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The Nd–Fe–B magnets are pre-sintered and then processed with hot-pressing, and the resulting magnets are called the
hot-pressed pretreated (HPP) magnets. The coercivity of the HPP magnets increases as the annealed temperature increases.
When the annealing temperature is 900 ◦C, the coercivity of the magnet is only 17.6 kOe (1 Oe = 79.5775 A·m−1), but
when the annealing temperature rises up to 1060 ◦C, the coercivity of the magnet reaches 23.53 kOe, which is remarkably
increased by 33.7%. The microstructure analysis indicates that the grain surface of the HPP magnet becomes smoother
as the annealed temperature increases. The microstructure factor α is changed according to the intrinsic coercivity model
formula. The α of the magnet at 900 ◦C is only 0.578, but it is 0.825 at 1060 ◦C. Microstructural optimization is due mainly
to the increase of coercivity of the HPP magnet.

Keywords: hot-pressed, coercivity, microstructure, anisotropy field
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1. Introduction
Recently, high-performance Nd–Fe–B sintered magnets

are widely applied to traction motors of electric vehicles and
hybrid electric vehicles.[1] Owing to the fact that the Nd–Fe–
B magnets are used more and more, it is necessary to reduce
the Nd–Fe–B cost by using a few heavy rare earth (HRE) el-
ements (e.g., Tb and Dy) in production. At present, there are
two methods of reducing the use of the HRE elements in Nd–
Fe–B factory. One method is the grain boundary diffusion
(GBD) method by precipitating the HRE compound on the sur-
face of the magnet.[2–4] In the suitable heat treatment process,
the HRE element diffuses from the surface along the grain
boundary to the inside of the magnet, so that the HRE element
mainly exists at the grain boundary and the periphery of the
grain. The HRE element does not entry into the interior of the
grains too much, which will form the relatively uniform core-
shell structure. The existence of the hard (HRE,Nd)2Fe14B
shell can effectively inhibit the reverse nucleation of magnetic
domains.[5,6] Therefore, the shell structure having a high mag-
netocrystalline anisotropy field is formed, which can greatly
increase the Hcj

[7] and thus improve the thermal stability of
magnet byless reducing Br value.[8,9] The Hcj of the magnet
decreases with increasing magnet thickness due to the limited
diffusion depth of HRE in the GBD magnet.[10]

The othermethod is the dual-alloy method by mixing Nd–
Fe–B powders and additive powders containing HREs, and

the magnets are prepared by magnetic field orientation, mold-
ing, and sintering.[11] In the sintering process, the main phase
grains of the sintered magnets and the small grains will dis-
solve, which will precipitate on the grain surface in the cool-
ing process. Due to the high sintering temperature, the atomic
motion is so intense that HRE elements are more likely to dis-
place Nd of the main phase grains. Hence, some grains of the
dual-alloy magnets do not form the core–shell structure and
other grains form the thick core–shell structure, which is dis-
advantageous for the large increase of Hcj.[12]

In order to make the core–shell structure of the dual-alloy
magnet relatively uniform, we have improved the traditional
dual-alloy process: the dual-alloy powders were compacted
under a magnetic field of 1800 kA/m followed by isostatic
pressing at 150 MPa. The green compacts were sintered at
900 ◦C for 2 h in vacuum, followed by gas quenching, thereby
obtaining pre-sintered magnet. Consequently, the pre-sintered
magnets were placed in the hot-pressing vacuum machine at
800 ◦C and 300 MPa for 5 min and then annealed to obtain the
hot-pressed pretreatment (HPP) magnets with a relatively uni-
form core–shell structure. The coercivity of the HPP magnet
is also significantly improved compared with the conventional
dual-alloy magnet.[12] At the same time, we found that the co-
ercivity of the HPP magnets increases significantly with the
increase of the annealing temperature. In this study, the mi-
crostructure of the magnets are investigated. The microstruc-
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ture factor α is studied according to the intrinsic coercivity
model formula. The reasons of coercivity increase are dis-
cussed.

2. Experimental procedure
In experiment, alloys with the nominal compositions of

(NdPr)29Febal.Co1Al0.1Cu0.15Ga0.1B0.98 (wt%) were prepared
by strip casting. The strips were subjected to hydrogen-
decrepitated (HD) process and jet-milled (JM) process to ob-
tain the powders with the average particle size of 2.8 µm. The
Tb90Fe8Al2 (wt%) powders with the average particle size of
2.5 µm prepared subsequently by induction melting, HD, and
JM process. The Nd–Fe–B powders and the Tb90Fe8Al2 pow-
ders were mixed at a ratio of 98 : 2 into the dual-alloy pow-
ders. The dual-alloy powders were compacted under a mag-
netic field of 1800 kA/m followed by isostatic pressing at
150 MPa. The green compacts were sintered at 900 ◦C for
2 h in vacuum, followed by gas quenching, thereby obtain-
ing the pre-sintered magnets. Consequently, the pre-sintered
magnets were placed in the hot-pressing vacuum machine at
800 ◦C and 300 MPa for five min. The pre-sintered magnets
were pressed in the direction of the c axis. In this way, the HPP
magnets were obtained. Then the HPP magnets were then an-
nealed at 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C for 2 h and
the densities are nearly the same, i.e., 7.57 g/cm3, 7.58 g/cm3,
7.57 g/cm3, 7.56 g/cm3. Then those magnets were annealed
at 900 ◦C and 500 ◦C for 2 h in sequence. For comparison,
the original magnets of the Nd–Fe–B green compacts without
Tb90Fe8Al2 addition were sintered at 1060 ◦C and annealed
at 900 ◦C and 500 ◦C for 2 h in sequence. The coercivity
and remanence were respectively 14.26 kOe and 14.25 kGs
(1 Gs = 10−4 T).

The magnets were cut by wire-electrode cutting into
cylinder-shaped ones each with a size of Φ10 mm× 10 mm.
The magnetic properties were measured by using a BH tracer
(NIM-500 C). The microstructure feature was characterized by
scanning electron microscopy (SEM) on Quanta FEG 250 with
an energy dispersive spectrometer (EDS). The crystal structure
and microstructure were examined by using x-ray diffraction
(XRD).

3. Results and discussion
Figure 1(a) shows the demagnetization curves of the

original magnet and the HPP magnets annealed at 900 ◦C,
1000 ◦C, 1030 ◦C, and 1060 ◦C, respectively. Comparing with
the original magnet, the coercivity of the HPP magnet signif-
icantly increases with the annealing temperature rising. As
we expected, the coercivity values of HPP magnets annealed
at 900 ◦C, 1000 ◦C, 1030 ◦C, 1060 ◦C, respectively possess
increments 3.4 kOe, 7.25 kOe, 8.02 kOe, 9.27 kOe. When

annealed at 1060 ◦C, we obtain the best magnetic property,
the remanence of 13.5 kGs, and the coercivity of 23.53 kOe.
However, the remanence values of HPP magnets annealed at
900 ◦C, 1000 ◦C, 1030 ◦C, 1060 ◦C, decrease to different de-
grees, say, by 0.58 kGs, 0.32 kGs, 0.55 kGs, and 0.75 kGs. It is
an interesting phenomenon that the increase of the coercivity
reaches a maximum value, when the HPP magnet is annealed
at 1060 ◦C. And the remanence tends to first increase and then
decrease with annealing temperature increasing from 900 ◦C
to 1060 ◦C. As we know, the density of the HPP magnet has
no difference from those of magnets annealed at 900 ◦C to
1060 ◦C, the remanence trend of the HPP magnet first in-
creases and then decreases, and the different coercivity values
of the HPP magnets are mainly from different microstructural
features.
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Fig. 1. (a) Demagnetization curves of original magnet and the HPP magnets
annealed at 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C. (b) Br and Hcj of the
HPP magnets annealed at 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C.

Microstructural features of the original magnet and the
HPP magnets are presented in Fig. 2. Compared with the orig-
inal magnet, these HPP magnets annealed at different temper-
atures have obvious core–shell structure from the BSE–SEM
images. In this core–shell structure, the core structure is of a
2:14:1 phase, and the shell structure is also of a 2:14:1 phase,
but it is a phase after the HRE-Tb elements have partially re-
placed Nd.[6] Thus, the shell structure is of the (Nd,Tb)2Fe14B
phase. In the presence of the (Nd,Tb)2Fe14B phase of the
surface layer of the main phase grains, the localized magne-
tocrystalline anisotropy field of the surface layer of the main
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phase grains will increase. Those will result in a significant
increase in the coercivity of the HPP magnet.[13–15] By com-
paring Fig. 2(b) with Fig. 2(e), it can be seen that there are
two obvious differences. One is the volume of the rich rare-
earth phase (the white part in Fig. 2) gathering in triangle grain
boundary. The other one is the number of irregular grains. As
can be seen from Fig. 2, the volume of the rich rare-earth phase
and the number of irregular grains are lower and lower with
the HPP magnets annealed at 900 ◦C, 1000 ◦C, 1030 ◦C, and
1060 ◦C. It is easily understood that the rich rare-earth phase
gathering in the triangle grain boundary easily dissolves the

edges and corners of the irregular grains and the grain growth
takes place with the temperature increasing. Although the
grains of the 900 ◦C-annealed magnet have the angular shape,
the boundaries of the grains in the magnet become smoother
with the annealed temperature increasing. Therefore, the co-
ercivity of the magnet annealed at a high temperature is higher
than that of the magnet annealed at 900 ◦C. In addition, ac-
cording to Table 1, the mass proportion of the Tb element in
the shell of the main phase grains increases with the annealing
temperature increasing, which is also the reason for increasing
the coercivity.

(a)

3 mm

(b) (c) (d) (e)

3 mm 3 mm 3 mm 3 mm

Fig. 2. BSE–SEM images of (a) original magnet and the HPP magnets annealed at (b) 900 ◦C, (c) 1000 ◦C, (d) 1030 ◦C, and (e) 1060 ◦C.
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Fig. 3. Main phase grain size of original magnet and HPP magnets annealed
at 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C.

There are two main reasons why the remanence of HPP
magnet is lower than that of the original magnet. One reason
is that the orientation degree of HPP magnet will be destroyed
to some extent.[16] Another reason is that the TbFeAl enter-
ing into the main phase grains reduces the saturation magne-
tization of the main phase grains. In the annealing process at
1000 ◦C, the large grains start devouring the coarse grains to
obtain an optimized texture.[17] As a result, small grains with
misorientations are annexed. So the remanence of the HPP
magnet at 1000 ◦C is higher than that of the HPP magnet at
900 ◦C. As shown in Table 1, the Tb content at the shell struc-
ture of grains in the HPP magnets rises with annealed tem-
perature increasing. The replacement of Nd element in the
main phase by Tb element will reduce the saturation magne-

tization of the main phase grains, which will cause the rema-
nence of the magnets to decrease. This is the main reason why
the remanence decreases when the HPP magnets are annealed
at 1030 ◦C and 1060 ◦C.

Table 1. Rare earth content values of shell of grain in HPP magnets
annealed at different temperatures.

Temperature/◦C Tb/wt% Pr/wt% Nd/wt%

900 (A) 3.75 4.36 21.53
1000 (B) 4.77 4.28 20.78
1030 (C) 5.34 4.2 20.67
1060 (D) 5.47 4.11 20.13

According to the image of the demagnetization curves of
the magnets, it can be concluded that the remanence of the
HPP magnet increases with annealing temperature rising, and
the remanence changes in a range of 0.4 kGs. However, the
intrinsic coercivity of the HPP magnet increases as annealing
temperature increases. In order to further explain the increase
in coercivity of the HPP magnet, we induce the intrinsic coer-
civity model expressed as[18,19]

Hcj = αHa −NeffMs, (1)

where Ha in the first term on the right-hand side is the nucle-
ation field of isolated spherical particle, α is the weakening
factor of the nucleation field of the grain surface non-uniform
magnetic parameter, and Neff is the effective demagnetization
factor of the grain interaction magnetic field in the magnet.
It varies with structure, shape, and neighboring grain condi-
tions of the grains in the magnet. The parameters α and Neff
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have different values for different annealing temperatures, and
are generally not fixed values. Therefore, Hcj/Ms and Ha/Ms

curves at different temperatures need plotting to determine
their values.

Figure 4(a) shows the linear fitting curves of Hcj/Ms and
Ha/Ms at different annealed temperatures of the HPP magnets.
As shown in Table 2, α and Neff values at different annealed
temperatures are obtained. It can be seen from the fitting re-
sults that in the range of 900 ◦C–1000 ◦C, α and Neff values
increase with annealing temperature increasing. The main rea-
son for the low α is that there are a number of irregular grains
inside the magnets at 900 ◦C. The irregular grains are elim-
inated as the annealed temperature rises, therefore, the α at
1000 ◦C is improved. Because the coarse grains have a high
demagnetization effect, the high Neff is mainly due to the fact
that the grain size of the magnet becomes larger as the an-
nealing temperature of the magnet increases. In the range of
1000 ◦C–1060 ◦C, α and Neff values both decrease with an-
nealing temperature increasing. The main reason of low α

is the microstructural defects. The reason why the value of
Neff decreases is that the grain boundaries become smooth and
clear.[20] The combination of both α and Neff makes the in-
trinsic coercivity of the HPP magnets increase with annealed
temperature increasing.

Table 2. Microscopic magnetic fitting factor α and Neff at annealing tem-
peratures of 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C.

Sample/◦C α Neff

900 0.578 2.03
1000 0.850 3.27
1030 0.840 3.13
1060 0.825 2.98

Figure 4(b) shows that the coercivity of the magnet varies
with temperature. For the magnet annealed at 900 ◦C, the
temperature coefficient of coercivity (β ) of 25 ◦C–125 ◦C
is −0.51%/◦C. After the magnets are annealed at 1000 ◦C,
1030 ◦C, and 1060 ◦C respectively, the β values of the mag-
nets are −0.58%/◦C, −0.56%/◦C, and −0.53%/◦C, respec-
tively. The β value of the magnet annealed at 900 ◦C is the
largest. This is because the average size of the grains of the
magnet annealed at 900 ◦C is only 3.72 µm. Therefore, the β

value of the magnet annealed at 900 ◦C is low and corresponds
to the demagnetization factor Neff. As can be seen from Fig. 3,
the average grain size of the magnets annealed at 1000 ◦C,
1030 ◦C, and 1060 ◦C does not change much, but the β values
of these magnets become larger as the annealing temperature
rising. Since the rate of deterioration of Ms with temperature
is much lower than that of Ha,[21] the lower Neff is more fa-
vorable for the temperature stability of the magnet. The Neff

and the β of the magnets annealed under these three annealing
temperatures are corresponding to each other. The essential

reason for the increase in the β is that the surface of the main
phase of the magnet becomes smoother.

900 C
1000 C
1030 C
1060 C

900 C
1000 C
1030 C

1060 C

β=-0.58%/C

β=-0.56%/C

β=-0.53%/C

β=-0.51%/C

0.6

0.8

1.0

1.2

1.4

1.6

1.8

H
c
j/
M

s

4.6 4.8 5.0 5.2 5.4 5.6

Ha/Ms

8

10

12

14

16

18

20

22

24

C
o
e
rc

iv
it
y
/
k
O

e

25 50 75 100 125

Temperature/C

(a)

(b)

Fig. 4. (a) Linear fitting curves of Hcj/Ms and Ha/Ms of HPP magnets
annealed at 900 ◦C, 1000 ◦C, 1030 ◦C, and 1060 ◦C. (b) Curves of the co-
ercivity of HPP magnets versus temperature.

4. Conclusions
In this work, the reason why the coercivity of the HPP

magnet increases is investigated. The magnet is densified af-
ter the pre-sintered magnet has experienced the hot-pressing
process. The coercivity increases as the annealing tempera-
ture of the magnets rises. The coercivity is enhanced from
17.6 kOe to 23.53 kOe for the magnet annealed at 900 ◦C
and 1060 ◦C. However, the remanence of the magnet fluctu-
ates within the range of 0.4 kGs with annealing temperature
changing. Microstructural analysis shows that there are many
irregular grains in the magnet annealed at 900 ◦C, and the vol-
ume fraction of the rare earth-rich phase is high. These de-
fects reduce the anisotropy field at the grain boundaries and
easily induce the magnetization reversal nucleus to form, re-
sulting in low coercivity. When the magnets are annealed at
1060 ◦C, the defects are re-paired and the surface of the grains
becomes smooth, so that the coercivity is increased. Accord-
ing to the formula of the intrinsic coercivity model, it can be
obtained that the microstructure factor α is 0.578 and 0.825
when the magnet is annealed at 900 ◦C and 1060 ◦C, respec-
tively. Therefore, it can be concluded that the microstructure
of the magnet annealed at 1060 ◦C is optimized, so that the
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coercivity is improved.
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