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Opening remarks

9:20-9:25 Takeshi Ishiguro, President & CEO, Representative Executive Director,
Daido Steel Co., Ltd.
Greeting from the guest

9:25-9:40 Dr. Kozo Sakamoto, Director of Metal Industry Technology Office,
Manufacturing Industries Bureau, Ministry of Economy, Trade and Industry
Keynote lecture

9:40-11:20 1) Nd-Fe-B Magnet-Past, Present and Future
Masato Sagawa, Adviser, Daido Steel Co., Ltd.

2) The Historical Development of Melt Spun NdFeB Magnetic Powder
Dr. J. J. Croat, Consultant

SmFeN magnet material

11:20-12:30 3) Interstitial Magnets-Background and Prospects
Prof. J. M. D. Coey, Trinity College

4) Development of SmFeN magnet material
Takahiko Iriyama, Head Staff, Daido Steel Co., Ltd.

12:30-13:45 Break

Research for new magnet materials

13:45-15:00 5) Next generation permanent magnet materials based on elements strategy
Prof. Kazuhiro Hono, National Institute for Materials Science

6) Toward development of high performance magnets and search for new-type magnets
Prof. Satoshi Sugimoto, Tohoku University

Current status and future prospect for applications of rare earth iron magnet

15:00-17:45 7) History for development of automotive motors in TOYOTA
Ryoji Mizutani, Professional Partner, Hybrid Vehicle Advanced Technology
Engineering Div., TOYOTA MOTOR CORPORATION

8) Japan's World-Leading Energy Saving Technology Inverter Air Conditioners
and Permanent Magnet Motor
Kazunobu Ohyama, Senior Associate Officer, DAIKIN INDUSTRIES, LTD

9) Future technology development for EV traction motor in NISSAN
-Variable Flux Permanent Magnet IPM motor-

Takashi Kato, Manager, EV System Laboratory, Research Division 2,
Nissan Motor Co., Ltd.

10) YASKAWA's servo motor and technology development
Toru Shikayama, Manager, Motor Actuator Development Dept., Corporate Research
& Development Center, YASKAWA Electric Corporation

11) Development of motors for HONDA Hybrid Electric Vehicles
Masato Fujioka, Chief Engineer, Department 3, Technology Development Division 4,
Honda R&D Co., Ltd. Automobile R&D Center
Closing remarks

17:45-17:50 Tetsuya Shimizu, General Manager, Corporate R&D Center, Executive Officer,
Daido Steel Co., Ltd.
18:00-19:30 Reception party (Free)

*Simultaneous translation is available (English <--> Japanese)
*Programs may be changed without prior notice
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Nd-Fe-B magnet-past, present and future
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Historical Development of Melt Spun NdFeB Magnetic Powder
for Bonded Nd Magnets

Dr. John J. Croat
Abstract

This presentation begins by reviewing the situation that confronted all researchers in
the 1970s that were interesting in developing a lower cost rare earth-iron based permanent
magnet to replace Sm-Co permanent magnets, which were too expensive for use in many
high volume application. The major problem was the absence of any suitable R-Fe binary
intermetallic compound. In about 1976, the Physics Dept. at the GM Research Labs. began
a project involving the possible creation of suitable metastable intermetallic compounds
from rapidly solidified precursors.  This project eventually lead to the discovery of the
technically important Nd,Fe14B intermetallic phase by the melt spinning route in 1982 and
the development of bonded Nd magnets from melt spun magnetic powder.  The primary
focus of this presentation is an overview of the development of high volume melt spinning of
NdFeB magnetic powder that took place at the Delco Remy Division, General Motors Corp. in
Anderson, Indiana between about 1983 and 1985 as a collaboration between the Delco
Remy Process Engineering Dept. and several departments from the GM Technical Center in
Warren, Michigan. Presented is a discussion of some of the several material and process
problems that were encountered in getting the melt spinning process to start and run
consistently for many hours. Many of these problems were related to the highly reactive

nature of the high temperature, molten NdFeB alloy.
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Interstitial Magnets, Background and Prospects.

J. M. D. Coey, School of Physics and CRANN, Trinity College Dublin, Ireland.

In the close-packed crystal structures of metals and intermetallic compounds,
there are always interstitial sites that are too small to fit in an extra metal atom, but big
enough to accommodate one of the small atoms from the top row of the periodic table.
Boron, Carbon or Nitrogen have atomic radii that are less than 100 pm. Ternary
Nd2Fe14B is a well-known ternary compound, where the tetragonal crystal structure is
stabilized by interstitial boron atoms. The boron is needed because no stable binary
intermetallic compounds of Nd and Fe exist.

The idea of gas-phase interstitial modification arose from studies of hydrogen in
metals. Some metals and alloys can absorb hydrogen from the gas phase, or
electrochemically. Work on hydrogen in amorphous YxFeix provided a lead [1]. This
alloy is not magnetic at room temperature but after absorbing hydrogen during
electrolysis, its composition changes to YxFe1.xHsx, which is strongly ferromagnetic with
a Curie temperature of 200°C. The volume expands by a few percent after absorbing
hydrogen, which transfers some electrons to the iron. We know that the magnetic
exchange interaction in iron is greatly influenced by its electronic stucture and
interatomic spacing. Lattice expansion can be critical for strengthening the
ferromagnetic exchange in iron-based alloys.

This work led us to the idea of gas-phase interstitial modification (GIM) with Hp,
N2, NH3 or another gas. Using a simple thermopiezic analyser equipped with a pressure
sensor, we discovered in 1989 that the SmyFei7 compound, which has a Curie
temperature T¢ of only 116°C becomes a good ferromagnet with Tc = 476°C after
absorbing nitrogen [2]. Moreover, there is strong unixial anisotropy because the
samarium is surrounded by a triangle of interstitial nitrogen atoms (Sm is green in the
Figure, nitrogen is blue). The intrinsic magnetic properties of SmyFei7N3, which we
called ‘Nitromag’, rival those of Nd;Fe14B (Table). The GIM process was then extended to
make 2:17, and then nitrides and carbides of other iron-based rare-earth intermetallics
[3]. The discovery of these new materials was based on our under- standing of crystal
field theory, helped by the Concerted European Action on Magnets.

Unfortunately the interstitial phases tend to become unstable at elevated
temperatures, so SmyFe17N3 and the related compounds could not be used for sintered
magnets, but they have considerable promise for anisotropic bonded magnets. As
demand for Nd-Fe-B soars, we need to balance requirements for Nd and Sm, which
appear in a 4:1 ratio in rare earth ores. The Sm-Fe-N magnets will certainly play their
part in the coming rare-earth iron age.

I‘..LE :L "OL\ &
Intrinsic Magnetic Properties of Rare-earth Iron Compounds. T € YL G‘ s
“k &": g“*g ‘© L
Tc(°C) | Ms (MA/m) | Ky (M]/m3) T & ‘-..-‘“‘f-f\{ &
P \
Nd.FeiB |315 | 1.28 4.9 &0 s, ¢ © ¢
. ‘b‘ (S
SmyFe17 116 0.80 -0.8 éo.‘. & f
SmFei7N3 | 476 1.23 8.6 Lo 0 Set¥gce”
SmyFe17C3 | 395 1.14 7.4 Crystal structure of Sm;N,;Fe,
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[2] J. M. D. Coey and Sun Hong, J. Magnetism Magnetic Materials, 87 L251 (1990)

[3] Rare-Earth Iron Permanent Magnets. ]. M. D. Coey (editor), Clarendon Press, Oxford 1996
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Notes

Interstitial: (adj) Space in a crystal surrounded by sites occupied by atoms.
(n) A small atom occupying an interstitial site

Gas-pahse interstitial modification: A process whereby a powder of an inttermetallic compound
is exposed to a gas composed of small atoms which then occupy interstitial sites and thereby
change the magnetic properties of the compound.

Thermopiezic analyser: Simple laboratory equipment for stuying the GIM process. (Thermo =
heat; piezic = pressure)

Intrinsic magnetic properties: Those magnetic properties (Curie Temperatre, Spontanepus
magnetization, Magnetocrystalline anisotropy) that characterize a ferromagnetic material, and
are independent of the form of the sample (powder, sintered body, composite ...)

Sinter (v) To create a dense body of a substance with little porosity, startig with a powder and
heating it to high temperature in a controlled atmosphere.

Intermetalic compound. A metallic compound of two (or more) elements A and B with
differenly-sized atoms that combine in a fixed ratio to forma stoichiometric compound; e.g.
ABy, AzB17 ...

Stoichiometric (adj) Having a well-defined ratio of atoms in a compund.

Alloy (n). A compound of two or more chemically similar elements that with atoms of similar size
that can combine over a range of composition. e.g AxB1x.

Amorphous (adj). An alloy with a random packing of two or more different atoms, with no crystal
lattice.

Uniaxial anisotropy (n) The tendenct for the magnetization of a ferromagnet to lie along one
special direction in a crystal latice.

Anisotropy energy. The energy difference according to whether the magnetization lies along the
anisotropy axis or perpendicuar to it. A material with a large positive anisotropy energy is said to
be hard.

Bonded magnet. A composite where particles of a hard magnetic phase are combined with a
polymer to make a magnet.

Oriented magnet. A magnet (sintered or bonded) where all the particles of the hard magnetic
phase are arranged with their anisotropy axes in the same direction. Oriented, sintered magnets
are the strongest.
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3. Sm-Fe-N D184

BAFALEN TS Sm-Fe-N (21, #5M: SmeFe17Ns (TheZnir HIfEE) L 4%
FHE(SmZr)FeoN (TbCur Blf#iE) @ 2 AN H Y . TORYES e 5, FARR KR
% Table 1 (2”7, Ry FiEf & L TORET Fig. 1 ISRENTWAR, S5
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TR EN D HLRICBW T, 4% Sm-Fe-N AMEIOEEE N E E > T < 2 & A
Shad,

Table 1 Intrinsic Magnetic Properties of SmFeN and Nd-Fe-B

Magnet Material SmFeN NdFeB
Molecular Formula Sm,Fe,;N, (SmZr)FegN ™ Nd,Fe,,B
Saturation Magnetization (kG) 15.7 17.0 2 16.0
Anisotropy Field (kOe) 260 77 67
Theoretical (BH),,« (MGOe) 62 72 64

*1 : Produced by Rapid-Quenching Process;
M. Katter, J. Wecker, and L. Schultz: J. Appl. Phys., 70, 3188 (1991)
*2 : S. Sakurada, T. Hirai, A. Tsutai: J. Magn. Soc. Jpn., 21, 181 (1997)

Fig. 2. Flux Losses of Compression-Molded Bonded Magnets during Aging Test.

PN

1 =fEsE - EERmEL 7 (1972) 483

2] FHIEE, B, TARME 5 10 [ H ARG ABR 2 s E 24 (1986) p.296

3] Mz A%, BURTISHE « 55 10 1] B AU FIRERE S AR R 24 (1986) p.399

4] T. Iriyama, K. Kobayashi and H. Imai: European Patent Appl., Pub. Num. 0-369-097-A1 (1989)

[
[
[
[
[5] J. M. D. Coey and Hong Sun: J. Magn. Magn. Mater., 87 (1990) L251
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Nd-Fe-B permanent magnets with ultimate hard magnetic properties

K. Hono, H. Sepehri-Amin, T. T. Sasaki, and T. Ohkubo
Elements Strategy Initiative Center for Magnetic Materials, National Institute for Materials
Science (NIMS), Tsukuba, Japan

Due to the recent concern about the stable supply of heavy rare earth elements,
attaining high coercivity in Nd-Fe-B magnets without using heavy rare earth (HRE)
elements has received intense research interest in the past decade. However, the
supply of rare earth elements has been stabilized in the last few years, and the
renewed goal is how to achieve the highest permanent magnetic properties with a
balanced use of critical elements. In this talk, we will overview our recent progresses
on the development of high coercivity Dy-free Nd-Fe-B permanent magnets that were
carried out at NIMS in collaboration with many industrial partners. Thereafter, we
discuss how to achieve ultimate permanent magnet properties with trace additions of
HRE. To obtain better understandings of the microstructure-coercivity relationships,
we investigated the microstructures of experimental Nd-Fe-B sintered magnets, those
processed from HDDR power, and hot-deformed magnets with different values of
coercivity depending on chemical compositions, processing routes and
post-manufacturing heat treatments. The microstructure and magnetic domain
observations have been carried out using aberration-corrected STEM, atom probe
tomography (APT), magneto-optical Kerr microscopy and finite element
micromagnetic simulations. We found that the intergranular phase parallel to the
c-planes are mostly crystalline with a higher Nd concentration in contrast to that lying
parallel to the c-axis that contains higher Fe content with an amorphous structure in
both sintered and hot-deformed magnets. Micromagnetic simulations suggest that the
reduction of the magnetization in the latter is critical to enhance the coercivity. Based
on these new experimental findings together with our detailed characterization results
of the intergranular phases in Ga-doped Nd-Fe-B magnets, we developed a method to
increase the coercivity of Nd-Fe-B hot-deformed magnets while keeping relatively high
remanence.

This talk includes results obtained in collaboration with industrial collaborators
including TOYOTA, Toyota Central Research Laboratory, Intermetallics and Daido
Steel conducted under CREST and Collaborative Research Based on Industrial
Demand projects.
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L FAREER, RN, HASE2E, 76(1), (2012), pp.12-16.

2. M. Nakamura et.al., Appl. Phys. Lett., 103 (2013), 022404-1-022404-4.
3. S. Sugimoto et al., IEEE Trans. Magn., 51(11), (2015), 2101004.

4. M. Matsuura, et. al., J. Appl. Phys., 117 (2015), 17A738.

5. K. Shinaji, et. al., Mater. Trans., 54(10) (2013), pp.2007-2010.

6. I. Matsushita et. al., Mater. Trans.,57(10),1832-1836.
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