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Can We Realize Heavy Rare-Earth Free Nd-Fe-B Sintered Magnets with
High-Coercivity above 2.5 T using Pr? : The Emergence and Progress
of CILFM-Inhibited Pr Grain Boundary Diffusion Process
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This paper presents the achievement of high-coercivity above 2.5 T in Nd-Fe-B sintered magnets without reliance on heavy rare-
earths (HRE), by the novel Pr grain boundary diffusion process (GBDP) developed with inspiration from the chemically induced
liquid film migration (CILFM), a newly defined formation mechanism of Pr-rich shell. By suppressing the CILFM during the Pr-
GBDP, it can be expected that the Pr-concentration of shell increases, grain boundary diffusion depth of Pr becomes deeper, and grain
size reduces, simultaneously, and such microstructural optimizations of Pr-GBDP magnets were successfully realized by introducing
2-step CILFM-inhibited Pr-GBDP, consisting of 1st-GBDP using refractory metal (RM) compounds or alloys and 2nd-GBDP using
Pr-based alloys. As a result, a very high coercivity of 2.7 T was achieved in the Nd-Fe-B magnets without HRE. Both the room
temperature and high temperature magnetic properties of HRE-free magnets obtained in this work are excellent enough to replace the
commercial 42UH-graded HRE-GBDP magnets. From the origin to state-of-the-art of CILFM-inhibited Pr-GBDP was described in
detail based on the results obtained to date.

Keywords : Nd-Fe-B sintered magnets, heavy rare-earth free, grain boundary diffusion process, chemically induced liquid film

migration, intergranular precipitates, Pr-rich shell
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Fig. 1. (Color online) HAADF-STEM images and EDS mappings of Pr-rich shell region taken at a 100 um depth of (a) Pr-free and (b) Pr-alloyed
magnets GBD treated with PCAG. The line scan profiles obtained along the black lines on HAADF-STEM images and their enlarged views
focusing on Nd and Pr are also shown in the 2nd column of figure. The figures were reconstructed from the reference [60].
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(a) PCAG-GBDP Pr-free
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Fig. 2. (Color online) Schematic illustration of change in Nd/Pr
concentration of GBP region and Pr-rich shell formation behavior of
(a) Pr-free and (b) Pr-alloyed magnets during PCAG-GBDP. The
figures were reconstructed from the reference [60].
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Fig. 3. (Color online) Details of CILFM-inhibited T-PCAG GBDP developed in this work.
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Fig. 4. (Color online) Demagnetization curves for annealed base
magnets (grey line), PCAG magnets (blue line), and T-PCAG
magnets (red line). The figure was retracted from the reference [58].
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Fig. 5. (Color online) HAADF-STEM image of Nd-rich GBP located
at a ~100 pm depth of Ta-F-GBDP magnets. The FFT image taken
from the intergranular precipitates (indicated by triangles) is also
displayed on the right-upper corner of figure. The figure was retracted
from the reference [58].
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Fig. 6. (Color online) BSE images and EPMA maps for Pr of T-PCAG and PCAG magnets taken at various depths of samples. The schematic
illustrations showing the grain size of samples are shown in the 2nd row of figure. The figure was reconstructed from the reference [58].
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Fig. 8. (Color online) Demagnetization curves for annealed base

(grey), PAG (blue), and ZC-PAG magnets. The figure was retracted
from the reference [59].
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Fig. 9. (Color online) HAADF-STEM, bright-field TEM, and EDS
mapping images taken at the region where the intergranular
precipitates are formed on the surface of 2-14-1 grains. The FFT
image is shown in the inset of bright-field TEM image. The figure
was reconstructed from the reference [59].
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magnets. The figure was reconstructed from the reference [59].
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