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Abstract: The electromagnetic force generated by a pulsed magnetic field within a metal melt leads
to changes in the internal temperature and flow fields of the molten metal, thus improving the
solidification of the metal structure. Using the combination of a solidification test, experimental
simulation and theoretical analysis, this study simulated the distribution of both electromagnetic force
and the flow field in a metal melt under wide-spectrum pulse conditions, and studied the influence
of a wide-spectrum pulsed magnetic field on the solidification structure of pure aluminium with a
constant flow velocity. The results of this study show that the structural refinement of the solidification
of pure aluminium can be different, in spite of equal flow velocity. Furthermore, this study shows that
an applied time-averaged electromagnetic force causes crystal nuclei to pass through the solid–liquid
interface boundary layer and promotes the growth of crystal grains. These grains flowed with the
melt flow field to achieve both refinement and homogenization of the solidified structure.

Keywords: wide-spectrum pulsed magnetic field; equal flow velocity; industrial pure aluminium;
grain refinement

1. Introduction

With the improvement of the concept of resources, energy and environment, high
cleanliness and purification, high homogenization, ultra-fine crystallization, low consump-
tion and low pollution have become the direction of the new generation of development for
a new generation of steel metallurgy technology. The performance of a metal material ulti-
mately depends on its structure. Moreover, the solidification process determines the overall
structure of the metal to a great extent and therefore plays a major role in the performance
of metal materials. Application of a pulsed electromagnetic field can refine the metal solidi-
fication structure and is an effective means to improve composition heterogeneity due to
forced cooling during the casting process. Pulsed magnetic field fine-grain technology [1–6]
has gradually attracted people’s attention due to its low energy consumption, remarkable
effect, convenient application, strong universality and, at the same time, its ability to ensure
the cleanliness of metals. Zi Bingtao et al. [7] studied the effect of both pulsed current
and pulsed magnetic fields on the solidification structure of LY12 aluminium alloy and
found that the treatment effect of a pulsed magnetic field on LY12 aluminium alloy was
significantly better than that of pulsed current under the same control conditions. Bai
Qingwei et al. [8] studied the effect of a pulsed electromagnetic field on the solidification
structure of 7A04 aluminium alloy, and the results showed that a pulsed magnetic field can
effectively produce spherical grains and a uniform microstructure in the alloy. Bao et al. [9]
applied pulsed magnetic field (PMF) technology to an Al-Si-Mg-Cu-Ni alloy melt in the
direct chill casting process, and found that the size of α-Al and primary Si will be reduced
after PMF treatment, while the distribution will be more uniform. Gong Yongyong et al. [10]
discovered that the application of pulsed magnetic oscillation (PMO) during the nucleation
stage and the first half of the nucleation growth can refine the structural solidification of
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the metal, with crystal nuclei originating from the mould wall and the liquid surface of the
melt. Edry et al. [11,12] applied a PMO treatment to pure aluminium (99.9% and 99.999%
purity) and proposed a cavity crystal billet growth model. Cheng Shumin et al. [13,14]
studied the effect of electromagnetic parameters on the refinement of a pure aluminium
solidification structure with pure aluminium subjected to PMO with a constant input
power. The study found that refinement of aluminium grains can be improved with an
increase in current intensity. Wang Bin [15–17] and Fu Junwei et al. [18] found that a pulsed
magnetic field can significantly reduce the size of various magnesium (Mg) alloys, lead-
ing to a transformation in Mg morphology from a dendritic shape to a spherical shape.
Zhai Qijie et al. showed extensive results on the solidification structure of industrial pure
aluminium [19–25], aluminium-copper alloys [26], 65 Mn steel [27] and GCr15 bearing
steel [28] during the use of PMO and found that PMO can significantly improve the solidi-
fication structure, promote CET transformation and increase the equiaxed grain rate. Yin
Zhenxing [19] proposed surface pulse magneto-oscillation (SPMO) technology and found
that it has a refining effect on the solidification structure of pure aluminium, generating
small equiaxed crystals inside the melt. Li Bo et al. [20] studied the effect of temperature
field on the solidification structure of pure aluminium during PMO treatment and found
that the combination of low frequency and high current can improve the refinement effect
of the solidification structure. Gao et al. [29] studied the effect of a pulsed magnetic field on
the solidification structure of pure aluminium. The study found that the grain refinement
of the solidification structure is the result of the combined action of Lorentz force and Joule
heat. Zhao Zhilong [30] studied the effect of pulse magnetic field on the solidification time
of pure aluminium. The study found that applying a pulsed magnetic field can provide
more nucleation energy, which is beneficial for increasing the nucleation rate. Zhao Jing
et al. [31] studied the effect of different forms of coils on the solidification structure of
pure aluminium and found that the grain size and proportion of equiaxed grain area are
closely related to the electromagnetic effect of PMO. J.C. Jie et al. [32] applied a pulsed
magnetic field to commercial pure aluminium to reveal nucleation and equiaxed crystal for-
mation mechanisms. The results showed that the stronger Lorentz force acting on the solid
grains pushes them towards the centre of the casting, increasing the nucleation number in
the melt.

Kolesnichenko et al. [33] studied the relationship between the melt flow velocity and
the current pulse width during a pulse and discovered an optimal pulse width to maximize
the melt flow velocity. Le Qichi et al. [34,35] simulated the distribution of a magnetic
field, flow field and temperature field in an electromagnetic DC casting during application
of a pulsed magnetic field. The results of this study showed that the forced convection
during application of the pulsed magnetic field can accelerate both melt movement and heat
transfer. He Deping [36] et al. used a home-made Bridgman apparatus to introduce different
interference growth waveforms during the Al-4%Mg dendrite process and discovered that
different waveforms gradually enhanced the vibration interference of Al-4%Mg dendrite
growth in sequence. Zhong Yuyi et al. [37] applied a pulse magnetic oscillation (abbreviated:
PMO) waveform to pure aluminium and founded that the corresponding optimal pulse
magnetic oscillation waveform changed with mould size. Zhang et al. [38] studied the
effect of a pulsed magnetic field on the grain refinement of K4169 alloy and concluded
that the combined effect of electromagnetic oscillation and melt convection caused by the
pulsed magnetic field affected the grain refinement. Ban Chunyan et al. [39] concluded
that the melt produced strong convection under the application of electromagnetic force,
which led to the release of grains on the mould wall and an increase in the nucleation
rate of the melt. Xu [40] investigated the intrinsic relationship between electromagnetic
parameters and flow velocity and influenced the solidification of aluminium–silicon alloys
by varying the pulse width of the electromagnetic field with constant current strength as
well as period. The results showed that the maximum melt flow velocity corresponded to
the best solidification structure refinement, which is considered to be the main cause of
grain refinement.
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It has been shown previously that a pulsed magnetic field can have a significant
impact on all stages of liquid metal solidification, including the nucleation and growth of
crystals, heat and mass transfer, and the solidification of the macrostructure. Therefore,
the pulsed magnetic field is an effective way to improve solidification, metal morphology,
and enhance application performance. The melt flow velocity is one of the most important
factors influencing the refinement of the solidification structure of metals. In order to
exclude the influence of the melt flow velocity on solidification experiment results for pure
aluminium, a method was used that combined simulation and experimental verification to
study the influence of a wide-spectrum pulsed magnetic field on the solidified structure of
pure aluminium with a constant flow velocity. We add an isolation net on the liquid surface
of the melt to avoid the formation of a large number of crystal nuclei due to the vibration
of the liquid surface [10], in order to study the movement of crystal nuclei on the wall.

2. Numerical Simulation Model
2.1. Numerical Model

For this study, COMSOL multiphysics finite element software was used for experi-
mental simulation to establish a two-dimensional axisymmetric mathematical model of an
electromagnetic field with fluid flow coupling under a wide-spectrum pulsed magnetic
field, as shown in Figure 1. The model includes a melt region (red), coil region (blue) and
air region (grey). The dimensions of the melt and coil are consistent with the experimental
results. The melt, coil and outermost air regions used structured (quadrilateral) grids, while
the remaining air regions used unstructured (triangular) grids. The accuracy of this model
has been verified [40] through comparing the measurement of the velocity of the melt using
a Doppler velocimeter and the measurement of the magnetic field inside the melt using a
Gaussian meter with numerical simulation results. The radius of the melt was 30.0 mm,
and the height was 100.0 mm. Points A (29, 0), B (25, 0) and D (20, 0) were used to represent
the distribution of electromagnetic forces within the melt, and point C (29, −40) was used
to describe the flow velocity of the melt.
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The COMSOL multiphysics method is based on the finite element method and was
used to solve the governing equations for both magnetic field and flow field. Furthermore,
all aspects of the finite element mesh, including the melt, coil, mould, air region and infinite
field must be taken into consideration. The relevant physical properties of industrial pure
aluminium are shown in Table 1. Solidification under a pulsed magnetic field is a complex
process, which allows for the following assumptions:
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(1) The solidification system is cylindrically symmetric, and a two-dimensional axisym-
metric mathematical model is established to solve the coupling problem between the
electromagnetic field and the fluid field.

(2) The melt is considered to be an incompressible Newtonian fluid.
(3) The model does not take into account the effect of Joule heat.
(4) The effect of fluid flow on the magnetic field is neglected because the magnetic

Reynolds number is significantly smaller than the unit.
(5) The melt level does not oscillate.

Table 1. Physical performance parameters of industrial pure aluminium.

Parameter Value

Density ρ
(
kg·m−3) 2375

Liquidus temperature T (K) 780
Electrical conductivity σl

(
S·m−1) 4.2 × 106

Magnetic conductivity σs
(
S·m−1)

Dynamic viscosity, µ
(
Pa·s−1) 9.09 × 106

1.51 × 10−3

Relative permittivity 1

The wide-spectrum pulse waveform was characterized by the presence of multiple
pulses in a single cycle, and electromagnetic parameters such as pulse time interval (τm),
pulse width (t), current intensity (I), period (T) and wave number (n) were adjusted. Chang-
ing any of these parameters affected the flow velocity of the melt. COMSOL multiphysics
numerical simulation calculations were performed under conditions of constant pulse
width and period and by continuously adjusting the electromagnetic combination parame-
ters for the wave number and pulse time interval. The specific electromagnetic combination
parameters obtained via simulation are shown in Table 2 (ki, kt, kτ are instrumentation
parameters), and the corresponding waveform diagram is shown in Figure 2. In Figure 3,
the velocity change at point C (29, −40) is shown with different electromagnetic combina-
tion parameters of both wave number and pulse time interval. The flow velocity at point C
(29, −40) increased gradually with the number of pulse waves. Furthermore, during the
intermittent period, the viscosity of the melt and dissipation of the turbulence gradually de-
creased the melt flow velocity. The flow velocity of the melt changed over time and reached
the maximum value at multiple time points, which could not be compared. Therefore, a
time average was taken for the flow velocity of the melt within one cycle to ensure that the
time-average maximum flow velocity was equal. The simulation of the combined electro-
magnetic parameters for wave number and pulse time interval on the melt time-average
flow velocity is shown in Figure 4. The flow field in the melt was distributed according to
the law of double circulation. The flow direction of the upper circulation flowed clockwise,
while the flow direction of the lower circulation flowed counterclockwise.

Table 2. Electromagnetic combination parameters of wave number and pulse time interval.

Group Pulse Time Interval (τm/ms) Current Intensity
(I/A)

Wave Number
(n/N)

Pulse Width
(t/ms) Period (T/s)

untreated - - - - -

Experimental
group

5 kτ

2000 ki

20

10 kτ 1.0 kt

6.7 kτ 16
10 kτ 12
15 kτ 12
20 kτ 14
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2.2. Governing Equation

Using the Maxwell system of equations as the basis and starting point of finite element
analysis, the differential equations are as follows:

∇× E = −∂B
∂t

(1)

∇× B =
∂D
∂t

+ J (2)

∇·B = 0 (3)

∇·D = ρ0 (4)

where E is the electric field intensity vector, B is the magnetic flux density vector, D is the
potential shift vector, and J is the current density vector and ρ0 is the charge density.

Corresponding constitutive equation:

J = σE (5)

B = µH (6)

D = ε0E (7)

where µ is permeability, σ is conductivity and ε0 is the dielectric constant.
When the pulsed magnetic field is applied, the electromagnetic force density f gener-

ated by the interaction between the induced current J and the induced magnetic field B in
the melt meets the formula:

f = J× B (8)
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In the flow field analysis, the metal liquid is an incompressible Newtonian fluid;
therefore, the melt movement can be formulated using the mass conservation continuous
type equation and the N–S equation:

∇·V = 0 (9)

ρl

{
∂V
∂t

+ (V·∇)V
}

= −∇P + η∇2V + FV (10)

where ρl is the liquid melt density, V is the melt flow velocity, P is the pressure, η is the
melt viscosity coefficient and FV is the volume force.

3. Test Materials and Methods

The main test material in this study was industrial pure aluminium (99.7%), and the
test equipment included in this study was as follows: a muffle furnace, stainless steel
crucible, self-made coil (10 turns), oscilloscope, paperless recorder, thermocouple and wide-
spectrum pulsed magnetic field charge–discharge device, among others. The solidification
test device is shown in Figure 5.
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Figure 5. Schematic diagram of experimental apparatus.

The specific test method was performed as follows: industrial pure aluminium was
placed in a corundum crucible, melted and heated to 780 ◦C in a resistance furnace. It
was held for 30 min and subsequently slagged. The melt was poured into a stainless steel
crucible (Φ 60 mm × 100 mm) and preheated to 700 ◦C with an isolation mesh, and a
pulsed magnetic field was applied according to set parameters until complete solidification
occurred and the temperature profile at solidification was measured. In order to study the
movement of crystal nuclei generated on the mould wall, an isolation net was added to
the liquid surface of the melt to avoid the formation of a large number of crystal nuclei
due to the vibration of the liquid surface, which would have the potential to affect the
experimental results. The obtained ingot was cut axially, and its section was polished
with 400 mesh using laboratory sandpaper. The grain structure was corroded using a
reagent with a composition ratio of HCl:HNO3:HF:H2O = 12:6:1:1, and the subsequent
macrostructure was observed using the cross-sectional method to statistically analyse both
the grain size and equiaxed grain area of the solid pure aluminium structure [41,42].

4. Results and Discussion
4.1. Experimental Result

In this study, the effect of electromagnetic combination parameters (wave number
and pulse time interval) of a wide-spectrum pulsed magnetic field on the solidification
of pure aluminium under the condition of constant flow velocity was investigated. The
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vertical macroscopic illustration of pure aluminium is shown in Figure 6. As shown in
Figure 6a, the solidification structure of pure aluminium without the application of a wide-
spectrum pulsed magnetic field treatment consisted of a large number of coarse columnar
crystals with a small number of equiaxed crystals at the bottom. Figure 6b–f shows what
occurred when a wide-spectrum pulsed magnetic field was applied. In this case, a large
number of fine equiaxed crystals were produced within the solidified structure, and the
solidified structure of pure aluminium was refined. The percentage of area containing
equiaxed crystals showed an increase followed by a decrease. The equiaxed crystal area
ratio reached a maximum value of approximately 80% at n = 12 & τm = 10 kτms with a
minimum equiaxial grain radius of 0.46 mm. The statistical results of the average grain size
(black lines) and equiaxed grain area ratio (red lines) under the combined parameters of
wave number and pulse time interval are shown in Figure 7.
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n = 12; (f) τm = 20 kτms & n = 14.
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4.2. Discussion and Analysis

Figure 8 shows radial electromagnetic force density changes over time for melt fea-
tures point A (29, 0) subjected to electromagnetic combination parameters of both wave
number and pulse time interval. As shown in Figure 8, the electromagnetic force in the
-r direction was much greater than that of the +r direction (the electromagnetic force in
the -r direction points towards the interior of the melt). In one cycle, the direction of the
electromagnetic force changed many times, which was beneficial to the oscillation of the
melt and allowed the crystal nuclei formed on the mould wall to fall off. The crystal nuclei
moved across the solid–liquid interface to the centre and bottom of the melt due to the
electromagnetic force. The nuclei moved with the flow field of the double-loop flow due to
the forced convection of the melt, and eventually diffused to varying locations throughout
it, eventually achieving homogeneous distribution. The cooling curve of the mould wall
and centre during the process of metal solidification was measured, as shown in Figure 9.
When pulse treatment was not applied, the temperature difference between the centre of the
melt and the mould wall was significant. When pulse treatment was applied, the cooling
curves at the centre of the melt and the mould wall were nearly identical. It is helpful to
reduce the temperature gradient to reduce the central melt temperature to thus ensure a
more uniform temperature distribution that is more conducive to the growth of equiaxed
crystals from crystal nuclei. The time-average electromagnetic force density was obtained
by averaging the electromagnetic force density of the pulse wave, the electromagnetic force
extremes, and the time-averaged electromagnetic force density at point A (29, 0), as shown
in Figure 10. The black line represents the extreme value of electromagnetic force density,
while the red line represents the time-averaged electromagnetic force density. As the pulse
time interval increased, the time-averaged electromagnetic force density increased and
subsequently decreased, reaching a maximum value at n = 12 & τm = 10 kτms.
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There was a dispersion effect in the propagation of electromagnetic waves in the metal
melt. The higher the frequency, the faster the electromagnetic wave decayed during the
propagation of metal. Therefore, high-frequency electromagnetic waves were generally
distributed on the surface of the metal melt. The Fourier transform of the electromagnetic
combined pulse waveform for both wave number and pulse time interval, as well as their
spectrum distribution, are shown in Figure 11. The spectrum consists of discrete spectral
lines, each representing a sine wave. The higher peaks corresponded to the fundamental
frequency and integer multiples of the fundamental frequency, with each peak representing
the dominant harmonic frequency component. The spectrum of the wide-spectrum pulsed
magnetic field showed that, as the pulse interval increased, the frequency component of
the field was dominated by lower harmonic frequencies. When the frequency components
changed, the distribution of the electromagnetic force also changed. When the pulse time
interval was 5 kτms and 6.7 kτms, the fundamental frequency was higher after fast Fourier
transform, while the electromagnetic force in the melt attenuated quickly due to the skin
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effect. As the pulse time interval increases, the fundamental frequency is lower and the
spectrum is more abundant after fast Fourier transform. Figure 12 shows the extreme values
of electromagnetic force at points A (29, 0), B (25, 0), and C (20, 0) under the combination of
wave number and pulse time interval. The electromagnetic force decays within the melt,
and the high-frequency component decays faster.
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Figure 12. Extreme values of electromagnetic force at points A (29, 0), B (25, 0), and C (20, 0).

Movement of the crystal nuclei had a significant effect on homogenization of the
solidified structure. Melt flow is created by the electromagnetic force generated by the
interaction of the electromagnetic field and induced current in the melt. The flow velocity
of the melt at the solid–liquid interface was almost zero. When only the radial movement of
the crystal nucleus was considered, the crystal nuclei moved due to electromagnetic force
in the radial direction, as well as viscous force. This can be simplified as follows: the crystal
nuclei were regarded as spheres; the crystal nuclei at the solid–liquid interface were not
affected by melt flow; the radial motion of the crystal nuclei was the main consideration;
the crystal nuclei were mainly located in the mould wall.

Electromagnetic force density of spherical crystal nuclei:

fn = (J× B)
(

σs

σl
− 1
)

(11)

Electromagnetic force on spherical crystal nuclei:

F =
4
3

πr3fn (12)

Viscous force of spherical crystal nuclei:

Fν = 6πηrν (13)

where η is the viscosity coefficient of the melt, r is the radius of crystal nuclei, ν is the radial
velocity of the crystal nuclei, σl is the liquid phase conductivity and σs is the solid phase
conductivity.

Pulse time interval τm is pulse time tn and pulse intermission time tm.

τm = tn + tm (14)
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Since the electromagnetic force changes periodically, the crystal nuclei accelerate their
movement within a pulse time, and the average electromagnetic force within a pulse time
is expressed as:

F =

∫ tn
0 Fdt

tn
=

4
3

πr3fn (15)

The electromagnetic force and viscous force acting on the spherical crystal nuclei meet
the momentum theorem:

m
dν

dt
= F− 6πηrν (16)

where m = 4
3 ρπr3, ρ is the density of crystal nuclei, τ is the time of electromagnetic force ac-

tion and the formula of crystal nuclei velocity is obtained by combining Formulas (11)–(14):

ν =
2r2fn

9η

(
1− e

− 9η

2r2ρ
t
)

(17)

Due to the small size of the crystal nuclei, the crystal nuclei quickly reaches the maxi-
mum value under the action of electromagnetic force, and the Formula (17) is simplified:

ν =
2r2fn

9η
(18)

The total average displacement can be expressed as:

x = nν·tn (19)

The thickness of the boundary layer at the solid–liquid interface is δ0, L is the charac-
teristic length of the melt, which is related to the size of the melt. υl is the velocity of the
melt, ρl is the density of the metal melt, the advancing speed of solid–liquid interface is νls
and this solid–liquid interface boundary layer advances during the pulse intermission time
tm. Then, the recommended law of boundary layer meets:

δ0 =
5L√
Re

(20)

Re =
ρlυlL

η
(21)

δ = δ0 + νlstm (22)

Critical conditions for crystal nuclei to cross boundary layer:

x ≥ δ (23)

Based on the above formula, the relationship satisfied by each variable is obtained:

r ≥
√

9η(δ0 + νlstm)

2ntnfn
(24)

n >
9η(δ0 + νlstm)

2r2tnfn
(25)

Given the existence of a velocity boundary layer at the solid–liquid interface, the
viscosity of the velocity boundary layer was higher than that of the liquid melt; thus,
the melt flowed slowly, and as a result it was very difficult for the nuclei to enter the
interior of the melt by flow only. Due to different solid–liquid conductivity, the nuclei
move relative to the melt under the pulsed electromagnetic force. The nuclei crossed the
boundary layer and entered the interior of the melt due to the electromagnetic force. As
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the radius of the crystal nuclei entering the melt from the solid–liquid interface boundary
layer became smaller, more crystal nuclei entered the melt, which led to higher refinement
of the solidified structure. According to Equation (18), when the electromagnetic force
density is constant, it is easier for larger nuclei to cross the boundary layer and enter the
melt with greater velocity. It is shown from Equation (25) that when the pulse time interval
(τm) was less than the pulse width (t), the pulse intermission time (tm) was zone. Therefore,
a larger average electromagnetic force leads to the necessity of fewer waves for crystal
nuclei with the same radius to cross the boundary layer of the solid–liquid interface. When
the pulse time interval (τm) was greater than pulse width (t), the solid–liquid interface
boundary layer advanced during the pulse intermission time (tm). Therefore, a large pulse
intermission time (tm) requires a large pulse wave number for crystals with the same radius
to cross the solid–liquid interface boundary layer under the same electromagnetic force.

5. Conclusions

In this study, the influence of electromagnetic combination parameters (wave number
and pulse time interval) of a wide-spectrum pulsed magnetic field with constant flow
velocity was studied for their effects on the solidification structure of pure aluminium. The
conclusions from this study are as follows:

(1) The solidification refinement effect of industrial pure aluminium was different with
regard to equal time-averaged maximum flow velocity of the melt when changes were
made to the electromagnetic combination parameters of the wide-spectrum pulsed
magnetic field.

(2) The frequency component of the wide-spectrum pulsed magnetic field changed, as did
the distribution of the electromagnetic force in the melt. When the pulse time interval
was smaller than the pulse width, the combination of wave number and pulse time
interval ensured equal melt flow velocity. As the pulse time interval increases, the
refinement effect of pure aluminium solidification structure becomes more obvious.

(3) Numerical simulation results showed that the flow velocity did not change signif-
icantly when the pulse time interval was greater than the pulse width, and was
determined to be approximately equal. The experimental results of the study indicate
that, when the pulse time interval is greater than the pulse width, the refinement
effect of the pure aluminium solidification structure deteriorates as the pulse time
interval increases.
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