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Abstract

®

CrossMark

Multi-main-phase (MMP) (Nd, Ce),Fe 4B magnets containing both Nd-rich shell covering
Ce-rich core and Ce-rich shell covering Nd-rich core within the 2:14:1 grains have

shown much superior coercivity to the single-main-phase ones with homogeneous Nd/Ce
distributions. To understand how these core—shell grains and the microstructure of grain
boundaries (GBs) influence the coercivity of MMP Nd—Ce—Fe-B magnets, micromagnetic
simulation was carried out through constructing a 3D finite element model. The influences
of physical dimension and magnetism of the GBs, Nd or Ce-rich shell thickness, and Ce
substitution level on coercivity were all analyzed. It was found that thick and nonmagnetic
GB layers play an essential role in enhancing the coercivity as the intergrain exchange
coupling can be weakened. Thicker Nd-rich or Ce-rich 2:14:1 grain shells are not necessary
for enhancing the coercivity. In addition, with the increase of Ce content, the coercivity does
not deteriorate linearly but exhibits an abnormal enhancement around 20 vol.% substitution.
The good agreement with the experiments makes these findings as important insights of
understanding the coercivity mechanism of MMP RE-Fe-B magnets.

Keywords: abundant rare earth, permanent magnets, multi-main-phase magnets,

micromagnetic simulation

(Some figures may appear in colour only in the online journal)

1. Introduction
The high energy product of Nd,Fe 4B-based sintered magnet
has made it an attractive material for applications in various

motors, generators and acoustics devices [1-4]. However, the
rapidly increasing consumption of Nd—-Fe—-B magnets results

© Author to whom any correspondence should be addressed.

1361-6463/19/135002+8$33.00

in skyrocketing prices and overusing of Nd, Pr, Dy and Tb
rare earths (RE). In order to balance the utilization of the RE
resources reasonably and to raise economic efficiency, great
efforts have been made to substitute cheap and abundant RE
elements such as Ce, La, and Y for Nd in the Nd—Fe-B mag-
nets [5, 6]. Among them, the most abundant and the cheapest
RE element Ce has gained considerable interest. However,
Ce substitution for Nd in the 2:14:1 phase lattice inevitably

© 2019 IOP Publishing Ltd  Printed in the UK
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deteriorates the magnetic properties since the intrinsic magn-
etic properties of Ce,Fe;4B are far inferior to those of
Nsze14B [3]

There has been an intense worldwide research aim to solve
the big challenge to fabricate high magnetic performance Nd—
Ce—-Fe-B magnets with high Ce substitution level. Among
them, recent work suggested that co-sintering Nd-Fe-B and
Nd—-Ce-Fe-B powders is a feasible approach to fabricate high
cost-performance permanent magnets [7—11]. In comparison
with the SMP magnets prepared by sintering the single type
Nd-Ce-Fe-B powders, the co-sintered magnets with multi-
main-phase (MMP) grains possess much superior magnetic
performance, especially significantly enhanced coercivity,
at the same average composition. For example, the max-
imum energy product (BH)yax can be maintained to 202.1 kJ
m3even when 45 wt.% Nd is substituted by Ce in the MMP
Nd-Ce-Fe-B magnets [10]. In addition, with the same Ce
substitution content of 20 wt.%, the coercivity is dramatically
enhanced from 612.7 kA m~' for the SMP Nd-Ce-Fe-B
magnet to 962.9 kKA m~' for the MMP one [12].

In order to further enhance the coercivity of high
Ce-containing MMP Nd—Ce—Fe—-B magnets to be comparable
of that for commercial Nd—Fe-B magnets, the latest studies
focused on the coercivity mechanism of such magnets with
complex microstructure features [13—-15]. Both SMP and
MMP magnets have similar morphologies, the magnetically
hard 2:14:1 main phase grains are separated by RE-rich inter-
granular phase. Unlike the SMP magnets where RE element
distributes homogeneously inside the 2:14:1 grains, the MMP
magnets contain grains with locally different RE element
distributions, namely the Ce-rich core covered by Nd-rich
shell and the Nd-rich core covered by Ce-rich shell. A recent
investigation through annealing the MMP Nd-Ce—Fe-B mag-
nets at different temperatures, Zhang and Ma et al [13, 15]
have suggested that the inhomogeneous Nd/Ce distributions
within the main phase grains and the formation of continuous
grain boundary (GB) layers should be balanced to optimize
the coercivity. Following this scenario, they further introduced
(Nd, Pr)-H powders to restructure the grain boundaries (GBs)
of the MMP Nd-Ce-Fe-B magnets and have successfully
raised the coercivity above 954.9 kA m~! with 40 wt.% Ce
substitution [14]. Despite that these investigations have sug-
gested an ideal microstructure for achieving high coercivity
in the MMP magnets, the underlying mechanism of how such
complex microstructure and the resultant complex magnetic
interactions among the 2:14:1 phases influence the nuclea-
tion and propagation of reverse magnetic domains is not
fully understood. The main difficulty arises from the direct
observation of magnetization reversal under external field in
real-time, especially the confirmation of primary position of
reverse domain nucleation during the demagnetization pro-
cess. Besides, it is difficult to exactly measure the thickness
of Nd- and/or Ce-rich 2:14:1 phase shells experimentally.
Consequently, computational simulation may provide an alter-
native approach to produce a more reasonable understanding
of the coercivity mechanism.

Micromagnetic simulation has been concerned as an
effective way to investigate the relationship between the

macroscopic properties and the microstructures of Nd-Fe-B
magnets at mesoscopic scale [16]. In this work, the influences
of varying microstructure of GBs and local compositions of
the main phase on the magnetic properties were then inves-
tigated by micromagnetism finite element method. A well-
defined 3D model with core—shell microstructures is created
by the Voronoi tessellation. According to the micromagnetic
simulations, the magnetic properties of MMP Nd-Ce-Fe-B
magnets with two kinds of core—shell structures are inves-
tigated in detail. Our simulation results agree well with the
experiment results [14, 17], which might provide a clear guid-
ance for developing alternative and economically attractive
permanent magnets.

2. Method

Micromagneticsm finite element method has made great
achievements on the researches of magnetic behavior of
Nd-Fe-B magnets [18, 19]. The micromagnetic simulation is
based on the principle of static micromagnetic theory and a
more detailed description of the method used has been given
in [20]. By means of finite element method, the total magnetic
Gibbs free energy (E,) can be expressed by formula (1), in
which Eex., Eui, Eq, and E.y are exchange energy, magneto-
crystalline anisotropy energy, demagnetization energy, and
Zeeman energy, respectively.

Eot = Eexc + Eani + Eq + Eext )

Er = / {A[(Ymo)? + (Vmy)* + (Vm,)?]

—Kym? — %,qu “Hg — oM - Hext} dv.

)
The magnetization M describes the state of magnet which
is a continuous function of position. And m = M/Mj is the
component of magnetization relative to the field direction.
Here A is the exchange constant, K| is the anisotropy constant
and Vis the total volume of magnetic material. In order to find
the equilibrium magnetization configuration of the magnet,
E. is minimized with respect to the direction of the spon-
taneous magnetization. The Brown equation describes the
mathematical relationships between the magnetization and

effective field in equilibrium magnetization state:

m X Hege = 0. (3)

The effective field Her = —OEioi/OM is an equivalent
field of the total Gibbs free energy that influences on the mag-
netization vector:

1 awam

MS Oom '

Where i is the permeability of free space and wyy; is the
energy associated with magnetocrystalline anisotropy. The
coefficients A and K in the equation vary with position and
thus represent the chemical inhomogeneity of the real magnet.

In this work, modeling of multi-grain microstructure is
based on Voronoi tessellation method [21]. In general, the
locations of the generators of the Voronoi tessellation do not

2A
Hy = ﬁsvzm + MoHd + MOHext - “)
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Figure 1. (a) A polycrystalline model of MMP Nd—Ce—Fe—B magnets created by the Voronoi tessellation method. (b) Schematic diagram
of the two kinds of grains with core-shell Nd/Ce distributions. The model size is 3000 x 3000 x 3000nm?, containing 100 irregularly

shaped grains.
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Figure 2. The microstructures and wireframes of the simulation models. (a) Different GB volume fractions without core—shell Nd/Ce
distributions. (b) Different shell thicknesses of the 2:14:1 phase grains for the magnets with 14 vol.% GB phase. The shell thickness is

represented by its ratio with respect to the grain size.

coincide with the centers of mass of the corresponding Voronoi
regions. It not only leads to abnormal formation of regions
but also brings inconvenience to the calculation. Therefore,
a centroidal Voronoi tessellation whose generating points are
also the mass centers is constructed by Neper [22]. 3D finite
element micromagnetic simulation software Magpar [23] is
performed to investigate the magnetization reversal mech-
anism in the MMP Nd—Ce-Fe—B magnets. The macroscopic
shape of the model is a cube with the edge length of 3000 nm.
It contains 100 irregular grains. The grain size is smaller than
those of the real sinter magnets due to the limit of computing
capability, but the cuboidal model well representative to
the actual particle shape. To better imitate the actual grains

observed in the real magnets, grain models are constructed in
two varieties: a softer (Ndys5Ceps),Fe 4B grain core covered
with a harder Nd,Fe 4B shell and a Nd,Fe 4B grain core cov-
ered with a (Ndy 5Ce s),Fe 4B shell. The model in figure 1(a)
is assumed for the simulation and the external field is along
z-axis. Figure 1(b) is the heterogeneous microstructure com-
posed of grains with distinctly different mean composition.
Each grain is surrounded by GBs with equivalent thickness.
The GB phase and the shells in the 2:14:1 main phase
grains are created by shrinking each grain with respect to its
Voronoi generating point. The finite element mesh generation
is achieved by the grid generator Gmsh [24]. For a series of
cases with the volume fraction of GB phase of 3%, 9%, 14%,
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Table 1. The magnetic properties of RE-Fe—B magnets used in simulations.

Anisotropy constant K; (MJ m~3) Saturation magnetization J; (T)

Exchange stiffness A (pJ m~")

Nsze 1 4B 4.3
CezFe 14B 1.5

1.61 7.7
1.17 5

(b.1)
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Figure 3. Magnetization reversal patterns of MMP Nd—Ce—Fe—B magnets for the cases with different volume fractions of GB phase.
(a) 3% and (b) 9%. The magnetization in z-direction is represented by regions in red (4z) and blue (—z). (¢) The corresponding

demagnetization curves.

22%, and 27%, the corresponding thickness of the GB layer
is about 4nm, 12nm, 20nm, 32nm, and 40nm, respectively.
The thickness of Nd- or Ce-rich 2:14:1 shell is represented by
the ratio of shell width to the mean grain size. For instance,
0.05 shell means that the shell thickness is 5% of the grain
radius. Here we suppose that thickness of the Nd,Fe 4B shell
and the (NdgsCeqs).Fe14B shell is equivalent to each other
in all grains. For investigating the Ce substitution content
influence, we changed the ratio between the Nd,Fe ;4B and
the (NdosCeqs)oFe4B grains. As shown in figure 2, the GB
thickness and the shell thickness are changed separately to
investigate the microstructure-coercivity relation. The mat-
erial parameters of Nd,Fe 4B and Ce,Fe 4B are tabulated in
table 1 [25, 26]. The parameters for (NdysCeqs).Fe4B are
obtained by using a linear interpolation between the values of
these two extreme compositions. Both nonmagnetic and ferro-
magnetic GB layers are considered for comparison. With the
optimization of computer hardware and numerical methods,
the magnetization reversal behavior of magnets can be com-
puted clearly.

3. Results and discussion

Shown in figure 3 are representative simulation results for
two MMP Nd—Ce-Fe-B magnets with different volume frac-
tions of GB phase. The volume ratio of the Nd,Fe 4B and the
(Ndy5Ceps),Fe 4B grains is 1:4, the thickness of both Ce-rich
and Nd-rich 2:14:1 shells inside each grain is 0.1. The GB
is thought of nonmagnetic. Our simulated results show that
the MMP Nd-Ce-Fe-B magnets exhibit a gradual magneti-
zation reversal process during demagnetization. The reversed
domains (blue contrast) propagate from one grain to another,
but the magnetization reversal occurs preferably inside the
(Ndy5Ceps),Fe 4B grains (for which the reversed domains are
in dark blue), which is prior to that inside the Nd,Fe 4B grains

s ot
—4—0.03 Shell

] o 7
= I —&—0.10 Shell
§, 3000
IG

2800 |

A
2600 +

5% 10% 15% 20% 25%

The volume fraction of GB

Figure 4. Dependence of coercivity on the GB thickness for MMP
Nd-Ce-Fe-B magnets with different three different shell-structures.

(for which the reversed domain are in light blue). Especially,
in figure 3(a.1), a grain in the center region contains partially
reversed domains, indicating that the magnetization reversal
inside one individual 2:14:1 grain is also a gradual propaga-
tion process due to the difference of chemical composition
between the core and the shell regions. Since it is hard to
reveal the nucleation site experimentally, here time-resolved
simulations are carried out to unveil this issue. With pro-
longing the time, the magnetization reversal propagate across
grains (from the (NdosCeps).Fe 4B grains to the Nd,Fe 4B
ones), which can be seen from a series of simulated patterns
in figures 3(a.1)—(a.5). The magnetization reversal finishes
(figure 3(a.5)) at the coercive field where the magnetization
reaches zero in the simulated demagnetization curve.
Furthermore, the magnetization reversal process is very
sensitive to the thickness of GBs. When the boundary phase
layer is extremely thin (figure 3(a)), the nucleation occurs at
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Figure 5. The magnetization reversal diagrams of magnets with (a) nonmagnetic (Js = 0 T) and (b) weakly ferromagnetic (J; = 0.8 T) GB
layers at different shell thickness. The volume fraction of GB phase used here is 14%.

the soft phase at the beginning of the reversal processes. And
then the reversed magnetic domains spread rapidly, which
lead to a reduction of the coercive field. In figure 3(b), the
reverse domains start to nucleate at the grains on the sur-
face of the magnets. When the reverse domains expand to
the interface, the pinning of thick GB significantly hinders
their movements. As the figure shows the grains are switched
individually. In comparison with the case with a thinner GB
(figure 3(a)), the MMP magnet with thicker nonmagnetic GBs
has a higher coercivity. As shown in figure 3(b), a series of
magnetic configurations directly reveal that the magnetization
reversal at the same time is much slower for the latter than
that for the former. For example, in figures 3(b.1) and 3(b.2),
the nucleation of reverse domains even does not happen,
unlike the case with a thinner GB. In addition, the magnetiza-
tion reversal is still not complete as shown in figure 3(b.5),
which is obtained at the same time with that in figure 3(a.5),
for which the magnetization reversal process has been fin-
ished. Such difference indicates that (i) the nucleation of
reverse domain starts at a higher opposite external field and
(ii) the magnetization reversal across grains is slower if the
GBs are thicker. It is due to the fact that thick nonmagnetic
GBs may weaken the short-range exchange coupling between
adjacent 2:14:1 grains [27], which helps to prevent the rapid
propagation of reverse domains across them. The comparison
highlights the importance of forming a thicker nonmagnetic
GB for achieving higher coercivity in MMP Nd-Ce-Fe-B
magnets.

The GB phase layer is of crucial importance in double main
phase system. Therefore, the volume fraction of GB phase was
further changed from 3% to 27% for a more systematic study.
Higher volume fraction of GB phase is not consistent with
the actual situation and will not be considered here. Figure 4
illustrates the effect of GB on coercivity under different
core—shell structures. The ratio of the Nd-rich grains and the
Ce-rich grains in all magnets is set to be 1:4. The coercivity

overall shows an upward trend with the increase of GB phase
in a certain range. It proves that the coercivity field has been
enhanced by the existence of GB phase. Indicated by simula-
tion results in figure 3(b), the distribution of the GB phase
between the grains led to the phase separation, which influ-
ences the nucleation of reversed domain. When the phases are
contacted with no or thin GB phases, the exchange coupling
is enhanced, leading to losing coercivity eventually. However,
the coercivity will increase when the grains of the granular
system are separated by clear GB phases. The phase segre-
gation phenomenon in MMP magnet is related to magnetic
performance which was also to be found by Pathak et al [10].
The exchange coupling between grains is weakened after GB
restructuring, giving rise to significantly enhanced coercivity.

The coercivity is not only dependent on the microstruc-
ture, but also the intrinsic magnetic properties of GB phase.
Figure 5 is the magnetization reversal process of magnets
with (a) nonmagnetic and (b) weakly ferromagnetic GB layers
under different external magnetic fields. The volume fraction
of GB phase used here is 14% and the thickness of shell is
0.1. With the fixed structure of model, the saturation magnetic
polarization of GB phase is changed from 0 T to 0.8 T. The
simulation result shows the coercivity is much higher for the
MMP Nd-Ce-Fe-B magnet if the grains are separated by
nonmagnetic GB layers (H; = 3.0 x 103 kOe) than that with
soft magnetic GBs (H;; =2.2 x 10? kOe). Such enhancement
is due to the weakened exchange coupling effect between the
adjacent grains. By comparing the patterns of the magnetiza-
tion reversal of two kinds of magnets, the influence of mat-
erial parameters of GB phase on demagnetization processes is
investigated. In both models, the magnetization switch begins
at the position with lower anisotropic around the edge. When
the GBs are nonmagnetic phases (figure 5(a)), the magnetic
domains in different grains turn over independently. The GB
phase acts as an isolation which is similar to the previous
simulation result (figure 3(b)). However, when the GBs are
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Figure 6. The dependence of coercivity on the shell thickness with
the various volume fraction of GB phase. The GB phase is set to be
an amorphous non-ferromagnetic layer.

magnetic phases (figure 5(b)), the magnetic domains of grains
prefer to be reversed as a whole under the external magnetic
field once the reverse magnetization nucleus is formed. Even
though the GB is pretty thick, the magnetization reversal
mechanism of the model with ferromagnetic GB phase is
similar to figure 3(a). The simulation results illustrate the
importance of a continuous and nonferromagnetic GB phase.
According to the researches [28-30], the presence of ferro-
magnetic GB phase will induce the rapid and extensive spread
of the magnetic moments in sintered magnets. While the con-
centration of RE and Fe affects the ferromagnetism of the GB
phase. It implies that enriching RE elements or reducing Fe
content can increase the coercivity by weakening exchange
coupling between grains.

High performance Nd-Fe-B magnets without any heavy
rare earth can be achieved by GB diffusion [15]. When the
boundaries between two main phases infiltrate each other, the
structures of grains change to the core—shell structures. The
influence of diffusion degree on the coercivity performance
of core—shell structure is studied by changing the thickness of
shell. The ratio of two phases remains constant 1:4 as before
and the GB is assumed to be nonmagnetic. The dependence of
coercivity on the shell thickness with different GB thickness
can be seen in figure 6. The coercivity of the magnets increases
with the increasing diffusion depth from about O to 0.05, and
after that it shows a minor decrease from 0.05 to 0.1. When the
grains turn into core—shell structure after diffusion, the coer-
civity of the magnet significantly changed, indicating that the
(Nd,Ce),Fe 4B shells are critical to coercivity. It is expected
that the formation of a high anisotropy shell surrounding the
Ce-rich 2:14:1 core can enhance the coercivity. Moreover,
the core—shell structure separates the grains from each other,
which could increase the coercivity through weakening the
interaction between the grains. However, figure 6 also shows
that the deep diffusion may be not necessary for the core—shell
structure. This could be due to the gradual homogenization
which caused by the over-thick shell [14].

4000 |

3200

AN}

—a— With core-shell structure =

Hcj (KA/m)

L —4— Without core-shell structure
1000 - RN
-
——
s
800 - —m— Experimental results "~ -
\-
1 " 1 n 1 " 1 " 1 " 1
0% 10% 20% 30% 40% 50%

Ce concentration

Figure 7. Coercivity field as a function of Ce Concentration for the
model with a thin shell structure and without shell structure. The

volume fraction of GB phase used here is 14%. The blue dotted line
is the coercivity curve of real magnets with different Ce substituted.

The above results highlight the importance of constructing
core—shell Nd/Ce distribution for enhancing the coercivity
of Nd-Ce-Fe-B magnets. The suitable thickness of shell is
helpful in improving the magnetic performance and that may
be one reason for two main phase magnets performs much
better than SMP ones. Experimentally, Nd—Ce—Fe—B magnets
consisting of core—shell grains separated by a non-magnetic
GB phase can be fabricated by GB diffusion process. For
real magnets, the diffusion processes seem to be very much
dependent on surface quality and the nature of the contact
between diffusion source and magnet [15]. And the compe-
tition contributions between the formation of shell-structure
and the chemical heterogeneity should be balanced. Therefore,
the shell thickness should be well controlled to maintain good
magnetic properties.

The influences of Ce content on the coercivity of Nd—
Ce-Fe-B magnets are shown in figure 7. The volume frac-
tion of the nonmagnetic GB phase is 14% for all the modles.
The only difference between these two computing model is
the grain structure used for the simulation. One is a model
without shell, and the other is a model with a shell thickness
of 0.01. The coercivity of the magnet with core—shell structure
is higher than that without core—shell structure. It shows that
the formation of a thin shell is beneficial to maintain the high
performance during doping process, which coincides with
the former simulation results. As we can see in figure 7, the
coercivity decreases with the increase of Ce content firstly,
followed by a slight recovery and then continues to decline.
The simulation results suggest that the coercivity is effec-
tively changed by the ratio of two kinds of main phase. A
little additive amount of Ce,Fe 4B results in a dramatic drop
of coercivity, which indicates that coercivity is sensitive to
replacement. Similar to previous simulation results [31], the
magnetic properties do not decrease monotonously with the
increase of Ce proportion. The abnormality of coercivity with
an appropriate Ce concentration is also to be found in this



J. Phys. D: Appl. Phys. 52 (2019) 135002

D Liu et al

&
| I U U N OO N U Y OO B |

L e
T N N T Y O O Y o

Figure 8. Back-scattered SEM images of the magnets with different Ce substitution amounts: (a) 27%, (b) 36%, and (c) 45%. The dark part
corresponds to the main phase, while the bright contrast corresponds to the GB phase.

case, approximately when the percentage of doped cerium is
20%. Although the locations of the abnormal peak are slightly
different, the simulation curves of both models all display the
value anomalies. The comparative study demonstrates that the
abnormal increase in the value of coercivity is mainly related
to GB phase, not the core—shell structure of grains.

The influence of Ce content on magnets is further studied
experimentally. By adjusting the mixing ratio of raw materials,
the composition of Ce could be controlled. The MMP Nd—Ce—
Fe-B magnets with the nominal composition of (Pr,Nd)s; 3(
Fe,M)paBo.os, [(Pr,Nd)o.01Ce0.09]31.3(Fe,M)paiBo.og, [(Pr,Nd)o,
82Ceo.18]31.3(Fe,M)paBo.og [(Pr,Nd)o.73Ce0.27]30.5FebaM1.0B 1.0,
[(Pr,Nd)o.64Ce0.36]30.5F€baM1.0B1.0, and [(Pr,Nd)o.s5Ceo.45130.5
FepaM | 0B1o (M = Al, Cu, Ga, Zr, wt.%) were obtained by
dual alloy method. The Ce accounts for 0%, 9%, 18%, 27%,
36%, and 45% of the total rare earth content respectively.
The main technological processes are standard strip-casting,
hydrogen decrepitating, jet milling, compaction of powder
under magnetic field, and sintering. The samples used here are
the same as those used in the microstructure analysis by Ma
et al [14], and the detail experimental procedure is specified
in the literature. Figure 7 is the variation trend of coercivity
with Ce content. As we all know, the coercivity of typical Nd—
Fe-B sintered magnets is only about 20% of the anisotropy
field of the Nd,Fe ;4B phase [32]. The coercivity obtained
from simulation is larger than that of the actual magnet which
demonstrates the coercivity of Nd-Ce—-Fe-B MMP magnet
can be further enhanced by forming a better microstructure.
In general, Ce substitution leads to seriously destroy the spon-
taneous magnetization and magnetocrystalline anisotropy of
magnets because of the saturation magnetization of Ce,Fe 4B
is 26% lower than of Nd,Fe 4B, and the anisotropy field is
3 times lower [3]. Although there is no obvious abnormal
increase of H.; observed in figure 7 (the dotted line), the
decline rate is remarkably slow down around 20% Ce-doping.
The coercivity of Cel8% magnet is almost identical to the
Ce9% magnet. Furthermore, the magnetic square degree of
Ce-18 is even better than Ce-9 at all sintering temperatures
[17]. It indicated that the proper amount of Ce has a positive
effect on the magnetic properties of two-phase magnets.

A scanning electron microscope equipped with an Auger
electron spectrometer is used to observe the microstructure
of the magnets. Figure 8 is the back-scattered SEM images of
the magnets with different Ce substitution amounts. There is

a significant increase in the volume fraction of GB phase and
a slight reduction in grain size with the increase of Ce con-
tent. In contrast to the main phase, the low-melting GB phase
may be more conducive to optimizing microstructure and
maintaining magnetic energies in the Nd—-Ce-Fe-B MMP
magnets. Combined with the results of the elemental con-
centration distribution [14], the RE-rich phase will be more
evenly distributed along GB during sintering. The interfacial
exchange coupling between adjacent grains can be reduced
by the formation of continuous GBs so that the magnetic
dilution effect caused by the soft phase can be suppressed.
Therefore, the elevated coercivity provides a partial com-
pensation for the coercivity loss caused by soft phase. The
experiment results are well accord with the ones obtained
in simulation, which indicate that the theoretical models
describe the MMP magnets system correctly and offer guid-
ance to the GB design.

4. Conclusions

The magnetic properties of MMP Nd—Ce—Fe—-B magnets with
the core—shell structure are analyzed by Computer simulations
based on micromagnetic method. A finite element program
has been developed to calculate the magnetic behavior in a
given microstructure. Micromagnetic simulations revealed a
strong dependency of magnetic properties on the microstruc-
ture and content of magnets. In the process of magnetization
reversal induced by magnetic field, the existence of GB phase
will change the coupling between grains and have a signifi-
cant influence on the coercive force of magnets. Excellent
hard magnetic properties can be achieved in GB engineered
magnets. The analysis also suggests that the coercivity can
be further enhanced if the GB is nonmagnetic. The effect of
dimensional change of shell on the magnetization reversal is
investigated. It is found that only a limited diffusion depth is
needed to enhance the coercivity for a magnet. Besides, there
is an abnormally increase of coercivity around 20% Ce doped
MMP Nd-Ce-Fe-B magnets and it might be related to the
GBs. The theoretical and experimental results have revealed
the possibility to gain high performance permanent magnets
with low-cost rare earth elements, and provide a promising
approach to design and optimize of the experimental setup
and manufacturing process.
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