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ABSTRACT

Nd-Fe-B sintered magnets with a giant intrinsic coercivity of 47.1 kOe and a high maximum energy
product of 38.5 MGOe have been prepared via a combination of conventional sintering techniques
and novel grain boundary diffusion process. Microstructural observations show that the Nd,Fe 4B
main phase grains in the magnets exhibit a core/shell type rare-earth elements distribution, where
Tb enriched (Nd,Tb),Fe14B phases are formed in the surface regions of the grains. Magnetic domain
observations indicate that these modified surface regions strongly restrain the nucleation process
of reversed magnetic domains, leading to a remarkable enhancement of the coercivity and overall

magnetic performance of the magnets.
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IMPACT STATEMENT

Nd-Fe-B sintered magnets with an unprecedented overall magnetic property have been fabri-
cated with a novel approach, and the origin of magnetic property enhancement was elaborated via

magnetic domain observation.

1. Introduction

In recent years, the rapid development of some green-
energy technologies, such as electric transportation and
wind turbines, has led to the growing demand for
Nd-Fe-B sintered magnets bearing both high maximum
energy product [(BH)max] and high intrinsic coerciv-
ity (Hgi) [1-3]. The traditional method for enhancing
the coercivity of Nd-Fe-B sintered magnets is to par-
tially substitute Nd with heavy rare earth, such as Dy
or Tb, to increase the anisotropy field of the magnets
[4-7]. However, the increase in H¢j occurs at the expense
of the remarkable decrease of (BH)ax due to the fer-
rimagnetic characteristic of (Dy/Tb),Fe 4B compounds
[7]. In 2000, Park et al. proposed a promising way of
grain boundary diffusion (GBD) to enhance the coer-
civity of thin Nd-Fe-B sintered magnets [8]. Lately,

several methods focusing on grainboundary modifica-
tion (GBM), i.e. concentrating Dy or Tb in the surface
regions of the Nd,Fe 4B main phase grains, have been
developed [9-18]. By annealing Nd-Fe-B sintered mag-
nets, coated with micron-size TbF3 particles, Nakamura
et al. [9] achieved a coercivity enhancement from 0.9 to
1.7 MA/m in the magnets without sacrificing their rema-
nence. Furthermore, their observations indicate that Tb
diffuses into the magnets along the grain boundary phase
and segregates near the surface regions of the grains.
Watanabe et al. [14] sputtered a thin Tb layer on the
surface of Nd-Fe-B sintered magnets, and using a sim-
ilar GBD technique, they improved the coercivity of the
magnets from 0.95 to 1.98 MA/m with a slight decrease,
of 0.01 T, in the remanence. Apart from GBD, Yue et al.
[18] introduced a new approach to achieve GBM. They
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doped Tb nanoparticles with Nd-Fe-B powders to pre-
pare Nd-Fe-B sintered magnets, with Tb-enriched sur-
face regions of Nd,Fe 4B grains after sintering. As a
result, the magnets exhibit remarkable improvement in
coercivity without any obvious decreases in remanence
and maximum energy product.

Based upon above approaches, one can obtain new
Nd-Fe-B sintered magnets with both high H; and high
(BH)max> which could have a wider application field
[19-21]. Moreover, the new magnets, containing less
Dy or Tb, will have low fabrication costs compared
with the present Nd-Fe-B sintered magnets. Up to now,
however, the specific magnetic hardening mechanism
of magnets with GBM is still unclear. More investiga-
tions to the micromagnetic structure of the magnets
are necessary to understand the nature of the coercivity
enhancement [22,23]. In this paper, we describe a novel
approach to develop Nd-Fe-B sintered magnets with
(BH)max of 38.5 MGOe and H,; of 47.1kOe, leading to
a record high overall magnetic performance (OMP) [19]
of (BH) max (MGOe) + Hj (kOe) = 85.6. These superior
magnetic properties, in particular the giant coercivity,
enable Nd-Fe-B sintered magnets to compete for wider
applications at an elevated temperature. The microstruc-
ture and magnetic domain of the magnets were also
investigated to understand the origin of this high perfor-
mance.

2. Experiments

Nd-Fe-B sintered magnets with a commercial grade of
40TH (the magnetic properties were shown in Figure 1),
prepared by conventional sintering techniques. The mag-
nets were cut into 10 mm x 10 mm x 4 mm thin slices
and coated with TbHj3 nanoparticles by dipping the slices
into a TbHj3 nanoparticles solution. This solution is a
mixture of inert-gas condensed TbH3 nanoparticles and
ethyl alcohol with a ratio of 1:1. The coated slices were
dried in hot air, wrapped with nickel film and then heat-
treated in vacuum at 940°C for 7 h followed by a further
annealing at 500°C for 5h. For comparison, TbH3 and
TbF; microparticles were also applied to the diffusion
treatment under same conditions.

The microstructure of the magnets was studied
using scanning electron microscope (SEM) with energy-
dispersive X-ray spectroscopy and electron-probe micro-
analyzer (EPMA) with a wavelength-dispersive X-ray
detector. Magnetic domains and their evolution during
the magnetization and demagnetization processes were
observed by a magneto-optical Kerr optical microscope
(MOKE). For comparison, Nd-Fe-B sintered magnets
with a commercial grade of N52 [(BH)max & 52 MGOe
and H; > 12 kOe] were also observed with MOKE. The

observation plane of the samples with SEM, EPMA, and
MOKE was perpendicular to the c-axes direction of the
magnets. Magnetic properties of the slice-like magnets
were measured using a B-H hysteresis loop tracer. The
magnets were slightly polished to remove a rough sur-
face layer with thickness of tens of micrometers before
magnetic measurement.

3. Results and discussion

Figure 1 shows the demagnetization curves (solid line)
for a high-performance Nd-Fe-B sintered magnet pre-
pared by the GBD technique with three kinds of Tb-
containing particles, namely TbH3 nanoparticles, TbH3
microparticles, and TbF3 microparticles. Demagnetiza-
tion curve (dash line) of the corresponding pre-treated
magnet was shown together for comparison. It shows that
all of the three treated magnets bear remarkably higher
coercivity but slightly lower remanence than those of
the pre-treated magnet. By contrast, TbH3 nanoparticles-
treated magnets exhibit best properties: the maximum
energy product and intrinsic coercivity of the magnet
are 38.5 MGOe and 47.1 kOe, respectively, leading to an
OMP of (BH)max (MGOe) + H¢; (kOe) = 85.6. Com-
pared with the pre-treated magnets, the coercivity of the
magnet increases remarkably by 12.3kOe (35.3%), and
the energy product drops slightly by 0.8 MGOe (2.0%),
leading to a value of the OMP increases by 11.5 (15.5%).
To the best of our knowledge, the high OMP value
exceeds the highest reported value in the literature for
Nd-Fe-B sintered magnets, demonstrating the validity
and feasibility of TbH3 nanoparticles GBD in preparing
new Nd-Fe-B sintered magnets with both high H¢ and
high (BH)max.

Figure 2(a) shows the microstructure of GBD-treated
Nd-Fe-B sintered magnet with TbH3 nanoparticles. The
observation plane is 200 pm beneath the surface of the
magnet. The white Nd-rich phase, shown in Figure 2(a),
distributes homogeneously around the gray Nd,Fe 4B
matrix phase. Moreover, also shown in the figure, each
Nd,Fe 4B grain is composed of a dark-gray core area
with a light-gray surface region. To clarify the distribu-
tion of the diffused Tb element in the Nd-Fe-B magnet,
the concentrations of Tb elements in the same obser-
vation plane were examined, as shown in Figure 2(b).
It clearly shows that Tb elements are enriched mainly
along the surface region of every Nd;Fe 4B grains and
form the (Nd,Tb),Fe 4B phase. A similar phenomenon
was carefully investigated and reported for GBD pro-
cess of Dy-vapor treated Nd-Fe-B sintered magnet [24].
Further quantitative investigation of Tb distribution in
the Nd-rich phase, Nd,Fe 4B grain center area, and sur-
face region indicates that little Tb exists in the Nd-rich
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Figure 1. Demagnetization curves (solid line) of a high-performance Nd-Fe-B sintered magnet prepared with three kinds of particles
(TbH3 nanoparticles, TbH3, and TbF3 microparticles) by GBD technique, and the demagnetization curve (dash line) of the pre-treated
magnet was also shown for comparison. Inset table: magnetic properties of the four magnets.

phase, while the Tb concentration in the surface region
of Nd,Fe 4B grains is three to four times higher than
that in the center of the Nd,Fe 4B grains. In a recent
first-principles study, Liu et al. found that Tb prefers to
enter the Nd,Fe 4B matrix phase rather than the Nd-rich
phase when it was diffused into the Nd-Fe-B sintered
magnet, showing the thermodynamic origin for the selec-
tive occupation of Tb in the magnet [25]. Therefore, the
enrichment of Tb was expected to result from the sub-
stitution of Nd by Tb atoms in the Nd,Fe;4B compound
during the sintering and subsequent heat treatment pro-
cess.

Figure 3 shows the concentration distribution of Tb in
the GBD-treated Nd-Fe-B sintered magnets with TbH3
nanoparticles, TbH3 microparticles, and TbF3; micropar-
ticles. It shows that in all of the three magnets, Tb
concentration decreases gradually from the surface (bot-
tom) to the inside (top) of the magnets. For comparison,
higher Tb concentration and longer diffusion distance
were achieved simultaneously in the TbH3 nanoparticles-
treated magnet, demonstrating the key advantage of
nanoparticles in the GBD treatment. In detail, the smaller
size of TbH3 nanoparticles makes their diffusion process
along the grain boundary of Nd-Fe-B sintered mag-
nets much easier than their micrometer-size counterpart,
and the diffusion distance is also longer. Moreover, it is
worth to note that terbium hydride possesses another
advantage to terbium fluoride in the GBD treatment.
That is, the hydrogen atoms in the particles release as

hydrogen gas upon heating before the GBD process, so
there will be no contamination of fluorine entering into
the magnets with Tb. As a result, the undesirable mag-
netic dilution by fluorine, which will lead to considerable
reduction of remanence and deterioration of squareness
of the demagnetization curve, can be avoided. The above
two advantages make TbHj3 nanoparticles more desirable
than TbH3; and TbF3; microparticles in the GBD treat-
ment, as demonstrated by the corresponding magnetic
performance shown in Figure 1.

To understand the effect of the terbium GBD treat-
ment to the coercivity enhancement of Nd-Fe-B sintered
magnet, the magnetic domain reversal of fully magne-
tized GBD-treated Nd-Fe-B sintered magnet in the field
from 1.5 T to —1.5 T was observed with Kerr microscopy.
For comparison, the commercial Nd-Fe-B sintered mag-
net with low coercivity was investigated as well. At 1.5T,
both magnets exhibit fully magnetized states, i.e. sin-
gle domains. As the field is reduced to 0T, a maze
domain pattern is found in some grains in the com-
mercial magnet, as indicated by arrows in Figure 4(b),
indicating that the nucleation of reverse domains starts
before the demagnetization process due to the demagne-
tization field. As the reverse field increases, the reverse
domains expand gradually, as shown in Figure 4(c). At
—0.5T, the first fully reversed grain was observed in the
magnet, as indicated by the arrow in Figure 4(d). As the
reverse field increases to —1.5 T, most grains are now fully
reversed. On the other hand, no reversed grains were
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Figure 2. EPMA micrograph of the GBD-treated Nd—Fe-B sintered magnet 200 um beneath the surface of the magnet (a) and concen-

tration distribution mapping of Tb in the corresponding position (b).
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Figure 3. Concentration distribution mapping of Tb in the GBD-
treated Nd-Fe-B sintered magnets with (a) TbH3 nanoparticles,
(b) ToH3 microparticles, and (c) TbF3 microparticles, the bottom
and the top of the figure corresponding the surface and inside of
the magnets, respectively.

observed in the GBD-treated Nd-Fe-B sintered magnet
until the reverse filed increased to —0.4 T. The success-
ful restraint of magnetic reversal of the grains before the
remanent point is beneficial to high Mr/Ms ratio, lead-
ing to relatively high remanence in the magnet. At —0.5 T,
several grains were suddenly reversed, as indicated by the
arrows in Figure 4(i). It is important to note that magnetic
domain expansion cannot be observed in the suddenly
reversed grains, suggesting that the nucleation field of
a reversed domain is stronger than the field needed to
overcome the drag force of domain wall motion. Even

at —1.5T, domain reversal was observed in only a few
grains, while most of the grains kept their original mag-
netized state, indicating that the corresponding demag-
netization process has not reached the coercive field. It is
therefore concluded that the GBD treatment has a sub-
stantial influence on the magnetic domain reversal of
Nd-Fe-B sintered magnets. As a result, the coercivity of
the magnet was greatly enhanced. Moreover, it is worth
to note that few misoriented grains can be observed in
the magnets, although most grains are well aligned dur-
ing the fabrication process. Such grains are found to keep
distinct contrast during the reversal process, and example
was circled with a blue square at the left bottom in Figure
4(f).

To gain a more detailed insight on the magnetic
domain reversal process, we investigated the magnetic
domain evolution of individual grains in both commer-
cial and GBD-treated Nd-Fe-B sintered magnets, as
shown in Figure 5. For the commercial magnet, the grain
is in a fully magnetized state at 1.5T. As the field is
reduced to 0.8 T, reversed domains were observed near
the surface region of the grains, as indicated by the arrows
in Figure 5(b). We note that the magnetic reversal nucle-
ation sites can seldom be found in our observation due
to the time resolution of the equipment. As the field
is reduced to zero, the reversed domains (dark pattern
in the grain) gradually enlarge. Upon the application of
a reverse field, the reversed domains finally approach
their fully magnetized state once the reverse field reaches
—1.4'T. On the other hand, the domain evolution process
in the grains of GBD-treated magnet is significantly dif-
ferent. Although the grains also show a fully magnetized
state at 1.5 T, it can keep that state even when the applied
reverse field reaches —1.4 T. After this point, the magne-
tization of the entire grain reverses suddenly at —1.5T
without nucleation and expansion of the reverse domain.
As the domain wall motion is expected to be fast under a
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-1.5T

Figure 4. MOKE images of magnetic domain evolution of the commercial Nd-Fe-B sintered magnet (upper row) and GBD-treated

Nd-Fe-B sintered magnet (lower row) in the field of 1.5Tto —1.5T.

1.5T 0.8T

-1.4T -1.5T

Figure 5. MOKE images of magnetic domain evolution of individual grain in the commercial Nd-Fe-B sintered magnet (upper row) and
GBD-treated Nd-Fe-B sintered magnet (lower row) in the field of 1.5Tto —1.5T.

magnetic field as high as 1.5 T, the duration of the whole
magnetic reversal process of the grain is too fast to be
captured with our equipment.

Based upon the above observations, it is clear that
the magnetic domain reversal mode of GBD-treated
Nd-Fe-B sintered magnet, namely the kinetics of
the magnetic domain switching, undergoes significant
changes compared to that of the commercial magnet.
For the conventional Nd-Fe-B sintered magnet, the
typical microstructure is composed of the Nd,Fe;4B
matrix phase and the Nd-rich grain boundary phase. The
magnetic reversal of the magnet involves the magnetic
domain nucleation followed by expansion. According
to our previous study [18], the Nd,Fe 4B grain surface
regions usually have low crystal anisotropy and are prone
to act as nucleation sites, and once the reversed mag-
netic domain nucleation occurs, the reversed domains
quickly expand via domain wall motion with the increase
of reversed field, as is observed in Figure 5(a)-(g). There-
fore, the magnetic reversal nucleation field, Hy, has a
critical influence on the coercivity of the magnet. Dur-
ing the GBD process, the partial replacement of Nd by
Tb takes place in the surface regions of the Nd,Fe;4B
grains by atomic diffusion, as shown in Figure 2. Both

our previous investigation [18] and theoretical study by
Liu et al. [25] suggest that the Terbium enriched in the
grain surface regions exists in the form of TbyFe 4B
and/or (Nd, Tb),Fe 4B phases. Since the Hy of 22T
for the TbyFe14B compound is much higher than that
(6.7T) for the NdyFe 4B compound [4], the Hy of the
surface region is substantially enhanced, leading to a
strong resistance to the nucleation of reverse domains.
As a result, the GBD-treated Nd-Fe-B sintered mag-
nets exhibit extra-high coercivity as well as a record-high
OMP. The phenomenological illustrations to the mag-
netic domain switching kinetics shown in Figures 4 and
5 are beneficial to understand coercivity enhancement in
GBD-treated Nd-Fe-B sintered magnets.

4, Conclusion

In summary, magnetic properties, structure, and mag-
netic domain evolution have been studied for novel
Nd-Fe-B sintered magnets with a record high OMP pre-
pared by conventional sintering and subsequent GBD
treatment. A core/shell type rare-earth element distribu-
tion, i.e. Tb is enriched as (Nd,Tb),Fe;4B phase in the
surface regions of the Nd,Fe 4B grains was observed in
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these magnets. Furthermore, magnetic domain observa-
tions indicate that the modified surface regions have a
substantial influence to the nucleation process of reversed
magnetic domains, leading to the remarkable enhance-
ment of the coercivity as well as to the OMP of the
magnets.
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