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ABSTRACT
A sintered NdFeB magnet with super-high coercivity of 46.21 kOe was successfully obtained by two-step diffusion with Tb metal and Pr-Al-
Cu-Ga alloys. Tb-containing magnets with super-high coercivity were used as base magnets; coercivity increased from 35.86 to 44.51 kOe for
the Tb-diffused magnet and 46.21 kOe for the magnet with Tb and Pr-Al-Cu-Ga diffusion. Microstructure analysis indicated that two-step
diffusion resulted in Tb/Pr-rich double-shell structures, optimized grain boundary structure, and the enhancement of RE-rich grain boundary
phases, which is the main reason for the enhancement of coercivity. The diffusion-induced variation of remanence was also discussed. This
work provides insights into further breaking the coercivity limit of sintered NdFeB magnets.

© 2025 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0273816

INTRODUCTION

Sintered NdFeB magnets with super-high coercivity have been
widely used in various permanent magnet traction motors.1,2 For
example, the coercivity of Nd-Fe-B magnets in the traction motors
of electric vehicles exceeds 3 T3. In view of the working tempera-
ture of the magnet in the traction motor reaching 200 ○C or above,3
it is very important to ensure the high temperature stability of the
magnet. The key to resisting thermal demagnetization at high tem-
perature is to improve the initial coercivity of the magnet at room
temperature. At present, the modification of magnets by the grain
boundary diffusion process of heavy rare earth elements (HRE,
Tb/Dy) has become the key technology path to significantly improve
the coercivity. Grain boundary diffusion technology enhances the
demagnetization coupling between neighboring matrix-phase grains
by increasing the proportion of grain boundary phases, optimizing
the distribution of grain boundary phase, and improving the conti-
nuity of grain boundary phases.4 HRE atoms replacing Pr/Nd atoms

can form HRE-rich shell structures on the surface of the matrix-
phase grains, and the nucleation and expansion of the magnetized
domains are inhibited by the stronger magnetocrystalline anisotropy
of the shell.5 This method can improve the coercivity of sintered
NdFeB magnets without significant loss of remanence and has high
utilization rate of heavy rare earth metals.

With the development of high-speed permanent magnet trac-
tion motors in the field of new energy vehicles and rail transit, the
coercivity of sintered NdFeB magnets must be further improved.
Recently, groundbreaking research has been conducted in the field
of super-high coercivity magnets. Hu et al. reported that the coer-
civity of the magnet was increased from 31.6 to 35.2 kOe by coating
Dy alloy powder on the surface of the magnet for grain bound-
ary diffusion treatment, improving the distribution and continuity
of grain boundary phases and increasing the magnetocrystalline
anisotropy field on the surface of the grain.6 Zhang et al. stud-
ied that TbHx powders were coated on the surface of the magnet
for grain boundary diffusion treatment.7 The morphology of the
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surface grain near the magnet was consistent with that of the cen-
tral grain, and the surface of the grain was flat. When the weight
gain of Tb reached 1.66%, the coercivity of the magnet increased
from 31.70 to 43.34 kOe. Zhou et al. prepared base magnets with ini-
tial Tb-poor shells from low Dy/Tb matrix-phase alloys and Tb-rich
matrix-phase alloys by double alloy methods, and then, Tb-Cu-Ga
alloys were diffused to form RE-(Fe, CuGaO) grain boundary lay-
ers and Tb-poor and Tb-rich double-shell structures.8 The Tb-rich
shell can prevent the expansion of the reverse magnetization domain
in the Tb-poor shell region and finally the coercivity of the magnet
increased to 35.46 kOe. Wu et al. reported that TbH3 nanoparti-
cles were coated on the surface of the magnet for grain boundary
diffusion treatment, and the core/shell type rare-earth element dis-
tribution appeared on the surface of the matrix-phase grains, leading
to an increase in the coercivity of the magnet from 34.8 to 47.1 kOe.9
Jia et al. prepared high-performance base magnets, utilizing B-rich
phase and Pr-Tb-Fe auxiliary alloy to form high concentration Tb
segregation zone and Pr-rich shells through the micrometallurgical
reaction at the grain boundary.10 Then, TbHx powders and Pr-Fe-
Al-Ga alloys were step-by-step diffused to form Tb-rich shells and
Pr-rich shells, achieving matrix-phase grains with double shells, and
finally, the coercivity of the magnet reached 44.21 kOe.

The recent results show that the conventional HRE grain
boundary diffusion has some limitations. The diffusion depth of
HRE in the magnet is limited, which cannot be effectively solved
even by prolonging the time or increasing the temperature.11,12 In
addition, the simulation results show that coercivity of the magnet
tends to be saturated when the shell thickness exceeds 15 nm.13,14

Therefore, the two-step diffusion process has become one of the
most potential technical paths to break through the limit of super-
high coercivity. In this paper, we first prepared Tb-containing sin-
tered NdFeB base magnets with super-high coercivity, and then, the
coercivity of the magnet was incrementally raised by two-step diffu-
sion of Tb metal and Pr-Al-Cu-Ga alloys. In addition, the effects of
microstructures and grain boundary phase changes on the magnetic
properties of the magnet were systematically studied.

EXPERIMENTAL

The strip cast Tb-containing alloy with the nominal compo-
sition of (PrNd)25.5Tb4.5FebalB1.0M1.5 (M = Cu, Al, Co, Ga, wt. %)
was subjected to hydrogen decrepitation and N2-jet milling pro-
cess to produce powders of average particle size 3.0 μm. The fine
powders were compacted at the DC magnetic field of 2.0 T and
cold isostatic-pressed at the pressure of 200 MPa. The obtained
greens were sintered at 1080 ○C for 3 h and then subjected to two-
step annealing at 900 ○C for 1.5 h and 500 ○C for 3 h in vacuum
and named the original magnet. Pr70 Al15Cu10Ga5 (at. %) (defined
as PACG) ingots were produced by arc melting and then cut into
Ø10 mm circular slices using the wire electrode cutting method. The
as-sintered magnet was cut into Ø10 × 3 mm2 cylinders as the base
magnets. Both the magnet and the PACG slices were polished, fol-
lowed by ultrasonic cleaning with alcohol. The base magnets were
placed in a multi-arc ion plating machine with Tb targets (purity:
>99.99%); Tb coating thickness on both the top and bottom surfaces
was 8 μm. After diffusion at 930 ○C for 3 h in vacuum, the magnet
was polished and cleaned to remove impurities. This magnet was
named T-GBD magnet. The upper and lower surfaces of the T-GBD

magnet were covered with PACG slices and then subjected to two-
step heating at 930 ○C for 3 h and 500 ○C for 3 h in vacuum. This
magnet was named TP-GBD magnet.

The demagnetization curves at 20 ○C were measured using a
pulsed field magnetometer (PFM, PFM14.cn), and the microstruc-
ture and elemental concentration mapping were performed using
an electron probe microanalyzer (EPMA). The phase analysis was
conducted by x-ray diffraction (XRD) using a Philips diffractometer
with Cu-Kα radiation.

RESULTS AND DISCUSSION

Table I displays the magnetic properties of magnets, and the
demagnetization curves of magnets are shown in Fig. 1. The coer-
civity (Hcj) of the original magnet is 35.86 kOe, the remanence
(Br) is 12.88 kGs, and the maximum energy product [(BH)max] is
40.11 MGOe. After grain boundary diffusion of Tb metal, the coer-
civity of the T-GBD magnet is significantly enhanced to 44.51 kOe.
Then, after grain boundary diffusion of PACG alloys, the coerciv-
ity of the TP-GBD magnet is further enhanced to 46.21 kOe. The
remanence of both GDB-treated magnets decreased, and finally, the
remanence loss of the TP-GBD magnet is 0.36 kGs. Importantly,
after coercivity enhancement via Tb diffusion reaches its limit, the
diffusion of PACG can further improve coercivity. It indicates that
two-step diffusion facilitates the maximization of coercivity.

Figures 2 and 3 shows BSE-SEM images and the element dis-
tribution of Tb, Pr, and Nd at different depths below the surface

TABLE I. Magnetic properties of the original magnet, T-GBD magnet, and TP-GBD
magnet.

Samples Br (kGs) Hcj (kOe) (BH)max (MGOe)

Original 12.88 35.86 40.11
T-GBD 12.70 44.51 39.50
TP-GBD 12.52 46.21 38.31

FIG. 1. Demagnetization curves of the original magnet, T-GBD magnet, and
TP-GBD magnet.

AIP Advances 15, 075206 (2025); doi: 10.1063/5.0273816 15, 075206-2

© Author(s) 2025

 11 July 2025 03:51:57

https://pubs.aip.org/aip/adv


AIP Advances ARTICLE pubs.aip.org/aip/adv

FIG. 2. BSE-SEM images and the element distribution of Tb, Pr, and Nd at 50 μm, 150 μm, and 300 μm below the surface of the T-GBD magnet.

FIG. 3. BSE-SEM images and the element distribution of Tb, Pr, and Nd at 50 μm, 150 μm, and 300 μm below the surface of the TP-GBD magnet.

of the T-GBD magnet and TP-GBD magnet by EPMA. As for
the T-GBD magnet (Fig. 2), the typical core–shell structures can
be clearly observed in BSE-SEM images and it becomes less dis-
tinct at 300 μm. In detail, Tb-rich shells were formed according to
the mapping of Tb, and as the depth increases, the Tb-rich shell
becomes thinner. After diffusion of Tb metal, Tb atoms partially

replace the Pr/Nd atoms, forming Tb-rich shells on the surface layer
of the matrix-phase grains. The Tb-rich shell exhibits higher mag-
netocrystalline anisotropy, which contributes to the enhancement
of coercivity.15 As for the TP-GBD magnet (Fig. 3), the continu-
ous and thin grain boundaries can be clearly observed at 50 and
150 μm, while the grain boundaries at 300 μm becomes very thin.
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It can be seen that the thicknesses of the Tb-rich shells of the TP-
GBD magnets become drastically thinner at 50 μm compared to
the T-GBD magnet. Network-like Pr-rich grain boundaries can be
observed at 50 and 150 μm in the TP-GBD magnets. During diffu-
sion of PACG alloys, Tb atoms in Tb-rich shells partially are replaced
by the Pr atoms in PACG alloys, leading to decreased thicknesses
of the Tb-rich shells and then forming Pr-rich shells on the surface
layer of the matrix-phase grains. Thus, there are Tb-rich and Pr-rich
double-shell structures in the TP-GBD magnet. The double-shell
structures can prevent the expansion of reversed domain, facilitat-
ing the enhancement of coercivity.8,10 In addition, the Pr-rich grain
boundaries can enhance the demagnetizing coupling between neigh-
boring matrix-phase grains, which is also beneficial for enhancing
coercivity.16,17

Figure 4 shows BSE-SEM images and the element distri-
bution of Cu, Al, and Ga at 50 μm below the surface of the
T-GBD magnet and TP-GBD magnet by EPMA. Compared to the
T-GBD magnet, more elements of Cu, Al, and Ga are enriched
at the grain boundaries in the TP-GBD magnet, especially Al ele-
ments partly diffused into the matrix-phase grains. Elements of Cu,
Al, and Ga at the grain boundaries can improve grain boundary
wettability and optimize grain boundary structure, which is bene-
ficial for enhancing coercivity.18,19 Furthermore, the enhancement
of the RE-rich grain boundary phase can also enhance coercivity.4
However, due to the higher solubility of Al in the matrix-phase
grains, Al tends to diffuse into the matrix-phase grains, leading
to a reduction in the saturation magnetization and anisotropy
field of the matrix-phase grains, thereby deteriorating the magnetic
properties.20,21

Figure 5 shows XRD patterns of the original magnet, T-GBD
magnet, and TP-GBD magnet. All magnets exhibit strong c-axis
alignment as a result of dominant reflection peaks of (00L) and
(105). The intensity ratios (R) of (006) to (105) peaks are used to
quantitatively characterize the orientation degree for NdFeB mag-
nets, that is, R = I (006)/I (105)

8. The R value of the T-GBD magnet
is 1.34, which is less than 1.44 of the original magnet. It indicates
that the diffusion of Tb metal resulted in a decrease in the degree

FIG. 5. XRD patterns of the original magnet, T-GBD magnet, and TP-GBD magnet.

of orientation. Then, the degree of orientation remained essentially
unchanged after diffusion of PACG alloys. As shown in the mag-
nified micrograph of reflection peaks of (006), the reflection peak
of (006) is shifted toward higher angle after diffusion of Tb metal,
corresponding to the formation of the Tb-rich shell in the EPMA
result. The atomic radius of Pr (1.82 Å) is larger than that of Tb
(1.77 Å), leading to reduction in the crystal plane spacing.10,22 In
addition, the reflection peak of (006) is shifted toward a lower angle
after diffusion of PACG alloys, indicating that Tb atoms in Tb-rich
shells are replaced by the Pr atoms, consistent with the EPMA result.
Hence, loss of remanence resulting from the diffusion of Tb metal
may be attributed to the decreased degree of orientation and the
less saturation magnetization of the Tb-rich shell.23–25 Integrating
the EPMA result, loss of remanence resulting from the diffusion of
PACG alloys should be attributed to the enhancement of RE-rich
grain boundary phases and the diffusion of Al into the matrix-phase
grains.26,27

FIG. 4. BSE-SEM images and the element distribution of Cu, Al, and Ga at 50 μm below the surface of the T-GBD magnet and TP-GBD magnet.
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CONCLUSION

In summary, a sintered NdFeB magnet with super-high coer-
civity of 46.21 kOe was successfully obtained. Tb-containing base
magnets with super-high coercivity were incrementally raised by
two-step diffusion with Tb metal and PACG alloys. Microstruc-
ture analysis indicated that the super-high coercivity of the final
magnet should be attributed to Tb/Pr-rich double-shell struc-
tures, optimized grain boundary structure, and the enhancement of
RE-rich grain boundary phases. This work provides insights into
further breaking the coercivity limit of sintered NdFeB magnets.
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