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a b s t r a c t

The effect of a transverse magnetic field on the growth of equiaxed grains during directional solidifi-
cation of Al-10wt% Cu alloys was investigated experimentally and numerically. The experimental results
show that the magnetic field has a great influence on the size and distribution of equiaxed grains. Indeed,
the magnetic field causes refined and coarsen equiaxed grains to distribute on the both sides of the
sample, respectively. In-situ synchrotron X-ray imaging shows that a transverse magnetic field induced
some force which can act on equiaxed grains and cause the movement of equiaxed grains during di-
rectional solidification. Numerical results reveal that the modification of the structure may be attributed
to the thermoelectric (TE) magnetic effects produced by the magnetic field. Furthermore, a new method
of removing inclusions in molten metal is developed by means of the TE magnetic force.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

The magnetic field has been used in metallurgical processes for
several decades and brings an unprecedented approach to realize
the non-contact control of flows in the melt. Traditionally, the
static magnetic field can suppress or damp the liquid motion due
to the braking effect of the Lorentz force [1–3]. However, Boet-
tinger et al. found that a transverse and axial magnetic field of
0.1 T has no influence on the microstructure or longitudinal
macrosegregation during the directional solidification of the near-
eutectic Pb-57 wt% Sn alloy [4]. Tewari et al. [5] observed that the
cellular array was severely distorted when a Pb-17.7 wt% Sn alloy
was solidified vertically at very low pulling rates (less than 1 μm/s)
under a 0.45 T transverse magnetic field.. Alboussière [6] and
Laskar [7] found that a 0.6 T transverse or a 1.5 T axial magnetic
field caused the appearance of large freckles in the solidified ver-
tically Bi-60 wt% Sn and Cu- 45 wt% Ag, which indicated new flow
has been created in the liquid bulk. Furthermore, Alboussière et al.
[6] suggested that this new flow was induced by the interaction
between the magnetic field and TE effects, and subsequently,
Lehmann [8] offered some experimental evidence for the thermo
electromagnetic convection (TEMC). In our previous works, some
of Advanced Special Steels,
: 00330476825211.
experiments have been performed to uncover the effects of the TE
magnetic force in various phenomena, such as dendritic and cel-
lular growth [9], interface instability [10], and the columnar-to-
equiaxed transition (CET) [11]. However, so far, little work has
been done to investigate the effect of the TE magnetic effects on
the growth of equiaxed grains.

The present work studied the effect of a transverse magnetic
field on the growth of equiaxed grains during directional solidifi-
cation. The experimental results show that the application of the
magnetic field affected the size and distribution of equiaxed grains
significantly. Indeed, refined and coarsen equiaxed grains ap-
peared on two sides of the sample under the magnetic field, re-
spectively. In-situ synchrotron X-ray imaging shows that some
force has acted on equiaxed grains and induced the movement of
equiaxed grains during directional solidification under a trans-
verse magnetic field. Numerical results reveal that the TE magnetic
effects may be responsible for the above results. Further, a new
method to remove inclusion in molten metal is proposed by
means of the TE magnetic force.
2. Experimental

The Al-10 wt% Cu alloy used in this work was prepared by high-
purity Al (99.99%) and Cu (99.99%) in a graphite crucible induction
furnace. The molten alloy was heated to 950 °C and magnetically
stirred for half an hour, then poured into a graphite mold to cast
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samples with inner diameter of 3 mm and length of 200 mm. The
cast sample was enveloped in a high-purity corundum tube with
3 mm in the inner diameter and 200 mm in the length for the
directional solidification experiment. The samples were direc-
tionally solidified in Bridgman–Stockbarger type furnace at a
specified growth speed under various magnetic field intensities.
The transverse static magnetic field was produced by a static
electromagnet with an adjustable intensity up to 1.0 T. To control
the furnace temperature, a NiSi–NiCr thermocouple with the
Fig. 1. Longitudinal structures in directionally solidified Al-10 wt% Cu alloy at various
(b) 20 μm/s; (c) 30 μm/s.
precision of 71 K was placed in the furnace. A water-cooled cy-
linder containing liquid Ga–In–Sn metal (LMC) was used to cool
down the specimen. The temperature gradient in the sample was
controlled by adjusting the furnace temperature, which was iso-
lated from the LMC by a refractory baffle. The device was designed
such that the specimen moves downward while the furnace re-
mains stationary. The growth speed was controlled by a servo
motor and could be continuously adjusted between 0.5 μm/s and
3000 μm/s. Microstructures of the samples obtained from the

 

 

growth speeds with and without a 0.3T-transverse magnetic field: (a) 10 μm/s;
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experiments were investigated in etched condition by the optical
microscope and the EBSD in a high-resolution scanning electron
microscope equipped with the Channel 5 EBSD system (HKL
Technology Oxford Instrument).
3. Experimental results and discussion

Fig. 1 shows longitudinal structures in directionally solidified
Al-10 wt% Cu alloys at various growth speeds with and without a
0.3 T transverse magnetic field. One can notice that in the case of
no magnetic field, the equiaxed grains uniformly distribute on the
whole sample. When the transverse magnetic field is applied, re-
fined and coarsen equiaxed grains appear on the both sides of the
sample, respectively. Further, the EBSD technology was used to
analyze the morphology of the solidification structure. Fig. 2
shows the EBSD maps for the structures in directionally solidified
Al-10 wt% Cu alloys at the growth speed of 20 μm/s under various
transverse magnetic fields. Under the magnetic field, the refined
grains appear on the right side of the samples and the refined
1mm1mm

500μm

Fig. 2. EBSD maps for the structures in directionally solidified Al-10 wt% Cu alloy at the
structures, (a1) 0 T, (a2) 0.1 T, (a3) 0.3 T, (a4) 0.5 T; (b) transverse structure, 0.1 T; (c) the
left side of the sample. Yellow panes marking refined region.
region as well as the size of the refined grains decrease as the
magnetic field increases (see Fig. 2(a) and Fig. 2(b)). Fig. 2(c) shows
the size of the grains as a function of the magnetic field and the
distance from the left of the sample. One can see that the deflected
dendrites have been formed on the left of the sample under the
magnetic field (see Fig. 2(b2)–(b4)).

To study the information mechanism of the structures under
the magnetic field, the in-situ Synchrotron X-ray radiography has
been performed. Fig. 3 shows the successive in-situ Synchrotron
X-ray images during directional solidification with and without a
0.08 T transverse magnetic field. One can observe that in the case
of no magnetic field, due to the gravity, the grain moves down.
However, when the magnetic field is applied, equiaxed grains
move approximately along the direction perpendicular to the
magnetic field, as shown in Fig. 3(b). This result suggests that
some force has acted on equiaxed grains during directional soli-
dification under a transverse magnetic field. Moreover, the refined
grains appear on the right of the sample under the magnetic field,
which is good agreement with the results as shown in Fig. 1 and
Fig. 2.
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growth speed of 20 μm/s under various transverse magnetic fields: (a) Longitudinal
size of the α-Al grains as a function of the magnetic field and the distance from the

 



Fig. 3. The successive in-situ Synchrotron X-ray images of the motion of the α-Al grains in directionally solidified Al-10wt.%Cu alloy without and with a 0.08T-magnetic field
(G¼10 K/cm, cooling rates are the same that 2 K/min): (a1)–(a3) Successive images without no magnetic field; (b1)–(b3) successive images with the magnetic field [13].
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The modification of the structure under the magnetic field
should be attributed to the TE magnetic effects. Now, let us recall
the TE magnetic effects during directional solidification under the
magnetic field. In general, all materials during solidification exist
thermal gradient along the heat flux direction and different ma-
terial properties between liquid and solid phase. If the thermal
gradient has a non-zero component along the liquid/solid inter-
face, the TE currents appear at the liquid/solid interface [12]. Thus,
the interaction between TE currents and the applied magnetic field
will produce the TE magnetic force. Fig. 4(a) and (b) show nu-
merical TE current and magnetic force on a spherical α-Al grain
immersed in a liquid metal, respectively. A TE current appears both
in liquid and solid phase, which induces a unidirectional TE
magnetic force acting on the α-Al grain when a transverse mag-
netic field is applied. The amplitude of the TE magnetic force
acting on the solid grain can be written as [14]:
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where sσ and lσ respectively denote the electrical conductivity in
solid and liquid; Ss and Sl respectively denote the TE power in solid
and liquid. Moreover, due to the gravity force, the nucleated grains
will tend to fall down and then form uniform structures, as shown
in Fig. 4(d). When the magnetic field is applied, the moving path of 



Fig. 4. Schematic view for the TE magnetic force and moving path of the α-Al grains during directional solidification under a transverse magnetic field: (a) and (b) Numerical
TE current and TE magnetic force on the α-Al grains; (c) the forces acting on the α-Al grains and the moving path of the α-Al grains during directional solidification under a
transverse magnetic field (FG: the gravity force, FTEM: the TE magnetic force and FR: the resultant force); (d) the moving path of the α-Al grains in the case of no magnetic
field; (e) and (f) the moving path of the α-Al grains with a transverse magnetic field and the structures solidified.
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the solid grain becomes parabolic curve due to the complex in-
teraction between the TE magnetic force and the gravity, as shown
in Fig. 4(c). As grains are moved to the right side of the sample
under a transverse magnetic field, the number of the grains nu-
cleated on this side of is larger. Generally, the more of the number
of the nucleated grain, the smaller of the size of the grains in a
certain volume. So, the number of grains nucleated on the right
side of is larger, the size of the grains solidified on this side is
smaller, as shown in Fig. 4(e) and (f). Moreover, the TEMC in the
liquid remarkably affected the dendrite morphology during di-
rectional solidification and the related detailed description can be
found in previous works [8]. Along with the decrease of the liquid
fraction during the solidification process, the TEMC will be pro-
duced in the liquid, as shown in Fig. 4(f), which will cause the
formation of the deflected dendrites (see Fig. 1 and Fig. 2).

Furthermore, the removal of inclusions from molten metal by
means of the electromagnetic technologies is always a research
hotspot [15–18]. The above experimental results show that the TE
magnetic force can drive the movement of solid gains in molten
metal. Thus the application of the TE magnetic force is capable of
removing inclusion from molten metal. Fig. 5 shows the moving
path of inclusion in molten metal during directional solidification
under a transverse magnetic field. If the TE power of inclusion (Si)
is larger than one of the molten metal (Sm), the applied magnetic
field will cause the inclusions to move towards the right side of the
sample. Otherwise, the inclusion will be moved to the left side of
the sample. Therefore, the TE magnetic force can be as an effective
method to remove the inclusions from molten metal.
4. Conclusions

The effect of a transverse magnetic field on the growth of
equiaxed grains during directional solidification of Al-10 wt% Cu
alloys was investigated experimentally and numerically, and the
obtained results are summarized as follows:

1. The application of the magnetic field significantly affected the
size and distribution of equiaxed grains, which led to the ap-
pearance of the refined and coarsen equiaxed grains on the both
sides of the sample, respectively.

2. In-situ synchrotron X-ray imaging shows that a transverse
magnetic field can generate some force which can act on
equiaxed grains and induce the movement of equiaxed grains
during directional solidification.

3. Numerical results reveal that the TE magnetic effects may play a
key role in the modification of the structure under the magnetic
field.  



Fig. 5. Movement of inclusion in molten metal during directional solidification
under a transverse magnetic field in two cases: (a) TE magnetic force acting on
inclusion during directional solidification under a transverse magnetic field in the
case of Si4Sm; (b) TE magnetic force acting on inclusion during directional soli-
dification under a transverse magnetic field in the case of SioSm.
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4. Further, a new method which can remove inclusions from
molten metal is proposed by means of the TE magnetic force.
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