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Preparation and magnetic properties of NdFe;,N, thin film
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(The Elements Strategy of Initiative Center for Magnetic Materials, National Institute for Materials Science)
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Coercivity enhancement of bulk hot-deformed Nd-Fe-B magnets by the eutectic grain
boundary diffusion process using Nd¢Dy;,Cus, alloy

L. H. Liu™, H. Sepehri-Amin®, T. Akiya®, T. Ohkubo ®, A. Hattori , K. Hioki ', and K. Hono *
“National Institute for Materials Science, Tsukuba 305-0047, J. apan
®)Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8577, Japan
“Daido Steel Co., LTD, Nagoya 457-8545, Japan

Hot-deformed Nd-Fe-B magnets have high anisotropic microstructure composed of ultrafine grains that is comparable

with single domain size of Nd,Fe,,B phase!'!. Coercivity, as extrinsic property, can be improved via modifications of grain
boundary structure or its chemistry'>!. (Nd,Dy),Fe 4B shell structure that forms after grain boundary diffusion has been
considered as the reason of coercivity enhancement'. In this work, we applied low-temperature grain boundary diffusion to
bulk hot-deformed Nd-Fe-B magnets using NdgDy,(Cus, alloy powder to modify grain boundary composition and to
enhance anisotropy field by localizing Dy at surface of Nd,Fe 4B grains.
Hot-deformed magnets with the composition of Nd;;¢(Fe,Co)py BssGags (at.%) in 7x7x5.6 mm’ size were used as the
starting materials. The eutectic grain boundary diffusion was carried out by annealing at 650°C with sample coated with
NdgoDy19Cus powder. The microstructures of the samples were studied using SEM/FIB (Carl ZEISS 1540EsB), TEM (Titan
G2 80-200).

Demagnetization curves of the hot-deformed and diffusion-processed magnets of different heights are shown in
Figure 1. The coercivity (poH.) of 5.6 mm, 5.8 mm, 6.0 mm high samples were enhanced from 1.4 T to 1.91 T, 2.15 T, and
2.26 T after diffusion process, respectively. The large slope of the demagnetization curves of diffusion-processed samples
indicated coercivity distribution from surface to center. We find the formation of thicker intergranular phase with higher Dy
segregation close to surface than that of the center region. STEM-EDS elemental maps showed micro-scale phase
segregation of Nd and Nd-Dy-Cu (Fig.2). Formation of Nd-rich phase and (Nd,Dy),Fe 4B shell at surface of Nd,Fe 4B
grains are the main reasons for coercivity enhancement of diffusion-processed samples. Based on SEM and detailed TEM
results, the mechanism of coercivity enhancement of bulk hot-deformed Nd-Fe-B magnets by grain boundary diffusion
process will be discussed.
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Microstructure and Coercivity of Tb4O; Grain Boundary Diffusion
Processed Sintered (Nd,Dy)-Fe-B Magnets

U.M.R. Seelam', J. Liv?, T. Ohkubo', H. Nakamura® and K. Hono'*

'Elements Strategy Initiative Center for Magnetic Materials (ESICMM)
National Institute for Materials Science, 1-2-1 Sengen, Tsukuba, Ibaraki, Japan 305-0047
*Graduate School of Pure and Applied Sciences, University of Tsukuba, Tsukuba 305-8571, Japan
3Shin-Etsu Chemical Co. Ltd., Chiyoda, Tokyo 100-0004, Japan

In the grain boundary diffusion (GBD) process of Nd-Fe-B magnets, heavy rare earth elements
(HRESs) such as Dy and Tb are incorporated preferentially along the grain boundaries, instead of alloying them
into the bulk. This results in a dramatic improvement in coercivity without losing remanence, leading to
substantial savings in HREs.'” However, it is well known that the alloying of Dy to the matrix is required to
attain the coercivity higher than 2 T. In this study, a detailed microstructural characterization was carried out on
terbium fluoride GBD processed (Nd,Dy)-Fe-B sintered magnets with four different Dy contents in order to
understand the combined effect of Dy alloying and Tb GBD process. The nominal Dy compositions of the four
base-alloys (prepared by two-alloy method) were 0, 2, 5, and 11 wt.%. Coercivity values of the four magnets
before and after GBD process are, 1.2 and 1.9 T, 1.5and 2.4 T, 2.1 and 3.2 T, and 3.6 and 4.3 T respectively.
Microstructure of the four samples was characterized using scanning electron microscopy (SEM), electron
probe micro analysis (EPMA), transmission electron microscopy (TEM) and atom probe tomography (APT).
Figure 1 shows STEM/EDS mapping of Nd, Dy, Tb and Fe; average concentration (wt.%) of each element in
the shells is shown next to it. Figure 2 shows high resolution STEM/EDS mapping of a grain boundary region
containing shell. In addition to the Tb and Dy rich shell, a thin Nd-rich grain boundary phase is observed. The
concentrations of Tb and Dy in the shell next to the grain boundary phase were estimated from the EDS
analysis and correlated with coercivity. The coercivity after the GBD process is in accordance with the increase

in the anisotropy field estimated from the concentration of Tb and Dy.
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Figure 2. High resolution STEM/EDS mapping of the magnet showing Nd-rich grain boundary
phase. Concentrations of Nd, Th and Dy in a shell very close to the grain boundary were obtained

Figure 1. STEM/EDS mapping of Nd-5Dy-Fe-B sintered magnet showing Tb enriched shells
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Temperature dependence of post-sintered annealing on magnetic properties of intergranular phase
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