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Abstract: Non-equilibrium solidification experiments were conducted on CusoCosp alloys under different magnetic
field intensities to investigate the orientation, microstructure evolution, and magnetic properties of the Co-rich phase.
The results revealed that the phase-separated rod-like Co-rich phase can realize the alignment morphology and can be
oriented with the (111) crystal direction along the direction of the 5 T high magnetic field (HMF). In contrast, the
orientation of the Cu-rich phase, which underwent secondary liquid—liquid phase separation, was not significantly
affected by the HMF. The alloy solidified at 0 T showed near-magnetic isotropic behavior, while the alloy solidified at
5T displayed magnetic anisotropic behavior. The saturation magnetization of the alloy increased slightly, and the
coercivity decreased correspondingly, which were strictly dependent on the orientation evolution of the Co-rich crystal.
Key words: high magnetic field; microstructure evolution; Cu—Co alloy; phase separation; magnetic property

1 Introduction

In recent decades, a long-standing interest has
focused on metastable immiscible alloys due to
their unique microstructure and potential to exhibit
exceptional physical properties [1]. For immiscible
alloys, most previous studies have focused mainly
on the adjustment of typical core-shell micro-
structures with liquid—liquid phase separation by
altering the volume fraction of two phases,
undercooling and nucleation during the solidification
process [2—4]. However, the experimental results
have not been satisfactory, as it is difficult to
actively control the microstructure. Consequently, it
is necessary to note that the final solidified orientation
and texture are critical for both the growth
behavior of the crystal and magnetic property of the

alloy [5,6]. Several studies have shown that
applying alignment or preferred orientation can
enhance the physical properties of materials [7].

By adjusting the microstructure and promising
properties such as the giant magnetoresistance
effect, an alternative method was proposed to
control the orientation of the crystal during the
solidification process under extreme conditions,
which has been recognized as a valid approach to
improve the properties of materials. The application
of high magnetic field (HMF) is a promising
technology and has been shown to create novel
functions and phenomena, particularly in materials
processing [8,9]. A significant amount of research
has concentrated on the experimental and
theoretical analyses of grain alignment structures
and crystal orientation utilizing the solidification
process [10] with the aid of the HMF.
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It has become an intriguing method due to the
remarkable influence of HMF on the crystal
orientation [11,12], solute redistribution [13] and
melt flows [14,15]. Especially in the solidification
process, the crystalline material could be driven to
rotate with freedom by the external magnetic field
to reduce the system energy [16]. It has been found
that these magnetic field effects are not limited to
ferromagnetic materials, but also extend to
non-magnetic materials [17]. For instance, LIU
et al [18] reported that the Fe—1.0wt.%Si alloy
prepared via a magnetic field during solidification
exhibits excellent magnetic property, which was
attributed to the change in crystal orientation
induced by the magnetic field. Similarly, LIU
et al [19] found that as the magnetic field intensity
increased, the crystal orientation of the
Fe—6.5Si—0.05B alloy evolved and thus led to a
change in magnetic property. DONG et al [20] also
observed a rotation of the primary (Tb,Dy)Fes
phase and its effect on the orientation change of the
peritectic (Tb,Dy)Fe, phase in response to a high
magnetic field. Additionally, RANGO et al [6]
experimentally demonstrated that high magnetic
fields can still induce magnetic orientation of
ferromagnetic materials at high temperature, and
oriented YBa;Cu3;O; materials were prepared at
high temperature by solidification under a magnetic
field of 5 T. Despite attempts to investigate the
formation mechanism of the grain orientation
structure [21], it is still obscure owing to the
complexity of the mechanism and diversity of
phenomena for different alloys.

The Cu—Co alloy is a relatively simple binary
immiscible alloy system with a well-known giant
magnetoresistance effect [22], which normally
exhibits a wide metastable immiscible region and
experiences liquid—liquid phase separation during
the cooling process [23]. The key problem that
restricts the industrial application of immiscible
alloys with liquid—liquid phase separation lies in the
control of their microstructure. After the phase
separation, the Cu—Co alloy forms a Co-rich phase
at room temperature, which exhibits a stronger
magnetism at high temperatures under HMF
compared to the diamagnetic Cu-rich phase. The
strong paramagnetism of the Co-rich phase makes it
more susceptible to HMF. Therefore, it is feasible to
realize effective control of one of the phases in
immiscible alloys based on HMF technology.

Previous studies have analyzed the microstructure
evolution of Cu—Co alloys based on various magnetic
field effects [24,25]. In previous study [26], we
demonstrated that applying a high magnetic field
during the solidification of a Cugs.67C033.33 alloy can
significantly affect the liquid—liquid phase
separation behavior of the Cu—Co immiscible alloy.
The results showed that the elongation of Co-rich
phase along the magnetic field direction is due to
the static magnetic energy.

However, the previous analysis was based on
theoretical calculations, and the relationship
between microstructure evolution and crystal
structure is usually easy to neglect. Therefore, in
this study, we aim to explore the influence of HMF
on the crystal structure of immiscible alloys during
non-equilibrium solidification from the perspective
of crystal orientation and crystal growth. Our
method enables tailoring the crystal orientation,
microstructure evolution, and magnetic properties
of immiscible alloys during the non-equilibrium
solidification process without pre-processing.

2 Experimental

The method of glass fluxing combined with
the cyclic overheating technique was adopted to
realize the undercooling experiment. A master alloy
of Cu—50at.%Co was prepared using arc-melting
with a mixture of high-purity copper (99.99 wt.%)
and cobalt (99.99 wt.%) in a high-purity argon
atmosphere. The master ingots were then cut
into a few cuboid candidate specimens (with an
average mass of about 1 g) for the undercooling
experiments under different magnetic field
intensities. The sample was placed in a quartz glass
tube and then inserted into the maximum heating
area of the SiC high-temperature resistance heating
furnace, that is, the center area of the HMF device.
A detailed description of this device is shown in
Ref. [27]. The samples were repeatedly superheated,
melted and solidified to achieve the desired
undercooling. Finally, the samples were quenched
at 1000 °C.

After the solidification experiment under 0 T,
and 5 T magnetic fields, the magnetic field-treated
samples were cut and polished along the direction
parallel  (longitudinally) and  perpendicular
(transversely) to the magnetic field to characterize
the morphologies by micro-CT (nanoVoxel 3000),
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optical microscopy (OM, GX71) and scanning
electron microscopy (SEM, Helios G4 CX) with
etching. The inverse pole figure (IPF) orientation
analysis of the specimens in the microstructure
was examined by electron backscatter diffraction
(EBSD) mapping on SEM (FEI Quanta 650F) and
with HKL channel 5 data acquisition and analysis.
The chemical compositions of the phases in the
specimens were analyzed via energy dispersive
X-ray spectrometry (EDX) on EBSD. Crystal
structures of phase constituents were identified by
X-ray diffraction (XRD, D8 ADVANCE). The
hysteresis loops of various samples were detected
by Cryogenic CFMS-14T physical property
measurement system (PPMS) at 298 K within the
field range of £1.5916x10° A/m.

3 Results and discussion

3.1 Microstructure evolution of Cu—Co alloy
under various magnetic fields
The phase constitution of the sample
solidified with an undercooling of 209 K under
0 T was investigated via X-ray diffraction with a

circumrotating Cu target, as shown in Fig. 1. The
diffraction peaks were indexed to two face-centered
cubic solid solutions. A set of stronger peaks
correspond to the Cu-rich solid solution, while a set
of weaker peaks correspond to the Co-rich solid
solution in the CusoCoso immiscible alloy.

Figure 2(a) shows the characteristic micro-
structure of the CusoCoso alloy solidified under
0 T magnetic field with an undercooling of 209 K,

*(111)Co
+ (200)Cu

*(200)Co

30 40 50 60 70 80 90

Fig. 1 XRD pattern of CusoCoso alloy with undercooling
0f209 K under 0 T

Fig. 2 Microstructure of CusoCosp alloy solidified under 0 T magnetic field with undercooling of 209 K: (a) Overview OM
image; (b) 3-dimensional microstructure of (a); (¢, d) SE images of Regions 4 and B in (a), respectively
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which indicates the occurrence of liquid—liquid
phase separation, i.e., the core-shell structure [28].
Due to the limitation of the two-dimensional section
on the observation of the internal morphology of
the alloy, the 3-dimensional microstructure is
depicted in Fig. 2(b), which presents the
distribution of the spherical Co-rich phase in the
integral sample. It should be noted that the
coarsening process of the spherical Co-rich phase
occurs in order to decrease the energy of the whole
system. Figure 2(c) shows a partially enlarged view
of the phase-separated Co-rich phase in Fig. 2(a),
where it can be seen that the Co-rich phase consists
of approximately equiaxed grains. As explained
elsewhere [28], the white spherical region
corresponds to the Cu-rich phase, which has
experienced secondary  liquid—liquid  phase
separation and has been generated within the
phase-separated Co-rich phase. The Co-rich phase
mainly consists of the Fcc-Co phase, which results
from liquid—liquid phase separation. A large
number of a-Co dendrites and nano-sized Co-rich
precipitates are found to be distributed in the
Cu-rich matrix as shown in Fig. 1(d), which is
consistent with our previous research results [28].
The transverse microstructure of the CusoCoso
alloy solidified under 5 T magnetic field with an
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undercooling of 219 K is exhibited in Fig. 3(a). It
can be observed that the morphology of the
phase-separated Co-rich phase has changed
obviously and no longer appears regular spherical.
At the edge region of the sample, the Co-rich phase
is evidently deformed, while in the central region of
the sample, the size of the Co-rich phase decreases
and the annular structure is observed in the center.
The 3-dimensional microstructure in Fig. 3(b)
shows that the Co-rich phases occupy different
regions of the alloy with varying colors. Figure 3(c)
presents a locally enlarged view displaying that the
Co-rich phase is still composed of grains with
different sizes and that a significant secondary
liquid—liquid phase separation phenomenon has
occurred. Meanwhile, Fig. 3(d) displays a large
number of a-Co dendrites and nano-sized Co-rich
precipitates in the Cu-rich matrix.

The longitudinal microstructure of the CusoCoso
alloy solidified under 5 T magnetic field with an
undercooling of 219 K is shown in Fig. 4(a). The
imposition of the magnetic field is found to have a
notable influence on the morphology of the Co-rich
phase on account of the metastable liquid—liquid
phase separation. The Co-rich phase with a rod-like
shape appears to be elongated along the direction of
the magnetic field. In addition, Fig. 4(b) displays

(d)

“

Fig. 3 Transverse microstructure of CusoCoso alloy solidified under 5 T magnetic field with undercooling of 219 K:

(a) Overview OM image; (b) 3-dimensional microstructure of (a); (c, d) SE images of Regions 4 and B in (a), respectively
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Fig. 4 Longitudinal microstructure of CusoCoso alloy solidified under 5 T magnetic field with undercooling of 219 K:
(a) Overview OM image; (b) 3-dimensional microstructure of (a); (c, d) SE images of Regions 4 and B in (a),
respectively (The numbers of rod-like Co-rich phases with different sizes are indicated by corresponding black arrows)

the 3-dimensional microstructure of Fig. 4(a),
featuring rod-like Co-rich phases with different
length to diameter ratios distributed throughout the
whole sample. In addition, videos of the
3-dimensional microstructure of the alloys with
liquid phase separation can be found in the
supplementary file. Figure 4(c) shows an enlarged
view of the box area in Fig. 4(a), exhibiting that the
Cu-rich phase with a secondary liquid—liquid phase
separation occurs within the Co-rich phase, which
is also in the form of a rod-like shape. The phase-
separated interface between the rod-like Co-rich
phase and the Cu-rich matrix phase is illustrated in
Fig. 4(d). It can be observed that the fragmented
Co-rich  dendrites and nano-sized Co-rich
precipitates are dispersed in the Cu-rich matrix.

3.2 Orientation characteristics of solidified micro-
structure under different magnetic fields

The results of this work are similar to those of

our previous studies [28], but with some differences,

it is noted that in the absence of a magnetic field,

the solidified Cuss.67C033.33 and CusoCoso alloys both
exhibit a core-shell structure due to convection and
a temperature gradient. The Co-rich phases in
Cu—Co alloys with different compositions are
elongated parallel to the magnetic field, which is
attributed to the magnetization energy. The
distribution of the Co-rich phase in Cues67C03333
alloys is relatively uniform perpendicular to the
magnetic field after the application of a high
magnetic field. Based on theoretical analysis and
calculation, we have discussed the morphological
evolution mechanism of the Co-rich phase in the
Cus.67C033 33 alloy under a 10 T magnetic field, and
further detailed characterization is still lacking. In
contrast, under a 5 T magnetic field, the Co-rich
phase in the CusoCoso alloy in this paper is
only uniformly distributed in the edge region
perpendicular to the magnetic field direction,
and the middle region presents the annular
microstructure. To further analyze the different
distribution morphologies of these two Co-rich
regions in CusoCoso from the perspective of crystal
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structure, the orientation characteristics of the
solidified microstructure were analyzed via EBSD
technology. Figure 5 displays the EBSD analysis of
Region I in Fig. 2(a). Figure 5(a) presents the IPF
orientation map for the spherical Co-rich phase in
the CusoCoso alloy. It is worth noting that the grains
in different regions of the Co-rich phase possess
various colors revealing that the crystals have
different orientations. The distribution histogram of
grain size is quantified and exhibited in Fig. 5(b).
The grain size distribution of the Co-rich phase is
symmetrical, and the area fraction of grains with a
size of 7 um is approximately 19%. Figure 5(c)
shows the corresponding pole figure of the Co-rich
phase in Fig. 5(a). This indicates that the {110}
(001) Goss texture appears in the sample.

Figure 6 shows the EBSD analysis
corresponding to Area I in Fig. 3(a). Figure 6(a)
presents the IPF orientation map for the annular
Co-rich phase in the CusoCoso alloy under 5T
magnetic field. It can be seen that the orientation
distribution of the Co-rich phase solidified under
5T magnetic field is relatively uniform. The
distribution histogram of grain size is quantified
and illustrated in Fig. 6(b). The grain size
distribution of the Co-rich phase is more
asymmetrical and larger grains appear in the central
region of the Co-rich phase compared with that of

{100} {110}

the alloy treated without a magnetic field. This can
be attributed to the fact that grains with the same
orientation coalesce and grow [29]. Figure 6(c)
presents the corresponding pole figure of the
Co-rich phase in Fig. 6(a). It is found that the {100}
(001) cube texture emerges in the sample. The
above-described results manifest that when the
HMF is imposed, the orientation relationship of the
Co-rich phase in the CusoCoso alloy can be
influenced. The corresponding inverse pole figure
map of the Co-rich phase is displayed in Fig. 6(d),
and it can be found that a relatively weak (001)
orientation parallel to the Xo-axis in the sample is
generated.

Compared to the morphology of the Co-rich
phase observed in the CusoCoso alloy without the
magnetic field, the microstructure of the Co-rich
phase at the edge of the sample is obviously altered
under 5 T magnetic field. Figure 7 shows the EBSD
analysis corresponding to Region II in Fig. 3(a).
Figure 7(a) presents the IPF orientation map for the
Co-rich phase at the edge of the alloy. It can be
found that the crystal orientation of the Co-rich
phase solidified at 5 T magnetic field is random.
The distribution histogram of grain size is quantified
and presented in Fig. 7(b). The grain size distribution
of the Co-rich phase is inhomogeneous and a small
number of large grains appear compared with that
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Fig. S EBSD analysis of microstructure shown in red box in Fig. 2(a): (a) IPF orientation map for Co-rich phase;
(b) Grain size distribution of Co-rich phase; (c) Corresponding pole figure maps
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Fig. 6 EBSD analysis of microstructure of dotted boxed Region I in Fig. 3(a): (a) IPF orientation map for Co-rich phase;
(b) Grain size distribution of Co-rich phase; (c) Corresponding pole figure maps; (d) Corresponding inverse pole figure
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Fig. 7 EBSD analysis of microstructure of Region II in Fig. 3(a): (a) IPF orientation map for Co-rich phase; (b) Grain
size distribution of Co-rich phase; (c) Corresponding inverse pole figure map

of the alloy treated without a magnetic field.
Figure 7(c) shows the corresponding inverse pole
figure map of the Co-rich phase in Fig. 7(a). It
should be noted that a relatively weak (111)
orientation parallel to the Zo-axis in the sample is
formed. However, the Zp-axis is in the direction
applied by the HMF, that is, the Co-rich phase at
the edge of the sample forms an orientation that is
parallel to the magnetic field.

Figure 8 exhibits EBSD analysis of the Cu-rich
phase that experienced secondary liquid—liquid
phase separation in the CusoCoso alloy under 0 T
and 5 T magnetic fields. Figure 8(a) presents the IPF
orientation map for the Cu-rich phase with secondary
liquid-liquid phase separation corresponding to
Region II in Fig. 2(a). The orientation distribution
of the Cu-rich phase is relatively concentrated.
The EDS mappings shown in Figs. 8(a) and (a»)
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Fig. 8 (a) EBSD analysis of microstructure of Region II in Fig. 2(a); (ai, a2) EDS maps of position in (a) and

corresponding elements Cu and Co, respectively; (b) Corresponding pole figure map in Fig. 8(a); (c) EBSD analysis of

microstructure of Region III in Fig. 3(a); (c1, c2) EDS maps of position in (c) and corresponding elements Cu and Co,

respectively; (d) Corresponding pole figure map in Fig. 8(c)

illustrate the distribution of the elements, indicating
that the copper element is mainly abundant in the
Cu-rich phase area. Figure §(b) presents the
corresponding pole figure map for the Cu-rich
phase in Fig. 8(a), which is similar to that of the
Co-rich phase under 0 T magnetic field, as shown in
Fig. 5(c). Figure 8(c) shows the IPF orientation map
for the Cu-rich phase with secondary liquid—liquid
phase separation corresponding to Region III in

Fig. 3(a). With the application of 5 T magnetic field,

the orientation of the Cu-rich phase is almost the
same. The EDS mappings displayed in Figs. 8(ci)
and (c2) present the distribution of the elements,
indicating that secondary liquid—liquid phase
separation occurred. Moreover, as shown in
Fig. 8(d), the corresponding pole figure map shows
the same texture component as in the alloy without
a treated magnetic field. It can be inferred that the
orientation and texture component of the Cu-rich
phase with secondary liquid-liquid phase
separation are not appreciably affected by the
application of HMF.

3.3 Influence of microstructural
magnetic properties of alloys
The microstructure results indicated that the

orientation behavior of the crystal is closely

change on

associated with the magnetic field, and therefore,
the HMF has an influence on the magnetic
properties of the alloys accordingly. The hysteresis
loops of CusoCoso alloys were tested at room
temperature with various magnetic fields and are
displayed in Fig. 9(a). The results clearly reveal that
the alloy solidified in a magnetic field of 0T
exhibits near-magnetic isotropic behavior due to the
overlap of the hysteresis loops in two different
directions, as displayed in Fig. 9(a;), while the alloy
solidified in a magnetic field of 5T presents
pronounced magnetic anisotropic behavior, as
shown in Fig. 9(a;). For the alloy with an
undercooling of 209 K in the absence of a magnetic
field, the value of the saturation magnetization (Ms)
is  60.62 A'‘m*kg and the coercivity is
8427.522 A/m. In contrast, the value of the
saturation magnetization is 65.73 A-m?%kg, and the
coercivity is 6602.753 A/m in the alloy with an
undercooling of 219 K under 5 T magnetic field. It
should be emphasized that the application of HMF
results in a slight increase in saturation
magnetization and corresponding decrease in
coercivity. It is speculated that the variation in
magnetic properties with magnetic field intensity
can be linked to the orientation evolution of the
Co-rich crystal. Meanwhile, it can be observed that
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Fig. 9 (a) Magnetic hysteresis loops at room temperature of CusoCoso alloys in parallel magnetic field direction:

(a1) Magnetic hysteresis loops of alloy at 209 K under 0 T; (a») Magnetic hysteresis loops of alloy at 219 K under 5 T

(H: Applied magnetic field intensity)

the saturation magnetization of the alloy tested
parallel to the imposed magnetic field is easier than
that tested perpendicular to the imposed magnetic
field, which accounts for the alignment of Co-rich
crystals and the formation of the (111) orientation in
the direction parallel to the magnetic field. The
alignment of the Co-rich phase is oriented, which
reduces the obstruction of magnetic domain rotation
along a certain direction [19], and results in a
significant decrease in coercivity. Moreover, grain
boundaries can hinder the movement of magnetic
domain walls [5]. The coercivity of the alloy treated
with an HMF is lower than that of the alloy without
magnetic field, which is also related to the number
of large grains increasing and the grain boundary
density decreasing, as shown in Figs. 6 and 7.

The saturation magnetization is an intrinsic
property of matter, depending on the composition
and other intrinsic parameters. When a 5T
magnetic field is applied, the Co-rich phase
in the microstructure preferentially follows the
preferential (111) direction, which is parallel to the
applied magnetic field. As a result, the magnetized
atoms are especially easily oriented along the
direction parallel to the imposed magnetic field.
The increase in alignment in the phases of CusoCoso
alloys under the action of a magnetic field may
give rise to the strengthening of the total dipoles
of the atom, thus enhancing its saturation
magnetization [30]. Additionally, the chemical
composition (at.%) of cobalt in different phases of
CusoCoso alloys measured by EDS is shown in
Table 1. It can be clearly observed that the cobalt
solute content in the Co-rich phase and Co-rich
dendrites increases obviously, while the cobalt
solute content in the Cu-rich matrix phase decreases

after the application of 5T magnetic field. Due to
the fact that the Co content in the Cu-rich phase
may be different at different locations, an EDS line
scan perpendicular to the Co phase boundary in the
CusoCoso alloy without and with a magnetic field is
presented in Fig. 10. It is evident that the solute
content of the Co-rich phase in the Cu-rich matrix
decreases significantly with the application of a
magnetic field. Therefore, the increase in saturation
magnetization of the alloy can be attributed to the
increase in the contribution of the cobalt solute
content in the Co-rich phase.

3.4 Microstructure evolution mechanism of
alloys under high magnetic field

Under certain conditions, owing to the shape
of the crystal, shape magnetic anisotropy can also
result in magnetic alignment, such as the needle-
like phase separated from a liquid metal [16,31].
Based on the anisotropy of magnetocrystalline [32],
the orientation of the particles may be altered due to
the application of the HMF. It is well known that
the HMF is able to influence the energy of a
solidified alloy system, as it can transfer
non-contact magnetic energy to the material. The
crystal orientation induced via a magnetic field
has been extensively researched, and a model of
the rotation orientation mechanism has been
proposed [33]. Three aspects must be satisfied for a
crystal with an aligned structure and orientation by
applying a magnetic field.

The first condition is that the unit crystal cells
of the materials should have magnetic anisotropy.
In general, materials with magnetic anisotropy
have different magnetic susceptibilities in each
crystal direction, which allows them to align with a
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Table 1 Chemical composition of cobalt in different phases of CusoCoso alloys under different magnetic field intensities

and undercoolings

Content/at.%
B/T AT/K - - -
Co-rich phase Cu-rich phase a-Co dendrite
0 209 81.88+0.5 5.53+0.7 78.81+0.3
5 219 84.46+0.3 4.82+0.5 79.26+0.4

@

(ay) Co

(by) Co

0 100 200 300 400 500
Distance/um

600 700 0 80 160 240 320 400 480 560 640 720 800
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Cu Cu
0 100 200 300 400 500 600 7000 80 160 240 320 400 480 560 640 720 800
Distance/um Distance/um

Fig. 10 (a) EDS line scan perpendicular to Co phase boundary without magnetic field in CusoCoso sample; (b) EDS line

scan perpendicular to Co phase boundary with high magnetic field in CusoCoso sample; (a1, bi) Location and length of

line corresponding (a, b), respectively; (az, a3, b, b3) Elemental concentrations along line (ai, by), respectively

preferred direction. Additionally, it is worth noting
that the hysteresis loops in Fig. 9(a») show significant
indications of magnetic anisotropy. Previous studies
have shown that a temperature range exists beneath
the liquidus line within which an aligned crystal
structure can be obtained by applying an external
magnetic field [34]. Combined with the above
microstructural analysis, it can be concluded that
HMF has a certain influence on the alignment of
crystals, which can be explained via the following
theory. On the basis of the magnetic properties of
the crystal and the melt, the magnetic field oriented
the crystallized nucleus of the melt in a definite
direction. The mechanical force moment leading to
the alignment of the crystal in the melt mainly
depends on the magnetic properties of the nucleus
as well as the degree of uniformity of the HMF [34].
It is worth noting that anisotropic crystals are also

subject to the torque caused by the demagnetizing
field, but this torque is usually much smaller than
that caused by magnetic anisotropy with the
exception of very magnetic systems [35].
Consequently, the magnetic torque is one of the
main reasons for the change in the crystal alignment.
As the particle is precipitated from the melt, the
magnetization (M) is produced owing to the applied
magnetic field, and the magnetic torque 7 acting on
the crystal with magnetic anisotropy in the
homogeneous magnetic field can be written as [36]

7= gy ginog (1)
21

where Ay is the magnetic susceptibility difference

between the two mutually-perpendicular axes of the

crystal, B is the magnetic field intensity, yg is the

magnetic permeability constant in vacuum, V is the
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volume of crystal, and o is the angle between the
axis with maximum magnetic susceptibility and B.
If the crystal with magnetic anisotropy is put in
HMF, the crystal will rotate freely [37]. Therefore,
the specimen solidified at 5 T shows an alignment
structure that is parallel to the magnetic field
direction.

The second case is that the material exists
in a weakly constrained medium that can rotate
sufficiently [33]. In other words, the surrounding
melt can offer a weak constraint medium that
ensures the free rotations of the crystal, indicating
that in this case, the material will be surrounded by
a fluid. Once the rotation begins, the resistance
caused by the liquid viscosity and the Lorentz force
will hinder the rotation, and therefore the magnetic
field will be high enough for the magnetic torque to
overcome the resistance. Another crucial factor that
influences the rotation of the crystal is time. In the
experiment, the supersaturated Co-rich phase
separated from the Cu-rich melt at an undercooling
of 219 K, and the time was long enough for the
Co-rich phase to be rotated by the magnetic torque
prior to the liquid Cu-rich phase solidifying
completely under the magnetic field.

The third condition is that the magnetization
energy is greater than the thermal disorder energy.
The Cu—Co alloy has apparent magnetocrystalline
anisotropy and the value of its magnetization
energy is larger than the thermal disorder energy, in
which it has enough rotation time and space to
make the crystal rotate and align under the HMF.
The magnetic field causes the orientation of the
crystal by rotating the magnetized crystal to reach a
stable  orientation, thereby reducing the
magnetization energy. If the non-ferromagnetic
material is magnetized in a magnetic field, the
magnetization energy of the material can be written
as [38]

Hex
U=-— jo Lo MAH (2)

where He is the magnetic field applied outside of
the material, and H.x is defined by considering the
demagnetization field, which is the magnetic field
generated inside the material. The relation between
M=yH.x and Hep=Ho—NM is as follows [39]:

ch:(1+N){)Hcff (3)

The magnetization energy in crystal orientations
can be expressed as [38]

Ho X 2
—H, “4)
2(1+ Ny’

where N is the demagnetization factor, and y is the
magnetic susceptibility.

The demagnetizing field Hy is also uniform in
any homogeneous magnetized sample with the
ellipsoid form. The demagnetizing factor for an
ellipsoid of revolution with o=c/a>1 can be
calculated as [40]

(a21—1)|:\/a?_1

o=cla (6)

cosh™ (a) — 1} (5)

where c is the length of long axis of rotation of the
ellipsoid, and a is the transverse diameter.

To further understand the magnetic alignment
of the Co-rich phase in the Cu—Co alloy, the
demagnetizing factors were calculated for different
length-diameter ratios, as shown in Table 2. Based
on Eq.(5), the calculated demagnetizing factors
were plotted as a function of length-diameter ratio
in Fig. 11. The demagnetizing factors decrease as

Table 2 Length—diameter ratio (c/a) of Co-rich phase in
CusoCoso alloy with parallel 5 T magnetic field at 219 K
undercooling (number represents rod-like Co-rich phase
with different sizes, and their values counted by
3-dimensional CT, as shown in Fig. 4)

Number cla
| 1.96
2 3.89
3 43
4 3.8
5 4.05
6 33
7 3.06
8 3.14
9 3.68
10 3.43
11 2.66
12 4.79
13 2.61
14 435
15 4.66
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Fig. 11 Calculated demagnetizing factors as function of
Co-rich phase length—diameter ratio under 5 T magnetic
field with 219 K undercooling

the length-diameter ratio of the Co-rich phase
increases. Based on the points discussed above,
when the crystal is placed in a magnetic field,
the crystal prefers to be arranged in the favorable
direction to minimize the magnetization energy,
thus stabilizing the system. Combining Fig. 11 and
Eq. (4), it can be inferred that the Co-rich phase at
the edge of the alloy has a higher magnetization
energy due to a larger length-diameter ratio under
5 T magnetic field, while the Co-rich phase with the
smallest length-diameter ratio in the center of the
alloy has the minimum magnetization energy.
Based on the above mechanism, when the Co-rich
phase having the magnetic anisotropy is dispersed
in a liquid matrix and subjected to a magnetic field,
the Co-rich phase with higher magnetization energy
will be rotated at an angle to decrease the system
energy, forming the oriented structure.

Previous studies have shown that the magnetic
field during solidification can cause an aligned
microstructure through the free rotation of the
crystals with the magnetic anisotropy, which
indicates that the aligned microstructure comes
from the improvement of the crystal ordering
degree [30]. To gain a better understanding of the
evolution of the crystal alignment and orientation
during non-equilibrium solidification, a schematic
illustration of the evolution of the Co-rich crystal is
illustrated in Fig. 12 under different magnetic field
intensities. It can be observed that the Co-rich
crystals are oriented arbitrarily within the core
Co-rich phase in the absence of a magnetic field.
However, with the application of an HMF, the phase

separated Co-rich phase exhibits an aligned
morphology, forming a rod-like structure. When the
length-diameter ratio of the rod-like Co-rich phase
is large, the Co-rich crystal is oriented along the
(111) direction induced by the HMF during the
non-equilibrium  solidification  process.  This
demonstrates that the HMF can effectively tailor the
orientation of the crystal and alignment of the
separated phase in immiscible alloy during non-
equilibrium solidification.

) (a) : (b)
Vira :
: > @
E ‘ p B
% ﬁv g
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= S &
£ A=
s @ = 98
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Fig. 12 Schematic illustration of evolution of Co-rich
crystal: (a) Random orientation within core Co-rich
phase in the absence of magnetic field; (b) Preferential
alignment and orientation within rod-like Co-rich phase
when HMF is imposed

4 Conclusions

(1) The phase-separated Co-rich phase
solidified at 0 T has no pronounced alignment and
orientation behavior. In contrast, the Cu-rich phase
in the alloy exhibits the same orientation feature,
irrespective of whether the HMF is imposed.
Therefore, the magnetic field has no obvious
influence on the orientation of the Cu-rich phase
with secondary liquid—liquid phase separation.

(2) The application of a 5 T magnetic field
causes the phase-separated Co-rich phase to exhibit
aligned morphology due to magnetic torque. The
Co-rich phase at the edge of the sample is oriented
along (111) crystal direction parallel to the
magnetic field, which is attributed to larger
length-diameter ratios of crystals aligning in the
direction to minimize magnetization energy.

(3) The sample solidified at 0T presents
near-magnetic isotropic behavior, whereas the
sample solidified at 5T displays magnetic
anisotropy. With the application of HMEF, the
saturation magnetization of the alloy increases
slightly due to enhanced total dipoles of the atom
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and increased contribution of cobalt solute content
within the Co-rich phase, while the decrease in
coercivity is attributed to the reduction of the
obstruction of magnetic domain rotation.
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