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Abstract: The effects of two types of magnetic fields, namely harmonic magnetic field (HMF) and pulse
magnetic field (PMF) on magnetic flux density, Lorentz force, temperature field, and microstructure of high purity
Cu were studied by numerical simulation and experiment during electromagnetic direct chill casting. The magnetic
field is induced by a magnetic generation system including an electromagnetic control system and a cylindrical
crystallizer of 300 mm in diameter equipped with excitation coils. A comprehensive mathematical model for high
purity Cu electromagnetic casting was established in finite element method. The distributions of magnetic flux
density and Lorentz force generated by the two magnetic fields were acquired by simulation and experimental
measurement. The microstructure of billets produced by HMF and PMF casting was compared. Results show
that the magnetic flux density and penetrability of PMF are significantly higher than those of HMF, due to its faster
variation in transient current and higher peak value of magnetic flux density. In addition, PMF drives a stronger
Lorentz force and deeper penetration depth than HMF does, because HMF creates higher eddy current and
reverse electromagnetic field which weakens the original electromagnetic field. The microstructure of a billet by
HMF is composed of columnar structure regions and central fine grain regions. By contrast, the billet by PMF
has a uniform microstructure which is characterized by ultra-refined and uniform grains because PMF drives a
strong dual convection, which increases the uniformity of the temperature field, enhances the impact of the liquid
flow on the edge of the liquid pool and reduces the curvature radius of liquid pool. Eventually, PMF shows a good
prospect for industrialization.
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1 Introduction
With the rapid development of very large-scale
integration (VLSI) and flat panel display (FPD), the
demands for sputtering target materials with high purity
are greatly increased [1]. High purity Cu is one of the
most commonly used metals for sputtering target [2].
Generally, the sputtering rate, deposited film quality and
thickness uniformity are high when using a target with
fine grains and small grain size difference [3]. Therefore,
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whether a high-performance high purity Cu target can be
obtained depends on whether fine and uniform grains can
be obtained during the production process.
As-cast microstructure of a high purity Cu billet,
especially a large-scale billet, produced by direct
chill (DC) casting is normally characterized by highly
developed coarse columnar grains that result in poor
sputtering performance properties when used as a
sputtering target [1]. To refine grains and improve
microstructure, electromagnetic vibration has been
successfully introduced in industrial DC casting for
large-scale steel, Al and Mg alloy billets because of
its advantages of remarkable grain refinement and low
cost [4, 5]. The logical conclusion is that electromagnetic
vibration has a high likelihood of being effective on
grain refinement for a DC billet of high purity Cu.
In the practical application of electromagnetic vibration,
the harmonic magnetic field (HMF) and pulse magnetic
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field (PMF) are widely used [6]. HMF is generated by continuous
alternating current and characterized by real-time changing
magnetic force and magnetic direction following a sine wave.
Similarly, PMF is generated by transient pulse current, and
the magnetic field changes periodically. Different types of
electromagnetic fields change the solidification behavior during
casting in different ways, and finally result in various as-cast
microstructures [7]. For example, HMF with low frequency
was reported to be effective in grain refinement, as well as
microstructure and surface quality improvement for DC cast
ferrous and nonferrous metals [8]. In very recent years, PMF
also shows a demonstrable effect in grain refinement and
microstructure improvement of Mg alloy by DC casting, and
it is considered a novel promising method for microstructure
improvement of metallic materials [9-11]. However, studies on
the mechanism of how PMF alters the solidification behavior
of metals during casting have not yet been investigated as
extensively as for HMF.
Therefore, this work aims to reveal the effects of HMF
and PMF on grain refinement for high purity Cu billet by
investigating the magnetic flux density, Lorentz force and
temperature field in the industrial casting system and production
process. The magnetic flux density was measured by Tesla meter
and the microstructure improvement was evaluated based on the
comparison of the grain size and homogeneity. A comprehensive
mathematical model of high purity Cu electromagnetic casting
was established using the finite element method. Finally, the
mechanism of action of the two magnetic fields on high purity
Cu melt was discussed.

2 Experimental details and mathematical
model

Fig. 1: Schematic diagram of magnetic field generation
system

and enhances the transfer of momentum and energy during
solidification by forced convection [13, 14]. The working principle
can be summarized as follows: AC voltage is transformed
into unidirectional pulsating DC voltage by thyristor module
composed of rectifying elements. Damping oscillation current
is generated by IGBT controller and electrodeless capacitor
through capacitor bank filtering. Signal output is controlled by
PLC core component, and then the corresponding magnetic field
is generated inside the crystallizer through the excitation coil.
HMF is generated by sine wave current flowing through the
excitation coil and PFM is generated by pulse current generated
by pulse power system that is a part of the electromagnetic
control system. Figure 2 shows the waveforms of sine wave
current and pulse current during a few cycles measured by a
current oscilloscope.

2.1 Materials and magnetic generation system
The composition of the high purity Cu used in this work is listed
in Table 1.
Table 1: Composition of high purity Cu (wt.%)
Cu

Si

S

P

Fe

Al

O

>99.993 0.0005 0.001 0.002 0.001 0.001 0.001

Impurity
<0.001

Figure 1 schematically shows the magnetic field generation
system adopted in this work, including an electromagnetic
control system and a crystallizer equipped with a set of excitation
coils. Magnetic field is generated by an electromagnetic control
system that is capable of generating sine wave current and pulse
current. The crystallizer with a diameter of 300 mm is composed
of an inner sleeve, an outer sleeve, a water circulating system
and a set of excitation coils.
The electromagnetic control system is used to induce a
magnetic field and an eddy current simultaneously inside the
crystallizer during electromagnetic casting, and their interaction
with each other generates Lorentz force acting on the high
purity Cu melt [12]. Then, the Lorentz force agitates the Cu melt
142

Fig. 2: Measured waveforms of sine wave current and
pulse current

2.2 Experimental methods
The high purity Cu was firstly melted in an induction furnace
at 1,220 °C. Then, the melt was held for 20-30 min at 1,180 °C
before it was poured into the crystallizer to produce a cylindrical
billet with a diameter of 300 mm and a length of 4 m. The
magnetic field generation system was switched on 10 min before
the start of casting. The casting speed was 4.8 m·h-1 and the
velocity of the cooling water flow was 15 m3·h-1. The parameters
of HMF were set as follows: 140 A current intensity, 20 Hz
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frequency, and 80-turn coil. The parameters of PMF were 80 A
current intensity, 20 Hz frequency, 20% duty cycle, and 80turn coil. During casting, a Tesla meter sensor protected by
a corundum tube was immersed into the melt to measure the
magnetic flux density. A high temperature thermocouple was
also placed into the melt for collecting the temperature data.
Finally, the samples for microstructure observation were taken
from the center of the billet and polished by a traditional
approach for metallographic preparation, and then etched
with a solution of 30% nitric acid. The average grain size was
measured by the intercept method.

2.3 Numerical modeling
In this work, the discretized equations for electromagnetic
field were calculated using the finite element method. In order
to accurately describe the interaction of multiple physical fields
in the solidification process of high purity Cu under the action

of magnetic field, the coupling calculation on electromagnetic
field, melt flow, heat transfer and melt solidification is
needed [15]. This calculation uses a model based on Maxwell's
equations composed of Ampere's loop law, Faraday's law of
electromagnetic induction, Gauss' law of electric flux and
Gauss' law of magnetic flux. A single region volume average
model was used to simulate the distribution of temperature
field and flow field in the casting. The model integrates all the
model equations through a governing equation in the whole
solidification process, and defines each region by calculating
the energy distribution. In this model, the displacement current
was ignored due to the excellent conductivity of high purity
Cu melt. The change of flow field was assumed to have no
influence on the distribution of electromagnetic field owing to
the Reynolds number being far less than 1 [16]. The material
properties for calculation and simulation are listed in Table 2.

Table 2: Material properties for magnetic field simulation
Component

Materials

Relative permeability

Resistivity (Ω·m)

Metal melt

Pure Cu (liquid)

1

8.2×10-8

Inner sleeve of crystallizer

Cu alloy

1

7.1×10-8

Excitation coil

Pure Cu (solid)

1

1.7×10-8

Air zone

Air

1

∞

Figure 3 shows the fitted current waveforms of HMF and
PMF used in calculation. The current of HMF (blue curve in
Fig. 3) reaches its positive and negative maximum at 0.0125 s
and 0.0375 s, respectively, and the current of PMF (red curve
in Fig. 3) reaches its peak value at 0.0090 s.

Fig. 3: Fitted current waveforms of HMF and PMF used in
calculation

3 Results and discussion
3.1 Distribution of magnetic flux density
Figure 4 shows the magnetic flux density inside the crystallizer
filled with high purity Cu melt under HMF and PMF at 0.0090 s,
0.0125 s, 0.0250 s and 0.0375 s in one cycle (0.05 s). The reason

for choosing above instant for analysis is that, from the current
waveforms in Fig. 3, it is clear that the maximum values of
magnetic flux density of HMF and PMF present at 0.0125 s,
0.0375 s and 0.0090 s, and the instant of half-cycle, 0.0250 s, are
also selected. It can be seen from Fig. 4 that under the effect of
HMF and PMF, the maximum values of magnetic flux density
are 88 mT and 117 mT, respectively. Note that due to the
skin effect of alternative electromagnetic field, the maximal
magnetic flux density is always located in the area close to
the surface of crystallizer, therefore, the penetration depth
of the electromagnetic field through the inner sleeve of the
crystallizer is limited [17]. This can be proved by the horizontal
distribution of maximum magnetic flux density from center
to surface of crystallizer under the two magnetic fields shown
in Fig. 5. It can be found that because of magnetic field
attenuation and shielding effect, the magnetic flux density
near the crystallizer surface is much higher than that near the
crystallizer center. Moreover, the attenuation rate of magnetic
flux density under PMF is much lower than that under HMF.
The range of maximum magnetic flux density of PMF
distributes nearly all over the cross-section of crystallizer
(indicated by blue dash in Fig. 4), indicating the excellent
penetrability of PMF. The reason why PMF has higher
maximal magnetic flux density and the penetration depth than
those of HMF is that the variation in transient current for PMF
is much faster than that of HMF, and moreover, PMF has a
higher peak value of magnetic flux density.
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Fig. 4: Magnetic flux density inside crystallizer under HMF and PMF at 0.0090 s, 0.0125 s, 0.0250 s and 0.0375 s

3.2 Distribution of Lorentz force

Fig. 5: Horizontal distribution of magnetic flux density from
center to surface of crystallizer under HMF and PMF

Figure 6 shows the distribution of Lorentz force acting on
the melt under HMF and PMF at 0.0090 s, 0.0125 s, 0.0250 s
and 0.0375 s, respectively. It can be found that the maximum
Lorentz force by PMF is 0.103 N, which is much higher than
that by HMF (0.087 N). Moreover, under PMF, the horizontal
and vertical penetration depth of Lorentz force are all higher
than those of HMF, because HMF creates a higher eddy current
in the sleeve and Cu melt compared with PMF. This eddy
current creates a reverse electromagnetic field which weakens
the original electromagnetic field generated by source current
flowing in coil, and eventually results in a lower Lorentz force
and penetration depth [18].

Fig. 6: Distribution of Lorentz force inside crystallizer under HMF and PMF at 0.0090 s, 0.0125 s, 0.0250 s and 0.0375 s
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3.3 Temperature and flow fields of high purity
Cu melt

3.4 Microstructure of high purity Cu billets by
HMF and PMF casting

Figure 7 shows the temperature and flow fields of high purity
Cu melt at stable stage in HMF and PMF casting. It can be
found that, compared with HMF, the isotherm from crystallizer
surface to center under PMF is more steady and smooth
as indicated by red dash lines in Fig. 7, which means the
temperature field under PMF is more uniform than that under
HMF. Regarding the flow field of the melt, it can been seen that
high temperature melt is pushed to the crystallizer surface and
low temperature melt flows reversely under forced convection
caused by the magnetic field. Both HMF and PMF drive
strong convection. A pair of dual convection flows driven by
the Lorentz force of PMF are observed. This dual convection
contributes to the steady and smooth isotherm. Therefore,
PMF is effective on temperature field homogenization, which
is the key factor affecting the solidification behavior and
microstructure of the billet.

Fig. 7: Temperature and flow fields of high purity Cu melt
in HMF and PMF casting

Figure 8 shows the microstructure on the longitudinal section
taken from the central section of billets produced by HMF
and PMF casting. The microstructure of the billet by HMF
casting is composed of a columnar structure region [red dash
line area in Fig. 8(a)], and a central fine grain region [green
dash line area in Fig. 8(a)]. In the columnar structure region,
highly developed columnar grains with the average size of
2,576 µm can be seen and these columnar grains grow along
the temperature gradient direction [blue dash line in Fig. 8(a)].
The grains in the central fine grain region are much smaller
(the average size is 415 µm) and are elongated in temperature
gradient direction as well. The billet by PMF casting has
a uniform microstructure characterized by ultra-fine and
uniform grains with the average size of 187 µm. These refined
columnar grains also grow along the temperature gradient
direction, as shown in Fig. 8(b).
When an electromagnetic field is applied on the Cu melt,
forced convection is induced by Lorentz force in the liquid
zone and mushy zone, which results in relative movement
between solid and liquid in the mushy zone due to the different
resistivity of solid and liquid [12]. This relative movement
is able to promote the heat transfer and make temperature
distribution uniform. During solidiﬁcation, the liquid pool
becomes shallow and the angle between columnar grain
growth direction and casting direction decreases, thus the
solidiﬁcation structure presents smaller grain size [15, 16].
According to Ref. [18], the common mechanism of the
microstructure improvement by magnetic field can be attributed
to the uniform temperature distribution, shallow liquid pool and
strong convection that are all not favorable for the growth of
coarse columnar grain. In this work, PMF has higher magnetic
flux density (117 mT) and Lorentz force (0.103 N) compared to
HMF, which are 88 mT and 0.087 N, respectively. In addition,
PMF is also found to have higher penetrability.
It also should be noted that under PMF, two vortices with
opposite flow direction appear and lead to a pair of very strong

(a)

(b)

Fig. 8: Microstructure of billets by HMF (a) and PMF (b) casting
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dual convection flows, which enhances the impact of liquid
flow on the edge of liquid pool and reduces the curvature
radius of liquid pool. This mechanism causes the solidification
front to be close to horizontal and reduces the angle between
grain growth direction and casting direction.

4 Conclusions
(1) Maximum magnetic flux density and penetrability of
PMF are significantly higher than those of HMF, because of
the more rapid variation in transient current and higher peak
value of magnetic flux density by PMF.
(2) PMF drives a higher Lorentz force and penetration depth
than HMF does, because HMF creates a higher eddy current
and reverse electromagnetic field which weakens the original
electromagnetic field.
(3) PMF shows significant microstructure improvement due
to the higher Lorentz force, uniform temperature field and
strong dual convection.
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