W53E H3 mEERMBIE1E Vol.53,  No.3
2024 4 3 RARE METAL MATERIALS AND ENGINEERING March 2024

DOI: 10.12442/j.issn.1002-185X.20230151

B S DA IR 53 3 B SR SO SR B B N 5

M AR, AR, LR
(B LGSR RLATIR A T, WL 3 315000

OB SAYEUE S — P RS R R T be gt BB R AR T R I S B B L B R BT R, H kO B AT
TR B S AN T TR . R B SR B4 R G TC 1 S HU5R G5 1 At ) o R e R R B 2 b
Al U B PR RERO RS . OSSR EDX JTER 0 T 45 KR W] e R S AR U S IR I Z R, R R

JEHEAR N RRLZ SR AT IR T 5 1

sl I RH 329 50 23 A7 55 75 R AR BRI T R B R IR )RR, RN R R

L Z ) 2615 B A B AL P2 AR BB T A% G2 2 4% A5 B B AR L AU S ) A

. BRahERBmmLR; WAL S: wibkaE
PEESES: TM272 XHEFFRIRAE: A

NEHS: 1002-185X(2024)03-0841-07

2-14-1 24 Jpe 45 NdFeB H kPR 3 B AT 8 K 4 i )
AN T (A R R et AR 7R 3%, ) 32 g A
FRAF A BT %% TPl 2 KA,
ITEEAER, DAHLENRZE . IR M ARZR (FHT BB IR 40
IR 55 4 H ot gL, Xt b NdFeB #4744 FH i AS A
Femi AR T B R B R . ARSI T i 5 R
55 (1) WLL Dy, Tb A4 (& #1231,
(2) FHIRBE R AR, 4tk ko, (B iRy
A S ARRZ A, E—F 7k T Dy, Tb J#
TR BEREAE [R] Fe (1 B e REHR J5 7 AH I A77F S Bk
VERE G, SIS AN A TRk 4 22 5| e 6l R RN B KRG R AR )
N, TR AR I RERE AT LN A R,
T Dy. Tb fEE M+ & B rpF R, kg b2
B Pry Nd EEHRWZ; 52 Foy g @t AR AR
P Koy A 0L B T S L 058 425 A P 50 i R 20 418 1,
{EIX b 7 o0 Jo R AR B B I P ) SR AR R, R B 3
REPR I A AL, LUk S L0 A S ARG A T i Tk AR 22
W 5y R A R T AR RS L, X T BN R — 25
TR A LR, e AR A, B AT AT
AT SR B =R B o

i AT BVE S — b e B B4R R A [ B
A EAN . BRI, BCh B R
7KW 27 S0P SRR 7 AR 08130, 3R A i R R
HEM XA AR B B R T, FiEd
£ 38 I FA b T 2 AE A9 R L 0 R AR T

is HER: 2023-03-25
BEEWMB: TR mRHEAIH 2025 AL I (20202050)

B EHSRMEZ, HT Dy.FeuB/ThoFesB H
A NdoFensB B m )% ) 31t 3, RIS E M 0 R
BEN AR R BB D, AT SR BT v A ) A
e i BE AR AR ) &, JF HOAR RS 48 1 A R
M.

RS T 5 A HOE R e L B AL & R ) &R
BT FOAE LE B/, ASHIE 0RO i 9 R R At AL
il £, [E) I RIE 7T ELAR (1) T2 S 00 AR 1 e 1) 2
BE A B AT AN 7] 3 2y 1 22 S0 T 9 BUR ROR 1)
SR P TARIE LU BOM Gk, 7EASHIE 50 Hh o4 3 SR T

it
L=

FR ML R AL Gk R ia ikl %, B HE R 1
Ty B AR R B R S
JEf bedh MARE T2 ML T . T R R R R AN R
F B 3R 1) 7 A s A B B, BRI R R R
2N BC I B () ToH By SO R & 5 FE N WA, F)
F B 3408 5 B 4% 35 51 #h 37 7 5 5 8(6.0+0.05) mm
[ AR b, FRRERE B TR R, BE
WS AR B 2 S B A A B L
B FE N 800~980 C, ¥ HLKT A 12~20 ho 5
R AR &, LL(0.50.1)% 1) i AR 388 o 4 53 &R 7 N
A S R O B PR, LA R R R R
AR a0 1 fros

TEERN: Bk i, B, 1990 &4, fdid, S TR, T FEQEREMEERAE, WL 73 315001, HiF: 0574-88015620, E-mail:

tech@ndmagnets.com



« 842« WA S EMES TR

53 %

F1 TREEKRSER#RB D IRITE LRI R
Tablel Compositionsand design principles for flake samples

with different substrates

Sample Composition, /%
PrNd 7.75Pr-23.25Nd-1.2TM-1.0B-66.8Fe
Ce 5.75Pr-17.25Nd-8Ce-1.2TM-1.0B-66.8F¢
Dy 7.38Pr-22.12Nd-1.5Dy-1.2TM-1.0B-66.8Fe
0.1A1 6.5Pr-19.5Nd-5Ce-0.1A1-1.2TM-1.0B-66.7Fe
0.9A1 6.5Pr-19.5Nd-5Ce-0.9A1-1.2TM-1.0B-65.9Fe

Note: The design principle is the proportion of the rare earth, and

the small metals like Ga, Cu, Nb and the boron is the same.

SR FH AR S T AR P IR AR T = R
gt (NIM-200C) & R A4 (1) 8 T AN s T Pt e o SR HH 5%
FEI A 5472 KA 5 A Quanta250 3 & B 13 T 5
8% (FE-SEM) IS X B 288141 (EDX, oxford
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Dy iR (%' Dy) k2, HEKIEE N 585.06 kA/m,
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Fig.1  Variations of H. (a) and B: (b) of magnets after grain
boundary diffusion with different REs at room

temperature
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Fig.3 Variations of AH. of magnets after grain boundary
diffusion with different REs (a) and Al contents (b) at

different temperatures

Tl SR AR TR, AN [RIRR - SIS 0 R A4 7 £ 9Bk i
TRERE R T8z T AFE AL SRR, tE
3b AI LA BIH ) ) 1 K B R R v R R R I
RGBS, ZEHETRERNEEZREAR -2, EANE
20 C T F% 39.8 kA/m.

2 YT BRI JE A [ ik I R A R U P AR
o ANIFR T 77 U5 B R H B T AR IR T AN [ 26 RS A 43 1
AR, 4 BRI S A T B 0 P R B o AR AR AN
T 47 5 B A 1R S 00 e R B BV S A v, 3 W A
i im PEREFE T . B AR S, X145 5 PrNd #E7A& Hr
TRV E RBRAR (-0.53%/°C), Tt MR meflt; Xt
TR Al & &R, g5 0.1 Al BEA ()35 i 7 il
ZREL G5 0.9 Al FIWLAKRAR 0.05%/°C, ZHHMIK Al & &
T ORGSR AR M TE R

T R G T2 A% 1 R A 1 v IR e AT 0
e, AsScn b [FAETHE 1 RS HUS PR AH I I AR B
WEAR IR P R A HER 2 Hd o] UG B & A BUS I
T A7 8 T U P52 2R L o[ 7 S Ak — 50, T A S A
[R5 77 il 3R B B R T BT A, X TR AR
A XF R 2:14:1 AR R BT Pro Nd & PJAH KRBT,
FU [ 4 5 J5 A T e R R B R, TT DL BIR

F 2 AEAAIE A B E R AL 4 ® AR A R AR I T R SR BRI
IR E R B aNET N IR E REp

Table 2 Remanence coefficient a and coercivity coefficient g

for magnets before and after grain boundary

diffusion process, as well as the traditional magnets

with similar properties at the temperature of

25-120 C
Before GBD After GBD  Undiffused magnets
process process with similar
Sample .
properties
/% C1 /% C1 a/% C' B/% C' a/% C! /% C!
PrNd -0.11 -0.61 -0.11 -0.53  -0.11 -0.59

Ce -0.14 -0.66 -0.14 -0.62 -0.12 -0.60
Dy -0.10 -0.61 -0.11 -0.59  -0.11 -0.61
0.1A1 -0.12 -0.61 -0.12 -0.54  -0.11 -0.57
0.9A1 -0.13 -0.63 -0.13 -0.59 -0.13 -0.61
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Fig.4 Microstructures of the magnets with PrNd and Ce at the distance of 10 pm and 60 um from the surface
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Table 3 EDS element analysis of the matrix grains of sample
PrNd after GBD process magnets in Fig.4a and Fig.4b

(©1%)
Distance from — p, cion PiNd Fe Tb  Tb/RE
surface/um

Centert1 27.09 71.55 1.36 0.0478

10 Margin+2 19.76  66.18 14.05 0.4156

Centert3 27.61 72.37 0.02 0.0072

Margin+4 18.56 67.41 14.04  0.4307

Centert5 27.26 70.47 0.88 0.0313

60 Margin+6 21.13  64.80 12.58 0.3732
Centert7 27.79 71.01 0 0

Margin+8 20.68  63.77 13.76  0.3995

F4 Edc. 4d RESH Ce ik HIE RBATREAMIFN

Table 4 Elements analysis of the matrix grains of sample Ce

after GBD process magnets with Ce in Fig.4c and

Fig.4d (/%)

Distance from

Position PrNd Ce Fe Tb  Tb/RE
surface/um
Center+1 22.25 6.62 0 69.98 0
10 Margin+2 21.07 8.02 0.24  69.55 0.0082
Center+3 21.6 7.57 0 66.09 0
Margint+4 21.85 6.43 0.18 70.40 0.0063
Center+5 21.94 6.64 0.74 69.64 0.025
60 Margin+6 15.88 10.1 2.69 70.24 0.094
Center+7 2224 6.21  0.63  69.74 0.022
Margin+8 24.11 7.77 298 65.15 0.085
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Fig.5

Plots of the ratio of Tb/RE with PrNd and Ce at the

distance of 10 pm (a) and 60 pum (b) from the surface
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Table 5 EDS element analysis of the grain boundary of
sample PrNd and sample Ce after GBD process

with different REs (/%)

Composition
PrNd Fe Tb (0] Ga Ce
characteristics

PrNd-10 um  42.71 41.42 570 3.13 2.76 -

PrNd-60 pym  61.64 254 5.63 7.33 - -
Ce-10 um 61.24 144 9.64 7.03 - 20.65
Ce-60 um 53.24 2233 7.20 2.10 - 12.56

0.1A1

0.9A1

EENSRENORTR Y N TR NS e P O s <O

6d AT AT, RIS R L RE R AR R 00 % 5 45 R O
ANBR R, TR A ORDRG &, 5 S BB IR A
B . BE—25, X EL 0.1A1 AT 0.9AT 44 1 32 A1
f L 7EAS [ 62 B AL Tb 1) EDS st & /0 #r (W% 6. &
7), AILLEF| 0.1A1 MWK M EJE Tb & 25 T
0.9A1 K HtfA, 5 SEM MR K45 RAH—F. B 7
F45 0.1A1 A 0.9A1 B9 B AR 7 #E B 3R )= 10 AN
60 pm ¥R FE AL Tb o 3 AR AL H . [RIN6 0.1A1F1 0.9A1
P HREA R ARy (R 8) #EHT EDS 40#T, & 0.9A1
RIRER, TTWTEEERE 10 um IR E 60 um &b, &
Fhb Fe B (>60%, ESED, RS H Sk
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Fig.6 Microstructures of the magnets with different Al contents at the distance of 10 pm and 60 pm from the surface
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Table 6 EDS element analysis of the matrix grains of sample
0.1Al with GBD processin Fig.6a and Fig.6b («/%)

Distance
from Position PrNd Al Tb Fe Tb/RE
surface/um
Center+1 27.22 0.94 1.59 70.25 0.055
Margin+2 20.73 0.87 10.92 64.68 0.345
10 Center+3 28.18 0.98 0.92 69.93 0.032
Margint+4 16.91 1.0 13.27 68.82 0.440
Center+5 27.63 - 2.82  69.56 0.093
60 Margin+6 19.4 094 67.22 12.44 0.391

Center+7 27.47 1.02 0.58 69.53 0.021
Margin+8 22.87 1.0 892 6580 0.281

®7 BE6c, 6d PERMDFFIENM 0.9AI iKY # 5 &
FL Ak EDS TEHH
Table 7 EDS element analysis of the matrix grains of sample
0.9Al with GBD processin Fig.6¢ and Fig.6d (w/%)

Distance
from Position PrNd Al Tb Fe Tb/RE
surface/um
Center+tl 35 0.07 - 61.77 0
10 Margint2 26.62 0.07 1.25 70.61 0.045
Center+3 25.95 0.15 0.84 73.06 0.031
Margint+4 27.08 0.02 1.43 71.46 0.051
Centert+5 27.03 - 0.49 7248 0.018
60 Margin+6 28.27 0.01 0.91 70.82 0.031

Center+7 27.37 0.07 0.55 72.01 0.020
Margin+8 27.54 0.07 1.04 71.36 0.036




. 846+ WA S EMES TR

53 %

—=—0.1A1-10 ym a
04l —8—0.9A1-10 um
£ o2}
0.0
1 2 3 4
Position
0.4} —m— 0.1A1-60 um b
—@—0.9A1-60 ym
202
=]
0.0 .
1 2 3 4
Position

7 %509 0. 1AL 0.9AL F47 MU A4 2 B B 2R J2 10 A1 60 um
WRIZ AL Tb TTER I AL 3
Fig.7 Plots of the ratio of Tb/RE with different Al contents at the

distance of 10 pm (a) and 60 pm (b) from the surface
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Table 8 EDS element analysis of the grain boundary of
magnets after GBD process with different Al

contents

Composition
characteristics

0.1Al-10 pm  63.45 25.67 0.21 1.64 8091 0.11
0.1A1-60 um  74.37 16.26 4.43 0.77 3.97 0.19
0.9A1-10 pm  46.55 46.91 4.01 - 1.31 1.22
0.9A1-60 pm  50.19 47.59 1.99 - - 0.24

PrNd Fe Tb Cu Ga Al
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Influence of Sintered NdFeB Substrate Composition on Grain Boundary Diffusion

Chen Kan, Zhao Hongliang, Fan Fengchun
(Ningbo Tongchuang Strong Magnet Material Co., Ltd, Ningbo 315001, China)

Abstract: Grain boundary diffusion can significantly improve the coercivity of sintered NdFeB magnets and realize the high-quality
utilization of heavy rare earth, and it has increasingly become a research hotspot in the field of rare earth permanent magnetism and
industry. In this paper, the influence of substrate composition difference on the magnetic properties of the magnets after grain boundary
diffusion during the batch preparation of the grain boundary diffusion sintered magnets was studied using the automatic spraying
equipment system. The results of microstructure and EDS element analysis show that the difference in the growth range of the coercivity
of the magnets after grain boundary diffusion is closely related to the adequacy of the formation of the grain core-shell structure in the
magnets after diffusion, the uniform distribution of the grain boundary phase and the content of ferromagnetic elements in the grain
boundary phase. At the same time, the temperature coefficient of the magnet prepared by the grain boundary diffusion process is better than
that of the magnet of similar brand prepared by the traditional process.

Key words: sintered NdFeB magnets; grain boundary diffusion process; magnetic properties
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