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ARTICLE INFO ABSTRACT
Keywords: It was predicted that TbCuy-type Sm-Fe powder prepared by the low-temperature reduction-
Low-temperature synthesis diffusion (LTRD) process using a Li-Ca reductant would contain no residual a-Fe because this
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reductant would not produce the absorbed water that hinders the reaction between Sm and Fe by
forming oxychlorides when molten salt is used as the reductant. Contrary to this expectation, a
detailed microstructure analysis revealed that a residual phase of unreacted a-Fe existed in some
TbCuy-type Sm-Fe particles rather than as separate Fe particles. This residual a-Fe phase was not
located in the center of the Sm-Fe particles and was not detected in some Sm-Fe particles, sug-
gesting that the reason for the residual a-Fe phase is inhomogeneous diffusion of Sm into the Fe
due to slow diffusion at low temperatures. Although this TbCuy-type Sm-Fe powder contained a
small amount of unreacted a-Fe phase, the magnetic properties of the nitride TbCuy-type Sm-Fe
were also estimated.

1. Introduction

Permanent magnets are used in motors in various fields such as electric vehicles (EVs), home appliances, and wind power gen-
eration, among others. Efforts to completely replace gasoline-powered vehicles with EVs are now underway, as environmental
problems become more serious and social needs require research on environment-friendly technologies to realize energy saving and
ultimately, carbon neutrality. Therefore, it is essential to develop motors with the highest possible efficiency, and the development of a
high-performance permanent magnet will be an indispensable part of this effort. Since the development of the Nd-Fe-B magnet as the
highest-performance permanent magnet in 1984 [1], this type has become the most widely used magnet in commercial applications.
Because the present Nd-Fe-B magnet has problems such as an unstable supply, which increases costs, and low thermal stability, other
permanent magnets that surpass the Nd-Fe-B magnet are being actively developed, but none has yet reached the stage of practical
application.

As a “post Nd-Fe-B magnet,” the TbCuy-type (Sm,Zr)(Fe,Co);0N, magnet with magnetic properties of magnetization saturation Js =
1.7 T, anisotropy field H, = 7.7 T and Curie temperature T¢ = 520 °C [2] is one candidate for surpassing the Nd-Fe-B magnet (J; = 1.6
T,Hy,=7.6T, Tc = 312°C) [1,3,4]. TbCuy-type SmFe,-based magnets can have x = 8.5 to 10 stoichiometrically, and their saturation
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magnetization increases with higher Fe contents. Although Sakurada et al. succeeded in achieving x = 10, other problems remained
[2]. Normally, an anisotropic magnet, in which the magnetic moments are aligned in the same direction, is necessary for a
high-performance permanent magnet in the bulk state, and anisotropic magnets can be produced from single-crystalline powder.
Among various synthesis methods for TbCuy-type Sm-Fe based magnets, such as melt spinning [2,5-11], the
hydrogenation-disproportionation-desorption-recombination process [12-14], mechanical alloying [15-17], and the low-temperature
reduction-diffusion (LTRD) process [18-22], only the LTRD process is capable of producing a raw single-crystalline powder for an
anisotropic magnet. It is well known that the reduction-diffusion (RD) process can synthesize single-crystalline SmyFe; 7N, magnetic
powder by reduction of samarium oxide using Ca as a reductant (SmyO3 (s) + 3Ca (1) - 2Sm + 3CaO) and diffusion of Sm atoms to Fe
particles through liquid Ca at a temperature over 850 °C, which is the melting point of Ca [23-30]. Our group successfully synthesized
single-crystalline TbCuy-type Sm-Fe by the LTRD process using LiCl molten salt as a solvent for Ca to decrease the reaction temper-
ature, which is limited to the melting point of Ca [18]. Since the melting point of LiCl is approximately 600 °C, Ca could be dissolved in
liquid LiCl at a temperature below its melting point. In this process, SmCls was used as a precursor because it is also a chloride with
molten salt and is liquefied with the molten salt to increase reactivity even at low temperatures (2SmcCls (1) + 3Ca (in LiCl melt) —
2Sm + 3CaCly). However, it was not possible to obtain a single-phase TbCuy-type Sm-Fe powder because the product included an
unreacted a-Fe phase. Okada et al. suggested that this residual unreacted a-Fe phase remained because oxychlorides [18], which
originate from the water absorbed in chlorides and are insoluble in a chloride molten salt [31-33], covered the Fe particles, inhibiting
the diffusion of Sm to Fe. Sato et al. continued to use molten salt in the LTRD process but used metallic Sm as the Sm precursor instead
of SmCls [20]. In this case. the amount of residual a-Fe was decreased, but the residual a-Fe phase was not completely eliminated.

Meanwhile, in our previous study, we used a Li-Ca eutectic melt as a reductant in the LTRD process [22]. Li has a eutectic point
with Ca at around 230 °C and does not react with Sm and Fe, which means Ca can be liquified at a low temperature by introducing only
Li in the conventional RD process (Sm20s3 (s) + 3 Li-Ca (1) - 2Sm + 3CaO + 3Li). Thermodynamically, Li cannot reduce Smy03 [34].
Since this LTRD process using the Li-Ca reductant does not include chlorides, it was thought that this approach would improve the
water problem, which is expected to cause residual Fe if molten salts are used. Therefore, in the present study, we investigate the
possibility of producing a single-phase TbCuy-type Sm-Fe powder containing no residual Fe by the LTRD process using the Li-Ca
reductant. In addition, the magnetic properties of the Sm-Fe-N powder obtained by nitriding the produced TbCuy-type Sm-Fe powder
are also reported.

2. Experimental method

The entire LTRD process is the same as that used in the previous experiment [22] and consists of 7 steps: (1) Preparation of the
Li-Ca eutectic melt, (2) mixing of the Li-Ca and precursors (a-Fe and Smy03 powders), (3) heat treatment, (4) crushing, (5) nitriding,
(6) washing, and (7) dehydration. Li granules (1-6 mm, Alfa Aesar Co.) and Ca granules (16 mesh, Alfa Aesar Co.) were mixedatal:1
M ratio at 350 °C in an iron crucible under Ar with stirring using a low-oxygen fusing system developed by the authors in our previous
our research [22], and a uniform liquid Li-Ca melt was produced. Then, the Li-Ca in the iron crucible was mixed with a-Fe and Smy03
(FUJIFILM Wako Pure Chemical Corp.) using the low-oxygen fusing system at 250 °C, which is slightly higher than the melting point of
the Li-Ca alloy (230 °C). The molar ratios of the Li-Ca reductant/precursors examined in this study were 7.8, 9.8, and 11.7. The a-Fe
powder was prepared by hydrogen reduction of hematite, as explained in detail in our previous research [19,28]. Next, the prepared
iron crucibles were covered with iron lids and heat-treated at various temperatures for 10 h under Ar. The products were washed using
ethanol and distilled water several times to remove the residual Li-Ca and Li and CaO product and then dried in a vacuum. (It was
estimated that the residual Li-Ca and Li and CaO are almost removed by compositional analysis. See Supporting Information, Fig. S1)
Hydrogen gas generated during the washing process was diffused into the TbCuy-type Sm-Fe alloy lattice [27], and to remove
interstitial hydrogen atoms the washed powders were dehydrogenated at 200 °C for 3 h in a vacuum.

The phases of the synthesized powders were identified by X-ray diffractometry (XRD, PANalytical, Empyrean, CoKa radiation). A
Rietveld analysis of the XRD patterns was performed using a HighScore Plus (Malvern Panalytical Ltd.) [35]. The microstructure,
composition, and elemental distribution of the particles were analyzed by scanning transmission electron microscopy (STEM)
observation and energy dispersive X-ray spectroscopy (EDS) mapping with an atomic-resolution analytical electron microscope
(JEM-ARM200F, JEOL Ltd., Tokyo, Japan). Specimens for STEM observation were prepared using a Ga-focused ion beam (Scios, an FEI
Versa 3D system). The particle appearance and size were also evaluated with a field-emission scanning electron microscope (FE-SEM,
JEOL, JSM-7800F).

In order to estimate the magnetic properties of the samples, the LTRD products before washing were crushed by hand-milling for
nitriding. Nitriding was conducted at 320 °C for 1.5 h in a mixed gas of NH3-Hy-Ar with a 1 : 2: 2 vol ratio, followed by washing and
dehydrogenation. The magnetic properties of the synthesized powders were then measured using a vibrating sample magnetometer
(VSM, DynaCool, Quantum Design, Inc.) with a maximum applied field of 7.2 MA-m™ (90 kOe) in a vacuum at room temperature. For
the VSM analysis, the powder particles were uniformly embedded in epoxy resin by orientation under a static magnetic field of 1.6
MA-m! (20 kOe) in order to measure the magnetic properties along the parallel (easy axis) and perpendicular (hard axis) to the aligned
direction. The maximum energy product (BH)max value given in the following refers to the theoretical density of 7.72 g-cm™, which is
calculated from the unit cell of the TbCuy-type Sm-Fe-N compound in this study (see Supporting Information).
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3. Results and discussion
3.1. Optimization of LTRD conditions for synthesis of single-phase TbCuy-type Sm-Fe powder

In this study, we introduced the LTRD process using a Li-Ca reductant with SmyO3, which does not use molten salts and a SmCl;
precursor to address the problem of residual water. Also, we optimized the conditions of the LTRD process to produce a single-phase
TbCuy-type Sm-Fe powder by predicting various problems related to the residual Fe. Since it can be thought that the reason for the
remaining unreacted Fe is an insufficient amount of Sm to react with a-Fe, the ratio of Sm to a-Fe was changed as shown in Fig. 1a,
which shows the XRD patterns of the powders synthesized at 600 °C for 10 h depending on the Sm molar ratio. The a-Fe phase
gradually decreased as the Sm ratio increased and disappeared at the largest Sm ratio. However, a SmFe3 phase begins to be produced
at the Sm ratio of 36 %, and the powder is almost entirely composed of the SmFez phase without any TbCuy-type Sm-Fe phase at the
largest Sm ratio. The formation of the SmFeg phase, which is a Sm-rich phase, means that excess Sm was supplied. This phenomenon
was investigated in our previous studies [21,22]. Although the amount of a-Fe phase decreased and the a-Fe phase disappeared as the
amount of Sm increased, it was found that excessive Sm addition resulted in the formation of a Sm-rich phase, which causes a decrease
in saturation magnetization [36]. Therefore, the Sm ratio that achieves the smallest amount of the a-Fe phase without the formation of
the SmFes phase should be selected.

The amount of reductant was also considered. In the LTRD reaction, Sm oxide is reduced in a liquid-state reductant, which is the
Li—Ca eutectic melt in this study, and the reduced Sm diffuses through the melt and reacts with the Fe particles. At this time, a certain
amount of Sm is lost by the dissolution of the reduced Sm in the reductant melt [21], but Sm exceeding solubility may cause a reaction
with Fe. Therefore, the reaction of Sm and Fe can be affected by the ratio of the reductant and reactant because the amount of reduced
Sm depends on the amount of Li-Ca liquid. The amount of Li-Ca reductant was changed as shown in Fig. 1b, which shows the XRD
patterns of the powders synthesized at 600 °C for 10 h using 30 % Sm. At the largest amount of Li-Ca reductant, the largest amount of
unreacted a-Fe phase remained, while the smallest amount of Li-Ca reductant also resulted in a larger amount of unreacted a-Fe phase
than an intermediate amount of Li-Ca reductant. The former means that too much Sm was dissolved in the large amount of Li-Ca melt
and the amount of Sm that did not react with Fe increased, resulting in an insufficient supply of Sm. The latter implies that the overall
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Fig. 1. XRD patterns of powders synthesized by the LTRD process depending on a Sm molar ratio vs. a-Fe, b molar ratio of Li-Ca reductant/
precursors and, ¢ processing temperatures. d is an enlarged view of (c) of the range between 40° and 55°.
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amount of Sm that can be reduced decreases as the amount of reductant decreases, and the amount of Sm that exceeds solubility in the
Li—Ca melt is not sufficient to react with all the Fe powder. As evidence for the dissolution of Sm in the reductant, Fig. 1 also shows
SmH, peaks; these are the result of hydrogenation of residual Sm by hydrogen generated by oxidation of the reductant during the
washing process [20] and remain in the powder because its decomposition temperature is over 700 °C in vacuum [37].

Since the diffusion rate in the LTRD process affects the reaction, the effect of temperature changes was also investigated, as shown
in Fig. 1c and d. The powder synthesized at 550 °C includes a large amount of a-Fe phase and a small amount of SmFes. Because this
SmFej phase could be eliminated at over 600 °C by using an appropriate Sm/Fe ratio [22], this means the TbCuy-type Sm-Fe phase
synthesis reaction was not complete. On the other hand, the powder synthesized at 650 °C shows the smallest amount of the a-Fe phase
but also includes the SmyFe;; phase. As can be seen in Fig. 1d, which shows the enlarged XRD patterns between 40° and 55°, the XRD
peak at about 44° represents the superlattice of the SmyFe;7 phase, which begins to appear at 650 °C, indicating that the formation of
the SmyFe;; phase begins from 650 °C. Therefore, 600 °C is the optimum temperature for synthesizing the TbCuy-type Sm-Fe phase,
even though a small amount of a-Fe phase will remain.

As aresult of considering the synthesis of only the TbCuy-type Sm-Fe phase without other Sm-Fe phases such as SmFeg and SmyFe; 7,
the a-Fe phase finally remained, albeit in a small amount of 3.5 wt%, which was calculated by a Rietveld analysis using the XRD peak of
the Sm-Fe powder including the smallest amount of Fe (blue peak in Fig. 1). Although this amount of residual a-Fe phase is smaller than
in the LTRD process using molten salts (see Supporting Information, Fig. S2), this result implies that the residual Fe may also be caused
by factors other than the oxychloride originating from the water problem. In order to understand the origin of the residual Fe in this
study, it is necessary to investigate the phase state of the Fe in the produced powder to clarify whether the residual Fe existed
separately or inside the TbCuy-type Sm-Fe particles.

3.2. Microstructures of TbCuy-type Sm-Fe particles

To investigate the state of the residual a-Fe phase in the synthesized powder, cross-sectional observation of the particles was

Fig. 2. EDS element distribution mapping images of a-c combined elements (Fe and Sm), d-e Fe, and f-g Sm in particles in the powder synthesized
at 550 °C. High-resolution HAADF-STEM images focusing on the detailed microstructure of h TbCu;-type phases, i TbCus-type Sm-Fe/Fe interface
(indicated by the white square in ¢) and, j a-Fe phase.
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performed by EDS element mapping and high-resolution STEM characterization, as shown in Fig. 2 (synthesis at 550 °C) and in Fig. 3
(600 °C). As the element mappings in Fig. 2a-g indicate, some of the individual powder particles synthesized at 550 °C contain a Fe-
rich phase (red color in Fig. 2a—c) within a homogeneous Sm-Fe intermetallic compound (orange (yellow)-like color, which shows Sm
and Fe atoms were homogeneously mixed in Fig. 2a—c). Fig. 2h presents a high-resolution HAADF-STEM image taken from the <1000>
zone axis of the Sm-Fe phase region near the boundary in Fig. 2¢c. With a distinct atomic number between Sm and Fe, the brighter atoms
in Fig. 2h indicate Sm, while the darker ones are Fe atoms (as show in the crystal model inset in Fig. 2h). A metastable TbCuy-type Sm-
Fe phase was identified by calculating the lattice constants from the high angle angular dark field (HAADF)-STEM image (dggo; = 0.41
nm, dg.1190 = 0.43 nm), and indexing and matching the spots in the corresponding FFT (inset in Fig. 2h). Using a similar method, the Fe
region was identified as the a-Fe phase (Fig. 2j), in which dg;.; = d.101 = 0.20 nm. Fig. 2i shows the detailed microstructure at the Sm-
Fe/Fe interface, which reveals some degree of epitaxial relationship between the a-Fe phase and the TbCuy-type Sm-Fe phase, that is,
(011)ge//(0001)s-ge. This type of epitaxial relationship is energy favorable due to its close lattice spacing (as shown in Fig. 2i), which
leads to a small lattice misfit (3.4 %) and thus lower strain/interfacial energy. This implies that the formation of the TbCuy-type Sm-Fe
phase is dominated by the diffusion of Sm atoms into the a-Fe lattice during the LTRD process and that this diffusion does not require
high energy.

The powder synthesized at 600 °C consists almost entirely of single TbCuy-type Sm-Fe particles and some Sm-Fe particles con-
taining the a-Fe phase within the particles, as can be seen in Fig. 3. Fig. 3¢ and d show the overlapped Fe and Sm element mapping
images of a single TbCuy-type Sm-Fe particle (A in Fig. 3b) and a particle including Fe (B in Fig. 3b). The Fe region is considered to be a
pure a-Fe phase because its lattice parameter is the same as that in the case of 550 °C, as can be seen in Fig. 3e. This Fe region is smaller
than at 550 °C. It is implied that the Sm-Fe region at 600 °C becomes thicker than at 550 °C due to greater diffusion of Sm into Fe
because the higher processing temperature accelerates interdiffusion between Sm and Fe. This also implies that the formation of the
metastable TbCuy-type Sm-Fe product phase is dominated by the diffusion of Sm into Fe.

One interesting finding from these microstructural observation results is that most residual a-Fe phases are not located in the center
of the Sm-Fe particles, as shown in Figs. 2 and 3. This means that the reduced Sm was not supplied homogeneously. Comparing the
powders synthesized at 600 °C and 650 °C in Section 3.1, the amount of the residual a-Fe phase decreased greatly at 650 °C. This
suggests that the diffusion rate increases as the temperature increases, and Sm is supplied effectively at higher temperatures regardless
of the homogeneity of Sm supply. The uniformity of the reactants is not a major problem in the conventional RD process, which is
conducted at over 850 °C and produces no residual a-Fe phase [26]. However, because the LTRD process is performed at a significantly

c——— 100 nm

Fig. 3. a SEI-STEM image and corresponding distribution mapping images of b-d combined elements (Fe and Sm) in particles in the powder
synthesized at 600 °C. The observed areas are indicated by the white squares denoted A and B in b. e High-resolution HAADF-STEM image focusing
on the detailed microstructure of the Fe-rich region.
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lower temperature, dependence on the homogeneity of Sm supply increases as the diffusion rate decreases. This implies that
TbCuy-type Sm-Fe phases with or without the residual a-Fe phase would be produced inhomogeneously, and the residual a-Fe phases
would not be located in the center of the Sm-Fe particles. This homogeneity was independent of the LTRD time. Actually, the amount of
residual a-Fe phase did not decrease when the LTRD time was increased from 10 h to 50 h (600 °C) (see Supporting Information,
Fig. S3), and it seems that the diffusion (supply) of Sm atoms to the a-Fe phase stopped. Therefore, in order to mix Sm and Fe ho-
mogeneously, it is necessary to improve the LTRD process, i.e., by utilizing a stirring reaction or homogenously-mixed precursors and
SO on.

The mean particle diameter of the TbCuy-type Sm-Fe powder was estimated as 354 nm as can be seen in Fig. 4a and b. To the best of
our knowledge, this particle size is the smallest among those reported for the other Sm-Fe powders synthesized by the LTRD process
using molten salts [18-20].

3.3. Magnetic properties of TbCuy-type Sm-Fe-N powders

Nitriding was applied to the Sm-Fe powder with the smallest amount of a-Fe, which was synthesized at 600 °C for 10 h. The amount
of a-Fe after nitriding was calculated as approximately 1.7 wt% by a Rietveld analysis using the XRD pattern shown in Fig. 5a. As seen
in the inset SEM image in Fig. 5a, the primary particle size did not change significantly after nitriding, even though agglomeration of
some particles occurred during the nitriding process. Fig. 5b shows the magnetic curves of the TbCuy-type Sm-Fe-N powder.
Magnetization at 7.2 MA m! (6@7.2 MA-m-1), Temanence magnetization along the easy axis (Gr.easy) and hard axis (6r.hard), coercivity
(Hy), and maximum energy product (BH)pa.x were 92.9 Am%kg?, 49.9 Am?kg?, 44.2 Am®kg, 5.5 MA-m’!, and 95.89 kJ-m™,
respectively. Magnetization is not particularly high for the following two reasons: 1. The specimens contained impurities such as
Sm,03 and SmH3 (Fig. 5a), which can be removed by acid treatment, and 2. the SmFe,Ny, used in this study is not a Fe-rich TbCuy-type
Sm-Fe phase. Normally, TbCuy-type SmFe,Ny has a nonstoichiometric structure, and the Fe content, x, can be increased by the sub-
stitution of Sm sites for pairs of Fe atoms (Fe dumbbells). Magnetization can be increased by increasing the Fe content (Fe-rich TbCuy-
type Sm-Fe phase). The value of c/a is used to predict the Fe content, as c/a increases with the Fe content. The lattice parameters of the
Sm-Fe-N phase were calculated as a = 0.5037 nm and ¢ = 0.4242 nm. The c/a of 0.842 obtained in this study is slightly larger than the
0.839 of SmFeg 5N1 5.1.9 [17] and smaller than the 0.859 of (Smy.goZr; 05)(Fes.00C03.96)N12.19 [9], in which x = approximately 8.9.
Therefore, the Fe content of the SmFe,Ny in this study is close to 8.5 or slightly higher, and high magnetization could not obtained. To
increase magnetization, it is necessary to synthesize a Fe-rich Sm-Fe-N powder by substituting another element such as Zr or Co and so
on. The degree of alignment (DoA) is estimated as follows using 6;.easy and Gr.hard:

DoA(%):M % 100 (€))]

Or—easy

The calculated DoA is 11.4 %. In this study, 6@7.2 ma-m-1 is lower and H. and DoA are higher than those of the TbCuy-type Sm-Fe-N
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Fig. 4. a SEM image and b particle size distribution of TbCu,-type Sm-Fe powders synthesized at 600 °C.
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Fig. 5. a XRD pattern (inset SEM image) and b magnetic curves (room temperature) of easy and hard axes of TbCuy-type Sm-Fe-N powder.

synthesized using molten salts (6@7.2 MA-m-1 = 136.3 Amz-kg'l, H.=5.0 MA~m'1, DoA before milling = 8 %) reported by Sato et al. [20].
Sato et al. increased DoA to 22 % by milling the powders because the synthesized powder contained polycrystalline particles. This
means the number of single-crystalline particles was increased by crushing the poly-crystalline particles, and suggests the possibility
that the DoA of our powder can also be increased by milling. In this study, the kink in the magnetic curve in Fig. 5b was not observed.
Normally, kinks in magnetic curves (demagnetization curves) are caused by the presence of a soft magnetic phase such as the a-Fe
phase [38]. Although a trace amount of the a-Fe phase remained in our powder, its effect did not appear in the magnetic curve.
Therefore, no significant problems with the magnetic properties of the materials are expected, even if the powder contains this amount
of a-Fe phase.

4. Conclusion

The possibility of synthesizing a single-phase TbCuy-type Sm-Fe powder by a chloride-free LTRD process was investigated. Because
the conventional LTRD process using molten salts and chloride precursors has a high probability of causing water absorption, oxy-
chloride is formed. This oxychloride was considered to be a problem, as it hinders the reaction between Sm and Fe, resulting in a
residual unreacted a-Fe phase. To solve this problem, a Li-Ca eutectic melt was used as the reductant in this study. By optimizing
conditions such as the Sm-Fe ratio, reductant/precursor ratio and, processing temperature, the a-Fe phase could be decreased to as low
as 3.5 wt%. Although some residual a-Fe phase remains, this is smaller than in the LTRD process using molten salts. An analysis of the
microstructure of the powders revealed that some TbCuy-type Sm-Fe particles contained a-Fe phases, which were not located in ther
center of the Sm-Fe particles. It is inferred that the reduced Sm was inhomogeneously diffused into the Fe, and some TbCuy-type Sm-Fe
particles containing the residual a-Fe phase were not supplied with sufficient Sm. It was newly found that the homogeneity of the
reactants becomes an important factor in the LTRD process, which is conducted at lower temperatures and has a slower diffusion rate
than the conventional RD process. The magnetic properties of the TbCu;-type Sm-Fe-N powder were estimated by nitriding as H. = 5.5
MA-m™, (BH)max = 95.89 kJ-m™>, and DoA = 11.4 %.
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