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TOPICAL REVIEW — Fundamental research under high magnetic fields

Orientation and alignment during materials processing
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The characteristics of lattice structures can make crystal possess distinct anisotropic features, such as the varying
magnetism in different crystal orientations and different directions. The anisotropic magnetism can also cause the free
energy to vary in different orientations of crystal in a magnetic field (magnetic anisotropy energy). Magneto-anisotropy
can make the crystal rotate by the magnetic force moment on the crystal with the easy axis towards the direction of the
magnetic field, and can also promote the preferential growth along a certain crystal direction at the lowest energy state.
By solidification, vapor-deposition, heat treatment, slip casting and electrodeposition under magnetic field, the crystal
structure with high grain orientation is obtained in a variety of binary eutectics, peritectic alloys, multicomponent alloys
and high temperature superconducting materials. This makes it possible to fabricate texture-functional material by using
high magnetic field and magneto-crystalline anisotropy of crystal. The purpose of this article is to review some recent
progress of the orientation and alignment in material processing under a high magnetic field.
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PACS: 83.60.Np, 74.25.N—, 83.50.Uv, 81.30.Fb

1. Introduction

The ability to impose a preferred orientation or alignment
on a crystalline material is effective in improving its physi-
cal properties. By applying a high magnetic field to a crys-
tal, its magnetic force/torque is generated when the crystal has
anisotropic magnetic properties. Table 1 shows the metallic
materials aligned by a strong magnetic field.

It can be seen that both ferromagnetic and non-
ferromagnetic metals can reach aligned morphologies under a
sufficiently high magnetic field. From a thermodynamic view-
point, the magnetizing of a crystal is a process involving an
input of magnetization energy to the system. The magnetic
energy can be expressed as follows: 1]

Hex
GM - - 0 IJ«OMdHe)p (1)

For a non-ferromagnetic substance, M in Eq. (1) is the volume
density of magnetic dipole moment and expressed as

M = Y Hex. ()

Inserting Eq. (2) into Eq. (1) yields

Hex

1
Gu=— | HoMdHe = =5 poxHey, 3)

where Gy is the magnetization Gibbs energy, L is the mag-
netic permeability (47 x 1077 H-m™'), He, (sometimes using
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B instead) is the imposed magnetic field, and y is the magnetic
susceptibility.

As shown in Fig. 1, the x values of a crystal are heteroge-
neous in different crystal directions. Therefore, from Eq. (3),
the entropy varies correspondingly. Then the difference in

magnetizing entropy between crystal directions ¢ and ab is: %]
AG ™ = Gy — G <. “4)

This means that the decrease of free energy along the c-axis di-
rection is more evident than the one along the ab axis. There-
fore, the magnetic field enhances the growth in the c-axis di-
rection and promotes the consequent growth alignment.

It is necessary that a critical radius should be reached for
the nuclei in a liquid metal to achieve the magnetic alignment.
As given in Eq. (5), the critical radius can be derived from
Eq. (1) under the assumption of a spherical particle.

p> o SHoksT (5)
2r (Xc - Xa,b) B? 7

where kg is the Boltzmann constant, J, is the magnetic suscep-
tibility along the c axis, and ¥, 5 is the magnetic susceptibility
along the ab axis. For instance, the critical radius for bismuth
is 16.5 nm.
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Table 1. Summary of metallic materials aligned by strong magnetic field.'=>!

Magnetic flux

Metallic materials Crystal structures . Aligned direction Ref.
density, T
Al,C ti
Al-Cu alloy 2Cu (paramagnetic) -10 c-axis| B 61, (71, 18]
tetragonal
Zn (di ti
Cd—Zn alloy n (diamagnetic) 1 c-axis|| B 6]
hexagonal
Al3Ni agneti
AL-Ni alloy 3Ni (paramagnetic) 10 c-axis| B (6, [9]
orthorhombic
AlgMi ti
Al-Mn alloy 6Mn (paramagnetic) 10 c-axis| B [10]
orthorhombic
Mn; gBi (paramagnetic) 10 c-axis|| B
Mn-Bi alloy .hexagonal ‘ >Curie te.mperature (1]
MnBi (ferromagnetic) 05 c-axis|| B
hexagonal ’ >Curie temperature
Bi (di ti
Bi, Bi-Sn alloy i (diamagnetic) 512 c-axis LB [12]
hexagonal
Mn_Sb alloy MnSb (paramagnetic) 13 c.—axisH B 1
hexagonal >Curie temperature
Sm-Co Sm,Co)7 (paramagnetic) 95 c'—axisH B (4]
hexagonal >Curie temperature
AIF ti
Al-Fe 3Fe (paramagnetic) 12 (543) | B 2]
monoclinic
Nd_Fe_B alloy Nd,Fe 4B (paramagnetic) 5 c.-axisH B ;3]
tetragonal >Curie temperature
Co-Sn alloy Co primary phase 312 Co dendrite|| B (5]

(paramagnetic) hexagonal

>Curie temperature

Alignment due to shape anisotropy

Al-9 wt%Si-15 wt%Fe

Al-Si—Fe all
e atoy (needle shape)

5

long direction of the crystal L B [12]

Alignment during vapor-deposition

Bi film
Zn film

vapor-deposition
vapor-deposition

5
6

c-axis L. B

10
c-axis|| B L10]

ab

Fig. 1. Anisotropic grain in magnetic field, where B is magnetic field
direction. ¢ and ab are crystallographic axes, respectively. (©]

According to the theory of magnetic anisotropy, it is not
necessary for the crystal to have a non-cubic structure. How-
ever, it is more common for non-ferromagnetic materials with
non-cubic crystal structures to achieve the magnetic align-
ment. In some cases, magnetic alignment can also be induced
by the shape magnetic anisotropy due to the shapes of the crys-
tals, for instance, the needle-like phases precipitated from a
liquid metal. Because of the shape anisotropy, the particle is
aligned along the direction with a lower system energy im-
posed by the anisotropic demagnetizing field. It can be ex-
pressed in Eq. (6) as follows:

AU o< (B* /2410) (23 — x) (NL =N}, ©6)

where AU = U, — U indicates the difference in magnetic en-
ergy between the particle aligning perpendicular and that par-
allel to the magnetic field direction; yp and )y are the mag-
netic susceptibility of the particle and liquid metal, respec-
tively; N, and N| are the demagnetizing coefficient perpen-
dicular and parallel to the needle axis of the particle. The
value of N, is larger than that of N in the most cases for the
particle with a needle-like shape, such as a primary dendrite
arm. Therefore, if xp > ym, AU > 0 and the particle should be
parallel to the imposed magnetic field direction. If yp < xm,
AU < 0 and the particle aligns perpendicularly to the magnetic
field.[10-12]

There are several ways to achieve magnetic alignment
during the processing of metallic materials, such as solidifi-
cation, vapor-deposition, heat treatment, slip casting and elec-
trodeposition.

2. Reviews of researches on orientation and
alignment in processing various materials

In 1981, Mikelson and Karklin first obtained the aligned
solidification structure in Al-Ni, Al-Cu, Bi—Cd, and Cd-Zn
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alloys under a 0.5 T-1.5 T magnetic field.!®! Subsequently,
Savitsky et al. found that the primary MnBi ferromagnetic
crystal phase in Bi-(0.9-10) wt%Mn alloys aligned along the
direction of a magnetic field of 2.5 T during solidification (see
Fig. 2).l''] De Rango er al. first prepared the bulk texture of
YBa;Cu3 07 superconductor in solidification process under a
high magnetic field of 5 T.['3] Katsuk reported that the dia-
magnetic benzophenone crystallized from n-hexane, KCI1 and
BaCl, crystallized from solution aligned under a 10-T mag-
netic field.!"* Texture crystal growth of Bi-2201 and Bi (Pb)
2212 have been also obtained under a high magnetic field.
Asai put forth the perpendicular alignment of the primary
phase during solidification of Al-Si—Fe alloy under a strong
magnetic field of 5.5 T.[!3

Fig. 2. Microstructures of Bi—10 wt%Mn alloy: (a) crystallization without
external magnetic field; (b) and (c) cross-section parallel to applied magnetic
field; (d) cross-section normal to applied magnetic field.!'!]

Thashi et al. also achieved the crystal alignment in vapor
deposition process by using a high magnetic field. As shown
in Fig. 3, the zinc crystals were found to be oriented to the easy
magnetic axis parallel to the magnetic direction in resistance
method. 6]

Fig. 3. Zn film obtained by vapor-deposition without (a) and with (b) 6-T
magnetic field. %)

The crystal alignment during the solid phase transforma-
tion was also found under a high magnetic field. The first
observation of aligned microstructures in steels was made on
Fe—0.1%C and Fe—0.6%C alloys undergoing ¢-to-} transfor-
mation in a magnetic field of 8 T.I'”) The chain or columnar
7Y phase was developed along the magnetic field in the matrix

of o phase as shown in Fig. 4. The formation mechanism
of the aligned structure is attributed to the dipolar interaction
between the nuclei of ¥ phase regarded as magnetic holes in
the background of ferromagnetic medium of & phase. Sub-
sequently, the same author successfully achieved an aligned
microstructure during the austenite-to-ferrite transformation
in steels under a magnetic field of 12 T. At the same time,
the formation mechanism of the aligned structures was dis-
cussed from the viewpoint of the nucleation and growth of fer-
rite grains in austenite phase under a magnetic field.

Fig. 4. Microstructures of Fe—0.6 wt%C specimens kept at 745 °C for
45 min: (a) cross-section parallel to magnetic field 8 T; (b) cross-section
perpendicular to the field; (c) under the same treatment in zone magnetic
field.[17]

In China, the relevant researches have been extensively
carried out since the beginning of this century, which can be
marked by the first paper published by the researchers from
Shanghai University in 2002. The research group headed by
Zhong-Ming Ren in Shanghai University mainly focused on
the orientation and alignment behaviors of metals in the so-
lidification process. They systemically studied the alignment
of MnBi phase in the Bi—Mn alloy and its morphology evolu-
tion rule during the bulk solidification under different inten-
sities of magnetic field.['®>*] By maintaining the melt at a
constant temperature (above or below the curie temperature of
Bi—-Mn alloy) in different times, they analyzed the alignment
and growth dynamics of the MnBi phase. In the mushy zone
orient, the MnBi crystals congregated and grew up preferen-
tially along the direction of the applied magnetic field in the
Bi—-Mn alloys solidification process. Besides the Bi-Mn sys-
tem, they also verified the orientation effect of the static mag-
netic field on the AI-Nil! and Al-Cul”#! system and found
that the A13Ni crystal orientation and the ¢ plane of A13Ni
crystal alignment are perpendicular to the direction of mag-
netic field. For the Al-Cu system, they pointed out that the
alignment structure was formed and the (111) crystal direc-
tion turned to the direction of the magnetic field during direc-
tional solidification of the Al-4.5 wt%Cu alloy with a grains
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growth speed of 50 pm/s and thermal gradient of 3800 K/m.
It should be noticed that they in fact began to use the forced
solidification method to enhance the alignment effect on solid-
ification of metals with assistance of the static magnetic field
in 2005. For the directional solidification of Bi—Mn alloy, they
reported that the high magnetic field has enhanced the forma-
tion speed range of MnBi fiber and regularized the MnBi/Bi

eutectic structure. As shown in Fig. 5, the average spacing
and diameters of MnBi fibers increased under the magnetic
field.[>*! The addition of high magnetic field made the arrange-
ment of directionally solidified microstructure more regular.
Obviously, the MnBi fiber began to coarsen and the fiber spac-
ing increased. With the rise of magnetic field intensity, the
small facet growth characteristics were enhanced.
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Fig. 5. Influence of magnetic field on directional solidification structure, (a) and (b): without magnetic field; (c) and (d): with 2-T

magnetic field; evolution of average spacing (e) and average diameter (f) with growth velocity under different magnetic fields.

Except for the single phase and eutectic alloys, the align-
ment of the monotecitc alloys can also be realized by using
high static magnetic field during their solidification. In 2008,
Wang et al. reported that some of aligned solidification struc-
tures were formed in the alloys of Fe—-49 wt%Sn and Cu—
40 wt%Pb under a high magnetic field.[*>! They attributed
such structures to the difference in magnetic anisotropy energy
between a-Fe crystal orientation and the preferential growth
of o-Fe dendrite; in the Cu—40 wt%Pb alloy under a 12-T high
magnetic field, the motion of Pb-rich droplets and the molten
flow in the solidifying front was suppressed by the external

[24]

field, which indicates the formation of much longer, regularly
aligned rod-like Pb-rich phase in the center of sample. More
recently, Zhong et al. also found the aligned structure of Bi—
5 wt%Zn formed during solidification under various high mag-
netic fields as shown in Fig. 6;2027] the ¢ axis of Zn crystal in
the eutectic BiZn structure is the maximum magnetic suscep-
tibility, which be aligned parallel to the direction of 6-T high
static magnetic field completely. Both Wang and Zhong con-
sidered that such an aligned structure was formed in two steps:
the minor phase droplets’ movements were first damped by the
high magnetic fields and then grown in a certain direction.

500 pm-

1| et

Fig. 6. Three-dimensional microstructures of Bi—5 wt% Zn immiscible alloys solidified under various magnetic fields: (a) 0 T, (b) 2 T, (c) 4 T, (d) 6 T.[*]

Heat treatment is also another important materials pro-
cessing technique, during which the texture is desired for most
cases. A research group of Northeastern University is most
They first studied the effect
of magnetic field intensity on the microstructure of proeutec-

active in this field in China.

toid ferrite in Fe-0.12%C?%) and Fe—0.76%C alloy.*! It was
found that the proeutectiod ferrite grains were elongated along
the magnetic field direction, and the angle between the major
axis of proeutectoid ferrite and magnetic field direction de-
creased with magnetic field intensity increasing.*! They ex-
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plained such an observation as follows: the proeutectoid fer-
rite becomes the magnetic dipolar under high magnetic field,
and then the diffusion of polarized austenite atoms is eas-
ier to form the ferrite grain along the magnetic field direc-
tion. In 2013, Wang et al. reported their work on the effect
of magnetic field on crystal orientation, morphology and mag-
netostriction of TbFe, and Tbg 7Dy 73Fe; 95 alloys in heat
treatment process.*’! They found that high magnetic field did
not change the orientation of the R—Fe alloy, but the orienta-
tion degree had a great improvement after heat treatment.

It can be seen that the aligned structure is more favored
by the functional materials. The chemical synthesis (elec-
trodeposition), vapor-deposition and slip casting are the most
important fabricating methods. In such processes, the align-
ment effect of high static magnetic field works as well. In
2007, Ren et al. found that the one-dimensional growth of the
nano-sized cobalt ferrite was enhanced by a 10-T static mag-
netic field in the synthesis process.3!! Three years later, they
also confirmed that the magnetic field can align with the Zn
crystal during the film fabrication. They achieved the Zn film
growth via the vacuum evaporation method and found that the
preferential growth direction of such a film was strongly af-
fected by a strong magnetic field.>) Wang et al. investigated
that the influence of Co doping on the orientation behavior of
ZnO film during fabrication under a magnetic field.[>3] They
found that a 6-T magnetic field can give rise to the formation
of rod-like ZnO grains, and the preferred orientation of (101)
transforms to that of (002) with oxidation time increasing un-

der a high magnetic field. Very recently, a paper in this field
was published by the high magnetic field laboratory of Chi-
nese Academy of Sciences. Xu et al. studied the influence of
high magnetic field on the molecular orientation and the mor-
phology of iron phthalocyanie thin film. It was found that in
the presence of the external magnetic field, the deposited FePc
film showed a higher crystallinity and slightly closer packing
in the (002) plane than those without magnetic field. Figure 7
shows the x-ray diffraction spectra of FePc thin films grew
without and with magnetic field. 341 In 2010, Ma et al. fabri-
cated the GABCO bulks under a strong magnetic field and a
textured structure was found under a 10-T magnetic field. >
Such a texture structure favors the superconductivity property

of the sample.
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For the ceramics, slip casting is the main manufacturing
method. The texture structure can be obtained by applying
high magnetic field to this process, and in fact such an aligned
structure is desired for some ceramics. In this field, the first
research in China was carried out by Zhou et al.*®! They tried
to clip the texture of y-Y,SiyO; with the assistance of high
magnetic field in the two-step sintering process. They used a
high magnetic field in the slip casting process and found that
the texture obtained in the green bodies could be preserved af-
ter sintering. Figure 8 shows the XRD patterns of their green
bodies obtained by slip casting under magnetic field and the
corresponding sintered samples.

Zhang et al. fabricated highly textured ZrB,-based ultra-
high temperature ceramics via strong magnetic field alignment
in 2009.1371 And recently, Pan et al. prepared a grain-oriented
structure CeF3 ceramic by imposing a high magnetic field in

its slip casting process. 38!

3. Conclusions

In summary, it is not difficult to find that the orientation
and alignment effect of high magnetic field has been widely
accepted and applied to various material processes to obtain
the texture structure. In this field, Chinese scientists have con-
ducted extensive and in-depth researches. It can be found that
the high static magnetic field is still a powerful method to con-
trol the crystal and grain orientation, and it can be expected to
possess more practical applications in the future.
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