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1 Introduction
In the field of electromagnetic processing technology, 
the pulsed magnetic field (PMF) is an effective method 
for refining grains, reducing the segregation of solute 
elements, and improving the mechanical properties 
of cast alloys [1-4]. The influence of PMF on grain 
refinement has been investigated in recent decades. 
For instance, Wang et al. [5, 6] deduced that the grain 
refinement resulting from PMF was caused by an 
electromagnetic vibrating force and Joule heat effect in 
the melt. Yang et al. [7, 8] proposed that melt vibration 
and convection upon exposure to a PMF contribute to 
heterogeneous nucleation and lead to an increase in 
nucleation. Gong et al. [9, 10] found that the solidification 
structure can be refined by pulsed magneto-oscillation 
(PMO) during the nucleation stage and the first half 
period of crystal growth, and the nucleus originated from 
the mould wall and surface of the melt. Edry et al. [11, 12] 
determined that, during the dendrite growth stage, the 
refinement under the action of PMO can be explained 
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by dendrite fragmentation. PMO increased the melting 
point to above the melting temperature, and the effect on 
the grain size can be explained by the cavity activation 
model. Li et al. [13] and Bai et al. [14] considered PMF 
leads to a high nucleation rate with lowering energy 
barrier and the critical radius of nucleation, the effect of 
the pulsed magnetic field on the melt can be summarized 
as follows: (1) the pulsed magnetic field can increase 
the number of crystal nucleus; (2) the forced convection 
of the melt under the pulsed magnetic field is beneficial 
to the homogenization of the temperature and the 
preservation of the crystal nucleus.  

However, the influence of the frequency components 
on the solidification process has been rarely reported. 
During the propagation of electromagnetic waves 
in molten metal, the frequency components of 
electromagnetic waves change owing to the skin effect. 
The entire solidification process of molten metal can 
be affected by the high- to low-frequency components 
of electromagnetic waves. 

In this study, a wide-spectrum pulsed magnetic 
field (WSPMF) with different harmonic frequency 
components was obtained by adjusting the number 
of current pulses and the time interval between 
adjacent pulses. The effect of the WSPMF on the 
grain refinement of pure aluminium was investigated. 
Numerical simulation was conducted by using 
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COMSOL Multiphysics software to explore the distribution 
of the magnetic field and flow field under the WSPMF. In 
addition, the influence of the frequency components on the 
refinement of the metal solidification structure was discussed 
on the basis of an analysis of the frequency spectrum at a 
constant flow velocity.

2 Experimental procedures
2.1 Experimental method
A schematic of the experimental apparatus is shown in Fig. 1. 
The experimental set-up consists of WSPMF control systems, 
an induction coil, an oscilloscope, a steel mould (Φ54 mm×
100 mm) and a stainless-steel screen mesh.

The experimental parameters of this study are listed in Table 1.
The electromagnetic parameters of the WSPMF include the 
current intensity (I), pulse interval (τ), discharge frequency (1/T), 
and pulse width of a single pulse (a).

Fig. 1: Schematic diagram of experimental apparatus

Table 1: Electromagnetic parameters used in present experiment

No. Peak current (A) Frequency (Hz) Pulse interval (ms) Pulse width (ms)

1 0 0 0 0

2 2,500 1 25 10

3 2,500 1 20 10

4 2,500 1 15 10

5 2,500 1 10 10

6 2,500 1 6.7 10

7 2,500 1 5 10

8 2,500 1 3.3 10

Commercially pure aluminium was melted in an electric 
resistance furnace at 750 °C for 30 min. The molten metal was 
poured into a stainless-steel crucible with a steel screen mesh 
preheated to 400 °C, and WSPMF was applied immediately 
until the end of solidification. After the samples were cooled 
to room temperature, the specimens were cut along the central 
longitudinal section. The specimens were ground, polished, 
and etched by etchant solution (HCl:HNO3:HF:H2O=12:6:1:1). 
Finally, the macrostructure was observed by an Axio Imager 
A2m optical microscope and the average grain size was counted 
by the linear intercept method.

2.2 Numerical simulation model
2.2.1 Numerical procedure

A 2D axisymmetric mathematical model was established to 
couple the electromagnetic fields with fluid flow under WSPMF 
using COMSOL Multiphysics software. The geometric model 
is illustrated in Fig. 2. The melt radius is 27 mm and the height 
is 100 mm. Points A (27,50) and C (0,50) are located at the 
edge and centre of the melt, respectively. The Point B is used 
to indicate the distribution of electromagnetic force in the melt, 
and Point D is used to describe the flow of melt.

The governing equations for magnetic field and flow field 
were solved by COMSOL Multiphysics based on the finite 
element method. In the finite element mesh, the melt, coils, 
mold, air zone and infinite field were considered. Firstly, the 

actual current waveforms were measured by an oscilloscope 
under different electromagnetic parameters. Because the 
measured pulse current is a series of discrete data, the current 
waveforms after curve fitting are shown in the Fig. 3. The 
relevant physical properties of Al are listed in Table 2 [15]. The 
electromagnetic fields in a single period were calculated. Then, 
the coupling of the electromagnetic field with the fluid flow 
can be achieved by incorporating the Lorentz force into the 
Navier-Stokes equations.

The solidification under pulsed magnetic field is a complex 
process, some necessary assumptions are given as follows:

(1) The solidification system was cylindrical symmetry, a 2D 
axisymmetric mathematical model was established to solve the 
coupled problems between electromagnetic field and fluid field.

(2) The melt was regarded as the incompressible newton fluid.
(3) The influence of Joule heat was not considered in this model.
(4) The influence of the fluid flow on the magnetic field 

was neglected, because the magnetic Reynolds number is 
significantly smaller than unity in the molten melt [16].

(5) The influence of liquid level fluctuation on the melt flow 
field was not considered in the model.

Figure 3 shows three representative waveforms: (1) the pulse 
interval is greater than the pulse width (τ>10 ms); (2) the pulse 
interval is equal to the pulse width (τ=10 ms); and (3) the pulse 
interval is less than the pulse width (τ<10 ms). As shown in 
Fig. 3, the WSPMF has 10 pulses in one cycle, and the change 
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Fig. 2: Schematic diagram of numerical model: (a) two-dimensional 
axisymmetric model; (b) geometric model

Fig. 3: Excitation current waveforms at different pulse intervals: (a) τ=20 ms; (b) τ=10 ms; (c) τ=5 ms 

Table 2: Material properties of Al melt for numerical 
simulation [15]

Parameter Value

Density, ρ (kg·m-3) 2,375

Liquidus temperature, T (K) 933.5

Electrical conductivity, σL (S·m-1) 8.2×10-6

Dynamic viscosity, µ (Pa·s-1) 1.3×10-3

Relative permeability 1

Relative permittivity 1

(a) (b)

in the pulse time interval causes a significant change 
in the waveform of the magnetic field. When the pulse 
interval is greater than the pulse width (10 ms), a gap 
exists between adjacent pulses. The distance between 
adjacent pulses gradually decreases as the pulse interval 
decreases. When the pulse interval is less than the pulse 
width (10 ms), the superposition of the waveforms leads 
to an increase in the peak excitation current, and the 
waveform of the WSPMF changes significantly. The 
frequency component of the pulsed magnetic field is 
related to the waveform, and different waveforms contain 
different harmonic frequency components [17].

2.2.2 Governing equations

The electromagnetic field is governed by Maxwell's 
equations [18]:

where µ is the magnetic permeability, σ is the electric conductivity, 
ε0 is the permittivity. 

The induced magnetic field can be neglected because the 
magnetic Reynolds number Rm≤1 [19]. The Lorentz force F in the 
melt generated by the interaction of the induced current density J 
and the magnetic field is given by:

(a) (b) (c)

(1)

(2)

(3)
(4)

where H is the magnetic field density, J is the current 
density, D is the electric flux density, t is the time, E is the 
electric field, B is the magnetic flux density, ρ0 is electric 
charge density. 

The corresponding constitutive equations are as follows:

(5)J = σE

(7)D = ε0E

(6)B = µH

(8)F = J×B

(9)

In the present simulation, the standard k-ε model was used to 
model the turbulent kinetic energy and turbulent dissipation rate [20].

Conservation equation of mass:

Conservation equation of momentum:

where U is the flow velocity, G is the gravity, F is the Lorentz force, 
ρ is the density of the melt, µ0 is the dynamic viscosity coefficient, 
µt=cµk

2/ε is the turbulent viscosity coefficient. 
Turbulent kinetic energy (k):

(11)

(12)

Turbulent dissipation rate (ε):

(10)T
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Fig. 4: Magnetic field distribution of WSPMF at the edge and centre of melt: (a) τ=20 ms; (b) τ=10 ms; (c) τ=5 ms 

Fig. 5: Spectrum analysis of WSPMF waveform at edge (a) and centre (b) of melt when pulse interval is 10 ms

The production term is as follows:

where c1=1. 44, c2=1. 92, σk=1. 0, σε=1. 3, cµ=0. 09 [21].

3 Results and discussion
3.1 Electromagnetic phenomena of WSPMF
The magnetic field distributions of the WSPMF at Point A (27,50) 
and Point C (0,50) of the melt with pulse intervals of 5 ms,
10 ms, 20 ms are shown in Fig. 4. When the pulse interval is 
greater than or equal to 10 ms, the magnetic flux density for 
pulse intervals of 10 ms and 20 ms at the edge does not change 
basically, the same is true at the centre. When the pulse interval 
is less than the pulse width, the current peak increases due to 
the superposition of the current waveforms, which leads to an 
increase in the magnetic flux density. During the propagation 
of the electromagnetic waves into the melt, the magnetic field 
has a phase difference between the edge and the centre of the 
melt, and the magnetic field waveform at the edge and centre 
changes significantly. The waveform of the magnetic field is 
related to its frequency component. The waveform changes 
during the propagation of the magnetic field, indicating that 
the frequency component of the magnetic field is changed.

When the pulse interval is 10 ms, the spectrum analysis of 
the WSPMF waveform at the edge and the centre is shown in 
the Fig. 5. The high frequency component of electromagnetic 
waves gradually decreases during the propagation of 
electromagnetic waves in the melt due to the dispersion 
effect. When the magnetic field propagates to the centre of 
the melt, the amplitude of the harmonic magnetic field with a 

frequency of 600 Hz is basically zero. According to the skin 
effect, the high-frequency harmonic frequency components of 
the magnetic field are concentrated near the mould wall. With 
the increase of electromagnetic field propagation distance to 
the inside of the melt, the high frequency components of the 
magnetic field gradually decrease.

The radial and axial electromagnetic force distributions 
at Point B (25,50) with pulse intervals of 5 ms, 10 ms, 
20 ms are shown in Figs. 6(a) and (b), respectively. In 
comparison, axial electromagnetic force is two orders of 
magnitude smaller than radial electromagnetic force, so the 
effect of axial electromagnetic force on the melt is ignored. 
When the pulse interval is greater than or equal to the pulse 
width, the maximum radial electromagnetic force density in 
the -r direction is 2.7×106 N·m-3. When the pulse interval 
is 5 ms (shorter than the pulse width), the maximum radial 
electromagnetic force density in the -r direction is 3.5×106 N·m-3,
which is more likely to promote the nucleus to fall off at 
the mold wall [19]. Multiple changes in the direction of the 
electromagnetic force in a cycle are more conducive to the 
oscillation of the melt, which promote the melt nucleation on the 
liquid surface and mold wall, and the nucleus falls off and drifts 
to the center and bottom of the melt under the multiple effects 
of electromagnetic force, gravity and flow, and finally form the 
phenomenon of crystal rain [22].

Figure 7 shows the statistical results of electromagnetic force 
density at the Point B (25,50) upon exposure to the WSPMF 
with pulse intervals ranging from 3.3 ms to 25 ms. When the 
pulse time interval is longer than the pulse width (10 ms), 
the mean value and the extreme value of the electromagnetic 
force density at different pulse time intervals do not change 
significantly. When the pulse time interval is shorter than the 
pulse width (10 ms), the mean value of the electromagnetic 

(a) (b) (c)

(a) (b)

(13)
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Fig. 7: Statistical results of electromagnetic force density 
at Point B (25,50)

Fig. 6: Electromagnetic force distribution at Point B with time under different pulse time intervals: (a) radial 
electromagnetic force density; (b) axial electromagnetic force density

(a) (b)

force density gradually decreases with a decrease in the pulse interval. But 
the extreme value of the radial electromagnetic force is the largest when the 
pulse interval is 5 ms, which is easier to make nucleus fall off at the mold 
wall and enter the melt across the boundary layer, so as to proliferate the 
grains [19].

Forced convection under pulsed magnetic field is one of the key factors 
affecting grain refinement [7, 8]. The flow fields under the WSPMF with 
pulse intervals of 20 ms, 10 ms, and 5 ms are shown in Fig. 8. The flow 
pattern under the WSPMF is clearly similar to the double-loop flow 
pattern generated by the PMF [19]. However, owing to the barrier of the 
isolation net, two circulations are formed in the upper half of the melt. The 
maximum velocity is observed to appear at both sides of the vortexes. 

The variations in the velocity magnitudes at 
Point D (25,20) under the WSPMF are shown 
in Fig. 9 for different pulse intervals. The high 
frequency component of electromagnetic waves 
gradually decreases during the propagation of 
electromagnetic waves in the melt due to the 
dispersion effect. During the intermittent period, 
the viscosity of the melt and dissipation of 
turbulence gradually decrease the melt flow rate. 
The time-averaged velocity at Point D (25,20) with 
different pulse intervals is shown in Fig. 10. It is 
notable that the time-averaged velocity is approximately 
0.12 m·s-1 when pulse interval is larger than 10 ms. 
In the case of pulse interval is shorter than 10 ms, 
the time-averaged velocity of the melt decreases as 
the pulse interval shortens.

Fig. 8: Flow fields under WSPMF with different pulse intervals: 
(a) τ=20 ms; (b) τ=10 ms; (c) τ=5 ms 

(a) (b) (c) Fig. 9: Variation of velocity with time at Point D

Fig. 10: Time-averaged velocity at Point D
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Fig. 12: Average grain size of equiaxed crystal

3.2 Effect of pulse interval on solidification 
structure

The effect of different pulse intervals on the solidification 
structure of pure aluminium was studied. The longitudinal 
macrostructures of pure aluminium with and without exposure 
to a WSPMF are shown in Fig. 11. The solidification structure 
is a columnar structure without WSPMF, as shown in Fig. 11(a). 
After the WSPMF treatment, the columnar grains are transformed 
into equiaxed grains inside the solidified structure and above 
the screen mesh, as shown in Figs. 11(b)-(h). The average 
grain size of pure Al with different pulse intervals are 
shown in Fig. 12. Combined with the numerical simulation 
results in Fig. 7 and Fig. 10, when the pulse interval is 5 ms, 
the electromagnetic force density extreme is maximum, 

corresponding to a minimum average grain size of 0.35 mm. 
The flow rate and electromagnetic force extremes are basically 
similar during the increase of pulse interval from 10 ms to 25 ms, 
but the average grain size is gradually decreased with the 
increase of pulse interval.

When a WSPMF is applied to the melt, the electromagnetic 
force is generated by the interaction between the induced 
current generated in the molten metal and the pulsed magnetic 
field. The electromagnetic force is expressed as follows [22]:

Fig. 11: Effect of pulse interval on the solidification structure: (a) untreated; (b) τ=3.3 ms; (c) τ=5 ms; 
(d) τ=6.7 ms; (e) τ=10 ms; (f) τ=15 ms; (g) τ=20 ms; (h) τ=25 ms

(a)

(e)

(b)

(f)

(c)

(g)

(d)

(h)

(14)

(15)

The electromagnetic force can be resolved into a rotational 
component frot (first term) and an irrotational component firrot 

(second term). The rotational component will cause fluid 

motion, and the irrotational component can generate magnetic 
pressure on the melt. The ratio of the two determines the 
form of action of the electromagnetic force, whether it causes 
oscillation of the melt or promotes its flow. The ratio of firrot 
and frot can be expressed as follows [22]:

where L is the characteristic length of the melt, which is 
related to the size of the melt. When the melt size does not 
change, the characteristic length of the melt does not change. 
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From the spectrum of the WSPMF, it can be seen that as 
the pulse interval decreases, the frequency components of the 
magnetic field are dominated by higher harmonic frequencies, 
which will cause the skin depth to decrease. At the same time, 
the ratio of the characteristic length to the skin depth gradually 
increases, and the electromagnetic force works mainly as an 
irrotational force, which leads to a decrease in flow rate. Under 
the joint action of firrot and frot, the grain refinement effect 
becomes worse gradually with the decrease of pulse intervals. 
But the firrot of pulse interval (5 ms) is significantly greater than 
other pulse widths leads to the nucleus fall off at the mold wall 
and enter the melt across the boundary layer to promote grain 
refinement.

Figure 14 shows the distributions of the electromagnetic 
force in the melt when the pulse time interval is 5 ms. The 
radial electromagnetic force in -r direction is expressed as 
the pressure on the melt, and in r direction is expressed as the 
pulling force on the melt, the radial electromagnetic force with 
alternating directions causes the melt to oscillate. When the 

pulse interval is 5 ms, the extreme value of the electromagnetic 
force density near the mold wall is the largest, which causes 

(a) (c)

(e)

(g)

(b)

(d) (f)

Fig. 13: Spectrum of WSPMF waveform for different pulse intervals: 
(a) τ=3.3 ms; (b) τ=5 ms; (c) τ=6.7 ms; (d) τ=10 ms; (e) τ=15 ms; 
(f) τ=20 ms; (g) τ=25 ms

(a) (b)

Fig. 14: Distribution of electromagnetic force in melt when 
pulse time interval is 5 ms: (a) maximum pressure 
force; (b) maximum pull force

(16)
π

The skin depth δ can be expressed by Eq. (16):

where  is the angular velocity, f is the frequency.
According to the equation of skin depth, the electromagnetic 

wave with higher frequency has smaller skin depth. The 
Fourier transform of the pulse magnetic field waveform of the 

WSPMF for different pulse intervals produces the spectrum, 
as shown in Fig. 13. The frequency spectrum is composed of 
discrete spectral lines, and each spectral line represents a sine 
component. Each spectral line appears on an integer multiple 
of the fundamental frequency. The amplitude of each harmonic 
component of the spectrum gradually decreases with the 
increase of the harmonic frequency, and each peak represents 
the main harmonic frequency component. 
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the strongest melt oscillation. The crystal nucleus formed 
on the cold wall of the mold is broken off by the oscillating 
electromagnetic force and diffuses to the entire melt by the 
forced convection. As shown in Fig. 6, the electromagnetic 
force oscillates 10 times in one cycle, which is helpful for the 
crystal nucleus to break away from the mold wall and increase 
the nucleation. Moreover, the forced convection of the melt 
is conducive to the reduction of the temperature gradient [19] 

and the uniform temperature distribution, and improving the 
survival rate of crystal nucleus in the melt. 

Furthermore, an interesting phenomenon is discovered in the 
experiment. When the pulse interval is greater than the pulse 
width, the extreme value and the time-average value of the 
electromagnetic force are basically unchanged, which means 
that the flow rate and the oscillation intensity are basically 
similar when the pulse interval is greater than the pulse width. 
However, the grain size gradually decreases as the pulse 
interval increases. Therefore, it is considered that the WSPMF 
has an important influence on the formation of crystal nucleus 
at the front of the solid-liquid interface.

According to thermodynamic theory, the Gibbs free energy 
changes when PMF is applied during the solidification of the 
melt. The change in the Gibbs free energy under a magnetic 
field can be expressed as [13]:

from the skin effect that as the frequency of the magnetic field 
decreases, the skin depth increases. Figure 15 shows the skin 
depth of different harmonic frequency magnetic fields in pure 
aluminium melt. In the pure aluminium melt, the skin depth 
is about 1 cm when the harmonic frequency of the magnetic 
field is 100 Hz. The skin depth of the magnetic field increases 
from 1 cm to 1.5 cm when the harmonic frequency is reduced 
from 100 Hz to 40 Hz. From the spectrum analysis, it can be 
seen that when the pulse interval of the WSPMF is 25 ms, the 
low-frequency harmonic frequency is more abundant, and the 
range of the magnetic field is relatively large, which can provide 
energy for nucleation in more positions to reduce nucleation 
energy and nucleation radius to promote grain refinement. 

The energy loss of the WSPMF in the melt with pulse 
intervals of 10 ms, 15 ms, 20 ms and 25 ms is shown in 
Fig. 16. With the increase of the pulse interval, the energy 
loss gradually increases, which indicates that the effective 
energy absorbed by the melt is increased. From the results of 
numerical simulation and solidification experiments, the forced 
convection and melt oscillation induced by the WSPMF play a 
vital role in the grain refinement. The oscillation of the melt is 
conducive to the generation of crystal nuclei, and the WSPMF 
with richer low frequency components can provide energy 
for the generation of crystal nuclei at more positions, thereby 
increasing the nucleation rate. In addition, the crystal nucleus 
diffuses to the entire melt under the flow field, which causes 
the homogenization of the solidified structure.

(17)

Fig. 15: Skin depth at different harmonic frequencies

(18)
L-S

where ΔGv is the free energy difference between the solid and 
liquid phases per unit volume, ΔGm is the change in the free 
energy, and ΔXL-S is the change in the solid phase produced 
by the WSPMF. Under the action of the magnetic field, the 
change in the total Gibbs free energy and the critical radius for 
nucleation r* is [13]:

where σ is the surface free energy. Because ΔGv is negative, 
ΔXL-S is positive. It can therefore be inferred that the critical 
nucleation energy ΔGtotal and critical radius r* decrease as 
the magnetic free energy increases, which means the radius 
of critical nucleation decreases with the increase of magnetic 
energy loss.

From the spectrum analysis of the WSPMF in Fig. 13, as the 
pulse interval increases, the harmonic frequency components of 
the magnetic field are dominated by low-frequency components, 
and the energy attenuation gradually slows down. It can be seen 

Fig. 16: Electromagnetic energy loss of WSPMF in melt with 
different pulse intervals

(20)
L-S

(19)
L-S

π
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4 Conclusions
The effects of a wide-spectrum pulsed magnetic field (WSPMF) 
on the grain refinement of pure aluminium were investigated. 
The conclusions are summarized as follows:

(1) The experimental results show that the melt oscillation 
and flow under the WSPMF jointly affect the refinement of the 
solidified structure. The change in the frequency component 
of the WSPMF will cause the electromagnetic force in the 
melt to change, which will cause the melt to produce forced 
convection while changing the oscillation strength of the melt. 
When the pulse interval is smaller than the pulse width, the 
flow rate of the melt gradually decreases as the pulse interval 
decreases, but the electromagnetic force density near the 
wall has extreme values, and the melt oscillation intensity 
is the strongest at this time, which effectively enhances the 
refinement effect of the solidified tissue.

(2) The experimental results show that the frequency 
components of the WSPMF have significant effects on the 
solidification process of metals. Under the condition of similar 
flow rate, with the increase of pulse interval, the frequency 
component of the WSPMF is gradually dominated by low 
frequency harmonics, and the effective range of magnetic 
field harmonic effect is gradually expanded, which can 
provide energy for the formation of more nuclei at the solid-
liquid interface and increase the nucleation rate in the melt to 
enhance the refining effect.
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