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Abstract; Nanocomposite exchange coupled magnets are most likely next-generation magnets because of their potentially
high energy products. Microstructural control is the key to achieve high energy products. This paper reviews our studies on
microstructural control of nanocomposite magnets. The study of the kinetics of phase transition in amorphous Nd-Fe-B
demonstrates that the mechanism underlying the coarse grain size (20 ~ 100 nm) of a-Fe phase in nanocomposite magnets
is a high nucleation activation energy (E,) and a low growth activation energy (E,), that is, the difficult nucleation and
easy growth processes of the a-Fe phase, E,/E, < 1. The growth process of soft and hard phases is dependent on atomic
diffusion mediated by vacancy-type thermal defects, in which the growth of a-Fe grains in size is dominantly controlled by
the diffusion of Fe atoms mediated by thermal vacancies. Room-temperature severe plastic deformation (SPD) affects the
grain size (10 ~20 nm) and volume fraction of soft phase significantly and inhibits the formation of metastable intermedi-
ate phases in the alloy. Temperature gradient, high pressure and hot deformation at high stress can induce the easy-axis a-
lignment of Nd,Fe , B hard-phase grains, obtaining anisotropic a-Fe/Nd,Fe , B nanocomposite magnets. The exchange-
coupling strength between soft and hard phase grains and the coercivity of magnets can be enhanced through the modifica-
tion of interfacial structure and chemistry.

Key words: nanocomposite permanent magnets; nanocrystals; microstructure; interface; crystal orientation; severe
plastic deformation; high pressure
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Fig. 1 The grain size d as a function of isothermal time ¢ of a-Fe crystals
at different temperatures. A grain size of d =2.4 ~2.7 nm was de-
termined for different isothermal temperatures at ¢ = 0. The inset

shows a parabola-shaped increase of volume fraction with time ¢
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Fig.2  Effect of temperature on the saturation rate t, ~' and the

nucleation rate Ny for the growth and the nucleation

processes of o — Fe crystals in amorphous NdFeBCoDy
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Fig.3 Influence of annealing time on the grain size d of a-(Fe, Co)
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Fig. 4 Influence of annealing time on the grain size d of (Nd, Pr),Fe,,B

phase under different pressures at 823 K. The inset shows a plot of
In(tg =) vs p, which yields an activation volume for the growth of

(Nd, Pr),Fe, B, AV, " =(7. 1£0. 2)A°
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Fig.5 XRD spectrum (a) and TEM dark-field image (b) of amor-

phous Ndgy Fegs B¢ subjected to high-pressure-torsion deformation
(HPTD) at room temperature. As-prepared Ndg Fegs B¢ ribbons

possess a fully amorphous structure (see the insets in (a) and

(b))
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Fig. 6 TEM images and electron diffraction (ED) patterns of amorphous

Ndy Fegs B¢ alloy subjected to HPTD and subsequently annealed at

the optimum temperature (7'=873 K) for 10 min (a) and directly

annealed at the optimum temperature (7'=998 K) for 10 min (b)
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Fig. 7 Hysteresis loops measured at room temperature on «-Fe/
Nd, Fe , B nanocomposite magnets prepared by a combination
of HPTD (a) and subsequent thermal annealing and by an-
nealing amorphous NdyFegs Bg at T=873 K (b) and T =998
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Fig. 9 Intensity ratio of the (330) and (331) reflections of (Nd, Pr),Fe,
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Fig. 10  Demagnetization curves measured at room temperature in the di-
rections perpendicular ( L) and parallel (/) to the ribbon
plane of a-Fe/(Nd, Pr),Fe,, B nanocomposite ribbons pre-
pared at a wheel speed of 12 m/s (dashed line) and 18 m/s
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Fig. 11 XRD spectra of amorphous NdgFegs B¢ after annealing under

normal pressure (a) and a pressure of 6 GPa (b) at a temper-

ature of 923 K for 10 min. As-prepared NdgFegs B¢ ribbons

possess a fully amorphous structure (see the inset in Fig. 11a)
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Fig. 12 TEM image (a) and selected area electron diffraction (SAED)
patterns (b) of amorphous Ndg Fegs By after annealing under a
pressure of 6 GPa at 923 K for 10 min, the crystal structure (¢)
and the atomic arrangement on the (00/) (d) and (410) (e)

crystal faces for Nd, Fe;, B compound
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ites fixed in epoxy resin.
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Fig. 16  Demagnetization curves measured parallel to the aligning direc-
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Magnetic hysteresis loops measured on the powders with x = 10
wt. % parallel (//) and perpendicular ( L) to the aligning di-

rection are shown in the inset
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Fig. 17 Ratio curves of the coincidently measured Doppler broadening

spectra of the magnets with (a, NCM-I) and without (b,

NCM-II) interfacial amorphous phase as well as defect-free

pure Fe, Co, Nb, B and Nd. All spectra in (a) and (b) are

normalized to the spectrum of defect-free pure Fe
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Fig. 18 Dependence of AM on applied field H in a-Fe/Nd,Fe, B
nanocomposite ribbons prepared from NdPrFeCoB melt
(without interfacial amorphous phase) (a) and from Nd-
PrFeCoNbB melt ( with interfacial amorphous phase) (b)
under optimum wheel speed, and in the one prepared from
NdPrFeCoNbB melt under optimum wheel speed after annea-

ling at 1 023 K for 3 min (c)
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Fig. 19  Hysteresis loops measured on a-Fe/Nd,Fe, B nanocomposite

ribbons prepared under optimum wheel speed directly from Nd-

PrFeCoB melt (a) and from NdPrFeCoNbB melt (b) and on

the one prepared from NdPrFeCoNbB melt under optimum

wheel speed after annealing at 1 023 K for 3 min (c¢)
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Fig. 20 Ratio curves of the coincidently measured Doppler broadening

spectra of defect-free pure Fe, Co, Nb, B, Nd and Pr (a),

and A-ANN and P-SPD nanocomposite magnets (b). All spec-

tra are normalized to the spectrum of defect-free pure Fe
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Fig. 21
composite magnets after optimum temperature annealing. The
inset shows a MFM image of the P-SPD magnets. The A-ANN
magnets were made by thermally annealing amorphous ( Nd,
Pr) oFe;CosNb, B, , and the A-SPD and P-SPD magnets were
produced from the full and partially amorphous ( Nd, Pr) Fe-
CoNbB precursors treated with severe plastic deformation

(SPD) at room temperature, respectively
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