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Abstract
The application of a high magnetic field was capable of inducing the formation of aligned equiaxed grains during
directional solidification. The alignment and refinement of equiaxed grains were enhanced as the magnetic field
intensity increased. Further, the thermoelectric power difference at the liquid/solid interface in four alloys was measured
in-situ during directional solidification. The formation of aligned equiaxed grains under the magnetic field should be
attributed to the combined action of thermoelectric magnetic force and magnetization force.
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Introduction

Effect of external conditions on the dendrite growth is always a research hotspot [1-5]. The magnetic field (i.e., static,
rotating and traveling magnetic fields) as a special external condition has been applied during the dendrite growth. It has
been demonstrated that the static magnetic field enhanced the dendrite growth, and the rotating and traveling magnetic
fields destroyed the dendrite growth [6-9]. Recently, a high magnetic field has widely been applied during solidification
processes [10-13]. It has been found that the application of a high magnetic field has caused the branch and break of the
dendrites in the AI-Cu alloy at a lower growth speed [13]. The present work extends the previous works and
investigates the influence of a high magnetic field on the dendrite growth in several alloys during directional
solidification in detail using electron backscatter diffraction (EBSD). The results indicated that the application of a high
magnetic field caused the columnar-to-equiaxed transition (CET) and the formation of aligned equiaxed grains during
directional solidification. The TE (Thermoelectric) power difference at the liquid/solid interface in the alloys was
measured in-situ. The results indicated that there indeed existed a TE power difference at the liquid/solid interface and
the values of the Seebeck signal were on the order of 1 - 10 pV. The numerical results revealed that the TE magnetic
force produced on the tip of the dendrite induced a moment during directional solidification. The formation of aligned
equiaxed grains during directional solidification under the magnetic field should be attributed to the combined action of
TE magnetic force and magnetization force.

Experimental

Al-7wt%Si alloy, Sn-20wt%Pb alloy were solidified directionally under an axial high magnetic field. Cast samples were
enveloped in tubes of high-purity corundum with an inner diameter of 3 mm and length of 200 mm. The schematic view
of the directional solidification apparatus under an axial strong magnetic field is shown in Ref. [14], where the
apparatus was described in detail. The specimen contained in a corundum crucible was melted and directionally
solidified in the Bridgman apparatus by pulling the crucible assembly downwards at a constant growth speed by means
of a synchronous motor. After 80 mm of steady-state growth of the specimen, the quenching experiment was performed
by quickly withdrawing the crucible into the water-cooled cylinder containing liquid Ga-In-Sn metal. Microstructures
were investigated by the electron backscatter diffraction (EBSD) in a high-resolution scanning electron microscope
equipped with EDAX’s OIM EBSD Analysis System.

Results and Discussion

Fig. 1(a) and Fig. 1(b) show the EBSD orientation map for the structures near the liquid/solid interface of the above two
alloys without and with a 12 T magnetic field. It can be observed that the dendrites were typical columnar and aligned
with their respective preferred growth directions along the solidification direction without magnetic field. However, the
regular columnar dendrites were destroyed significantly and tended to transform into the equiaxed grains with
application of magnetic field. Along with the CET, the equiaxed grains tended to be aligned with a certain crystal
direction along the magnetic field. Fig. 1(c) and 1(d) shows corresponding pole figures for the longitudinal structures in
Sn-20wt%Pb and Al-7wt%Si alloys under a 12 T magnetic field; the data indicate that the aligned equiaxed grains
formed. Indeed, the B-Sn, and a-Al equiaxed grains tended to be oriented with the <100>- and <111>- crystal directions
along the magnetic field, respectively.

Further, to study the alignment rule of the equiaxed grains during directional solidification under a high magnetic field,
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the microstructures in directionally solidified Sn-20wt%Pb alloy under various magnetic fields were investigated in
detail. Fig. 2 shows the EBSD orientation maps and corresponding inverse pole figures for the structures near the
liquid/solid interface. The Sn columnar dendrite was observed to be aligned with its preferred growth direction (i.e., the
<110>-crystal direction) along the solidification direction without magnetic field. However, when the high magnetic
field was applied, along with the CET of the dendrite morphology, the volume fraction of aligned grains gradually
increased as the magnetic field intensity increased. Moreover, the size of the equiaxed grains decreased as the magnetic
field increased.

Fig. 1. EBSD orientation maps and corresponding pole figures for the longitudinal structure in directionally solidified
alloys without and with a 12 T magnetic field: (a, ¢) Sn-20wt%Pb alloy, 1 pm/s; (b, d) Al-7wt%Si alloy, 80 um/s.

As we know, a high magnetic field (B > 1.0 T) is strong enough to damp the convections in a liquid. From this
viewpoint, the application of a high magnetic field should enhance the formation of regular columnar dendrites.
However, the above experimental results indicate that the magnetic field destroyed the formation of regular columnar
dendrites. This behavior should be attributed to the generation of the stress on the solid under the magnetic field.
Normally, the magnetization force and the thermoelectric (TE) magnetic force will be produced during directional
solidification under the magnetic field. First, the TE magnetic force acting on the dendrites was investigated. Because of
the Seebeck effects [15], an interdendritic TE current will form during directional solidification. The following
approximation for the electric current density js in the solid was assumed [16]:

=% 0 (s 56 @

o f +o5f

where o and o5 and are the electrical conductivity of liquid and solid, respectively; f_ and fs are the liquid and solid
fractions, respectively; S, and Ss are the TE powers of the liquid and solid, respectively; G is the temperature gradient.
When an external magnetic field B is applied because the TE current J+¢ cannot be everywhere parallel to B, the Lorentz
forces JiexB (i.e., the TE magnetic force) will form in the dendrites:
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Fig. 2. EBSD orientation maps and corresponding pole figures for the structure near the liquid/solid interface in
directionally solidified Sn-20wt%Pb alloy at a growth speed of 1 um/s under various magnetic fields.

To investigate the distribution and amplitude of the TE magnetic force, the force near the liquid/solid interface was
numerically simulated via the commercial software COMSOL Multiphysics (version 4.2.0.228). Fig. 3(a) shows the
simulated TE magnetic force near the liquid/solid interface in directionally solidified Al-Cu alloy under an axial
magnetic field. The TE magnetic force and moment acted on the tip of the dendrite when an axial magnetic field was
applied. Further, to confirm the existence of a TE power difference at the liquid/solid interface (74=Ss-S.) during
directional solidification, the Seebeck signals of four alloys were measured in-situ. The basic principle of the interfacial
TE measurement using the Seebeck technique is schematically presented in Fig. 3(b). The details of the principle had
been discussed in Refs. [17, 18]. Fig. 3(c) shows the Seebeck response obtained for the Al-7wt%Si and Sn-20wt%Pb
alloys at a growth speed of 5 pum/s. One can see that a plateau was obtained on the Seebeck curve to indicate the
establishment of steady state, and then the signal decreased to a new steady state when the furnace translation was shut
off. The magnitude of the signal drop, Es=(Ss-S\)AT, corresponds directly to the effective liquid/solid TE power
difference (7). The above results indicate that there indeed existed a TE power difference at the liquid/solid interface
during directional solidification of metal alloys. Moreover, from Eq. (2), it can be deduced that the TE magnetic force
increases as the magnetic field intensity increases. Thus, when the TE magnetic force becomes strong enough to break
the dendrite, the number of the equiaxed grains ahead of the columnar front increases. According to Hunt’s mode [19],
when the volume fraction of the equiaxed grains exceeds 0.49, the CET will occur. For an equiaxed grain exhibiting
magnetic crystalline anisotropy, the easy magnetization axis of the equiaxed grain tends to rotate towards the magnetic
field. As a consequence, the aligned equiaxed grains form during directional solidification under the magnetic field.

Conclusions
In summary, we can conclude the following:
1. The application of a high magnetic field caused the CET and the formation of the aligned equiaxed grains during
directional solidification. The alignment and the refinement of the equiaxed grains were enhanced as the magnetic
field intensity increased.

2. Seebeck thermoelectric force ( Eg ) at the liquid/solid interface in four alloys was measured in-situ, and the results

indicated that the value of the Seebeck signal was on the order of 1-10 pV.
3. The formation of the aligned equiaxed grains during directional solidification under the magnetic field should be



attributed to the combined action of TE magnetic force and magnetization force.
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Fig. 3. Formation of aligned equiaxed grains during directional solidification under an axial high magnetic field: (a)
Simulative TE current and magnetic force near the liquid/solid interface in 0.1 mm diameter geometry in
directionally solidified Al-Cu alloy under an axial magnetic field; (b) Schematic diagram of the MEPHISTO
apparatus; (c) Seebeck response obtained for the Al-7wt%Si and Sn-20wt%Pb alloys during directionally solidified
at a growth speed of 5 um/s.
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