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Abstract The correlation of microstructure and magnetic
properties in Sm(CoyqFeg 1Cug 1719 033)6.03 magnets solu-
tion-treated at different temperatures was systematically
investigated. It is found that the magnets solution-treated at
1219 °C possess a single 1:7H phase, exhibiting the
homogeneous cellular structure during further aging treat-
ment, leading to the optimum magnetic properties. How-
ever, for the magnets solution-treated at 1211 and 1223 °C,
2:17H or 1:5H secondary phase will also form besides 1:7H
main phase, which cannot transform into cellular structure,
thus deteriorating the magnetic properties greatly. The
irreversible magnetization investigations with recoil loops
also propose a non-uniform pinning in the magnets induced
by the secondary precipitates. At proper solution temper-
ature, Zr is supposed to occupy the Fe—Fe dumbbell sites in
the form of Zr-vacancy pairs, leading to the minimum
c/a ratio and thus stabilizing the 1:7H phase. Finally,
Sm(CopaFeg 1Cug 1Zrg 033)6.93 magnets with the maximum
energy product and intrinsic coercivity at 550 °C up to
60.73 kJ-m ™~ and 553.88 kA-m ™' were prepared by pow-
der metallurgy method.
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1 Introduction

High-temperature permanent magnets capable of operating
at 550 °C have attracted great interest due to the applica-
tion as critical components for aviation devices and micro-
electro-mechanical systems, i.e., microwave tubes, mag-
netic bearings, sensors and actuators [1-8]. Among which,
precipitation-hardened Sm,Co;7-based permanent magnets
are well known to have outstanding magnetocrystalline
anisotropy, high Curie temperature and low temperature
coefficient of coercivity and remanence, and are considered
to be the most potential material as high-temperature per-
manent magnets [9—11]. Therefore, intensive studies have
been focused on the improvement in the magnetic prop-
erties at 550 °C in Sm,Co;;-based magnets [12-15].

The preparation of Sm,Co;-type magnets needs to
adopt a long-time heat treatment including sintering,
solution treatment, isothermal aging and slow cooling
treatment. The pyramid-shaped cellular structure is devel-
oped after the above complex heat treatment, accompanied
with the emergence of platelet Zr-rich phase parallel to
2:17R basal plane [16]. The nanoscale cellular structure
consists of 2:17R phase as the cell and 1:5H phase as the
cell boundary [17]. The microchemistry evolution inside
the unique cellular structure during isothermal treatment,
i.e., the formation of the Fe-rich cell and the Cu-rich cell
boundary, is responsible for the generation of the good
combination of the magnetic properties (saturation mag-
netization, intrinsic coercivity, etc.) [18-21].

Over the last decade, the relationship between the aging
regime and magnetic properties has got tremendous
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attention in order to understand the coercivity mechanism
during isothermal aging [22, 23]. Furthermore, the mag-
netic properties, especially the squareness and knee point in
the second-quadrant demagnetization curve, are sensitively
dependent on the solution treatment temperature, and
hence it is extremely important to investigate the correla-
tion of microstructure and magnetic properties in Sm,Coy7-
based magnets during solution treatment. However, until
now the recognition of the solution structure remains
ambiguous. Morit et al. [24] proposed that the structure of
the solution-treated sample depends on the content of Cu,
Fe, Zr, as well as the solution treatment temperature.
Livingston and Martin [25] suggested a disordered
hexagonal SmCos phase for the solution structure, among
which 29% of the Sm sites are randomly replaced by
transition-metal pairs. It was proposed that the high-tem-
perature phase should be hexagonal TbCus-type structure
(1:7H phase) with partial ordered 2:17R-type structure as
the stoichiometric ratio within 1/5-2/17, depending on the
cooling rate of quenching during investigation [26-28].
However, Ray et al. [10, 29-31] assumed that the solution
state is partially disordered 2:17R phase, in which the
addition of Zr can stabilize the 2:17R structure for the
magnets with high Fe concentrations by displacing the Fe—
Fe dumbbell pairs with Zr-vacancy pairs. Gopalan et al.
[32, 33] have reported that the solution-treated sample
structure should be 1:7H for the Sm-rich composition,
while be 2:17H structure for the Sm-poor composition,
which cannot be translated into cellular structure after
aging treatment. Furthermore, it is suggested the magnets
comprising TbCu; structure quenched from the solution
temperature can possess high coercivity after aging treat-
ment [24]. Therefore, the solution treatment is necessary to
form a homogeneous microstructure and uniform fine
magnetic domain structure in order to obtain excellent
performance [32-34]. Recently, it is found that special
solution treatments for homogenization during preparation
of Sm,Co,s-based magnets are beneficial for the
improvement in magnetic product [35, 36].

According to the above discussion, the solution structure
is supposed to be sensitive to the solution treatment tem-
perature as well as Sm composition in Sm;Co;; magnet.
However, the structure remains ambiguous, and also the
relationship between the magnetic properties and structure
as well as solution treatment needs to be clarified. In this
paper, the microstructures of solution-treated Sm,Co;7-
type high-temperature magnets heat-treated at different
solution temperatures were investigated systematically.
The influence of the solution temperature on the
microstructure as well as the magnetic properties, espe-
cially the squareness or knee point in the second-quadrant
demagnetization curves of Sm,Co;; magnets, was
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analyzed. The correlation between solution-treated struc-
ture and the magnetic properties was proposed.

2 Experimental

The alloy with nominal composition of Sm(Coy,Feo ;.
Cug.1Zrg033)6.93 Was prepared by arc melting 99.5% pure
elements under an argon atmosphere. The ingots were
crushed and ground to less than 200 pm. Subsequently, the
crushed ingots were ball-milled into powders with an
average particle size of 3—5 pum. The powders were then
aligned in a magnetic field and compacted into green
bodies by cold isostatic pressing. The compacted samples
were initially sintered at 1210-1230 °C for 1 h, solution-
treated at 1210-1225 °C for 4 h and then water-quenched
to room temperature. Subsequently, the solution-treated
samples were isothermally treated at 800—820 °C for 24 h,
slowly cooled to 400 °C, held at 400 °C for 10 h and then
water-quenched to room temperature. The demagnetization
curves were measured by NIM-500C B-H tracer after the
samples were magnetized at a field of 10 T. The phase
constitution was analyzed by a Rigaku D/max2500PC
X-ray diffractometer (XRD) with Cu Ko radiation. The
microstructure and composition analysis were conducted
by JXA-8100 electron probe microanalyzer (EPMA) and
JEM-2100F transmission electron microscope (TEM)
equipped with energy-dispersive spectrometer (EDS). The
oxygen content was measured using O-3000 Infrared
Oxygen Analyzer. The hysteresis loops and recoil loops in
the initial magnetization and demagnetization state were
recorded by a physical property measurement system
(PPMS).

3 Results and discussion

Figure 1 shows demagnetization curves of isothermally
aged and slowly cooled magnets after solution-treated at
1211, 1215, 1219 and 1223 °C, respectively. As can be
seen from Fig. la, there exists a “knee point” in the
demagnetization curves of 1211 and 1215 °C solution-
treated samples, which is considered to result from two
uncoupled magnetic phases [37]. The existence of the knee
point inevitably deteriorates the squareness of the demag-
netization curve and leads to the degradation of the mag-
netic properties. When the magnets were solution-treated at
1219 °C, both the squareness and the magnetic energy
product are greatly improved. Figure 1b, c summarizes the
dependence of magnetic properties (remanence, B;;
intrinsic coercivity, ;H.; squareness factor, H\/;H.; the
maximum energy product, (BH),,x) on solution treatment
temperature. The magnetic properties, such as the
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Fig. 1 a Demagnetization curves of as-aged magnets solution-treated at different temperatures; variation of b B;, ;H. and ¢ Hy/;H,., (BH)n.x With
solution temperatures; d 500 and 550 °C demagnetization curve of magnet optimally solution-treated at 1219 °C

maximum energy product, intrinsic coercivity and square-
ness, are improved to 149.65 kJ~m_3, 2026.90 kA-m~! and
0.665, respectively, for magnets solution-treated at
1219 °C, with a slightly higher B, of 0.881 T than the
magnets solution-treated at other temperatures. Figure 1d
shows the 500 and 550 °C magnetic properties of the
magnet solution-treated at 1219 °C. The energy product at
550 °C reaches 60.73 kJ-m >, and the intrinsic coercivity
reaches 553.88 kA-m™', indicating that the magnet with
composition Sm(Cop,Fey Cug 1Zrg033)6.93 has a potential
capability using at 550 °C.

XRD patterns of the magnets treated at different solution
treatment temperatures are shown in Fig. 2a. It can be seen
that the phase constitutions vary with the solution tem-
perature. The solid solution is found to be composed of
disordered 1:7H phase and 2:17H phase for magnets
solution-treated at 1211 and 1215 °C. For the magnets
solution-treated at 1219 °C, the (203) peak of the 2:17H is
absent, indicating the formation of 1:7H single phase.
When the solution temperature increases to 1223 °C, the
(203) peak of 2:17H appears again along with 1:7H phase.
Besides, the diffraction peaks of 1:7H phase in the samples
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solution-treated at 1219 °C shift to right side in XRD
pattern. Figure 2b, ¢ shows the lattice constants calculated
from XRD patterns with different solution temperatures.
The lattice constant a of the 1:7H phase increases with
solution temperature initially increasing, reaching the
maximum at 1219 °C, and then decreases as the solution
temperature increases to 1223 °C. On the other hand, the
lattice constant ¢ has an opposite variation tendency,
illustrating that there exists a shrinkage below 1219 °C and
expansion at 1223 °C. As a consequence, the c/a value
exhibits the same changing tendency as the lattice constant
c (Fig. 2¢).

Figure 3a—d shows the back-scattered electron (BSE)
images of the magnets solution-treated at 1211-1223 °C,
respectively. The phase with the brightest contrast in all
samples 1is identified as Sm,0s, resulting from the
inevitable oxidation during ball milling and sintering. The
large gray areas correspond to the main phase 1:7H. The
phase showing dark contrast in the magnets solution-trea-
ted at 1211 and 1215 °C is identified to be Zrg(Fe,Co)s3
phase according to the composition analysis. While for the
magnet solution-treated at 1219 °C, rarely Zrg(Fe,Co),3

Rare Met. (2019) 38(1):20-28
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Fig. 3 BSE images of magnets treated at different solution temperatures: a 1211 °C, b 1215 °C, ¢ 1219 °C, d 1223 °C and quenched

can be observed. The Zrg(Fe,Co),3 phase has also been
reported in Sm,Co;7-type magnets with higher Fe contents,
which is supposed to result from the excess addition of Zr
in the quinary alloy or the insufficient solution treatment
process [9, 33, 36]. Contrary to the expectation, no
apparent contrast exists for the Sm,Co,7(H) phase for the
samples solution-treated at 1211 and 1215 °C, which can
be attributed to the minor composition difference between
2:17H and 1:7H. The existence of 2:17H will be confirmed
by TEM in the further discussion.

It can be noticed that no extra peaks exist for Sm,0O3 and
Zre(Fe,Co),3 in XRD patterns (Fig. 2a), which seems to
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contradict the microstructure observations shown in
Fig. 3a, b. According to the oxygen analysis results, the
oxygen content of as-aged magnet solution-treated at
1211 °Cis 0.3 wt%. The content of Sm,0O5 can be deduced
from the oxygen content as 2.57 vol%. The contents of
Sm;0;3 and Zrg(Fe,Co),3 in as-aged magnets solution-
treated at 1211 °C are also calculated according to BSE
image (Fig. 3a), which are 2.6 vol% and 2.8 vol%,
respectively. The calculated content of Sm,O3 coincides
with the measured value. Due to minor contents of Sm,03
and Zrg(Fe,Co),3, they can hardly be distinguished from
XRD patterns.
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As Fig. 3c shows, the as-solutioned magnet at 1219 °C
has a pure and single main phase, characterized as 1:7H by
XRD patterns. There is a marked change for the solution-
treated magnet at 1223 °C as shown in Fig. 3d. A sec-
ondary phase in darker contrast with a strip shape precip-
itates from the gray main phase. Meanwhile, there exists an
obscure local irregularity surrounding the dark gray phase,
which has a light gray contrast. According to the compo-
sition analysis, the dark gray phase and light gray phase are
Sm-poor/Zr-rich phase and Sm/Cu-rich phase, respectively.
The existence of the secondary phases may be the cause of
the slight deterioration of the squareness in the second-
quadrant demagnetization curve compared with the as-aged
magnets solution-treated at 1219 °C.

Figures 4 and 5 show the elemental mapping of the
magnets solution-treated at 1211 and 1223 °C analyzed by
EPMA. Obviously, the Zr-rich secondary phases precipi-
tate in these two situations. The precipitations of Zr-rich
secondary phases imply that the solution of Zr in the
magnets is sensitive to the solution temperature. As the
solution temperature is below 1219 °C, the Zr-rich
Zre(Fe,Co),3 phase precipitates out, while the solution
temperature increases above 1219 °C, the main phase
decomposes into Zr-rich and Sm/Cu-rich phases, as
described in Fig. 3d. According to the elemental analysis

results, the Sm/Cu-rich phase has the composition close to
that of 1:5 and Zr-rich phase is close to 2:17 stoichiometric
proportion. The precise characterization of the precipitates
will be discussed using TEM analysis.

As shown in Fig. 2b, c, the lattice constants vary with
different solution temperatures, which can be directly
related to the atomic type occupied in the crystal cells.
According to the model proposed by Ray, Zr has the effect
to stabilize the high-temperature 2:17R disordered phase
by replacing Fe-Fe dumbbell pairs with Zr-vacancy pairs
parallel to the c-axis [29, 38], which will lead to an
expansion in a-axis and shrinkage in c-axis simultaneously.
Analogously, it is supposed that for the magnets solution-
treated at 1219 °C, the sufficient solution treatment boosts
enough Zr-vacancy pairs occupying the Fe-Fe dumbbell
sites in SmCo~(H) phase, leading to the minimum c/a and
inhibiting the precipitation of Zrg(Fe,Co),3 phase, which is
consistent with the composition analysis and the lattice
parameters variation.

Figure 6a, b shows a TEM morphology of the magnets
solution-treated at 1211 °C and its corresponding selected
area electron diffraction (SAED) patterns. It can be seen
from Fig. 6a that a small grain with a width of ~ 1 um
embeds in the surroundings of some bigger grains. The
corresponding SAED patterns viewing from [010] zone

Fig. 4 a BSE image and EPMA mapping images of b Sm, ¢ Co, d Fe, e Cu, f Zr obtained from samples solution-treated at 1211 °C
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Fig. 5 a BSE image and EPMA mapping images of b Sm, ¢ Co, d Fe, e Cu, f Zr obtained from samples solution-treated at 1223 °C

axis show the occurrence of {101} and {201} superlattice
reflections (Fig. 6b), which clearly demonstrates the exis-
tence of 2:17H phase. Figure 6c—e displays the
microstructure of the secondary phase in the magnets
solution-treated at 1223 °C and its corresponding SAED
patterns. The strip-shaped phase corresponds to the Zr-rich
phase with surrounding grains containing a large amount of
Cu, confirmed by EDS results shown in Fig. 6f. SAED
patterns of the Zr-rich phase and Cu-rich phase in Fig. 6d,
e are indexed to be 1:5H and 2:17H phases, with the zone
axis indexed as [210] and [120], respectively. These results
are well consistent with EPMA results. According to above
analysis, with sufficient Zr substitution for Fe-Fe dumb-
bells, the disordered 1:7H remains stable as the solution-
treated structure. However, for the magnets solution-trea-
ted at temperature below or above 1219 °C, the precipita-
tion of Zr-rich secondary phase results in partial of the
solution structure transforming from 1:7H into 2:17H or
1:5H phase.

Figure 7 shows the microstructures of the as-aged
magnets with the nominal c-axis of the Sm,Co,,(R) phase
parallel or perpendicular to the electron beam incident
direction. It is well known that the cellular/lamellar struc-
tures with proper microchemistry develop when the solu-
tion-treated magnets are subjected to the aging treatment.

Rare Met. (2019) 38(1):20-28

The as-aged magnets consist of ~ 70 nm cellular structure
with platelet phase running across the cells. However, the
precipitations lead to the formation of uneven structures in
local regions. As for the isothermally aged magnets which
are initially solution-treated at 1211 °C, the 2:17H sec-
ondary phase transforms into 2:17R without element dif-
fusion to form 1:5H cell boundary during the aging
treatment. As Fig. 7b shows, there exists a grain containing
large scales of 2:17R with twin structure in the magnets.
The inhomogeneity of the cellular structure is also dis-
covered in the magnets solution-treated at 1223 °C as
presented in Fig. 7e. While for the magnets solution-trea-
ted at 1219 °C, the single 1:7H phase will transform to
cellular 2:17R phase and 1:5 cell boundary phase after
aging treatment (Fig. 7c, d).

The magnetization behaviors of the as-aged magnets
treated with different solution temperatures are studied
thoroughly. The recoil curves have been employed to
measure the irreversible magnetization, and the detail of
this method is described in Refs. [39-41]. As shown in
Fig. 8a, the irreversible magnetization (M;,,) of the as-aged
magnets solution-treated at 1211 °C increases more rapidly
at the field H/;H. < 1 than that of magnets solution-treated
at 1219 °C. This suggests that the demagnetization process
is easier for the magnets solution-treated at 1211 °C due to
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Fig. 6 a TEM image of magnets solution-treated at 1211 °C and b SAED patterns showing 2:17H structure illustrated in a, with appearance of
{101} and {201} superlattice reflections; ¢ TEM image of magnets solution-treated at 1223 °C and quenched; SAED patterns indexed as d 1:5H
and e 2:17H phase, corresponding to Zr-rich and Cu-rich phase shown in ¢; f EDS spectra showing Zr-rich and Cu-rich particles in ¢

the existence of softer secondary phase, such as 2:17R
twinning structure in as-aged magnets. As shown in
Fig. 8b, the curve of irreversible magnetization suscepti-
bility (y;,) of as-aged magnets solution-treated at 1211 °C
has two peaks during the demagnetization process, which
can be considered as two magnetic-phase behaviors. Fur-
thermore, the shape of the peaks corresponding to the
magnets treated at 1211 °C is lower and wider, implying
that the irreversible field is broad and non-uniform, which
causes the squareness deterioration of the demagnetization

@ Springer

curves in the second quadrant. The relatively larger irre-
versible magnetization susceptibility for samples solution-
treated at 1219 °C reflects the much stronger coupling
between 2:17R cell phase and 1:5H cell boundary phase.
As illustrated in Fig. 7b, e, the twinning structure and non-
uniform cellular structures in as-aged magnets solution-
treated at 1211 °C or 1223 °C will deteriorate the effective
pinning strength. For the magnets solution-treated at
1219 °C, the uniform cellular structure derived from the

Rare Met. (2019) 38(1):20-28
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Fig. 7 TEM images of as-aged magnets solution-treated at a, b 1211 °C, ¢, d 1219 °C, e, f 1223 °C with nominal c-axis of 2:17R main phase
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Fig. 8 a Irreversible magnetization and b irreversible magnetization susceptibility of as-aged magnets solution-treated at 1211 and 1219 °C

single-phase 1:7H 1is the key factor for the magnets
acquiring high coercivity and squareness.

4 Conclusion

In conclusion, Sm(CoypyFeg 1Cug 1719 033)6.93 high-temper-
ature permanent magnets were prepared by optimal pro-
cess, with energy product and intrinsic coercivity at 550 °C
up to 60.73 kJ-m ™" and 553.88 kA-m ™', respectively. The
magnetic properties are sensitive to the solution tempera-
tures, which influence the solution structures and phase
constitutions in magnets. The single-phase 1:7H can be
obtained at the optimum solution temperature of 1219 °C,
which promotes the solution of Zr in the 1:7H, stabilizing
the disordered 1:7H and avoiding the precipitation of sec-
ondary phases. While for the magnets solution-treated at
1211 °C or 1223 °C, the secondary phases such as 2:17H
or 1:5H transform into 2:17R phase with twinning structure

Rare Met. (2019) 38(1):20-28

during aging treatment. These will result in non-uniform
and broad pinning field, which is responsible for the
deterioration of squareness in the second-quadrant
demagnetization curves and thus the magnetic properties.
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