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TOPICAL REVIEW — Fundamental research under high magnetic fields

High-gradient magnetic field-controlled migration of solutes and
particles and their effects on solidification microstructure:

A review∗
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We present a review of the principal developments in the evolution and synergism of solute and particle migration in a
liquid melt in high-gradient magnetic fields and we also describe their effects on the solidification microstructure of alloys.
Diverse areas relevant to various aspects of theory and applications of high-gradient magnetic field-controlled migration
of solutes and particles are surveyed. They include introduction, high-gradient magnetic field effects, migration behavior
of solute and particles in high-gradient magnetic fields, microstructure evolution induced by high-gradient magnetic field-
controlled migrations of solute and particles, and properties of materials modified by high-gradient magnetic field-tailored
microstructure. Selected examples of binary and multiphase alloy systems are presented and examined, with the main focus
on the correlation between the high-gradient magnetic field-modified migration and the related solidification microstructure
evolution. Particular attention is given to the mechanisms responsible for the microstructure evolution induced by high-
gradient magnetic fields.
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1. Introduction

The control of microstructure formation during solidifi-
cation is becoming increasingly important for a wide variety
of technical and scientific applications because a strong re-
lationship exists between the performance of a material and
its microstructure.[1,2] Developments in science and technol-
ogy rely heavily on the development of new materials systems
with highly modified or newly designed microstructures that
can meet the requirements of advancing technology. One of
the most important processing routes for many materials, by
which microstructure control and design can be accomplished,
is solidification.[3] In recent years, high magnetic fields have
been applied in materials processing, especially in solidifica-
tion, as a non-contact method to more precisely control the
material microstructure.[4–7] It has been found that the mi-
crostructure is strongly dependent on the migration behaviors
of solutes and particles (or particle-like phases), so a compre-
hensive understanding of the evolution of the migration be-
haviors of solutes and particles during solidification processes
in high magnetic fields is essential for the prediction and con-
trol of the final microstructures and properties of materials.[8]

Several studies have investigated the effects of high magnetic
fields on migrations of solutes and particles in alloy melts

during solidification[9–11] and some research has specifically
been directed to the effects of high-gradient magnetic fields.
The results have indicated that the migrations of solutes and
particles exhibit different behaviors in high-gradient magnetic
fields compared with those under normal conditions.

Under high-gradient magnetic field conditions, modifi-
cations of solute and particle migrations occur due to mag-
netic forces, the Lorentz force, thermoelectromagnetic force
(TEMF, a special kind of Lorentz force), magnetic torque, and
magnetic dipole–dipole interactions. Of these, the magnetic
force shows the most powerful ability to control the migrations
of both solutes and particles. The magnetic force is induced
by the interaction of the magnetization of materials and the
imposed magnetic field gradient and is proportional to the vol-
ume of the considered materials and the product of the mag-
netic flux density and its gradient. For a solid/liquid system
in a gradient magnetic field, the magnetic influence of the liq-
uid can also produce a so-called magneto-Archimedes buoy-
ant force on the solid materials, which can strongly enhance
the magnetic field effect.[12] Thus, by increasing the magnetic
flux density and carefully designing the materials systems, the
magnetic force can be strongly enhanced and even give rise to
obvious effects on materials with weak magnetic susceptibility
and small size. This is very important for solidification pro-
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cesses because at elevated temperatures, especially above the
melting point temperatures, the magnetic properties become
very weak, even for ferromagnetic materials.

Because microstructure is directly related to migrations
of the solute and solid phases, research has been extended
to understanding the evolution of solidification microstruc-
tures under migrations that are modified by gradient magnetic
fields. The results suggest that the attendant migration phe-
nomena induced by high-gradient magnetic fields can have
profound impacts on the distribution of alloying elements and
their product phases in materials during the solidification pro-
cess. By coupling the magnetic force with other magnetic
field effects—i.e., Lorentz force, TEMF, magnetic torque, and
magnetic dipole–dipole interaction—segregation on both the
micro- and macro-scales is strongly suppressed and a series of
layered and graded composite structures (sometimes having a
crystallographic orientation or morphological alignment) have
been fabricated in situ. The possibility then arises of a direct
processing route using in situ control of solute and particle
migrations during solidification of alloys and thus control of
solidification microstructure by high-gradient magnetic fields.

This review describes the fundamentals regarding the
evolution and synergism of solute and particle migration in
a liquid melt in high-gradient magnetic fields. Selected exam-
ples of binary and multiphase alloy systems are presented and
examined, with the main focus on the correlation between the
high-gradient magnetic field-modified migration and the re-
lated solidification microstructure evolution. Particular atten-
tion is paid to the mechanisms responsible for the microstruc-
ture evolution induced by high-gradient magnetic fields.

2. Effects of a high-gradient magnetic field on
materials
From the point of view of controlling the migrations of

solute and particles during a solidification process, a high-
gradient magnetic field mainly exhibits five effects; i.e., mag-
netic force, Lorentz force, TEMF, magnetic torque, and mag-
netic dipole–dipole interaction. A brief introduction to the ori-
gins of these effects is given.

2.1. Magnetic force

It is well-established that when a nonmagnetic substance
is subjected to a magnetic field gradient, it will be acted upon
by a magnetic force due to the interaction of the magnetiza-
tion and the imposed magnetic field gradient. Depending on
the magnetic property of the material, the direction of the in-
duced magnetic force can be either along or opposite to the
magnetic field gradient for paramagnetism or antimagnetism,
respectively. In practical applications, a longitudinal gradient
magnetic field is usually applied, which imposes a magnetic
force on the material in the direction along or opposite to that

of gravity, depending on its magnetic susceptibility. The z-axis
component of the force can be expressed as

F =V (1/µ0)χBdB/dz, (1)

where V is the volume of the substance, µ0 is the vacuum per-
meability, χ is the magnetic susceptibility per unit volume,
and B is the magnetic flux density along the z direction.

When this simple description is extrapolated to a binary
system consisting of a liquid matrix M and dispersed parti-
cles P of different magnetic susceptibilities, the resultant force
acting on P, with consideration of the buoyancy effect, can be
given by[12]

FP = VP (χP−χM)
1
µ0

B
dB
dz

− (ρP−ρM)VPg, (2)

where ρ is the density and g is the gravitational acceleration
in the z direction. Supposing that the absolute susceptibility of
P is larger than that of M, then if the value of BdB/dz is high
enough, M tends to migrate in the matrix along the direction (a
positive susceptibility) or opposite to the direction (a negative
susceptibility) of the magnetic force.

2.2. Lorentz force

In a magnetic field, if there is an electric current caused by
the movement of an electrically conducting or partially elec-
trically conducting fluid in the field, a Lorentz force will be
produced by the interaction of the electric current and the ap-
plied magnetic field. The Lorentz force is given by

𝐹L = 𝐽 ×𝐵 = σ(𝑢×𝐵)×𝐵, (3)

where σ is the conductivity of the fluid, 𝑢 is the velocity of
the fluid, and 𝐽 is the effective electric current.

2.3. Thermoelectromagnetic force

If there is a thermoelectric current at a liquid/solid inter-
face caused by the Seebeck effect, then a TEMF will be pro-
duced by the interaction of the current and the applied mag-
netic field. For instance, during the growth of a dendrite in
a magnetic field, an electric current 𝑖TE can be induced by a
temperature difference between the solid dendrite and the re-
maining liquid phase, on the basis of the Seebeck effect. The
TEMF can be given by[13]

FTEM = iTE×𝐵 =
σSσ2

L

(σS−σL)
2 fS(ξS−ξL)∇T ×𝐵, (4)

where σL is the conductivity of the liquid, σS is the conductiv-
ity of the solid, ξL is the thermoelectric potential of the liquid,
ξS is the thermoelectric potential of the solid, and fS is the
volume fraction of the solid.
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2.4. Magnetic torque

When non-magnetic materials, such as paramagnetic and
diamagnetic materials, are magnetized by a magnetic field, the
material will be affected by the magnetic torque because the
magnetization vector is not parallel to the magnetic field vec-
tor. The magnetic torque in the direction of the z axis can be
expressed as[14]

L =
V (χ1−χ2)B2 sin2θ

2µ0
, (5)

where χ1 (along the x axis) and χ2 (along the y axis) are the
magnetic susceptibilities in the easy and difficult magnetiza-
tion axes, respectively, and θ denotes the angle between the
easy magnetization axis and the imposed magnetic field direc-
tion.

2.5. Magnetic dipole–dipole interaction

When magnetic particles are placed in a magnetic field,
the particles become magnetic dipoles because they are mag-
netized. The dipole–dipole interaction acts as a mutual attrac-
tion between the particles in the plane parallel to the magnetic
field, while the particles in the plane perpendicular to the mag-
netic field exhibit mutual repulsion. Assuming that the parti-
cles are spherical, the interaction energy between two neigh-
boring magnetic dipoles, m1 and m2, can be expressed as[15]

UM =
µ0

4π

l2𝑞m1 ·𝑞m2−3(𝑞m1 · 𝑙)(𝑞m2 · 𝑙)
l5 , (6)

where 𝑞m1 and 𝑞m2 are the magnetic dipole moments of m1

and m2 magnetic dipoles, respectively, and 𝑙 denotes the dis-
tance between the centers of particles m1 and m2.

When the particles are paramagnetic, the induced mag-
netic dipole moment can be expressed by the following for-
mula:

𝑞m =
πr3

p

6
µ0χeHex, (7)

where rp is the radius of the particle, χe is the effective mag-
netic susceptibility of the particles, and Hex is the magnetic
field intensity of the imposed magnetic field.

3. Effects of high-gradient magnetic fields on
migrations of solute and particles
It has been shown that magnetic susceptibility is depen-

dent on the density of materials,[16] thus non-uniform distribu-
tion of solute during solidification of alloys, caused by a dif-
fusion or temperature gradient, may induce a density gradient.
According to Eq. (1), the magnetic force is also proportional to
the magnetic susceptibility; thus, if there is a magnetic suscep-
tibility gradient in an alloy melt, induced by the density gra-
dient of solutes during the solidification process, the induced

non-uniform magnetic force should cause fluid motion and al-
ter the solute migration. This has been confirmed by research
performed by Wang et al.[17] These researchers developed an
optical system based on the Schlieren principle which can be
used to observe fluid motion in situ in a transparent solution
in magnetic fields up to 13 T. Choosing a crystal of diamag-
netic aluminum potassium sulfate dodecahydrate as the model
material, they observed a downward flow of high concentra-
tion solution during the dissolution process. They found that
the direction of the diamagnetic fluid flow changed in high-
gradient magnetic fields. Without a magnetic field, the dis-
solved solution flow moved straight down toward the bottom
of the sample holder, whereas, with the magnetic field, this
flow was slightly bent. This phenomenon was qualitatively
understood by considering the magnetic force acting on the
high concentration solution and the surrounding solution.

This research has mainly focused on controlling the fluid
flow by high-gradient magnetic fields, which can indirectly al-
ter the solute distribution. Other attempts have been made to
directly control the migration behavior of alloying elements
and their product phases in the melt during solidification by
high-gradient magnetic fields. In practice, materials are gener-
ally binary or multiple systems consisting of different solutes
or a mixture of a liquid matrix and dispersed particles, so the
mechanism of such control is that the magneto-Archimedes
buoyant force, originating from the magnetic susceptibility
difference between the solutes or phases, can drive either the
solute or particles to move in the alloy melt.

For systems consisting of a liquid matrix and solid
particle-like phases, the phases may be formed in situ during
cooling of the melt,[18] added in a preceding step,[19] or trans-
formed during annealing in the semi-solid state.[20] When par-
ticles move at a velocity through a molten metal, which can
be regarded as a viscous liquid, they will experience a hydro-
dynamic resistance of drag force from the melt. As shown in
Fig. 1, with a high-gradient magnetic field, if the magneto-
Archimedes buoyant force is larger than the drag force, then
the particles can be driven to move in the direction of the force.
Furthermore, the suppression effect of the Lorentz force on
convection in a melt can eliminate additional migration of par-
ticles due to convection to maintain the effect of the magneto-
Archimedes buoyant force. Because the magnetic force is pro-
portional to the volume of the considered materials, control of
the particle-like phase migration is easier because these phases
cover a wide range of sizes due to their growth during the so-
lidification process. This mechanism has been demonstrated
by some experimental studies;[21–23] of these, migration of
primary Si plate in an Al melt,[21] TiAl3 particles in an Al/Si
melt,[19] and primary MnSb particles in a Mn/Sb melt[20] were
effectively controlled by high-gradient magnetic fields.
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Fig. 1. (color online) Schematic illustration of particle migration with positive magnetic susceptibility driven by the magneto-
Archimedes buoyant force FP.[20]

Fig. 2. (color online) Typical microstructures of Mn–89.7 mass% Sb
alloys quenched at 590 ◦C after holding in various gradient magnetic
fields (B = 8.8 T) of (a) BdB/dz = 0 T2/m, (b) BdB/dz =−565 T2/m,
and (c) BdB/dz = 400 T2/m (g is the gravitational acceleration).[26]

It is generally difficult to directly control solute migra-
tion in alloy melts by magnetic forces because such forces act
on the particles at an atomic scale and, when resulting from a
field of about 10 T, are so small that they cannot overcome the
drag force from the melt. It has been widely accepted that, in
liquid alloys, random fluctuations in concentration create mi-
nor short-range ordering domains, producing a large number
of solute-enriched zones, even at temperatures far above the
melting temperatures.[24,25] If the |BdB/dz| value of a gradi-
ent magnetic field is large enough, then there is a high pos-
sibility that the magneto-Archimedes buoyant force induced
by such a field can drive the solute-enriched zones to migrate
along or opposite to the field direction and create a redistri-
bution of solute in the alloy melt. This mechanism has been
confirmed by experimental studies. Liu et al.[26] chose a Mn–
Sb alloy system as the model material, the alloying elements
of which—i.e., Mn and Sb—have a large difference in mag-
netic susceptibility in the liquid state (882.62× 10−6 for Mn

and −1.0048× 10−6 for Sb[27,28]). They held the alloy melts
in different high-gradient magnetic fields for various time and
then quenched them to room temperature. On examining the
distribution of the product phases—i.e., MnSb and Sb—in the
quenched microstructure by quantitative metallography using
an image analysis system, the migration behaviors of Mn in
the melt in the high-gradient magnetic fields were character-
ized. The gradient magnetic field-dependent distribution of the
MnSb phase observed from the quenched alloys indicated that
the magneto-Archimedes buoyant force from a magnetic field
of about 10 T was large enough to control the solute migration
(Figs. 2 and 3). Further experiments have suggested that such
control is dependent on the direction of the magnetic field gra-
dient, the value of |BdB/dz|, holding temperature, and hold-
ing time.

Fig. 3. (color online) Distributions of primary MnSb volume fraction
along depth from the bottom of alloys quenched at 590 ◦C after holding
in various gradient magnetic fields (B = 8.8 T).[26]

4. Microstructure evolution induced by high-
gradient magnetic field-controlled migrations
of solute and particles
The distribution of alloying elements and precipitated

phases prior to or during solidification is of utmost impor-
tance when designing or controlling solidification microstruc-
ture of alloys.[29] Research on understanding the evolution of
the migration of solutes and particles in high-gradient mag-
netic fields has tended to focus on exploring the design or con-
trol of alloys with such gradient magnetic field-modified mi-
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grations. It is well-known that solute segregation, on either a
macro- or micro-scale, in a solidified structure results in poor
properties and performance of alloys.[30–33] For example, core
segregation may not only induce differences in both physical
and chemical properties on the scale of grains, but also have
a marked impact on the mechanical properties of casting on
a large scale; gravity segregation has a detrimental impact on
subsequent processing behavior and properties of cast mate-
rials. Therefore, methods for control of segregation on both
micro- and macro-scales in materials have been pursued.[34,35]

By coupling gradient magnetic fields with solidification
conditions, migrations of solutes or phases in alloys during
solidification have been modified and their distributions are
thereby controlled to suppress solute segregation in the final
structure. In many cases, especially in engineered materi-
als, segregation may not even be desirable; however, it can
provide good guidance for fabricating functional composite
materials.[36] By manipulating the distribution of elements in
alloys during solidification, a series of composite structures
have been fabricated in situ, which have special characteristics
and exhibit unique mechanical and physical properties. An ex-
cellent example is functionally graded materials (FGMs), the
chemical composition and microstructure of which vary con-
tinuously and smoothly with depth from a free surface.[37] Be-
cause the magnetic force depends on the magnetic suscepti-
bility and volume of the material on which the force acts, and
most materials show weak magnetic susceptibility in the liq-
uid state, the magnetic force has first been applied to phases
having a relative larger volume, such as added phases, the pri-
mary phase of an eutectic system, or the product phases of the
solute elements. Because the magnetic force is related to the
magnetic flux density, application has also been extended to
solute elements by adopting enhanced magnetic fields.

4.1. Control of sedimentation of phases and segregation of
solutes

Migration of the solid phases in an alloy melt is strongly
affected by natural convection.[38] It has long been recog-
nized that the Lorentz force can significantly suppress ther-
mal convection in a melt,[39–41] the sedimentation of phases
in some alloys during solidification can therefore be obvi-
ously inhibited and more homogeneous microstructures can be
obtained.[42–45] The associated efficiency is mainly dependent
on the physical properties of density and electrical conduc-
tivity of the alloying elements.[46] Application of a gradient
magnetic field provides another way to control migration of
solid phases during solidification. This method is based on the
magneto-Archimedes buoyant force, which is dependent on
the magnetic susceptibility difference between the solid phases
and liquid matrix.

In earlier examples, Al–Si alloys were chosen as model

materials to demonstrate the controlling effects of a high-
gradient magnetic field on the migration behavior of solid
phases in an alloy melt. Wang et al.[21] applied such fields dur-
ing solidification of a hypereutectic Al–Si alloy and success-
fully controlled segregation of the primary Si particles. A sim-
ilar phenomenon was observed by Jin et al.[22] Following these
studies, Lou et al.[19] compared the controlling efficiency of a
high uniform magnetic field with that of a high-gradient mag-
netic field. They found that by coupling the magnetic and
Lorentz forces, the gradient magnetic field gave better sup-
pression of segregation of TiAl3 particles in Al–7 mass% Si–
0.5 mass% Ti alloys.

Gravitational segregation of the alloying elements in
some alloys was similarly reduced by using high-gradient
magnetic fields. For example, Cu and Mg are often segre-
gated at the lower part of an Al–Cu alloy and the upper part
of an Al–Mg alloy, respectively. The application of negative
high-gradient magnetic fields was found to suppress such seg-
regations more or less (Fig. 4). Such suppression was, how-
ever, strongly dependent on the direction of the field gradient:
if a positive gradient was applied, the gravitational segregation
in both alloys increased. These effects were dependent on the
physical properties of the elements, such as magnetic suscep-
tibility, density, and electrical conductivity.[47]

Al-Cu
Al-Mg
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0
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-600 -200 200 600

(BdB/dz)/T2Sm-1

C
u
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C
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Fig. 4. (color online) Changes of Cu−Cl of solutes in Al–5 mass% Cu
and Al–10 mass% Mg alloys with BdB/dz. Cu−Cl indicates the segre-
gation extent, where Cu and Cl are the average elemental concentrations
at the dendrite cores in the upper and lower parts of the specimens,
respectively.[47]

4.2. Formation of particle- or phase-gathered microstruc-
tures with volume fraction gradients

By controlling the migration behavior of particle-like
phases in alloys during solidification, particle- or phase-
gathered microstructures with volume fraction gradients have
been fabricated in several alloy systems. These may be formed
in situ during cooling of the melt,[18] added in a preceding
step,[19] or transformed during annealing treatment.[20] For ex-
ample, during isothermal annealing in a high-gradient mag-
netic field, a hypoeutectic Mn–Sb alloy was first transformed
to a semi-solid state to produce a mixture of a liquid matrix
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and paramagnetic MnSb particles, migration of the MnSb par-
ticles in the liquid matrix in the field gradient direction was
then triggered, and, finally, their distribution was successfully
controlled to yield a particle concentration gradient (Fig. 5).
The volume fraction distribution of MnSb particles throughout
the alloy from the lower surface, as shown in Fig. 6, suggested
that the concentration gradient varied from 0 to about 20%
MnSb along the magnetic field gradient direction. Such con-
trol was dependent on the direction of the gradient, the value
of |BdB/dz|, and annealing time.

Fig. 5. (color online) Micrographs of MnSb/Sb–MnSb gradients in Mn–
89.7 mass% Sb alloys annealed in different gradient magnetic fields and for
various holding time. (a) 0 T and 30 min; (b) BdB/dz = −114 T2/m and
30 min; (c) BdB/dz =−282 T2/m and 30 min; (d) BdB/dz =−282 T2/m
and 90 min; (e) BdB/dz = 282 T2/m and 30 min.
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Fig. 6. (color online) Volume fraction distributions of MnSb particles
along depth from the lower surface in Mn–89.7 mass% Sb alloys solid-
ified at various magnetic field gradients for different annealing time.[20]

This approach has been extended to multiphase alloy
systems, such as Al–12Si–11.8 Mg–6.5Ti, which has more
than five different phases under equilibrium solidification

conditions.[48] Liu et al. solidified this alloy in high-gradient
magnetic fields at a relatively low cooling rate. They found
that, with decreasing temperature, the primary Ti5Si4 parti-
cles, the primary (Al,Si)3Ti particles, the primary Mg2Si, and
the Al/Si eutectic precipitated in different temperature ranges
and were driven by magnetic forces of different magnitudes
and directions to move in the remaining melt for various times.
Layered and graded distributions of these phases were formed
in the final microstructure. Li et al.[49] carried out a simi-
lar investigation of a solidified Bi–Mn alloy in a radial gradi-
ent magnetic field, which produced a radially distributed mag-
netic force. During the solidification process, the precipitated
primary MnBi phases were driven by the magnetic force and
separated from the liquid Bi matrix to form a ring-like struc-
ture in the plane perpendicular to the magnetic field direction.

Quite recently, a symmetrically distributed gradient
magnetic field was introduced to the forming of particle-
gathered microstructures.[50] Such a field can produce sym-
metrically distributed magnetic forces. Choosing a hypoeu-
tectic Mn–Sb alloy, a MnSb/Sb(eutectic)–MnSb(primary)–
MnSb/Sb(eutectic) composite structure, with a symmetrically
graded distribution in both morphology and composition, was
directly fabricated in situ. Such composite structures were ob-
tained during both solidification and isothermal annealing pro-
cesses. Figure 7 shows the depth profile of the MnSb phase
volume fraction measured from the top of the alloys solidified
with and without a gradient magnetic field. Figure 8 shows a
schematic diagram of the hypoeutectic Mn–Sb alloy isother-
mal annealing process and the curve of the stress state of the
MnSb particles in the liquid melt in the symmetrically dis-
tributed high gradient magnetic field.

Fig. 7. (color online) Volume-fraction distribution of primary MnSb
particles in Mn–89.7 mass% Sb specimens isothermally annealed (a)
without and (b) with a symmetrically graded magnetic field of 12 T; (c)
BdB/dz distribution curve.[50]
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Fig. 8. (color online) (a) Stress state of Mn-enriched zones in liquid melt and (b)–(d) schematic diagram of Mn–89.7 mass% Sb alloy
isothermal annealing process in symmetrically distributed high-gradient magnetic field (G is the gravity).[50]

4.3. Formation of layered microstructure with composi-
tional gradients

Similar to that of the particle-like phases, if the solute mi-
gration both prior to or during a solidification process can be
well-controlled, then the final microstructure of the alloys will
be altered. This has support from some experimental results.
As illustrated in Fig. 9, when a Mn–Sb melt with a eutectic
composition is subjected to a gradient magnetic field, the mag-
netic force will drive the Mn-enriched zones to move along
the gradient direction to form a Mn concentration gradient
throughout the specimen, producing an extended alloy com-
position range in the binary Mn–Sb phase diagram, as indi-
cated by the grid in Figs. 9(b) and 9(c). The solidification mi-
crostructure of the alloys will thus exhibit a continuous change

in morphology due to the graded distribution of the solute

concentration.[51] According to this mechanism, layered mi-

crostructural gradients have been produced from eutectic[51]

and hypoeutectic[18] microstructures by controlling the solute

distribution in high-gradient magnetic fields (Fig. 10). Three

layers were produced by solidification of Mn–Sb alloys in

high-gradient magnetic fields. Both the primary MnSb and

Sb phases exhibited a continuous change in volume fraction

in a metallic MnSb/Sb matrix and their locations depended on

the direction of the field gradients (Fig. 11). The evolution of

the microstructure was strongly dependent on the alloy com-

position, specimen dimension, cooling rate, and the |BdB/dz|
value.

Fig. 9. (color online) Schematic diagrams of distributions of alloying elements in eutectic Mn–Sb melts prior to solidification in
various gradient magnetic fields: (a) without magnetic field; (b) with a negative gradient field; (c) with a positive gradient field.[51]
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Fig. 10. (color online) Microstructures of eutectic Mn–Sb alloys solid-
ified in gradient magnetic fields of (a) BdB/dz = −282 T2/m and (b)
BdB/dz= 250 T2/m (B= 11.5 T). The alloy exhibited uniform eutectic
microstructure in a high uniform magnetic field.[51]

Fig. 11. (color online) Distributions of MnSb phase volume fraction
along depth from the top surface of eutectic Mn–Sb alloys solidified in
various gradient magnetic fields (B = 11.5 T).[51]

As an alternative to separately controlling the migra-
tion of solutes or particle-like phases, Liu et al.[52] chose a
multiphase alloy system—i.e., Bi–11.8 mass% Mn—as the
experimental material and explored the possibility of simul-
taneously controlling the migration of solutes and particles
during the solidification process. This alloy has four phases
(primary Mn, primary MnBi, eutectic Bi, and eutectic MnBi)

that successively precipitate during the solidification process.
They solidified the alloy in various high-gradient magnetic
fields at a low cooling rate. By controlling the migrations
of both the Mn solute and primary MnBi phase during solid-
ification, a Bi/BiMn(eutectic)–BiMn(primary)–Mn(primary)
layered microstructure was produced. The location of each
layer changed with the direction of the magnetic field gradient
(Fig. 12). The critical values of −BdB/dz for levitation of the

Fig. 12. (color online) Microstructures of Bi–11.8 mass% Mn alloys
solidified in various high-gradient magnetic fields (B = 8.6 T): (a)
B = 0 T; (b) BdB/dz = −50 T2/m; (c) BdB/dz = −100 T2/m; (d)
BdB/dz =−300 T2/m.[52]

Fig. 13. (color online) Schematic diagrams of distributions of primary
Mn and BiMn in various high-gradient magnetic fields: (a) without
magnetic field, both primary Mn and BiMn segregated in the upper
part; (b) −BdB/dz ≈ 6 T2/m, primary Mn was homogeneously dis-
tributed; (c) 6 < −BdB/dz < 14 T2/m, primary Mn segregated in the
lower part; (d) −B(dB/dz) ≈ 14 T2/m, primary BiMn was homoge-
neously distributed; (e) −BdB/dz� 14 T2/m, both primary Mn and
BiMn strongly segregated in the lower part.[52]
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Mn solute and BiMn phase were calculated using the model
described in Ref. [21]. The distributions of the primary Mn
and BiMn in the alloys in various gradient magnetic fields
were predicted according to these calculated values (Fig. 13).
The prediction confirmed that the migrations of solutes and
particles can be simultaneously controlled.

4.4. Formation of graded microstructure with crystal ori-
entation

Previous studies[53–55] have indicated that, when sub-
jected to a magnetic field, a crystal with an anisotropic mag-
netic susceptibility, driven by the magnetic torque originating
from the magnetic anisotropy, will rotate to an angle to give
a certain crystal orientation. By incorporating the magnetic
force with magnetic torque, the change of solute and parti-
cle migrations induced by high-gradient magnetic fields has
also been suggested as a means to modify the growth of crys-
tals with magnetically anisotropic features. Gao et al.[56] per-
formed a series of solidification experiments on Tb–Dy–Fe al-
loys in various high-gradient magnetic fields to characterize
their microstructure evolution. For the alloys solidified with
and without a high uniform magnetic field, their saturation
magnetization barely changed through their depth; however,
for the alloys solidified in high-gradient magnetic fields, their
saturation magnetization gradually increased from the top sur-
face through the depth. Furthermore, the saturation magneti-
zation increased in each section of the alloy more or less with
increasing BdB/dz. In this alloy, (Tb, Dy)Fe2 is the magnetic
phase and the saturation magnetization of the alloy is strongly
dependent on its proportion,[57–59] so the change in satura-
tion magnetization thus indicated a gradient distribution of this
phase throughout the alloy. The orientation degree of the (Tb,
Dy)Fe2 phase along the 〈111〉 direction, F〈111〉, was calculated
from x-ray diffraction patterns measured from the transverse
section of the solidified alloys using the model described in
Ref. [60]. The calculation results showed that the applied
high-gradient magnetic fields caused a graded increase of the
orientation degree from the top surface through the depth. Fur-
thermore, with increasing BdB/dz, the orientation degree in-
creased for each part of the alloys. The 〈111〉 orientation of
the (Tb, Dy)Fe2 phase was induced by the magnetic field on
the basis of this rotation. The gradient distributions of the ori-
entation degree and phase amount throughout the alloy were
due to migration of the precipitated (Tb, Dy)Fe2 phase, driven
by the gradient magnetic force during solidification under the
high-magnetic field gradient. Further investigation indicated
that the gradient magnetic field effect is strongly dependent on
the cooling rate.[61]

Previous studies[62,63] have also suggested that, when ex-
posed to a uniaxial magnetic field, suspended particles in a

liquid matrix tend to orient along the applied field because of
the increase of the magnetic dipole moment to which they are
subjected. The particles will migrate under the influence of the
magnetic dipole–dipole interactions between neighboring par-
ticles, which are either attractive or repulsive depending on the
directions of the dipoles.[64,65] Wang et al.[66] characterized
the evolution of the solidification microstructure of a Mn–Bi
alloy in high-gradient magnetic fields. The MnBi grains ag-
gregated strongly at one side of the specimen with a varying
distribution throughout, yielding a highly aligned and graded
microstructure. The formation of such a special microstruc-
ture was realized by incorporating the magnetic force with the
magnetic dipole–dipole interactions. Because the alloy under-
went a paramagnetic to ferromagnetic transformation during
the solidification process,[67] the magnetic dipole–dipole in-
teractions and the magnetic force caused a separation of the
primary MnBi phase from the alloy melt and induced collision
of particles, which thus resulted in the formation of the highly
aligned and graded microstructure.

4.5. Degeneration of directionally solidified microstruc-
ture

During the growth of alloys or mixed or doped crystals,
especially alloys that grow in a directional manner, a mag-
netic field can produce a TEMF, which can induce thermo-
electric magnetic convection (TEMC) and cause migration
of solutes.[68–71] Liquid motion due to TEMC can induce a
Lorentz force that will, in turn, inhibit such motion to decrease
the TEMC effect. Thus, there will be competition between
the Lorentz force and TEMF in affecting convection, although
this depends on the magnetic flux density.[72,73] If we apply
a high-gradient magnetic field to the directional solidification
of alloys, the field will affect the solidification in three ways,
i.e., via the Lorentz force, TEMF, and magnetic force. These
forces can produce a coupling effect on solute and particle mi-
gration and may generate a more complicated solidification
microstructure. This has been demonstrated in some recent
experimental studies.

Wu et al.[74] investigated the effects of a high-gradient
magnetic field on the directional solidification of a hypereu-
tectic Al–8 mass% Fe alloy. With the application of a gradient
magnetic field, the primary Al3Fe phase (that initially showed
a directionally solidified morphology without application of
a magnetic field) was twisted and fractured, some phases ag-
gregated and distributed randomly in the samples to form a
layered microstructure, and a eutectic area appeared at the top
of the samples. The gradient magnetic field effect was depen-
dent on the magnetic flux density (Fig. 14). The mechanism
of this microstructural change was attributed to the magnetic
force, which moved the Fe-enriched zones in the liquid matrix
downward to the bottom of the samples during and even before
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directional solidification. This migration is due to the TEMF,
which caused a cross-flow in the front of the solid/liquid in-
terface, and due to the Lorentz force, which suppressed con-
vection to maintain the movement of the Fe-enriched zones
induced by the magnetic force and to counteract the TEMF ef-

fect (Fig. 15). The coupling effect of these three forces thus
caused deformation and fracture of the primary Al3Fe phase,
morphological instability in the interface between the eutectic
area and the primary Al3Fe phase, and random distribution of
the aggregated primary Al3Fe phase.

Fig. 14. (color online) Microstructure and volume fraction distribution in longitudinal section of directionally solidified Al–8 mass%
Fe alloys grown in various magnetic fields: (a) 0 T; (b) 0.4 T; (c) 1 T; (d) 6 T. (e) Volume fraction distribution of the primary Al3Fe
phase. V is the growth rate. Reproduced from Ref. [74], with the permission of AIP Publishing.

Fig. 15. (color online) Schematics of alloys during directional solidification under an applied magnetic field: (a) distribution of
Fe atoms and microstructure of Al3Fe phase as a liquid and solid under gradient magnetic field; (b) schematic of constitutional
distribution; (c) distribution of magnetic flux density and its gradient along the axial direction; (d) schematic showing effect of
magnetic force; (e) schematic showing the effect of TEMC. Reproduced from Ref. [74], with the permission of AIP Publishing.

5. Properties of materials modified by high-
gradient magnetic field-tailored microstruc-
ture

The properties of materials have long been linked to their
microstructure. To meet application demands for material

properties, research has focused on the design and modifica-

tion of microstructures. High-gradient magnetic fields have

been shown to enable control of solute and particle migrations

during solidification processes by combining several magnetic

field effects, thereby creating some novel composite struc-
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tures. These structures exhibit obvious effects on the prop-
erties of the resulting materials, especially the magnetic prop-
erties.

The intermetallic compound MnBi is ferromagnetic at
room temperature and is proposed as a permanent magnet
material.[75–78] For a Bi–4.4 mass% Mn alloy, the theoreti-
cal volume fraction of MnBi is estimated to be about 21.3%,
which gives poor magnetic properties of the alloy. By con-
trolling its migration during solidification, using high-gradient
magnetic fields of±282 T2/m, the MnBi phase accumulated in
one side of the alloy, thereby increasing its volume fraction by
above 40%. The hysteresis loops at room temperature for lon-
gitudinal sections of the alloys show that the saturation mag-
netization increased from about 1.6 emu/g without a magnetic
field to about 7 emu/g with the gradient magnetic fields. This
process provides a method for directly fabricating composite
magnetic materials with a high volume fraction of magnetic
phases from a dilute master alloy.[66]

Fig. 16. (color online) Saturation magnetization distribution in Mn–
89.7 mass% Sb alloys solidified (a) without and (b) with a magnetic
field of 12 T; (c) corresponding BdB/dz distribution.[50]

MnSb exhibits a NiAs-type crystal structure and is ferro-
magnetic below its Curie temperature (587 K).[50,79,80] Asso-
ciated with its ferromagnetism, MnSb exhibits various phys-
ical properties, such as a large magneto-optic effect, a large
magnetic anisotropy in the direction of the easy magnetiza-
tion axis, and a large magnetoresistance.[81] Dong et al.[50]

applied a symmetrical high-gradient magnetic field to the so-
lidification process of a hypoeutectic Mn–Sb alloy to promote
primary MnSb dendrites to distribute along the middle of the
alloy. The primary MnSb dendrite content first increased and

then decreased along the vertical axis of the alloy. The satura-
tion magnetization of the magnetic field-treated alloy, obtained
from the measured hysteresis loops, showed a symmetrical
distribution along the sample center. In contrast, the saturation
magnetization of the alloy produced without a magnetic field
exhibited an almost linear distribution throughout the sample
(Fig. 16). This process provides a method for directly fabricat-
ing composite magnetic materials with a symmetrical gradient
of their magnetic properties.

Giant magnetostrictive materials based on RFe2 (R = rare
earth element) are some of the most important functional mag-
netic materials and they have been widely applied in sen-
sors, precision machinery, magnetomechanical transducers,
and adaptive vibration-control systems.[82–84] A typical rep-
resentative is the Tb0.27Dy0.73Fe1.95 alloy. Its giant magne-
tostrictive phase (Tb, Dy)Fe2 has an easy magnetization axis
along its 〈111〉 direction. Extensive efforts have been made
to control the orientation behavior and amount of (Tb, Dy)Fe2

throughout the material to achieve high magnetostrictive per-
formance. With the aid of high-gradient magnetic fields, Gao
et al.[56] successfully controlled the distribution of the orien-
tation and amount of the (Tb, Dy)Fe2 phase in this alloy by
modifying its migration behavior. Gradient distributions of
saturation magnetization and 〈111〉 orientation throughout the
alloys were obtained. Benefitting from these microstructural
changes, the magnetostrictive property of the alloy showed a
continuous distribution along the magnetic field direction. Ap-
plying an external gradient magnetic field during solidification
creates new opportunities for the fabrication of graded magne-
tostrictive materials.

6. Conclusion
From the point of view of solidification of alloys, high-

gradient magnetic fields mainly produce a magnetic force,
Lorentz force, TEMF, magnetic torque, and magnetic dipole–
dipole interaction on materials. The application of a high-
gradient magnetic field is found to be a powerful means to
control solute and particle migration in alloy melts over a
wide range of length scales by coupling these effects. Mag-
netic field-modified migration can have a profound impact on
the development of solidification microstructures and related
properties. It is possible to use high-gradient magnetic fields
to control material processes related to transport phenomena,
such as solidification. Experimental results confirm the possi-
bility that a high-gradient magnetic field can be used to modify
or design microstructure of materials that can meet the appli-
cations required by advancing technologies.
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