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Abstract

In spite of the Ilong research history of Nd-Fe-B magnets, the understanding of the
microstructure-coercivity relationships is not sufficient because of the difficulty of high quality microscopy
work due to the strong oxidation tendency of Nd-rich phases during microscopy specimen preparation
processes. In this paper, we review recent investigations on the microstructure-coercivity relationships
using scanning electron microscopy, high resolution transmission electron microscopy (HRTEM) and laser
assisted three-dimensional atom probe (3DAP) and discuss how to enhance the coercivity of Nd-Fe-B

anisotropic magnets without using Dy.
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Fig. 1 Coercivity gH. of anisotropic Nd-Fe-B
magnets plotted as function of crystal grain size. The
data were taken from reference [4-12].
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Fig. 2 Schematic illustration of the ideal microstructure

for achieving high coercivity using the Nd,Fe;4,B
phase.
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Fig. 3 A SEM back scattered electron (BSE) image
of a commercial Nd-Fe-B sintered magnet. The image
was observed at an acceleration voltage (V,.) of 2 kV.
The brightly imaging grains are so-called "Nd-rich
phases". Note that there are more than two levels in the
brightness from the Nd-rich phases. The image contrast
is enhanced in the inset figure so that the thin grain
boundary layer can be recognized in the BSE image.

Fig. 4 (a) In-lens secondary electron (SE) image and
(b) BSE image taken from the same region of a
commercial Nd-Fe-B sintered magnet (V,..=2kV).
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Fg. 5 SEM BSE 1mages of a (BH)pa=400 kJ/m’
class commercial Nd-Fe-B sintered magnets in the

as-sintered and optimally post-sinter annealed
conditions. The figures below are the enlarged images
from the insets. (V...=2kV). Reference [12]
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6 HRTEM images of a grain boundary in
a (BH),,.x=400 kJ/m> class commercial Nd-Fe-B
sintered magnets in the (a) as-sintered and (b)
optimally post-sinter annealed conditions [19].
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Fig. 7 3DAP maps of Nd and Cu atoms taken
from a grain boundary in (BH)pn,=400 kJ/m® class
commercial Nd-Fe-B sintered magnets in the (a)
as-sintered and (b) optimally post-sinter annealed
conditions. (b) and (c) are the concentration depth
profiles for ferromagnetic elements (Fe+Co) and rare
carth elements (Nd+Pr) calculated from the 3DAP
data. From reference [19].
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Fig. 8(a) High magnification SEM BSE image of an
as-sintered Nd-Fe-B magnet. At the sharp edge of a
brightly imaging NdOy grain, another Nd-rich phase
with a mottled contrast can be seen as indicated by an
arrow. The 3DAP atom map obtained from one of these
region is shown in (b). The concentration depth profile
taken from the region indicates the presence of NdCu
phase precipitates in the metallic Nd phase. From
reference [19].
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Fig. 9 Schematic illustration of the microstructure
change between (a) the as-sintered and (b) optimally
annealed Nd-Fe-B sintered magnets. Note that
commercial sintered magnets contain about 0.1 at.%Cu
as a trace additive and oxygen as impurity [19].
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AT DE T LIZ U D, Z DR
IXEEFIREIZ LV & kT 5 Z &% Nothnagel &
X VHE I T Z[14], Li OISR 4.5
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B0/ i
Fig. 10 SEM BSE image taken at V, .= .
addition to the typical thin grain boundary phase layer,
thick grain boundary phase can also be observed as
indicated by arrows. HREM images of both thick and
thin grain boundary regions show both has the
amorphous structure. The inset figures shows atom
probe elemental map taken from both thick and thin
grain boundary phases rescaled with approximately
the same magnification as the HREM images. The
3DAP concentration depth profiles show that the thick
GB phase contains higher amount of RE. The figures
are reconstructed from reference [6].
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Fig. 11 The initial magnetization curves of laboratory

prepared sintered magnets with average grain sizes of 1

um and 3 pm. After Y. Une and M. Sagawa and

reference [6].
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Fig. 12 SEM BSE image and a HRTEM image of a
HDDR processed Nd-Fe-B magnet powder. The inset
figure show the concentration depth profile at a grain
boundary deter med by 3DAP. The figure is
reconstructed from the data in reference [28].
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Fig. 13 Energy filtered Nd map o DDR
processed Nd-Fe-B powder (a) before and (b) after the
Nd-Cu diffusion process and HREM images of grain
boundary. The insets are the 3DAP Nd and Cu atom
map superimposed with the same scale.
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Fig. 14 (a) The temperature dependence of the

coercivity of Nd, Nd/Cu, Nd/Ag diffusion processed
Nd-Fe-B perpendicular thin films and (b) in-plane and
cross sectional energy filtered TEM images of the
Nd/Ag diffusion processed Nd-Fe-B perpendicular thin
film [12]

INETOEZFNLT D E, NdFeB fE
i & UG DORL -9 A XL TR L, fll & @1‘*550)
A (KRS G & BRES) 25 %?ﬂ
Bk Nd-Fe-B WA DRSS L0 H1X 25 H5
EVMERN SO D EWIFF SN D, %%\MM%
r‘%l_‘l(y)‘ﬁ_ NdlgFe75B6Ga1 {zx\/jé@/% 7§%T§§
BBAIENbLOD 4 T 2L B2 50
WA INTVS[34], Mol E OBREHI R 2R
éi’bfb\fcib\iﬁ BFELL Nd,Fe 4B T/%Eﬁﬂ
ANd VU v FHICE2ICHEOAENT-HiEE b
STWVWHHLO LB TX 5, BN ATHR
[/ FERR A AT A% & BICREIE
NS %% T, FEBRAYIZ Nd-Fe-B B /7 VERG A D%
W 71D LR % 5012 OIX 3 A BRI O H AR
EDT=DIZHAHTH D, Sato i Nd-Fe-B i
IZ Nd-Cu &zt L, B+ 52 &
{2 LV Nd-Cu U v FJ& DS NdyFe 4B FL D bz
FUTIERT D Z L2k, BREENN 26T £T
M k9252 & EHE L TWAD[35], f&xiT. Cui
51X Ta (258 < [001]EL 7] L 7= Nd-Fe-B 7R % ik
| SEHPRIEE 50 nm A2 D Nd,Fe B #H & Nd
U v FA O T HDDR A & [F% 0 1.4
T OURIET) % Wedd, Z ORI ARIE IS &2 k9
% Nd/Cu 72 5N Nd/Ag lRAFiE L., =h%
PO 5 2 S 12 K0 H~3.0 T DOERELT)
%157-[12], Fig. 14 |2 Nd/Ag HLELFL S iz
Nd-Fe-B #ED AN & Wi TEM 28R &N T
W5, Mnm&ﬁ®ﬁﬁ®ﬁﬁﬁ%ﬁNd)/
FHANZ W S TR Y R O HAE A 53 BT
EN TV D AREME S @, TEH X IRE S
DOEEERFIETDYy 7 U —TH 0 23 b, Rk
ORRESNT 3.0 T, ~NA TV v REOBREIE—
2 DOENMEIRE L STV 5 200°0C TH 1.2T D
B ZMERF L TR, SRR 3.0 T @

10

Nd,oDy,FegBs BEAG A L U & @iRFFIEDMEN
TWD RIS DIREELRENE-0.32%/K TH D |

HH OBERERE A DIRFEFRE-0.4%/K £ 0 K,
:@iiKDy%ﬁﬁL@MNd%B@ET%\
PCHERER 2 BRAR A 72 © O3~ X, BifED
PR L0 b FREEAII & O ERBE ) 23 BT
XHLEZ5,

9. HhYIC

AR CTIXEHR O % 0T Nd-Fe-B i
11 OFSAHIREE & AR ORI O W THEREL L
77 o BT DI BRI 2 5 ME Nd-Fe-B A OAFSE
Bxsn L Dy DR TH 25 THOR
FULAPENOTERIND X HITEX
Do TAUTIE, B Z I 7 a b L
JVTCER U IR & RBLT 2 72D O BAR
AR R E L, TN BEE L L T
FRER T B R Z G T H E WD T &N HAR
FERROITIE X5,

AFEIX.NEDO A b & B BB 7 a v
=7 bFHTHEB AT T A7 v vy AR
EARBEIN B ) . SCHR P LR 7 m o
=7 h MEA B eHEMA EERE R T/ =
VIRY y MEADBRFE . KRN, NIMS- k=4
WA B B RSB ZE o 2 — DRFZE D —BR
& LU CHEM LRIz S0 Tn 5,

1. D. Harimoto and H. Matsuura, Hitachi Giho
23 (2007) 69.

2. M. Sagawa, S. Hirosawa, K. Tokuhara, H.
Yamamoto, S. Fujimura, Y. Tsubokawa and R.
Shimizu, J. Appl. Phys. 61 (1987) 3559.

3. H. Nakamura, K. Hirota, M. Shimao, T.
Minowa and M. Honshima, IEEE Trans.
Magn. 41 (2005) 3844.

4. R. Ramesh, G. Thomas and B. M. Ma, J. Appl.
Phys. 64 (1988) 6416.

5. W.F Li, T. Ohkubo, K. Hono and M. Sagawa,
J. Mag. Mag. Mater. 321 (2009) 1100.

6. H. Sepehri-Amin, Y. Une, T. Ohkubo, K.
Hono and M. Sagawa, Scripta Mater. 65
(2011) 396.

7. R. Nakayama, T. Takeshita, M. Itakura, N.
Kuwano and K. Oki, J. Appl. Phys. 76 (1994)
412.

8. H. Sepehri-Amin, W. F. Li, T. Ohkubo, T.
Nishiuchi, S. Hirosawa and K. Hono, Acta
Mater, 58 (2010) 1309.

9. H. Sepehri-Amin, T. Ohkubo, T. Nishiuchi, S.
Hirosawa and K. Hono, Scripta Mater, 63
(2010) 1124.



A A SR 256

10.

11.

12.
13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.
27.
28.
29.

30.

31.

Vol. 75 (2011) {B# T EFHM ikl

Y. Kawashita, N. Waki, T. Tayu, T. Sugiyama,
H. Ono, H. Koyama, H. Kanno, T. Uchida, J.
Alloy. Comp. 360 (2003), 322.

Y. Kawashita, N. Waki, T. Tayu, T. Sugiyama,
H. Ono, H. Koyama, H. Kanno, T. Uchida, J.
Mag. Mag. Mater. 269 (2004), 293.

W. B. Cui, Y. K. Takahashi and K. Hono, Acta
Mater. 59 (2011), 7768.

R. Ramesh and K. Srikrishna, J. Appl. Phys.
64 (1988) 6406.

P. Nothnagel, K. H. Miiller, D. Eckert and A.
Handstein, J. Mag. Mag. Mater. 101 (1991)
379.

M. Sagawa, S. Hirosawa, H. Yamamoto, S.

Fujimura, and Y. Matsuura, Jpn. J. Appl. Phys.

26 (1987), 785.

G. Hrkac, T. G. Woodcock, C. Freeman, A.
Goncharov, J. Dean, T. Schrefl, O. Gutfleisch,
Appl. Phys. Lett. 97 (2010), 232511.

H. Kronmiiller, Phys. Stat. Sol. (b) 144 (1987)
385.

J. Fidler, T. Schrefl, S. Hoefinger and M.
Hajduga, J. Phys.: Condens. Matter 16 (2004)
S455.

G. Schneider, E. T. Henig, F. P. Missell, and G.
Petzow, Z. Metallkd. 81 (1990), 322.

F. Vial, F. Joly, E. Nevalainen, M. Sagawa, K.
Hiraga and K. T. Park, J. Mag. Mag. Mater.
242 (2002) 1329.

W. F. Li, T. Ohkubo and K. Hono, Acta Mater.
57 (2009) 1337.

W. J. Mo, L. T. Zhang, Q. Z. Liu, A. D. Shan,
J. S. Wu and M. Komuro, Scripta Mater. 59
(2008) 179.

Y. Shinba, T. J. Konno, K. Ishikawa, K.
Hiraga and M. Sagawa, J. Appl. Phys. 97
(2005) 053504.

T. G. Woodcock and O. Gutfleisch, Acta
Mater. 59 (2011) 1026.

M. Itakura, N. Kuwano , K. Sato, and S.
Tachibana, J. Electron Microscopy 59,
S165-173 (2010)

K. Makita and O. Yamashita, Appl. Phys. Lett.

74 (1999) 2056.
K. Giith , T.G. Woodcock, L. Schultz, O.
Gutfleisch, Acta Mater. 59 (2011), 2029.

H. Sepehri-Amin, T. Ohkubo, T. Shima and K.

Hono, Acta Mater. (2011) in press.

K. Ono, T. Araki, M. Yano, N. Miyamoto,
Materia Japan 50 (2011) 379.

Y. Une and M. Sagawa, The 21st Workshop
on Rare-Earth Permanent Magnets and Their
Applications, Bled, Slovenia, 2010.

T. Takehita and R. Nakayama, Proceedings of
the 10th International Workshop on Rare

11

32.

33.

34.

35.

Earth Magnets and their Applications, Kyoto,
1989, Vol. 1, p. 551.

W. F. Li, T. Ohkubo, K. Hono, T. Nishiuchi
and S. Hirosawa, Appl. Phys. Lett. 93 (2008)
052505.

W. F. Li, T. Ohkubo, K. Hono, T. Nishiuchi
and S. Hirosawa, J. Appl. Phys. 105 (2009)
07A706.

I. Ahmad, H. A. Davies, R. A. Buckley, Mater.
Lett. 20 (1994) 139.

T. Sato, N. Oka, T. Ohsuna, Y. Kaneko, S.
Suzuki and T. Shima, J. Appl. Phys. 110
(2011) 023903.



