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Abstract: Processing metallic alloys under a static magnetic field (SMF) has garnered significant
attention over the past few decades. SMFs can influence both the thermodynamics and kinetics
of the solidification process by introducing extra force and energy. Eutectic-type alloys (ETAs)
are commonly used as research materials under SMFs due to their featured microstructures. This
review aims to present theoretical and experimental results regarding ETAs under SMFs, from post-
analysis to in situ observation, to demonstrate the effects of magnetic phenomena such as magnetic
braking, thermoelectric magnetic convection, magnetic gradient force, and magnetic energy on
the thermodynamics and kinetics of microstructural evolution. In this paper, we adopt a hybrid
approach between a review and an overview to comprehensively examine the effect of SMFs on the
solidification process. Firstly, we provided a concise review of the historical research on the SMF’s
impact on solidification in the literature. Next, we elucidated the basic physical principles of an
SMF in material processing, followed by an introduction of numerous laboratory and industrial
experiments that have utilized SMFs. Finally, we summarized the effects of SMFs on solidification in
the past and provide insights into future research directions.

Keywords: static magnetic field; eutectic-type alloys; solidification; review

1. Introduction

The solidification of ETAs has been widely studied and modeled for binary and most
key ternary alloy systems. The development of eutectic microstructures in ternary, multi-
component, and eutectic high entropy alloys (EHEAs) has led to the emergence of potential
engineering materials exhibiting superior mechanical and magnetic properties compared
to traditional binary eutectic alloys, owing to their refined microstructures and/or the
presence of dual hard/soft phase mixtures [1]. The process of solidification plays a cru-
cial role in determining the microstructural evolution of ETAs and achieving the desired
physical or chemical properties. However, with the rapid advancement of science and
technology, conventional solidification methods have proven insufficient in meeting the
high-performance requirements of ETAs. As a result, additive manufacturing [2,3] and
physical fields such as electric current [4], super/microgravity [5], ultrasonic fields [6], and
magnetic fields [7,8] have been widely employed to modify the microstructures of metallic
materials. Among these methods, SMFs, generated by permanent magnets, electromagnets,
and superconductive magnets, have proven to be particularly effective and are now exten-
sively used in advanced materials processing. Various intriguing experimental phenomena
have been observed, including magnetohydrodynamics [9,10], magnetic levitation [11],
magnetic orientation [12], and magnetic thermodynamic effects [13]. These well-known
contactless forces and energy effects deepen our understanding of controlling the solidified
microstructure using SMF and offer promising applications in the industrial area.
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To investigate the effect of a high SMF on the solidification process of ETAs, various
master alloys, such as Al-Cu [14-17], Nb-Fe [18], Cu-Ag [19,20], Al-Si [21-23], Al-Mg [24],
Al-Fe [25-28], Al-Ni [29], Al-Zn [30], Sn-Bi [31-33], Pb-5n [34-36], Zn-Mg [37,38], Mg-
Nd [39], Co-B [40,41], Co-Sn [42], Mn-Sb [43], Bi-Mn [44], Al-Si-Fe [45], Al-Cu-Ag [46],
Al-Cu-5i [47], and NiAl-Cr(Mo)-Hf [48] have been selected for investigation and the re-
search contents are listed in Table 1. During the investigation of solidification of ETAs under
the SMF, the solidification theories under the SMF were gradually established. Researchers
explored the use of the well-known magnetic braking effect caused by the magnetic braking
force to reduce segregation in the melt by eliminating thermal convection [49]. A new
thermoelectric magnetic (TEM) convection was discovered to be useful in tailoring the
microstructure [31,50]. This convection is induced by a Lorentz force called TEM force,
created by the interaction between the thermoelectric current near the solid-liquid interface
and the applied SMF [19]. The TEM force, which has been extensively investigated over
the past two decades, provides an effective method to control melt convection and the
morphology of the solid-liquid interface in the mushy zone. Additionally, the magnetic
gradient force has been used to control solute or particle migration during solidification
under the gradient SMF [7]. Recently, magnetic dipole-dipole interactions (or magnetic
interaction force) have been successfully used to affect grain growth, resulting in elongated
grain and chainlike microstructures [40], and control the agglomeration and dispersion of
primary crystals [51]. Therefore, the aforementioned forces, which have significant effects
on the kinetic processes of solidification, are effective in controlling atom diffusion [52-56],
nucleation events [42,57], melt convection [19,34], solute distribution [32,58,59], crystal
migration [21,43,60], and morphology evolution [61-63] during solidification. Apart from
kinetic processes, magnetic energy can also modify thermodynamic events, such as phase
transformation and crystal orientation, even in a non-ferromagnetic system [12,64,65].
Indeed, the crystal orientation is considered to be influenced by the SMF in both thermody-
namic and kinetic ways. In the past decade, our group has systematically investigated the
role of SMFs in the solidification process, including atomic diffusion [55,56,66,67], dendrite
growth [61,68], homogenization of the secondary phase in immiscible alloy [69-71], and
electroslag remelting in steel [72-74]. Based on these studies, we suggested that ETA mate-
rials processing under an SMF holds promise for both fundamental scientific research and
industrial applications.

Table 1. Summary of ETAs investigated under SMFs.

ETAs B (T) Research Content References

Al-Cu 0-10 Eutectic spacing; microstructure evolution, orientation of Al,Cu; interface [14-17]
shape

Nb-Fe 1-5 Phase separation [18]

Cu-Ag 0-200 mT, TEM convec.tlon in the melt; microstructure, electrical resistivity, [19,20]

0-31.2 magnetoresistance
. Distribution of primary silicon under uniform and gradient magnetic field;

Al-Si 0-12 . . . . . . [21-23]
arm spacing, eutectic lamellar spacing; refinement of primary silicon

Al-Mg 0,88 Solute segregation [24]

Al-Fe 0-12 Distribution of primary phase [25-28]

Al-Ni 0-2 Microstructural evolution [29]

Al-Zn 0,5 Dendrite morphology and growth orientation [30]

Sn-Bi 0-0.55 TEM convection in the melt; microstructural evolution and solute [31-33]

distribution; refinement of arm spacing




Crystals 2023, 13, 891

3 0f24

Table 1. Cont.

ETAs B (T) Research Content References
Pb-Sn 0-12 S‘E)S\;eteic(’isr:i ZﬁgllrI;\:i;(;i;iC;}fgigsgi}]on; TEM convection and microstructural [34-36]
i o Gl iy Zoh syl bemomtelogy e nd 5
Mg-Nd 0,1 Phase formation [39]
Co-B 04T Morphology and magnetic alignment of the primary «-Co phase [40,41]
Co-5n 0-12 Nucleation behavior [42]
Mn-Sb 0-11.5 Orientation of both the primary and eutectic MnSb crystals [43]
Bi-Mn 0-10 Growth of eutectic Bi/MnBi [44]
Al-Si-Fe 0, 0.07 Precipitation behavior of iron intermetallic compounds [45]
Al-Cu-Ag 0-6 Microstructural evolution [46]
Al-Cu-Si 0-0.5 Evolution of microstructure and crystallization [47]
NiAl-Cr(Mo)-Hf 0-6 Microstructural evolution [48]

In this review, we summarize the progress in processing ETAs under the SMF con-
ditions. Based on the fundamental physical principles that govern the effect of magnetic
fields on the solidification of ETAs, this paper provides a comprehensive review of the im-
pact of SMFs on microstructure thermodynamics and kinetics under various solidification
conditions. Through a detailed analysis of relevant experiments, this review offers valuable
insights for researchers to choose appropriate SMF modes and solidification conditions to
achieve desirable microstructures and corresponding material properties.

2. Basic Physical Principles and General Experimental Methods of SMFs in
Material Processing

The influence of an SMF on the solidification process can be attributed to two main
mechanisms: force and energy. During solidification, two types of magnetic forces can
act on the melt and/or solid. The first type is the Lorentz force, arising from the coupling
of an electric current and the SMF. This force is often utilized to control melt convection
during solidification. The electric current can be induced by an external electric field, a
conductive fluid across the field lines, or a thermoelectric current. In this study, we focus
primarily on the induced current during solidification. The second type of magnetic force
is the magnetization force, which arises from the physical properties of materials under a
gradient SMF. This force is employed to control crystal migration or levitate diamagnetic
materials. In addition to the force effects, magnetic energy cannot be ignored, especially in
a high SMF, as it can influence the thermodynamics of the liquid-to-solid transformation
and crystal orientation.

2.1. Magnetic Force

When a conductive flow is moving across the field lines, a Lorentz force is then induced
by the coupling between the induced electric current and SMF to damp the melt flows. This
Lorentz force can be expressed as follows:

F=]xB=oc(uxB)B 1)

where ] is the electric current density, B is the magnetic flux density (MFD), ¢ is the electric
conductivity of liquid, and u is the velocity of flow.

However, when a temperature gradient exists at the solid-liquid interface, a thermo-
electric current then will be induced due to the Seebeck effect. Then, a new force called the
TEM force is produced by the interaction between the thermoelectric current in the vicinity
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of the solid-liquid interface and the external SMF. The TEM force can be simply shown as
the following [75]:

0507 fs

Frem = Jrg X B =
where Jrg is the thermoelectric current, s and oy are the electric conductivities of solid
and liquid, respectively, fs and f; are the solid and liquid fractions, respectively, Ss and S,
are the thermoelectric powers of solid and liquid, respectively, and VT is the temperature
gradient. This TEM force can act both on the liquid and the solid, which triggers different
phenomena.

Another Lorentz force comes from the differences of electric conductivity between
the primary particle/inclusion and liquid. The total forces that act on a particle can be
expressed as follows [76]:

3 o ] — 0p

Fp=—-Vpm———
P P22(71+(7p

X B ®)
where Vp is the volume of the particles, and op is the electric conductivity of the particle.
Then, the moving direction of the particle is dependent on the magnitude of electric
conductivity between liquid and particle.

In an inhomogeneous and a gradient SMF, a magnetic force is exerted on the material.
This force can be expressed as follows [49]:

Fn = VpX2BVB @)
Ho

where, xp is the magnetic susceptibility of the particle or primary crystal, xp is the magnetic
susceptibility of liquid metal, and y is the magnetic permeability of vacuum. By using
a high SMF (greater than 15 T), materials such as Bi, Sb, wood, and water can be stably
levitated when the magnetic force is equal and opposite to the gravitational force [77].

2.2. Magnetic Energy

The phase transformation process is primarily governed by thermodynamics. Temper-
ature and pressure are well-known thermodynamic parameters that determine the energy
of a system, but the SMF is also an important factor that should not be overlooked. Despite
the fact that the magnetic energy of a substance at room temperature is much smaller than
its thermal energy, the effect of SMFs on the phase transformation process has received little
attention until recently. With the rapid development of high SMF generation technology, it
is now possible to generate SMFs up to 45 T in the laboratory. When an SMF is applied to a
system, the change in Gibbs free energy can be expressed as follows [4]:

dG=-SdT+Vdp—MdB+) p;dn; (5)
i
where S is the entropy, T is the temperature, V is the volume, M is the magnetization, and

u; is the chemical potential of component i. Thus, the total magnetic free energy in the
system with an applying SMF can be derived as

B B
Gm:—/ MdB:—/ YXp ap ©)
0 Jo Ho

The magnetic energy can not only influence the temperature of phase transforma-
tion [13,65,78] but also the orientation of materials [30,64], which will be shown in the
following section.
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2.3. General Experimental Methods

In this part, we first introduce the magnet to produce an SMF, and then the experi-
ment’s machines used to study the solidification process under the SMF are also briefly
introduced.

2.3.1. Magnetic Field Generator

Various types of SMFs can be generated depending on the application, from weak
fields of less than 1 T to high SMFs of tens of tesla. Permanent NdFeB magnets (Figure 1a)
are typically used to produce weak SMFs during in situ observation experiments [79].
Electromagnets (Figure 1b) can produce fields up to approximately 1 T and are commonly
used in material processing due to their convenience. To produce high SMFs of around
10 T, superconducting magnets (Figure 1c) are used and are available in the laboratory.
Bitter magnets (Figure 1d) can generate SMFs greater than 20 T and are now accessible in
several countries, such as China, France, Japan, the Netherlands, and USA.

(b)

Figure 1. (a) NdFeB permanent magnet, the black material is a piece of graphene [79]. (b) Electromag-
net (Varian V3703, Palo Alto, CA, USA). (c) Superconducting magnet JMTD-10T180MK II, JASTEC,
Tokyo, Japan). (d) Bitter magnet (25 T-50 mm bore, High Magnetic Field Laboratory of Chinese
Academy of Science, Hefei, China).

2.3.2. General Experimental Facilities

Directional solidification is the preferred method for studying crystal growth under
SMFs, as it allows for control of temperature gradient, heat flow direction, and growth
velocity at the solid-liquid interface. Figure 2a shows a schematic diagram of the directional
furnace (also known as the Bridgman furnace) under the SMF [30]. By quenching the
sample into the Ga-In-Sn cooling medium, the solid-liquid interface and mush zone can
be obtained under the SMF, allowing for key information such as morphology, dendrite
spacing, and solute distribution to be acquired. The solidification process can then be
conducted in the homogeneous or gradient region of the magnetic field by adjusting the
sample’s location.

Isothermal solidification without or with a very weak temperature gradient during
solidification is another essential solidification method. Figure 2b shows a copper furnace
with a 70 mm isothermal zone designed for solidification under a high SMF (>20 T) [80].
The ex situ observation procedure of materials is also shown in Figure 2b, where the
distribution and morphology of the microstructure can be obtained in a three-dimensional
manner assisted by X-ray computed tomography (XCT). In situ observation of solidification
under permanent magnet or electromagnets can now be achieved by synchrotron radiation.
As shown in Figure 2¢, an electromagnet which can generate a magnetic field of 1 T
between two iron cores can be used for in situ observation process. The SMF can act on the
solid-liquid interface to control the microstructure during directional solidification [81].
Encapsulation of the sample is crucial for in situ observation of the solidification process as
illustrated in Figure 2d.
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Figure 2. General experimental devices for solidification under the SMF. (a) Schematic diagram of
device for Bridgman directional solidification [30]. (b) Isothermal solidification furnace designed for
high SMFs and the ex situ observation of material by X-ray computed tomography technique [80].
(c) In situ observation devices of solidification under SMF [81]. (d) Sample encapsulation method for
in situ observation [82].

3. Magnetohydrodynamic Effect
3.1. Magnetic Braking Effect during Solidification

The magnetic braking effect is based on the use of the Lorentz force, which arises from
the interaction between the electric current density J and the magnetic flux density B in the
melt. The solidification microstructure of ETAs is difficult to control due to the complex
interplay between temperature, solute, and melt. In terrestrial experiments, convections
generated by density and temperature differences, as well as Marangoni effects caused by
surface temperature gradients, may result in solute segregation during solidification and
damage the material’s properties. In fact, the unavoidable convection on the ground, which
leads to the instability of crystal growth, segregation, and local freckles, interferes with our
understanding of the solidification process.

It is well known that the SMF, which was used to improve the quality of cast products
of steel [83], can damp the movement of conductive melt. Another important application
of the magnetic braking effect is in the growth of semiconductor crystals. Researchers [49]
found that the SMF could eliminate the solute segregation in the growth process of semi-
conductor single crystals by eliminating thermal convection in the melt. Subsequently, the
braking effect of SMFs on solidification was widely studied, ranging from pure metals
to alloys [9,10] and from experiments to numerical simulations [84-87]. Although these
studies have deepened our understanding of the braking effect, the weak MFD still limits
our ability to provide a pure diffusive growth condition suitable for the steady growth of
metallic crystals.

Studies have shown that the diffusion coefficient value decreases with the increase in
MFD, which provides a simulated diffusive condition [52-54]. Recently, a novel gravity-
assisted automatic docking (GAAD) device was independently developed to measure the
interdiffusion coefficient of an Al-Cu alloy (Dajcy) from 0 T to 22 T and the critical MFD for
achieving the diffusion-limited condition [55,56], as shown in Figure 3a—c. The details of
the GAAD apparatus can be found in Refs. [55,56]. Results demonstrated that the diffusion-
limited condition as measured in microgravity was achieved when the MFD was greater
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than about 3 T. To further reveal the influence of this diffusive condition on crystal growth,
Al-20wt.%Cu hypoeutectic alloy was solidified under a 24 T high SMF (Figure 3d—f) [61].
In this diffusive condition, the primary dendrite maintained stable growth and side arms
with small surface curvatures that grew nearly perpendicular to their stem. Additionally,
the secondary dendrite arm spacing (SDAS) increased. This is consistent with results under
microgravity [88]. The braking effect was also used to obtain a directional microstructure
using a solute gradient rather than a temperature gradient [89,90]. As Asai pointed out [91],
the magnetic braking effect was a useful way to understand crystal growth. However, there
is still a lack of research on the effect of the diffusive condition created by high SMF on
the dynamics of metallic crystal growth, including growth velocity, morphology, surface
evolution of crystals, and diffusion in the solute boundary layer. Compared with high
cost and limited experiment time in space or space shuttles, simulated diffusive conditions
created by high SMFs is a promising way to study the growth of crystals. However, these
aspects require further study.
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Figure 3. (a) Diffusion couple and schematic diagram of setups under SMF. (b) Schematic diagram of
the GAAD. V is the direction of movement of copper cylinder. Alloy I and II are Al-25at.%Cu and
Al-15at.%Cu, respectively [56]. (c) The relationship between the D and the MFD. The solid fitted
line corresponds to setup 1 at 1023 K, the dashed fitted line to setup 2 at 1023 K. (d) Microstructures
of Al-20wt.%Cu alloys solidified without and with a 24 T high SME, respectively. (e) Angles between
the side arms and stems without and with 24 T high SMF, respectively. (f) The SDAS versus cooling
rate without and with 24 T high SMF, respectively [61].

3.2. TEM Effect during Solidification

By observing the fluidity of liquid metal under the SMF, Shercliff first proposed the
theory of TEM convection in 1979 [50]. Later, Alboussiere [75] gave an expression of
thermal current through the theoretical analysis of interdendritic flow under the SME.
Figure 4a shows that the thermoelectric current works in two mediums with different
thermoelectric powers. During solidification, three conditions should be satisfied to create
the thermoelectric current [92]:

(1) The thermoelectric powers of the liquid and the solid must be different, S; — Ss # 0.
(2) A temperature gradient exists at the vicinity of the interface.
(3) The temperature gradient must not be perpendicular to the interface.
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Figure 4. (a) A sketch of the thermoelectric current distribution near the interface between two media.
(b) A schematic illustration of the evolution of TEM velocity, U as a function of MFD, B [83]. S is the
thermoelectric power, L is the typical length, G is the temperature gradient, p is the density.

The velocity of TEM convection can be estimated from the data from Ref. [93], which
is shown in Figure 4b. In a certain temperature gradient and a typical length of the system,
the TEM convection first increases then decays with the increase in MFD.

In recent decades, researchers have extensively studied the TEM convection caused
by TEM forces during directional solidification. At the beginning of the 21st century, Li
and his colleagues [16,62,94-96] conducted a series of directional solidification experiments
under SMFs and systematically studied the influence of TEM forces and convection on
solidification microstructures. Their work significantly advanced our understanding of
microstructure control under SMFs. Although the TEM force and convection phenomena
were observed from the post-analysis of the solidified samples in the early 21st century,
direct observation evidence was lacking until Yasuda’s in situ solidification experiment of
Al-Cu alloys under an SMF in 2012 [97]. Wang et al. [82,98] then directly observed dendrite
fragmentation and the transition of the inclined solid-liquid interface from convex to flat
after the application of an SMF (0.08 T) by using synchrotron radiation and further con-
firmed the existence of TEM force and convection. This new convection offers possibilities
to design materials with different microstructures using SMFs.

Solute segregation during solidification can have negative impacts on the final mi-
crostructure and properties of materials. One of the challenges in solidification science is to
achieve solute homogenization in the ingot, which can be accomplished through methods
such as stirring or vibration. A promising technique for eliminating solute segregation
bands is the application of SMFs. Researchers [49] demonstrated that the magnetic braking
effect of the SMF could eliminate solute segregation bands caused by turbulent thermal
convection during the solidification process. However, when solidification occurs under a
weak SMF (<1 T), the interdendrite channel size is too small to induce a magnetic braking
effect, and the change in microstructure is attributed to the TEM convection [19].

The thermoelectric power of common eutectic metallic alloys is generally weak, with
an order of magnitude of 10~® V/K. Therefore, according to Equation (2), the TEM force
is proportional to the magnitude of the MFD. At a high SMF of 10 T, the TEM force is
comparable to gravity and can act on the liquid melt to induce TEM convection as well
as on solid to break dendritic arms [96]. It is well known that a transverse SMF can
induce unidirectional flow in the melt at the solid-liquid interface, leading to an inclined
solid-liquid interface, which can trigger solute segregation channels or side segregation
in the ingot [16,92,99]. For an axial SMF, an annular flow pattern of TEM convection was
generated, resulting in an azimuthal channel flow in the interdendrite area [16]. This flow
pattern was useful for controlling the morphology of the solid-liquid interface and refining
the microstructure [16,100]. The strength of the TEM convection depends on temperature
gradient, chemical composition, and MFD, which can be adjusted to control the TEM force
and convection.

Recent research has focused on the distribution of solutes under high SMFs during
solidification and semi-solid heat treatment [59,101,102]. For example, the application of
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a high SMF changed the solute interception among dendritic arms in the mushy zone of
a Mn-5b alloy, resulting in the precipitation of Sb-rich phases in the matrix [101]. In an
Al-Cu alloy, an increase in MFD resulted in a decrease in the fraction of non-equilibrium
eutectic and an increase in Cu solute in the primary phase [58]. Authors suggested that the
TEM convection in the melt accelerated solute diffusion, and TEM force in solid promoted
more dislocations to entrap solute. He et al. [59] also found that a high SMF increased the
effective partition coefficient of Al-4.5wt.%Cu and inhibited diffusion behavior in the solid.

High SMFs have been proven to destabilize cellular and dendritic morphology, as dis-
cussed in previous work [62]. The destabilization of dendrites and occurrence of columnar-
to-equiaxed transition (CET) during directional solidification of Al-Cu, Pb-Sn, and Al-Si
alloys were attributed to the TEM force acting on the solid, as well as changes in surface
chemical potential and surface tension [103]. In contrast, the moderate SMF was observed to
form ring-like structures in the mush zone of hypoeutectic alloys due to TEM convection in
the interdendritic area. However, the appearance of these structures was found to disappear
upon increasing the SMF, which was attributed to the braking effect at high SME, as shown
in Figure 5a. In the case of Al-Al,Cu eutectic alloys, a high SMF was found to decrease
eutectic spacing, degenerate the lamellar structure, and trigger band-like segregation at
low growth speeds, as shown in Figure 5b [14]. Similarly, a high SMF in Al-Al3Ni fiber
eutectic alloys decreased the eutectic spacing and caused land-like structures, as well as
altered the orientation relationship between Al and Al3Ni [104]. The effect of a high SMF
on ternary eutectic alloys was first investigated in Al-Cu-Ag alloys, with results indicating
modifications to the microstructure and orientation relationship between eutectics at lower
growth speeds under high SMFs (up to 6 T). Additionally, SMFs reduced eutectic spacing
and caused the formation of banded structures at lower growth speeds (R < 0.8 pm/s).
Authors suggested that the TEM effect altered the interfacial energy and led to modifica-
tions in the solidification microstructure and orientation relationship [46]. In hypereutectic
alloys, the effect of an SMF was similar to that observed in hypoeutectic alloys, as shown
in Figure 5c [105]. Transverse SMFs triggered inclined solid-liquid interfaces and acceler-
ated segregation, but an external electric current was applied to the sample to induce an
electromagnetic (EM) convection, which counteracted the TEM convection and weakened
the destruction of solidification microstructure caused by the TEM effect (Figure 5(d1-d3)).
When the EM convection was equal to the TEM convection, the interface was nearly flat,
while the inclined interface changed to the other side when the EM convection was greater
than the TEM convection [99].

Although many works have been performed on the post-analysis of optical and
SEM images of solidified ingots treated with SMFs, in situ observations of the dynamic
solidification process are still lacking. Direct observation of TEM convection was first
conducted by Yasuda et al. [97] in unidirectionally solidified Al-15wt.%Cu alloys (size:
10 x 10 x 0.1 mm?) at the Spring-8 synchrotron radiation facility under 0.45 T, as depicted
in Figure 6a,b. The observed transverse movement of fragments was attributed to the TEM
convection. In a similar experiment, Wang et al. [82] observed the movement of fragments
in situ in Al-4wt.%Cu at the European Synchrotron Radiation Facility under a 0.08 T SMF
and established a model to calculate the velocity of particles, as shown in Figure 6¢c-g.
Although they supposed that the TEM force promotes fragmentation, Fautrelle et al. [92]
suggested that this moderate SMF may be insufficient to bend dendrite arms. To further
prove the existence of TEM convection during solidification, Wang et al. [98] conducted in
situ observations of the planar solid-liquid interface under SMFs, which showed that the
inclined interface was modified into a planar one. They suggested that TEM convection
resulted in the experimental phenomena shown in Figure 6h-n. Additionally, solidification
of a Ga-In alloy was observed in situ under a 0.19 T SMF using an X-ray imaging facility in
the laboratory [106]. By linking the evolution of microstructures under SMFs with time,
researchers can propose models to predict microstructural evolution.
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Figure 5. (a) Transverse structures in the mushy zone in Al-0.85wt.%Cu alloys under SMF
(G=62.8K/cm and pulling rate was 10 um/s) [16]. (b) Eutectic microstructure solidified with-
out and with 10 T SMEF, and the lamellar spacing varies with MFD (G = 66.8 K/cm and pulling rate
was 1 um/s) [14]. (c) Morphology of primary Al,Cu phase in directionally solidified Al-40wt.%Cu
alloy in various MFDs (G = 62 K/cm and pulling rate was 2 um/s) [105]. (d) Directionally solidified
microstructures of Sn-10wt.%Bi alloys at 10 pm/s under a 0.5 T transverse SMF with and without
the external direct current [99] (TEMC = TEM Convection, EMC = Electromagnetic Convection, |
represents the external direct current).

Engineering materials are typically composed of polycrystals, making it crucial to
understand the spatial effects of SMFs on the solidification process. In the 3D imaging field,
Koe et al. [107] developed a novel electromagnetic apparatus for in situ synchrotron X-ray
imaging to study the separation of phases in metal solidification, showing brief results for
Al-20wt.%Si. The first 4D (3D plus time) experiment under an SMF was conducted by Cai
et al. in an Al-15wt.%Cu alloy under a 0.5 T SMF [81]. This study coupled high-speed syn-
chrotron X-ray tomography and high-performance computational simulation to reveal the
evolution, dynamics, and mechanisms of solidification, unraveling the complex interplay
and competing flow effects arising from the Lorentz forces of different origins. Researchers
obtained an Archimedes screw-like structure (Figure 7a) and a highly refined dendritic
primary array. Through experiments and simulations, they also demonstrated that alloy
composition could be tailored to increase or decrease the influence of magnetohydrody-
namics depending on the Seebeck coefficient and relative densities of the primary phase
and the interdendritic liquid melt. This study deepens our understanding of using Lorentz
forces to design novel microstructures.

In another study, Song et al. [108] used in situ synchrotron XCT to report the faceted
growth of Al,Cu intermetallic compounds (IMCs) in Al-40wt.%Cu alloy directionally
solidified under a 0.5 T SMEFE. They observed and studied the coarsening process of Al,Cu
IMCs in the overview of the 4D microstructure without and with the SMF (Figure 7b,c). The
refinement effect disappeared when the temperature gradient was close to zero under SMF,
indicating that TEM convection could be ignored in this case. By using 4D synchrotron
XCT, Cao et al. [45] studied the influence of the transverse SMF (0.07 T) on the growth of
iron IMCs during solidification of an Al-Si-Fe alloy. The results showed that TEM force had
potential in removing Fe elements for recycling pure Al (Figure 7d,e). In situ observation
experiments under SMF can help us to further understand the evolution and the dynamics
of crystal growth of ETAs.
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Figure 6. Directional solidification of Al-10wt.%Cu alloys (pulling rate = 10 um/s, temperature
gradient ~ 3 K/mm). (a) 0 T; (b) 0.45 T [97]. Successive images of the motion of fragment in Al-
4wt.%Cu alloy under a 0.08 T SMF during in situ synchrotron X-ray observation. (c) One frame
before the fragment began to move, t =~ 7077.0 s; (d) t = 7078.4 s; (e) t =~ 7079.8 s; (f) t ~ 7081.2 s.
(g) Analytical calculation and the experiment data of particle velocity versus its diameter [82].
Sequenced images of directional solidified Al-4wt.%Cu alloy (h—j) without and (k-m) with a 0.08 T
transverse SME, B = 0.08 T; (h) f ~ 40 min; (i) ¢ ~ 200 min; (j) t ~ 360 min; (k) t ~ 20 min; (1) f ~ 200 min;
(m) t /2 290 min (G = 3500 K/m and cooling rate of 0.1 K/min). (n) Growth velocities of solid-liquid
interface varies with time [98].

However, due to limitations of technique, in situ observation of the solidification
process under the high SMF (>1 T) remains a challenge. Ex situ observation using XCT
in the laboratory provides an alternative approach to investigate the 3D information of
crystals under a high SMFE. The 3D morphology of dendrites under directional solidification
has been studied using XCT [30,80]. Lin et al. [61] reconstructed the 3D morphology of
primary a-Al dendrites treated by a 24 T high SMF during bulk solidification and found
that the dendrite growth was stable, and the dendrite size increased under the high SME.
Researchers suggested that this simulated microgravity environment achieved by high
SMF has potential for tailoring single metallic crystals [68].
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Figure 7. (a) The formation of screw microstructure in Al-15wt.%Cu under different thermal con-
ditions in an SMF (G = 5 K/mm, cooling rate was 0.05 K/s and B = 0.5 T) [81]. (b) Overview of
microstructures in 3D [108]. (c) Formation processes and faceted to non-faceted transition of Al,Cu
intermetallic compound clusters in Al-40wt.%Cu (cooling rate was 0.05 °C/s, G =7 °C/mm and
B =0.5T)[108]. (d,e) The evolution processes of IMCs during solidification of Al-10wt.%Si-1wt.%Fe
alloy without and with SMEF, respectively [45].

4. Magnetic Force during Solidification

The utilizing of a gradient SMF for the contactless magnetic separation of materials
with different magnetic properties has gained significant attention in recent years. With
advancements in magnet techniques, gradient high SMFs can be produced in the laboratory,
achieving even the levitation of Bi and Sb metals when the gradient product BdB/dz
approaches 1000 T2/m [77]. This provides new opportunity for efficiently controlling the
migrations of solutes and particles.

In particular, recent studies have focused on the use of a gradient high SMF to control
the microstructure of ETAs during solidification, with the aim of solving solute segregation
issues and designing new microstructures. Solidification of ETAs, including Al-Si [21],
Al-Mg [24], Al-Fe [25,26,28], and Mn-5Sb [8,60], has been performed under the gradient high
SMF. These investigations demonstrated that both solutes and primary particles could be
successfully controlled through the magnetic force, as shown in Figure 8.
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Figure 8. Macrostructures of Al-15.0wt.%Si alloy under various gradient high SMFs. (a) 0 T, B
max position; (b) 8.8 T, B(dB/dz)max = 564 T2/m; (c) 8.8 T, B(dB/dz)max = —564 T2/m; (d) 0
T, —B(dB/dz)max position [21]. Microstructure and length of semi-solid zone of Al-1.9wt.%Fe.
(e) Semi-solid zone at 10 um/s, 0 T; (f) semi-solid zone at 10 um/s, 3.69 T, —40 T2/m; (g) length
evolution of semi-solid zone. Microstructure for Mn-89.7wt.%Sb alloys annealed in different gradient
high SMFs and various annealing times [28]. (h) 0 T, 30 min; (i) BdB/dz = —114 T2 /m, 30 min;
(j) BdB/dz = —282 T? /m, 30 min; (k) BdB/dz = —282 T?/m, 90 min; (1) BdB/dz = 282 T2 /m, 30 min.
(m) Volume fraction distributions of MnSb particles along the depth from the bottom end to the top
end in Mn-89.7wt.%Sb ingots solidified at various gradient high SMFs for different annealing time [8].

For instance, in the case of Al-Si alloys, primary silicon crystals were found to ag-
gregate at the upper or lower part of the sample under the gradient high SMFs, while
they only appeared at the edge of the ingots without the gradient high SMF, as shown
in Figure 8a—d [21]. Directionally solidified Al-1.9wt.%Fe ETAs showed that the gradient
high SMF decreased the mush zone length, particularly at low growth rates, and induced
a morphological transition from eutectic instability to single-phase instability, dendrite
transition, and cellular transition stages. This transition was attributed to constitutional
supercooling caused by gradient high SMF, as shown in Figure 8e—g [28]. In Mn-89.7wt.%Sb
hypoeutectic alloys, the migration of MnSb phases above the Curie temperature could be ef-
fectively controlled by using the gradient high SMEF, indicating the potential for processing
the graded metal materials, as shown in Figure 8h—-m [43,60].

Overall, these findings shed light on the effect of magnetic force on the migration of
solutes and particles in specific ETA systems and may have implications for designing new
microstructures in a wide range of materials.

5. Magnetic Gibbs Energy during Phase Transition
5.1. Phase Transition Temperature and Nucleation Events

In Equation (5), it can be known that the SMF introduces an additional magnetic Gibbs
energy to the system, which can potentially impact the thermodynamics of solidification.
Ferromagnetic materials, such as Fe-C [109] and Bi-Mn [13] binary alloys, exhibit significant
alterations in their thermodynamic behaviors during their phase transformation stages
when exposed to a high SMF, owing to their high magnetic susceptibility. It was reported
that under a 20 T high SMF, the austenite—ferrite phase transition temperature increased
by approximately 20 K [78]. However, for non-ferromagnetic ETAs, the influence of high
SMFs on thermodynamics remains insignificant and requires further investigation from a
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theoretical and experimental standpoint. Theoretical analysis suggests that the influence of
high SMFs on the liquid—solid phase transition temperature in non-ferromagnetic materials
is minimal and can be disregarded [110]. Experimental measurements of liquidus and
eutectic temperature of an Al-Cu alloy under 3.5 T indicated that high SMFs did not affect
the phase transition temperature [111]. Other results also indicated that the solid-liquid
phase transition temperature remained unchanged during the heating stage under an
SMF [112,113]. A differential thermal analysis (DTA) apparatus, which was used in the
SMEF, was designed to find out the change of temperature as shown in Figure 7a. The sample
cell consisted of a reference platinum holder and a sample platinum holder, in the bottoms
of which two Pt-Pt10%Rh thermocouples were placed. DTA data then can be obtained
under the SME. The DTA of an Al-Cu hypereutectic alloy demonstrated a significant
decrease in liquidus temperature during the cooling stage under a high SMF [65,113,114]
(Figure 9). The decrease of liquidus temperature may be attributed to the increase of
nucleation undercooling caused by changing the interfacial free energy, which acts as a
barrier for the nucleation event [115]. Indeed, the shift in liquid-solid phase transition
temperature indicates that the high SMF may affect the attachment process of solute atoms
to the interface of the solidified solid phases. To gain a comprehensive understanding of
this process, atomic-scale experiments are required.

(b) (c)
Reference I T 0T [ 0T
holder 2 o T
s 2T £

4T 4T

[Thermocouple T t
/ 6T

l 6T 1

T T T T T T
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Figure 9. (a) DTA apparatus designed for SMFE. DTA curves of the Al-Cu alloys solidified in different
MFDs: (b) Al-4.5wt.%Cu; (c) Al-45wt.%Cu. Arrows indicate the nucleation temperatures of primary
phases [65].

The effect of s high SMF on interfacial free energy was investigated using the grain
boundary groove method [116,117]. These studies showed that the high SMF increases the
interfacial free energy of the x-Al/Al-Cu system, while decreasing the interfacial free energy
of the Al,Cu/Al-Cu system, as depicted in Figure 10 [117]. The variation of interfacial
free energy in these systems was explained using the magnetic dipole-dipole interaction
theory. However, a complete understanding of the influence of SMF on interfacial free
energy is still elusive. This is because the solid-liquid interface under the SMF is subject
to TEM convection, which is absent in the absence of an SMF. Furthermore, the magnetic
susceptibility and thermoelectric powers of the solid and liquid phase still lack data. To
address these issues, it is then again necessary to investigate the solid-liquid layer at the
atomic scale.

Al-Si alloys and pure Al have been extensively studied to investigate nucleation
events in metallic systems under the influence of SMF [23,57]. Chen et al. [23] examined the
solidification of Al-20wt.%5i alloys with and without a phosphorus (P) addition under the
influence of an SMF. The authors evaluated the morphology and distribution of primary
Si particles, as shown in Figure 11a-h. Interestingly, they observed that the grain size
initially decreased and then increased with the P addition, while it continuously decreased
without the P addition. Moreover, an inverse trend was observed between the average size
of primary Si and the MFD, as depicted in Figure 11i, and for the primary Si per unit area
(Na), as shown in Figure 11j. The authors attributed these observations to the influence of
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the SMF on both the thermodynamic nucleation event and the kinetic growth of primary Si
particles.

—a—q-Al/Al-Cu
—e— Al,Cw/AI-Cu
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Magnetic field (T)

Figure 10. Typical grain boundary groove shapes under different MFDs: (a,c) «-Al/Al-Cu system
in Al-30wt.%Cu alloy; (b,d) Al,Cu/Al-Cu system in Al-35wt.%Cu alloy; (e) Solid-liquid interface
energy of o-Al/Al-Cu and Al,Cu/Al-Cu systems [117].

g Bﬂl/
] ; 1

2
H

8

H
g

e —

With P additon

A Without Padditon

510 15 20 25 30
Magnetic Flux Density / T

Average values of Ny /mm™ _

Figure 11. (a-h) SEM images of Al-20wt.%Si alloys under different MFD with and without P addition.
The particles are primary Si. (i,j) Average size of primary Si (SPS) and primary Si per unit area (NA)
with and without P addition under different MFD in Al-20wt.%Si alloys [23]. (k) Cooling curves of Al
with and without the SMFE. The inset is the undercooling of Al with and without the SMF for different
thermal cycles. (I,n) EBSD maps and schematic illustrations of lattice matching between Al and Al,O3
of Al/{1010}Al,O5 couples in 0 T and 0.7 T, respectively. (m,0) Inverse Fast Fourier Transformation
(IFFT) images and Fast Fourier Transformation (FFT) images of HRTEM with schematic indexes of
FFT patterns of Al/Al,Oj3 interfaces in 0 T and 0.7 T demonstrate the angle deviation [57].

In contrast to the macroscopic observations of microstructure, Cheng et al. [57] exam-
ined the heterogeneous nucleation behavior of pure Al on an Al,Os single crystal substrate
under the influence of an SMF at the atomic scale. The cooling curve demonstrated that nu-
cleation undercooling increased under the 0.7 T SMEF, as shown in Figure 11k. Furthermore,
lattice diagrams deduced from the EBSD map showed that the {110} plane of Al was nearly
parallel to {1010} of the Al,O3 substrate (Figure 111). However, an angle deviation between
{1010} Al,O3 and {110} Al was observed under the 0.7 T SMF, as shown in Figure 11n.
This angle deviation was also confirmed by the IFFT and FFT images of HRTEM with
schematic indexes of FFT patterns of Al/Al,O3 interfaces at 0 T and 0.7 T, as presented
in Figure 11m,0, respectively. Consequently, this angle deviation resulted in the decrease
in nucleation undercooling. This study provides important insights into the nucleation
process under the influence of SMFs at the atomic scale. However, further investigations
are required to better understand the nucleation and growth mechanisms under SMFs at
atomic scale.
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5.2. Magnetic Orientation of Crystals Assisted by High SMF
5.2.1. Magnetic Anisotropy of Crystal

As is well known, the high orientation of a single crystal or polycrystalline structures
can markedly enhance the mechanical, electrical, and optical properties of materials. In
the case of ferromagnetic phases, the easily magnetized MnBi phases [51] can connect with
each other and orient themselves along the direction of the SMF, owing to the attractive
forces between the MnBi phases after the magnetization process. Recently, Liu et al. [118]
demonstrated the generation of a strong Gaussian texture in an Fe-4.5wt.%5i alloy without
rolling or heat treatment, using a high SMF of 6 T. This resulted in a significant improvement
in the magnetic properties of the alloy.

In most cases, the primary phases in the ETAs often have weak magnetization proper-
ties, which are hard to magnetize. However, crystal structure with the magnetic anisotropy
can also be oriented by the high SMF. If the crystal has magnetic anisotropy, the SMF can
promote the crystal to grow preferentially along a specific crystal direction to keep the
system at the lowest energy state. Thus, the requirement for crystal orientation is magnetic
anisotropy. Taking the tetragonal structure as an example, the magnetic anisotropy energy
of each crystal axis can be expressed as follows:

ab _ VXab o

Gy = =520 @)
VXe o
c _— _

where x,}, is the magnetic susceptibility of the a- and b-axis, and . is the magnetic
susceptibility of the c-axis. Meanwhile, the magnetic energy difference between the axes
must be greater than the thermal energy [12]:
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where kg is the Boltzmann constant. For a solid phase entrapped in liquid, when
AGE, > AGEP, the c-axis is perpendicular to the SMF. In the opposite scenario, the c-axis is
parallel to the SMF direction as shown in Figure 12. It is reported that crystals with shape
anisotropy may also be textured by a high SMF [119].
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Figure 12. A schematic illustration of magnetic orientation of tetragonal crystals with different
magnetic properties (Xa, Xp # Xc) under a high SMF.
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In recent years, results showed that the precipitations can be oriented under the high
SMF in many ETAs, as shown in Table 2. Among these studies, Dong et al. found that
the high SMF could first orient the primary MnSb phase in a Mn-Sb hypoeutectic alloy
and induced the orientation of the subsequent eutectic microstructure [120]. Zheng et al.
reconstructed the primary Al,Cu phases treated by the 29 T super-high SMF using XCT
and clearly observed that the Al,Cu spatially oriented along the field direction [80].
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Table 2. Summary of ETAs aligned by the high SMFE.

Materials Crystals B (T) Orientation References
Al-Cu Al,Cu 1-29 caxis//B [80,121]
Al-Fe AlsFe 5 <542>//B [122]

AI-Ni Al3Ni 10 caxis//B [123]
Al-Mn AlgMn 10 caxis//B [124]
Mg-Zn/Cd-Zn primary Zn 12 caxis//B [38,125]
Mn-Sb MnSb 3-11.5 c axisB [43,120]
Bi-Mn MnBi 2 caxis//B [44]
Al-Si-Fe AlgSiqsFe 5 Long axis of crystal L B [119]

5.2.2. Magnetic Torque

In fact, as pointed out by Sugiyama [126], the influence of the SMF on the orientation
process of equiaxed dendritic structures during solidification can be both thermodynamic
and kinetic. For non-magnetic materials, when a particle is precipitated in a melt under
SMF, magnetization M arises in it due to the imposed field, and the torque is caused by
the crystal magnetic anisotropy acting on the particle. By considering the balance between
the inertia, viscous, Lorenz, and magnetization forces, it has been shown that for a given
radius of zinc particle, the particle can complete its rotation within one second when the
MFD exceeds 1 T, and the rotation time decreases as MFD increases.

6. Eutectic High Entropy Alloy Solidified under the SMF

In past decades, EHEAs have drawn extensive interest due to their appealing phys-
ical and mechanical properties [127-129]. These multicomponent alloys with different
magnetization of elements may be highly influenced by SMFs during solidification. How-
ever, few works have been performed to explore the effect of SMF on the solidification
of EHEAs. In 2020, Wang et al. reported results of the effect of SMF on AlCoCrFeNij; 4
EHEA during directional solidification, shown in Figure 13 [130]. They found that both
eutectic lamellar spacing and eutectic cellular spacing decreased with the application of
an SMF and the highest elongation to failure (¢s) of the directionally solidified samples
under an SMF reaches about 45 pct with an ultimate tensile strength of ~1058 MPa. They
attributed the enhanced strength—ductility combination to the alignment and refinement
of the microstructure under the SMF. Another AICoCrCuFeNi high-entropy alloy was
solidified under 10 T [131]. In this work, the high SMF did not induce a new type of phase
(BCC plus FCC), but inhibited the precipitation of the Cu-rich FCC phase and improved
the content of ferromagnetic BCC phase in the matrix phase. Therefore, the yield stress and
plastic strain were improved simultaneously and the saturation magnetization value also
increased. These results may provide a new way to modify the microstructures of EHEAs
and enhance their mechanical properties by using SMFs in the future.
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Figure 13. (a) Transverse and (b) longitudinal directional solidified microstructures in the
AlCoCrFeNiy 1 EHEAs without SMF, 20 um/s, 0 T; (¢,d) 20 um/s, 6 T. (e,f) Effect of the growth
speed and the SMF on the eutectic lamellar spacing and the eutectic cellular spacing, respectively.
(g) Tensile properties comparison [130].
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7. Industry Application

The high cost of a high SMF generator inhibits the application of high SMFs on the
industrial processing of ETAs. However, a relatively low SMF is now widely used to assist
materials processing. Among interesting effects caused by the SMF during solidification,
magnetic braking and the TEM effects have been used for processing industry materials,
such as single semiconductor crystals and electroslag-remelted steels [132,133]. To achieve
larger crystals, the melt convection should be strictly controlled during crystal growth.
When applying an SMF for Czochralski (CZ) growth of silicon crystals, the disturbing
convective fluctuations can be suppressed and the impurity transport in the melt is also min-
imized, resulting in low oxygen concentration [132]. Now, during the electroslag-remelted
Cr12MoV die steel process, an SMF is a powerful way to refine the microstructure [133].
Figure 14a is the schematic diagram of the remelting device, a transverse SMF was ap-
plied to the solid-liquid interface to produce a TEM force and bring TEM convection,
which refined the primary dendrite and eutectic carbides (Figure 14b,c) and resulted in a
homogeneous hardness (Figure 14d,e).
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Figure 14. (a) Schematic diagram of the remelting device, TSMF is the transverse SMF and ESR is the
electroslag-remelted. (b,c) Three-dimensional morphology of the electrolytically extracted eutectic
carbides under 0 T and 30 mT, respectively. (d,e) Hardness distribution on the transverse sections of
ESR ingots under 0 T and 30 mT [133].

8. Summary and Perspective

There exist two distinct avenues through which SMF can influence the solidification
behavior of ETAs, namely through force and energy. In this review, we highlight recent
progress in this field, which can be summarized as follows:

(1) Magnetic braking effect: The SMF can significantly reduce or even eliminate melt
convections, thereby promoting diffusion-limited crystal growth. This can lead to the
production of high-quality single crystals.

(2) TEM effect: The interaction between the thermoelectric current near the solid-liquid
interface and the applied SMF generates a TEM force, which can influence the atomic
transport behavior at the interface. Once this force is greater than a critical value,
dendrites can be broken and fragments can be migrated. As a result, a CET event
happens. Thus, TEM convection can not only modify the morphology of the solid—
liquid interface and change solute distribution, but also refine the microstructure. Ex
situ and in situ observation of the solidification process have been conducted under
the weak SMF to reveal the TEM effect on the evolution of microstructure.

(38) Gradient high SMF effect: The gradient magnetic force induced by the SMF can
effectively control the migration of solute and primary crystals, making it useful for
processing graded metal materials, removing Fe-rich intermetallic compounds in
recycled aluminum alloys, and levitating materials.

(4) Magnetic Gibbs energy effect: The high SMF can influence the phase transition of
during solidification, which may be attributed to the change of solid-liquid interfacial
free energy.
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() Magnetic torque effect: Crystals with magnetic anisotropy in their unit cell can be
oriented by high SMF. This is for the sake of the magnetic torque on the crystal and
leads to the rotation of the crystal along the direction of the SMF. The orientation
efficiency mainly depends on the crystal size and MFD.

(6) Effect on EHEAs: The high SMF can effectively affect the microstructures of EHEAs,
which provides a potential way to enhance their mechanical properties.

Despite these promising effects, several scientific problems remain unresolved. For
example, in situ observation of solidification under high SMFs is lacking, which would
enable a better understanding of metallic crystal growth. Additionally, the metallic crystals’
growth under diffusion-limited and microgravity conditions simulated by the high SMF
on the ground requires further investigation. Moreover, the influence of SMFs on the
physical parameters of ETAs, such as magnetic susceptibility, interface energy, diffusion
coefficient, and dynamic viscosity, is still ambiguous and requires precise measuring equip-
ment. Furthermore, while most studies have focused on the microstructural evolution of
solidification, atomic-scale studies are necessary to understand the attachment of dissolvent
elements in the solid-liquid interface. Finally, research is needed to determine how to use
the SMF to design solidified structures of materials with excellent physical and chemical
properties.
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