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The enhancement of coercivity in Nd–Fe–B sintered magnets modified by Pr58Dy10Cu32 alloy was investigated
through scanning electron microscope (SEM) and in-situ magneto-optic Kerr effect (MOKE) microscopy. The modifi-
cation treatment resulted in the formation of a smooth and continuous weakly magnetic grain boundary layer and the
(Nd,Pr,Dy)2Fe14B main phase with a high magnetocrystalline anisotropy field, leading to an increased coercivity of 23 kOe.
MOKE observations revealed that the dynamic evolution of the maze domain area under an external magnetic field varied
significantly between the original and modified magnets. Compared with the original magnets, the modified magnets ex-
hibited a slower decrease in maze domain area during magnetization and a slower increase during reverse magnetization,
contributing to the observed coercivity enhancement.

Keywords: Nd–Fe–B sintered magnets, high coercivity, Pr–Dy–Cu, magnetic domain
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1. Introduction

The rapid development of high-performance and
lightweight intelligent robots urgently requires research and
development of rare earth permanent magnetic materials with
high magnetic energy product and high thermal stability. Nd–
Fe–B sintered magnets have the highest magnetic energy prod-
uct, but their low coercivity is difficult to meet the above
requirements. Overall, improving the coercivity of sintered
Nd–Fe–B magnets mainly involves two technical approaches:
optimizing their chemical composition and modifying their
microstructure. The optimization of their chemical composi-
tion is mainly achieved by replacing some of the neodymium
elements in the main phase of Nd–Fe–B materials with heavy
rare earth elements Dy and Tb,[1,2] improving the anisotropy
field of Nd2Fe14B phase to enhance the coercivity of sintered
magnets. The modification of microstructure is mainly ac-
complished by refining the main phase grains and reducing
the content of ferromagnetic elements in the grain bound-
ary phases,[3–8] thereby improving the coercivity of the mag-
nets. The present authors first prepared Dy-free Nd–Fe–B
sintered magnets with the coercivity of 20 kOe by the doping

of Pr68Cu32 eutectic alloy,[9] and since then, many researchers
have also conducted further research work on enhancing the
coercivity of sintered magnets with other alloys with low melt-
ing melting points.[10–20] So far, the vast majority of work has
focused on analyzing the reasons for the increase in coercivity
by examining the changes in the microstructure of magnets
before and after the doping treatment. However, there is lim-
ited observation on the magnetic domain structure evolution
of magnets before and after the doping treatment with the ex-
ternal applied field, which is very important for learning the
causes of coercivity enhancement. Kobayashi only investi-
gated the magnetic domains of sintered magnets after doping
with Tb4O7 and CaH2 powders under thermally demagnetized
state and saturated magnetization state, but did not observe the
dynamic evolution of magnetic domains during magnetization
and demagnetization processes.21 Our collaborator Ming Yue
observed magnetic domain variations in sintered magnets un-
der changing external magnetic fields before and after doping
with terbium (Tb) nanoparticles.[22] Nevertheless, they did not
examine how the modifications of microstructure, especially
the composition and morphology of grain boundary phases,
affects the evolution of magnetic domains under different ex-
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ternal field conditions.
In this work, we introduced the work on enhancing the

coercivity of sintered magnets by the combination of al-
tering the intrinsic magnetic properties of Nd2Fe14B main
phase and modifying microstructure of the grain-boundary
phase. In order to better understand the contribution of syn-
ergetic regulation of main phase and grain boundary phase to
the coercivity, we investigated the effect of adding 20 wt.%
Pr58Dy10Cu32 on the microstructure, magnetism, and mag-
netic domain structure of sintered magnets. The coercivity
of Nd12.2Pr2.6Fe76.3Co2.1B6.0Nb0.2Al0.5Cu0.1 sintered mag-
nets reaches 23 kOe after the modification treatment using
Pr58Dy10Cu32 alloy. The reason for the increase in coercivity
will be discussed through microstructural investigation, mag-
netic measurements and in-situ magnetic domain observation
with the different magnetic field.

2. Experimental procedure
The Nd–Fe–B raw material in this work is the

Nd12.2Pr2.6Fe76.3Co2.1B6.0Nb0.2Al0.5Cu0.1 powder with a par-
ticle size of about 3.5 µm provided by Advanced Technology
& Materials Co., Ltd. The Pr58Dy10Cu32 alloy powder is ob-
tained by arc melting the alloy, and then hydrogen decrepita-
tion at 200 ◦C, and finally mechanical-crushing into fine pow-
ders with a size less than 75 µm in an agate mortar. In or-
der to obtain a sintered magnet composed of Nd–Fe–B and
Pr-Dy-Cu with a mass ratio of 80:20, it is necessary to first
mix Nd–Fe–B powder and Pr–Dy–Cu alloy powder evenly
through grinding, then orient and press them into cylindrical
“green” compacts under an external magnetic field of 1.5 T
and under a pressure of 150 MPa, and finally sinter them at
1050 ◦C for 5 hours. In order to achieve uniform distribution
of rare earth rich grain boundary phases in sintered magnets,
the “green” compacts were annealed at 560 ◦C for 2 hours.
Subsequently, the magnetic changes were measured using a B–
H tracer. The changes in the composition and microstructure
were examined through scanning electron microscope (SEM),
energy dispersive x-ray analysis (EDAX) and electron probe
microanalyzer (EPMA). The changes in the magnetic domain
structure were observed using magneto-optic Kerr effect mi-
croscopy (MOKE, BH-786IP-PK), and the observing plane is
perpendicular to the c-axis.

3. Results and discussion
We first investigated the effect of Pr–Dy–Cu alloy mod-

ification on the magnetic properties of sintered magnets, as
shown in Fig. 1. It can be seen that the coercivity of the
original magnets before the modification is about 14 kOe; af-
ter the modification, the coercivity of the magnets increased
to about 23 kOe. This result indicates that adding Pr–Dy–

Cu alloy during the preparation of sintered magnets does in-
deed help improve the coercivity of the magnets, but the in-
crease in coercivity comes at the cost of sacrificing remanence.
Thus, for seeking high coercivity and remanence, it is neces-
sary to decrease the amount of Pr–Dy–Cu alloy.[11] However,
the slightly excessive addition of Pr–Dy–Cu alloy can help us
compare the changes of microstructure and magnetic domain
structure before and after the modification, and learn the fac-
tors that truly improve the coercivity of the magnets.
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Fig. 1. Demagnetization curves of sintered magnets before and after the
modification of Pr–Dy–Cu alloy.

To analyze the reason of coercivity improving, composi-
tion and microstructure of sintered magnets before and after
the modification were investigated through SEM and EPMA.
It is seen in Fig. 2 that the grain size of the main phase re-
mained basically unchanged. In addition, the grain boundary
layer of the original sintered magnets was thin and discontin-
uous, while the grain boundary layer of sintered magnets not
only became thicker but also became continuous in most areas
after the modification.

Fig. 2. SEM images of sintered magnets (a) before and (b) after the mod-
ification treatment using 20 wt.% Pr–Dy–Cu alloy, (c) and (d) are the
enlarged images of the grain boundary of sintered magnets before and
after the modification treatment.

Figure 3 shows the area scanning analysis results of var-
ious elements in the modified magnets through EPMA. It
can be seen that after the modification of the alloy, Pr and
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Cu elements mainly enter the rare earth rich grain bound-
ary layer, resulting in a decrease in the iron content in the
layer. The Dy element mainly enters the main phase and forms
(Nd,Pr,Dy)2Fe14B phase, which can be confirmed by subse-
quent magnetic domain observations. It is also seen that there
is more Dy content on the grain’s edge than in its center, while
the content of Nd in the grain’s center is higher than that on its
edge. According to the gradient distributions of both Dy and
Nd elements, it can be inferred that Dy diffused into the grains
and displaced some of the Nd element in the Nd2Fe14B main
phases, leading to the formation of (Nd,Pr,Dy)2Fe14B phase
and core–shell structure.

Fig. 3. (a) and (b) Secondary electron imaging (SEI) and composition
image of sintered magnets after the modification treatment, and the cor-
responding electron probe micro analyzer (EPMA) elemental mapping
for (c) Nd, (d) Dy, (e) Cu and (e) Pr elements.

Fig. 4. Magnetic domains of the thermally demagnetized state of the sin-
tered magnets (a) before and (b) after the modification treatment. The
observing plane is perpendicular to the c-axis.

Figure 4 shows the changes in magnetic domains of the
sintered magnets before and after the modification. It can be

seen that after the modification of Pr–Dy–Cu alloy, the mag-
netic domains of the magnets change from blurry to clear
and visible, and the magnetic domain width increases. This
is because Dy diffused into the main phase, forming the
Dy2Fe14B phase. It has been shown that the magnetic domain
width (W ) is positively correlated with the magneto-crystalline
anisotropy constant K.[21] Due to the higher anisotropy con-
stant of Dy2Fe14B phase compared to Nd2Fe14B phase, the
magnetic domain width increases after the modification treat-
ment.

In addition, it can also be seen that due to the high content
of ferromagnetic elements in the thin grain boundary layer,
there is a strong exchange coupling effect between the grains
of the original sintered magnets, resulting in a magnetic do-
main containing several grains. However, after the modifica-
tion treatment, the content of ferromagnetic elements in the
grain boundary layer of the sintered magnets decreases and
the thickness of the grain boundary layer increases, and the
coupling effect between grains weakens, resulting in isolated
magnetic domains for each grain.

In order to further analyze the reasons for the increase
in coercivity of sintered magnets after the modification of Pr–
Dy–Cu alloy, we investigated the magnetic domain changes
during the magnetization and reverse magnetization processes
of the magnets before and after modification treatment in-situ,
as seen in Figs. 5 and 6.

From Figs. 4–6, it can be seen that when the magnets are
in a thermally demagnetized state, the magnetic domain state
of all grains in the magnets exhibits multi-domain structure
like a maze domain. When the magnets are in a magnetization
saturation state, the magnetic domain state of all grains ap-
pears as a single domain, and the maze domain disappears at
this time. When the magnets are in a remanent state, some
grains exhibit a single domain state, while others exhibit a
multi domain state. Therefore, we can determine the difficulty
of magnetization and reverse magnetization of a magnet based
on the size of the maze domain area (or multiple domains) un-
der different external magnetic field conditions. The higher the
coercivity of a magnet, the slower the maze domain area de-
creases when transitioning from the demagnetized state to the
saturated state, and the slower it increases when transitioning
back from the saturated state to the demagnetized state.

For the magnetization process, under the condition of the
same external magnetic field of 6000 Oe, there are still a large
number of maze domains in the modified magnets, while there
are fewer maze domains in the corresponding original mag-
nets. This indicates that the modified magnets are more dif-
ficult to magnetize due to its higher coercivity caused by the
formation of (Nd,Pr,Dy)2Fe14B and the modified grain bound-
ary layer.
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Fig. 5. Magnetic domain evolutions of the original sintered magnets un-
der various magnetic fields.

Fig. 6. Magnetic domain evolutions of the modified sintered magnets
under various magnetic fields.

In the case of the reverse magnetization process, on
the other hand, when the reverse magnetic field gradually
increases, such as gradually increasing to −5000 Oe and
−8000 Oe, both the modified magnets and the original mag-
nets are in the process of transitioning from the remanent state
to the demagnetized state. The modified magnets have fewer
maze domains, indicating that it is difficult to form reverse do-
mains, and thus the modified magnets have a higher coercivity.
When the reverse magnetization reaches 14000 Oe, which is
close to the coercivity (14 kOe) of the original magnets, but
lower than the coercivity (23 kOe) of the modified magnets,
the modified magnets exhibit bright contrast single domains
and maze domains, indicating that it still has a greater num-
ber of positive domains, and the overall magnetization remains
positive. In contrast, the original magnets show dark contrast
single domains and maze domains, indicating that the origi-
nal magnets have a greater number of reverse domains at this
point, manifesting as a negative magnetization. These are con-
sistent with the coercivity characteristics of the two types of
magnets. It is notable that due to the damage and oxidation
of the Nd–Fe–B magnets’ surface during mechanical cutting

and grinding processes, the surface coercivity is lower than
the overall coercivity of the magnets. The signals of MOKE
come from the magnets’ surface. Therefore, a reverse mag-
netic field lower than the coercivity of the magnets can cause
the positive domains to reverse.

The above results show that the synergetic modification
of Pr, Dy and Cu precisely regulates the structure and mag-
netism of grain boundary phases, as well as the formation of
(Nd,Pr,Dy)2Fe14B main phases, reducing the possibility of re-
verse domain nucleation in sintered magnets or increasing the
energy of reverse nucleation, thus improving the coercivity of
the magnets.

4. Conclusion
In conclusion, the coercivity enhancement is related to the

synergetic modification of the grain boundary layers and the
main phases. In the original magnets, there exists exchange in-
teraction among the grains due to the thin ferromagnetic grain
boundary. However, after the modification, thick and less fer-
romagnetic boundary layers are induced and grains are largely
decoupled. The maze domain area of magnets with different
coercivity will exhibit different rates of change with the ex-
ternal magnetic field. The modified magnets show the slower
decrease of the maze domain area during the magnetization
and the slower increase during the process of reverse magne-
tization. Hence, a high coercivity is obtained in the modified
sintered magnets.
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