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Abstract

Six alloys were directionally solidified at low growth speeds (1–5 lm s�1) under a weak transverse magnetic field (60.5 T). The results
show that the application of a weak transverse magnetic field significantly modified the solidification structure. Indeed, it was found that,
along with the refinement of cells/dendrites, the magnetic field caused the deformation of liquid–solid interfaces, extensive segregations
(i.e., freckles and channels) in the mushy zone, and a change in the mushy zone length. Further, in situ monitoring of the initial transient
of the directional solidification was carried out by means of synchrotron X-ray radiography. It was observed that dendrite fragments and
equiaxed grains were moved approximately along the direction perpendicular to the magnetic field. This result shows that a thermoelec-
tric magnetic force (TEMF) acted on the liquid or the solid during directional solidification under a weak magnetic field. The TEMF
during directional solidification under a transverse magnetic field was investigated numerically. The results reveal that a unidirectional
TEMF acted on the solid and induced thermoelectric magnetic convection (TEMC) in the liquid. Modification of the solidification struc-
ture under a weak magnetic field is attributed to TEMC-driven heat transfer and interdendritic solute transport and TEMF-driven
motion of dendrite fragments.
� 2013 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

Solidification in a magnetic field is an interesting topic
and has attracted much attention from researchers. How-
ever, the effect of a static magnetic field on solidification
has not been well understood, mainly because the experi-
mental observations were made in different configurations,
such as ingot solidification or directional solidification. In
ingot solidification, the magnetic field brakes the convec-
tion in the liquid and reduces the heat-transfer rate [1,2].
In directional solidification, the magnetic field also brakes

the convection, but in directional solidification in the
dendritic regime some unexpected behaviors are observed
[3–7]. These behaviors depend on the composition of the
alloy and the experimental conditions. Youdelis and
Dorward [3,4] applied a 3.4 T transverse field on the direc-
tionally solidified Al–Cu alloy. The result showed that the
value of the effective partition coefficient decreased with the
presence of the field, as if the magnetic field enhanced mass
transport in the liquid. Tewari et al. [5] found that the cel-
lular array was severely distorted, and stripes of freckles on
the plane perpendicular to the magnetic field formed when
a Pb–Sn alloy was solidified vertically at very low growth
speeds under a 0.45 T transverse magnetic field. The exper-
iment were performed by Alboussière et al. [6] and Lakar
[7] on Bi–60 wt.% Sn and Cu–45 wt.% Ag alloys, solidified
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vertically under solutally and thermally stabilizing condi-
tions with a 0.6 T transverse or 1.5 T axial magnetic field.
Large freckles appear in this case, showing that a new
movement has been created. Alboussière et al. [6] suggested
that this new flow was induced by the interaction between
the magnetic field and thermoelectric (TE) effects. Subse-

quently, Lehmann et al. [8] offered some experimental evi-
dence for thermoelectromagnetic convection (TEMC).

Regarding the forces induced by magnetic fields, three
extra forces in the liquid as well as the solid may normally
be introduced under the magnetic field. One is the magnetic
force arising from the interaction of the magnetism of a

Fig. 1. Microstructures near the liquid–solid interface in six directionally solidified alloys both without and with a 0.5 T transverse magnetic field: (a) Al
dendrite in Al–2.5 wt.% Cu alloy, 5 lm s�1; (b) Sn dendrite in Sn–20 wt.% Bi alloy, 1 lm s�1; (c) Al2Cu dendrite in Al–40 wt.% Cu alloy, 2 lm s�1; (d) c
dendrite in DZ417G Ni-based superalloy, 5 lm s�1; (e) Al dendrite in Al–7 wt.% Si alloy, 2 lm s�1; (f) Sn dendrite in Sn–20 wt.% Pb alloy, 1 lm s�1.
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