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Development of Fe-Cr-Co Magnet Parts by Selective Laser Melting
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#goaL3/NL b (Fe-Cr-Co) AT 2&BRBEN EOEAEE 2 Hlid 2 £ Z2BM
IZ, SLM (Selective Laser Melting : iR L ——¥KRIREERE) T Fe-Cr-Co Bia%
EBELE L——0OBHIRINF—BEZHEELCTSIETRMEEZ 0.1%UTICERLE. &
HMaBRR ESHEERBRE OBMTIFEEANER, SLM ERICKUER L /= Fe-Cr-Co A D%
RHEFACLBRLTRFULETH >/, HHlBERROER, HEHATIE, TICP TINDB
FIICHIE T AR —L1EE%2E T 5D, W Fe-Cr-Co BAIMEHIIE—ThH o7, BT
HEREDDIE SLM EWMPEHEETER L/ Fe-Cr-CoBATIR TN T HHBEIRED 0L
ZA5N%, SLMEHICEKY, BRaZRKOEHMAZERIIETHDIILZ2BRAL, BEEEHICK
) Fe-Cr-Co #aNDHEN T TH D I EDFHh 7=,

Fe-Cr-Co magnets were manufactured by selective laser melting (SLM), which is an additive
manufacturing method. By adjusting the SLM conditions, a low defect ratio of < 0.1% could be
achieved. The additively manufactured Fe-Cr-Co magnets exhibited similar or better
performance than that for conventional cast magnets. Though uniform structures were
observed in the additively manufactured specimens, locally precipitated TiC or TiN phases
were observed in cast Fe-Cr-Co magnets by scanning electron microscopy. The microstructures
in the specimens were different, and it is considered that the magnetic performance was
affected by the microstructure. These results indicate that Fe-Cr-Co magnets can be
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successfully fabricated using SLM.
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EhTnwa V9, fEEEohTy, SEMME 2858 e
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FENLEE L 7, T ORR, MEKT D w2
a— B, BEBEEHLER S 2 & NG Rl R S B i o
HRZTREIC A D, ENIF TR ED ShTnb, &
BRI EICBET 2 BlifARe L LT, H &I H 8
TERT & AL CRBE RN N4 Ty brE—/4 100 %
PAFE L 720 7z, MILHEEEE MAT21 5 &, 28
BIOREREE DR Z D T3 ¥, KfE Tk 6
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2. Fe-Cr-Co BANFEEELEAMANEHE

WEPERDRN,  BEERL AR & B REMEARHZ 73 1 5 h
%, WERMEMRHIRE K E <, SRS ISR L T
Wi LIz < WEEM B TH 5. REHIELT, 7254
Migfr, Nd-Fe-B Rf#fi, Sm-Co Rfigifn, &EighiE
NHFoNnd, ZOHT, BEEAITHEE TEETEDS
NpZen%<, kL RN WY 4 TR EME
RORPEIZINT WS, GEEADOHIE LTIE, Fe-Cr-
ColaR 7ML= b 5,

Fe-Cr-Co [ A11d 7L = RGN, OB S &
IAINE—FEEHD, £72, AN FEHERNDENED,
MifE A ) 2 7 #{EWTE S, 5T, TL=TALE
[ 1 B B G SR % B D IR AR B A3/ & < IR E VRIS 18
NB, 2O, PLr) 39X =Ry —5%1C
M & T3, Fe-Cr-Co A DELE FOFEBIL, ¥
MIANEETHEIETHD, kIS, $hitik KO
BEICK>TEE Sh T\ 5, — 7, s cilE 3 254,
PGSR L 50, FRCAREERTIREE T 2 P2
b, Tz, SETITMAMEAES Z L0 L <,
EHICBRAHE 2R 3 BILEOMBEREE N T\ 5,
20729, EREEEEOWEMIZL D EMAEDLRS
o fEBLE A FBLL, 2D, SRS & & RGN A 1A
ExwprZ IS,

KfZeid, Fe-Cr-Co WA= k3 2 ffd s ik oo v il o
EVEAREIIS A 2 & A HME L, BREERIZLD Fe-Cr-
Co WA & B U 2452 OV Tl 5, 3o, H
2EHAT b3 A DB THERLL 72 Fe-Cr-Co A DO JF R
ByAR A HWT, SLM FADRREEFREEIC TR & &
WU 7z, WIZHE L DA T CER U 22384 O 51l
#9352 LT, RIFIZKITTER LML OB
PEIZRIETRIGROMEAFML 72, 512, ThH6D
ABR R & BERETIRBL U 7= $53 bF OB SURE I 2 Al L 72
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3. XEBFE

3.1 g
SLMEEDERE LT, BH2EHFAT b v A4 XHETIER
L 7z Fe-Cr-Co WA DERHAR 2 Fvy 7z, ] 112 Fe-Cr-
Co WA D RHE AR DMK 2R3, 3O %Kik
L IXIRE L-RRETH W, 72, ik & LT
WIS TERLL 72 Fe-Cr-Co A1 2RI L 72, & 2 12853
Fe-Cr-Co A DM AR, AR TIE, FiEEFOE
FAE % GHM 9 5 72012, FEREG S a2 L 72 M8 O 38
EFERML T B ShERE & & FOREHE L 72,

1 Fe-Cr-CoBAMERDMER
Table 1 Compositions of Fe-Cr-Co magnet powders (mass%)

Fe Cr Co Ti Si
Lot.1 Bal. 24.4 10.3 0.5 0.5
Lot.2 Bal. 24.5 10.2 0.6 0.5
Lot.3 Bal. 24.7 10.3 0.6 0.5

R2  §5E Fe-Cr-Co A DR
Table 2 Composition of a cast Fe-Cr-Co magnet (mass%)

Fe Cr Co Ti Si

Bal. 25.9 9.7 1.1 0.5

3.2 Fe-Cr-Co BRmNDELEH E

AWFzE T, #d L UPSLM HRXOREERIC TR
K25 Fe-Cr-Co A DG # ER L 72, $hdak
BiFiE, Fe-Cr-Co A DRI &AM L, SANZIEY, §F
[il42%Z & THEMLZ, B 112 SLMEEDOREKX % x
T BUOICERAEZN—-2 7L — MZERICRERE L
72 (B 1 (@), Wiz, CAD 7 — & IZHD < Wi R IZHE -
TV —HF—%ER/T 5L THARREEZRTRICER &
L CEEREMZ (B1 (b)), ZoBKREOMiGE L —
YK EOETZET, "N—=2 7L — b IR

(c)
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1 SLM 70+ X DR (a) # K AHE (b) 351 B TOER HE (c) BE TOER HE
Fig.1 Schematic of SLM process (a) powder feeding, (b) melting/coagulation at 1 layer, and (c) melting/coagulation for a large number of layers
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BLUEBMRAEFLZ (K1 (0). &EkiEEpEE L
L CiZ EOS M290 (EOS GmbH #L#)) % 7=, 21
SRR EO M AR T, WERICF v Y =
&, TAITUEHRE L, BIRMREE X340 pm & L,
L —H— 1 171d 200-350 W, EAHEE 1Z 600-2,000 mm/s,
L —H—EAEMIREE 0.09-0.11 mm OHFPHT, XXXk
ST CREBA 2L 72, EE®RIZTA Y —F v b3
BIZTR=27 VL — b2 okl &M AE U 0L 7=,
il K OB IS, VLR B K ORE(LALEE A 2
L7z, BRALEE 35 X OTREMLALBEIG I3, 13 U0 ISR %
900°C T13 hr & L 72, & IZ, 260 kA/m O g 7 vh,
620°C T 2.5 hr MIEL 7=, %12 650°C T 1.2 hr JIELL,
#5C /min TWHIL 72,

/

2 EOS M290 MR
Fig.2 Appearance of EOS M290

3.3 FHliGE

ORI AR ORKIE, 28y, ICP (Inductively Coupled
Plasma) JENH AT, WL ToHOT L7z, BB KU
Sl ekl OTHIREE 13, BASRFT O Z W L 7= 512,
KM B &K O ERTE T PH M (SEM: Scanning
Electron Microscope) {2 CaHii L 7z, skl OICRAM0IE
SEM Il L 7z = 2 v — 47 X #o o ik (EDS:
Energy-Dispersive X-ray Spectroscopy) CTalli L 7=, &
PINERORBGEZ, GO Wi D 2285 & el 1= T
BligL, XM Ick kD, RGRUERE, RREFIE
O Wiz 5 L, KFEOFELEZIRFOMRHA Sy (mm?) % Bl%2
MO S, (mm®) THUZMMOBA S HEE2KREED (%)
& U 7o AL TIIABVLEL D ESE - D R FGE 2 JIE L 72,

D=8/ S. X 100% (1)

IR OB KEEIZ B-H M L — 4 — % W CEHfi L
770 BEAD B-H fifg &Ko, Z Oh#E & 0 i H
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HIE B, (T), KT HILF—H (BH) poe (kJ/m®), Al
it J, (T) & XU Hes (kA/m) %R 7=, MAAIL
12 (BH) max / (B: X Hep) IZ& DR, —f%I A7 G
TERFICIE, MR J — AR S H RO 2 RBRICE
W, J280.9 X J, (J 35, J. = B.) OfEick b
MED HEIOFAMETH 5 HBHWO6hE, TDOH, %
IR RR O A %1 Hey THR U 724l (Hy /H.p) AR
LLTEFEIND, —J, Fe-Cr-Co il \TlE, Hy
M Nd-Fe-BWA 7 = 74 PRGAIZHNTEKL, 72
Hey & Hop & PMEIFFREIZ 2 Z &0 5 Lino—ikih 7 i
RIORD il T 22 ENTEEN, 2070, K
WEIZBWTIE, Hy & Heg ENXTFEMEIZ A S Z L %205
HL, AP E&448IEE LT (BH) n/ (B X Hep) &
EF SN AR E 2,

4. BREEE

41 SLMEFRHBRRFOABSLIVL —HF—BHI X
WX —ICEDRBEANDTE

R 312 SLMICXDEEL -RkER o 2R3, ik
BiFre LT, 910 X 10 X 10 mm B XU XY HANZEH
D10 X 10 X 40 mm DEEW % ML 7=,

B 4 12 3E W O eSS S S A R T, KD
HEBRMGEHTH 5, EXFHEMHETIZHNT, Wik
RRENFR L 52 L 5MER L2, 22T, RMFEIZHZ 5
HrELT, Ly —HHCNb2 1LY —HEE
(J/mm®) 2T L 72, TH3ILF—%EId SLM 7'u
Y ZADOFELEIINT A= THBL—F =P (W), L —
P —ETEE v (mm/s), V—F—OERMMFa (mm),
RO —REIEE d (mm) % HWTK (2) 263k 72 19,

E=P/ (v X aXJd) (2)

10 mm

3 SLMIC& V&R L AR DAE
Fig.3 Appearance of SLM specimens



B 5 ICHES L — =D 3L X - L AER L 2B
DRMGROBRE RS, L - —D T 1L X —EEE
2350 J/mm® & DAROEFE, KRIEEER 23555 Z & AR
L (R4@). BEHL - DT 3L X %S E %59,
50-60 J/mm® 129 % Z & TRIGHIKIET 5 Z LA A[RET H
D (E4 (b)), WL —F—-—DITXILF—FEEZEHD
T 60-100 J/mm*12¢ % Z & CHrmi o XRG4 0.1% LTI
THIENNEETH S Z AR LZ (B4 (€). —H
L - —DZ 3L F-%EE % 100 J/mm* & D &<
T2, RMGEPEBL RPZL%#HRALZ (K4 (d).

(a) (b)

0.5 mm 0.5 mm
(c) (d)

0.5 mm 0.5 mm

4 SLM &FEHBTE O FEMSE SR, EMEORFL - -DIx
WX - : (@) E<50J/mm (b) 50 < E <60 J/mmd,
(c) BO<E <100 J/mm®, and (d) E > 100 J/mm?

Fig.4 Cross-sectional optical microscope images of SLM
specimens, manufactured under (a) E < 50 J/mm?, (b) 50 < E < 60
J/mm3, (c) 60 < E <100 J/mm?, and (d) E > 100 J/mm?®
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Fig.5 Relationship between defect ratio and energy density of laser
beam for SLM specimens
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LETFTEZELETB, XV (BH) nux 05 Z L3 HE
ThHbHZEEMERL,

X 7 (2R bgR & fafiigAb J, OBtk &R T, EEMO X
Bia 8 & FEHE DML 100% TH 5 Z &5 5 RIGEIE L
n5HE, RERIIELS B 5, —MICHNARED 720 O
BOFTHELE L JOIERFIT 2 Z EnMEh TS, 20D
728, XS J B FEERICIE BT 5 SAE L, KEGHE
R L - BRERAE A U COR T, J, O FHINE & PRI
Wh—% L7z, ZOZ LM, JAZEL, SLM TEFL
72 Fe-Cr-Co g & e L D e S h T\ B4 & Rk
DM EAET EEZ OGNS,

X 8 IZ Fe-Cr-Co fiia D KR Fa=E & /1)) Hep O BITR %
T, Fe-Cr-Co iz \T, RES11E B, X (BH) max
ERIBRIZENZ Rk 6N 5. K0~ 3% O
T, B, OZLICHKKN T 221t E, Hes OMELZ
{LIZHERR T & 5 72,
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Fig.6 Influence of defect ratio on residual magnetic flux density (B)
and maximum energy product ((BH) max) for SLM specimens
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—f%IZ Fe-Cr-Co ¢ i2 bW T, AAIIZEmWZ &Y
Fhbd, AAIE (BH) e, BeBLK U Hs 2 6KDEN
BH, SLM THEE L 2 AicnTid, REEESENE
EFBIE GRS B A AR L 7z,

Theoretical values of Js

Js (T)
&

0.0 0.5 1.0 1.5 2.0 25 3.0

Defect ratio (%)

7 EWMORKEER LML Jo DRIER
Fig.7 Relationship between saturation magnetization (Js) and defect
ratio for SLM specimens
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Fig.8 Relationship between coercive force (H:s) and defect ratio for
SLM specimens

#&3 Fe-Cr-CoWiADHSTIHM
Table 3 Magnetic properties of various Fe-Cr-Co magnets

DIk, RIGRICE 28RO B & IR R,
REGEREIMENE L Fe-Cr-Co A DOVERED 5 < 7& 5 fH[A]
XCASE aBa
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kel [J
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9 EMMORBEE L ARLEDREF
Fig.9 Relationship between square ratio and defect ratio for SLM
specimens

4.3 SLM & L USEHA DB SIFE
F3ICSLM iR H X U8EE TR L 72 Fe-Cr-Co i
ADOWKFEZ R T, 4.2 BHIZEEOM Y SLM1 ~3 D
AR 2 D, RIGEMENE E BN KR %
R U7z, SLMEEORA & $5E A4 & ik U 72 5558,
SLM3 i3 #hifiif & 0 & RFGRIIE N 22b 5 T8
WA RSO B, #H L, (BH) e & FASIGIZSFER A
KO\ E AR L, —, HelZBILTE, 9.
TOH VY TILTIRITMEETH S Z & AR Lz, ZOHE
Rrb, MEEE L $hEwa 3 8EEDENH» 5 Cr,
Co, Ti OfBILIZFEEIZIE KL EWE DD, FEEEF
TAEBIL 72 Fe-Cr-Co gz W\ T8, —ARIZEH X
N8O L A% EOMWREEMH5 2 L 0RET
HBIZLAEMRL, ZDTLH»6ERERF ORISR
PEZFERLA ATRE L KHET b 5 T & D35 5 72,

Defect ratio (%) B, (T) (BH) max (kd/m?) Hes (KA/m) Square ratio
SLM1 0.01 1.39 54.4 48.7 0.80
SLM2 0.45 1.37 51.3 47.8 0.78
SLM3 0.82 1.35 50.0 47.6 0.78
Cast 0.66 1.35 47.8 49.5 0.72
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44 SLM &Rz &L UimEHA OiilieE BN, ZOX5 MRS REEE LTI,
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IZY— kA A L, EDS2 56 SLMERIZ KD 1EHR INSDOWMMEEDENBEEL TWEEELLN, &

L72fy, TiBE—ICi i3 2 L&l Lz, £7z, AR 2 0 2 TETH 5
A& U 72 fh D ILR~ v ¥ v 75 6 & L 720K 1E DI EDHERD S, SLMEHE & ##iE THER L 72 Fe-Cr-
RoNLh o7z, BIEERITHHEE 2 E N 720128 — Co A TN OH HEO BN & Ik x5 Z &

LHlnmEonh-E 21605, SLMIL & SLM3 % kg ZHERR L, DGR S 0038 W A3 SRR %ﬁ’.i.“tr%uzms
L7245, DOAHE 7155 & HIGRIC IRk Y & 5 Z & %1 LEEZOEND, BRRFFEICS 2 2 MRS OR8N

L7, T, ZOWIKICHT MK O BB R T X WU, SR £ B TETH 5.
BTz,

12 12 KB O $hE G O SEM K8 T kot 45 SLMERZERS
EDSDOTi~vy ¥y /M4 a /Ny, REEBEB G2 6 M 1312 SLM T L 72 Fe-Cr-Co AR O/ %

A3 r i s h, M-Sl ceh s L% NT . EBMIEROBIRIZ T Y, EHIER SN,
R L7z, EDSOTivy ¥y ZEgns, ZThsd o BB L D ERMOEENEETH 5 Z & #HfER L 72,
WTIE Ti DIREDRENZ ERbh o7, L& L7225 SPEHPEOFER, RS OSEFEIZ L 0.1 mm N TS
R, 5 CRNBKE Eh, TiICR TIN &5 4 5 LEMR L, 7, PG OREER, $hii TRl
WEAEL Y, 0.3 mm JEDOEAFERSITR U T & Rk ﬂ:/“C
BLENRETH B Z L AR L 72, S, MREEFIC

% Fe-Cr-Co i DFERLEMKD 2 TETH 5.
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10 SLM1 O#liEE (a) BSE# (b) Tivy EX 7%
Fig.10 Microstructure of SLM1
(a) BSE image and (b) Ti mapping image
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11 SLM3 Df#itEE (a) BSE% (b) Tiv v E> T
Fig. 11 Microstructure of SLM3
(a) BSE image and (b) Ti mapping image

13  SLM T:&H L 7= Fe-Cr-Co A ERsm D HHER
Fig.13 Appearance of an additively manufactured Fe-Cr-Co magnet
part
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Fig. 12 Microstructure of cast Fe-Cr-Co magnet
(a) BSE image and (b) Ti mapping image
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Fe-Cr-Co iA1= 549 2 MR & 2 1 o0 i FH T Be M % Gl
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O T I F —FE A2 TEIELT 5 Z & TRIFEZ 0.1%
DMKk 5 Z L BTHETH » 72, SLM S CTrESEL
7o O E 2 SR 725, RIEEE T3 L5
PERE LW KFFES R O N5 2 & AR L 7z, EIERE R
& G R ORGSR & LRI U 72485, SLM I &
DAEBLL 72 Fe-Cr-Co MR 3§ A1 & 1A% LL_ L DR
Feka A L, FEALTReatREsf 45 2 & 2l L 7=,
ISR OMR, $hliiga TiE, TiC R TiN A&
WM 2 A — k&2 A3 528, SLM @b CfE#
L7z Fe-Cr-Co A3k Y —ThH 5 Z &3 rh - 7=,
F 72, MEEE CEHMZIROEAREERTREETH 5 Z
EERMEGR LU, PIEICk D, TEREE %V /z Fe-Cr-Co
WATMmOEELNEETH 5 Z & 2R L7z, SHEM
JEEIZ K % Fe-Cr-Co h OFEHILEZHED 2 TETH
%o
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