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Intergranular exchange coupling interaction and microstructures of
nano-crystal Ndi, sFezg2Nb, sBg alloy

SUI Yan-li, GAO Xue-xu, BAO Xiao-qian, ZHANG Mao-cai, ZHOU Shou-zeng

(State Key Laboratory for Advanced Metals and Materials, University of Science and Technology Beijing,
Beijing 100083, China)

Abstract: The effect of Nb on the magnetic properties, microstructures and exchange coupling interactions of
Ndi,3Fes9,Nb, sBg alloy prepared by melt-spinning and subsequent annealing were systematically studied. The results
show that the addition of Nb improves the thermal stability of the as-spun amorphous ribbons, as well as improves the
optimum crystallization temperature. The ribbons annealed at 650 ‘C are composed of only Nd,Fe,B phase with the
grain size uniformly distributing, no intergranular phases are observed. The grain boundary can be almost perfect and
coherent, semi-coherent or large angle grain boundary. Therefore, the comprehensive magnetic properties and
intergranular exchange coupling interactions of the materials are strengthened. From the analysis of the magnetic
properties of the alloy, it is found that, after annealed at 650 C for 10 min, Nd;; 3Fe;9,Nb, sBg alloy has the optimum
magnetic properties and the strongest exchange coupling interactions.
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WAL LI, Nb J& Nd-Fe-B /K Bk BHM & 44k
BRIt & . £ FesB/Nd Fe B 4k E 541
BHRA NG S Nb ] LAl ssR A, A dikrdift,
B A RL ] PR AS AR AR, A B T3 m A R it
15 AT K . esh Nd-Fe-B U5 I Nb JT &
J&, FEREREVEAH I SLITE A NbFe 4h& 4, Ak 2
PR H M, 78 NdoFeBla-Fe 49KE &
TKBERA BN Nb JCZ 5, Nb Bl NbFeB B X A7
76T NdyFe 4B WG PEAR 1) ST, AR BI040 10 ok (1 1
FHUEL 4E NdyFe 4B/FesB 41K 5 Ak i kel 75 i
Nb L b, &5 Nb M Cu (5T KT H e T
FesB AHMEAZ A, Ml T FesB AHMAKK, HEif
5T R A FE R A ) (R A A A VR Y 4R
I, 7EVN Nb [ EAHAK & Nd-Fe-B KA 41,
Nb X 1% G 42 (A8 Al G A HIRFAE S HoF 5 4 1 A
En AR, A AR WCERIHRGE . AR SCE#
FEWFIUE Nb 1) NdyFe 4B B BAHGK T A S G
AR Lt AR INE S R (R

1 XIe

S 440 SUSUOT (BE IR 9380, %) A Nd i 5Fes; 1Bg
1 Nd53Fes9,Nb, sBgo JRAFELAN T4 . SR WS-4
IE AREEL A SR BG4 3~4 Ik, T LA BNV R
PR ERY R G G AT Y, e PRy A,
PR Al AR, RA R M N 22 my/s, A
JE 40~50 pm .o AT S OE ELAE SRR B A A T A AL
FR(EAE N 4 mPa, B K 500~800 'C, B K]
10 min). F) ] NETZSCHSTA449 74 7= P /3 b A3 5 45
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JI1 Nb JCZ 1 NdyasFer2Nb, sBg £ 42 IIVEAFE 543 51
HEAT DSC 2T (WLE 1) B 1 T BUE H, XA
SN Nb JTEMEE, RRSARE I —ANBA
W, 575 °C FiAi, Bk Nd,Fe,B AR SHLIELE; 4
Nb B3 2.5%0, 7E 508 A1 629 CHIL T BT i
W, HIT#7 0] Rk B — M ASAH W T A, Jig # 0) Y. Nd,Fe 4B
IR H o TG AR B0 Y. (R BE R Nb B F 34 A
e, AN Nb JCE MG 4 NdoFe 4B AH dib il 52
M 575 °C, W Nb JCE 2.5% 4 451 Nd,Fe,4B i1k
HEEEA 629 C, A= il A Nd,Fe 4B IR A0 IR B2 32
54 °C, XKW Nb g kil #HER SRR, [H
I Nb S INEE s T E S Agae tk, Wgm |
Nd,Fe,B A SALAT N 5 45 58l 1 2%

Exo
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£k

Fig.1 DSC curves of as-spun ribbons of Nd,,;Feg ;Bg(a) and
Ndi, 3Fes9,Nb, sBg(b) alloys
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i, UL PRSI LU AR A, BRI FIRE B,y 0.03
T, B )1 Hy Jy 4.9 kA/m, i RERUBH)max JLT-J Z (I
1), LA 2 BAT R B IE . X S AT i o
PriEm, REsEeRAEnsS, HiZsE8w o1
600 H1 650 CfbiR kG, HmRsE R BRI AR1L .
600 C S ACALER (1 v 126 SRR, EAT P ANk
AL BCRFAE, — AN AR ARG EAR, 55—
SR U (IR AR T4 650 C A kAL E S,
G BA PR RRE, BEZ 650 C bR
K, KM DA R EAR . &0 A BT )5
WS IRETERES T 1. SRS, &
600 C b AbEE 10 min 5, JCHIWL. Hrmi i gefs
IriER) 0.52 T 48 kA/m 1 2.4 kI/m®, 4Rifi I L
m(m=J/ I, e J TR AL J, A4,
SREDACh 042, WA FIMIE LN £ 650 Chbfk
10 min, J He FI(BH)max 73542 512 0.87 T. 963.8
kA/m F1 118.1 kJ/m*, Flfg Lt m, B3 0.725, UiHA

1 Ndjy3FeoNby sBe 1465 Ndya sFes; 7B o HATEHE S AN
ISR (SHIE LS
Table 1 Magnetic properties and corresponding conditions

for Nd12_3FCgl_77XNbe6_0 ribbons

Nb content/ (BH)max/ H/

% Condition (m?)  (kAm™) J/T
As-spun 96.3 582.6 0.85

‘ 500 C, 10 min  90.0 640.0 0.88
As-spun 0 4.9 0.03

600 C, 10 min 24 48.0 0.52

22 650 'C, 10 min  118.1 963.8 0.87
800 C, 10 min  75.5 942.0 0.75

28 650 C bl e T B o HAT ol 3 (K0T G 2o
Bt S IR P, BRI, £ 800 C btk
Ja, R I EYEREAIRTZE 650 C AL RETEREAT
TR B o ANIRIRLE it A Ak B P i 2 A AR KA [) ) Jit
W, EESE RO RETERE R A BUR S B, IR, 1
AL B R, A BRI A R 2 R AR

23 AE@RUBRAEHETSBRMEN

h T FEE AT 600 ‘CHI 650 C i kAL FE S
WEPERE AT G IN, K ity — DA T X S 4l
S HTFT TEM W%, XF Ndjp3Fer0aNby sBe HAHA 4
AT LR 600 A1 650 CAiAALEE 10 min )5, 3147 X
AT AT, HER R TR 2. K 2 iR
H, A4 T 600 C LA )S, KT AR
ASFFAIHAR, X 7N Fe 4B AH T ST H
b2/

3% 5 BB (TEM) L2 B X HL AT S o B an 1] 3
Fiwe tHE 3 nlEH, BN Nb &4, &
500 °C it fa & gt I aoR RS 2024 70~90 nm, H.
fiRL ST ANAJ(ILE 3(a))s TIAENN Nb 2.5%8 5 5 4
H, 600 C AL FE 1) SR AN S 4> A (L 3(b))e THIX
RIS IR I AN St v B8 W 1% FE i H Nd,Fe B &AM
AR S AT . NdoFeqsB AH SR A1 75 dit A AH HEAA
b DRERE RS AS AR, R NdoFe B AHARRLRT
AT 20~30 nm, {HZHK RE ) MR AEAE AT Bkl &
H, Bk, 2600 CafbE &4 J He BRAK,
(BH)max LT A%

VIR 600 CHEmE] 650 ‘CIBK 10 min
I, NdFe B AHSSRLATHR IR 22, Hom At it — 20 1Y
5o TEM MEEFITHIX HL AT B SL(ILIEL 3(e)) &,
Nd,Fe,B AH bk AR BERR IS I, ©JLF- i

L L

1
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2 Ndjp3Fes,Nb, sBg B4 600 “C(a)Fl 650 C(b)ih4LiE K 10 min J& ¥ XRD i
Fig.2 XRD patterns of Nd,, ;Fe;9,Nb, sB¢ alloy annealed at 600 ‘C(a) and 650 °C(b) for 10 min
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—F) Nd,Fe 4B AHA o SRS AILE 30~40 nm, J
gERL St 650 C b AP G & S it REdE =,
HRE R L BE N F) 0.725, FIRERE SRR 52 B Er

24 RBBEERERAREHNXR

IREEREW], 2650 CHALIE K 10 min FF 5,
H ) Nd,Fe,,B ISR, fRi T2y 30~40
nm, A7 CEAR TRk G AR AN o T BRSO S AR
ARAK AL IR A7EAE AR A 1 AT ), Bk [
(A8 R A A 5 AR RS i FUIR S B R %
241 AR JOIRBERTAS s S 1 FH R 52

Kl 4 7~k NdjpsFeq0,Nby sBe A 448 650 C Al
800 C kiR K 10 min Ji5 #F i IAM—H 128 . Henkel
KEAFW, BAMH)>0 W, FHABGNK SR 2 ) £ e

1.2

=— 650 C
1LOF «—3800°C

0.8F

0.6

AM

041

02F

0 4[I)U 8{I}0 1 2:!}0 1 6IU{}
Hi(kA+-m™)

B 4 Nd;3Fes,NbysBs 4 650 CHI 800 ‘CiE-K 10 min

JEAM—H ek

Fig.4 AM—H curves of Nd;;3Fe;9,Nb, sBg alloy annealed at

650 and 800 ‘C for 10 min

G424 600 A1 650 °C Ak 10 min J5 ¥ TEM 4
Fig.3 TEM images of Nd,,;Feg; 7Bs ribbons annealed at 500 “C for 10 min(a) and Nd;,3Fe;9,Nb, sBg ribbons annealed at 600(b)
and 650 ‘C(c) for 10 min

LHHREEAVER s AME) BB, 0] SR R AS 3
B AR AR AR . AM(H) AR Y. I RE3A E 5 5 4
() Hy BUAEA o HAMH)<O0 I, FHABANK: Sk 1]
A KPR BAE T . I 4 PTG, NdjosFeroo-
Nb,sBs &4 4 650 CintkiB kJG& 4 mAM—H
VAR AR iy o R %A Bl R () A7 E 35 5 () A8 3
GAER; M4 800 C KR KJF, diki [A] BLAR A7
B EVERT, AHHAR SR W BRAC T, B2
26800 CAEAfLIE-K 10 min FF 5 1 SRR ST 2L A S
BER, DA HeAs S A R FE PR [RINZE 800 C b
A SRR L 650 °C ikt m A
2.4.2 R RS AR S 4K i A POIR A B A R 1
KR

YRR AEORLA) R A4 FHBR T 5 dbobt RS G40,
5 KR S FORS B M A G S H A 1EH]
YRR AT IR R OB Z OIS, HE)
KAFRE ) AS 3 A T 5 0K R 1 it FOIRAS B 45 M T
FEARPED,  FURESRYPK R g FOE S S  A
TFAE S FARSEN . AR5 R A HRTEM #5874 650
C IR KA L AR S RL I S S 45 o

& 5 Fi7n o Ndy sFeso ,Nby sBe £ 4548 650 °C
kiR K 10 min JGAE S ) HRTEM 1% SRR 45 6
AKX, $JE NdyFe B AH SRR AFBIIX . E 5(a) 1
DR B BEIREL, A HPIAN DAL A AR S i . A
T HE— 0 IR S X AR R AR, X 5 %
X3 BIAR N ) Fourier 284k, 15401 6 ANX 48 Fourier
AHAE A A B R  EAG S BERRFAIE . RV 5(b) 4 X
) HRTEM {57 A 2000 (1) dy i HE 51, R E £8 0
Fourier 24 J5, nIAIILAL S S A AT AR, 3K B WTIZIX
cgditk, W 6 fion. X 4 X[ Fourier 28 ik 3t
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B 5 Nd,3Fes0,Nb, sBs 774 650 C 10 min 444k J5 1) HRTEM

& 6 5 (b)) 4 XAHMY (¥ Fourier 284 1%
Fig.6 Fast Fourier transform image of area 4 shown in

Fig.5(b)

TTHR5E, 135 H5> h NdyFe,B HHII[ 1117 BUf) . i
Bl S A0, 15 2 KT Je Ml 127, fa ey
LRI 2 5 3 IR TSI 15 3 IX T Yef
101°, 55 6 X FhTHFEM A 19°,

1T NdoFe 4B A0 VU7 ShARE R, ] 0F 545 ol
THITHI R BE A S A, Sl BT 2)E 5 & X
SR T (D o Pl Sl T ) PR B T (], £
AN 2% XA ST AR 5. % 2 5 5 5 A Y 2 X
Sl P S NS i T TR S TR B X NG R, R
D R FH i 43 02 S P B R SN 4 T ) B2 A
D RS M BEA(E s Akl b ShTHIHREG RO (hkD).

FHIE] 5 LA Y, o P S8 1 R B4 0 103
I HA S H, FHIZ 650 CafbiB ka4, ik

%
Fig.5 HRTEM image of Nd;; ;Fes9,Nb, 5By alloy annealed at 650 C for 10 min

2 5IEL S ARV DI AT B 1 T () L
iz (RIS

Table 2 Correspondence between experimental and theoretical
interplanar spacing or crystal face index of Nd,Fe 4B phase

shown in Fig.5

Area DJA Dy/A (hkl)
1 6.26 6.226 0 (110)

2 6.26 6.226 0 (110)
3 7.20 7.140 9 (101)
2.13 2.1343 431)

4 2.46 24107 (312)
3.83 3.9354 (121)

5 6.28 6.226 0 (110)

JEHUY NdyFe B afig gty + 7 563, HAbZ A Mgt
Uk, nTLAEH, HIRE X BRI AR LA P A
A, ANiE SRR EG A AL, ML Fourier A8 i ] 4]
T A1 T A I P A R e B 1 e AR 45 44

H T TR iR SRS BREE b, JE R AR
7 Fourier JEH15, K 7 Bior 5 5 AN, Sl
58 Fourier Y84 . MWIE 7 A[FH W, Fourier JEK
P b SR, RV AR AR S RL IR T R EE AN ], A7
AHZEWEOR, AH SR RILHARAT . 18] 7(b)il 4k
THUBORES: A LeA R S KA LRI, Wl 7(a)
HET7(c)dir Fts AL SR T2 IORAS, Wl 8 k.
Kl 8 Fi7n i NdjpsFeqs,NbysBs B 44 650 Cift 10
min J5/¥] HRTEM 1§ S HR IR PR . IR 8
AIEH, 1E 650 Can iR KA AE i, SOWEEH]
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Fig.7 Fourier filtered images according to grain boundary in Fig.5: (a) Boundary of grains 1 and 3 in Fig.5(a); (b) Coherent

boundary of grains 2 and 3 in Fig.5(a); (c) Boundary of grains 5 and 6 in Fig.5(b)

B8 NdjsFern,NbysBe 542 650 °C it 10 min J5ff) HRTEM 14 (a) M2 2L Hobk i Ao 25 B (b)
Fig.8 HRTEM image(a) and semi-coherent grain boundary(b) of Nd;, ;Fes9,Nb, sBs alloy annealed at 650 ‘C for 10 min

otk IR BEI I, B S Nb (105 424
o Nb (L4

G0 2K KA R 2 P A A AR A i RE B R A
I, S A AN ) IR RO R 7 A AT el & AR LA T
Ak 57 7 AR AR B 1) DA — A L ) By B AL T T S St
A 53— kLR By REAR T3 170 AT A TR AL ] (1
WA T PATHES, 3 SRR AMEE 7 16 1R 2y
I, P A RN . F 2.5%Nb ) Ndj3Feqo,-
Nby 5B [ & e REEFEAT, £ 22 m/s (UIRERS, Hat
AR . AR A PEIRAG, BATHRETE 4L,
RGN ARG, B KHERERUL T N % . 1454

PRVEHT 600 CEhLIE-K 10 min J&, ‘B MRk
FAT SR ek, o e A REPE AR AL, —
A SRR AR RENEAR, 75— NdoFeuB & AR
P VEiZ A 4T 600 CAALALEE 10 min, &4Ff
i R AR AR A B A AR, AR A 58
Ji. TEM MEIFSE, Nd,Fe B AH G AT 7E AE Sl A AH
(A b, Aok AN AR EL e, 4l AR B 8 T
S IS R R S 20~30 nm, {H 2K okE ) AS 7T BE A7
FEACHRE AR, 02 TR A o 1 R [ £ LA g
ERASAE 6 32 LU 211% 5 424 650 °C b LAbEE 10
min 5, JEEH C#HAL N NdyFe B S fAAH . TEM M %<
FW, Nd,Fe,B AH GBI IE S 2B, Sk TR
FF 20~40 nm, UL LTS B A AR . I
I, & G AF A RREI N1 22 CL 600 “C AL IR HERIR 55
Al HAT o — R PEARRFAE , BB REME RE R KA M. 40
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K i B NdFeB /K AT RE, 24 diki ) D<40 nm I,
SR ERTY A NS R % N 13 o A NALE R (EV S5 ]
AR & gl s it b sz, i 4 448 650 °Cahfbib
10 min 548 600 C dALIIFE AR L Jos Hoin (BH)max
Hm, B B, IR TN 3w, ek A e
LSRR

WETEAR BRI L R R R R) 23 R 43T
i (AT AR R AR AH 1) 45 1) S P B 58 DR 32 #0055 i)
UK LT « Nb IS AT R T4 e AR b A 1)
JERGRE ST, $m T S, [ Nb s a1
BELAS 7 5 i RO T IR 7EAN I Nb (1)1 &
&, 2500 CHBALEE 10 min, &4 MIREYEREX
J=0.88 T, H;=640 kA/m, (BH)p., =90 kJ/m’, BLi &
SRR R ST 290 70~90 nm,  HL R RSP AR A (0L
K 3(a)). SRIMAEMA 2.5% Nb &, &4:4 650 Cinfk
Bk 10 min J5, HEEMEREHN J=0.87 T, H, =963.80
KA/M, (BH)max =118.13 kI/m®. SZI 45 LW, 2.5%Nb
B 650 CanAba AR RESE S 3 SR KR di A
hnse4s, H Nb 44k 742

HRTEM MK, 22 650 °C itk 10 min HATEE
i AR AR AR 22 2K, HOf AP e g . 2t
Fedm gt A AT 3 R Sk, IR koK A
FEdb e ARRAR, TR AN i o (i) HAT A i A e
HAE T AT A -G G RGO b 8 ey 1) = 2 S A
SRR, KR A A AR S W
AR FEE VI B — g R RN 30~
60 nm), 75— AN A S AEAE L AR, i Ak
OIS BRI R AR

1) Nb X E S AR RS EAE %50 Nb 2.5%[1 5 4
FEEANTRAN Nb (K44 NdoFe,B AN SR m T
54K.

2) Lh 22 m/s L PSS Ndj,3Feq9,Nb, sBg
G4, DT 600°CIB AR TEA AL, s T 650 Cilt
KA e A, 19 25— Nd,Fe 4B 4.

3) Nb Al tb ik, $em T #4H Nd,Fe 4B
KA S EPERE. Ndjp3Fen,Nb, sBe B 4548 650 C
n IR K 10 min S5 RRETERE AR, JLROM AL 2RS4 R
I HIA 808, SRR 20~40 nm.

4) Nd;3Fe79,Nb, sBg HIE 448 650 “Cintt 10 min
HETRE S A P LTI . R B B B T B
Bl G IR e, WA RIS A .

5) Nd]2A3Fe79A2Nb2ASBG E‘]éééé}: 650 C EIEEI'T’KJ‘E.% Hﬁ
28 800 °C [ oRL A AT 4R 5 1 T 5o
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