HS53L oM
2024 9H

BAEEREMBISIRE
RARE METAL MATERIALS AND ENGINEERING

Vol.53, No.9
September 2024

DOI: 10.12442/j.issn.1002-185X.20230467

Fe E 82X NdFewsTiNbosN/a-Fe k& & /N
2H 20 5 R4 BE RY 220
KT, KA, BILE, BiEFH

CRALE T R% e S, ik Al 063210)

 E: BT Fe & 8M NdFei2sTiNboas/x%a-Fe (RS HD K& SHWASRBAERI RN, SRRY, &4
BB R Ha-Fe M. 112 MIRIE Nd M1, Fe &N, a-Fe AHEEMM, 112 & EWMAD. &M BB T BE
% Fe &M INTT R ET /N, F572 4 FeoTi A, FeTi MIMIE Nd MG EFEH Fe & AV INTIZEH KD . 4 x=15 1,
EE WA A 1:12 M fa-Fe A1, F3# 500 R~F 9/ F 60 nm LU o B %8G 8RR RN 15%~20%, T fE 15 51 1
BHME. =150, BAMNENLESHETHMERREME, FJIN 80396 A/m, MMM EE A 130.7 (A-m?)-kg', Lk x=0
I he T 25%, WAIEAGREER & T 12%. Righ RO KHERERR 58 T BEE T, x=15 I, A3 T 32.08 kI/m?,
AHEE T x=0 BT 1) 22.92 kl/m?®, UL T 40%. x=15 B R0 & S0 i 45 M AR 8 M UF,  7E 360 ‘C LU T ARFFL M

FasE, mRN IR,

X $#Ei7: NdFei02sTiNboos/a-Fe & 4:; Fe & & ISP, WOWAL, WHitkRE

FEESES: TM273 XHEkFRIREG: A

XEHS: 1002-185X(2024)09-2596-08

T PR BE K RE A R T B T RTVEAIE, nR
Ml BT Re VAR RS, JF 78w Je i 77 i o DA
N AR s s 3 A7 . NdoFersB A2 H A& % F B
KB RE, MR O A B B R R, EF S
BLEI B2 LA K B - 70 2% 160 o g5 4k R S e 4 4 A AT T
s LA RERA R 2 2T MR R 1) D% R 251,

EA ThMn 1> B 45 ¥ 1] RFe o 4b &40 J B0 0 A% K F)
W, FEAYE B ) E R AR A
AL 2 1) S P, AN o R SR B AR 1R 06 S A )
2z 67, WT RFen WA ATR RN, TRt E
JCE M (M=Mo, V, Ti, Mn, Al Si%%) FfasE s
Flo RFenn M ACEYINE YA, A& B =M EARAL
SRIE, (HILJECER M E A SR T, R TE
TR ¥F ThMnu S5 H (W [RIBF M & Sl /AR e, JLh x=1
I BRI AR E S5 K. 9K A K EA RS S T B A
) e T ARV R R P e L RT R A TR R, AT 3R B M
e S PR T P R L0100 o O A 42 o 0 K 5 ) 2 ) 4 M e
YK K AR 1 DB 55 3 o AR NOK A K REA B
HTHAN HIREAR, SESERTZERBR, @
HUNID Nb #EATH R R 02, phAh, A A R
S0 G K B K WA R 1 B A RO 131

is HER: 2023-09-10

LA R(Fe, M) N A 8 e (R % 0] 1 O 1 3R
75w P RE K HEAA L, 7 AR i A 77 1] B 16
fho FEGNAK R K WA RE P A7 A2 2 25 O R 0 5, 2
Nd2FesB/a-Fel', 481, HATR>H R(Fe, M)12N/a-Fe
YK A KW A . eAh, 25 BL R(Fe, M)1aN i i
FH %GR B KM RE, FoM 5 82408 13% (it
B0, HAA KK ALY .

AR TAEWF T Fe & EXF NdFei0.25TiNbo2s/x%a-Fe
(B H, TRED 0K S AHK B B ROW 2
MR RERIREM o TR DA (RT3 25 m/s) 15 5
& eila b JLFASHARS, B AT EZ TR
KLZ, BRIATBELE, RAGEHTBEANE
WORH L RENERE S Fe RZAIMRR.

1 % I

KA T 99.9%HI LR Nb, Nd, Fe 1 Ti N
JE kL. 4% NdFei0.25TiNbo2s/x%a-Fe (x=0, 5, 10,
15 A1 20) o AT R L, A B 32 s s 1) £ 408
30 g & &5 IR Al SRy NikT, [FE
KA B, SR E D RERE S K, U R
A 35) . IRV S e V) B /N, KRR

EE&WB: ExERBEES (51974134); LA BHEE KL (212810082)
TEBEN: ATE, 5, 1998 4, ik, Hedb3 TRF0a 5 aelEs b, Wt Ei 063210, HLiE: 0315-8805020, E-mail: tsfengyl@163.com



59 M

K135 Fe & 50 NdFei025TiNbo2sN/a-Fe 7K i & GO0 A 24 5 Wi A RE 1 RE

* 2597 -

AR TS, BMNEOEZN 10 mm, JKEHTH
FLAEY 0.6 mm I (147 D8 rf o B A 0 ] E T4 AR
U IR R BE P, A D N AR R T PR B R AR
3mm. K RIS S AL, W B AR E N 25 m/s ¥
A EHATIRNIEG, Gt E, B maAEs
Vi G S B e R AR R T, 3G S
W6 S % B EEREBEN D RAERI A EE
W, fE 450 CREATEB R 6 h fG T Kb H . ¥
BAAE SRS FEM PR, B SR
AR RS ), TR D SRR IR, 4Rk &5 7 AN
477 2:1 f LL R 25 jdAA, [ AT R 120 'Co 4%
REWHWHELSTFEMAMRTIE, H 600 MPa 1]
T 7745 T 1) DR D) e e

KR A e (EDS) 1) Quanta FEG 650 14 H
T EMEE (SEM) X & &1 240 230 B 7 36 AT 23 A
8 X SHERATEM (XRD) 23 Hr & 4 75 (AR LK
AL A2 20°~85°(260) 4% H Jade A%l & ) XRD
2R HBEAT R0 A 9E 0T . ST PPMS-9 4 [ 40 34 RE N
®ARG (PPMS) HHRBIFE ML S11T (VSMD J#EAT A
DUFE S REvERE, WA RBUE R 5%107 (A'm?) kg, =
T I B K i 3 T KA LECO TCH600 B4
BRABEGNMEN AT EETE. AEE. KHE30 %8
TR =T BRI L 1] 2R 25 Ak

2 GRS

2.1 Fe@EXaEHiIRMZN

Bl 1a~E le HEE&HEEM BSE 18 v WE HAT DL
EE S HAFE Fe & &ML &t 3 Fh it X 34
B AalAsEE . KEL R RA. & E AR B
X3k U A AT 58 R T, ARG SRR EE
FEHAZAGXEE Nd A KEXE 112 HAE X
o-Fe tHAH K, HEMITREGEPFIMENE 1w,
XL {E 5 Margarian 55 A 7E SCHR A A4 35 1640 1 208
AHIEIS, H Image-Pro Plus 6.0 ¥4 7] LAAR 4 BSE K&
THEHSENMEED ST ER S, KGR E 1By
e FILLE W, BEAG Fe SEMIEIN, o-Fe HHTEIZH
BN, A 5.6%38 I E] 39.5%, HEIFEEF] T 605.4%;
1:12 AHAI'E Nd AHLEZ gk b, 1:12 #H o5 A 85.9%
W E] 53.6%, & Nd AH A 8.5%0k 2] 6.9%, K
B AN 37.6%F0 18.8%. 25 LFTIR, K% Fe &1
SN, FF AT X B4 BT AH 2 BORN 78 3% 20 A 7 AR UK
{Ha-Fe A& B EIEIM, 1:12 AHIEIZHTD

F1 BREEIEHAOLFEN
Tablel Chemical composition of main phase of theingot (at%)

Area Nd Fe Ti Nb  Molecular formula
I

Gloss 3301 5919 551 229  Nd(Fe,TiNb);

white

Gray 793 8479 665 063  Nd(Fe,Ti,Nb):

Black 191 8937 486  3.86 a-Fe

o-Fe ! :12 I Nd-rich

0 5 10 15 20
a-Fe Content, w./%

K1 #%E BSE B A0 & b L ge it 1
Fig.1 BSE images of ingot (a-e) and statistical chart of content proportion of each phase (f): (a) x=0, (b) x=5, (c¢) x=10, (d) x=15, and

(e) x=20
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2.2 FeREMNAEEHHEMN

K] 2a Sy NdFei0.25TiNbo2s/x%a-Fe & 4 7 XRD
B, 6 Jade6 MR 4 07 55 1 1 5 5 AH B &
G, ERWE 20 Arn. 3 x=0 & & = E il
1:12 ¥ Fla-Fe 4L p%, BAHE & A 79.37%, FEH D
HE Nd A FeoTi Mo 24 x=5 B, & Nd MHEEARH
&, EEWH 112 AHAR, HEAH G L] 79.64%,
R fE7E & T o-Fe 1 FeoTi #H, X% H T Fe & &1
I, A R S AR 2 112 M, HRERE
1) Fe 1 Nd, AT sk 2> & <6 Wl b LR A AR B Bl
# Fe Sra4ks N, & Nd MWK, FeTi Mik—%
Wb, a-Fe S mFFEIM, x=150, G&E®HHIL
T RAFTE 1:12 M fla-Fe, PR 5 HEETA N 96.73%,
H x=20 i, A& MaFe T EVEIEMN, B x=5
B 9.85%I4 N E] T 39.66%, XAZ&H TN Fe & &
BEE . 7 NdFen &4, Ti o] LMEdt = Nd #
FIER, ¥BSBEEEAT 12 HEERD. FE
Ti & 112 M E s, 1:12 M E 54 &+
B A Ti M Fe 42 5% FeoTi. ¥ 1N Fe &85, Ti 55 Fe.
Nd &5 AP E R E M 112 M, 4k R Nd & &
ARUERCE Nd#H, [FIE FeoTi & &b .

PRI H 221G B SRR AL, AR T I8 A
JIEFRE M, X SEARIE T4 B0 R s AR

¢ Nd(Fe,Ti,Nb) ,a

a Nd-rich
# Fe,Ti
v a-Fe

2

< —

= x=5

i

7

§ x=10

=

100

P D <]
S S S

Percentage/%

[\
(=

0 5 10 15 20
a-Fe Content, w./%

K2 &<t XRD KEHE K& &AH &8 5 gk K
Fig.2  XRD patterns of the alloy thin strop (a) and statistical

diagram of the content proportion of each phase (b)

JRTEAZ A o191, NdFei0.25TiNbo2s/x%a-Fe & 4
O 2R ) 3 Ffros , G 4 T 35 D S SR o
W% Fe & 8N, dhkbi R FEIZHHEN, &k A
N4 . @i Nano measure B AL X fokL R ~F R 473
B, MRV 22 B T AL SR O e, T
bR ST B 89.97 nm /N E] T 50.29 nm, & & AT
g R FE 100 nm DL R . Fe MG s R T Nd-Fe &
4>, Fe fEHEMENRE TR, BT WHEE R, o-Fe d
B B KK R, W3 EEREAA A Z 112 AHAT H R
FE, K& 12 M, BT %t K& Ma-Fe, 2xFH
T3 112 AHER RO . ez, KER 1:12 Akt 2
PH#Go-Fe dibLIH K, PIAH SRAH ELAM G, 215 2
ANTY A

& 4a >N NdFe10.25TiNbo2s/x% a-Fe & 4 # T B 1 7
M2k, B 4b NI AT He ROV RTREAL 38 5 M, AR AL
. T LA RS BT A A SR PR Fe
TR A, B 1104 (Am?) kgt F & F
126.8 (A-m?)-kg™!, HrmlJJbEAE Fe & & 34 hnmm FEAK,
i 31840 A/m FFIKF] 15124 A/m, X2 A & 4
H o-Fe & BB, o-Fe I FIREAL 58 v 5
AL
2.3 FeREXRAUEEETHEM

B A )G NdFe10.25TiNbo2s/x%a-Fe & & #7 XRD
BELN Sa Fiw, i FH Jade 6 BPEARYE AT 99 B UF 5 %
S G, HERME sb Fis. BRGNS &l
Y 1:12 fHfo-Fe fHAL R, FiE Fe &= MM, 1:12
AH 5 B B 68.52% 98 /b #] 50.81% , a-Fe #H /5 bk H
31.48%IG N F] 49.19% . SIBERTAHLL, AT 55 06 ) /s £
FEJT R A%, 22 B Z02E N di s (R BR 5 350 A% B K
BEAl, A7 S R U TR S AN, R A S R R ST RN AT
e A% PR 77 38 K 5 B0 .

B A JG NdFe1025TiNbo2s/x%a-Fe & 4 17 B oW
AN 6 frow, ks NS aR, HR 5
A4k, A BN A1 8% . i Nano measure 314X
BREJG A S 0 SR RS BT VR, R RN iR
72 0 B AT 20 R O P 384, P 38 ok RS
70.34 nm J& /A 41.96 nm, BEJG G & SRR
SPEITE 80 nm LAR, HEBAERTAHLL, P& kLR
/N 15%~20% . BAGE IR S SRR, BRI h
BYEe, dm AR R T HEAIA RN HoRe E v, BB EOM
TERERUG, BT LA M BUR 792 & 5 SR 2 T R AL,
FW R IUR A R B R RO, TE R T e
SUIRAFAE, 645 U 7 1T LA ok 3 4k 29 1,
JEF3E NG 2 B A R, A% Y R 3,
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Fig.3 SEM morphologies (a-¢) and grain size distributions (al-el) of alloy thin strip: (a, al) x=0, (b, bl) x=5, (c, c1) x=10, (d, d1) x=15,
and (e, el) x=20
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Fig.4 Magnetic properties of alloy thin strip: (a) hysteresis loop; (b) coercive force (H.) and saturation magnetization (M) vs o-Fe content
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Fig.5 XRD patterns of nitriding alloy thin strip (a) and statistical diagram of each phase content proportion (b)
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Fig.6 SEM morphologies (a-¢) and grain size distributions (al-el) of nitriding alloy thin strip: (a, al) x=0, (b, b1) x=5, (c, cl) x=10,

(d, d1) x=15, and (e, el) x=20



59 1

KT HEE: Fe & 5% NdFei025TiNbo 2sN/a-Fe 7Kk ik & G0 21 24 5 Wi A RE B2

* 2601 -

K] 7a NEAL G NdFe10.25TiNboas/x%a-Fe & 4 147
[RGETR R 28, B 7o IR ) He RIS A REAG SR T M.
BB DG H & & 7E 450 C B % 6h )5,
U T RG A i BE RV T ) #8AS B T AR v, B T 3
BK, WRBEATE S 2~4 5.

VRN BE A 3 5 32 2 i Fe JEL T R R0 v s, L4
I B U 7 NIRRT B S S Fe JR T REREE—
Wi E . Hmi I S50 S M R A G, EIR T Nd &
ThMnio £5 44 1) % ) S VA, 25 5 G A U7 ) 2 B2
Fe 13 de & 25 o) e 1 e s, DRI UG B0 17 559 110 5 2 4% 1)
SR B EAC B DL S, 8RR 3 N R BR A
P 8] B 01 L 2 1 B TE Nd AR T BB K 11 i Ak 3,
o A B IR T, R 7R S WAL T A AR
Nd WV 7 45 2% 1) S e 4] e ) P e 5 1) S P24 B R
J5 4 x=15 I, HBmi s, 53] 80396 A/m, AR
TEBRE N 130.7 (A-m?) kg, 5 x=0 B AH LG, Hrmil /g4
w1 25%, MR SRERR = T 12%, X5BENTE
Nd MH7E G AT A K, SFEH MR . BE Fe
TR, E Nd MR, FEATHRCREK, H
f LR SRR S i g i £ BRI R, R ) 2
BLAC IR/ G 38 R a4 T x=20 IR0 PR 2 R

o-Fe & B T H.

NHE— BT A NdFei025TiNbo2s/x%a-Fe & 4 1 fif
PERE, B A A ST RS 45 A S IR G i 28
x=20 N a-Fe & & = Hrmil ) BEAR, O x<15 I &AL
S VT ) %R G A

Kl 8a MNALZE AR IE WLl 2, K 8b NI &K
W REFR (BH)max B FH K 7T LR A& &
R 5 ) & IR JS, B OK WL REFRBE & Fe & &
g, EREETHREASHES. x=0 B &
KW RN 22.92 kI/m?, 4 x=5 B | T~ & F] 7.56
kI/m, JRIEIER T 67%, 7&K Nk & Ka-Fe
FERRRIEIERK . x=10 B 5 KA T 4R

Fhm, x=15 Bk 3 7 32.08 kJ/m?, HERa-Fe &
BEAETE, HER/N, SRR EEFERRK,

BRKWREMRTFE, 5 x=0rMtk, &5 7T 40%.

= 2 NEAJG NdFei025TiNbo.2s/x%a-Fe & 4 1 7
MAS =, HTBENA & EW T AEE FeoTi 55 HiAh
M, FTDVE S RBEE Fe SR, 2B EE
TR S A x=15 B, & & A P AUEE 1:12
FHFa-Fe #, x=20 B a-Fe A& S R0, 1:12 AHE
FAR D, N N R F3E LE N o-Fe A9, B LA
TR, FTULNER 2 PR LEH, M x=158, &4
O R A R s, LI RETE BE T

30

x=0 a
x=5

x=10

x=15

20F

B/(A-m?)-kg!
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Fig.7

(a) hysteresis loop; (b) coercive force (H:) and

saturation magnetization (Ms) vs a-Fe content

Magnetic properties of nitriding alloy thin strip:

5k 7.56

0 5 10 15
a-Fe Contetn, @/%
8 KNS LR ML BE
Fig.8 Magnetic properties of bonded magnets: (a) demagnetization

curves and (b) maximum magnetic energy product (BH)max
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Table2 Nitrogen content of alloy thin strip after nitriding

a-Fe content, w./% 0 5 10 15 20

Nitrogen content, w/%  1.25 1.26 1.30 1.76 1.32

ThMn B E VA B w0 E BRI, 7E S M
A EBERE . fEmmil RSN NdN 8¢
o-Fe, [FII SR 2 NiE Fe (4L, X RETEREA ™ E 11
SO o Rl 4 AR I T ) B A A x=15 B
47879.4 A/m, KT x=15 B &AM A & H A KIFW ), X
T 1 e B A i x=15 I Ak G 4 T AR AR MR adEAT
TAE, P IATRESH . W 9 Fiw, 1£360 C
DL, R B S A (R R s U0 B A %305 3 Y TR P
BRMIPUK . 8L 360 CHE, FisE S8, KAES
S EEATIE, 2T Nd 308 Fe AL 53

Mass Difference/%

1
—_— O = N W A L N
T

0 100 200 300 400 500 600

Temperature/ C
9 H Ak & 41 NdFe1025TiNbo 25/x%a-Fe(x=15) 3 & 43 Hr
Fig.9 Thermogravimetric analysis diagram of nitriding alloy thin

strip NdFe10.25TiNbo.2s/x%a-Fe(x=15)

3 & it

1) Fe & & %A XA 485 58 I AH 2 i i 5%
o-Fe MFti% Fe B34 EF+, 1:12 AHBE#E Fe 134N
[N

2) Bi% Fe SRMIGIN, GE&EHHMNE NdH
M FerTi #EHTRAD, M x=15 W, FEfH 1:12 FHF
o-Fe MHALR, H &k R B2 38/, A 89.97 nm I8
/NET 50.29 nme.

3) & Nd M. a-Fe A& kLR 25 R &R AL G
G e R RE A B R, Bk S ) S Ik
NS DN SR RN SR

4) FACAAL AT B m G e, G A4k SR
1ER - 53 % A0 AH LG, P 2 db R R ST 98N 15%~20% o
M x=15 i, Bl 5 m o 80396 A/m, VA Ak
8 130.7 (A-m?)-kg!, 5 x=0 WAL, B

T 25%, WAL SRS T 12%. R4S )5 KT RE
BN EEJE TR, x=15 WA S 7 32.08 kJ/m?, MHLEF
x=0 ) 22.92 kI/m?, 425 T 40%.

5) x=15 B I BAL & B 7E 360 C LUT PR {7 45
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Effect of Fe Content on Microstructure and Magnetic Properties of
NdFe1w.25TiNbo.2sN/a-Fe Permanent M agnet Alloy

Zhu Zijian , Zhang Yinglong, Mi Hongyao, Feng Yunli
(College of Metallurgy and Energy, North China University of Science and Technology, Tangshan 063210, China)

Abstract: The effect of Fe content on microstructure and magnetic properties of NdFe1025TiNbo2s/x%a-Fe permanent magnet alloy was
studied. The results show that alloy ingot is composed of a-Fe phase, 1:12 phase and Nd-rich phase. When Fe content increases, a-Fe phase
content increases, but 1:12 phase content decreases. The grain size of the thin strip decreases gradually with the increase in Fe content, and
Fe,Ti phase is produced. The contents of Fe,Ti phase and Nd-rich phase decrease gradually with the increase in Fe content. When x=15,
the thin strip only has 1:12 phase and a-Fe phase, and the average grain size is reduced to less than 60 nm. After nitriding, the average
grain size is reduced by 15%-20%, and the magnetic properties are obviously improved. When x=15, the obtained nitrided alloy thin strip
has better magnetic properties, coercivity is 80396 A/m, saturation magnetization is 130.7 (A m?)-kg’!, which is 25% higher than that when
x=0, and saturation magnetization is increased by 12%. After bonding, the maximum magnetic energy product decreases first and then
increases, and reaches the highest value(32.08 kJ/m?) at x=15, which is increased by 40% compared with 22.92 kJ/m? at x=0. The nitriding
alloy thin strip at x=15 has good structural stability at high temperature, and maintains structural stability below 360 °C, which has great
application potential at high temperature.
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