Review

Solidification of Immiscible Alloys under High Magnetic Field:

A Review

Chen Wei 1, Jun Wang L* Yixuan He 1, Jinshan Li 1* and Eric Beaugnon

check for

updates
Citation: Wei, C.; Wang, J.; He, Y.; Li,
J.; Beaugnon, E. Solidification of
Immiscible Alloys under High
Magnetic Field: A Review. Metals
2021, 11, 525. https://doi.org/
10.3390/met11030525

Academic Editors: Gunter Gerbeth

and Imre Bakonyi

Received: 27 January 2021
Accepted: 19 March 2021
Published: 23 March 2021

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

2

State Key Laboratory of Solidification Processing, Northwestern Polytechnical University,

Xi’an 710072, China; 18229022561@163.com (C.W.); yixuanhenwpu@126.com (Y.H.)

2 INSA Toulouse, University Grenoble Alpes, University Toulouse Paul Sabatier, EMFL, CNRS, LNCMI,
38000 Grenoble, France; eric.beaugnon@Incmi.cnrs.fr

Correspondence: nwpuwj@nwpu.edu.cn (J.W.); lish@nwpu.edu.cn (J.L.)

Abstract: Immiscible alloy is a kind of functional metal material with broad application prospects
in industry and electronic fields, which has aroused extensive attention in recent decades. In the
solidification process of metallic material processing, various attractive phenomena can be realized
by applying a high magnetic field (HMF), including the nucleation and growth of alloys and mi-
crostructure evolution, etc. The selectivity provided by Lorentz force, thermoelectric magnetic force,
and magnetic force or a combination of magnetic field effects can effectively control the solidification
process of the melt. Recent advances in the understanding of the development of immiscible alloys in
the solidification microstructure induced by HMF are reviewed. In this review, the immiscible alloy
systems are introduced and inspected, with the main focus on the relationship between the migration
behavior of the phase and evolution of the solidification microstructure under HMF. Special attention
is paid to the mechanism of microstructure evolution caused by the magnetic field and its influence
on performance. The ability of HMF to overcome microstructural heterogeneity in the solidification
process provides freedom to design and modify new functional immiscible materials with desired
physical properties. This review aims to offer an overview of the latest progress in HMF processing
of immiscible alloys.
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1. Introduction

Immiscible alloy is characterized by the miscibility gap in the phase diagram, which gen-
erally experiences liquid-liquid phase separation (LLPS) in this zone [1], as shown in Figure
1. Many of them have a wide range of applications, such as superconducting, electrical
contact, and self-lubricating materials [2-7]. In particular, immiscible alloy with a regular
core—shell structure has huge application potential in electronic packaging solders [8,9].
However, when a single-phase liquid is cooled into the miscibility gap, the homogeneous
liquid will be separated into two liquids with diverse properties and compositions, and then
the Marangoni and Stokes motions of the droplets lead to the formation of phase-segregated
microstructure of immiscible alloy [10,11]. The control of microstructure formation during
the solidification of immiscible alloy is becoming increasingly important for various scien-
tific and technical applications, because a close relationship exists between the properties
of a material and it microstructure.

In recent years, an important new technique called high magnetic field (HMF) pro-
cessing has been applied to material processing as a non-contact method [12-14], especially
during solidification [15,16], which contributes to the influencing of secondary particle
migration/orientation [17] and liquid metal motion and convection [18,19] to achieve more
accurate control over the microstructure of materials [20,21]. The development of super-
conductivity technology has made it easy to obtain HMF of 10 T and above, which has
promoted the application of HMFs in materials science and engineering and is therefore
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regarded as a new opportunity in this field [22,23]. It is difficult to define a critical value of
a magnetic field to express “high”. Therefore, it is usually determined based on pragmatic
correspondence of the magnetic response of the investigated material. When the response
of the external magnetic field is large enough to affect the characteristics of a material,
such as melt convection, mass transfer, or motion behavior, the magnetic field can be
considered as an HMF of the material. If not, the contrary, the field is weak [24].
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Figure 1. Schematic phase diagram of immiscible alloy in the liquid state.

In the process of solidification, it has been discovered that the microstructure and
properties of alloys are closely dependent on the phase migration behavior and distribu-
tion [25,26]. Therefore, a comprehensive understanding of the evolution of phase migration
behavior under HMF is of great significance for predicting and controlling the final mi-
crostructure and properties of materials. At present, many researchers have studied the
effects of HMF on the migration and distribution of the phase during the solidification
process of immiscible alloy. The results showed that the migration of phase under HMF
exhibited divergent behaviors compared with normal conditions [27-30].

In general, under HMF conditions, the microstructure of immiscible alloy is modified
on account of the Lorentz force, magnetic forces, thermoelectric magnetic force (Frpmr),
magnetic dipole—dipole interactions, and magnetic torque. However, there are three main
forces that play a leading role in the magnetic field. The Lorentz force is stimulated through
the interaction of the applied magnetic field and the electric current. In any material,
if there is an interface with a temperature gradient, then an thermoelectric current will be
generated in a closed loop based on the Seebeck effect [31], and thus Frgyr will be produced
by the interaction between the current and the imposed magnetic field. Supposing that
there is a magnetic field gradient, the magnetic force will be generated by the interaction
between the applied magnetic field gradient and the magnetization of the material [32].
In these cases, a segregation or separation of diverse phases may be expected. In addition,
in the past decade, the HMF in the treatment of immiscible metal materials has been one
of the research hotspots in the field of materials engineering. The results show that the
combination of the newly developed HMF technology and the classical laboratory research
seems to be able to solve the phase separation, microstructure evolution, and performance
problems of immiscible alloy in the cooling process of the liquid miscibility gap.

This paper was undertaken with the purpose of offering an insight into the evolution
of phase migration and distribution in immiscible liquids in HMF, with an emphasis on
understanding the synergism between the solidification microstructure and HMF.
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2. The Solidification Process of Immiscible Alloy

When the uniform immiscible alloy melt is cooled into the miscibility gap of the
component, the evolution of the microstructure in liquid-liquid phase transformation is the
result of the interaction of droplet nucleation, diffusion growth/coarsening [33,34], spatial
migration and the resulting collision and coagulation and two-phase separation [35,36].
The solidification pathways in immiscible Cu—Co alloy with different undercoolings were
systematically expounded by Wei at al. [37], as shown in Figure 2. For the undercool-
ing above the metastable miscibility gap, the solidification of the immiscible alloy com-
menced in a normal way, accompanied by nucleation and growth of the primary «-Co
dendrites. When the undercooling is lower than the metastable miscibility gap, primary
LLPS, and even secondary LLPS will take place.
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Figure 2. Schematic microstructural evolution of solidified Cu—Co alloy at two different undercooling ranges. (a) Modest
undercooling, i.e., TN is above the TB1, the liquid miscibility gap for the primary liquid-liquid phase separation (LLPS).
(b) Large undercooling, i.e., TN, is below the TB2, the liquid miscibility gap of the separated Co-rich droplet formed via the
primary LLPS [37].

At present, it is generally believed that the formation process of microstructures in
immiscible alloy undergoes the following process (Figure 3): first, after the LLPS of immiscible
alloy, the second phase droplets are first precipitated from the liquid matrix phase though the
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mechanism of spinodal decomposition or nucleation-growth. Second, then it is decomposed
into two phases gradually from the outside and the inside, in which the liquid phase with
small surface energy is easy to spread on the surface. Then third, the second phase droplet
experiences a series of processes such as growth, condensation, collision, coagulation, and so
on. Fourth, when the droplet grows to a certain size, under the action of Marangoni convection
created by a temperature gradient inside the alloy and Stokes movement caused by the
density difference, the second phase droplet migrates to the high temperature region of the
alloy, namely the geometric center, and forms the core, and eventually forms the core—shell
microstructure type or other types of segregation microstructures.
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Figure 3. Schematic diagram of liquid-liquid phase separation process of immiscible alloy.

Considerable attempts have been made to simulate the microstructure evolution
of immiscible alloy during liquid-liquid transformation by using diverse modeling ap-
proaches [38]. Liu et al. [39-41] established the phase field model of self-organized
core-shell and core—shell-corona microstructures to investigate the formation mechanism.
The simulation results showed that all the concurrent processes, containing spinodal decom-
position, droplet drifting, surface wetting, collision, coagulation, and Marangoni motion,
play a crucial role in the formation of core-shell and core-shell-corona microstructures.

3. The Effect of HMF on the Formation Process of Microstructures
3.1. Basic Role of HMF in Material Processing

For various forces and magnetic effects caused by HMF, the origin of these effects is
briefly introduced.

3.1.1. The Lorentz Force

The magnetic field line cut by the flowing melt generates the electric potential.
Since both the liquid and solid metals are excellent conductors, the induced current J,
generated in the liquid metal is expressed as

Ju=o01(ux B) 1)

where 07 is the conductivity of the liquid metal, u is the velocity of the fluid, and B is the
strength of external magnetic field.

Under the condition of a magnetic field, the interaction between the magnetic field and
the induced current produces the Lorentz force, the direction of which is always opposite
to that of melt flow. The Lorentz force can be expressed as

Fp=o0r(uxB)xB )
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3.1.2. Thermoelectric Magnetic Force

If the liquid-solid interface is located in magnetic field that is not parallel to the
temperature gradient, Frppr will occur naturally. Note that the above description is only
feasible if the thermal gradient along the solid-liquid interface has a non-zero component.
In an immiscible system, the Frgpp can be described as [27]

Fremr = 001 fs
Os f s

——=> (8§, =51 )VT x Bx V 3
+0.LfL(S L) X b XV ()

where fs and f] are the solid and liquid fractions, respectively. Ss and S are the absolute
thermoelectric power of solid phase and liquid phase, respectively. ¢ is the electrical
conductivities of Sy, and o7, is the electrical conductivities of L1 matrix phase. V' represents
the volume fraction of the solid.

3.1.3. Magnetic Force

When a material is magnetized in the magnetic field, the magnetic force will be
produced by the combination of the magnetic field gradient [42]. In the actual situation,
the longitudinal gradient magnetic field is generally used. According to the magnetic
susceptibility of materials, the magnetic force is imposed in the direction of gravity or the
opposite direction of gravity. The force on the z-axis component is given by [32]

1 dp
F=V|(— |xB-— 4
(VO)X dz @)

where V, 1o, x, and B respectively denote the volume of the material, the vacuum per-
meability, the magnetic susceptibility per unit volume, and the flux density along the
Z direction.

If this simple description can be extrapolated to a binary system composed of the
liquid matrix M and distributed particles P with different magnetic susceptibility, taken into
account the buoyancy effect, the force can be expressed as [43]:

1 d
Fp = Vp(xp —XM)*B‘TB —(pp —pm)Vpg ©)
Ho dz

where p and g are the density and the gravitational acceleration, respectively. Assuming
that the absolute susceptibility of P is greater than that of M, and the value of BZ—S is large
enough, then M is inclined to migrate in the matrix along the magnetic force direction
(positive susceptibility) or in the opposite direction (negative susceptibility).

3.1.4. Magnetic Dipole-Dipole Interaction

If magnetic particles are placed in the magnetic field, these particles will become
magnetic dipoles as a result of being magnetized. Dipole-dipole interaction is the mutual
attraction of particles in a plane parallel to the direction of the magnetic field and the mutual
repulsion of particles in a plane perpendicular to the magnetic field. It is assumed that
the particles are approximately spherical, so the interaction energy is generated between
two adjacent magnetic dipoles, m; and mjy, which can be given by [44],

#o Pam1qm2 = 3(qu1-1) (qma-1) ©)
T4 5

where the magnetic dipoles moments corresponding to 71 and m; magnetic dipoles are
gm1 and g, respectively, and [ represents the distance between the center of m; and
my particles.
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If the particle is paramagnetic, the resulting magnetic dipole moment is described
using the follow formula:

3
tr 0 H, X
Gm = % 7)
where Tps Xes and H,x, respectively denote the particle radius, the effective susceptibility of
the particle, and the intensity of the applied magnetic field.

3.1.5. Magnetic Torque

The magnetic torque can be taken into account in two different cases, i.e., a ferromag-
netic crystal in a uniform field and non-magnetic materials, for instance, diamagnetic and
paramagnetic materials.

For the ferromagnetic crystal, the magnetization of the ellipsoidal is even and invari-
ably parallel to the direction of the internal magnetic field. The magnetic torque can be
expressed analytically as [45]

T = pnuoH,MVsina (8)

where ji is the vacuum magnetic permeability constant, V is the volume of the primary
crystal, a is the angle between M and H,, M is the magnetization, and H, is the applied
magnetic field.

When diamagnetic and paramagnetic materials are magnetized via the magnetic field,
materials will be impacted via the magnetic torque, since the magnetization vector and the
magnetic field vector are not parallel. The magnetic torque in Z direction can be given by [46]

L Via- X2)B?sin 20

2u0 ©)

where x; (along the x axis) and yx» (along the y axis) represent the magnetic susceptibilities
in the easily magnetized axis and the not easily magnetized axis, respectively. 6 is the angle
between the easily magnetized axis and the direction of the applied magnetic field.

3.1.6. Magnetostatic Energy

No matter what kind of magnetic medium is placed in the external magnetic field,
it will be magnetized, so it will have certain magnetostatic energy. The magnetostatic
energy E,, per unit volume can be expressed as [47]

Hex
Em :/o poMdH,fs (10)

where p is the vacuum magnetic permeability constant, M is the magnetization, and Hey
is the applied magnetic field.

From the point of a view of controlling the formation of a microstructure during solidifi-
cation, due to the special effects of the HMF, a large number of researches have shown that
the HMF can significantly affect the nucleation behavior, growth behavior, and coarsening
and coagulation processes of immiscible alloy during solidification (see Figure 4).

Lorentz force

Nucleation
Thermoelectromagnetic force _ M S
Diffuse growth o © O %050
Magnetic force . . o s o T
— Collision and coagulation" —> o g6 fe
Magnetic dipole—dipole interaction ; g RO
Stokes migration
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Figure 4. Schematic diagram of the mechanism of high magnetic field (HMF) effects during the solidification process.
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3.2. HMF Effects on Nucleation of Immiscible Alloy

In the condition of rapid solidification, the formation of microstructures of immiscible
alloy is mainly dominated by the nucleation of the minority phase droplets. The results
of previous researches have offered an important description of the variation in nucle-
ation during the solidification process induced by HMF. At present, for different alloy
systems, the nucleation mechanism under HMF is different. Undercooling is an impor-
tant parameter for nucleation characterization. The application of the magnetic field may
increase or decrease the maximum undercooling of alloy systems. Most alloys are non-
ferromagnetic at solidification temperature, and the solidification undercooling under
HMF can be expressed as [48]

AXS—LRB2

AT =" —
2uoAH, "

(11)
where AX5~L is the magnetic susceptibility difference between liquid and solid phases, B is
the magnetic induction intensity of the external magnetic field, AHy, is the latent heat of metal
solidification, and T}, is the solidification temperature of metal without a magnetic field.

The volume susceptibility of metal at solidification temperature is usually between
10~* and 107. If the magnetic susceptibility difference between liquid and solid phases is
1074, the latent heat of metal solidification is 107 J/m3, the vacuum magnetic permeability
is 47t x 1077, the magnetic induction intensity of external magnetic field is 10 T, and the
solidification temperature of metal without magnetic field is 10° K, then the AT is evaluated
from Equation (1) as:

AT~ 01K

Therefore, during the solidification process of weak magnetic materials, the influence
of 10 T magnetic field on the solidification point is small. However, for magnetic alloys,
the effect of HMF is more significant [49,50]. The nucleation behavior of Ni-90at%Cu alloys
in HMF was investigated by Liu [51]. The undercooling of the alloy increased significantly
before nucleation in the HMF of 11.5 T (Figure 5a). The increase of undercooling under
HMF was ascribed to the inhibition of melt convection by Lorentz forces, which could delay
the formation of oxides required for heterogeneous nucleation. However, Wei et al. [52]
found that the application of HMF would increase the nucleation temperature, resulting
in a decrease in the undercooling (see Figure 5b). For magnetic material, during the
non-equilibrium solidification, HMF has a great influence on the solidification point.
The relation between solidification point temperature and applied HMF is given by [48].

2ugMsHey
T,— T ~ py: (12)
sf o)t (sP_st) 4 Rin ()
AT PA AT PA L
A%A
(a) (b)
- “n = 10T
m 0T e 0T
b e 115T 24015 ~OPOCOOOER A
30 + o O
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Figure 5. (a) The distribution of undercooling as a function of cycle number without and with HMF
of 11.5 T [51]; (b) undercooling of Cugg 67C033 33 alloy at different cycle numbers with and without
HMEF of 10 T [52].
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Without HMF, the phase temperature changes to T7. With the magnetic field, the trans-
formation temperature of phase changes to Ty, where H,y is the applied magnetic field, M is
the magnetic moment that saturates at magnetic intensity, S is the entropy, and subscript A
represents component A; the subscripts B, «, and L indicate solid Co-rich phase, liquid Co-
rich phase, and liquid Cu-rich matrix, respectively. The resulting equation shows that there
is a certain relationship between the change of the magnetic field and transformation tem-
perature. It can be seen from the equation that the change in transformation temperature is
proportional to the H,,. Under the action of the HMF, the nucleation temperature increases,
meaning that the undercooling will decrease to some extent. Furthermore, Bian et al. [53]
found that with the increase of HMF intensity, the binodal temperature of the immiscible
alloys obviously moved to a higher temperature, which hindered the occurrence of alloy
phase separation.

Based on the current analysis, there is no definite conclusion on the influence of HMF
on the nucleation of different types of immiscible alloy systems, and no direct proof means
is available, which needs to be further studied.

3.3. HMF Effects on Growth of Immiscible Alloy

The minority phase droplets nucleated in the supersaturated matrix grow up through
solute atom diffusion in the matrix. On the other hand, when the droplets move in the
growth process, the solute can also migrate via the convective flow. It can be considered that
the growth of the droplets is governed through the convective diffusion solute transport.
Recently, great efforts have been made to study the influence of HMF on solute diffusion
growth of immiscible alloys.

Wang et al. [54] and Li et al. [55,56] studied the interdiffusion behavior of diverse
solid/liquid interdiffusion couples under HMF, which indicated that a competition ex-
isted between the increase of Frpyp and the decrease of Lorentz force with the change of
solid/liquid system. In general, the decrease of diffusion of liquid metal via magnetic field
is mainly due to the suppression of convection, which leads to additional mass transfer.
Botton et al. [57] predicted that a magnetic field of about 2.5 T would be sufficient to
inhibit the diffusion of liquid metal to a degree comparable to microgravity measurements.
Li et al. [58] characterized the solute diffusion behavior under HMF and found out that it
strikingly depends on the magnetic flux density. Mathiak and Frohberg [59] performed
the diffusion experiment for an In-Sn liquid system via the capillary method in various
HMFs. The experimental results showed that the magnetic field can inhibit the diffusion
of horizontal capillaries, but has little influence on the diffusion of vertical capillaries.
Miyake et al. [60] used the same method to further investigate the temperature depen-
dence of interdiffusion coefficient for In-Sn alloy without and with the 4 T magnetic field.
Their experimental results demonstrated the reduction of diffusion under an imposed HMF.
Zn-7wt.%Bi immiscible alloy was in situ quenched at different HMFs. When the dimen-
sions of Bi-rich particles are less than 1 um, it can be considered that the particles grow only
by diffusion. The decrease in the dimensions indicated that HMF inhibited the diffusion
and growth of minority phase particles. However, the influence of HMF on the mobility of
atoms in liquid metal is very weak [61]. Since diffusional growth occurs in the liquid state,
the thermal motion of atoms is intense at this high temperature, and researchers believe
that even an 18 T HMF cannot significantly decrease the diffusion growth rate of minority
phase elements [62]. It was found that different experimental methods combined with
different HMFs have diverse influences on the diffusion growth of immiscible alloys.

3.4. HMF Effects on Coarsening and Coagulation Process of Immiscible Alloy

In a final stage of the liquid-liquid phase transformation, the dispersed minority
droplets will coarsen and coagulate [63]. If two droplets collide directly, the hydrodynamic
flow field generated by the collision will push the movement of neighboring droplets,
resulting in more collision and coalescence events [39]. Therefore, the existence of melt flow
significantly accelerates the coagulation of droplets. Some experiments have confirmed
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the remarkable influence of HMF on the melt flow. From the viewpoint of the inhibition
of Lorentz force on the melt flow, it was found that coarsening and coagulation processes
of droplets are obviously altered. For example, to characterize the solidification processes
for Cu-Pb immiscible alloy, the Lorentz force acts like a breaking force to prevent particles
from colliding and coalescing. Apparently, the application of HMF reduces the coalescence
rate of droplets, thus reducing the macrosegregation [64]. Yasuda et al. [65] performed
directional solidification of an Al-In hypermonotectic alloy with HMF. As shown in Figure
6, the Lorentz force produced by the applied magnetic field and eddy current brakes the
horizontal melt flow, thus suppressing the movement of the In-rich droplets and enhancing
the engulfment of In-rich droplets by the Al-rich matrix. In addition, the effect of HMF on
the flow of conductive melt can be measured by the great change of Hartmann number
and the change of apparent viscosity. The Hartmann number can be expressed as [66]

1

o 2

H, = BL {M} (13)
M

where B is the magnetic induction strength, L is the characteristic size defined as the

diameter of second phase droplets, 77, is the matrix viscosity, and o is the conductivity of

the matrix.

Melt flow

L, droplet Eddy current

Melt flow
Solid
Figure 6. Schematic illustration of the eddy current and Lorentz force of the solidifying front that
push the liquid droplets [65].

For the Ha of different magnitude, the apparent viscosity can be respectively expressed as [66]

H,2
A =1m 1+F/Ha<<1 (14)
1 coth(H, 1
na = 5’71\/1/ [H(aa) - Haz}’ H,~1 (15)
1
na = éﬂMHa/ H, >1 (16)

It can be seen from the formula that the change of apparent viscosity is directly affected
by Ha number, and the application of HMF can significantly increase the apparent viscosity,
thus inhibiting the melt flow. Due to the inhibition of melt flow, the disturbance of the
second phase droplets decreases, and their collision and coagulation will be inhibited. If the
coalescence is inhibited, the droplets will reach a finer dispersion [67]. Zheng et al. [68] car-
ried out a large number of solidification experiments on Bi-Zn immiscible alloy under the
HMEF above 1 T, and they found that the HMF can reduce the rate of coalescence of minority
phase droplets, thereby reducing the macro-segregation of the phase. Wei et al. [69] studied
the non-equilibrium solidification of Cu-Co immiscible alloy under HMF and thought that
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the melt flow was only restrained by the Lorentz force perpendicular to the direction of the
magnetic field. Once the flow is suppressed, the transport of solute will be affected, and the
coagulation in the droplet and sample will be reduced after collision. Ratke et al. [70]
studied the solidification process of three Al-base monotectic alloys, namely Al-In, Al-Pb,
and Al-Bi, utilizing HMF, and the experiments showed that HMF can effectively restrain
the convection of melting.

3.5. Microstructure of Immiscible Alloys Modified by HMF
3.5.1. HMF-Controlled Migration and Distribution of Phase

The migration and distribution of the phase prior to or during solidification is of great
significance for the design or control of the solidification microstructure of immiscible
alloys [71]. Consequently, the emphasis is often placed on the control of phase migration by
HME. Through the coupling of the solidification process and HMF processing, the migration
of the phase in the alloy during solidification process will be changed so that their distribu-
tion is controlled and segregation in the final microstructure is restrained [72,73]. In many
conditions, especially in engineering materials, segregation has always been undesirable,
but it provides benefit guidance for the preparation of functional composite materials [74].

Zhang et al. [68] performed an in situ quenching solidification experiment for BiZn
immiscible alloy under HMF. It was found that Stokes and Marangoni motion resulted
in segregation of the minority phase when the magnetic field intensity was lower than
17.4 T. However, under the effect of 29 T HMEF, the segregation within the alloy barely
existed due to the complete inhibition of Marangoni migration of the minority phase.
Moreover, it has been known for a long time that Frgyp can significantly inhibit convection
in the alloy melt and alter the phase migration behavior during the solidification process,
thus obviously inhibiting segregation of the phase in the immiscible alloy and obtaining
a more uniform microstructure [75-77]. Zhong et al. [78] studied the effect of Frpyr on
the mass transfer during solidification of the Zn-6wt.%Bi immiscible alloys under the
action of a weak transverse magnetic field, which changed the segregation behavior of
the Bi-rich phase. For the longitudinal macrostructure of alloys solidified without HMF,
the segregation degree of the Bi-rich phase in the bottom left side and the bottom right
side of the sample was basically the same. With the increase of magnetic flux densities,
the Bi-rich particles were pushed from the lower left side to the lower right side by Frgmp
(see Figure 7).

or ©B
\ 3 \
\F\IOW dirceS ;‘ Fldw direction/

i /
-~ -

— -

s @8

\Flow direction?' Flow direction ,

Figure 7. Macrostructure of the longitudinal section of alloys solidified with and without the magnetic
field: (a) 0 T; (b) 0.05 T; (c) 0.1 T; (d) 0.22 T; (e) 0.43 T; (f) 1.05 T. The dotted lines indicate the flow
direction of liquid Zn-rich phase melt. Blue rectangles indicate the segregated Bi-rich phases at a
specific position [78].

Zhao et al. [18,79,80] performed a large number of solidification experiments on Al-Pb
alloys by applying a magnetic field device, and the modeling and simulation of the system
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were carried out in combination with experiments. The results indicated that the low-
intensity magnetic field could only reduce the Marangoni migration velocity and Stokes
settlement velocity of minority phase droplet during the liquid-liquid decomposition.
It affected the solidification process of immiscible alloy mainly by effectively inhibiting
melt convection, which resulted in a nucleation rate of minority phase droplets more
uniformly along the radial distribution of the alloy. It is expected that these results will be
helpful for researchers to proceed with a deeper study on manufacturing immiscible alloy
without any composition segregation by superimposing HMEF.

It is well-known that the phase segregation on both macroscopic and microscopic
scales will lead to the degradation of properties of alloys in solidification [81,82]. Therefore,
the method for controlling the phase distribution on the micro and macro scale in material
has always been pursued. Based on the theoretical analysis and observation of the solidifi-
cation microstructure of alloys, the effect of HMF on the phase distribution has been studied
extensively [83]. Zhang et al. [84] studied the size distribution of Co-rich phase particles in
the phase-separated Cuy;Cops alloy under a magnetic field of 4 T. The results showed that
the forced convective flow can be restrained effectively via an appropriate magnetic field,
and the size distribution of the second phase droplets can be significantly changed (see
Figure 8). Shoji et al. [85] investigated the phase distribution in undercooled Cu—Co alloy
by neutron computed tomography. The three-dimensional image reconstruction showed
that when the external magnetic field was relatively weak, a large number of small Co-rich
spherical particles were precipitated and uniformly dispersed in the matrix. With the in-
crease of the HMF intensity, these Co-rich particles tended to coagulate and elongate along
the direction of the magnetic field, and its number increased. The results demonstrated
that the melt convection altered the phase distribution of alloy, which could be controlled
via the application of HMF, which can be introduced to commendably manipulate the
distribution of the phase that is normally present in immiscible alloys.
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Figure 8. Normalized frequency of particle size distribution of Co-rich particles as a function
of particle radius for liquid phase-separate Cuy5Coys alloys under different undercoolings and
magnetic fields [84].

A series of immiscible alloys with unique microstructures were prepared by controlling
the distribution of the phase during the solidification process under HMEFE. Wei et al. [52]
analyzed the influence of HMF on the microstructure evolution of undercooled Cu-Co
alloy. Without the HMF, the initial form of Co-rich phase was spherical. After 10 T HMF
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was applied, the Co-rich phase was elongated along the direction of HMF owing to the
demagnetization energy (see Figure 9b). Nevertheless, in the direction perpendicular
to the HME, the distribution of Co-rich phase was relatively uniform on the matrix (see
Figure 9c). Zhang et al. [86] found that an application of 1 T HMF inhibited the macroscopic
segregation of Cu-Pb-La alloy and reduced the size of Cu-rich phase particles, making the
microstructure uniformly distributed. Li et al. [87] solidified the immiscible pseudo-binary
(Fe—C)-50mass%Cu alloy in HMF and observed the change of its macro morphologies with
the magnetic flux density. When the alloy solidified under the low magnetic flux density,
the Fe-rich phase was characterized by a single mass. Under the high magnetic flux density,
the Fe-rich phase was separated into two smaller masses, and the distribution distance
between the masses increased with increase of magnetic flux density.

To further incorporate the HMF into the phase field model to describe detailed effects
on the solidification microstructure, through the combination of numerical simulation
and experiment, intensive studies have been carried out to comprehend the role of the
HMEF. Samanta et al. [88] researched the effects of HMF on the convection damping and
macrosegregation inhibition during the solidification process of alloy by numerical simula-
tion. The results demonstrated that the application of HMF to control the thermosolutal
convection and eliminate some defects was successful in the solidification process of metal-
lic alloys. Zhang et al. [89] discussed the influence of HMF on the coarsening process of
Cu-Pb immiscible alloy both by the experiment and simulation. The analysis showed that
in the melt without HMEF, there was an obvious cyclic flow in the melt, while in the melt
with HME, the flow in most areas was inhibited, and the flow was mainly transferred to
the region near the side wall. The HMF resulted in a reduction in the flow velocity of melt,
and could also result in a reduction in moving velocity of the Cu-rich droplets.

Figure 9. The solidification microstructure of Cugg 67C033 33 alloys under different magnetic fields
with the undercooling of 260 K: (a) 0 T, overview optical microscope image; (b) 10 T, an optical micro-
graph of parallel to the direction of magnetic field; (c) 10 T, an optical micrograph of perpendicular to
the direction of magnetic field; al, b1, c1 3-dimensional microstructure of (a—c) [52].
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3.5.2. Formation of Graded Microstructure Tailored by HMF

The influence of the gradient magnetic field depends on the physical properties of
the element [90]. The application of a gradient magnetic field furnishes another method
for controlling the phase distribution of immiscible alloy during the solidification process,
which primarily relies on the difference in magnetic susceptibility between the solid phase
and liquid matrix. In addition, as for functionally graded materials, its microstructure
and chemical composition change continuously and smoothly and are accompanied by a
change of free surface depth. Wang et al. [91] chose the Mn-Bi alloy system as a model
material, and they observed that the gradient and direction of the applied fields played a
crucial role in the aggregation and migration of the ferromagnetic primary Mn-Bi grains
in the alloy melt. Under the positive field gradient, the volume of ferromagnetic primary
Mn-Bi phases decreased along the distance from top to bottom but increased under the
negative field gradient.

Zhao et al. [92] explored the effects of a non-uniform magnetic field generated via
a superconducting magnet on the solidification behavior of CugsCo1 immiscible alloys.
The application of inhomogeneous magnetic fields with positive and negative gradients
led to Co-rich droplets to segregate at the top and bottom of the sample (see Figure 10),
respectively, which indicates that the reversal of a sign of the gradients gives rise to the
opposite separation patterns. Due to the gradient distribution of the phase, the solidified
microstructure of the alloy presents a continuous change in morphology. Based on this
mechanism, the microstructure of immiscible alloy forms a layered microstructural gradi-
ent by controlling the distribution of phase in the high-gradient magnetic field. To explore
the possibility of simultaneously controlling the particle migration in the solidification pro-
cess, Liu et al. [93] chose a Bi-11.8 mass%Mn multiphase alloy system as the experimental
material. The alloy solidified at a lower cooling rate under different high-gradient magnetic
fields, and it was found that four phases (primary Mn-Bi, primary Mn, eutectic Mn-Bi,
and eutectic Bi) successively precipitated during the solidification process of the alloy.
By increasing the magnetic gradient BdB/dz to 100 T2 m ™!, a graded microstructure with
three layers could be obtained. Nevertheless, when a gradient magnetic field of BdB/dz
=300 T>m~! was imposed, the distribution of three layers was completely opposite to
that without the magnetic field. Combined with the calculation results, the distribution of
primary Bi-Mn and Mn in the alloy under different gradient magnetic fields could be pre-
dicted. The prediction confirmed that the migration of the phase could be simultaneously
controlled by imposing high-gradient magnetic fields in the solidification process.
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Figure 10. Optical micrographs presenting cross-sectional microstructure of the undercooled and
solidified samples under inhomogeneous magnetic fields with (a) negative and (b) positive gradients.
All cross-sections were chosen to be parallel to the direction of the magnetic fields. The minor phase
with dark contrast is the Co-rich solid solution, and the matrix phase with bright contrast is the
Cu-rich solid solution [92].
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The related research proved the feasibility of preparing the graded microstructure
of immiscible alloys under HMF, but the specific position of segregation components
accurately could still not be controlled.

4. Crystal Orientation and Properties of Immiscible Alloys Tuned by HMF
4.1. Effect of HMF on the Crystal Orientation

Former studies have shown that under the action of HMEF, the crystal with an anisotropic
magnetic susceptibility will rotate at a certain angle, driven by the magnetic torque, thus ob-
taining a certain crystal orientation [94-97]. Under the action of the axial HME, the ori-
entation of solidified Fe-4.5wt%.5i alloy changed significantly [98]. The magnetic torque
created by the anisotropy of the magnetic crystal was applied to the crystal when the «-Fe
crystal appeared in the melt. Due to the slow cooling rate, the rotation of «-Fe crystal was
completed before the liquid phase completely solidified. With the increase of magnetic
field strength from 0 to 6 T, the <100> crystal orientation of the sample gradually changed
to the magnetic field direction, and a strong Goss texture was obtained under 6 T HMFE.
Zheng et al. [99] studied the orientation behavior of Bi-5wt.%Zn alloy under different
HMFs and discovered that when the magnetic flux density increased to 6 T, the c-axes
of Zn crystals were highly oriented along the direction of HMEF, and the alloy had the
maximum magnetic susceptibility. Furthermore, Li et al. [100] investigated the evolution of
microstructures of solidified Al-12wt.%Ni alloy under 12 T HMF and found that the orienta-
tion of Al3Ni crystals made the planes of AlsNi phases perpendicular to the HMF direction.
Meanwhile, Li et al. [101] found the same phenomenon in the directional solidification of
Al-Ni alloy under a weak transverse magnetic field.

In addition, if the easy orientation axis of the crystal is the same as the direction of
preferred growth, the magnetic field will enhance the growth of the crystal. Zuo et al. [102]
found that the HMF can change the morphology and orientation of Fe-rich dendrites in
Fe-49%5n immiscible alloy. After the application of HMF, the primary o-Fe dendrites
tend to arrange along the parallel direction of the imposed HMF, and this arrangement
gradually increases with increases of magnetic induction intensity. It is considered that
the magnetic anisotropy energy of the crystal increases due to the action of an HMF,
which makes «-Fe dendrites have a preferentially oriented growth. Wang et al. [91]
characterized the orientation arrangement of Mn-Bi alloys under high gradient magnetic
field. The Mn-Bi particles strongly gathered on one side of the sample to form a highly
aligned microstructure. Due to the magnetic force and magnetic dipole-dipole interactions,
the primary Mn-Bi phase to be separated from the alloy melted and caused the collision of
particles, thereby forming the microstructure with high alignment. During the solidification
process of Bi-4.5wt.%Mn alloy [103], the magnetized Mn-Bi (low temperature phase (LTP))
can be multilayered and oriented by superimposing a 30 T HME. The different orientations
of magnetized LTPS are mainly governed by the force torque, magnetic gradient force,
and the attraction of opposite magnetic poles.

4.2. Effect of HMF on the Magnetic Properties

Due to the magnetic dipole moment of the material atoms, it is clear that the external
magnetic field will have an appreciable impact on the magnetic properties of the material
when placed in an external magnetic field. The properties of the material have always
been related to their microstructure [104,105]. The technology of solidification under the
influence of HMF has great prospects in the preparation of materials with high performance,
especially the magnetic properties. Zuo et al. [106] studied magnetic properties of the
Fe-49%5n immiscible alloy solidified without and with HMF of 10 T. As shown in Figure 11,
when the applied HMF is up to 10 T, the magnetization curves obviously change, indicating
that the applied HMF during the solidification process of Fe-49%5n alloy can significantly
improve the magnetic properties. The variation of magnetic properties of Fe-Sn alloy is
principally due to the aligned microstructure of Fe-Sn alloy ameliorated by the imposition
of the HMF to the solidification process. Liu et al. [107] carried out a bulk solidification
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experiment on Fe-1.0wt.%Si immiscible alloy under the action of 0, 0.3, and 0.6 T transverse
weak magnetic fields. They found that as the magnetic flux density increased, the saturation
magnetic induction strength of alloy increased gradually. From a magnetism point of view,
the magnetic domain in the matter rotates on the easy magnetic axes toward the direction
of magnetic field through the movement of the magnetic domain wall in the magnetization
process. This discovery is of great significance because it highlights the effect of HMF on
magnetic anisotropy during the solidification process. It opens up a promising path for the
preparation of silicon steel materials with magnetic anisotropy and improvement of their
magnetic properties.

The intermetallic compound Mn-Bi is proposed to be a permanent magnetic material
with ferromagnetism at room temperature. Li et al. [108] researched the effect of HMF
on the magnetic properties of Bi-Mn-Bi composite materials via directional solidification.
The experimental results indicated that the percentage of ferromagnetic Mn-Bi phase will
increase during directional solidification under HMF because HMF promotes the phase
transition from Mn1.08Bi to Mn-Bi, resulting in an increase in the remanence (Br) of the
samples prepared under a 10 T magnetic field. For the Bi-4.4 mass% Mn alloy [91], the gra-
dient and direction of the applied field play a crucial role in the aggregation and migration
of the primary Mn-Bi particle in the melt. In the solidification process, the magnetic force
drives the ferromagnetic primary Mn-Bi phase towards one side of the alloy where it accu-
mulates, which increases the volume fraction of the alloy by more than 40%. The hysteresis
loops of the longitudinal section of specimens demonstrated that the magnetic properties
of the solidified samples under the application of HMFs are significantly higher than those
under 0 T, and the magnetic properties of the solidified sample under the positive field
gradient are significantly lower than that under the negative field gradient. It can provide
a novel idea for the preparation of magnetic material with a high-volume fraction and
preferential alignment.
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Figure 11. Hysteresis loops of Fe-49%5n alloys solidified with the applied magnetic field B of 0 T
and 10 T, where “//” and “_L” indicate the directions of the magnetic fields for the magnetization
measurement (denoted by Bys) parallel and perpendicular to the applied magnetic field B during the
solidification process, respectively [106].

Table 1 summarizes the reported HMF influences on the solidification process of im-
miscible alloys, illustrating that the migration, segregation, and interaction of the minority
phase could all be affected by HMF.
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Table 1. Summary of reported HMF influences on the solidification process of immiscible alloy.

Immiscible Alloy Minority Phase HMF Influences References
Al-Pb alloy Pb-rich phase Migration damping [79,80]
Al-In alloy In-rich phase Segregation damping, alignment [65]
Al-Ni alloy Al3Ni phase Segregation, alignment, rotation [77]
Al-Bi alloy Bi-rich phase Segregation damping [109]
In-Sn alloy Sn-rich phase Diffusion damping [58,59]
Cu-Pb alloy Pb-rich phase Segregation damping [64]
Cu—Co alloy Co-rich phase Magnetizatio;afrr:;;%g segregation [37,84]
Bi—Zn alloy Bi-rich phase Segregation damping, alignment [78,99]
Mn-Bi alloy Mn-Bi phase Alignment, segregation [91]
Bi-Mn alloy Mn crystal Segregation, interaction, alignment [93]
Fe-Si alloy a-Fe crystal Orientation, alignment [98]
Fe—-5n alloy Fe-rich phase Orientation, alignment [102]

5. Conclusions and Outlook

The purpose of this paper is to furnish a deeper understanding and more effective
overview of the solidification process of immiscible alloys in the field of HMF processing
utilizing HMF targeting the manipulation of the phase migration and improvement of
the physical properties. During the solidification process, the HMF primarily produces
Lorentz force, Fremp, magnetic force, magnetic dipole—dipole interaction, magnetic torque
and magnetostatic energy on materials. By coupling these magnetic effects, it is found that
the application of HMF is a powerful means to tune the microstructure of immiscible alloy.

It is indispensable to study the microstructure of immiscible alloy to alter its properties.
A series of case studies and associated magnetic field effects confirm the possibility that
the HMF can be utilized to alter or design the microstructure of material that meet the
application requirements of advanced technology. To further expedite the development of
immiscible alloys and promote their wide application in engineering, the follow are some
outlooks for future work:

At present, simulation of the phase separation process of immiscible alloy mainly
calculates the coarsening mechanism of the second phase droplet in the immiscible region.
In reality, the solidification speed of immiscible alloys is very fast, and the droplet migration
and interaction are very complex, which greatly limits the researchers to obtain the real
and reliable evolution path by using the simulation method.

For research of multicomponent immiscible alloy systems, if the solidification process
can be controlled by HMF, it will be the key design step to prepare immiscible alloys with
core—shell structures with a high melting point phase wrapped by a low melting point
phase and controllable structure and size so as to meet the morphology requirements of
different types of core-shell immiscible alloys.

Moreover, the industrial scale application of immiscible alloys is still limited. There-
fore, the focus of HMF processing may need to further characterize the relationship between
the properties (such as corrosion resistance, wear resistance, electrical resistivity, etc.) and
the microstructure and focus on expanding the application of immiscible alloys in various
fields, which is also expected to play a guiding role in the preparation of other alloys.

Because the electromagnetic processing of materials involves a wide range of fields
and the theory is complex, the specific mechanism of the magnetic field on the solidifica-
tion process of immiscible alloy remains to be further studied. It is believed that in the
near future, through continuous efforts, HMF will become a core force controlling the
solidification process in material solidification technology.
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