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A VY77 ThMn,, B 25 R (0 & BRAG S0 T8 D3 2 24 N AT T s s A . LARIR L 9150~200 °C
MY B L K AR TR 75 3R o A8 A 1] 2 R ) R Wi S5 T AH SR A A AR AT 90 2 I 1), EN T
ThMn,, BEEHEAENTT S, X AT TE R 22 db i B . sk, Mg L&/ EdiifaeE s
SmFe,, VE{Sm,Zr,,Fe,,C0,3Tiys) BENFTIZITUEMMEL (W1SmFe, (Co, M SFEREATA AR
FEE AT N R ST AR, X — 22— DY K. £ H s RMES TS AT,
NATDR T HAR A B IR G AR AT 20 . BRI AR, T 5 -& o & T R S0t by 2R (P REAAS (R AFF 5

Kl PURAFIDEM B, NIRBL, 3IABA (La) o] LU Sm(Fe,Ti),, /b Bk AR RRSE e, AT
KpE AR O T RE. SATIT, La o 178 S S e 2 ) MR MRS L) (). )
i LR WA O ThMn,, AR AT 45 SR “ otk ™ BEREALIROA T RS, X AS(LESm-Fe-V & 4 17T LS
ThMn,, 454 B (1201290 EARME A AT &, I HLAEVRINLalf) (Ce.Sm)(Fe,Ti),, &4 Fp L AT LASEIL. 4RTT, Bt
IREEAL A3 1) & S PERETIAR AN B2 Nt . HLRAL 2 & i) (Sm, Zr)(Fe, Si) , F1 (Sm, Zr)(Fe,Co,Ti),,
R AT BEAE e 45 R B () e EUE A, RAETERL AT, P ST R B I & e

M5 —Fh& & ST R B L .
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1.51F EG . IR, AT TAEREE A 150~200 °C [T

FLAE20 1 0804E 4, ThMn,, B4 PU J5 ik wi v 1k &
YILRIRT b &4, HARMREMR Lok, TEZE N
(Fe) 1mtl AT 2 — PR BRAR (R R G PE AR . 4R
I I — Mk R 4f-3d 1 S PN, Fe, B IE BT bk 2
BN B R . BT R AN AL R T, AH
X 5 T A RO ) (HD, LA )T WU Joe 245 A
PIBPEAS T A4, Nd-Fe-B 78 AH E AT i 37, 7 8 %
Az, TINd-Fe-BM R E kA K IRk iR T35 1)
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1) 7 SRR FFE, 2010—2011 4 (1) Ff L B /& ML AR
PRAENATTAH G A Rl” [T T 7T itsE, HhfEg
FEE A MIRT o BT BHE4f-3d R BG4 1 s 1
TERAK, BT XS PR T o8 LR
BHE R AT fE 2> P8k . 5 Nd,Fe ,BANE, RT,HL&
VI BB R I S A N o, Rk, TR
A IEWr 3 it 2% (Stevens coefficient, 9,) KI5 0%
R, W% (Sm), ZALE )2 I H B 5 1) B A 1 s
B, Hur, S5HARM L&EMEL, SmonR XM
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2

B 7 B F R 52 B /N[ 2] U AR TR Fe, A & i &
HLLSEEL, A e BEF4-3dR 05 =il Fe
TR, KA ERI R KA R K REE % T Y
AT, AENATH A RT B REPE A B0 O, — i
FEAFRFIE A ) 25 e AR5 21 8% B2 R ER IR (density
functional theory, DFT) 1+H ) SCRE, fHilr, HATEH
DL I -3 7 AR Bh IR B B A R A B (AR e
ghitt . VP2 T R DL OEAE AT B SRS I B T T4
Wi EFe Mg (Co) i HEEH & RT &P, 15
— AR B AE S G E TN E I RS 2R R 1)
M4 (Ce) A (La) BARKHENIES (Zr) SEMZEE,
ROSIX 26 0 3R B HEML M S5 A 2 3R FH S B AL 5 B
FH& m) ek SR, e 32 B PR AR A2 )i B BAR R
PERE IR Fe , A & WA N ThREPERT . R if A2 58 2 B
HEA & Sk, Wi 5E-F5e3£fINd-Fe-B 3%
o FEARLH, RAVE L5 G RFe 406G W) S AH K AR
W50 HoAth e gk e, 0 FRATT TR AE HEAT B FEA/E— A
MR .

2. BIREHY . HLIE ARSI B R HAIIRER

B 1454 7 ThMn,, (5L fS . 1% 6 AL 3 A~ 10
2RE. HPmAKNE (Th B 15T —42af
B, 24 0/NMRAR (MnD TS0 A FE 8. 8 FISILHE .
VY75 FIRT BS54 (53505 FIN T IR, T, 454 Bt
RS T o 4544 LA K X H ThCu, SR AL T A AT T B0 () T
INT7 AR AT /N TJ7 I RT 4544 18 1 4 5 70 R R
TR B — X TR Tl & M1, 4T = Felh, kA
BT 28 =ML EMREERT L, 458, BIR(Fe, M),,.
BRHEESEE T (M=Ti, V,Nb, Mo, Ta, W) ¥ 5
PaR(Fe, M), 51 () 8if B, IXLLfT B A f K [¥)Wigner-
Seitzfifl. spJET (M =Al, Si) — AL T8 E, Xff
e LS RIE il S B EARIE3,4]. P

|

B 1. ThMn,, 547§

ol

R E. (W [100] 7717 (b)#HTckhl [001] 7711 o

H—ANRITEE T (BIH, N8RC) 7] HHERT,, 454
FOTA] R A B, F BRI ™= AR B o A% A A T AR S 1
WA S R s A BALPE R (T R
AR EANGI, AT BRAEE . REl 2 BT R 2
P, SARE A IR BRI, JHESISHA) R A
NIEE. B, 5R(Fe, M) b EHAFE, HR=4 (Pr)
BB (NdD I, R(Fe, M), N, BRI H 456 1) F il
Bl (9,<0)[3].

TER MBI 1124 S SR REEA R 22, A
ATTaE Ik % T[] A4 ) B e Y B BE BR S Sm(Fe, Ti, V),
Gr4[5,6), MARIFS (H) $({EN11~12 kOe (1 Oe
=79.6 A-m™), B PEFINA(Fe, Mo)  ,N ¥ A, il
13 42 55 2 Bt KWL RE AR (BH) o 921 MG-Oe (1 MG-Oe
=7.96kI-m ) [7]. ¥Sm(Fe, M), &aH KBt ik 584
SRR ) SEEG TR I A AR, RIS AE Sm AR gk
AT e 4l I A IR1F BEAR I 25 T [8].

3. B 2010 USRI RFey, 1%}

3.1 IHE T
FETDFTHEE — MR B B A RAEZFIR. M
PLE X TGER 2 [HHR TG B A H AR IR(Fe,M) , XL &9
JEONTFTREL9,10]. 7E & VK B IE I il 2 1 507 % 25l
SR LA E 3 A O 3 3T M [10]. SR, DR 9%y
TMIRET XS BT HALLL I Ce B FAL A4S
(Ce’’, MARCe fice' ZHMRAMA) MR
B, HHE AR Z A &P TE B ae i %4k &4
FasE PR R B R PEAL, 3B — IR IR A R IR LE R
BT — A AR B AR 2 B e, Rl x4 (0D, 46
(F) [111A08E (Li) [12]8 X T0 3 FIAB S, X iR
HMEFEAT LI TT . WFFEN A B B i SmFe,,Lizs B
BRI A A ) e, H LR ARV LN dFe )N 1)
TR ERH I FEAR[12]0 ART, X LA PR ML A AN K
Al e L EALYIR (Fe, M), HFIEALYIR (Fe, M),,N 2
SE s B, e N VS B AR S R . rT R, — A
A WE B H AR ER(Fe, M), 1L &1k R Fa S 14
, R, KA EARA A ML Fe Ji 12
B BEFREAN RS HARMITEIR(Fe, M), 4514
HITE R & A AFRRITTERE[AIEST (So). #i. % (HD
F1HIRFe,, B g e fa e VE DL K #foK R 52 [13,14] 5%
YIRAT T 08T e XL M 51T SRUESE T S2 80 R AT R
W X TAEERM S, BWEERE JGRFe,, & #A U



R,Fe, itk sE. AR, 4R =NdskSmit, e
(Zo)\ % (YY) B (Dy). £k (Ho). #f (Er) #(4% (Tm)
R BUARX BE S5 &K, I RFe,, MR, Fe,, R AE 2 1] [ 2 57
B Rk, REBHRICEANREERT,, 455 5 I
farE, E PR TCR M/ NLEB . B TDFTit
B2 A, A IE 3 J7 R R IO & A 25 4 v R T Bl A
BALHI > TFE0 1%, BN 5 —FIEM G 3R o5 LU
/IMERT A R(Fe, M), 45 # e e YR 15 [15].

3.2. AMEAE K ) B S AL 5 1) RFe,, F R(Fe, Co),,
VLB

199147, #FFLN 5B AR TETE AP E AR KBS, VR
IR E K EE —uSmFe , (b &PI[16]. HT H KRR
B gy, B AATTRTIUHBIISEE, BRI H R I
ANRE A AL . 75 AATTXINdFe ,N, f1Sm(Fe,
Co), FMEFE LT 2 5 RAEZ )5, AT 3 5T
o, HEBR SR =M S AR E J0 3R I AT R O AR ST
Br[17-19]. 3R 11X T IX Le i RN, Fe ,B L K Nd,(Fe,
Co) BHEAR MR, BHEIEE (To. WAL E
(4nM) FE& R Y (H). EEgEREY, ThMn,,
RE PRI S L RE R T . SmFe, (Co, , I (1)
(BH)o R BRAE T 7] W3E (27M,) =79 MG-Oe, iX
Ml EE. B TNdFe ,BRKT., LLK&Co
T Nd,(Fe, Co) B ) H,(T) MR AR ARG, 72
150~200 C X FplEH B LM SRS ~, HAR SRS E
K[20].

o R AL iR B T T 2 0 H4~5 kOe i B 1 (H)
[18,29]. #iflki&, LASm(Fe, Co),, Tk HIRENE 258 HAx,
I (Cu) R (Ga) HEATHERBIE, RIMESIER B
RIE L di T A, B2 H M F8 kOe [29]. R

+R1 FrikNd,Fe,,B AR ThMn,, Ak &1 5 B BEIE S5 T,

3

¥ 5Nd-Fe-B# A T R30 kOe LA LB A EL, Xt
HABRRAK[30]. (HZ, FLIE M) A & H AE AR
B, TR AT IGVEAE A R E AR A S Ol T il &
PUIRNdFe,,N MSm(Fe, Co),, & 4. X AE LAMEIEIE
il £ I A B W) e AR AR AR : I () TR AN Fu
AR FH A7k I R

3.3. Wi R EE B P ) SmFe,, V. LEW)

I RFe,, M LGP FHIE T X TM = 4H
(Mo) B (Ta), H/PxfHZI50.5; X TM =4 (Nb)
A (W), B/ xfEZM50.7; X TM =4k (Ti), /b
XL SFM =4 (V) 54k (Cr), /I MEZN
1.5; X FM =t (S, f/hxfEZ 2. BT HAjHA
HERMFEERRE, Sm(Fe, V), A& WA S = HEHA UK
Wi . AT 3RAF e AT I8 X B /N SmFey, V. &
4:[3,31,32], AT T xATF0.5~2. 00 5 N A 4= 1A
Sugitkge. ATRABIVEHS %6 S, mfE&8E
900~1100 C i L T 3504 ab B 1~4 d. 803 24135
SIS, XFx=1, BAZKME T IEF4145 ) ThMn,,
RIghE Ry . MR X ST 26T (X-ray diffraction, XRD)
HiEWE2 (a) Firos. fEE2 (b) idsEmEE R A
Tl UL 2 R [002 ] SR VEIE 52 T 146 & W0 IO R 4% 1) 7
PESE L. SmFe,, VLG9 F BFIx M2/ EIL,
T 321 °C FFFZE361°C, HAIEAL 3 E 83 emu-g
(lemu-g'=1Am"kg") (8.1 kG) i KZE115emu-g’
(11.2 kG), &[] 57:7E3 L 98 kOe 4 1 %] 110 kOe.

3.4. M=V, Mo # Si I}, R(Fe, M),, tt. &¥IHIE AL
RENTEAAECo B R(Fe,Co,, M), & & FIERR
KPER (Fe, M) N, ALY 77 THIWKEE T KR IEHE, {HCo

b

Nominal composition® Form T (°C) 4nM, (kG) H, (kOe) Reference
Nd,Fe ,B Any 16.0 73 [20,21]
Nd,(Fe)sCoy,).,B Any 16.3 69 [20,22]
NdFe,N, Film 17.0 60-80 [17,18]
SmFe,Co,., Film 17.8 120 [19]
Nd,7Zr,5(Feg75C0025)11.5Tig sN, Powder 16.7 66 [23,24]
Smy 9,21 05(Fey75C00.25)11 35 Tlo 5 Any 14.7 >90 [25]

Smy Yo 2(Fe50C0020)11.4Thos Any 15.0 110 [26]
SmysZrg5(Feg50C002)115Thos Any 15.3 84 [27]

Smy sZry ,(Fe75C0055)11.5Tio s Any 15.8 74 [28]

* Some of the reports indicate the presence of impurity phases, but do not account for their effect on the composition of the principal phase.
® Form in which the material can be synthesized; “any” indicates an absence of known restrictions.



Intensity (a.u.)

Intensity (a.u.)

P T I T S [T S S SO S S S RS
30 35 40 45 50
26(°)

(b)

E2. SmFe, VI XRD K. (a) FEHLHLIE A (b) IZHRIA AR A
O: XSPFE NG«

B ARG IX S A W VE BE 1 52 M — B LUK #2 Fr il 1) £
Mo BOEM—IU 9T [33] KR8, D ERCo BT LIk
NdFe,,; ,CoMo, N AN A FIEABR %, 1K E
(1) Co AN 2B 99W0 IR (1) 4 © M A H, 546 hr, HES
FEARH T 2 BACUKINdFe, 5 Co,Mo, sN, ZALVE 5T 1)
MR TRFRHIN, x = 0.9 B A A LAY TR R 12
BT 1%, %) 7 138.5 emu-g ' [33].

B A, UAER(Fe, M) 4k &4 (M DLt i
IR NRED F, FEBSEA G RIE. B8, 4
M = Sifl1AlRf, 7£1 atm (1 atm = 1.01X 10’ Pa) (&S
A RAESE RN B2, 15K 78 K3
20 atm 2 J&i, A CeFe,Si,N, [34] FINd, (Zr, ,Fe,Si,N,
BB A e WS OR B, A AW A AL S MHAE N
53 kOe, TIEHANEYIIIHEN29 kOe. &3 HHAE /)
WIS SR T LU i T B AR AIE (R S B 5 1 45 44 () 7
AHTE B o

3.5. ¥ R,,A (Fe, Co, M), tk & W wiAb 58 %, MK R
w8 (A=ZrY)

i #5286 B, ThMn, B 45#)R(Fe, Co),, Ti,, R
=Nd&iSm (x<1), FHZr[23,24,28]8KY [26] & #3445
RIGH] X —® 0] LA 548 2a 67 B 1) Zr J7 570 5 4 81
57 B 1R T i J5 30 4% 738 A 22 8] (R AR AR S R R [35]
DFTIHRE[131EERY], HZoMY #5> BANdZSm, )

Apparent weight (a.u.)

0 100 200 300 400 500 600 700 800

Temperature (°C)

E13. Nd,,Zr,4Fe ,Si,N, & MM EE, 7E20 atm %< 550 C A3 h
(H) FI18 h () J5, TEMEEW R THRE P, T
Teon Ty ZRNEEFA S EALYFHFA S TT (body-centered cubic,
BCC) Fe-SiZ4 R A Teo

B Ik /N R Fe , 45 1458 =1 T e 5 R, Fe, , 45 F A5 TR ik
ez AR ZESR. I Tx<1, HZrAY BN R A,
(Fe, Co),, , Ti, HITERE . XAl S W1E Z T BB AL L
o P i HL A Nd, Fe ,B. 7£150~200 ‘C I, ThMn,,
LA ATM AN H, BB TS [27]. NAZIE TS, LA
x = 0.5 % ME T EHa-Fe IR0 M. K, #1
I R 4nMAB LS T 2% BUAH, {HAR L) ThMn, B AH 1)
SERRA R AT RE A x > 0.5, MR LI FTiX L “ 24K
e &Y H R, i Hox = 0.5 14 4 Th 4 i o-Fe A 1)
AAEX T IX PO FOARAFIN . 543N T AT
T 7 B 7 VA A8 G “ 308K &4

EZr AR, Ze Fey, Si T, x{EARENT 1.6,
i T AT E &Y. EERR e LI ThMn,, 4 45
IR S 2 A AE T, BATTAT DU Ze 58 2 B AW L on &
R[36]. A&t ITEIZ(Fe, S, L&Y R E TR
1, 1 H IS a5 X Tk R R R B R ES T . SR,
N T FRPIKEAARRT OB B LT R A ks,
TCEWHITZ IR, Zr (Fe, Si) , L AM&HR =Nd [37]
F1Sm [38] 7] g 5L AT 9% o

4. RFe,, HA A&

4.1. fegk

Bk 1 “ AR HA KBRS BIR(Co, M)stb & W51,
B ) PR R AL-3 AL A Th H 8 R I R kL
AL ST o AERBEAAR R HIE h, IX DAL IE H ) R iR
T P [ 5O R VA @ REHTE CYGEY P T ThMn,,
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= =9

G&[5], HRAEE, RISHE AT R B m
Pedi A ReRIEAM B M e BUE . X EYIEE
FIANEE S A5 Nd(Fe, M) ,N AW A o] FAE G ) e 45
P . BR T SmIf)E &R [8]LASE, EASm(Fe, M),,
B N A A B A WA, S5 B I PR M R A T T A
E EE Sz &M 2 EAH3]. %, Nd,Fe,B5
NdAAH 2 [8] 10 3 & s W7 Bl R H (IR 312 T Nd-Fe-B g4 1 52
g, HIPRAEE BT IR EE A, HEE NI, Fe,,B
Y A I Y N | = e e

B (La) fEM Log& PR MEs, BoAEA25Fe
TR —eEY), F H CBE BH 58198 8k e B ThMn,,
RE5RI[38]. PILT LAARE], [WR(Fe, M), & & s
La¥4f52|R(Fe, M), Ml LaH 3L miB- &4, MIal L
TRt E S EMMH MRS N TRIEX—F
W, R H I R % T SmgLasFeg, Ti, & 4 [t A LAFE
NN (Smy g54Feq 54 Tig g74)0sLas], FEFE1050 C T 510 AL
i3 he EHTEL, RIEES () GRit@) ATREIXRD
KAE, ThMn,, M54 mLalbfy. B E5 &7 PR P Ek
J#E1.5~10 ho RS g s TR s, AR5 %
EARWRE A HEE S, fE1050 C FEELE3 he 7ERREE
R, A B Lalf A LT E R e RS S
S MAHFIERE . BEE BREEIN [A] 39 0, kel & & h it
TCER B S I AT BT, BB T XN A %
A1 (double hexagonal close packed, DHCP) La [ XRD fi7
SR R R[4 (a) 1. #8IAN, R(Fe, Ti), M
LaH 2 8] e & S B AR E 1 BRI 1.5~3 hfi R I B AL,
AH B2 FEAE AN 4 (b)) fis. BES I BAUR Fr e
ANy JRA3~20 pm. UGB I BURLZET AL K 5~30 pm.

——
" VvTiO, =RFe,Ti

=« *RO, ¢dhcpla
oa-(Fe,Ti)

D..

v
°

Intensity (a.u.)

5

HAT R Z0H IR (Fe, Ti) o M dbbi. /0 H0E RAH I HF
fIE 2 JEH = () La/R b —— 440 7049 0.92, T 7E FAH &
WL ) O SE 2 A 90,98, La/RZ1H0.220, S54&
SR, EMFRLam 7. BRI IR K B
/bE M o-(Fe, TH) A TiO, A (FIXRD CERME]D . AF =
1.5 h/a, & @K ARBUR RGeS & 4 S 38 A 20K,
R H A AR K, X N0.1 kOe. WEEELO0 WG, &4t
JLFFr A I LafHER i Sk, Hpe gl i 2 v ok A 30 BH 2
PECEARILR (B4, B2, 43310 e, 5314
1 um 5] KANIRIRL, e 4s )5 TE 3~5 pm FI4H skl (R
AR X — A EYE AT DA RE F1180.42 kOe
MH,. A2, X—HAEMRKIE, EafHTREES
it Z W kLRI RS, EAR BT KERRuM
a-(Fe, Ti) fH A TIO, YT IE W 13E T HEAL B0 FS . a-(Fe, Ti) Al
TiO, MG N, K A I B B 1B AN 3 B0 La A 1) 48
b, EFIR(Fe, Ti),, A1 — &7 176 = AL .

Rk, BEARTRATRERS H) 4% ARG AL i, FReealsE
SEAIIess, (HRTEZIY, Laffmx i 5@t &
o ARAL S = HL I O JE -

4.2, JUIRMEAR I A4,

Rk & 4K R, WSm-Co-Fe-Cu-ZrafPr-Fe-B-
Cu, FOVFIRATIAE FH e &5 A b i Jo [ (1) fa B AICRA 7%
(BEREF 45 ) Skl DhRetEwiiR . o 2R &A1) 1 f
T AH R T s, DA AR ¢ 5 482 1) 4 4 2 DL £R 12 AH DA
EEAL . M5 RABEEL TR (Fe, M), &
&rESm(Fe, V), %G &&t 5 IEHa-(Fe,V)fISmFe,
MR EY), FH{ESmFe, Vo248 MG, ElmEE

T T T T T 0.5
7L °
\ Density ® 0.4
[
-~ 6r
I
5 103 o
2]
=5 | £
g Ae {02 T
(a]
4+ /.
® 101
3
L 0
0 2 4 6 8 10
Milling time (h)

(b)

B4, (Smy ggiFe) g Tig g7a)osLas 2 B S AL BE . BREEFIGEL, HFFIE. (a) XRD I : OBFMGE, @RS hfEhedinaa, @KE10h/E
Feai G4 (b) FREE A SRITERE ST ERN MRS R VIS HE 7 &8 LafIXUN A2 HER (DHCP) 4544



6

3.7kOelH, [39]. FIHLajt Bt i 3t dd A4 i im) 4
FAE B BN R B 1165%Ce 535%Lad: @R
EY CRIRE VLI L AR 78 00 R H IR Loc R H
SRECAT)D i I & & e S I B ARAE AL, Gn4. 195 BTk
K6 7R T CeFe,, Tifl LaAf B & & 4 HIOW 454 . Fir il
B IEEE FEE Hbee a-(Fe, Ti) MIRFe, f#HZH K (XRD 3
HREIR). BMELF] T dhep La (8{La-Ce) #H, LLJ/b
IR (Fe, Ti) M. il &G &1 Z# I 4T (differential
thermal analysis, DTA) (7)) &R, fE718 CHI 1 fE
AW K La-Ce L R B (fEZu & & R%+, Lafil
FeZ [Al (3L 5 e v R AEAET18 °C, CeAMlCeFe, 2 Al fF) 3L
mm SR AEAES92 °C ).

AL HE T 1 Ce-La-Fe-Tid & 2 1l 1 1O &5 74
CeFe, Tifm b & Latl B FE[E6 (b)]. 4 Ayl
W % N AR PETiFe, M. Ky CeFe, TifH FIH A N
17 kOe [40], Ff HHFLE &R T 10 pm, FrLLH ALK
0.3 kOe (K 7). K&, XFHOUEE 2 53500
& HRERT AL, o

FH Sm#ER 73 B Ce ] LUK H 3G K 2 %2 /00.5 kOe. {H
&, HA—/NErCeml LIt B4, B, TEH%1E
&, R(Fe, Ti) MHIILE AT Z 2406 FATIEZ I
T Sm-Fe-V & & HIEARMGEA[39], FH2i@diminLak
X LG S A . R IR T HE Ladl B 1)
1~10 pm4H &Rz I3 21 s (18D, {H3.3 kOe K

GEN T|)12

v "& /'\
~i 3 (Fe,Ti)

~2 10 A0 pum-

5. (Smy gsiFeg i Tiggr)osLas T BRI . (a) BREF1Sh (70
i‘j%@ 2(b) BHJEUEATRESE (PO TR, vy B X i3
NP e

@ b
O H T R AR

6. (CeqgoFeq s3Tins)os sLass 7 40 - (@R (b)

1E725 °C FiE-k48 ho

H AT RWHGEFME[39]. WTREREERNZ, 15
ANTRJR P T 3B K AE BRATTRE W 410 ] MRS E RFe, D HHH . 24
AP AERFe AN, RILH IG5 -

4.3. Bkl 25k

T AL P <o 0 e b BBV, 38 T] BLE I IE
FAN AN S SR (Ca) MRAMEENTRA
RIS B AR L . TS AL i R R 7R EEEE I 800 °C
B, W AR MUK R A it BT LB & ORURL I R
Fkest. 19974F, I8 505 A BRI 9K 98 )
RTIRAASRAT T 3~8 pm (N (Fe, Mo), < Bki[41].
I, RH T — MR T 7%, %07 I U 1
SEL T HIa ANt F T fOK (Sm, Ce)(Fe, Mo),, Ti
[42]H1(Sm, Ce, Zr)Fe,,Si, [43]Hiki. Sm,,Zr,,Fe,,Si, Hiki

10 T T T T T T T T T T T

47M (kG)

DTA signal

100 300 500 700 900 4

Temperature (°C ) B

n " 1 n 1 n 1 n

_2 0 2 4 6 8
Magnetic field strength (kOe)

B 7. Z il AT e 2 ®%*(Ceoo9Feo 53 T o8)os sLay s 7 G4 QR—H4%

TE725 °C FiB K48 h; B)(Ceyo;SMy gsF e 05 Tigos)os sLas s B & 7E 725 C NiE
k0.5 h. HfK: HE&ONDTAFIH.

-5

47M (kG)

Magenetic field strength (kOe)

E8. (Sm0.12Feo.75V0.13)98Lazﬁﬁﬁﬂ)o CIRK20 h=ih FRBE k. 4
Bl U B WA, R E Latl 4k T Sm(Fe, V), dikL



(X} FThMn, B4 4D R B FIRE S B R U,
HA10.8 kOeffH,o 24 43 RN, H(BH)p N
13.8 MG-Oe.

AT AL H AL AL 22 07 VA g = “ T =Gk
SEEESmy Zr (Fe, Co)y, Ti, & &I H,, FFAEEE3.5H it
1T TR . HSm,0,. ZrO,. Fe,0,. TiO, M Co¥i K [t
AW Caliohi fl 3 B CaO My K — 2 ik 47 = REER B o
SR G B VRS ) 4E1100~1150 “C iR K5 min B
SEROGE I . Vet A B BRI AR R, RS
SERki[43]. B9 RN TR BRI At 25 . 2~3 kOe
) H AR T 28400 7 v 1 46 i) SmFe, TiUkL (1 H, [42], IF
H, ASEAR A H ) 5 85 TE 208 20 B A ) 7
W (R, #H—P BT E RS EESMRIES SN
), B AR, AR TR LA S Ry
RIEAL Y58 A B K MEAR ) T 25

5. 4515

ASCAEA T JLFRE Fe(Co) ¥ ThMn,, B4 4L & W (14
N Bk RE 55 A N A < S R R P S 2 TR RO K ZE B
RFe, fIR(Fe, Co),, & )R] £E S E A A (10 78 i v A e
1715, (BT RERIZTCIA & B MR BEAh, R, Zr,
(Fe, Co),, Ti A Tif)x (HEET 0.5 0] BEK/NTTC %
TR REPEREAR . O 1 38 G UK REYE () a-Fe A, AP
i 2R HIxXAE (S5 3CHR[44]H B RS DL S 5 T
R bG LS A S A R BEEAT 1K, A5 H IS5 1R 2 FeVrAF
1E S BN a-Fe D HZ, R 5 & R &4,

150 T T T T T T

100

50 -

47M (emu-g™)

-5 0 5 10 15 20 25 30
Magnetic field strength (kOe)

B9, “FAT (L) FaEE (BSOS IR 5 A s 35 e
Smy o Zry (Fey75C005)1135 Tloes UL ARFRZLAR) I EIRIBRE A28 . 1did
WIS L S - E5 IR A, SR 5 7E 1100 °C CiE €4 1E 5 OB 1150 °C (410
D IR KPR A R . 4 7E 1100 °C T B R ik .

7

41SmFe, TiflSmFe Si,, TEMIHEE 4 I RE 1™ B A
Bo EATERECANR 552 E & sk sz, 2 H
Ak, Xz R RER D> . S CER[29] P HIEE
AEB AT RE MR TT R, 207 R 5IEUH K% Nd-Fe-B
LR B 7R

Acknowledgements

This work was supported by the US Department of
Energy, United States (DE-FG02-90ER45413), EU Horizon
2020 Program (686056 — NOVAMAG) and Ford Motor
Company, United States.

Compliance with ethics guidelines

G.C. Hadjipanayis, A.M. Gabay, A.M. Schonhdbel, A.
Martin-Cid, J.M. Barandiaran, and D. Niarchos declare that
they have no conflict of interest or financial conflicts to dis-

close.

References

[1] Hirosawa S. Permanent magnets beyond Nd-Dy-Fe-B. JOM 2015;67
(6):1304-5.

[2] Nassar NT, Du X, Graedel TE. Criticality of the rare earth elements. J Industr
Ecol 2015;19(6):1044-54.

[3] Buschow KHJ. Permanent magnet materials based on tetragonal rare earth
compounds of the type RFe,,_,M,.] Magn Magn Mater 1991;100(1-3):79-89.

[4] Bacmann M, Baudelet C, Fruchart D, Gignoux D, HIlil EK, Krill G, et al.
Exchange interactions and magneto-crystalline anisotropy in RFe;, .M, and
parent interstitial compounds. ] Alloys Compd 2004;383(1-2):166-72.

[5] Wang YZ, Hadjipanayis GC. Magnetic properties of Sm-Fe-Ti-V alloys. ] Magn
Magn Mater 1990;87(3):375-8.

[6] Schultz L, Schnitzke K, Wecker ]. High coercivity in mechanically alloyed
Sm- Fe-V magnets with a ThMn;, crystal structure. Appl Phys Lett 1990;56
(9):868-70.

[7] Yang ], Mao W, Yang Y, Ge S, Zhao Z, Li F. Nitrogenation of the magnetic
compound R(Fe, M),,. ] Appl Phys 1998;83(4):1983-7.

[8] Wang Y, Hadjipanayis GC, Kim A, Liu NC, Sellmyer DJ. Magnetic and structural
studies in Sm-Fe-Ti magnets. ] Appl Phys 1990;67(9): 4954-6.

[9] Ke L, Johnson DD. Intrinsic magnetic properties in R(Fe, ,Co,),,TiZ (R =Y and
Ce; Z=H, C, and N). Phys Rev B 2016;94(2):024423.

[10] Korner W, Krugel G, Elsdsser C. Theoretical screening of intermetallic ThMn;,-
type phases for new hard-magnetic compounds with low rare earth content.
Sci Rep 2016;6(1):24686.

[11] Fukazawa T, Akai H, Harashima Y, Miyake T. First-principles study of intersite
magnetic couplings in NdFe,, and NdFe;,X (X = B, C, N, O, F). ] Appl Phys
2017;122(5):053901.

[12] Delange P, Biermann S, Miyake T, Pourovskii L. Crystal-field splittings in
rareearth- based hard magnets: an ab initio approach. Phys Rev B 2017;96
(15):155132.

[13] Harashima Y, Fukazawa T, Kino H, Miyake T. Effect of R-site substitution and
pressure on stability of RFe,,: a first-principles study. ] Appl Phys 2018;124
(16):163902.

[14] Harashima Y, Terakura K, Kino H, Ishibashi S, Miyake T. First-principles study
on stability and magnetism of NdFe,;;M and NdFe;;MN for M = Ti, V, Cr, Mn, Fe
Co, Ni, Cu, Zn. ] Appl Phys 2016;120(20):203904.

[15] Skelland C, Ostler T, Westmoreland SC, Evans RFL, Chantrell RW, Yano M, et al.
Probability distribution of substituted titanium in RT;, (R = Nd and Sm; T = Fe
and Co) structures. IEEE Trans Magn 2018;54(11):1-5.

[16] Cadieu FJ, Hegde H, Navarathna A, Rani R, Chen K. High-energy product



ThMn,, Sm-Fe-T and Sm-Fe permanent magnets synthesized as oriented
sputtered films. Appl Phys Lett 1991;59(7):875-7.

[17] Hirayama Y, Takahashi YK, Hirosawa S, Hono K. NdFe,N, hard-magnetic
compound with high magnetization and anisotropy field. Scr Mater
2015;95:70-2.

[18] Sato T, Ohsuna T, Yano M, Kato A, Kaneko Y. Permanent magnetic properties
of NdFe,N, sputtered films epitaxially grown on V buffer layer. ] Appl Phys
2017;122(5):053903.

[19] Hirayama Y, Takahashi YK, Hirosawa S, Hono K. Intrinsic hard magnetic
properties of Sm(Fe,_.Co,);, compound with the ThMn,, structure. Scr Mater
2017;138:62-5.

[20] Grossinger R, Krewenka R, Sun XK, Eibler R, Kirchmayr HR, Buschow KH]J.
Magnetic phase transitions and magnetic anisotropy in Nd,Fe,,_,Co,B
compounds. ] Less Common Met 1986;124(1-2):165-72.

[21] Hirosawa S, Matsuura Y, Yamamoto H, Fujimura S, Sagawa M, Yamauchi
H. Magnetization and magnetic anisotropy of R,Fe ;B measured on single
crystals. ] Appl Phys 1986;59(3):873-9.

[22] Fukuda Y, Fujita A, Shimotomai M. Magnetic properties of monocrystalline
Nd,(Fe Co, Ni),,B. ] Alloys Compd 1993;193(1-2):256-8.

[23] Suzuki S, Kuno T, Urushibata K, Kobayashi K, Sakuma N, Washio K, et al. A
(Nd, Zr)(Fe,Co),;5TigsN, compound as a permanent magnet material. AIP Adv
2014;4(11):117131.

[24] Suzuki S, Kuno T, Urushibata K, Kobayashi K, Sakuma N, Washio K, et al. A
new magnet material with ThMn,, structure: (Nd,_Zr,)(Fe,_,Co,);;..Ti,_;Na (a =
0.6-1.3). ] Magn Magn Mater 2016;401:259-68.

[25] Gabay AM, Hadjipanayis GC. Recent developments in RFe,,-type compounds
for permanent magnets. Scr Mater 2018;154:284-8.

[26] Hagiwara M, Sanada N, Sakurada S. Effect of Y substitution on the structural
and magnetic properties of Sm(Fe(3C0¢,)114Tios. ] Magn Magn Mater
2018;465:554-8.

[27] Tozman P, Sepehri-Amin H, Takahashi YK. Hirosawa S, Hono K. Intrinsic
magnetic properties of Sm(Fe, ,Co,),;Ti and Zr-substituted Sm,_,Zr,
(FeosC0g2)nsTigs compounds with ThMn,, structure toward the development
of permanent magnets. Acta Mater 2018;153:354-63.

[28] Kuno T, Suzuki S, Urushibata K, Kobayashi K, Sakuma N, Yano M, et al. (Sm,Zr)
(Fe,Co)y10-115Ti10.15 compounds as new permanent magnet materials. AIP Adv
2016;6(2):025221.

[29] Ogawa D, Xu XD, Takahashi YK, Ohkubo T, Hirosawa S, Hono K. Emergence
of coercivity in Sm(Fe,5Co,,);, thin films via eutectic alloy grain boundary
infiltration. Scr Mater 2019;164:140-4.

[30] Nakagawa R, Doi M, Shima T. Effect of nonmagnetic cap layers for Nd-Fe-

B thin films with small addition of rare-earth element. IEEE Trans Magn
2015;51 (11):2104904.

[31] Wang YZ, Hadjipanayis GC. Effect of nitrogen on the structural and magnetic
properties of intermetallic compounds with the ThMn,, structure. ] Appl Phys
1991;70(10):6009-11.

[32] Yang ], Dong S, Yang Y, Cheng B. Structural and magnetic properties of
RFe,(5VysN,. ] Appl Phys 1994;75(6):3013-6.

[33] Fu JB, Yu X, Qi ZQ, Yang WY, Liu SQ, Wang CS, et al. Magnetic properties of Nd
(Fe,_xCo,)105sM;5 (M = Mo and V) and their nitrides. AIP Adv 2017;7 (5):056202.

[34] Zhou C, Pinkerton FE, Herbst JF, inventors; GM Global Technology Operations
LLC, assignee. Cerium-iron-based magnetic compounds. United States patent
US201313786807. 2017 Jan 17.

[35] Kobayashi K, Suzuki S, Kuno T, Urushibata K, Sakuma N, Yano M, et al. The
stability of newly developed (R,Zr)(Fe,Co),,_,Ti, alloys for permanent magnets.
] Alloys Compd 2017;694:914-20.

[36] Gabay AM, Hadjipanayis GC. ThMn12-type structure and uniaxial
magnetic anisotropy in ZrFe,,Si, and Zr,_Ce,Fe,,Si, alloys. ] Alloys Compd
2016;657:133-7.

[37] GjokaM, Psycharis V,Devlin E, NiarchosD,Hadjipanayis G. Effect of Zr
substitution on the structural and magnetic properties of the series Nd,_,
ZrFe,(Si, with the ThMn,, type structure. ] Alloys Compd 2016;687:240-5.

[38] Gabay AM, Cabassi R, Fabbrici S, Albertini F, Hadjipanayis GC. Structure and
permanent magnet properties of Zr,_ R Fe,,Si, alloys with R = Y, La, Ce, Pr and
Sm. ] Alloys Compd 2016;683:271-5.

[39] Sugimoto S, Shimono T, Nakamura H, Kagotani T, Okada M, Homma M.
Magnetic properties and microstructures of the (SmFe,,V,),_,—(Sm,Fe,,), cast
alloys. Mater Chem Phys 1995;42(4):298-301.

[40] Zhou C, Pinkerton FE, Herbst JF. Magnetic properties of CeFe,,_,Co,Ti with
ThMn,, structure. ] Appl Phys 2014;115(17):17C716.

[41] Su MZ, Liu SF, Qian XL, Lin JH. An alternative approach to the finely crystalline
powder of rare earth-transition metal alloys. ] Alloys Compd 1997;249(1-
2):229-33.

[42] Gabay AM, Martin-Cid A, Barandiaran JM, Salazar D, Hadjipanayis GC.
Lowcost CCe,_Sm,(Fe,Co,Ti),, alloys for permanent magnets. AIP Adv 2016;6
(5):056015.

[43] Gabay AM, Hadjipanayis GC. Mechanochemical synthesis of magnetically
hard anisotropic RFe,,Si, powders with R representing combinations of Sm,
Ce and Zr. ] Magn Magn Mater 2017;422:43-8.

[44] Fischbacher ], Kovacs A, Gusenbauer M, Oezelt H, ExI L, Bance S, et al.
Micromagnetics of rare-earth efficient permanent magnets. J Phys D Appl
Phys 2018;51(19):193002.



