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Through these studies, novel nanomaterials science called “ nanoscale transformation science” and
high performance permanent magnet materials are developed. The research achievement addresses the
most pressing challenges of the rare-earth crisis for applications in energy-saving technologies.

We have succeeded in preparing (Sm,Zr)(Fe,Co,Ti)12 (ThMn12, 14/mmm)
well-defined particles with ever-larger coercivity (Hc) and remanent magnetization (Mr) based on
precise control over their crystallinity and microstructure using chemical synthesis. In particular,

the synthesized (Sm,Zr)(Fe,Co,Ti)12 particles have high crystallinity, controllable grain-size and
composition, and diverse surface from Sm-enriched and Ti-enriched to depleted surface.
The most important achievements for their Hc and Mr were as large as 1.6T and 1.2T, respectively, at
300 K for isotropic powders. This result is the world"s highest performance for SmFel2-based
permanent magnet materials. It is a breakthrough in the development of SmFel2-based permanent magnet
materials, opening a new era of permanent magnets.

Material chemistry

SmFel2 Ultrahigh Coercivity Permanent Magnet Materials
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1. IRERAIDES

SmFe, (ThMn,,, /4/mmm) compound has excellent intrinsic magnetic properties, superior to the current high-
end-magnet NdyFe 4B compound.' Yet, the synthesis of SmFe;»-based bulk materials with sufficiently large
coercivities (H.) for fabricating permanent magnets has not been realized. The most obvious obstacle to
improving H. is critical issues of microstructure, especially the inevitable formation of magnetically-soft SmFe,
surface. Herein we have already succeeded in preparing Sm(Fe,Co,Ti)i» microparticles with ever-larger H. and
remanence (M;) based on precise control over their microstructure by advanced chemical synthesis, opening a

new era of SmFe ,-based permanent magnet materials.”
2. HzEDEBN

The present research focused on the evolution of new (SmixZrx)(FeiyCoy)122Tiz (0 <x <0.3,02<y<0.3,0<z<1)
(ThMni2, /4/mmm) permanent magnet materials with ultrahigh H. and large M, by a chemical synthesis approach based
on nanoscale transformation science. These materials will be used as building blocks for the fabrication of easy-axis aligned

permanent magnets with large (BH)pax
3. BARDISE

The synthesis implementing novel nanoscale diffusion and transformation in reduction-diffusion and
chemoselective surface refinement reactions is crucial to solving challenging tasks of crystal and microstructure

engineering. It included multiple steps as belows.
(1) Chemical syntheses of Sm-, Zr-, and Ti-doped/encapsulated CoFe,O4 nanoprecursors,

(2) Conversion of the nanoprecursors into (Sm,Zr)(Fe,Co,T1))2 particles by reduction-diffusion (RD) processes

at high temperatures,

(3) Controlling compositions of the (Sm,Zr)(Fe,Co,Ti)):» particles by varying feeding ratios of the starting

materials,

(4) Controlling grain size of the (Sm,Zr)(Fe,Co,Ti)):» particles bay varying temperatures in the range of 900—
1100 °C and/or utilizing 160 nm CaO particles as a dispersant for RD reaction based on thermodynamics and/or

kinetics, respectively,
(5) Chemoselective surface refinement of the (Sm,Zr)(Fe,Co,T1)):» particles, and

(6) Fabrication of the easy-axis aligned (Sm,Zr)(Fe,Co,Ti)):2 bulk permanent magnets (PMs) by bonding or

sintering processes under apply fields for bonded magnets or sintered magnets, respectively.

Microstructure and magnetic properties of the (Sm,Zr)(Fe,Co,Ti)):2 particles and their easy-axis aligned bulk

PMs were elucidated by a wide range of characterization techniques.



B X C—19, F—19, Z—19 (3@

4. THFERLR

The synthesized (Sm,Zr)(Fe,Co,Ti)i> particles have high crystallinity, controllable compositions and grain

sizes (1-3 um), and diverse surfaces from Sm-enriched and Ti-enriched to depleted surfaces (Fig. 1A). The

most important achievement was to turn out that the inevitable formation of magnetically-soft surfaces (SmFey

compounds) is responsible for very low H. and the refined surfaces (Fig. 1A) resulted in intriguing H.. As a

result, poH. and poM; values of their surface-refined (Sm,Zr)(Fe,Co.Ti):, isotropic powders at 300 K were as

large as 1.6 T and 1.2 T, respectively (Fig. 1B). This result is the world's highest performance for SmFe,-based

permanent magnet materials.
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Fig. 1 A. SEM image and EDS elemental map of a Sm(Fe, ;Co, ,),,Ti microparticle. B. Extrinsic magnetic properties of
isotropic Sm(Fe, 4Co, ,),,Ti micropowders at 300 K. NdFeB-N50 is a commercial Nd,Fe,,B-based magnet.
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