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Synchrotron radiation analysis of structure and magnetism
of grain boundary phase in Nd-Fe-B sintered magnet
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A high performance Nd-Fe-B permanent magnet has become an indispensable material for electric products,
hybrid vehicles, and power generators, which are key technologies for energy sustainability. Associating with
problem on the critical materials, improvement in coercivity without reduction of magnetization is intensely
required in Dy-free type Nd-Fe-B magnets. Since it has been known that microstructure is essential for permanent
magnets in order to increase the coercivity, the microstructure control may, therefore, bring a solution to
developing the high performance Dy-free Nd-Fe-B sintered magnet. In a micro-magnetic point of view, a
thin-film-like grain boundary (GB) phase existing between neighboring Nd,Fe;4sB grains is preferred to be
paramagnetic so as to prevent reversed magnetic domains from expanding into neighboring grains. Although the
GB phase had been believed to be paramagnetic for a long time, the recent study using a three dimensional laser
atom probe technique by Sepehri-Amin et al. showed convincing results indicating that the amorphous GB phase
could be ferromagnetic [1]. Further studies on magnetism of the GB phase, however, are needed to uncover the
origin of the coercivity.

In the present work, we have measured X-ray magnetic circular dichroism (XMCD) spectra in a
Nd140F€797B52CuUo 1 sintered magnet using synchrotron soft X-rays at BL25SU of SPring-8 in order to clarify the
magnetic state of the GB phase. Since the Nd-Fe-B sintered magnets have a grain-boundary fracturing character,
magnetism of the GB is directly investigated by the surface-sensitive XMCD measurement using a total electron
yield (TEY) method [2]. The XMCD of the Fe L,3s-edges was measured on the fractured surface which was
covered with the GB phase. Applying the magneto optical sum rule [3-5], the apparent Fe magnetic moment was
obtained as 1.66 pg from the XMCD spectra measured at 30 °C. Since the recorded XMCD signal was composed
of those coming from the GB phase and the under-layered Nd,Fe 4B main phase, the magnetic moment of 1.66 g
was deconvoluted into each contribution on assumption of the probing depth of the TEY (A.=1.2 nm) at the Fe
L, 3-edges [2] and a thickness of the GB phase (tg=3 nm) [1]. As the result of the deconvolution analysis, the Fe
magnetic moment of the GB phase was estimated as 1.4 pg. This
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value is of about 60 % compared to that of Nd,Fe;4B and implies M Jis
that the GB phase is ferromagnetic. Moreover, the temperature
dependence of Fe magnetic moment in Fig. 1, which was _
obtained from the XMCD spectra, indicated that the Curie fz.n- 1€
temperature of the GB phase was lower than that of the main 2 m | 5
phase, Nd,Fe4B. The present result, therefore, implies that the § E
coercivity will possibly be improved by forming the GB phase ‘g ol %
which has the Curie point being lower than the operating = 1°° =
temperature.

It was reported that the thin-film-like GB phase grows by
post-sintered annealing process [1]. The materials to form the 00— - po” po 00 20
GB phase could be supplied from somewhere like the Nd-rich Temperature (°C)

phase at the triple junction during the annealing process. In order

to eIL_JC|Qate the metallurgical .phenc?mena with respect to the Fig. 1 Temperature dependence of Fe magnetic
constitutional phases, we have investigated the crystal phases in | " . (Me.) obtained by sum rule analysis of
the Ndj4oFe797Bs2CuUg1 sintered magnet by X-ray diffraction  xmcp spectra at the Fe L,sedges and a
(XRD) experiment up to 1000 °C. High temperature in-situ XRD  magnetization (M). Both XMCD and magnetization
measurements were performed at BLO2B2 of SPring-8. In  were measured under 1.9 T.



previous studies by means of transmission electron microscopy (TEM) [6, 7], it has been reported that the Nd-rich
phase is a mixture of Nd (P6,/mmc), Nd,O3 (P6,/mmc), NdOx (Fm3m), and small amounts of other
compounds, where symbols in parentheses denote the space groups of crystallography. Among them, the Nd-metal
phase is expected to relate to the formation of the GB phase because the optimum annealing temperature of
540 °C is very close to the eutectic point of 520 °C in the Cu-Nd system. Fig. 2 shows temperature dependence of
XRD patterns with labels denoting crystal phases determined by analysis of the XRD patterns. The Nd-metal
phase ( P6,/mmc) starts melting at 580 °C (XRD pattern at 580 °C is not shown here), and completely melts at
606 °C. The melting point of the metallic Nd phase in the present experiment is higher than that expected from the
eutectic point by 60 ~ 80 °C. This difference of the temperature is explained as that the XRD detects the
crystalline Nd-metal unused in the eutectic reaction because the Cu concentration (0.1 at%) is too small to
consume all of the crystalline Nd phases (>1 at%). Here, the volume fraction of Nd which exists as Nd metal was
estimated from the Rietvelt analysis of XRD

pattern. On the other hand, a different Nd N0 ()

phase having cubic crystal symmetry (Fm3m) Nd;0; (fa-3) , .
was also found in the temperature range E 15000 1029°C
between 335 ~ 788 °C. Variation in volume § g11°C
fraction of the cubic and hexagonal phases of -5 {1000 N0; (P6;/mme) 188°C
Nd was invisible at the eutectic point. The =

Nd203 phase remains solid state even at = NN AT| 606°C
1000 °C, but shows some phase transitions 5 5000 o
with respect to crystal symmetries involving = C 335C
P6,/mmc, la3, and P3ml. Although the 0 _ 29C
mechanism of these phase transitions in the 9 10

Nd,Os phases is still not clear, the information 2 0 [degree]

may be useful in refining the Nd-O phase
diagram which is important in elucidation of
the microstructural formation mechanism of
Nd-Fe-B magnets.

Fig. 2 Temperature dependence of XRD patterns of Ndy4 oFe7g7Bs2Cug 1
sintered magnet. Arrows beside XRD peaks denote trends of shift of
peak positions for identified crystalline phases.
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