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Recent Progress in Research and Development Related to Bonded Rare-Earth

Permanent Magnets
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S. Hirosawa and H. Tomizawa, Sumitomo Special Metals Co., Ltd.

Recent progress in research and development related
to resin-bonded rare earth permanent magnet materi-
als is reported. An emphasis is placed upon develop-
ment of magnetically coercive powders for bonded
magnet applications. Isotropic materials with a high
degree of remanence enhancement, nanocomposite per-
manent magnet materials, and anisotropic HDDR pow-
ders based on Nd:Fe;4sB are discussed in detail. The
development of Nd.Fe;;B-based powders with im-
proved thermal stability, hybrid bonded magnets with
synergistically improved magnetic properties, and
recent developments in binder system and molding
techniques are also briefly discussed.
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Fig.1 Relations among constituent technologies
relevant to the fabrication of bonded permanent
magnets.
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Table 1 Composition and magnetic properties of exchange-coupled multi-phase permanent magnet flakes
and powders (Full density is assumed. No demagnetization corrections were performed except for®.)

Composition Magnetic phases Volume % Preparation [, B, Hy;  (BH)max Ref
(Soft/Hard) soft phase method? (T) (T)  (kA/m) (kJ/m?® ’

NdsFegBao FesB-Fe/Nd,FesB 85% RS+A 1.6 1.20 191 93.1 37
Nd4,5Fe73003Ga1B18_5 F63B_F6/Nsz814B RS+A 1.42 1.21 340 128 29
NdssDy FersCosGaBiss FesB-Fe/Nd:Fe 4B RS+A 1.37 1.18 390 136 29
Nd5‘5Fe65Cr5C05B13_5 FezB~Fe/ngFeMB RS+A 1.06 0.86 610 96.6 29
NdssFeg1Nb2Bss Fe/Nd,Fe;sB RS+A 1.84 1.45 215 115 38
Nd¢FessBe Fe/Nd.Fe 4B 25% RS+A 1.09 326 93.1 39
NdoFessBg Fe/Nd.Fe 4B RS+A 1.10 485 158 40
ngFegsBs Fe/Nd2F614B RS+A 1.12 458 157 40
NdrsFegrBss Fe/Nd,Fe,.B RS+A 1.01 340 99.5 16
Nd/FegyB4 Amo”-Fe/Nd,Fe;,B RS+A 1.28 252 146 41
SmrFeqsN, Fe/SmyFei7N; MA+A 1.127 310 2059 42
SmgZrsFegsCosN, Fe/SmFe/N; RS+A 0.94 764 118 43
Ndgy:FegsMoss Fe/Nd(Fe, Mo)12N. MA+A 1.12  0.80 207 48 44
Nd72FgsMor Ny FegsMorsN, 40% MA+A 1.37 0.85 281 45
Sm]1A57C05s,33F630 Fe/SmCOs MA+A 0.97 600 101.1 46
SmCoio Co/SmyCoy7 12% MA+A 0.94 318 81.2 47

¥ RS stands for rapid solidification, MA for mechanical alloying, and A for annealing.

P “Amo” stands for “amorphous phase.”

9 This value involves uncertainty resulting from a demagnetization field correction (demagnetization co-

efficient not reported).
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Fig. 2 Comparison of the recoil curves of a nano-
composite Nd,sFer3CosGa;Biss magnet (black line)
and a conventional Nd.;Fe;sB magnet made of
commercial MQP-B powder (grey line).

ZOoDF—=FI /Y —RBFURERVYRALIUYNYRARA Y M E
F/avRYy METH 5.

211 LIZRVRAIUNVAAVEM LRV RIV
NY ARV B—WBEFEEET HMME S v 5 LIEER
KTFORSHICBVT, NFHOWIHFEEORE, ff
AR OERBHALOES KK AV B WS OB RE
05 ) #BA 28R &S (. JEFIEAL). £ oAXRE I
FRIOMKHEAZ A NVF -2 T 5 2D I BRTF ORI
BOLTOHEEZRET 2ER, 20HNSHBRENAERT
SV LERLTEMAMICH BREERL 20Hm 23
ek s, NTHOMIKESE2EA 5D RENA%
N U T3S EAEH & R RRL T ORI LR L o S FAH EAE
HATH 50, MEOFENXENTHS. Bk IIREE
EHL, RBo 2 VF-LREFHEz X VF-L Dy
(=JS/KV; J. i3 RETORERES, S IR FORIARE,
K ZEAHER VENFogkE 2HVWITI0EE %
k-7

FEEBRENS T n OEIRKELE B, 1 B5K
ELBVTEZELEAM T ANF-DHEEBKEL BT
XDHER, ROBHITB/NELB->TLED. Lich- T,
BRREEZOWL 2 OBIKRDIBREBHEELET 5.
Nd;Fei,B DGE& I IERBEEFERMEIL 10~20nm Th
3. Zhicxtl, MQP ofEFRZER LD dREL 30
nmEETH 39, BRAFEICLVEEIN B MQP O
% (NdgFe B Ilcit\W) 1T Si, V, Cu, Ga, Zr 73 & &2/DEHRM
THRIL X ERNEZHELTE S Z EBHonTY
371 MQP Q@B D (BH)max (& 130 kJ/m?® BifRTH 5
B, kSRR ROMMILc k > T DfEIF 160k]/m® PLE
g 512,

212 F/avHRTy Mb SRR RO S
Db 5>—207 70 —F IEBENOKEN a-Fe &
ENn— FRMEEEF / A= P VR = TavEYy b
L, MEOMICEVWRER S ZE, Ty 7 AT

162

b3 aFe OWLREE LD B3 HEPTH B, 2077
o — F RIREREXES © % VE - — N oA
E77a—5 & LTHRERTTOEY, ZORHOLY
Wid - FREEEMRO AN 2RI Z 2 BERH DY, EERIC
WD THEE S OREBH B, FIT, TITREREHME
R OSSR L OB S D SRR 3.

F/avEYy MEAERIAEELTHVONATWS
DRFEELUTHEBES RS) tAH=hr7ad vy (MA)
DZOTHY, BARWCEShIMBEERETH 3.
Table 1 It NS OHETERHEIWIcWL 2hDF/ a v
®Yw MEAME OREAE, ERIGEE, B L ORKEEE
RY. (BH)max IBWT MQP 2BA2306BNTV53
25, RRTT (He) OfEH MQP T3 720 kA/m Pl EH 5D
KXLT, /73 v#Yy MIATRIEVLOMNEZL., 12
72 L, Fe:B-Fe/Nd.FeB 2& Fe/SmFe;N, 2T i
LT 2G5 E T2 00BN TVS, —RHIH
BTWE B EDN5 v R E, ZOBREOREHANNIETH
B0, 2283 & 5 ITERD 53k 24K o RIS
e AR 73 R TR Hey OMEIOTERERE D 5 3.

F/avEYy MERMETIE Y 7 B O/ LRl
DS — PR & ORZBEES I L DR HBEShTVwa
EDE (BH)pax EBLD 1D DWEZMTH 5. *DHES,
H THREROWALERI I 12 IEFKRICRERT 5 &ic
5. —7F, »~— FREHEOB LSRRI REE LW
#HPATY 7 M EEHEE OB L2 SRR TR K D EE
L FEREMATRAENICERE 3 L bHRETH
5, ZD&HHRIE Kneller & Hawig itk =7 X F =
VYRS v IT< %y b (Exchange-Spring-Magnet)
TN, O ERMF s arvEY .y VEAOREFD
Lo ifEibnTWA, Fig. 2 i3 FesB/Nd.Fe,B %+ 2
vRY .y VA TH B NdysFersCosGaBiss B3R D Y 2 4
IVERKR & NdzFe,B RIZHMHTH 5 MQI D MQP-B &
FEEh 2SR RO ) a1 ViR E AR LA b0
Thb. FIETERN— FEEHAEOERRELRIT 20% Fiks
EZZ o0, KEMNFesB hSH-TWVE, TOLIMHAE
BRIy AF =2V VR7Y) v 72 RIROMBIR N E
TIBELELEP -7z, ZOHRPERIN S LBHFFS
na,

2.2 BEBIMERMERR

RABARAZAF vy EV 7 E—5 —D o — ¥ — PR
o—% Y —xv2—FTIEEEERES 1 mm Fi% OB
BBV ERIGEND B, TOBE, BRI 1 -/
DNNVRIALNVTITON S LOBRECHRAHETET,
BVHERATEOEHRSE ONE— FRIEME S EER &
nTETWBEY,

ERRIERAERA TTE 2k E L Ta-Fe/NdyFe B
F/avEYy VA TH B NdsFessBs % FesB/NdsFe 4B
FZOF s aVvEYy PBRBEEINTVBO, Fig 3 1358

HAIGH#ES S5 Vol 21, No. 4-1, 1997

NI | -El ectronic Library Service



The Magnetics Society of Japan

WA & LT iBigic/h&s v 400 kA/m OERER &R
LB oMSRET%E B-Hy ML 7oy b LIcbDT
b3, WBEIZ800kA/m Pl LOWR TER S h, BIER
DFED 60% LI LoMieEFEST 25, O X5 KRG
NS SERBEA CRIEROF THHA R Z LA LB T
WV, F/ avRY .y Muuc & DR L 7o Fm TR
F Y FRARBEBURA CEVHSSEE2B20IcE LT
W5,

ARSI L O RIS SG T I BRI HS B R L 2B A
H U 3R HEEHSAEL LA ETHS. 25 HTh
NB & O, REREST 0% WG T RS R &
b33 ik Hy DIRERKEHETE 5. &, Nb

1 v T y T g T
| Unsaturated bonded magnets
0.8 Hy; = 400 KA/m |
0.6
& { NdysFes3Co3Ga;Bg s
Eﬁh ©/ (Fe3B/ NszemB)
0.4r 1
O NdjFegsBg
(Fe/ NszeMB)
0.2+ 1
Anisotropic Nd,Fe ;B (HDDR)
r o< Isotropic Nd,Fe 4B
A @ " ‘ 1 (MQP—B) 1 e
0 100 200 300 400
Hy (kA/m)

Fig. 3 Diagram showing the magnetic properties
of unsaturated permanent magnet materials
magnetized with a small magnetizing field of 400
kA /m.
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Table 2 Magnetic properties and theoretical (BH)ma.x values of rare-earth permanent magnet materials, and

real (BH)max values achieved in resin-bonded magnets

In the fourth and fifth columns, (A) stands for “anisotropic magnet” and (I) for “isotropic magnet.” The first
group from the top is a single crystal-single domain type, the second a polycrystalline aggregate type, and

the third an exchange-coupled composite type.

Compound T Js Hy (BH*max (kJ/m?®)
P (K) (T) (MA/m) Theoretical Real

SmCos 988 1.14 22 259 96 (A)®
SmjyFe 7Ns 747 1.57 20 493 176 (A
Nd,Fe;4B 588 1.60 5.6 509 175 (A)2
(Sm, Zr)(Fe, Co)1oN,'? — 1.70 6.2 575

Fee5C035/Sm2Fel7N3 —_ 235 - 109014)

SmCos/Sm2Coyr — 1.48 — 436 164 (A)®®
FesB/NdyFe;,B — 1.6 — 300 (1)%® 66.1 (1)¥®
a-Fe/Nd,Fe. B — 1.85 — 400 (1)%® 934 (1)%
a-Fe/SmFe;N, — — — — 80 (I)?

HAIGHBSESE Vol 21, No. 4-1, 1997 163

NI | -El ectronic Library Service



The Magnetics Society of Japan

T T T T T 14
Br |(BH) max | Hed
| T |kdm™® [kAm ™' 12
Anisoc. compression | 0.992| 168 884 ’
Aniso. injection 0.846| 128 927
|1 Iso. compression 0.664 74 770 10
Anisotropic -
- compression 08 —
Anisotropic
injection
L /06 m
7
~ / -
B 2 Isotropic / N
//'.compression yd 04
/ //
/ //
~ ; —02
/
J/
1 i f A 1 0
1200 1000 800 600 400 200 0

-H  (kAml)
Fig. 4 Demagnetization curves of anisotropic and
isotropic resin-bonded permanent magnets based
on Nsze14B.
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.

Temperature

Hydrogen pressure

Fig. 5 (a) Schematic phase diagram for the aniso-
tropy formation mechanism in the HDDR process
of Nd;Fe,;sB-based alloys. The diagram is presented
on the hydrogen pressure vs. temperature plane.
The shaded area represents the phase field in
which Ndg(Fe, M);4B (where M stands for aniso-
tropy inducing elements), a-Fe, NdH,, and Fe;B
coexist in thermodynamic equilibrium. The micro-
structural changes during the process are shown
schematically as I, the initial stage with large Nd,
(Fe, M)14B grain size, II, a disproportionated stage
in which remnant Nd,(Fe, M);4B fine crystallites
retain their original crystallographic orientation,
and III, a textured, recombined stage. Arrows
indicate the c-axis directions of the Nd(Fe, M)14B
phase. (b) Transmission electron micrograph of a
specimen quenched during Stage II. The four
particles indicated by arrows are the remnant
Ndy(Fe, M)14B, and the matrix is Fe:B. The
selected area diffraction pattern of these particles
indicates that they have a common orientation.?®
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Fig. 6 Aging characteristics of the intrinsic coer-
civity of SmyFe;N, fine powder at 120°C in air:
(a) without coating and (b) with Zn coating
deposited by the vacuum evaporation technique
followed by heat treatment at 380°C for 10 h.2®

EMBER I N, BIRFESILD - 7.

2.3.2 HDDR 7O0EXICHIFEZEALEE Nd.Fe B
ZAreMicB\wT HDDR Yo+ 2 TED LS L TR
FRBAREL « BRESOBRELE L CTRESN 5001,
Zo7Fae ADTELIcY > TRIEE SO TE LRI
BoBVHEETH S, CoORIELT, &9 TEM %
AT 7ot 20RF0LBHBEREN8 /K8 I h,
BAHA =X LRI > TRELHIELDDDH 5.
B i, EH S 3RS Lo HIcER 100 nm PIT O
WM 7s NdoFe B RGBS HEEL, LbdbZN o)
TOREAMAEFELTVE I EEHO M LE®, o
HE3 Co ® Ga BERFHAFET 2RI R L
TEALRUBICRT L TRE(L & vl Ndy(Fe, M)14B KRR
FHH (M=Co,Ga 12 &) BAHNGROK &5 &5 RiE
B EBET560TH B,

Fig. 5 i3 HDDR 7o i< B} % B MM REAR
FolkmERs FERRBIESOTEFVINCKBEL 2
DOTH 5. HFEFEEHIFIE 100 #m FEE D Ndx(Fe, M)14B
EETH B (Stage I). Th % 700~900°C, 0.1~0.2 MPa
OKRFEA Z2HIc B EREILT 208, BRAUFETEM
DI L DR E 0 AR (MhducR U aKBEA 2
FE-EEFEEORER ETEE DT 8B TRESE
BT Ndo(Fe, M)1.B SREMLERA) (a-(Fe, M), (Fe, M),
B,NdH,) L EFFT 34 7 3 7 v v QWL £ BHME ST
it 3 (Stage II). Fig. 5 DEEIZ I DIRED TEM BEE
ThH D, WK FeoB KT DRI H LA - 72 NdoFe4B
W F CRH) DEET 2HTA2RT. a-FehiFhic b
BRBEEBNTIBEISNG. ZOMBIERS ik,
ZhoKBERD KR &, BEKD S Ndo(Fe, M)14B 555%
EL, Fhsfi--BEABERESH LIS (Stage
110),

HDDR 7o+ 2 3R OMBHIEAEE LTEREHFL
WEETHD, BHA B =R s OLFRIIC IBERLH

BAGHESES2EE Vol 21, No. 4-1, 1997

Bib oM - h 2 BEC, BEAREONTRE
ZSBRELPIT LTV BEND B, LV E, FrAlxC
NETIKHOHIKHE -2 EDDS, TOF v 2ETEN
B THRET 3 DOFENLSEENIE O EZLTY
3.

24 SmyFenN. REFAMRMKER

SmyFe/N; BEERBEMEXNF LD 5 5+0IcKE
REERHMSEAEEMACYETH 5. BEFom TR
NdsFe B ROEHFHHHEMREBEUWNZE/HEO LD
BEOSNTVE®, COMEHIE U < Bk R EREXT O
HBMRTH S SmCos &ERRIBIGHEITRETH A 5.

SmyFei7Ns FRAbL-EH) D Bk 5 B DXORL F D R SURF 1t 13
WML T 2 ERELMELTVWS, ZTNMEEEE S -
12D R REEEHI ORI & DRIESTGER Y » — 71538
KB TERE I K-k LItk B,

—%, Mn BEDORMITREEH VS &ic X » THESR
HEORBEFHEMRGEONE I EBWESNTVEY, £
DOEFA RS20 5 HFLLOBERPHEL 1252,
LU OB RBEPREE L —F4 7 0BRICDH
D, B (BH)pax HEEDHIT.

SmyFesN; Bifh S BRX A O 55813 Hey DAk iR R
floREBEEBIRELSBPLTIEAEHZIETH
28 oMl TR, NTREEXHENRSBTHET S
TEiTkD Hy OFBELEBIETE 5 EMRINTY
%. Fig. 6 WEZEREHE A L /2 SmoFe/N, R
D Hy OREFREELERBEEOHMR EHE L TR,
WEOFEE LT, THS Y 7 VEZEAE T8
R ER 7o R EBEL TV S,

2.5 &M NdoFe, B REMERE

HBEOXR Y% v PHEEE, BEOMHEHRET 180°C
EEOMBMESERSWIHRCH L TR, FHIERVF
MOV TH, KiEOMHEMEDMICH#HKZ D b D DiE
HoWESKHETH D, BHEROOEES, B K1
%R0 3RS DIRBEEREL (an) 25 —0.5%/K~—0.6%/K
&, Sm—Co %® —0.3%/K Ritk DE & K4 5 F W,

—F, FHEREBRRTIEAIZIE NdoFe B 2SN
B OBRE ay OfEIE —0.4%/K EHEXHEI BV TEH MR
¥yo# 2/3 Th 5. FHMHRK O RS DRSS C
D& D I/PE VOISR EOREESORE, BRES
BEAMHORERLPERRE S OREELE S - THAR
WhHThEEEEOND (BB HHES L IRORSHY
BEHIRBM ANV F—LERBAR IR VF-LOBALLT
mlEn ). CORT, FHEREEAWA ZRKIOR
EREEZSOKETEXIAEEEMD TVE LR
5, FOBOF—7 7 /v Y- ZERMEROBM/ LA T
»H 5.

B, PER 5 138 EW NdiisFessBs B D Fe 2 DB D
Nb7s & CE#T 2 ik, RABRBHRENEST S

165

NI | -El ectronic Library Service



The Magnetics Society of Japan

0 .
§ 101 b
g 20r  Fe=l 1
= L
Z 30t ® NdysFe73B35Co3Gay i
= W NdjsDyiFes3Bs55C03Gay

40 4 NdssFegsB15,5C05Crs .

¢ Melt-spun Nd;Fe 4B magnet
50 L L 1 L n 1 n 1 n 1 1
300 350 400 450 500
Temperature (K)

Fig. 7 Comparison of the flux losses of several
resin-bonded nano-composite permanent magnets
as a function of temperature. The flux loss is the
difference between the magnetic flux at room
temperature before and after the magnets were
exposed to the test temperature for one hour.
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