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This study was aimed at the improvement of SmFes-based alloys prepared by means of melt-spinning. A sys-
tematic study was carried out on (Smj.4Zry)(Feg 75C00 25)3 (x = 0-0.4) alloys melt-spun at a wheel speed of 50 m/s
and annealed at 773-1173 K. SmFes-based melt-spun ribbons with a rhombohedral structure were prepared from
the (Smj.xZry) (Fep.75C00.25)3 (x = 0-0.4) alloys. The addition of zirconium increased the coercivity and enhanced

the remanence of the melt-spun ribbons. However, the Curie temperature slightly decreased with increasing
zirconium content. The optimally annealed alloys, with a composition of (Smg 7Zr¢ 3) (Fep75C00.25)3, achieved a
coercivity of 7.8 kOe, a remanence of 6.0 kG, and a Curie temperature of 680K.

1. Introduction

Accompanying the realization of high-performance Nd-Fe-B perma-
nent magnets, R&D of new permanent magnets has been largely
concentrated on rare-earth-based alloys [1, 2, 3, 4, 5]. Nd-Fe-B perma-
nent magnets are utilized in a broad variety of advanced electromagnetic
devices, including motors for hybrid and electric vehicles. Due to the
tremendous increase in the industrial production of Nd-Fe-B permanent
magnets, the supply of rare-earth elements is an issue that is currently a
focus of concern [6, 7, 8]. The rare-earth elements are not particularly
uncommon, and in fact some rare-earth elements are found in greater
abundance than many widely used elements such as lead. The problem
with regard to the rare-earth elements is the balance between the supply
and demand [9, 10, 11]. As a result, some rare-earth elements are pro-
duced in larger amounts than required, and these resources are simply
stockpiled. Therefore, increasing demand for the Nd metal has motivated
intensified research on the rare-earth-lean magnets and rare-earth mag-
nets without Nd.

One of the candidates for new permanent magnet materials is the
SmyFe;7N3 magnet, which has been produced by nitrogenation of the
SmyFey7 phase [12, 13, 14, 15]. SmyFe;7N3 magnets have not been ob-
tained by sintering, however, because the SmyFe;7N3 phase decomposes
during the high-temperature sintering process [16]. Thus, studies on
SmyFe ;N3 sintered magnets are still underway [17, 18, 19]. As an
alternative to SmyFe;7N3 magnets, other Sm-based intermetallic com-
pounds of the SmFeg phase have also been studied. The SmFe3 phase has
a rhombohedral PuNis-type structure and possesses a large anisotropy
field [20, 21]. In order to realize SmFes-based magnets, it is essential to

* Corresponding author.
E-mail address: tetsuji.saito@it-chiba.ac.jp.

https://doi.org/10.1016/j.heliyon.2022.e09612

improve the magnetic properties of the SmFe3 phase [22, 23, 24]. It was
found that the (Sm,Zr)Fe3 magnets exhibited a high coercivity [24].
However, the reported remanence of the (Sm,Zr)Fes magnets is not yet
satisfactory. Since it is known that the substitution of Co for Fe in the
SmyFe;7 phase results in enhanced magnetization [25, 26, 271, the effects
of Zr substitution on the structure and magnetic properties of melt-spun
and annealed alloys with an (Smj4Zry) (Fep75C00.25)3 (x = 0-0.4)
composition were investigated. The changes in the magnetic properties
of the SmFes-based magnets as a consequence of annealing were sys-
tematically monitored.

2. Experimental

(Smy xZry)(Fep75C00.25)3 (x = 0-0.4) alloy ingots were prepared by
induction melting and the starting alloy contained 15% excess of Sm
compared with the normal stoichiometry to compensate for losses of Sm
such as by oxidation and vaporization during melting and melt-spinning.
Melt-spun ribbons of (Smj.xZry)(Feg 75C00.25)3 (x = 0-0.4) alloys were
obtained by melt-spinning using a copper wheel (Vs = 50 m/s) in an argon
atmosphere. Annealing of the as-quenched melt-spun ribbons was per-
formed in an argon atmosphere for 1 h at different temperatures in the
range of 773-1173 K. The structures and magnetic properties of
(Sm,Zr)(Fe,Co)s melt-spun ribbons were investigated in the as-quenched
condition and after annealing. The crystallographic structure was deter-
mined by X-ray diffraction (XRD) using a MiniFlex600 X-ray diffractom-
eter (Rigaku) and by differential thermal analysis (DTA) using an STA
7300 thermal analysis system (Hitachi). The magnetic properties were
investigated using a BHV-525RSCM vibrating sample magnetometer
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(VSM) (Riken Denshi). The thermomagnetic analysis (TMA) curves of the
specimens were measured in a small magnetic field of 0.5 kOe using the
VSM. The slope of the thermomagnetic curve near the Curie temperature
was determined by curve fitting and the Curie temperature was deter-
mined by extrapolation. The hysteresis loops of the specimens were
measured with a maximum applied magnetic field of 25 kOe using the
VSM after the specimens had been pulverized and embedded in paraffin.

3. Results and discussion

The XRD patterns of the as-quenched (Sm; 4Zry)(Feg 75C00.25)3 (x =
0-0.4) melt-spun ribbons are shown in Figure 1. Only a broad halo peak
is seen in the XRD patterns of the (Smj.xZry)(Feg 75C00.25)3 (x = 0-0.2)
specimens. This indicates that the as-quenched Sm(Fe 75C0¢.25)3 spec-
imen was amorphous and that a small amount of Zr substitution did not
alter the amorphous phase. In contrast, small and somewhat broad
diffraction peaks of the SmFe3 phase are noted in the XRD patterns of the
(Smj xZry)(Feg 75C00.25)3 (x = 0.3-0.4) specimens. This suggests that a
larger amount of Zr substitution led to the formation of the crystalline
SmFe3 phase.

In order to investigate the crystallization behavior of the specimens,
the DTA curves of the as-quenched (Sm;_xZry)(Fey.75C00.25)3 (x = 0-0.4)
melt-spun ribbons were measured (Figure 2). The DTA curves of the
(Smy_xZry)(Fep75C00.25)3 (x = 0-0.3) specimens have an exothermic
peak, which corresponds to the crystallization from the amorphous
phase. The exothermic peaks shift to a higher temperature from 850 K for
the Sm(Fep 75C00.25)3 specimen to 880 K for the (SmygyZrg3)(Feg7s
Cop.25)3 specimen with increasing Zr content. This suggests that these
specimens consisted of the amorphous phase and that the thermal sta-
bility of the amorphous phase increased with increasing Zr content.
However, no exothermic peak was seen in the DTA curve of the
(Smyg ¢Zrg 4)(Feg.75C0p.25)3 specimen, confirming that the specimen did
not contain any amorphous phase. These results indicate that whether
the amorphous phase was obtained or not was dependent on the Zr
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Figure 1. XRD patterns of as-quenched (Sm;.xZry)(Feg75C00.25)3 (x = 0-0.4)
melt-spun ribbons.
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Figure 2. DTA curves of as-quenched (Smj.yZry)(Fep75C0025)3 (x = 0-0.4)
melt-spun ribbons.

content of the specimens. In the as-quenched state, the (Smj.
xZrx)(Fep 75C0p.25)3 (x = 0-0.2) specimens were amorphous, but the
(Smyg 7Zr¢ 3)(Fep 75C00.25)3 specimen consisted of the amorphous and
SmFes phases and the (SmggZrg4)(Fep75C00.25)3 specimen was
composed of the SmFe3 phase.

Figure 3 shows the hysteresis loops of the as-quenched (Smj;.
xZ1x)(Feg 75C0g 25)3 (x = 0-0.4) melt-spun ribbons. Narrow hysteresis
loops were obtained from the (Sm;.xZry)(Fep 75C00 25)3 (x = 0-0.2) spec-
imens. The hysteresis loop of the (Smg 7Zr¢ 3)(Fey.75C00.25)3 specimen (red
lines) was wider than that of the (Smj.xZry)(Feg75C00.25)3 (x = 0-0.2)
specimens but was not smooth. Such a constrained hysteresis loop is
usually observed in the specimen consisting of two magnetic phases with
different coercivity [28]. This is consistent with the results of the XRD and
DTA studies, indicating that the (Smg7Zrg 3)(Fep75C00.25)3 specimen
consisted of the amorphous and SmFe3 phases. The widest hysteresis loop
(purple lines) was obtained from the (Smg ¢Zr¢ 4)(Feg 75C00.25)3 specimen,
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Figure 3. Hysteresis loops of as-quenched (Sm; xZry)(Feg 75C00.25)3 (x = 0-0.4)
melt-spun ribbons.
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Figure 4. Coercivity of (Sm; xZry)(Feg 75C00 25)3 (x = 0-0.4) melt-spun ribbons
as a function of the annealing temperature.

which was composed of the SmFe3 phase. Thus, the observed coercivity of
5.2 kOe in the (Smg¢Zrg 4)(Fep 75C00.25)3 specimen is believed to be
attributed to the existence of the SmFej phase.

The change in the magnetic properties of the melt-spun ribbons due to
crystallization from the amorphous phase to the SmFes phase was
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Figure 5. XRD patterns of optimally annealed (Sm;.xZry)(Feg75C00.25)3 (X =
0-0.4) melt-spun ribbons.
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Figure 6. Hysteresis loops of optimally annealed (Sm; 4 Zry)(Fep75C00.25)3 (X =
0-0.4) melt-spun ribbons.

investigated. Figure 4 shows the coercivity of the (Sm; 4Zry)(Feg 75C0¢.25)3
(x = 0-0.4) melt-spun ribbons as a function of the annealing temperature.
The (Sm;_xZry)(Fep.75C00.25)3 (x = 0-0.3) specimens with the amorphous
phase exhibited a large increase in coercivity when annealed at 873 K or
higher. This is due to the crystallization of the SmFe3 phase. A slight in-
crease in coercivity was noted in the (Smg ¢Zrg 4)(Fep 75C00.25)3 specimen,
which contained the SmFes phase but not the amorphous phase. The
coercivity reached the maximum value at an annealing temperature of 973
K regardless of the Zr content. Thus, 973 K was determined to be the
optimal annealing temperature of the (Smj.xZry)(Feg75C00.25)3 (x =
0-0.4) melt-spun ribbons. The highest coercivity of 7.8 kOe was recorded
in the optimally annealed (Smy 7Zrg 3)(Feg 75C00.25)3 specimen.

The optimally annealed (Sm; 4Zrx)(Fep 75C00.25)3 (x = 0-0.4) melt-spun
ribbons consisted of the SmFe3 phase, as shown by their XRD patterns in
Figure 5. The magnetic properties of the optimally annealed melt-spun
ribbons were then examined. Figure 6 shows the hysteresis loops of the
optimally annealed (Sm; xZry)(Fe 75C0g 25)3 (x = 0-0.4) melt-spun ribbons.
The corresponding TMA curves are shown in Figure 7. Although the hys-
teresis loops of the (Smj xZry)(Fey 75C0g 25)3 (x = 0-0.2) specimens became

Sm(Feg75C00.25)3

(SmooZro1)(Feq15C00.25)3

(Smo.azro.z)(Feo.75000.25)3

(Smyg7Zro3)(Feg15C00.25)3

Magnetization (arb. units)

(Smo6Zro4)(Feq75C0025)3

1 1 1 1 |
400 500 600 700 800 900
Temperature (K)

1
1000 1100

Figure 7. TMA curves of optimally annealed (Sm;.xZry)(Feg75C00.25)3 (x =
0-0.4) melt-spun ribbons.
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wider than those of the as-quenched specimens, the loops were not smooth
but contained kinks. The constrained hysteresis loops imply that these
specimens consisted of two magnetic phases with different coercivity.
However, the TMA curves of the (Smy_xZry)(Feg75C0025)3 (x = 0-0.2)
specimens showed only one magnetic transition at 720 K, indicating that the
specimens consisted of one magnetic phase. Therefore, the origin of the
constrained hysteresis loops is considered to be different grain sizes in the
SmFe3 phases, which exhibited different coercivity. A further microstruc-
tural study is necessary to confirm this. On the other hand, the (Sm;.
xZ1y)(Fep 75C00.25)3 (x = 0.3-0.4) specimens exhibited smooth hysteresis
loops. The TMA curves also showed only one magnetic transition, which
corresponded to the Curie temperature. It is noted that the Curie tempera-
ture of the (Smj 4Zry)(Feg 75C00.25)3 (x = 0-0.4) specimens became lower
with increasing the Zr content. The (Smg 7Zrg 3)(Feg 75C00.25)3 specimen
showed the highest coercivity of 7.8 kOe with a remanence of 6.0 kG and a
Curie temperature of 680 K, while the (SmggZrg 4)(Fep 75C00.25)3 specimen
exhibited the highest remanence of 7.0 kG with a coercivity of 7.0 kOe and a
Curie temperature of 670 K.

4. Conclusion

(1) As-quenched melt-spun ribbons of (Sm; xZry)(Fep75C00.25)3 (x =
0-0.2) alloys were found to be amorphous and showed low
coercivity, while those of (Smj xZry)(Feg 75C0¢.25)3 (x = 0.3-0.4)
alloys consisted of either the SmFe3 and amorphous phases or the
SmFej phase and exhibited a higher coercivity.

(2) The optimal annealing temperature of the (Smj xZry)(Feg 75C00.25)3
(x = 0-0.2) alloys was 973 K. The optimally annealed specimens
consisted of the SmFe3 phase. The TMA studies revealed that the
Curie temperature of the optimally annealed specimens decreased,
from 720 K for the Sm(Fe( 75C00.25)3 specimen to 670 K for the
(SmgeZrg 4)(Feg.75C00.25)3 specimen, as the Zr content increased.

(3) The highest coercivity of 7.8 kOe was achieved in the optimally
annealed (Smyg 7Zrg 3)(Fe 75C00.25)3 specimen, while the highest
remanence of 7.0 kG was obtained in the optimally annealed
(SIII().6ZI'0.4)(Fe().75C00.25)3 specimen.
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