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The Sm—Zr-Fe—Co-Ti quinary-alloys with ThMn, structure has attracted wide attention for ultra-high intrinsic mag-
netic properties, showing potentiality to be developed into rare-earth permanent magnets. The Ti element in alloys is crucial
for phase stability and magnetic properties, and lower Ti content can increase intrinsic magnetic properties but reduce phase
stability. In this study, the 1:12 single-phase melt-spun ribbons with low Ti content was successfully prepared using a rapid
solidification non-equilibrium method for the Sm; {ZrgFeq »Co; 3Tig 5 quinary-alloy. However, this non-equilibrium rib-
bon did not achieve good magnetic hardening due to the uneven microstructure and microstrain. Then, annealing was carried
out to eliminate micro-strain and homogenize microstructure, therefore, remanence and coercivity were significantly im-
proved even the precipitation of a small amount of a-Fe phase which were not conducive to coercivity. The remanence of
86.1 emu/g and coercivity of 151 kA/m was achieved when annealing at 850 °C for 45 min. After hot pressing, under the
action of high temperature and pressure, a small portion of ThMn;, phases in the magnet decompose into Sm-rich phases
and o-Fe, while remanence of 4.02 kGs (1 Gs=10"* T), and coercivity of 1.12 kOe (1 Oe=79.5775 A-m~ 1) were still
acquired. Our findings can provide reference for exploring practical permanent magnets made of 1:12 type quinary-alloys.

Keywords: magnetic materials, (Sm,Zr)(Fe,Co,Ti);» magnets, nanocrystalline magnet, microstructure

PACS: 75.50.Ww, 75.75.-C, 75.75.Cd

1. Introduction

Rare earth permanent magnet materials are key raw mate-
rials for electric drive systems and are used in numerous mili-
tary and commercial fields. Improving the magnetic properties
of permanent magnet is the key to promoting the rapid devel-
opment of corresponding application fields. At present, the
most widely used rare earth permanent magnet (Nd—Fe—B) has
a magnetic energy product close to its theoretical value,!-]
and contains a large amount of strategic rare earth elements
(approximately 30 wt%), resulting in high production costs.
Therefore, developing new magnets>~7! with low rare earth
content!®° and excellent comprehensive performance is a top
priority in the field of permanent magnet materials.

For 1:12 rare earth-iron compounds, high Fe element is
beneficial for obtaining high saturation magnetization, and
hexagonal structure with low symmetry is beneficial for ob-
taining high magneto-crystalline anisotropy. In addition, a low

The ther-
[10

rare earth content can save rare earth resources.
modynamics of the ReFe|; compound was unstable, I and
phase-stable elements M of Ti, Cr, V, Mn, Mo, etc. were nec-
essary to form RFej,_ M, stable compound.!!'=13] The Ti el-
ement as a excellent choice as a phase stable element. The

Ti element was crucial for phase stability and intrinsic mag-
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netic properties.!'*-19) Reducing Ti can improve intrinsic mag-
netic performance, but phase stability decreased.!!”) When the
Ti content was lowered to Smg_ngog(FGo_gCOo,z)1145Ti0.5,[18]
the equilibrium state method cannot form a 1:12 single-phase
structure, but at this time, the intrinsic magnetic performance
is very excellent, with a Curie temperature of 830 K, a satura-
tion magnetization strength of 1.53 T, and a magnetic crystal
anisotropy field of 8.4 T. Furthermore, the researchers!!®->!]
found that introducing T (Y, Gd, Zr, etc.) to replace some Sm,
and Co to replace a portion of Fe, moderate Ti content can
form a (Sm,T)(Fe,Co);—,Ti, quinary-alloy, further increas-
ing T; and oM to about 800 K, 1.5 T, respectively, and poH,
between 8 T and 11 T.I??! Thus, the T; of the 1:12 phase al-
loy was more than 200 K higher than that of the Nd,Fe 4B
compound. %!

On the one hand, from the perspective of intrinsic mag-
netic properties, SmFe, alloys were a strong competitor for
the new generation of permanent magnetic materials. Re-
cently, many reports?4=% revealed that it was difficult to
obtain good magnetic properties, especially to achieve good
magnetic hardening based on the 1:12-type quinary-alloy.
Since the phase stability of the 1:12-type phase in the quinary-
alloy was not enough to support the high sintering tempera-
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ture, it is hard to prepare bulk magnet by using the powder
metallurgy process as the sintered Nd—Fe—B magnet. On the
other hand, the decrease of grain size and/or particle size, in-
troduction of defects can lower the phase stability of the 1:12-
type phase in quinary-alloys, which is also adverse to prepare
noncrystalline magnet. In addition to the limitation of phase
stability, other factors affecting the magnetic hardening have
not been identified yet, therefore, it is necessary to explore the
1:12-type quinary-alloys.

Thus, in this article, the 1:12 single-phase melt-spun
ribbons with low Ti content was successfully prepared us-
ing a rapid solidification non-equilibrium method for the
Sm; 1Zrg>Feq 2Co,.3Tig 5 quinary-alloy. The suitable vacuum
annealing process for the (Sm,Zr)(Fe,Co,Ti){, melt-spun rib-
bons was proposed. After annealing, the remanence and co-
ercivity improved even appearance of soft magnetically phase,
a-Fe. Thus, the coercivity improvement mechanism was stud-
In addi-
tion, the bulk nanocrystalline magnet was prepared by 1:12-

ied based on the microstructure characterization.

type quinary-alloys ribbons using the vacuum spark-plasma-
sintering.

2. Experimental details

The nominal compositions of Sm; 1Zrg2Feq2Coy3Tig s
alloys were prepared by vacuum melting, and 3-wt% Sm was
added to compensate the burn-loss. The alloys were melt-spun
into ribbons using a copper wheel with a roll surface velocity
of 15 m/s—45 m/s. Subsequently, the ribbons were crushed
into powders and placed into WC-Co mold with a diameter
of 15 mm, and prepared by spark plasma sintering (SPS) at
650 °C under high stress (= 550 MPa) to obtain hot-pressed
(HP) magnets. For annealing, the ribbons were sealed into a
quartz tube under an argon atmosphere and quenched in water.
Two parameters of heat treatment were set during annealing
with the annealing temperature of 800 °C-900 °C and the an-
nealing time of 15 min—60 min. The crystal structure of the
magnet was characterized by x-ray diffraction (XRD), and the
grain size and strain were analyzed through XRD results us-
ing JADE software. The magnetic properties of samples were
measured by vibrating sample magnetometer (VSM) with a
maximum applied field of 3 T. The microstructure of sam-
ples was analyzed by scanning electron microscope (SEM)
and transmission electron microscope (TEM). The mi both
before and after annealing crostrain analysis is based on high-

resolution TEM images, using open-source software strain. [3!]

3. Results

It is mainly difficult to determine the amount of Sm, as
the Sm burning loss is not stable during high-temperature

melting and rapid quenching processes. Firstly, a nominal
Smyg 9Zrg.1Feg 2Co, 3Tig 5 alloy with a burning loss of 3% Sm
was carried out, and the results (see Fig. S1 in supporting
information) showed that a 1:12 single-phase could not be
formed by melt-spun, and adjusting the wheel speed still could
not eliminate the o-Fe. Therefore, the Sm content was in-
creased to Smy 1Zrg,Feq »Co; 3Tig 5. For the ingots, 1:12, 1:7,
and o-Fe phases can be found in the XRD patterns and SEM—
BSE images, revealing that obtaining a single 1:12 phase alloy

through melting was impossible even the Sm content was in-

creased.

(a) v 1:12
:@\ * a-Fe
g e 1:7
= g
o
-
&
2 Smy 1 Zrg 2Feg 2Co23Tig 5
[
g
=

100 pm|

20 30 40 50 60 70 80 90
20 (*)
Fig. 1. XRD pattern (a) and SEM-BSE images (b) of (Sm,Zr)(Fe,Co,Ti);2
alloy ingots.

Furthermore, by using the Smj ;Zrg2Feq2Co,3Tig 5 in-
gots as raw materials, nanocrystalline powders was prepared
by melt-spun (rapid-quenching) technology. Figure 2(a)
showed the XRD patterns of ribbons obtained at different
quenching-speeds (15 m/s to 45 m/s), showing a single-phase
1:12 phase with no obvious presence of a second phase. Due to
the high volatility of Sm element during the smelting and high-
temperature homogenizing heat treatment process, additional
Sm (about 20%) was needed to be added to compensate. 30311
In this paper, about 23% additional Sm was needed to ob-
tain single 1:12 phase after melt-spun. However, even if a
relatively pure 1:12 phase was obtained, magnetic harden-
ing has not yet been achieved. As shown in Fig. 2(b), the
hysteresis loops covered a very small area within the range
of quenching-speeds of 15 m/s to 45 m/s. Therefore, the
coercivity and remanence were relatively small as shown in
Fig. 2(c). (21
of Smo_gzro'z(Feo‘gCO(),z)11_5Ti0_5 quinary—alloy with 20% Sm

Tozman et al.l>!! obtained an equilibrium state
burning loss through long-term annealing of ingots (anneal-
ing at 1100 °C for one week). At this time, the alloy was
consisted of 1:12 phase (83 wt%) and «-Fe, indicating it is
impossible to obtain a 1:12 single-phase. Our ingots (Fig. 1)
without uniform annealing also exhibit complex phase struc-
tures, fail to obtain single phase. The ribbons prepared by
the rapid quenching was non-equilibrium, which was the key
to obtaining single-phase. Rapid solidification provided con-
ditions for the formation of single-phase supersaturated solid
solutions.
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Fig. 2. XRD patterns (a), hysteresis loops (b), and magnetic properties (c) of the (Sm,Zr)(Fe,Co,Ti);, melt-spun ribbons with various quenching-speeds.

Fig. 3. TEM results of as-spun (Sm,Zr)(Fe,Co,Ti);, ribbons at a quenched
speed of 30 m/s. Panels (a) and (b) are bright field images at different posi-
tions, panel (c) is the HAADF image and in-situ distribution maps of Sm, Zr,
Fe, Co, Ti elements.

To understand the reasons for the low magnetic properties
of the (Sm,Zr)(Fe,Co,Ti);2 melt-spun ribbons, the microstruc-
ture characterization was carried out. In non-equilibrium su-
persaturated solid solutions, strain is easily introduced, and
XRD analysis (marked by 30 m/s in Fig. 2(a)) showed a stress
of 0.27% and the average grain size was 119 nm for the rib-
bons prepared with wheel speed of 30 m/s. Figure 3 shows
the TEM results of (Sm,Zr)(Fe,Co,Ti);» melt-spun ribbons at
a quenching-speed of 30 m/s. The non-uniform morphologies
were observed, as shown in Figs. 3(a) and 3(b). Some regions
(Fig. 3(a)) had fine nanocrystalline (20 nm—50 nm) structures,
while others (Fig. 3(b)) had significantly coarser grain sizes
(over 200 nm). Furthermore, the distribution of Sm, Zr, Fe,

Co, and Ti was relatively uniform, and no obvious element

segregation phenomenon was observed from element mapping
(Fig. 3(c)).

Annealing is an effective way to improve the magnetic
performance of magnetic ribbons. Figure 4(a) showed the
XRD patterns of the annealed Smy ;ZryFeg,Cor3Tig 5 rib-
bons. Compared with the unannealed ones, the annealed rib-
bons exhibited peaks of a-Fe phase. Even if soft-magnetically
a-Fe appears, the magnetic hardening has been achieved sig-
nificantly, coercivity and remanence were greatly improved,
as shown by the hysteresis loops (see Fig. S2(a)). With the in-
crease of temperature, the coercivity monotonically increased,
while the remanence first increased and then decreased, and
the remanence ratio (larger than 0.5 after annealing) also in-
creases and then decreases. At an annealing temperature of
850 °C, both remanence and remanence ratio reach their max-
imum values (Fig. 4(c)). Furthermore, the annealing time at
850 °C was regulated. The XRD patterns (Fig. 4(b)) revealed
that the composition of annealed ribbons still consisted of a
1:12 main phase and a small amount a-Fe phase. The ex-
tension of annealing time did not cause significant changes of
a-Fe content. In addition, as the annealing time prolonged,
the coercivity gradually increased. And the remanence and re-
manence ratio both increased first and then decreased. It was
worth noting that the optimal remanence ratio and remanence,
saturation magnetization reached 0.61 emu/g and 86.1 emu/g,
141.1 emu/g, respectively, as shown in Figs. 4(c) and 4(d). It
is worth mentioning again that after annealing, the diffraction
peak of a-Fe appeared, but with the increase of annealing tem-
perature and/or the extension of annealing time, the relative
intensity of diffraction peaks of precipitated a-Fe did not in-
crease. This phenomenon can be explained as a small amount
of a-Fe precipitation after annealing, concomitantly, the re-
maining part transformed into a stable 1:12 phase structure. in
other words, the supersaturated solid solution precipitated into

a small amount a-Fe and stable 1:12 phase.
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Fig. 4. Powdered XRD patterns [(a) and (b)] and magnetic properties [(c) and (d)] of the (Sm,Zr)(Fe,Co,Ti);, ribbons with different annealing temperatures

[(a) and (c)] or with different annealing time [(b) and (d)].

Fig. 5. TEM results of annealed (Sm,Zr)(Fe,Co,Ti);, ribbons at 850 °C and
45 min. Panels (a) and (b) are bright field images at different positions,
panel (c) is HAADF image and in-situ distribution maps of Sm, Zr, Fe, Co,
Ti elements of the position marked in panel (a).

Figure 5 showed the microstructure of the annealed rib-
bons. Compared with the fine-grain regions in the as-prepared
ribbons (Fig. 3(a)), the grains significantly grew after anneal-
ing, however, coarse-grain regions (Figs. 3(b) and 5(b)) did not
show significant growth before and after annealing. This also
meant that the difference in grain size of the ribbons decreased
after annealing, revealing the homogenization of microstruc-
ture. Note that the element segregation occurred after anneal-
ing. A small amount of Zr-rich and Sm-poor phases have pre-
cipitated, as shown in Fig. 5(c). In addition, the microstrain
was obtained through geometric phase analysis by HRTEM,
and the comparison showed that after annealing, the micros-
train was significantly reduced. Figure 6 shows the HRTEM
images and geometric phase analysis results before and after
annealing. The corresponding FFT patterns from the HRTEM
images showed that the ribbons both before and after anneal-

ing bearing a 1:12 phase structure, as shown in Figs. 6(a) and
6(b). The strain distribution obtained from the same crystal-
lographic direction, as marked in the insets of Figs. 6(a) and
6(b), showed that the microstrain basically disappeared after
annealing. Based on this, it can be inferred that after anneal-
ing, the supersaturated solid solution undergone grain size ho-
mogenization, o-Fe phase precipitation and Sm—Zr element
segregation, and strain release. These factors should also be
the reasons for achieving magnetic hardening, increase of re-

manence and coercivity.

2:mm

Fig. 6. HRTEM [(a) and (b)] images and corresponding geometric
phase analysis results [(c) and (d)]. The insets in panels (a) and (b)
showing the FFT patterns of corresponding HRTEM.

In addition, bulk nanocrystalline Sm; 1 Zry2Feq 2Co, 3Tig 5
magnets were also prepared using as-quenched ribbons as raw
materials. The XRD result (Fig. 7(a)) showed that the magnet
was mainly composed of a 1:12 phase and still a small amount

097503-4



Chin. Phys. B 33, 097503 (2024)

of a-Fe phase. The magnetic properties (Fig. 7(b)) were M
(3 T) of 12.61 kGs, remanence of 4.02 kGs and coercivity of
1.12 kOe. The SEM results (Fig. 7(c)) revealed that There
were two sources of a-Fe phase. One was the appearance of
a-Fe aggregation in the powder contact area with high tem-
perature caused by the discharge of the powder tip during the

SPS process. Another was that a small portion of the ribbons
had precipitated o-Fe. Large-sized a-Fe regions were the
main reason for its low remanence and coercivity, revealing
that the SPS should not be the optimal choice for preparing
nanocrystalline magnets from the 1:12 quinary-alloy melt-

spun ribbons.

15
~ | (a) (b) M, (3 T)=12.61 kGs
2 . v 1?_%2 104 M, =4.02 kGs
g e ae H,=1.12 kOe
. 51
5 o
& = 0
g HP-650 “C-500 MPa
= E _5-
2
(]
= —101

20 30 40 50 60 70 80 90
20 ()

—15 T T T T
-30 —20 =10 0 10 20 30
H (kOe)

Fig. 7. XRD patterns, hysteresis loops (b), and SEM-BSE images (c) of the (Sm,Zr)(Fe,Co,Ti);, hot-pressed magnet.

4. Conclusion

This article showed that for low Ti content
(Sm,Zr)(Fe,Co,Ti)j» alloys, a 1:12 single-phase can be ob-
tained through non-equilibrium pathways, but magnetic hard-
ening cannot be achieved. After annealing, the supersaturated
solid solution undergone grain size homogenization and Sm—
Zr element segregation, and strain release, thus, increasing
the remanence and coercivity, but the precipitation of a-Fe
phase reducing coercivity. Our results can provide reference
for exploring practical permanent magnets made of 1:12 type

quinary-alloys.
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