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Abstract

In order to reduce the eddy current loss of samarium cobalt magnets in permanent magnet motors,
in this paper, SmCos/CaF, composite powders doped with CaF; were prepared by high-energy ball
grinding, SmCos/CaF. composite magnets were prepared by hot-pressed technology, and the effects
of doping on the microstructure, magnetic properties and resistivity of hot-pressed composite mag-
nets were studied. The results show that with the increase of CaF, doping, CaF, gradually presents
a continuous zonal distribution, realizing the insulation coating of SmCos, and increasing the resis-
tivity of the composite magnet. When the CaF, doping amount is 5 wt%, the resistivity of the com-
posite magnet is 245 pQ-cm. When CaF: is doped at 20 wt%, the resistivity of the composite mag-
net is up to 680 pQ-cm, which is 900% higher than that of the undoped SmCos magnet at 75 pQ-cm.
However, with the increase of CaF. doping amount, the density and magnetic properties of the com-
posite magnet show a decreasing trend. When the CaF; doping amount is 5 wt%, the magnetic ener-
gy product (BH)max of the composite magnet decreases from 53.07 kJ/m3 to 42.83 kJ/m3, which is
19% lower than that in the undoped condition. When the doping amount of CaF; is 5 wt%, CaF; grad-
ually shows a flake morphology with the proflation of pregrinding time. The resistivity of SmCos/CaF;
composite magnet prepared after 5 h pregrinding increases to 283 pQ-cm, and its magnetic energy
product (BH)max is 42.82 KJ/m3. It can be seen that when the doping amount of CaF; is the same, ex-
tending the pregrinding time can improve the resistivity of the composite magnet, but has no effect
on its magnetic properties.
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1. 5|

T LK BERTRIE 1 54 2 R AT B B R 2 R i B AR, B 5 P & R R i 7y B
Rl AE R LR ZI AL R[] [2] . B H 335 K BT R EAT AR 2 i s 3, pu ol el A A 7k R R
TR G [, AR AL AR 2t Tt e ™ A AR T FLCR B, SHEREVE REH R AN T
VERCR TRE[3] BN IR IR AR r Bl 3 A PRIV — R W LK REAR AR RIS e, HEAT
o], AR Dk SR 7 A, (HX A7 AT AT 7 2L o LSS RSB, I HABCRAN R
[4] [5] [6]; —AERT LAMAPRIA SR, it 5 iR 2 b, DRIsl N it AR i A R il A2
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PEH AR A R B R [ 7], FEAL AR P A 2 B AV A R, BRI R R L S HLR P N
310°C~380°C , 7F IR A% it e e AT LAZK 32 (3R RE Ak B 180°C , (B AZ Bl Ak W AR J& HLIEE v 700°C~900°C,
FETARREE ST 180°CHY, HERG RIS HUE I S gk K ikl BB REtE, FIEak
AR RHE R Ty 2 | s i 0 R vy T P AL S5 sl B A B Jn ) vl %) B FH 5% (8] [9] [10] .« Ffr BASIZES: DAFZ R SmCos
HRRZ A BB, #HAT e S Re R .

¥ SmCos FRPHER, H R B4 — 52 & & 10 = P PR R TCH LI Rk AT 6078, SEIUX 32 A dm kL )
UG, O BARN BT IS, AT N R ILIFE[11]. #5221 = i B To A R B0 iy &
. BRI B SE[12] [13] [14]. PR, ASSEISIE@EIEAE SmCos Bk RN CaF,, H H R FHERES
R TEH & HE A0, TTRBAERESER CaF, M E SRR L . BitkGE. HBLR S,
JAB RN R F JE LG CaF, % 52 B A W 14 e R L SEL 2R R SR o Sy kN2 Bl WA A4 TE AR S 2 v )R SR
PEE M EHE IR JC AR R IR IAEE R i Fa e MR A Ve 2%

2. XWMNEF=

SIZBG JRORE R FH 405 A 99.95% 1) Sm Al Co 4 5+ LLELREH(Sm #M2 5 wi%, TRAME R BIFE), [ HH=
HLITE Ar SRS T AT I8 o S IR0 & B Se kAT HUARAR AT, i 80 H i 1+, £3 2P 34 Ki4% 0 8~100 pm
1] SmCos JFIEH K. FREL 3~20 Wt% & &) CaF, ik, HEAT 0.1 h BUTES, (FRSFE IS, KIEm
CaF, B K544 2| SmCos JF Uk K 3/ 5 G H 4k, BURHNEE 1 AR FFREL 5 wi%e & &) CaF, ¥y, 433l
HEAT 1~5 h BT, #5253 SmCos JR4AK R IR 5E & k4. FIH SPEX-8000 {51 e BREE ML &2 & 8 4 it
FTTIREEREE 3 h, BREEA N IE BT, BB 10:1. B ERER J5 02 AR AN BB, 7835 % 550°C .
& /7 350 MPa 261 F#EATHUE R, A EZ 13 mm. & 10 mm A4 K SmCos 2 A Rk

Table 1. Mass ratio of SmCos powder and CaF, powder for the high-energy ball milling
%z 1. SmCos ¥R F0 CaF, #) R = ek E U FREHTEL

CaF, & H:(Wt%) 0 3 5 10 15 20
SmCos (g) 5 4.85 475 45 4.25 4
CaF, (g) 0 0.15 0.25 05 0.75 1

Fl A IR ERE A TH S, I FT-300A1 5 Akl e SH MR, R FH DU ot vokadh 47 R L %600
i, PRI =R, SRECPIME . R BT ERAEHE KX SmCos &2 A REAMAR K 2 B AT I & . 26D
F LA D) EAR Y 6 mm. = B2 9 mm e /N BEAE, FTEE S, AEH] PM-1 ik e L iEAT R
K NIM-6200C 7K W45 2 MAAACEEAT W 1 Be A, SRASBEERh 2k K H 34 v+ AL (SEM) AT X 5 4k
FTEHA XRD) A 4 He R AA R T HEAT SO T SR AP0 AH 2347

3. &ER5vHe
3.1. #JE SmCo/CaF, E &Mk ZY

X ARIB A CaF, MIZTEZ AL T ERBE 3 h J5#E4T 550°C IR, ISRIASERE N 7.4 glem®, SmCos k1A
HLWE N 8.5 glem®, WIAFRIEEEE (1) 87.1%. X2 i TR SmCos B A BURLLEER (ffi N E I H 1k
gEN, IF FLBEEBREER A K, o AR5, Bl ERBERS (] AR 00, P A AN S A 1 R b 4k 48
WK, VREERE A e B RO R S, BETRN16]. EEREE 3h 5, FEWEAER K, Bl
O H ) SmCos RS FE K. B2 2 WL, BE%E CaF, BB 1IN, B om0 s, b
T CaF, By K% 3.18 glem®, A5 L SmCos % MK, Fir LLE S RAAS R BES 2« B8 N T . 24
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CaF, A 20 wt%lt}, FERE N 6.2 glem®, BRBAIN NI T 16%. (HEEF] T 20 mt%B B E &
WA TG TE () 96.9%, BEAE CaF, BAEIIENN, plpneor BEAR L IIG KIS, I CaF, AT LUK & & AR )
BPEHATIETS, S .

Table 2. Effect of CaF, doping on density and theoretical density of the hot-pressed SmCos magnet
7= 2. CaF B HXAE SmCos HAMRZ E IR IL B E M2

CaF, é\%(\’\’t%) p (g/ Cm3) Pineor (9/ Cm3) Plptneor (%)
0 7.4 8.5 87.1
3 6.8 8.1 84.0
5 6.6 7.8 84.6
10 6.4 7.3 87.7
15 6.3 6.8 92.6
20 6.2 6.4 96.9

3.2. #[E SmCos/CaF, § SRR MAESR

it SmCos & A HEAM M AL URAAL, MBI B2 5t AR PEBE RIS . 5] 1 B4 E 5 wi%H]
20 Wt%ft] CaF, 2% SmCos #\EEA T XRD Eitk . (& 1 il LA H, 24 CaF, B4 &4 5 wt%lh, SmCos
SE AR T BN R CaFy AHIIRFIEVE, BB CaF, 14544 T SmCos HE YA 4L 4UH 1 N B .
e, JFHEE#E CaF, S ERIMIN, FHEUE R ER, RHE WA CaF, WA EN . BRibz
Ab, FEEA KIL SmCos EAHF CaF, Z AT I &4, W CaF, BoNfaE, A5 SmCos KA HH H AR
Mo [, B CaF, S4B RN INA I SmyO; &A1k B ] 2, X2 i T CaF, B, A
AN FER T, HBE CaF, 54« b hnmisgn. Jf HERES 5 e T A2 bt & — /N S B & 7
MRER, FEAELEEI Sm* a8y, BT ATEBANNS, XSG WA YR TR, H
B 1B R, ERERFER LT AR, 5 SmoCoy MHRIFEBEHBL, (HEERAD, HRAE IR
NIV
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Figure 1. XRD images of the hot-pressed SmCos magnet doped with different CaF, contents: (a) 5 wt%; (b)
10 wt%; (c) 15 wt%; (d) 20 wt%
E 1. LA EEE CaF, Bi/E SmCos fikfk XRD & : (a) 5wt%; (b) 10 wt%; (c) 15 wit%:; (d) 20 wi%
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Kl 2 AR CaF, 7% B fF#4 K SmCos/CaF, B & iR SEM K, BT SE1H it K /77 A i D) o
H1P 2 AT, K X350 SmCos 1AH, BB FOIRETH, I K 2 SUNTRINEK CaF,. B 1525 BRI,
CaF, X SmCos T AHBEAT ¥ &7, CaF, M BONEIS). AT, B EMEIN, CaF, AT 40
SR AT RS . ROV RER RIS, Dy — LI AITRIRR . HR4E & 3 1 mapping 4B 74T,
ROXIHIEA Ca JUER MIAFAE, BHIIEAFAEDHR 7)1 CaF, MUk, [KIJ CaF, FUMEME s BERE R, 35 SEM
FEAR T E PG 78 CaF, BURLAF LRI )7 2 I R sk, HEEESRENEZ, ROXKEREIENKE
%, BTIEWISR. ACGXIEIEEN Sm0;, HFL Sm KA. B CaF, Bx&E MG, ABXEA
SRS, X T hE CaF, B2 NI Py A & NG, R AR BRI 5 il T (i A2 B

R AT

P TR RO Y ST

(b)lOwt%ﬂ'z

Figure 2. SEM images of the hot-pressed SmCos/CaF, composite magnet with different CaF, doping quantities
Bl 2. T[] CaF, B ERI#E SmCos/CaF, E &K SEM

Figure 3. EDS mapping images of the hot-pressed SmCos/CaF, composite magnet doped with 5 wt% CaF,
[& 3. 2= 5 wt% CaF, BY#E SmCos/CaF, 8 &K EDS mapping &
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3.3. CaF, IBHREXHRE SmCos/CaF, & A4 14 BE R i BH LRI RN

I TE SmCos WM HH 45 2 AN R & 51 CaF,, W A% #U%K SmCos WA AT BE R . 4] 4(2) 9 3 Wt%.
5wt%. 10 wt%. 15 wt%Fl 20 wt%$5 4= & [¥] CaF, Xt R PRFIRE B, HFil 11 Ho FIREBEAN (BH) max U2 . 24
CaF, & 0 wt%H, B, =0.536 T, Hg=1240 KA/M, (BH)uy =53.07 kIim®. HF 4(a)nl %0, P& CaF, &
BN, EEHARTIRINE B Hri)] Hy FHERE AN (BH)max BZ BB/, WETERE T FEE™H . Y CaF,
£ 20 Wi%l, B, =0.375 T, Hg=515.9 KA/m, (BH)na = 21.70 kIm®. AHELELTT 5, 524 20 wt%ff) CaF,
BARAB I SMCos HEAR FIHERER (BH)max NI T 59.1%, UiME{BE N CaF, WA MEREIFER K, &
BN A RARIEFHER, M5 44 5 wt%[¥) CaF, B AEFL (BH)max I N FE T 19%, F HRITEIS I & 3 wi%
FI| 5 Wtool Jk /N A LE, LM REFERDN, B IR KB AANME .
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Figure 4. Effect of different doping amounts of CaF, on magnetic properties and resistivity of the hot-pressed
SmCos,CaF, composite magnet
B 4. FEHSZEM CaF, X HJE SmCos/CaF, & & M fi 1t AR PR AR

4(b)%5 i T SmCos E 5 HAAHIFL R 5 CaF, 1B 58 R 2. 1 & 4(b) AT L, BEE B R

R R BASETT R, 2 LIRS . REBRIBARMEEN 75 nQ-om, 575 3 wielf, HHRIER
3| 149 pQ-cm, AHELEHRTE T 453 — % X2 N CaFy /& —Fihv i B TE ALY, A B 5+ - 24 5 SmCos
B A HEAT RREBRIE I, 2R SmCos JEUA A ks UM HEZ UG, 30 1 B d1 s 7 AR LR, ki
Z (¥ H H T B RS B T R T BEASAE I [17] o [, 2EAT BRI AR PR R kAT T 4% 08,
JEw T AR AL F A, AT SmCos B A HAAKI IR B4 . B8 BN 20 wi%l, HBHARBOR
BIRINARTE T 900%, B BIRRRIHM, RISk SN, HErt et ™ EuL. R R
BOK, H2 ARG L R A, Toi2ki A K A R AL B BT o

3.4. CaF, FEEEXHARE SmCos E & fi {4 #iME REFNFE FE AV I

5 K CaF, Z3d =i BeBREE 1~5 h ) SEM K. M e] LLE H, BEAE BREERT (R FI34 00, CaF, iZ¥iE
FHIARGEM, F BAEERBE R rh LA IR S R R A, CaF, SHIRE . & 5@)EREE 1 h )5
TR AR B JE LN 5.949, Bl 528/ 31 15 5(c)EREE 3 h (A JEEL N 4.025, SRJE 441 K F) 4 5(e)
BREE 5 h I JEEEE N 6.042, £ 1~5 h BREE L REH, > fEBEE CaF, HI I G Jl i) RS 38 KRB A 5 Bk
P A RIS IUN R . ARYE 0~20 Wi AN [H] 5 4% & CaF, XA SmCos i ARk P A A1 HE BH 2 1)
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oM, X4 CaF, 5245 N 5 witol), JLRiVEGERT s BH R v DLE B8 . MORE S GEBREE 1 hy 3h, 5h
Fr R Eb i RATE N = AR, 1E SmCos Bk 524 5 W%l CaF, #EAT = AEEREE, 3k15 SmCos/CaF, &
AR, BT RE RIS E SRR

Figure 5. SEM images of CaF, powder under different milling times

5. NEITKEERTE) T HY CaF, #MAH) SEM [E

K6 gk Al CaF, &it 1 hy 3h. 5hTHiEE)G, 7E SmCos HiknH1157% 5 wt% & &[] CaF, K15 1 #4
FEREARETEREAR A . F 2R A vT L, REBEAR (BH)max AL B ARIR/N, TS 22 TS 3 h (1) CaF, i GE(BH)max
/N, AT 3 h WA ARERE, FIRIG™E, MO R G S & ARV RE 2 s s e . 14 6
HiZk By CaF, 40t 1 h. 3h. 5hWTiEES, 7€ SmCos Bk 154 5 W%l CaF, i #4 K il 47 o fH 2 281k,
Mhek. Bdhsk B mTLLEH, FREHEK, SERAREEERR, 85 IERXT SmCos FMHM AL M E,
HHIR CaF, E A B INES:, iR K, Kk, 7F CaF, 44l 5h ITREE G, FHET 5 wt%is 4 st
5, AR LA F P Ze ] DA B 5 K AE 283 pQ-em,  HLUFHEBCRB AT T 377%, 5 CaF, Tl 0.1 h J5
BRI EE SRR ETIEZE 245 pQ-em, HPHZIETE 1 13.4%. HULAI WL, fE CaF, TiEE 5 h 5, Frfil&
(1) SmCos/CaF, & & ik Vs kil P 8 AN R FH %6 ] LU S A 5 R
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Figure 6. Effect of 5 wt% CaF, doping at different pregrinding times on (BH).., and resistivity of
the hot-pressed SmCos/CaF, composite magnet

6. N[EIFREERTE]EY 5 Wt CaF, 2%t E SmCos/CaF, & & HifA (BH)may FEE FHER FI 5200
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4, 4Eip

AR REER B AN R %6 T SmCos/CaF, H &Mk, BT THBEAR & & CaF, LH R
Xt SmCos/CaF, & & IR LA BEERE R PR RE R, FELIRUWT

1) BEE CaF B2 B IN, CaF, IRHIEIGE 2z g o, IF HLiZ W 2 B HOIR 73 A% SmCos 3=
MHATASEE, 5 7 B,

2) W% CaF, BAxm I, Witkre 23N RS, 24 CaF Bk BN 5 Wl , E&HIRImLiRE
FAUBH)max FFET 19%, ik, FEZEHITHDB R E, EHARREE S, DOk i ERer K.

3) CaF, 14544 1] LLKIE FE 42 =5 SmCos MM HLPH 2R, 4 CaF, #4454 5 Wil , HHJEK A 75 pQ-em
P E] 245 pQ-em, £ CaF, B2 E )y 20 wioelty, HELPH ] LU 55 900%, {HA4ME AEHFEt K.

4) RIE T ELLH CaF, F SmCos WK IRETERESE /N, (HIE CaF, S EAHFEIE, F R,
SmCos/CaF, & A Wi 7R i HiBH 26 80K

HE&mHE
SR 5% B S 1R 35T H (2022 Y FB3505600) 4 A i 78 TAF # 7 #F o
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