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Abstract: Rare earth magnetic materials with high performance and low cost are the critical components of modern tech-
nology and high-end defense techniques, especially for the rotating electrical machines such as traction motors and genera-
tors. But their fairly higher conductivity leads to larger eddy current losses due to slot ripple and inverter during the service
process, resulting in temperature rise and even thermal demagnetization. To solve the eddy current and temperature rise, the
systematic investigations have been done on rare earth permanent magnetic materials with high electrical resistivity. In this
paper, recent developments in dopants, insulation coating techniques of magnetic powders and forming techniques for high
electrical magnets have been reviewed. The research on the bonded, die-upset and sintered rare earth permanent magnetic
materials with high electrical resistivity have been summarized. Prospects of developing high electrical resistivity composite
magnets are presented.
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Table 1 Electrical resistivity of rare earth permanent magnets

Rare earth Electrical resistivity

permanent magnets (pnQ - cm)
Single crystal Nd-Fe-B ['!) 135
Polycrystalline sintered Nd-Fe-B magnet! '] 140~180
Hot-deformed Nd-Fe-B magnet (13! 150~300
Nanocrystalline or amorphous Nd-Fe-B melt
. [14] 150~300
ribbons
Sm-Co magnet ['5) 50~90
Sm-Fe-N magnet ['¢] 1730
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Fig. 1  Microstructures of SmCos flakes after HEBM with 40wt% CaF,: (a) TEM image of single crystal after milling for 2 h (inset

is SAED), (b)HRTEM image of nanocrystalline after milling for 5 h (inset is SAED) [2%]
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Fig. 2 Hysteresis loops of the magnetically aligned SmCoj flakes prepared
by HEBM for 2 h (a) and 5 h (b) with 40wt% Cal, and 5 h
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&3 Sm-Fe-N RIS ALAT Sm-Fe-N B A1 SEM FE 1160, (a) Sm-Fe-N, (b) ferrite/Sm-Fe-N'®)

Fig. 3 SEM images of Sm-Fe-N (a) and ferrite/Sm-Fe-N powders (b))

4 Nd-Fe-B [REMLTE CaF, 5 FIWH SEM B . (a) —##5, 2 mol/LEH, 45 min, (b) —#¥, 5.5 mol/L %, 45 min,
() Mi¥E, 2 mol/L VAW, 10 min, R/ 5.5 mol/L W, 30 min!?
Fig. 4 SEM images of the cross-section of the Nd-Fe-B melt-spun powders after one-step dropping coating with 2 mol/L (a) and with

5.5 mol/L (b) solutions by dropping for 45 min; and after two-step coating: 2 mol/L solutions, coating for 10 min plus 5. 5 mol/L,

coating for 30 min (c) (23]
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Table 2 Electrical resistivity and magnetic properties of rare earth permanent magnets
Magnets Fabrication method Electrical resistivity Coercivity Remanence (BH),,
Polymer-insulated anisotropic Sm \ ) . ed aliened
aenetic 0z .
(Coy7 Cug ggFeq o Zr g5 ) .35 mag- aenetie powser soated, algnec 1%10° Q + em?/m 12 kOe 6.8 kG 9.2 MGOe
forming, solidification
net[24]
Polymer-insulated isotropic Magnetic der soaked . formi
’ o aenetic powder soked, forming, 9.4x10* Q + em®/m 10 kOe 45k 43 MGOe
Nd; Feq B¢ magnet solidification
Polymer-insulated Magnetic ler soaked, aligned
' - aeneie powdersoatec, @ Enec, 1X10° Q - em®/m  8.0x10* A/m  045T  47.68 ki/m’
Sm, ( CoFeCuZr) ;; magnet forming, coating, solidification
Hot-pressed NdF, NdF;/NdFeB Liquid. chemical coating, hot-pressing L4 mO) - om 0.95 MA/m 07T _
composite magnet 2] formation
Anisotropic ferrite/Sm,Fe ;N Liquid chemical coati 1d-
P oS e chemicat cogtmg, mo 7490 p.Q - em 0.99 T 0751 T 102 kJ/m?
composite magnet! 16] pressing formation
Isotropic ferrite /Sm,Fe;;N Liquid chemical coati
P I 1quie chermica’ coaing, 4770 pQ - em 0.555 T 0.691 T 44 1)/m?
composite magnet! 6] explosive solidification
Liquid chemical coati hot pressing
$i0,/Nd-Fe-B[] et chemical coating, ol pressing 280 Q) - em 10.3 kOe 135kG  50.7 MGOe
at 550 °C, hot deforming at 850 °C
SmCoy/B,0, Platelet—s.hape mate'n'als mixture,, 640 p - em 5.7 MGOe
hot-pressing formation
Can/Prl“Fe79.5?6 Mixing powder, hol'pressing at Lc-axis: 200 pf) - cm, 15.3 kOe 210 kG B
composite magnet'3!! 650 °C, hot deforming at 800 °C // c-axis 873 pL) + cm
Dyk;/Pryy 5 Fe79.5$6 Mixing powder,.hol'pressing at Lc—axi? 121 pQ - cm, 17.1 kOe 510 kG _
composite magnet'ﬂ] 650 C, hot deforming at 800 °C // c-axis 115 p) « em
NdF3/Pr14.5FC79.57B6 Mixing powder, hut-pressing at J_c—axis‘ 137 uQ + cm, 177 kOe 210 kG B
composite magnet' 3! 650 °C, hot deforming at 800 °C // c-axis 580 p() + cm
r High e ball milling coati hot
SmCos/CaF, 2! 181 energy batl miting codting, 1o 500~600 Q2 + em 25~30 kOe 6.5 MGOe
pressing formation
Nd s Fery , Coy Gags Bg o/ CaF, CaF, layer inserted in Nd-Fe-Co-Ga-
. [26] B green body, sintering at 1090 °C, 21.12 m€) - cm ~9.8 kOe ~12.8 kGs
composite magnet annealing at 550 C
Sm(Co, Fe, Cu, 7r) ./ Sm, S5 layer inserted in Sm( Co, Fe,
Sm. S, [27] Cu, Zr), green body, sintering and 1845 pQ « em >24.5 kOe 10.51 kG~ 25.23 MGOe
m
> annealing
MnS layer inserted in Sm( Co, Fe,
Sm(Co, Fe, Cu, Zr) /MnS[®!  Cu, Zr), green body, sintering and 1021 pQ + em >24.5kOe  10.79 kGs  27.66 MGOe
annealing
(Nd, Pr) , 5Dy, ,- Bé.l" .ml"mg and \.vet ml.xmg.7 drying, ‘
aligning and forming, sintering and 2.0 nQ - m 1455~2035 kA/m ~0.98 T

Fey, AlggBsg el

annealing
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Fig.5 Effect of magnetizing-field on the recoil remanence of various magnets

4.2 HHMERMRIEE
N TR REVRRRBER, WEHICHIAR, B0 Fe, 0,
Dy, O3L32J . SiOZ'ZOJ . DyN3“2J . NdF3Hl'33'34' . DszLSSJ .

CaF," " FF AL KRR A s R 4B 2 W il 46 &2
B

TEHLEL RS T LA St X m v by R AT 4 2%, il 4
B HLBE R ARG, Bt , Zheng 25" S AT M 4k
SEAGRERTZ Y Nd-Fe-B KA, 3 2 #4R AAAAR T2 il g T
— PR Nd-Fe-B & A #i1K, Nd-Fe-B koK K1 ] LA
AT R AL A AL 18 ~ 101 nm JEE B A AL 4 2%
2, U Z TR K 24 F1 45 nm B, HIFH AR K
] 260 #1280 Q) « em, FKRERFA(BH),, 75K 47.8
F150.7 MGOe,, 44525 VIR EERIRF) 64 nm B, HIPHAR
280 wQ - em, EARERK(BH),, AH3EE 30.7 MGOe,,

5 AR BT Y Nd-Fe-B A Lm0 RE AR 1L
P/ AT i £ (1 Dy,0,#87% Nd-Fe-B/ Dy, 0, & ik
HAERMBE, 2495 1270 pQ - em™, #FR®E L
L, Nd-Fe-B/ Dy, 0, & & W 1A v Lh AR 55 5 W 35 )y,
2549 9. 64 kOe, XJEH T Dy [i] Nd-Fe-B ZEAKH 5 AL
BL(Nd, Dy),Fe B L&A B FHmi s i .

FETCHL T FL B S b kL b, AR 2 R B I ET LA
Kb B REVE R R, ek s R PR AR, (R, T4
ey b i S8R 5 5 1 G R A RO, AE SR Y AR
A, WHFERERL A Nd,Fe,, B FIE Nd &5 AH, S35
wEvERES L, SRR L, ALY 5 i R ik E) B
BRKMEYE, NAF, . DyF, . CaF, % 5ALY 09 Ak #4
FE Pr-Fe-B A HL B8 1 #8 e 2009, (HIX 2L/
PRI A5 ) et LB R 55 30 TR Ak ) 04 A4 A
o, WINSEAL I B/ VAR TE Pr-Fe-B #1476 T 1 T i
JitE I B4 7 84 T ) (2 X A T 1) ) R L SR A A 1
M. AN, BFFEERET, WINR T DA — e AR AR

[24]

1 Pr, sFe, s B #H/ IR TE B 1A 14 AR FIE 7 0 1

Komuro 2> 5B BHE A 1.4 mQ « em ALY R
JZIJE Nd-Fe-B #ifk, AR URIZBESS Nd-Fe-B B 1A /Y HL
FHSK 10 5, SEEEE R WoR, SCARHE I I 5 1 #1
PR A 38 T 2 AL 4 Ak B R AR T Y 8 £ BEAb,
2R FH e PR LR H R A SR A% 8 B Ml R A, R LR A4
HFRET TRET 50%.,

FEX S T, DyF, AU AN AT LAk B T AL 46 2%
DyF, BOFELE T T 800 A8 T e 46 S BEAIK, M 1. 6%
DyF, . GRS B D 63% I, A5 0 $ 25 I il A4k 1) 71
(7= X 517 B iy NN I 1 N 1 510 A R X LR E WA B )
JEB T Nd-Fe-B BEARH G DyF, ol A 3544 B £ Dy 1
I

151 FL P % Nd-Fe-B/CaF, & & 7k B A 57 48 = 1)
HLEHR, Ry 1180 pQ - em™™ | &AL AR M Hi R
BilE A BoR, CaF, MITEMUZ R (1 6) . 24 CaF, i1
JNE) 20%0F, CaF, M Al 44 228 18 % 4%, B2 CaF, i
JINAXF Nd-Fe-B/CaF, & & HEAR R Kig i B BH) ,, AR
KM, 4 CaF, BRI 20%8F, (BH),. TR
13.89 MGOe, KL, CaF, 97N & 2 AR 45 0 (R W4 ALY
T BT, BERE R e BRI B — e I, R
TRFF RS R REBERL,

4.3 BSHEERESEKEE

A PR S B e be S b i . TTAHLAN KA RS
%% Nd-Fe-B Begfia i AR EREAR " b
A 19 Nd-Fe-B # AR HI CaF, 9K B 21IR A, RIGHEY
B R R R IR, PR besh M nl K Ab B, BT LL3kAS CaF,
B2%10 Nd-Fe-B B4 iR . 24 CaF, 3 i) 9% i,
CaF, 8 24 5 45 Nd-Fe-B B A G0 I R BB F 4
400 wQ « em, HF CaF, FEREARF ZAH AN, NEEE
BLREA ABH L s R e 2, L, dEREME CaF, 8
Xt Best Nd-Fe-B i 1A i oL BH 5 1) RE 2 A BR AV



%9 IRV

1+ L BEL 3 LK AR 5 651

100pm 100pm

100pm

100Lm

¥ 6 Nd-Fe-B/CaF, & Wi R M T HU T /. CaF, Tt 20 4K
15% (a) f120% (b) @A, CaF, fim 4 15% (c) Al
20% (d) Tk ZERREIR A

Fig. 6 Backscattered electron images of the Nd-Fe-B/Cal, composite

magnet fabricated by simple blending with 15wt% (a) and
20wt% (b) CaF,, and wet blending in ethanol and drying with

15wt% (c) and 20wt% CaF,(d)
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Fig. 7 Deposition of dielectric layer on Nd-Fe-B powder-1 with dry

powder blend-2 (a) or ethanol dispersion-3 (b), and obtai-

ning segmented field-oriented green compact-4 () "

10 20 \30 a0
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Fig. 8 As-sintered internally segmented Nd-Fe-B magnets prepared with
0.09 mg (a) and 0.19 mg (b) CaF, per mm?['")
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