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IS AEEE Y 424 HVos.
REW WOCHEAR; WOUKAIRIER: A& 8; Co-Cr-Fe
& >R S TG142 SCHRARIRES - A
Effect of Mo Element on the Microstructure and Properties of Laser Powder
Bed Fusion Co-Cr-Fe Alloy

He Yazhou', Hou Yaqing?, Mi Zhishan?, Wang Ziyu', Lu Yongchao?, Li Xiaoqun?, Zhou
Dong?, Su Hang?

("Hebei Iron and Steel Laboratory, North China University of Science & Technology, Tangshan 063210, China)
(%2 Research Institute of Advanced Materials (shenzhen) Co., LTD, China Iron & Steel Research Institute
Group, Shenzhen 518045, China)
(% China Iron & Steel Research Institute Group Co., Ltd, Beijing 100081, China)
Abstract Compositionally graded 15Co-25Cr-(60-x)Fe-xMo (x=0-5, wt.%) specimens were fabricated via laser powder
bed fusion (LPBF) using blended elemental powders of Co, Cr, Fe, and Mo, employing an in-situ alloying strategy. The
compositional homogeneity, phase constitution, and microstructure of the specimens with varying Mo content were
systematically investigated. Furthermore, the influence of Mo content on the magnetic properties was elucidated by
integrating experimental findings with first-principles calculations. The results indicate that all specimens achieved full

alloying without defects such as porosity or un-melted particles. The magnetic properties exhibit a non-monotonic trend
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with increasing Mo content, initially enhancing before deteriorating. Optimal magnetic performance is obtained at 3 wt.%
Mo, yielding a coercivity (H;) of 26.54 kA/m, a remanence (B,) of 0.9 T, and a maximum energy product ((BH)pax) of
11.56 kJ/m?® Additionally, Mo incorporation was found to enhance the microhardness of the alloys, with the

15C025Cr57Fe3Mo sample exhibiting a hardness of 424 HVos.
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BOCHARIRAERL (LPBF) HiARRBE KBTS EIE (AM) HiRkz—, 7EHl%& R
A 52 VAT AR AR S LB B3 2 77 T S B R AR 3R 21, FEIZ R, B AR 2 LR
JEHEZ 175 A i RS Z (MO AR AT R A4k . LPBF I ()34 21 A W] ik
105~107 K/s, PRIFHEEE =2 1RO S5 i R IE B AR R A B AR MERED 90 R ZH AL
EX, HHETRMATAZR —NEKRET, Bl LI RN AT AR S S
TR, SEGARMTUR K RAA RS A A 1% 6,

JEFIRP LA SRR A R R (B A LPBF (S A KL, {58 LPBF MEREBOL R, 1hixse
JFIRE R LIUR AL A G4k, Bl AU % o & R 1A SR, Iy AM 05 st
FERET BT AR BB . AR, WOREAL G S BIARZW BN LPBF HiRHIT 78 i) s o
Gao Z7IEL CoCrFeNi Hl Cu &8 A NJE K}, 8id LPBF JEAzH]% T CoCrCuFeNi Hi A i ff
Hd, HREREY: CoCrFeNi/Cu #yKIE &M LPBF 7f LLSE IR A 424k, J#% ¥ LPBF
JEAT & 44k ) CoCrCuFeNi Bl & 4x AL Si s b vh 4 1 2541 4% A M [F] CoCrCuFeNi 4
A4 BAH EIF P AE /7. Hou 281, Fe. Co. Cr Ml Ni JLZIRAH AR, KA LPBF Ji
fir#l4 7 FeCoCiNi miflia4s, 45REW: LPBF JR A& & bidihl 4 fre & i /122 aE 5 A
&4 WK LPBF 4 MR MAH Y, HLIzE & T4 G0 d IS M & 10 Re . skib & 0ha@id
LPBF JG A& &bl s 7 3041 AEEM, W SRR AL & SRR RIRE R i miml ik 302 HV,
HE T4 4K K LPBF iR FEHER T 26.4%.

Co-Cr-Fe &4/ 20 4 70 AR IR BEA &, T A TRaEin. mplLT
P SRR S5 U0 1, Co-Cr-Fe A4 IORGTE RE IR T I AT 7854 o AFF R 8 4
fiAt ST T 53 A AR RS o K G RA AR B A3 AN FD 1) '8 Co-Fee #RMIEA () FIaF Cr FINIBREAF (o)
M HE R & SR RED 131, N Co-Cr-Fe &M RE, WA AGIE T KR TIE.
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WEARIIRINA 405 Wy Tiv Nby Si JGERIY A3 Co-Cr-Fe A & MBLPEREIS19, MR I
Mo JCER & & Xt Co-Cr-Fe & @ MATEREIIRT TG . thoh, B FLEL s, Bk LA R n o
WSSO ER R 7 3, AT R oo MV AR T Bk 77 M1 1E o M FEAAR B 40 Ai CER AR 1) ),
TS A & HOREEREU 190, BT, SEiS LPBF JRAT & 40 %k B & S I BF Se Rt e b o
Arneitz 22020 58 T LPBF 1. 22406 15C031Cr54Fe (wt.%) &4 52, il 4 1 & 4347
TEANE (R AR A FLIR BRI o 28 3 b 3 SRR IR AT AR M M B, LA 70 (H, ) BRI RE(B, )
539979 22 kA/m #1042 T. Ftk, LPBF JEA7 & <AL Co-Cr-Fe &< M) LEMVERE M FH 2t —
etk

AHFFLL Cry Cos Mo. Fe TTRMANIER, RFE% M @nd =M G &, KA LPBF
JEAL A A H AR IIHI 4% T 15C0-25Cr-xMo-(60-x)Fe (x=0-5; wt.%) & 4=, REiHF AL T R IH Mo

BENGERISINE. M. WO BEVERE & SRR R A

2 LWHRERFE
2.1 &

SR P o I AR A SR A PR A ) B R ) el B2 B 4 1 %P &5 DLM-120ht 1] #1508
ZRE G R R EWE 1@FUR. ZRSEEH 4 MER R 4 MR SEE, ALK
i 4 AMER VBN Co A+ Cr ks Mo KT Fe 4, A oK JEUR R R 4l Uik 2R A B
AT RBR A, SERIR G IO RS AR R R A . RS KIBIEARA 120
mmx120 mmx150 mm (WRTF XYZ =AJ7D, 7EFE EREA RIS 4 MHEARFEH A
J3 (K X R LT 4 SRS ER), AR R WA Z 77 Tl R] AR AR 22, FE 4T B # e
4 BRI C SR Ao AR B R T H S IR0 7, BB AR R BT R & B, R
J5 fe B RO TR SE UL X AL, e 2 58 A R 1) 4% o SR RS A 4 11
F4fi Fe. Cr. Co. Mo FIERFE LR MMENSLIGFRL, By AR RS A 15-53 um, RS
B 1(b)-(e)FTn. MARRAFBREMBIEEM, D RK TR SRR M i A A R
AR ERIEEE, &H T LPBF LZ MK,
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1(a) Ml

Fig. 1 (a) Schematic diagram of the high throughput synthesis platform; (b) Fe powder; (¢) Cr powder; (d) Co powder; (e)

Mo powder

ABF T IR 14 10 mmx 10 mmx8 mm, $T EPFERCR T 3041 AR, 4 52k
RN 2(@) TR BEAMTENE R AER SR SR FIEATIY, AUSIRBEHEHI7E 100 ppm
PATR o i) 2 1A o Bk F 60 2 8 SOEOEBE RS AN IR] B2 23 730 29 25 pm, 60 pm A1 100 pm,
JRIA RS /9 90°. BT Cov Cry Mo Ml Fe DURIH R (6 M Z2BEROR, ik %% 4H 53 [ 78
SRR L, FEIE S RPERT R T — RARR AT IS8 . e, ARFFCRA T 0k
FLJ SR, B2 T AL AN TR RO RO D 22 A0 348 3 B2 248 : 200 W/900 mmy/s AT 250 W/700 mm/s .
FZARE S 200 WL 900 mm/s [ ZHEAFEM IR, B AL 250 WL 700 mm/s )2 it
AT PRI, AH A8 EAS BR AR IA] B E 90° IO e e M B2 WO B A L2 s = Bl B 2(b)
Jii7R o
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Fig.2 (a) LPBF in-situ alloyed FeCrCo alloy specimens; (b) laser scanning strategy; (c) schematic of heat-treatment

procedure (w.q.-water quenched, a.c.-air cooling)
2.2 HAFRIESMERENR

S JEUE A 4 AARRE P BT A7 4T BE R, 83 T 4% B P 0 (414 L 7 S22 B (SEM,
Phenom ProX-SE)#ll & il (1 B 7> M TR 70 AGi 1 0. Co-Cr-Fe & & BAHMIRENEREVE T o AH [
TERRRIE M, AREFCRA 7B 2 KRR EESIRE . M X SFEATHMU(XRD,
Bruker D8 Advance) /3 B i i FOIAR G544, DRI K BORERE D9 Cu #E. 7EI RGBS LT 2
Tl bR v A BE A TR S 1 430803 S HL 568 R (HAADF-STEM, Thermo Fisher Scientific Talos
F200s) % HFC & 10 B 0 SO SUREBEATIOM A5 44 53 BT FIRE B A3 00T o 8 SR 2R DT 13K 45 1) )52
29749 300 pm FIFHE TR 22 50 um, FESFE-20 °CHKAF T, R 10%5 58 R CBE 0T
HLAERUE, LA % H T~ STEM 2347 (1 ISR, o {8 255 PR B 5245 (PPMS, DynaCool-14)
RS G SR T (VSM) R EIN B R AR RE . T TR BE WA AR Y 93%3 mm
Ko PRHI RS B2 AE MH-500 4E IR v BN, AN 6 AN, Bifid v 500 g,
A RIS TN 15 s,

N T 75 Bf# Co-Cr-Mo-Fe & RIS SHETERERI R R, A STRATEE —VE R P
A (VASP)THE 1 & & IR 73 A AR A L T 5 2 . tF SR ] Alloy Theoretic
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Automated Toolkit (ATAT)FIHRF#HEBEHLEE AR AL (SQS)AE A MR 43 i AH 1R 128 AN i 188 il
WIS 44 o 7152 F R Perdew-Burke-Ernzerhof (PBE))™ SUB BT BM(GGA)Z R RIS 2N
ST 9 R A4 (PAW), ~FTHI Y VT3 B R 500 eV, LAk BBt SR A k A5 RIRE N 3 x 3 x 3,
VA THE IS R SR /DT 100 eV FMERAEF B3/ T 0.01 eV/A,

3 HRSHL
3.1 LPBF RIUA LR

KA A Mo 5 & 1) LPBF JRAL & @b ilAt, fFK8 0Mo. 1Mo+ 2Mo~ 3Mo. 4Mo £l 5Mo
WA, Wl 2(a)Fiil & IARER T EREEH IR . N T 5347 LPBF JEAL A &R FE K A
Groy At it WHRAREREAT T IR 0T, B 3@ IR R . B 3() T LA,
A RIEBRL I AE(E H Fes Cr. Co Al Mo JTE /i 5), UM 22 R EBCRHIPU ot
RRARAE LPBF AR P Sl T IF3E4T T R0 MBS #. 7E LPBF JRAr & &6, Bisr
T BN 518 DL , R B S TR R ELA 50 2 38 S AR Tt el 5 K B s A R ik 3
TS MIREMAR TR A T BRSO 22 RECRIN, 7 R 98 S
St BRI LA R B AR S RS I #1395 . Feu Cr. Co Ml Mo JTUE M RUFAFERLK
S, EPXFIX W, EARF LR T 200 W~900 mm/s Al 250 W~700 mm/s FAREOE T2
Fr4h G 22 YRR IR IR SN, BRI A RSO RE B, 37 K it RUST, SRS it Py S iR )
T T RAE JFL 5 B AR B 23 B B e (R 2 S

T ME S RPN RSy, FERARAE LBEHLEEAT T 10 Yosdas, 45 R 3.
FARE SR A B B S O E B IR ZEIITE 3% LAY, SXUESE TR TT R AR S
BETHAH— 30 B 3(c) i R A HE /K 1200 5 F) 25 (1% B2, TR /8 7R 1 3@ 34 Thermo-
Cale BRI S AARE MBI B B . BRIk, AT RARE— 25 0H B AR A % B, ANl 3(c) BT
Ry BRI BRI T 99.6%, i TAEGThea L2mI A& MR, Blin, Kesh T2

7 1) Fe30Cr16Co (wt.%) i FF AT 2 FE 4 93-98%(111,
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Fig.3 Test results of composition and density of LPBF in-situ alloyed Co-Cr-Mo-Fe alloy specimens.

(a) EDS analysis results in area scan mode; (b) EDS analysis results in point scan mode; (c) the density of the specimen

FERATZ AT T B il AL B 5 i) LPBF JRUA7 & e A ilAF 72 Ja SR A Ak 2

Ja AT CASRAG EAR IR PR BER), RIAE AT FL e %) LPBF JR A7 & AL sl FEE1T7E 1300 °CLR

I 3 h MERA AR, WK 4 il B S XRD B . AWK 4@)m 1, FEAE

SRR N B — R0 T7 (BCC) a #H, BCH BB RE RN o AHEL v AH
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i, 7 A AR AR AR AR, A AT (A O, TSR E XRD AT /e o 320 ARYE XRD
ATl AR A L, R 1 s, BEE Mo SRR, AR S Bl ap e A
OMo AFE¥ 2.8667 A Fab i mE SMo AL 2.8906A o #E— 35 IXHAREHEAT I b3, 4
Kl 5 pros AR REL I I R b B /S ) XRD B3, REEIT R ISR o AH N o1 55 oo FIAH ST
B, X5 AR RARARY . SR 107 o S SRR RS o A RN
5 o FIAHRRAHH, IR R 2 FiR.
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Fig. 4 XRD diffraction patterns of Co-Cr-Fe alloy samples in-situ alloyed by LPBF
(a) XRD diffraction patterns; (b) amplification diagram of (110) peak
1 [EE ISR G 4 Co-Cr-Fe & 4 lURf 19 d i i 41
Table 1 The lattice constants of in-situ alloyed Co-Cr-Fe alloy after solution treatment
Samples 0Mo 1Mo 2Mo 3Mo 4Mo S5Mo

agce (A) 2.8667 2.8695 2.8734 2.8754 2.8809 2.8906
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Fig. 5 XRD diffraction patterns of Co-Cr-Fe alloy samples after aging

F2 B o 5 oo HIAH I ERAR AR
Table 2 Lattice constants of the a1 and o2 phases for each specimen (A)
0Mo 1Mo 2Mo 3Mo 4Mo

o 2.8648 2.8705 2.8716 2.8858 2.8796
(05) 2.8579 2.8693 2.8710 2.8730 2.8744

3.2 HittRER E—ERE I

Kl 6 JE/R T Co-Cr-Fe <1t L RN AAPEHE 5 R [ 2. "TLAEH, BEE Mo &
PN, SRR SR B IR FEAR. MR Slater-Pauling #hZk, & E&MMAMMALIERE S
JE7 B IMAE S DI SR, T Mo JR T BABRKIME, FEELSEREN, &P
TR IR FEAS, AT S BB 5R T N R I 6 TPl SR BRI I (H, )~ 9
W4 (B )M KHEBERR((BH ) max)> FLEABUES T3 3 o G5 REH], wlRERImHEIEBERE Mo &
BN EIHE EFE TR 4 Mo 8N 3 wt.%b, XM REA B tE.
— I Mo &, WISEEETEREHE R, 3Mo WFERIH, . B AI(BH) pmax 7N 26.54
kA/m, 0.9 T #1 11.56 kJ/m*, AT OMo W HITR LT 16.2 % 4.7 %A1 44.9 %. LA,
M3 FTEAT 5 3Mo IR I PE RS 235 A T H A 1A 135 T 211 45 (¥ 15C031Cr54Fe (wt.%)
Bk RERY . AT TR 45 R T H A6 < 1) 4% 1) & 14 [l 4 Fe24Cr15Co3Mol.5Ti
(wt.%) &, DAEPFFRRY, 75 FeCrCo &4 NN Ti, V Al Si %05 A Bh T THiG 1 R
(4,261, SR, AL 3Mo AL RIREYERE IS T % 7] 1% Fe24Cr15Co3Mol.5Ti (wt.%) &
&, EEFERAE T AP RSB R A ORBE NS INEE Y . CABEFRUESE, fEIAERERS R

H SIS ATAE o AEDRL T W37 5 RV BRI HE A1, AT S 35 ST R RE 7200,
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Fig.6 Hysteresis loops of samples with different contents of Mo

# 3 LPBF i fi &4 Co-Cr-Fe ilFF (T4 L RE
Table 3 Magnetic properties of Co-Cr-Fe alloys in-situ alloyed by LPBF

Sample H, (Oe) B.(Am%*kg) (BH)jg(kJ/m®) M (Am?%kg)
0Mo 287.4 89.3 7.98 160.4
1Mo 294.9 86.6 8.33 157.6
2Mo 317.3 87.8 10.06 149.1
3Mo 3335 91.7 11.56 148.4
4Mo 258.1 78.3 7.69 140.9
5Mo 244.8 63.8 5.60 131.0
15C031Cr54Fe 211 a0 o L %
(A1)
Fe24Cr15Co3Mol.5Til!" 279.0 60.0 35 o
(ARG E, & EE)
Fe24Cr15Co3Mol.5Til!") 5303 127.0 319 L

REE, &FmRtk)

N T SEERABERAF Mo & B0 RE S REVE BRI R, XA 22 G 34U I TOWL 4L 23 B AR 2
AT T M. B 7 (a-e)Ban T OMo. 1Mo. 2Mo. 3Mo 1 4Mo iFEL 2 It A FE i
HAADF-STEM K& . Z&5#452& Co-Cr-Fe & id AN o VAR R AL R A o0 AH S
aw MG R (P ETRFTRA w tl, GEOFKRAN D, H o5 ot RS EEN
SRR . TR AMERAR T E Cov Fe I oy AHA A T8 Cr [ o FMAHH .

OMo-4Mo RFETF oy AHETKIAR 2 )(72.6£20) nm, (75.4£19) nm, (67.5£15)nm, (73.8+17)nm

AI(64.3+15) nm, HKARHHD N 1.6£0.3, 1.8+0.3, 1.9£0.2, 2.0+0.5 Fl 1.6+0.4. It4h, A
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BB T o AR EL W 7(OFR, TR o AHE I EUBCEHER ST H. o
MBI BHZEA K. BT o AR RO R ARAREEA, o FHAT o0 A1 YRR IR X T P fE
AR g PEAE U0, [K B, SR A HADDF-EDS 5 DU RE 5 1 ou AHAT o AHEG HEAT 04 o &
XHAFRIAE A PR o AT o A8 273 AR R A DOSGEAT oA, HGeitk 4 RN 8 . BEE
BFEH Mo & BB #i 5, Fev Co JUERTE o AHAT op A # R I T FEMES, JUHAE 4Mo
BRE R YW . 4Mo 1HE o AHAN ao A AR Cr 032 Bty LE At R E A o

&
o

o
(=]

=4

Ol\l/lo ll\‘/lo 2[\‘/10 3[\‘/10 4[\l/lo
Bl 7 ASE Mo & FiFE 1 IE /#2028 HAADF E1E RIS EDS 3 #
(a-al) OMo; (b-b1) 1Mo; (c-c1) 2Mo; (d-d1) 3Mo; (e-e1) 4Mo; (f) ou FHAEAH 23 %
Fig. 7 HAADF images and EDS elemental mapping of the spinodal decomposition structure in samples with different Mo
contents. (a-al) 0Mo; (b-b1) 1Mo; (c-c1) 2Mo; (d-d1) 3Mo; (e-el) 4Mo; (f) Volume fraction of the o phase
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R 3 A7 £ B WA 25 4 2 S A R KO R i o AR SO o S0 F 7 5 5 — kR B A
455177 B Mo & B & e i ERERIRZNT, LL XRD A1 HADDF-EDS il 5E [ ffs (45 K A1
JRAY B B — TR R B S BN . B 9 O OMo-4Mo &4t o FHAT oo AH I L
B EEIMBFE T Co. Cr. Fe. Mo JR T35 L& . WEIH OSSR AT LUR I, 7E WA,
FESKRE LR, OMo-4Mo &4t Co 5 Fe I EEN L4341 8.3 F e ) R 434, iX R Co
A Fe X PIAHIOBEAEA A EEIER . A G&®, Cr JRT7E o M i4r 5 B B T
TE op AP A2 2 2 0 B R AR, RIS B I E e R oA, X S E
our A RIS A AR AL o ZE P AR o, Mo SR 1) L e ) b5 8 e ) £ v 280 R T X AR 3T
Bl 9(el)s (e2)/AER T &E4H o M ax I T AHE N W0, FERHEF EE
1 o S R o =i S e [ R S o TR N P VR L R E v [ A = R eSO VD)
FH BB TR, I o MR BT oo A
N RITEEAF Mo SENEGE a AHF o AHEIAIBLLIREE RN, #—BiHE T

OMo-4Mo Ff &ty HPIAR N I I 7 I BEAE,  E(10)F7s . Co M Fe NERREAMETTRAE on A
o AHHER R B S R . SR, 7E oo AHHY Co M1 Fe 1SR -1 REFE AR T~ HAE o AH AP 091
Fio 7R on A Cr38ZURI S Co. Fe R T-HARETT AR S AORERE, Ui OO S Bemiiik . SR
1M, 7E o AHH Cr RPN T 1 FIRE - R RiE#E — 2T i 5 tH 0Mo-4Mo
e S o MEERGE, WE 11@FT7R, AT oo AEOARERIAE, oo FEOSEREIAR. ARHE
a1 FB5 o MHFLERERE, 24 FT A R T I R B o A e 2 2R R I e, 5 AR (e M R i A i
BT B R 2 562

UB, supercell
M = ——— 1
s, phase Wsuperceli ( )
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s up, supercen NRABMLITEHMER s Weypercen I RIHE MM IR 7. DRI T PIAH
IR (] 8) M AR S REFE (B 11(a)) T THEE I RE Th AR A AN R AL 9 2, B 11(b) Pl
7o OMo-4Mo URE IV RIRE P 55 52 (Mg ) T AR5 T 45 AU 3R A2 331,

My, atioy = VayMs,a,+ VM, )

e Vo, BV, 53 5MREK o 15 oo MIARFRGT B, M FIM; o 53 AR o0 A oo AR
YIRS B o R, THEAR B OMo-4Mo TRFFE (ML FI AL SR BE 43 5l - 155.2 AmP/kg, 155.0
Am?/kg, 153.2 Am?/kg, 151.8 Am¥kg # 141.4 Am?/kg; BARLIE PR, Higss
—H.

FT BRI o 5 oo WAHLEBIAERITHE SR, oo HIAECT oo AHZRII L B 93 ) Bk 1
M, WIIE SRR E IR T o MRS RS RS A oo #iHR Fes Cry Co #1 Mo
JR TR BRSSP UE L, Fe Ml Co J& 7RI BRERE, T Cr Al Mo JR -1 HIRERE T
M5 Co Fl Fe #Hjx . XK Fe 5 Co M & ETE Co-Cr-Fe-Mo A& MM Re s = 5
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Co, Cr, Fe and Mo atoms in o2 phase, respectively. (e1) (e2) The total electronic density of states of a1 phase and o2

phase, respectively
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