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Fig. 1 Change of coercivity as a
function of annealing temperature
for the Ga-doped NdFeB magnets.
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One way to enhance the coercivity of Nd-Fe-B sintered magnets with minimum use of Dy is known to be Dy
diffusion process [1]. In this process, microstructure of Nd-Fe-B sintered magnets is modified to (Nd,Dy),Fe 4B shell and
Nd,Fe 4B core region. The mechanism of the coercivity enhancement in Dy-diffusion processed magnets has been reported
to be increase of magnetocrystalline anisotropy field, H, = 2K,/M; at the Dy-rich shell region [2]. Our finite element
micromagnetic simulation studies have shown that the main reason for the coercivity enhancement by Dy diffusion process
is reduction of saturation magnetization of Dy-rich shell region with a comparable magnetocrystalline anisotropy constant
to the core region. In addition, coercivity of Dy-diffusion processed Nd-Fe-B sintered magnets cannot be enhanced unless
Nd,Fey4B grains are enveloped by a Nd-rich grain boundary phase. In this talk, we will present our efforts on how to reduce
the saturation magnetization of the surface region of Nd,Fe 4B grains by introduction of a non-ferromagnetic element at the
surface of Nd,Fe 4B grain combined with grain boundary modifications of large grain sized Nd-Fe-B sintered magnets.

Porous Nd-Fe-B sintered magnet which was partially sintered at 950°C with a composition of
Ndy4s5Fer01Bs97Aly37 (at.%) was selected as starting material. The average grain size in the porous Nd-Fe-B sintered magnet
was ~6pm. The magnet was covered by various Nd-TM (RE : Nd, TM : Cu, Al, Zn, ...) powders followed by heat
treatment at a temperature range of 550°C-800°C for 1-3h. The magnetic propetties of the samples were measured using a
SQUID-VSM. Microstructure of the samples were analyzed using SEM/FIB (Carl Zeiss 1540EsB) and TEM (Titan G2
80-200)).

Nd-Cu diffusion process on porous Nd-Fe-B sintered
magnets just enhanced the coercivity from 0.4 T to 1.3 T. This
obtained coercivity is much lower than that of Nd-Cu diffusion
processed hot-deformed Nd-Fe-B magnets with a coercivity of
2.3 T. Back scattered electron (BSE) SEM observations showed
that Nd-Cu phases remain at the triple junctions as isolated Nd
and NdCu grains rather than infiltration into the grain boundaries
of ~6um grain sized sintered magnets. However, diffusion
process of porous sintered-magnet using NdgAl,g alloy led to the
coercivity enhancement from 04 T to 1.45 T. Fig. 1 shows
SEM—BSE mge of Nd-Al diffusion processed su?tered magr}et. Fig. 1. Back scattered clectron (BSE) SEM and EDS maps
A thick Nd-rich phase was formed at the grain boundaries. ¢ Fe Al and Nd obtained from grain boundary and
Composition analysis of the grain boundary phase showed that interfaice  modified sintered Nd-Fe-B  magnets.
this phase is free from Fe and Co suggesting that the grain ~ Ndx(Fe,Al),B shell region can be found on the surface of
boundary phase is non-ferromagnetic. Al was found to diffuse Nd;FeyB grains.
into the surface of Nd,Fe4B grains and substitute for Fe forming
Nd,(Fe,Al),4B shell and Nd,Fe;4B core microstructure as shown in EDS maps in Fig. 1. Diffusion of Al into the Nd,Fe;,B
grain and its substitution for Fe decreases saturation magnetization of the surface region leading to the enhancement of the
anisotropy field locally at the surface of Nd,Fe,4B grains [3]. Although achieved coercivity in this work is just 1.45 T which
is not as high as small grain sized Nd-Fe-B sintered magnets or Dy-diffusion processed Nd-Fe-B sintered magnets, the
obtained microstructure can shed a light for development of a new process as a substitute for Dy-diffusion process to
enhance the coercivity of Nd-Fe-B sintered magnets.

[1]1K. T. Park, et al. Proceedings of the 16th workshop on rare-earth magnets and their applications, Sendai; 2000. p. 257-64.
[2] H. Sepehri-Amin, T. Ohkubo, K. Hono, Acta Mater. 61 (2013) 1982.
[3] W. Rodewald et al. IEEE Trans. Magn. MAG-24 (1988) 2, 1638.
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Accurate measurement of hysteresis curve for Nd-Fe-B sintered magnet
with superconducting magnet-based vibrating sample magnetometer

H. Nishio* **, K. Machida**, and K. Ozaki***
("Research Institute for Measurement of Magnetic Materials, ~Division of Applied Chemistry, Osaka Univ.,
““National Institute of Advanced Industrial Science & Technology)

Introduction

In recent years, there has been growing interest in the developments of a new measuring system for the hysteresis
curve of large voluminal rare-earth magnets. There still remain some problems such as decrease in the maximum field
(H), the magnetization distortion, and the drift in the hysteresis graph (HG) method, and the eddy current effect in the
pulsed-field magnetometer (PF) method [1-3]. Therefore, we made the most use of a superconducting magnet (SCM)-
based vibrating sample magnetometer (VSM). We compared the SCM-VSM method with the HG and PF methods to
obtain accurate magnetic properties of Nd-Fe-B sintered magnets with very high coercivity (Hg) (> 2.1 MA/m).

Experiment

The sample was magnetized with an H,,, of 5.6 MA/m. The inner diameter of SCM used for NbTi wire is 50 mm. The
time for the measurement of a hysteresis curve was approximately 2.5 h. The applied field (Hy) uniformity within 0.1%
was 14 mm diameter sphere volume in the center of SCM. Magnetization (J) was calibrated at 1.0 MA/m by using the
saturation magnetization of a Ni (99.9%) whose size was the same as that of sample. He, was calibrated by the nuclear
magnetic resonance. The accuracy was better than 1% after calibration for both J and He,. Particular attention was paid
to accurate correction of demagnetizing field (Hg) for the cylindrical sample with diameter (D) of 10 mm and length (L)
of 14 mm using a magneto-metric demagnetizing factor (N,,) depended on the differential susceptibility (dJ/dHe,) [3, 4].

Results and Discussion

It was essential that the longer L of the sample be
magnetized uniformly for these methods [3]. Fig. 1
shows the hysteresis and dJ/dHs curves of Nd-Fe-B
sintered magnet with L-to-D ratio (L/D) of 1.4 for the

Technology Development Organization (NEDO). The
authors thank Mr. K. Tamakawa and Mr. N. Sasaki of
Tamakawa Co., Ltd., for providing a SCM-VSM system.

SCM-VSM method, where Hg is the effective field. 1L ' ] =
These curves were corrected for the Hy. The definition of = < ( 145 <
N was generally limited to dJ/dHe = 0. However, Ny, E’ 051L ;
was considered to be the functions of L/D and dJ/dH.y .g 430 E
[4]. The values of dJ/dH,, in the hysteresis curves were S 0 =
0.01-5.40 TM/MA (= 10° H/m) in the study. N,, of the b 115 %
cylindrical sample with L/D = 1.4 for the SCM-VSM §'0-5 - k? o
method is obtained by 0.240 — 0.037log (1 + dJ/dH) on S 1 0 3
the condition of 0 < dJ/dH < 10 [4]. Table 1 shows the =r -’J. .

magnetic properties obtained from these methods for
Nd-Fe-B sintered magnet. The squareness (Hy/Hc)
obtained from PF method was much smaller than that of
SCM-VSM method. It was suitable for the measurement
of hysteresis curve for large voluminal rare-earth magnet.
Acknowledgement This is based on results obtained
from the future pioneering program “Development of
magnetic material technology for high-efficiency
motors” commissioned by the New Energy and Industrial

4 -2 0 2 4
Effective field (MA/m)

Fig. 1 J-He and dJ/dH¢ curves of Nd-Fe-B sintered magnet.
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Table 1 Magnetic properties of Nd-Fe-B sintered magnet (D = 10 mm, L = 14 mm) measured by PF, HG, and SCM-VSM methods.

Method Correction JIm /B (T) Hes (MA/m) He; (MA/m) Hy/ Hg (BH)max (kJ/m?) dJ/dHe near Hey (TM/MA)
PF Ref. [3] 1.22/1.15 0.89 2.10 0.919 256 17
HG Ref. [3] 1.21/1.18 0.90 2.03 0.941 268 12
SCM-VSM Eq. of Npy 1.22/1.16 0.90 213 0.963 263 38
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