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A compelling need for high magnetic properties led to active consideration of rare-earth permanent magnets, which have been used
in various applications such as communication, memory, and audio equipment. Recently, the use of rare-earth permanent magnets has
expanded to green automobiles, robots, wind power plants, actuators, and generators due to the rise of the fourth industrial revolution
and problematic issues of air pollution and fine dust generation. In particular, demand for high-performance permanent magnets is
rapidly increasing to meet the ever growing interest in the industry of environment-friendly automobiles (hybrid/electric vehicles).
However, since the rare-earth magnets are expensive and have limitation in high-temperature applications such as an automobile
motor, it is essential to develop a permanent magnet with reduced rare-earth concentration that can bear high temperatures.
Consequently, several major corporations have established a high-performance permanent magnet research team and are pursuing new
businesses. At this point of view, the present article reviews a summary of the history and the R & D trends of rare-earth permanent
magnets that have been developed in the past.
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Fig. 1. (Color online) Development in the energy density (BH),,, of
hard magnetic materials and presentation of different types of
materials with comparable energy densities.
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Fig. 2. TEM bright field image of a high-temperature 2:17-based
SmCo magnet [14].
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Table 1. The structure type, and intrinsic magnetic properties; the Curie temperature 7, the anisotropy field H,= (2K, + 4K;)/Js, the anisotropy
constant K, the saturation magnetization z4,Ms, and the upper limit of energy density (BH)max = 16M3/4)).

Compound Structure type Te (K) 1H, (T) K, MJ/m®) 1M, (T) 1M3/4 (KJ/m®) Ref.
SmCos Hexagonal CaCus 993 40 17 1.05 219 [15]
Sm,Coy7 Rhombohedral Th,Zn,;; 1100 6.5 33 1.30 336
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Fig. 3. (Color online) Phase equilibria of the Nd-Fe-B ternary system
at 1073 K [19].
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Fig. 5. (Color online) Relationship between particle diameter and coercivity: Theoretical consideration and experimental results [20].
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Table I1. Basic physical properties of RyFe4B compounds [25].
Lattice constants (A M, (ug/f. (T M, (T
Compound (A) (up/fu) HoH, (T) K (M
a ¢ 300 K 300 K 300 K
LayFe 4B 8.82 12.34 249 2.0 530 1.271
Ce,Fe 4B 8.75 12.10 23.9 2.6 422 1.17
Pr,Fe;,B 8.81 12.27 31.9 8.7 569 1.56
Nd,Fe ;B 8.81 12.21 32.5 7.3 586 1.60
Tb,Fe 4B 8.77 12.05 14.0 22.0 620 0.664
Dy,Fe;,B 8.76 11.99 14.0 15.0 598 0.712
R i B
Tb 10 um Tb 10 um
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the Grain Boundary Diffusion the Grain Boundary Diffusion
Fig. 9. (Color online) Tb composition images of grain-boundary-diffusion-processed magnets.
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Fig. 11. (Color online) Images of magnets taken for the observation of
Dy composition using the HAL process [29].
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Fig. 12. (Color online) TEM-EDS mapping images of the diffusion-processed sample using Nd-Cu: (a) c-axis in-plane with an upward direction

and (b) c-axis out-of-plane [30].
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Fig. 13. (Color online) Temperature measured for non-coated and
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Fig. 14. (Color online) Electron microscope image and composition analysis mapping image of Nd-reduced, heat-resistant magnet [38].
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Category Korea USA Japan Europe China Sum
Grain refinement 128 228 419 53 612 1,440
Grian boundary diffusion process 58 135 43 191 488
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Fig. 16. (Color online) Patent status of Nd-Fe-B permanent magnets by year.
Table IV. Proportion of patents by domestic and foreign.
Applicant (%) Foreigners by country (%)
Country - - -
Domestic Foreign Korea Usa Japan China Europe Others
Korea 46 54 - 13 68 9 3 7
USA 36 64 5 - 37 15 15 28
Japan 92 6 41 - 11 24 18
Europe 19 81 6 12 70 9 - 3
China 92 3 6 84 - 3 4
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Fig. 17. (Color online) Patent status by country and year.
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