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are shown in Fig.6(a). The magnetic flux density
decreases with the decrease of distance from the
centerline of the billet because of the skin effect of the
alternating electromagnetic field. The maximum value of
the magnetic flux density emerges at the edge of the melt
zone. The direction of the magnetic flux density is
approximately parallel to the centerline of the billet. The
change of magnetic flux density versus time was also
studied, and the magnetic flux density of the node in the
radial edge of the billet is shown in Fig.6(b). These
magnetic flux densities vary with time. From the
comparison of the curves of magnetic flux density with
different discharges, it can be observed that the
frequencies of both curves are the same. However, the
peak value of the magnetic flux density with the 200 V
discharge is twice that with the 100 V discharge.

4.3 Magnetic pressure

The calculated results for the magnetic pressure are
shown in Fig.7. The direction of the magnetic pressure is
approximately vertical to the centerline of the billet. The
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peak value of the magnetic pressure also emerges at the
radial edge of the melt zone and the pressure decreases
from the edge to the center. The curves of magnetic
pressure of the node (the coordinate position is X=25 mm,
y=50 mm) are also plotted as a function of time as shown
in Fig.7(b), and the peak value of the magnetic pressure
with a discharge of 200 V is four times that with the 100
V discharge.

4.4 Velocity of melt

The local velocity differences of the melt are caused
by the magnetic pressure. The calculated contours and
velocity vectors of the flow field with different discharge
voltages at time of 0.001 s are shown in Fig.8. It is found
that pattern of the melt flow with the 100 V discharge is
the same as that with the 200 V discharge. There are
three large circulations in the bulk liquid. The maximum
velocity in the melt increases with the increase of the
pulse discharge voltage, and emerges in the center of the
melt at time of 0.001 s.
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Fig.7 Calculated results for magnetic pressure: (a) Magnetic pressure vectors and contours with discharge voltage of 100 V at time of

0.001 s; (b) Magnetic pressure vs time curves with discharge voltages of 100 V and 200 V
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Fig.8 Calculated contours and velocity vectors for flow field with different discharge voltages at time of 0.001 s: (a) 100 V; (b) 200 V
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4.5 Microstructural refinement of pure Mg

The morphologies of pure Mg solidified without or
with 100 and 200 V PMF treatment for the whole stage
of solidification are shown in Fig.9. Without the PMF
treatment, the structure of the specimen in Fig.9(a)
consists of nearly wholly columnar grains, while with the
100 V PMF treatment, there is a transition from
columnar-to-equiaxed growth, and the constitutions of the

Fig.9 Macrostructures of pure Mg with different discharge
voltages for whole stage of solidification: (a) Columnar grains
without PMF treatment; (b) Columnar/equiaxed grains with
100 V PMF treatment; (c) Equiaxed grains with 200 V PMF
treatment

morphology are equiaxed grains in the center and thin
columnar grains in the edge in Fig.9(b). The average
equiaxed grain size and columnar grain length are 680
pm and 6.4 mm, respectively. With 200 V PMF
treatment, totally refined equiaxed grains are achieved
and the average grain size is refined to 260 pm, as shown
in Fig.9(c). Therefore, the solidification structure of pure
Mg can evidently be refined under the effect of a pulsed
magnetic field, and increasing the discharge voltage
significantly strengthens the grain refinement effect.

When PMF is applied to the melt, an
electromagnetic force is generated by the coupling of the
induction current and the magnetic field in the melt, i.e.,
f=j X B. As a result, the energy density of the magnetic
field represents a pressure acting orthogonal to the
magnetic field and towards the center of the melt[15—18].
So, the resulting pressure difference imposed on the melt
causes vigorous agitation as soon as the action of the
electromagnetic force is exerted.

During the solidification, primary dendrites grow
forwards the center and the secondary dendritic arms
develop. However, without the deliberate stirring by
PMF, the fractured tip of the columnar dendrites or the
broken-off dendrite branches promote the formation of
an equiaxed structure and prevent further columnar grain
formation, and the broken pieces are transported into the
bulk liquid and act as nuclei. If the intensity of magnetic
field is strong enough by increasing the discharge
voltage from 100 V to 200 V, the increase of bulk liquid
velocity and the grain refinement effect are strengthened.
In addition, the uniform temperature field resulting from
the stirring increases the likelihood of nuclei survival,
which also contributes to the grain refinement.

5 Conclusions

1) A link between the ANSYS/Emag code and the
ANSYS/Flortran code is developed, and a numerical
coupled modeling of the electric circuit, magnetic field
and the flow field is performed by means of them.

2) The pulse current, magnetic flux density,
magnetic pressure and velocity of the melt are functions
of time, and the peak values increases with the increase
in the discharge voltage.

3) A remarkable structure refinement is achieved
when the pulsed magnetic field is applied. The
morphology is characterized as wholly equiaxed grains
with a 200 V PMF treatment. Melt convection during
solidification is the main reason for this grain refinement.
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