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ABSTRACT

SmCoy-based permanent magnets with a TbCuy-type structure have excellent high-temperature
performance. However, most of the previously reported SmCoy nanocrystalline magnets were
isotropic, which limited their application. So the preparation of anisotropic SmCo; magnets with pre-
ferred texture is still a challenge. In this work, we prepared anisotropic SmCog gHfo > nanocrystalline
magnets by hot pressing and hot deformation method. EBSD results indicated that the {0001} orien-
tation texture of the hot deformed magnet was remarkably preferred, which further improved the
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remanence. Subsequently, the structural evolution process was systematically characterized by TEM.
It provides crucial insight for developing high-performance SmCo7-based magnets.

Impact Statement: Up to now, most of the previously reported SmCo; nanocrystalline magnets
were isotropic, which limited their application. This work opens up new opportunities to create high-

performance SmCoy-based nanostructured magnets.

1. Introduction

Sm-Co alloys have become irreplaceable permanent
magnet materials in high-temperature applications
because of their low-temperature coefficient and high
Curie temperature [1-3]. Specifically, the SmCo7 mag-
net can combine the advantages of a large magne-
tocrystalline anisotropy field and high Curie tempera-
ture, which make it a potential high-temperature per-
manent magnet [4-9]. But SmCo7 (1:7H) phase is a
metastable phase with a TbCuy-type structure, which
easily decomposes into SmCos (1:5H) and Sm;Co;y
(2:17R) phases [10-13]. Some studies show that the 1:7H
phase can stably exist at room temperature by doping
alloy elements or nano-crystallization of grains [14-17].
For example, it is reported that doping the Hf ele-
ment (x = 0.2) can decrease the formation energy of the
1:7H phase, which effectively stabilizes the SmCo7_(Hfy
compound with the TbCuy-type structure [18-20].

Moreover, nanocrystalline materials’ thermal stability,
phase stability, and phase transition behavior are signifi-
cantly different from traditional coarse-grained materi-
als [21]. Due to competition between surface enthalpy
and crystalline transformation energy caused by the size
effect, some metastable phase compounds can stably exist
at the nanoscale [22-24].

More importantly, the SmCo; magnets reported
above are almost all isotropic, limiting their applica-
tion. Therefore, it is crucial to prepare anisotropic mag-
nets. At present, hot pressing (HP) and hot defor-
mation (HD) method is an effective way to prepare
anisotropic nanocrystalline magnets. The HP can sup-
port the nanostructure formation, and the HD can help
obtain a strong c-axis texture [25-31]. A. M. Gabay
et al. systematically analyzed the texture forming ability
of HD nanocrystalline SmCo (1:5, 1:7, 2:7, 2:17) mag-
nets, the order of which is 2:17(R) < 1:7 < 1:5 < 2:7
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[32]. Zhang et al. prepared anisotropic SmCo7 nanocrys-
talline magnets by High-pressure thermal compression,
but it did not involve the evolution of phase structure
[6]. So far, for the SmCoy-based anisotropic magnets,
texture formation and phase stability are not systemat-
ically studied during the HD. In this paper, the spark
plasma sintering (SPS) technology was used to prepare
an anisotropic SmCoggHfp, nanocrystalline magnet by
the HP-HD method. The microstructure, texture, and
magnetic properties were systematically analyzed. The
structural evolution process of the magnet was especially
investigated.

2. Materials and methods

SmCog gHfp 2 ingot was prepared by induction melting
method with 99.9% pure elements, excess Sm of 8 wt.%
was added to compensate Sm loss due to evaporation.
The ingot was crushed, then ball milled for 5h in a high-
energy mill under an argon atmosphere, with a ball-to-
power weight ratio of 10:1. Then the ball-milled powders
were put into cemented carbide mold and fast consoli-
dated into a columnar-shaped sample at 700 °C for 8 min
under 500 MPa by SPS to prepare isotropic HP magnets.
At last, the HP magnets were further put into molds and
deformed with a height reduction of 72% at 700, 850 °C.

The crystal structure and texture of the sample were
analyzed by powder X-ray diffraction (XRD, Bruker D8
Advance) with Cu-Ko radiation. Magnetic properties of
the sample were measured by a vibrating sample mag-
netometer (VSM, Quantum Design, VersaLab) at 27 °C.
Then, the electron back-scattered diffraction (EBSD)
data of the sample was collected by the EBSD detec-
tor (Hikari EDAX) incorporated in SEM (FEI Quanta

MATER. RES. LETT. 649

250). The chemical composition and element distribu-
tions of the sample were identified by a JEOL JXA-8100
electron probe microanalysis (EPMA). Furthermore, the
microstructure of the sample was observed by transmis-
sion electron microscope (TEM, FEI, Tecnai G2 F30).

3. Results and discussion

According to the XRD results in Figure 1(a), the HP
magnet has a single-phase 1:7H structure. However, the
HD magnet consists of 1:7H, 2:17R, and 1:5H. More-
over, the degree of 1:7H phase decomposition intensifies
with increasing temperature. Furthermore, the intensity
of (001) and (002) diffraction peaks of the 1:5H phase
significantly increases after HD, indicating that a strong
c-axis texture is formed along the pressure direction.
Therefore, the texture of the HD magnets is from not
only the 1:7H phase but also the 1:5H phase generated
by the phase transformation. However, the 2:17R phase
with a low magnetocrystalline anisotropy is difficult to
obtain texture by the HD, which is not conducive to tex-
ture formation [32]. Therefore, it is important to research
the evolution process of the 1:7H phase for the applica-
tion of the SmCo7-based magnets. In addition, the mag-
netic properties of the HP and HD magnets are shown
in Figure 1(b). The hysteresis loops of the HD magnets
show good squareness. It can be seen that the remanence
of the HD magnet greatly increases from 5.4 kG (HP)
to 7.4 kG (HD 850 °C). On the contrary, the coercivity
decreases from 20.4kOe (HP) to 4.9 kOe (HD 850 °C).
Under the combined influence of coercivity and rema-
nence, (BH)max reaches a peak value of 13.3 MGOe at
HD 700 °C, which is significantly improved compared
with that of isotropic HP magnets (7.8 MGOe).
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Figure 1. (a) and (b) are XRD patterns and hysteresis loops of the HP and HD SmCog gHfy 2, magnets at different deformation tempera-
tures. The measurement surface of the XRD is perpendicular to the pressure direction. The test direction of the magnetic properties is

parallel to the pressure direction.
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It is well understood that the increase of remanence is
due to the improvement of c-axis texture. However, the
coercivity is strongly dependent on microstructure. For
HP magnets, the grain size is relatively small and close to
the size of the single domain. The abundant nanocrys-
talline boundaries become the main pinning source of
magnetic domains movement. So the pinning effect on
the reversal of the magnetic moments is enhanced, result-
ing in the increase of coercivity. In addition, the Hf
substitution for the Co atoms in the crystal structure
induces lattice distortion and affects the movement of the
domain walls. During hot deformation, under the strong
thermal-mechanical coupling, The (00 /) orientation of
the HD magnet is significantly improved, resulting in
the enhancement of the remanence. However, the coer-
civity decreases gradually with increasing temperature.
The pinning effect of the grain boundaries is weakened
rapidly due to grain growth, and the grain size may be
larger than the dimension of the single domain. Further-
more, the formation of the 2:17R phase with low mag-
netocrystalline anisotropy has an adverse effect on the
coercivity. Therefore, we infer that it is possible to obtain
anisotropic SmCoy-based nanocrystalline magnets with

excellent magnetic properties by further optimizing the
deformation process, increasing the height reduction,
and decreasing the deformation temperature.

The microtexture of the HD 850 °C magnet was ana-
lyzed by the EBSD (Figure 2). The IPF [Figure 2(a)] shows
that a strong [0001] c-axis texture exists in the magnet.
In addition, the misorientation angle of grains, {0001}
PF and IPF (Figure 2(b-d)) can quantitatively count the
c-axis texture. The misorientation angle of grains shows
that the deviation of the individual c-axis from the ideal
[0001] direction is parallel to the pressing direction. The
high intensity of the {0001} PF is concentrated in the
central area, and the corresponding maximum intensity
is about 6.25 MRD (multiple of a random distribution).
The IPF also shows that the normal direction is more
concentrated in the [0001] crystal direction. The above
results further prove that the anisotropic SmCoggHfy 2
nanocrystalline magnet exhibits a strong c-axis texture,
which is important to improve the remanence of the
magnet.

TEM results of the HP magnet are shown in Figure 3.
It can be seen from Figure 3(a) that the grains of the HP
magnet are fine and uniform, and the average grain size
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Figure 2. EBSD results of the HD 850 °C magnet: (a) The inverse pole figure (IPF) quick map; (b) The misorientation angle between c-axis
direction and pressing direction; (c) {0001} pole figure (PF); (d) {0001} inverse pole figure (IPF). The test surface is perpendicular to the

pressure direction of the HD magnet.
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Figure 3. TEM results of the HP magnet: (a) The bright field (BF) image of microstructure; (b) The selected area electron diffraction (SAED)
image; (c) The inverse fast fourier transform (IFFT) image; (d-e) The Nanobeam electron diffraction(NBED) results of the designated area
marked by the red dotted line [Figure 3(a)1, 2. The test surface is perpendicular to the pressure direction of the HP magnet.

is about 25nm. It can be determined that the HP mag-
net has a TbCuy-type structure by calibrating the ring
diffraction pattern [Figure 3(b)], which is consistent with
the XRD results. The IFFT results of the local nanocrys-
talline structure [Figure 3(c)] were analyzed. The mea-
sured lattice spacings are d(100) &~ 0.43 nm, d(001) ~
0.41 nm. Then the calculated lattice parameters are a ~
0.49 nm and ¢ &~ 0.41 nm. In addition, both the NBED
results of randomly selected two grains [Figure 3(d and
e)] also prove that the HP magnet has the 1:7H phase.
The above results show that the HP magnet has strong
1:7H single-phase stability, owing to doping Hf element
and nanoscale grains.

Figure 4 shows the TEM result of the HD 700 °C mag-
net. It can be seen from Figure 4(a) that grains grow up,
with an average grain size of about 65nm. It is worth
noting that the microstructure of the HD magnet has
changed. The ring diffraction pattern shows that the HD
magnet no longer maintains a 1:7H single-phase state
and presents the coexistence of 1:7H, 2:17R, and 1:5H
phases [Figure 4(b)], indicating that part of the 1:7H

phases decomposes into 2:17R and 1:5H phases during
the HD process. In addition, EPMA results also show that
the Hf element is enriched in the local area (Fig. S1).
The diffraction patterns of specific area (1, 2, 3, 4) in
Figure 4(a) are shown in Figure 4(c-f). It can be deter-
mined that the matrix (area 1) is 1:7H phase, the twins
(area 2) are 2:17R phase [33,34], and the spherical pre-
cipitates of about 8 nm (area 3) are 1:5H phase. The
granular precipitates of about 25nm (area 4) might be
2:17R type Hf-rich phase. To further study the crystal-
lographic characteristic between the new phase (2:17R
and 1:5H) and the parent phase (1:7H), the character-
istic two-phase area was selected to be analyzed. From
the lattice images in Figure 4(g and h), the interface
relationship is incoherent between the (2:17R and 1:5H
phases) with the 1:7H phases. It may be due to exist-
ing large external stress during the HD process. When
strain energy becomes the main resistance to a solid
phase transition, maintaining an incoherent interface
relationship is conducive to reducing strain energy [35].
In addition, the 1:5H phase and the 1:7H phase have a
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Figure 4. TEM results of the HD 700 °C magnet: (a) The BF image of microstructure; (b) The SAED image; (c)-(f) Diffraction patterns of
the corresponding area 1, 2, 3, 4 marked by the red dotted line in Figure 4(a); (g)-(h) IFFT results of two-phase areas; (1) Diffraction pattern
corresponding to Figure 4(h). The test surface is perpendicular to the pressure direction of the HD magnet.

certain orientation relationship [Figure 4(i)], (011);.51
11(012) 171, [111]1:51//[142] 171

The TEM results of the HD 850 °C magnet are shown
in Figure 5. Compared with the microstructure of the
HD 700 °C magnet, the grains of the HD 850 °C mag-
net become larger, with an average grain size of about
500 nm. Moreover, the heterogeneity of microstructure
is more prominent. The ratio of 1:7H phase (area 1)
decreases, the ratio and grain size of 2:17R twins (area
2) increases. By measuring the interplanar distances in
the lattice image [Figure 5(d)], it can be determined that
the twin boundary is (001) plane. The twin on either
side of the twin boundary matches the other twin vari-
ant perfectly after rotating for 60° taking the [100] as the
rotation axis. In addition, the ratio and size of the 1:5H
phase (area 3) and the granular 2:17R type Hf-rich phase

(area 4) also show the increasing trend. It is worth not-
ing that when the HD temperature is 850 °C, the rod-like
precipitates (area 5) in the microstructure. The distribu-
tion of the Hf element content in Figure 5(c) shows that
both granular (L1) and rod-like (L2) are Hf-rich phase.
Combined the diftraction pattern [Figure 5(i)], the rod-
like precipitates might be 1:5H type Hf-rich phase. It can
be found from Figure 5(b) that two different types of Hf-
rich phases (2:17R and 1:5H) are preferentially enriched
at grain boundaries, irregular granular shape (2:17R) at
the triangular grain boundary, and rod-like shape (1:5H)
at the biangular grain boundary.

The above analysis shows that the phase stability of the
SmCog gHfy, magnets deteriorates with increasing the
HD temperature, and more 1:7H phases decompose into
2:17R and 1:5H phases. It corresponds to the XRD result.
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Figure 5. TEM results of the HD 850 °C magnet: (a) The BF image of microstructure; (b) The high-angle annular dark field (HAADF) image,
the yellow dotted line marks the grain boundary (GB); (c) The distribution of Hf element content in the corresponding area (L1, L2). (d)
The IFFT result of twin, the green line indicates the twin boundary (TB); (e)-(i) Diffraction pattern of the corresponding areas (1, 2, 3, 4, 5)
marked by the red dotted line in Figure 5 (a). The test surface is perpendicular to the pressure direction of the HD magnet.

There are two main reasons for the 1:7H phase decompo-
sition during the HD process. First, the intense diffusion
induces both faster grain growth (driven by the difference
in energy between the grains and grain boundaries) and
a greater decomposition degree of the metastable 1:7H
structure (driven by the difference in energy between the
1.7H structure and the mixture structures of the 1:5H
and 2:17R) [36]. Second, the Hf-rich phase is precipi-
tated from the 1:7H phase, so the Hf content in the matrix
decreases, which is not conducive to the stabilization of
the 1:7H phase structure.

Based on the structural evolution process analysis, it
is found that HD temperature has a significant influ-
ence on the phase stability of the SmCog gHfy» magnets
[37,38]. Fig. S2 shows the structural evolution schematic

diagram of the SmCoggHfp, nanocrystalline magnet.
For the single-phase nanocrystalline SmCog sHfj», the
1:7H phase structure is stable. During the HD process,
with the HD temperature increases, the effect of thermal
activation enhances, and the pinning effect of the grain
boundaries is significantly weakened [39]. The intense
diffusion induces that the stability of the 1:7H phase
decreases, decomposing into 1:5H and 2:17R phases. The
1:5H phase randomly distributed in the form of spheri-
cal precipitates, and the 2:17R phase existed in the form
of twins. The Hf-rich phases with 2:17R (granular) and
1:5H (rod-like) structures preferentially precipitated at
grain boundaries. It is speculated that when the tem-
perature is high enough, the 1:7H phase will be com-
pletely decomposed. During the phase transformation,
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the Co-Co dumbbell pair become ordered, which pro-
motes the transformation of the lattice structure. The
2:17R twins with mirror symmetry are formed on both
sides of the crystal plane. After ordering the Co-Co
dumbbell pairs in the 1:7H phase is completed, the
regions without Co-Co dumbbell pairs will form the
1:5H phase [34]. In addition, as the twins develop, local
stress concentration can be relieved, and the plastic defor-
mation ability of the HD SmCog gHfy, magnet can be
improved.

The hot deformation (HD) technique is considered
as one of the effective ways to obtain crystallographic
texture and magnetic anisotropy for nanocrystalline per-
manent magnets. In previous studies, the texture forma-
tion mechanism of the HD Nd-Fe-B magnets has been
discussed. For the HD Nd-Fe-B magnets with the Nd-
rich phase, the texture in HD Nd-Fe-B magnets develops
because of the stress-induced preferential grain growth
via a dissolution-precipitation mechanism [40]. For the
HD Nd-Fe-B magnets without the Nd-rich phase, this
can be attributed to a preferential nucleation of the Nd-
Fe-B nanocrystals with a (00 [) orientation during the HD
process under large uniaxial stress [41,42]. However, the
HD SmCog gHfy» nanocrystalline magnets do not have
abundant Sm-rich boundary phases. It is speculated that
the texture is formed under the condition of thermal-
mechanical coupling. Under large height reduction, the
hard magnetic phases nucleate preferentially along the c-
axis, and then the (00 /) texture is formed by directional
growth under the temperature gradient field. In addition,
the sliding of grain boundaries is the main deformation
mode of nanocrystalline materials at high temperature.
The direct sliding and short-range diffusion of the atoms
at grain boundaries coordinate to achieve grain bound-
ary slip [43]. The texture formation mechanism of the
HD SmCog¢ gHfy ; nanocrystalline magnets may also be
related to the preferential diffusion slip induced by stress.

4. Conclusions

In summary, we have successfully prepared an anisotropic
SmCog gHfp, nanocrystalline magnet by the HP-HD
method. The magnet exhibits a strong c-axis texture,
which is attributed to the preferential nucleation of the
SmCog gHf» nanocrystals during the hot deformation
processes. As the deformation temperature increases,
grains grow and the stability of the 1:7H phase decreases,
which leads to the formation of the 2:17R and 1:5H
phases. The 2:17R phase exists in the form of twins, and
the 1:5H phase randomly distributes in a spherical form.
There are also some Hf-rich phases (2:17R and 1:5H),
distributing in grain boundaries in irregular granular
(2:17R) and rod-like (1:5H) shapes. Under the combined

influence of coercivity and remanence, the (BH)max
of the HD magnet is significantly improved compared
with isotropic HP magnets. Our findings provide a cru-
cial strategy to create high-performance SmCoy-based
nanostructured magnets.
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