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Sintered NdFeB magnets manufacturing process and a pseudo-binary phase diagram of Nd-Fe-B ternary system
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Fig.2 The schematic diagram of the hot-deformation of Nd-Fe-B magnets production process
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W AR H R AR R R B T Rl L
6B WIE R B . 2000 4F, Park 28 AN 75 be 2
NdFeB 7K i {74 (1) 2% H Ik 35— 2 LK B 1Y Dy 428
WS L P AL BE A Nd, Fey, B fh bz 2 1 & 4
Dy 465 W U555 700 7 B2 w80 7 WA ) i 30 i T8 A AR
X A S AT 2 B L KR AR RO
JETAH ST TAE. Xu 8 NI BFGE T DyFs i 9
B B8 25 NdFeB 7k #G b ORE B 1P 68 09 5% i, & 3
DyF, i S 80w R 7 i 7 1 e B 4 o HL A R
W B AR L YL, Dy o0 2 7E 3 R A D A A
AH 2Z 8] 1) 5 T8 I 5 3 B AR — 3 00 B SR AR T AR R

A Dy #8HET JR R 2 38 I g5 i J7. e sk, F TR
VAR R N S R D T A 1 S g B IX
SR PR L AT o — 2 4 v T R B g L T TS i
KB Dy-NF A Dy-Ni-*" S5 8 al 45 o 5 8o B, B
Dy B #e EAM A Nd 52 5 5 8 4% 1) 5 1 5 41, N,
O, Ni S50 (4S5 00 ) L v BEL A 70 M8 o e 25 2 5
PEREAT — 5 B R34 . AL, IR Th 20 Th #9
A Py AT S R Bl s T AR S BOSOR.

2.2 BHITERTHEAR

T — R NdFeB ACRE A B0 BB A4S
T E R+ Dy A1 Th 948, 2010 4, H AR FE 7



12 H1WM

T DU R L A5 < BB A A R SRR AR B BT T 5

KBHIFZE BT Sepehri-Amin H 28 A2 4240 T LR
FEM L Dy JTTEMRIE SIS RE-MF +-4:J8)
B4 YN BT 38 2 A R R B NdFeB 7k
M R 0 PR BE. A A58 3 Nd-Cu & 4 % HDDR
Wy AR TEAT A P WO B, U B RO L i — P R
I8 T AT RE AR AR, [ P9 A O T B 5
FEUMB A -2EtRHEG e hEMS K
S PL Prog Cuge B & AR I 4 8O 2 1 45 1 5 it g
ik 2. 1T A B+ NdFeB 7k 8, 3 % B
Al S A R G P G R Fe Ml Co & i MR J2 42 &
W g R R 7 U MR T SR B Nd-Pr-Cu
A LB B R T NdFeB Kk #E# R 5 i 17
I PR it SR B R A ) el 2 LR BB R v
BERA.

. LR R 6 4 SIS WIE R i
A0 5 R R L B DL NdFeB 7k i #4 BH1)
A A Ry B FRGE T 3 A R R AR 9
R ARORE 22 ] 1) 32 48 R £ Sk 5 e i e
2.3 BEESEHKEBENTE

i LU R B A AL B LT R
2 MR AR R A B BT IR P R R R kY L B La o5
26%~29% . 4ii Ce /5 49% ~53% ., 4% Pr & 4%~
6% 8 Nd (5 15%~17%. B UL AT WL 8% e £ 1)
PN R DS VAR A N e w7 O N
Nd "] JE i Nd, Fey, B, JLF H A A 19 # L0 R (B
T Eu FIc S ERGHE P LA L EB RETE S RE, Fey, B,
GhRL LY BLRE R e 45 N AE )L B, R o
22 M 1 7K B 1 L AN AN BE W6 1 30F 1 = BE R 19 3% 3
FI U0 40 B R Al T2 YA R i L REAE B
Wef AV A 1) D b AR . 3 6 i = 9 R ) i KT
AR S BB U 2R IR B R A W A Bh
YEHI.

FLYE 1985 4, Stadelmaier % AP % B La, Fe,, B
£ 860 °C LA T B 883 2 » = R A5 10 T AE AN G 3
2000 kA/m B, Hg ki BT LIGA#) 1.1 T. 0
S T La,Fey B ELIERE WAH . HAE i & 72 b
KH =1 o-Fe, b R} fie 2800w M RE A, A
X} F La,Fe, B, 1 F Ce,Fey, B &5 MM, B A ®4f
(9 P LRGP RE L DA R 5E T Y Ce fiff 1L 8 7
I 5T & Ok 2 ) AL SR Ce HA ARG fL A
B XX F Ce, Fey, B Y & M 25 44 L G i 45 1) 55 14 11
Ji& FELY B A B R AL e W) 5T R B, Ce JRAR Nd

A F R A AR A U Bl M B IR 32 A Y i
Mk AR L AHRE Ce B ACE N, 84 14 1 1 A 1
HOEBAL L R b B BT 5 B B TE B B A R
A B JERATE 52 7 1 D) R BR AR At AT 3 ok LA 4 v
%M Ce W (Nd,Ce)-Fe-B AHMAE Ce ) Nd-Fe-
B RH T #7321 B %) 3 32 4R G AR & 3t A o AT DA
AR H Ce 55 7T F UM 38 1 0 #E Ve e %Ak A
SR A AR BLAS L5 P R I BE4E (Nd, Ce)-Fe-B 7k #
AR

3 & &

VL NdFeB 7Kk i b1 BE 0 A0 3R 9 H 1 7 il 4 2
B —AUF BB | g o 2 A B RE PR AR LK E TR
PO A5 T % 7 Ml B G i S P A RE R G R
F S5 Jo x4 v B ) g i M A% L S ) B
FR DTHR L 2 92 B I 4 3 20257 A A PR B H R
bR BB TR T DA K | e [ A oK Rg 7 ol B A R AL
BEAT TR B R BT B m K O &R &R
558 B 00 Tl R B A (B TR X K W b R R
Ji& v BT A 27 )R BF 5 B S e T K R L T
KB TR B T 20T T T 3 R 5 A iR A0 [
SN SRy T ottt /0 B 2 SR R SR A R T X B
AT G0 s e oK R B R B R 5K A O 7l 4
AR A R Z A A A S 0 R 72 40 B R R DRI
iR NdFeB K A fk i St 2 2L K BT 5 JT %0
o 1R B A8 o T R ek R o AR 5 iR T AR
DR v A M K AT B8 B R I K X e A
BB v P R S BT 9 R OR A A B
Pk B 1 5E 3 5 TGO A e EE N b S L

S LAk

(1] Jl 53 8605 %, i 24 2. Be4h NdFeB # 7 #1545
ARIMI. b5t 1f 4 Tl i pitat . 2011,

[2] GUTFLEISCH O, WILLARD M A,BRUCK E,et al.
Magnetic materials and devices for the 21st century:
stronger, lighter, and more energy efficient [ ] ].
Advanced Materials,2011,23(7) . 821-842.

[3] HUBP,.NIU E.ZHAO Y G.,et al. Study of sintered Nd-
Fe-B magnet with high performance of Hy (kOe) +
(BH) 1oy (MGOe) >75[]]. AIP Advances,2013,3(4):
042136-15.

[4] ZHOU Q. LIU Z W, ZHONG X C, et al. Properties

improvement and structural optimization of sintered



6 P2 S

e

5%

5 8 M 2018

NdFeB magnets
boundary diffusion[ J]. Materials &. Design, 2015, 86
114-120.

SAGAWA M, FUJIMURA S, YAMAMOTO H, et al.

by non-rare earth compound grain

[5]
Microstructure and coercivity of Nd-Fe-B permanent
magnet[ ] ]. Magnetics in Japan IEEE Translation Journal
on,1985,1(8):979-981.

[6] CUI W B, TAKAHASHI Y K, HONO K. Nd, Fe,, B/

FeCo anisotropic nanocomposite films with a large
maximum energy product[J]. Advanced Materials, 2012,
24(48):6530-6535.

[7] SUGIMOTO 8. Current status and recent topics of rare-

earth permanent magnets [ J ]. Journal of Physics D:

Applied Physics,2011,44(6):064001-064012.

[8] HUANG Y L.LIU Z W,ZHONG X C, et al. NdFeB
based magnets prepared from nanocrystalline powders
with various compositions and particle sizes by spark
plasma sintering[ J ]. Powder Metallurgy,2013,55(2):
124-129.

[9] TANG X, CHEN R, YIN W, et al. Impact of Nd-Cu
diffusion on microstructure and coercivity in hot-pressed
and die-upset nanocomposite magnets [ J ]. Scripta
Materialia,2014,88(11) :49-52.

[10] SEPEHRI-AMIN H, LIU J, OHKUBO T, et al
Enhancement of coercivity of hot-deformed Nd-Fe-B
anisotropic magnet by low-temperature grain boundary
diffusion of Ndg Dy Cuy  eutectic alloy [ J ]. Scripta
Materialia,2013,69(9) :647-650.

[11] HUANG Y L,LIU Z W,ZHONG X C,et al. Diffusion

of Nd-rich phase in the spark plasma sintered and hot

deformed nanocrystalline NdFeB magnets[ ] ]. Journal of

Applied Physics,2012,111(3):033913-033916.

[12] LIU J. Microstructure and coercivity relationship of
hot-deformed Nd-Fe-B
Tsukuba: The University of Tsukuba,2015.

[13] HUBER C, ABERT C,BRUCKNER F,et al. 3D print

bonded and 3D

anisotropic magnets [ D J.

of polymer rare-earth magnets,
magnetic field scanning with an end-user 3D printer
[J]. Applied Physics Letters,2016,109(16) ;:461-5.

[14] LI L, TIRADO A, NLEBEDIM 1 C, et al. Big area
additive manufacturing of high performance bonded
NdFeB magnets [ J ]. Scientific Reports, 2016, 6:
36212-7.

[15] X4, JB K. NdFeB 7Kk % 1) b S 8 45 F0 & A9 R R
(1. THREM R L, 2014(2) - 22-29.

(161 JAIPK. beds NdFeB sk fi S 45 H) 1 i 3 AH 30 42 B H Xt
PERERE W[ D] )7 M - A2 B TR 2, 2016.

[17] NAKAMURA H., HIROTA K, SHIMAO M, et al.
of Nd-Fe-B
sintered magnets [ J ]. Magnetics, IEEE Transactions
on,2005,41(10) :3844-3846.

PARK K T. HIRAGA K, SAGAWA M. Effect of

Magnetic properties extremely small

(18]

metal-coating and consecutive heat treatment

coercivity of thin Nd-Fe-B sintered magnets[ C]//16th

Int.

on

Workshop on Rare Earth Permanent Magnet and
their Applications 2000. Japan: The Japan Institute of
Metals,2000:257-64.

[19] XU F, WANG J, DONG X, et al. Grain boundary

microstructure in DyF3-diffusion processed Nd-Fe-B

LT of Alloys

Compounds,2011,509(30) :7909-7914.

LIU Q.ZHANG L, XU F.et al. Dysprosium nitride-

sintered magnets Journal and

[20]

modified sintered Nd-Fe-B magnets with increased
coercivity and resistivity [ J ]. Japanese Journal of
Applied Physics,2010,49(9) :49-58.

[21] LIU X, WANG X, LIANG L, et al. Rapid coercivity

increment of Nd-Fe-B sintered magnets by Dy Nij,

grain boundary restructuring[ J ]. Journal of Magnetism

and Magnetic Materials,2014,370(0) : 76-80.

SEPEHRI-AMIN H, OHKUBO T, NISHIUCHI T, et

of

[22]

al.  Coercivity  enhancement hydrogenation-
disproportionation-desorption-recombination processed
Nd-Fe-B powders by the diffusion of Nd-Cu eutectic
alloys[J]. Scripta Materialia,2010,63(11):1124-1127.

[23] WAN F, ZHANG Y. HAN J, et al. Coercivity
enhancement in Dy-free Nd-Fe-B sintered magnets by
using Pr-Cu alloy[J]. Journal of Applied Physics,2014,
115(20):203910-4.

[24] TANG X,CHEN R, YIN W, et al. The magnetization

behavior and open recoil loops of hot-deformed Nd-Fe-B

magnets infiltrated by low melting point PrNd-Cu

alloys [ J]. Applied Physics Letters, 2015, 107 (20):

202403-5.

[25] TIANYU M, XUEJIAO W, XIAOLIAN L, et al.
Coercivity enhancements of Nd-Fe-B sintered magnets
by diffusing DyHx along different axes[]J]. Journal of

D: Applied Physics, 2015, 48 (21 ):

215001-215007.

KIM J W, LEE W S, BYUN ] M, et al. Grain

Physics

[26]
refinement in heavy rare earth element-free sintered
Nd-Fe-B magnets by addition of a small amount of
molybdenum[ ] ]. Journal of Applied Physics,2015,117
(17) :17B523-17B526.

[27] STADELMAIER H H, LIU N C, ELMASRY N A.



12 H1WM T DU R L A5 < BB A A R SRR AR B BT T 7

Conditions of formation and magnetic properties of et al. Cerium:an unlikely replacement of dysprosium in
tetragonal Fe,, La, B[ J]. Materials Letters,1985,3(3): high performance ndfeb permanent magnets [ ] J.
130-132. Advanced Materials,2015, 27:2663-2667.

(287 vk . W 14 A4 v B dobn AR AR LT DL S B 44 KL, (301 AR, 2= TL. Z (RERE) 32 AR 7K W4 A B0k it g wL il A 5%
1998,29(4) :362-365. BUIR 5 HLT ] RS 41, 2015,60(30) : 3163-3168.

[29] PATHAK A K, KHAN M, GSCHNEIDNER K A,

Progress in grain boundary modifications of NdFeB

permanent magnetic materials

ZHANG Siqi' ,ZHOU Qing' ,PENG Lingxiang'* ,PENG Neng'
1. Guangdong Province Research Institute of Rare Metals , Guangdong Province Key Laboratory of Rare Earth
Development and Application  Guangzhou 510650, China; 2. School of Materials Science and Engineering , South
China University of Technology »Guangzhou 510641,China

Abstract: The magnetic properties of NdFeB magnets are not only dependent on the intrinsic magnetic
properties of the main hard magnetic phase, but also affected by the microstructure, distribution, and
volume fraction of the intergranular phases. This paper introduces the present situation and trends of
industrial production, and mainly describes the application of grain boundary modifications for high
performance ratio NdFeB permanent magnetic materials.
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