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Abstract

SmCoy magnets were prepared by spark plasma sintering (SPS) technique. The phase constitutions, magnetic properties, and
microstructures of magnets prepared under different sintering temperatures were investigated systematically. It is observed
that the 1:5 phase and 2:7 phase coexist in the magnet, and 2:17 phase appears when the temperature rises to 1050 °C. The
best magnetic properties were obtained for the magnets prepared at 1000 °C, with remanence J,=0.45 T, intrinsic coercivity
H ;=985 kA/m, and maximum energy density (BH),,,, =37 kJ/m?. It is shown that the SPSed magnet prepared at 1000 °C
exhibits excellent thermal stability which is described in terms of temperature coefficient of remanence (o) =—0.15%/°C and
temperature coefficient of coercivity (p)=—0.25%/°C in the temperature range of 27-400 °C. The microstructure analysis
showed that the high density of the magnet and the uniform distribution of the hard magnetic phase are the main reasons

for the excellent magnetic properties.
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1 Introduction

As the first-generation rare earth permanent magnets, SmCos
magnet is attractive due to its high temperature application
[1-4]. SmCos is widely used in electric motors, generators,
and transformers applications [5—8]. SmCos magnet has
not only high Curie temperature of 727 °C, but also a rela-
tively high magnetic energy product [9—12]. Compared with
Sm,Co,; magnet and other SmCo-based magnets, SmCos
has larger magnetocrystalline anisotropy field of 31,840
kA/m [13, 14]. In addition, the corrosion resistance and high
temperature stability of NdFeB are not as good as SmCos
[15, 16].
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In order to obtain higher coercivity, high remanence and
high temperature stability, it is necessary to further study the
microstructure and phase composition of SmCos [17, 18]. Xu
et al. reported a new design of using Sm,Co, nanophase to
induce low-temperature hot deformation to prepare SmCos
magnets. The Sm,Co, nanophase can promote the grain rota-
tion and grain boundary sliding of the SmCos phase, thereby
coordinating the deformation of the two phases and avoiding
local stress concentration, and finally obtaining a high coer-
civity magnet with good c-axis texture under low-temperature
hot deformation [19]. Broad et al. found that the performance
of SmCoj deteriorated mainly due to the easier nucleation of
the reverse domain due to the precipitation of Sm,Co,, [6].
Compared with conventional sintering, spark plasma sinter-
ing (SPS) is widely used in the fabrication of fully dense rare-
earth permanent magnets with fine grain microstructure due
to its short processing cycle and low sintering temperature
[20-27]. Anas Eldosouky et al. reported that SmCos SPSed
magnet prepared at 900 °C shows improved performance
compared to conventionally sintered (CVSed) magnets [26].
Liang et al. investigated the microstructure and magnetic
properties of hot deformed SmCos nanocrystalline magnet
prepared from amorphous precursors, and the hot deformed
SmCos magnet depicted magnetic properties of H ;=2450
kA/m, J.=0.64 T, (BH),,,, =804 kJ/m>, and the remanence
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ratio of the magnet is as high as 0.87 due to the strong c-axis
texture [27].

Hot-pressed precursors have a great influence on the
microstructure and phase composition of the hot deformed
magnets. However, recent works on the precursors of SPSed
SmCos hot deformation mainly focuses on the amorphous
precursors [19, 27], but few crystalline precursors have been
studied. In this work, SPSed SmCos hot-pressed precursors
were prepared at different sintering temperatures, and the
correlation between the microstructure and magnetic proper-
ties are investigated systematically.

2 Experiment

The commercial quick-setting tablets with a nominal compo-
sition of SmCoj; pulverized in a glove box to obtain powders
were used as the original materials for SPSed magnets. The
SPSed magnets were prepared at different sintering tem-
peratures ranging from 900 to 1050 °C under a pressure
of 50 MPa for 5 min with graphite mold. SPSed SmCos
magnet in cylindrical shape with a diameter of 15 mm and
a height of about 7 mm were obtained. The optimized mag-
netic properties of the samples were obtained by adjusting
the sintering temperature. The phase structures of SPSed
magnets were characterized by X-ray diffraction (XRD)
using Cu K, radiation by a continuous scanning mode with
a scan speed of 2.5°/min in the range of 20-90°. The XRD
date was analyzed by Rietveld refinement method [28]. The
room temperature (27 °C) performance of the magnets was
measured by a B-H tracer (NIM-500C). Physical Property
Measurement System (PPMS) equipped with a vibrating
sample magnetometer (VSM) was applied to obtain the
demagnetization curves in the temperature range 27 to
400 °C at a maximum magnetic field of 6 T. The morphol-
ogy and elemental distribution of the selected magnets were
observed by scanning electron microscopy (SEM).

3 Results and Discussion

Figure 1a displays the XRD patterns of the powder and the
SPSed SmCos magnets prepared at different sintering tem-
peratures. The powder and all the SPSed magnets sintered
at 900-1050 °C consist of 1:5 phase and 2:7 phase which
is similar to the conventional sintered magnets [6, 20], but
when the sintering temperature reaches 1050 °C, the peak
strength of the 1:5 phase becomes weaker and 2:17 phase
with Th,Ni,,-type hexagonal crystal structure appears in
the magnet. Figure 1b, c give the Rietveld refinement of
XRD pattern of the magnet prepared at 1000 and 1050 °C,
respectively. Table 1 gives the XRD refinement results for
the magnets fabricated under 1000 and 1050 °C. The result
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shows that the 2:17 phase does exist in the magnet at the
sintering temperature of 1050 °C. It is well established that
the magnetic properties of SPSed SmCos decrease by the
formation of 2:17 phase [29]. In addition, Rietveld refine-
ment was used to calculate the lattice constants which are
given in Table 1. The refined results are in good agree-
ment with the standard values of the 1:5 phase (SmCos, P6/
mmm, a=4.995 A, c=3.978 A), 2:7 phase (Sm,Co,, R-3 m,
a=5.055 A, c=24.570 A) and 2:17 phase (Sm,Co,, R-3 m,
a=8.402 A, c=12.172 A) [30, 31].

Figure 2 gives the demagnetization curves of SPSed
SmCos magnets prepared under different sintering tem-
peratures. Table 2 lists the values of the magnetic proper-
ties. The magnetic properties increase monotonically with
the sintering temperature in the range of 900 to 1000 °C.
The SPSed magnet prepared at the sintering temperature
of 1000 °C shows the best intrinsic coercivity H ;=985
kA/m, remanence J.=0.45 T and maximum energy density
(BH),,, = 35 kJ/m®, respectively. On the one hand, as the
temperature increases, the density of SPSed SmCos mag-
nets increases from 8.13 g/cm? at 900 °C to 8.40 g/cm? at
1000 °C and 1050 °C. On the other hand, when the tem-
perature rises to 1050 °C, the performance of the magnet
deteriorates due to the formation of 2:17 phase. The precipi-
tated 2:17 phase acts as a reverse nucleation site, rather than
domain wall pinning, and significantly reduce the coercivity
[6].

Figure 3 depicts the demagnetization curves of the SPSed
SmCos magnet prepared at 1000 °C in the temperature range
of 27-400 °C. The result shows that the magnetic properties
decrease with the increase of temperature due to thermal
demagnetization. Table 3 displays the detailed magnetic
properties. The results show that the magnet exhibits stable
magnetic properties at 200 °C, the intrinsic coercivity is 335
kA/m and remanence is 0.39 T. The stability of the magnetic
properties can be evaluated by temperature coefficients of
remanent magnetization (o) and temperature coefficient of
coercivity (p). The temperature coefficient of the o and 3 of
the magnets are —0.15%/°C and —0.25%/°C in the tempera-
ture range of 27-400 °C. The  value of SPSed SmCos is
better than that of conventional sintered SmCos magnet [32],
and it can be seen from Table 3 that the absolute value of 8
decreases with the increase of temperature, indicating the
good temperature stability of SPSed SmCos; magnet.

The change in magnetic properties is due to the evolution
of microstructures, so it is necessary to investigate the rela-
tionship between the magnetic properties and microstruc-
ture. Figure 4a—d gives the SEM BSE images of the section
of SPSed magnets prepared at 900, 950, 1000, 1050 °C,
respectively. The SPSed magnet prepared at 900 °C in the
Fig. 4a shows a flaky section compared to the other dense
magnets prepared at 950—-1050 °C in the Fig. 4b—d, which
corresponds to the lower density in Table 2, and explains



Journal of Superconductivity and Novel Magnetism (2021) 34:3395-3401

3397

Fig. 1 a XRD spectrums of the
SmCos powder and the SPSed
SmCos magnets prepared under
different sintering temperatures,
(b), (c) and (d) the Rietveld
refinement of XRD patterns

of the SmCos powder and the
SPSed SmCos magnets sintered
at 1000 and 1050°C, respec-
tively
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Table 1 XRD refinement results

Sample Sintering temperature 1:5 2:7 2:17
for the powder and the SPSed _ _ _ _ _ _
SmCos magnets prepared at a(A) c(A) a(A) c(A) a(A) c(A)
1000 and 1050 °C
Powder / 4.998 3.975 5.057 24.570 / /
SPSed 1000 °C 5.000 3.977 5.055 24.543 / /
Magnet 1050 °C 4.999 3.982 5.054 24.552 8.399 12.178

—=— 900 °C
—*— 950 °C
—= 1000 °C
—0=— 1050 °C

0.3

J(T)

0.2

0.1

-600
H (kA/m)

0.0

-1000 -800 -400 -200 0

Fig.2 Demagnetization curves of SPSed SmCos magnets prepared
under different sintering temperatures

the low magnetic performance obtained at 900 °C. However,
when the temperature rises to 950 °C, the SPSed magnets
show maximum density. Compared with the fracture mor-
phology of the bulk SmCos isotropic bonded magnet [33],
the SPSed magnet is denser than bonded magnet and bonded
magnet contains a lot of pores, which is also the main rea-
son for the poor remanence. In order to further explore the
relationship between performance and microstructure, the
surface microstructure of the magnets was characterized by
SEM in Fig. Sa—i.

In Fig. 5a, the microstructures of the initial powder con-
sist of gray contrast, black contrast and the white spot around
of the gray contrast. It is obvious that the gray contrast is

Table2 The magnetic properties of the SPSed SmCos magnets prepared
under different sintering temperatures

Sintering tem- J.(T) Hg; (kA/m) (BH)0x p (glem?)
peratures (°C) (kJ/m®)

900 0.38 260 19 8.13

950 043 738 30 8.36
1000 0.45 985 35 8.40
1050 0.40 542 23 8.40

J(T)

1 1 1 1 0.0

-1000 -800 -600

H (kA/m)

-400 -200 0

Fig. 3 Demagnetization curves of the SPSed SmCos magnet (pre-
pared under 1000 °C) as a function of temperature

uniformly and continuously distributed in the black contrast
and it is very similar to the contrast distribution of the SPSed
magnets prepared at 1000 °C in the Fig. Sb—e. The black dots
marked by the red square in Fig. 5d are formed when the
white dots fall off during polishing. While the microstructure
of the magnet prepared at 1050 °C changed dramatically, as
shown in Fig. 5f—i. The overall contrast is also composed
of black contrast and gray contrast in Fig. 5f. However, the
phase distribution is not uniform in general, and there are
even phase agglomerations. Fig. 5g, h are partial enlarge-
ments of the left and right sides of Fig 5f, respectively. It
can be observed that the phase distribution in Fig. 5g, h is

Table3 The high temperature magnetic properties of the SPSed
SmCos magnets prepared under 1000 °C

TCO J(D)  HgkA/m) (BSPI)max(kJ/ a(%/°C)  p(%I°C)
m

27 0.48 958 37 / /

100 0.45 638 29 -0.08 —-0.46

200 0.39 335 17 -0.11 -0.38

300 0.31 157 -0.13 -0.31

400 0.20 74 -0.15 -0.25
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Fig.4 Fracture morphology of
the SPSed SmCos magnet pre-
pared at 900 °C (a), 950 °C (b),
1000 °C (c), and 1050 °C (d)

Fig.5 a, b—e and f-i SEM BSE
images of the initial powder,
magnet prepared at 1000 °C and
1050 °C, respectively

100 pm 100 pm
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Table 4 The composition of the sites marked in Fig. 5a, e, i

Site Sm (at.%) Co (at.%) O (at.%) Phases

1 17.91 82.09 / SmCo, 55 (1:5)
2 22.78 77.22 / SmCos 55 (2:7)
3 16.4 83.6 / SmCos g (1:5)
4 23.1 76.9 / SmCos 35 (2:7)
5 39.7 / 60.3 Sm,04

6 17.9 82.1 SmCo, 54 (1:5)
7 23.2 76.8 / SmCoj 5, (2:7)
8 11.1 88.9 / SmCog (2:17)

somewhat similar to the core-shell structure in NdFeB [34].
The distribution of Fig. 5h is similar to that of Fig. 5g, but
the gray contrast distribution is finer and the so-called shell
structure is less complete than that in Fig. 5g. In order to
further understand the contrast distribution in Fig. 5g, we
enlarge Fig. 5g to get the Fig. 5i. And it can be seen that,
in addition to the black contrast and the gray contrast, there
is also a lighter black between the black contrast and the
gray contrast in Fig. 5i, as shown by the white arrow and
the white cross 6. The compositions of the selected con-
trasts were determined by EDS and summarized in Table 4.
According to EDS results, it can be concluded that the
black contrast in Fig. 5a—e is SmCos main phase, the gray
contrast is the second phase Sm,Co, and the white dot is
Sm,0; phase. Compared with the SEM of traditional sin-
tered SmCos, the main phase of the SPSed magnet presents
a uniform and continuous strip, while the conventional sin-
tered magnet presents an aggregated cluster [20]. Adsorbed
oxygen on the metal powder leads to the formation of Sm,0;
in the SmCos at high temperature [6, 20, 29]. Unlike the
SPSed magnets prepared at 1000 °C, the black contrast of
the so-called core structure in the magnets prepared at 1050
°C corresponds to the Sm,Co,, phase. The gray contrast cor-
responds to Sm,Co- and the lighter black contrast between
those phases is SmCos. It is well known that in addition to
the main phase of SmCos, the second phase of Sm,Co, is
generally present in SmCos type magnets, but the appear-
ance of Sm,Co,; phase is rarely explained. Oxidation of
samarium and evaporation at high temperatures may lead to
the formation of 2:17 phase [6]. The oxidation of Sm cannot
be completely avoided, but the precipitation of 2:17 phase
can be prevented by controlling the content of Sm [35]. The
observation of SEM and EDS matches well to the results of
XRD and Rietveld refinement results.

The difference in the microstructure of the magnets
prepared at 1000 and 1050 °C may be related to the sin-
tering principle of SPS. The working process of SPS has
three characteristics, including particle discharge, conduc-
tive heating and pressurization. In addition to the two tra-
ditional sintering methods, heating and pressurizing, which
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can promote sintering, the plasma generated by the discharge
between the powder particles has a high temperature, which
can cause local high temperatures on the surface of the par-
ticles [36, 37]. So, the temperature between particles may
be far higher than 1050 °C. The temperature rise leads to
the enhanced fluidity of the Sm-rich phase, resulting in the
agglomeration of rare earth elements as shown in Fig. 5f and
also leads to the growth of crystal grains and destroys the
micro morphology.

4 Conclusions

In this paper, we systematically investigated the magnetic
properties and microstructures of SmCos spark plasma sin-
tered magnets prepared at different sintering temperatures.
When the sintering temperature ranges from 900 to 1000 °C,
the phase of the magnet does not change according to the XRD
and Rietveld refinement, and the increased density of the mag-
net is the key reason for the performance improvement. The
optimal magnetic properties of J,=0.45 T, H ;=985 kA/m,
(BH),,,.=35 kJ/m® were obtained by regulating the sinter-
ing temperature to 1000 °C. The SPSed magnet prepared at
1000 °C exhibits good high temperature stability and that the
coercivity of the magnet is still 335 kA/m at 200 °C, the rema-
nence is 0.39 T, a and B are —0.15%/°C and —0.25%/°C in the
temperature range of 27-400 °C. The SPSed SmCos; magnet
is mainly composed of 1:5 phase and 2:7 phase, but when the
sintering temperature rises to 1050 °C, 2:17 phase appears.
The uniform and continuous distribution of hard magnetic
1:5 phase and 2:7 phase is the reason for the excellent per-
formance of SPSed magnets prepared at 1000 °C. However,
when the magnet is sintered at 1050 °C, 2:17 phase appears
and uneven distribution of hard magnetic phase results, which
leads to the deterioration of magnetic properties.
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