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Bulk anisotropic Sm;Co7 nanocrystalline magnets were successfully prepared by hot deformation process using spark
plasma sintering technology. The coercivity of the isotropic SmyCo7 nanocrystalline magnet is 34.76 kOe, further, the
ultra-high coercivity of 50.68 kOe is obtained in the anisotropic hot deformed Sm,Co7 magnet when the height reduction is
70%, which is much higher than those of the ordinarily produced hot deformed Sm;Co7 magnet. X-ray diffraction (XRD)
analysis shows that all the samples are Sm,Co7 single phase. The investigation by electron backscatter diffraction indicates
that increasing the amount of deformation is beneficial to the improvement of the (001) texture of SmyCo; magnets. The
Sm;Co7 nanocrystalline magnet generates a strong c-axis crystallographic texture during large deformation process.
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1. Introduction

Sm—Co alloys such as SmCos, SmyCo;7, and SmCoy
have been extensively studied for high Curie temperature (T¢)
and large magnetocrystalline anisotropy (Ha).!'~”! Sm,Coy is
a kind of magnet with great potential for use in high temper-
ature environment due to its large Hx (> 200 kOe) and good
phase stability.®-1?! With the development of nanotechnology
and the application of spark plasma sintering (SPS) technology
in the field of nanocrystalline magnet preparation, the prepa-
ration of ultra-high coercivity (H,j) Sm—Co bulk magnets be-
comes possible.!!3 Preparation of Sm—Co alloy magnets by
using SPS process can effectively avoid the abnormal growth

14-16] Coverciv-

of crystal grains and provide high coercivity.!
ity and phase stability of SmyCo7 type nanocrystalline mag-
nets have been reported, but few studies have focused on the
Sm,Co7 anisotropic magnet.!!”!8] Magnetic performance of
isotropic nanocrystalline SmyCo7 is not high enough due to its
low magnetic orientation. Hot deformation process is an effec-
tive method to obtain magnetic anisotropy of nanocrystalline
magnets. However, strong c-axis crystallographic texture has
never been reported so far for SmyCo7 nanocrystalline mag-
net. The present work is aimed to prepare SmyCo7 anisotropic
magnet with strong texture by means of hot pressing and hot
deformation, and to study the formation mechanism of the tex-

ture.

DOI: 10.1088/1674-1056/abe2fc

2. Experimental procedures

The Sm;Co7 alloy ingots with a stoichiometric ratio 2:7
(at.%) were prepared by induction melting of elemental Sm
and Co both with 99.95% purity under the purified argon at-
mosphere. An excess of 5 wt.% Sm was used to compensate
for its losses during the preparation. The ingots were quenched
into ribbons at a wheel speed of 30 m/s and then high energy
ball milled into amorphous powders. The powders were hot
pressed (HP) at 700 °C with a pressure of 450 MPa. In or-
der to obtain anisotropic magnets, the isotropic hot pressed
magnets were hot deformed (HD) with height reductions of
70%, 80%, and 90% (named HD70%, HD80%, and HD90%,
respectively) at the temperature of 720—750 °C under the pres-
sure of 20-50 kN. The magnetic properties of the samples
were measured by vibrating sample magnetometer (VSM). X-
ray diffraction (XRD) measurement of the hot pressed and hot
deformed samples has been performed by using Co Ko ra-
diation. Electron backscatter diffraction (EBSD) was carried
out to analyze the orientation and the mechanism of the tex-
ture formation. All of the test surfaces of the samples were
perpendicular to the direction of pressure.

3. Results and discussion

As shown in Fig. 1, the coercivity H of the isotropic
SmyCo7; HP magnet is 34.76 kOe, the remanence M, is
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36.23 emu/g, and the maximum energy product (BH )max is
3.76 MGOe. The sample of HD70% exhibits a coercivity as
high as 50.68 kOe, which is the highest coercivity that SmCo
bulk magnet has ever been reported to possess, and the rema-
nence is 40.05 emu/g. As the die upset level increases to 80%,
the coercivity of the magnet still remains 32.32 kOe, and the
remanence increases to 48.56 emu/g. For the HD90% sam-
ple, the coercivity is drastically reduced to 4.60 kOe, while
the remanence is increased to 63.10 emu/g and the maxi-
mum energy product is 8.21 MGOQOe. With the increase of
height reduction, the increases of magnetic remanence and
magnetic energy product arise from the enhancement of the
magnetic anisotropy. The details of the magnetic properties of
the SmyCo7; HP and HD magnets are shown in Table 1. The
orientation degree of the magnet was calculated by the value
of M;/M; (Mj is the saturation magnetization at the magnetic
field of 70 kQOe). It is found that with the increase of the die
upset level, the value of M;/M; is increased from 82.20% to
94.74%, indicating that the orientation of c-axis of the mag-
nets is optimized. ']

The result of the Smy;Co7; magnet HP sample analyzed
using XRD is shown in Fig. 2 by black line. As seen in the
pattern, the magnet has a SmyCos single phase with a hexag-
onal Ce,;Ni7-type structure (PDF# 71-0387) at the room tem-
perature. Figure 2 also shows the XRD patterns of the hot-
deformed Sm,Co; magnets. As the die upset level increases,
the peak of (00 12) is continually rising while the peak of (116)
decreases, which means that the Sm,Co; grains have a pre-
ferred orientation during the HD process, resulting in a (001)
texture. The texture strength is quantitatively characterized by
the value of /(g 12)/1(116)- The (o 12)/1(116) Of the HP magnet
is 0.53, then, with the amount of die upset level increased by
90%, the value of 1y 12>/I(116) reaches 6.93, which is 13.08

times higher than that of HP magnet. The strong c-axis tex-
ture of the HD90% magnet is the reason for the high value of
M, /M and high M; in Table 1.

80
60 —— HD 70%
—— HD 80%
40l —7— HD 90% 4" || lopppus
& 20t
=
£ o
= o0}
—40F e
—60r wwwwwﬂ*{"w
_80 1 1 1 1 1 1 1 1
—80 —40 0 40 80
H (kOe)

Fig. 1. Hysteresis loop of the SmyCo; HP and HD magnets.
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Fig. 2. XRD patterns of the HP and HD Sm,Co7 magnets.

Table 1. Magnetic properties of the hot-pressed and hot-deformed SmyCo; magnets.

Sample Hy(kO) M, (emug) Mmoo emu/g)  (BH)max MGOe)  M/M;  p (gfem?)
HP 34.76 36.23 46.12 3.76 78.56% 8.41
HD 70% 50.68 40.05 48.72 4.47 82.20% 8.52
HD 80% 32.32 48.56 54.46 6.65 89.17% 8.51
HD 90% 4.60 63.10 66.60 8.21 94.74% 8.54

The magnets densities were tested using the Archimedes
principle. As shown in Table 1, the density of the magnets
after HD process is higher than that of the HP magnet, which
indicates that some defects disappear in a long period of high
temperature deformation during the HD process. As shown
in Fig. 3(a), the grain size of the HD 70% Sm;Co7 magnet is
about 300 nm, the grain boundaries are clearly visible, and the
size of the grain is uniform, which are the reasons for obtain-
ing ultra-high coercivity. In Fig. 3(b), when the amount of the
height reduction increases to 80%, the grains grow to 800 nm
in size, which decreases the coercivity. The further growth of

grains in the HD 90% samples results in the distribution of
some micron-sized grains in the magnets, leading to the rapid
decline of coercivity.

The orientation texture and microstructure of the HD
SmyCo7 magnets were characterized by electron backscatter
diffraction scanning (EBSD) analysis. Figures 3(d)-3(f) are
EBSD-orientation imaging microscopy (OIM) scans, and fig-
ures 3(g)-3(i) are the corresponding inverse pole figures (IPFs)
of the SmyCo7 magnets with deformations of the samples un-
der HD70%, HD80%, and HD90%, respectively. In the OIM-
EBSD map, the color of a grain specifies its orientation ac-
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cording to the color code. As shown in Figs. 3(d)-3(f), there
are no unidentified regions in the OIM maps, indicating that all
grains are SmyCo7 pure phase. As indicated by the color code,
red represents that the grain orientation is parallel to the (001).
Comparing the OIMs and their corresponding IPFs of differ-
ent samples, it can be seen that the increase of deformation

is beneficial to the formation of the (001) texture. When the
height reduction is 90%, the pole density of the (001) direc-
tion is 9.02, which demonstrates that the magnet of HD 90%
formed a strong (001) texture, providing a higher remanence
for the magnet. Good agreement is obtained among the results
of hysteresis loop, XRD, and EBSD.

2 001 z 1
= 00 0 010 (8)
¥ color code 120
#4001 010  Exp. densities (mud):
v Min = 0.40, Max =3.07
120
001 Zo 010
(h)
- color code 120
* 001 010 xp. densities (mud):
v fin = 0.26, Max = 4.0
k=,
12 | o——
§ 001 Zo 010 @)
color code I120
0

01 010 |Exp. densities (mud):
V Min = 0, Max = 9.02
— [ —)

120

Fig. 3. (a)—(c) Grain size image quality (IQ) map, (d)—(f) OIM-EBSD scan, and (g)—(i) corresponding IPF of the hot deformed Sm;Co7 magnets

with 70%, 80%, and 90% height reduction, respectively.

To analyze the distribution of the orientation angle of the
HD magnets, the distribution of misorientation angles was cal-
culated and illustrated in Fig. 4. The black line in Fig. 4 shows
the angular distribution of the orientation difference in the ran-
dom orientation, and the histograms show the angular distribu-
tion of the orientation difference measured by the specimens.
The distribution of the grain misorientation angles of the HD
magnet is different from the random distribution (black line
in Fig. 4), which is due to the continuous evolution of grain
orientation during the deformation. The texture is strength-
ened with the increase of deformation degree, indicating that
the concentration of grain misorientation angles is related to
the texture. From Fig. 4, it can be seen that the distribution of
orientation difference of the HD90% magnet is concentrated
around 30°, while the distribution of orientation difference of
the HD70% and HD80% magnets is weaker at around 30°.
This manifests that during the HD process, the grains tend
to form a concentrated orientation relationship while forming
the texture, and this orientation relationship is related to the

mechanism of the texture formation of the grain rotation and
recrystallization. "% The results of XRD, EBSD, and mis-
orientation analysis consistently show that the increase in de-
formation can promote the formation of (001) texture. Good
(001) texture is primary for the permanent magnet materials to
improve remanence.
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Fig. 4. Distribution of the grain misorientation angles of the Sm;Coy
HD magnets.
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4. Conclusions and perspectives

In this study, anisotropic SmyCo7 magnets were prepared
by using spark plasma sintering and hot deformation tech-
niques. When the height reduction is 70% in the hot-deformed
process, an ultra-high coercivity magnet with a coercivity of
50.68 kOe is obtained. The ultra-high coercivity is contributed
to the uniform distribution of nano-scale grian size of HD70%
samples. The M;/M;, XRD, and EBSD OIM analyses are in
such a good agreement in proving that the hot deformation
process can produce c-axis orientation texture of the SmyCoy
magnets, and the larger the deformation amount is, the bet-
ter the c-axis texture of the magnets. And thus, the products
of the SmyCo7 magnets are found acquired with higher rema-
nence and magnetic energy. Future work will focus on the
mechanism of texture evolution in SmyCo7 hot deformation
magnets.
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