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Abstract
NdFeB hot-pressed and hot-deformed magnets were prepared by hot-pressed (HP) sintering and spark plasma sintering (SPS). 
The effects of sintering mechanisms of SPS and HP on the microstructure of hot deformation magnets were studied. The 
temperature of the mold surface is much higher than that of the sample in the cavity in HP, but lower than that of the sample 
in SPS. The Nd-rich phase is uniformly distributed and the grain size is smaller in the hot-deformed magnets prepared by 
HP, while the Nd-rich phase is excessively enriched and the grain size in the liquid-enriched region is abnormal in the hot-
deformed magnets prepared by SPS. The comprehensive magnetic properties of hot deformed magnets prepared by SPS are 
significantly lower than those prepared by HP.
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1  Introduction

Since the hot-deformed NdFeB magnets discovered by Lee 
et al. [1] in 1984, nanocrystalline permanent magnets have 
attracted great interest [2–6]. Because of their good mag-
netic properties, excellent thermal stability, and better cor-
rosion resistance, these alloys have great value in practical 
application. However, it is well known that when the grains 
in the magnets are overgrown, the microstructure tends to 
change from small flat platelet-shaped grains to large spheri-
cal grains and the grain alignment is disrupted [7, 8]. Moreo-
ver, when the Nd-rich phase gathers at the triple junction, the 
Nd concentration in the intergranular phase reduces, which 
is harmful to the magnetic isolation of the hard magnetic 

grains [9]. Thus, it is necessary to determine the technology 
for preparing uniform microstructure magnets.

Hot-pressing (HP) and spark plasma sintering (SPS) are 
two effective techniques for preparing anisotropic magnets. 
In recent years, both HP and SPS have been applied to pre-
pare hot-pressed magnets which can be subsequently sub-
jected to hot deformation to prepare anisotropic magnets [10, 
11]. Numerous studies on the microstructure and magnetic 
properties of hot-pressed and hot-deformed magnets sintered 
by HP or SPS have been carried out [12–16]. A comparison 
of the research findings reveals that the hot-pressed and hot-
deformed magnets processed by SPS depict finer grain size 
and better properties because of the short processing time of 
SPS [17–22]. However, the above results were obtained from 
experimental data. Different raw materials, pressure, cylin-
drical dies, and measuring methods were used, which likely 
resulted in inaccurate comparison. In order to compare more 
accurately, the differences of microstructure, grain growth 
mode, and magnetic properties in different fabrication pro-
cesses, the same raw materials, and measurement meth-
ods must be used for magnets prepared by HP and SPS. In 
other fields such as ceramics and oxides, direct comparative 
studies on the differences between HP and SPS have been 
systematically reported [23–25]. However, for hot-pressed/
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hot-deformed magnets, few studies systematically compare 
the differences between HP and SPS directly.

In this study, we have systematically studied the influ-
ence of HP and SPS on the microstructure, grain growth 
rate, and magnetic properties of the hot-deformed magnet. 
Interestingly, by scanning electron microscopy (SEM) analy-
sis, it was found that the grain size of the sample prepared 
by SPS was larger than that of the sample prepared by HP, 
and the liquid phase was excessively enriched at triple junc-
tions although the deformation temperature of HP is much 
higher than that of the SPS. This is contrary to the assump-
tion that the use of SPS restrains the grain growth due to its 
low sintering temperature. The magnetic properties of the 
samples prepared by SPS are exceedingly deteriorated due 
to the large enrichment of liquid phase and the abnormal 
growth of grains [7, 9].

2 � Material and Methods

2.1 � Raw Materials

The magnetic powder of Nd29.8Pr0.1Fe64.7Si0.1Co3.0Al0.1Ga0.5Bbal 
(wt.%) was used as the raw material.

2.2 � HP and SPS Experiments

For both the HP and SPS experiments, equal amounts of 
magnetic powders (10 g) were placed in a cylindrical alloy 
mold. The interior of the die and the surfaces of punches 
were covered with 0.2-mm-thick graphite foil. All the exper-
iments were conducted in vacuum.

In hot-pressing, the sintering temperature and holding 
time were 650 ℃ and 5 min. The hot-pressed magnet pre-
pared by HP is denoted as H0 hereafter. With H0 as the pre-
cursor, the HP was used to prepare the hot-deformed mag-
net. The hot deformation temperatures of the magnet were 
780 °C, 800 °C, 820 °C, 840 °C, and 860 °C, with holding 

time of 5 min. The hot-deformed magnets are respectively 
denoted as H780 ℃, H800 ℃, H820 ℃, H840 ℃, and H860 
℃. (The initial deformation temperature of 780 °C is chosen 
because when the deformation temperature is lower than 
780 °C, the magnet is not sufficiently softened and crushed 
during the deformation process due to the low temperature 
in the cavity.)

Independently, experiments were completed on the 
SPS furnace. The sintering conditions of SPS magnet are 
the same as those of H0. The magnet prepared by SPS is 
denoted by S0. With S0 as the precursor, the hot deforma-
tion is undertaken at 600 ℃, 650 ℃, 700 ℃, 750 ℃, and 
800 ℃, with holding of 5 min. Five deformed magnets are 
respectively denoted as S600 ℃, S650 ℃, S700 ℃, S750 ℃, 
and S800 ℃.

2.3 � Characterization

The magnetic properties of hot-pressed magnets were meas-
ured with a hysteresis loop tracer, NIM500C. The density 
for the magnets was measured by the Archimedes principle. 
Small cylindrical magnets with a size of ф 2.6 mm, from 
the center of the hot-deformed magnet, were obtained for 
magnetic measurements. Then, magnetic properties of a 
small cylindrical magnet were obtained in physical property 
measurement system (PPMS) equipped with a 9.0-T vibrat-
ing sample magnetometer (VSM). X-ray diffraction pat-
terns were obtained with X-ray diffractometer using Cu-Kα 
radiation. The microstructure and chemical compositions 
were analyzed by scanning electron microscopy (SEM) and 
energy dispersion spectroscopy (EDS).

3 � Results and Discussion

The demagnetization curves of H0 and S0 are depicted 
in Fig. 1(a). The squareness of demagnetization curves 
is denoted by the ratio Hk/Hcj, where Hk is defined as the 
demagnetizing field where the magnetization J reduces to 

Fig. 1   (a) Demagnetization curves of hot-pressed magnet H0 and S0 prepared by HP and SPS respectively. (b) and (c) are demagnetization 
curves of hot-deformed magnets prepared by HP and SPS at different deformation temperatures
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80% of Jr, whose value is obtained from the bottom of the 
small step in the initial demagnetization curve [26]. The 
squareness of samples H0 is slightly higher than that of S0 
and its values are 0.55 and 0.51, respectively. The corre-
sponding magnetic properties are listed in Table 1. Under 
the same sintering process, the magnetic property of H0 pre-
pared by HP is lower than that of S0 prepared by SPS, which 
may be caused by the lower density of H0 magnet [27].

Figure 1(b) shows the demagnetization curves of the hot-
deformed magnets prepared by HP at different temperatures. 
The magnetic properties of H780 ℃ magnet are Hcj = 1498 
kA/m, Jr = 0.87 T, and (BH)max = 132 kJ/m3. The magnetic 
properties change with the increase of deformation tempera-
ture. When the temperature reaches 860 ℃, the Hcj decreases 
and reaches 1354 kA/m, while the Jr increases to 1.23 T 
resulting in an enhanced (BH)max = 276 kJ/m3. Figure 1(c) 
shows the demagnetization curves of the hot-deformed mag-
nets prepared by SPS at different temperatures. Magnetic 
properties with increasing temperature show an increasing 
trend in the beginning, then decrease, and the best magnetic 
properties are obtained at 650 ℃. The magnetic properties 
Hcj = 551 kA/m, Jr = 1.12 T, and (BH)max = 103 kJ/m3 are 
obtained for S650 ℃. There is a great difference between 
the magnetic properties of H860 ℃ and S650 ℃ magnet. 
The intrinsic coercivity of H860 ℃ is 803 kA/m higher than 
that of S650 ℃. According to the demagnetization curves in 

Fig. 1(b) and (c), it can be clearly seen that the squareness 
(Q) of the deformed magnets prepared by HP at different 
temperatures is much better than that of deformed magnets 
prepared by SPS at different temperatures.

Figure 2(a) and (b) show the XRD patterns of the hot-
deformed magnets prepared by HP and SPS respectively. 
All the patterns show the presence of the Nd2Fe14B phase. 
The peak intensity ratio, I(006)/I(105), is usually used to char-
acterize the degree of texture [28]. It can be observed from 
Fig. 2(a) that the value of I(006)/I(105) gradually increases by 
increasing the deformation temperature. As can be seen in 
Fig. 2(b), the value of I(006)/I(105) is the highest for S650 ℃. 
The increasing value of I(006)/I(105) indicates that the orienta-
tion of grains is enhanced and the remanence (Jr) increases. 
The XRD results are consistent with the magnetic properties.

Figure 3(a) shows the schematic diagram of the HP pro-
cess. When an alternating current is loaded on the induction 
coil, an alternating magnetic field is generated. The mag-
netic flux of the magnetic line passing through the workpiece 
changes and induced electromotive force inside the work-
piece, which then generates an induced current. This current 
flows inside the workpiece in the circumferential direction of 
the workpiece, called eddy current. The eddy current gener-
ates heat on the workpiece based on the Joule-Lenz law and 
completes heating. That is, when the sample is prepared by a 
hot pressing furnace, the heat transfer direction is transferred 
from the surface of the mold to the sample in the mold cavity 
(surface of mold is heat source). Figure 3(b) and (c) show 
the schematic diagram of the SPS. In the SPS, particle dis-
charge, conductive heating, and pressurization are the three 
main characteristics [29–31]. In addition to the characteris-
tics of both traditional sintering methods, i.e., heating and 
pressing, the plasma produced by discharge between powder 
particles has a very high temperature which can generate 

Table 1   Magnetic properties of H0 and S0

Sample Jr
(T)

Hcj
(kA/m)

(BH)max (kJ/m3) Q

H0 0.70 1395 86 0.55
S0 0.81 1688 116 0.51

Fig. 2   XRD patterns of hot-deformed magnets: (a) prepared by HP, (b) prepared by SPS
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local high temperatures on the surface of the particles. The 
principle of inter-particle discharge is shown in Fig. 3(c). 
As the pulse current increases, a pulse voltage is generated 
between the particles, causing a discharge effect between 
adjacent particles [32]. When SPS is used to prepare sam-
ples, the heat transfer direction is from the sample in the 
mold cavity to the surface of the mold (sample in the mold 
cavity is the heat source). This also explains why the defor-
mation temperature of the HP is higher than that of the SPS.

Figure  4(a)–(e) show the low magnification SEM 
images of the deformed magnets prepared by SPS at differ-
ent hot deformation temperatures. Figure 4(a) and (b) can 
clearly distinguish the coarse and fine crystal regions, and 
the grain size in the fine crystal regions is uniform without 
any larger crystal grains. When the temperature reaches 
700 ℃, compared with S600 ℃ and S650 ℃, the average 
grain size of S700 ℃ significantly increases, and very large 
grains appear in the fine grain area as shown in Fig. 4(c). 
When the temperature continues to rise, the number of 
abnormally grown grains in the fine-grained region of 
the S750 ℃ sample increases, forming a new coarse-
crystalline region, while the previous coarse-crystalline 
region continues to grow. In Fig. 4(e), the coarse and fine 
crystal regions cannot be distinguished, and the areas of 
the two crystal regions are the same. Figure 4(f)–(j) are 
high-magnification images corresponding to the local 
regions in Fig. 4(a)–(e). As the temperature increases, the 
width of the coarse grain region of the sample S650 °C is 

slightly increased compared to that of S600 °C, as shown 
in Fig. 4(f) and (g). However, the intrinsic coercivity of 
the sample S650 ℃ is higher than that of S600 ℃. This 
may be because the width of the coarse grain zone of the 
sample at S650 ℃ increases very little compared with that 
of S600 ℃, and the increase of temperature enhances the 
fluidity of Nd-rich phase and enables it to distribute among 
grains more evenly, thus achieving demagnetization cou-
pling between grains [7]. As the temperature rises, the 
grain orientation of the sample S650 °C is also better than 
that of S600 °C, as shown in Fig. 4(f) and (g). The grains 
in the coarse-grain region of Fig. 4(h) – (j) are getting 
larger and larger, which is consistent with Fig. 4(c) – (e).

Figure 5 shows the SEM images of the deformed magnets 
prepared by HP at different hot deformation temperatures. 
The sample H780 ℃ has holes (Fig. 5(a)), and the crystals 
have almost no orientation (Fig. 5(f)). When the temperature 
reaches 800 °C, the number of holes decreases (Fig. 5(b)), 
and the grains have better orientation (Fig. 5(g)). At 820 
℃, the pores of the magnet disappear, and coarse crystal 
regions begin to appear (Fig. 5(c)), and the orientation of 
the crystal grains can be clearly seen (Fig. 5(h)). As the 
temperature continues to rise, the width of the coarse-grain 
region of the magnet increases (Fig. 5(i)), and the crystal 
grain orientation becomes more obvious. Growth of coarse 
crystal zone reduces coercivity of magnets. But the increase 
of grain orientation enhances the remanence of magnets. 
This is consistent with the experimental data in Fig. 1(b).

Fig. 3   Schematic diagram of heating principle (a) HP, (b) SPS, particle discharge in SPS (c)
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It can be seen from Figs. 4 and 5 that, although the hot  
deformation temperature of SPS is much lower than that 
of the HP, the crystal grains of the hot-deformed magnet 
prepared by SPS are much larger than those prepared by 
the HP. This is due to the sintering principle and tempera-
ture measurement method of the two methods. When SPS 
is used to prepare samples, the heat source is the sample 
in the mold cavity, that is, the temperature of the sample 
in the mold cavity is higher than that of the mold sur-
face. The heat source of HP sample preparation is located 

on the surface of the mold, that is, the temperature of 
the mold surface is higher than that of the sample in the 
membrane cavity. The temperature measurement of SPS 
and HP uses thermocouple to measure the temperature of 
mold surface. This is why the deformation temperature 
of the hot deformation magnet prepared by SPS is much 
lower than that of the HP, while the grain growth rate 
of the hot deformation magnet prepared by SPS is much 
higher than that of the hot deformation magnet prepared 
by the HP.

Fig. 4   Low magnification scanning electron microscope (SEM) 
images of hot-deformed magnets S600 ℃ (a), S650 ℃ (b), S700 ℃ 
(c), S750 ℃ (d), and S800 ℃ (e) prepared by SPS at different temper-

ature. (f) – (j) are high-magnification scanning electron microscope 
images, corresponding to the coarse crystal region in (a) – (e) respec-
tively

Fig. 5   Low-magnification scanning electron microscope (SEM) 
images of hot-deformed H780 ℃ (a), H800 ℃ (b), H820 ℃ (c), H840 
℃ (d), and H860 ℃ (e) magnets prepared by HP at different temper-

ature. (f) – (j) are high magnification scanning electron microscope 
images, corresponding to local regions in (a) – (e) respectively
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Figure 6(a) and (c) are low-magnification SEM images 
of sample S650 ℃ and H860 ℃ on the c-plane, respectively. 
Figure 6(a) shows that the sample S650 ℃ presents large 
Nd-rich phase aggregation on the c-plane, and the area of 
Nd-rich phase enrichment is nearly half of the whole picture 
area. However, in the sample H860 ℃, the liquid phase dis-
tribution on c-plane is obviously more uniform, as shown in 
Fig. 6(c). Figure 6(b) and (d) show the high-magnification 
SEM images of the liquid-phase enrichment region on the 
c-plane of S650 ℃ and H860 ℃, respectively. It can be 
seen from Fig. 6(b) that most grains grow abnormally in 
the liquid phase–enriched area. Compared with the liquid-
phase enrichment area of S650 ℃, the area of the massive 
Nd-rich phase is very small in the c-plane of H860 ℃, and 
no obvious abnormal growth of crystal grains is observed 
in the liquid-phase enrichment area, as shown in Fig. 6(d). 
Figure 6(b) and (d) were analyzed by SEM–EDS. It can 
be seen from the element mapping of Nd-L and Fe-K, in 

the SEM images, that the black area represents the matrix 
phase particles, while the white area represents the blocky 
Nd-rich phase.

Figure 7(a) and (c) are low-magnification SEM images of 
sample S650 ℃ and H860 ℃ on the ab-plane, respectively. 
The Nd-rich phase in the magnet tends to be enriched at the 
c-plane grain boundary, while the Nd-rich phase at the ab-
plane grain boundary is relatively rare, and even the exist-
ence of the grain boundary is not observed [33, 34]. There-
fore, compared with c-plane, the volume fraction of Nd-rich 
phase on ab-plane is less, but enrichment of Nd-rich phase 
is also observed in various areas on the ab-plane at S650 ℃, 
as shown in Fig. 7(a). Compared with S650 ℃, the liquid  
phase distribution on ab-plane surfaces of H860 ℃ sam-
ples is obviously more uniform, as shown in Fig.  7(c).  
Figure 7(b) and (d) show the high-magnification SEM images  
of the liquid-phase enrichment region on the ab-plane of 
S650 ℃ and H860 ℃, respectively. Figure 7(d) shows that 

Fig. 6   Low-magnification BSE SEM image of c-plane of (a) S650 ℃ and (c) H860 ℃. BSE SEM images (b) and (d) correspond to the specified 
areas in images (a) and (c) respectively. SEM–EDS elemental mappings for Nd-L, Fe-K from the same region as (b) and (d)
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the liquid phase of H860 ℃ on the ab-plane is uniform and 
almost has no enrichment. However, S650 ℃ shows serious 
liquid phase enrichment on both ab-plane and c-plane, as 
shown in Figs. 7(b) and 6(b).

By comparing Fig. 6 with Fig. 7, it can be seen that the 
liquid phase distribution on the surface of S650 ℃ and H860 
℃ is significantly different. For S650 ℃, severe enrichment 
of Nd-rich phase and abnormal grain growth near the liquid 
phase were observed. It is well known that the abnormal 
growth of crystal grains causes a decrease in the intrinsic 
coercivity of the magnet [8, 9]. It has been shown that when 
the Nd-rich phase is severely enriched at the triple junction, 

the Nd concentration of the intergranular phase will decrease 
[9]. Compared with H860 ℃, the Nd-rich phase at S650 ℃ 
is excessively enriched at the triple junctions. This leads to 
the reduction of intrinsic coercivity of S650 ℃. Due to the 
extremely uneven liquid phase distribution and the abnormal 
growth of crystal grains of the magnet prepared by SPS, the 
squareness of the hot-deformed magnet prepared by SPS is 
much lower than that of the hot-deformed magnet prepared 
by the HP [35].

The difference of surface microstructure between S650 
℃ and H860 ℃ is due to the different sintering principles of 
SPS and HP. The mechanism of grain consolidation induced 
by grain rotation, as an important grain growth mechanism, 
has been confirmed in many nanocrystalline materials 
[36–39]. Molecular dynamics simulation and related exper-
iments have proved that the growth rate of grain rotation 
induced merger during the heat treatment of nanocrystalline 
materials is much faster than the grain growth mechanism 
dependent on atomic diffusion [36, 39, 40]. Due to the inter-
particle discharge in the heating mode of SPS, local high 
temperature is generated. In the process of the deformation, 
the liquid phase fluidity in the local high temperature region 
is enhanced. When the grains are deformed and rotated, it 
is easy to extrude the grain boundary phase between grains, 
so that the liquid phase in the high-temperature region is 
enriched in the triangular grain boundary. There is no grain 
boundary phase between the grains and they contact each 
other directly. The grains in contact with each other merge 
and grow at high temperature [41]. During the hot deforma-
tion of the HP, due to its uniform heating without local high 
temperature, the liquid phase distribution is more uniform 
when the grain rotates, and there are fewer areas that pro-
duce a large amount of liquid phase enrichment, so that its 
microstructure is more uniform. The grain growth model of 
S650 ℃ and H860 ℃ is shown in Fig. 8.

Fig. 7   Low-magnification BSE SEM image on ab-plane of (a) S650 
℃ and (c) H860 ℃; high-magnification BSE SEM image (b) and (d), 
corresponding to local regions in images (a) and (c) respectively

Fig. 8   Grain growth model of 
H860 ℃ and S650 ℃
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4 � Conclusions

In summary, we investigated and compared the effects of 
the sintering by SPS and HP on the microstructure and mag-
netic properties of hot-deformed NdFeB magnets. In the hot 
deformation stage, the temperature of the mold surface is 
much higher than that of the sample in the cavity in HP, 
but lower than that of the sample in SPS. Although the hot 
deformation temperature of SPS is significantly lower than 
that of HP, the grain growth rate and grain size of the hot-
deformed magnets prepared by SPS is far higher than that 
of the hot-deformed magnets prepared by HP.

Due to inter-particle discharge in the sintering process of 
SPS, a local high temperature phenomenon occurs, which 
enhances the liquid phase fluidity. Therefore, the liquid 
phase between grains is easier to squeeze to the triangular 
grain boundary and enrich when the grains rotate and merge. 
Moreover, the high temperature also causes the abnormal 
growth of grains in this region. However, HP does not enrich 
large amount of liquid phase like SPS because of its uniform 
heating.

Compared with HP, the microstructure of hot-deformed 
magnets prepared by SPS is extremely uneven due to the 
abnormal growth of grains and the serious enrichment of 
liquid phase, which is very unfavorable to the magnetic 
properties.
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