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Abstract

As one of the most promising manufacturing technologies in industry 4.0 era, 3D printing tech-
nology is a new forming technology based on the idea of discrete stacking forming. At present, the
main rapid prototyping methods for directly manufacturing metal functional parts are electron
beam melting (EBM), electron beam welding (EBW), selective laser melting (SLM), digital light
processing (DLP), laser net manufacturing (lens) and droplet printing. High entropy alloy is a new
alloy system proposed in recent years. Compared with one or two principal components of tradi-
tional alloy, high entropy alloy has four or more principal components, and the content of each
principal component is 5%~35% (atomic content). High entropy alloys have four effects different
from traditional alloys: high entropy effect, diffusion retardation effect, lattice distortion effect
and cocktail effect. These effects endow high entropy alloy with excellent properties, such as high
strength, high hardness, wear and corrosion resistance, high temperature softening resistance
and oxidation resistance, which makes it recognized as one of the most potential materials in the
21st century. At present, the traditional vacuum arc melting technology is the main processing
technology of multi principal component alloy. However, the disadvantages of this technology,
such as simple forming shape, limited forming size, prone to component segregation and shrin-
kage defects, limit its application in the preparation of complex forming components of multi
principal component alloy. Therefore, it is of great scientific significance to try to use additive
manufacturing technology to prepare multi-component alloys with excellent properties.
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1. AREBR

3D FTENE AR RIS HE A, 1EA T 4.0 BAUR R K BRT SGIERAR 2 —, 2 —FdE T s suf
TR BRI BB B o AR LAV LI BT U (8 = 4 SR Dy Bl Sl v SRR A e s ik
BT Y R oy 2, BRI Sk G =44k, (EhiE R — 2 R e ERET— 2 A3 se i,
T B R B A, FAFRTRMEE AT AZARTA N, 548 7 LM% TR BHRE e, ek
AT HBEAR, P T RIEREE . )8 3D TR R AR R AEE . AT I 3D fTHHEAR, C&N
T EEST A A VREFIMUSHURSE SRS RIS TR G 2. ik B SR AHGE. Bar, AT
B 4 Dh e A U S B 7 vE R A T B R(EBM)E R . TR E(EBW)RIAR . R
BOLKER(SLM)FA . B G FE(DLP) B AR . HOGEH B3 (LENS) BOR A T ENFAR 1],

F1 £ 4 (High entropy alloys, HEAs) &I REE M —F & & SR R, SE56 &K —MEmF
FouMt, A A DR EUR DL B e, HAER EGE BAEAE 5%~35% (R F & &) [2]. B
W56 4P B 0RO 2, AR LA ) TR T PR AR A R, 0 T BRI TR O 32 T (FCO)Z5 M8 A ar
77 (BCO)ZE s HE /N 7 (HCP) 454 [3] [4] [5][6]. tk, EE & EAG AR TS SN KN : =k
RN FHOBZERN bk I AR N A S, “ RGBT 08T X BB RN T T s o e o s
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Mt BT U R UL S UL 7 R R B, A AN 21 DR B R R Ik ke —. BT
9 1 SRR (4 ) 2 BOR F2 B IO AR AT O TN R, (H SR BOR 86 ) i & e AN DR
LRI AE LRI ke, ELACER 25 R R R R 2 S M B i 5 < B 3 B T DR S 2201 (1 =4
Kl ELHRE 1 SRR s i S T F, AT RB DRI 3 R 2R BAT BRIk 5 7%
RS, AT EEREEMER8]. ML, M BIESORIRE TR IRIE S e AN
P, IXEEA R TS e S ORI TERE . F AT, S A R S e A RS ROR B X
BOLIEL. BOLELTTRR LU B R XA AL

HEDN 2 Eud el T T E2 UMES KA A HREA N E,  ERZH S BRI R &
L RIERSIEIR BESRER T difLEREEEEA L, TR 7 HAE L Fu G &R R
& TN o AL, SR M G B ] & P B DU 1 22 T oo & S A BRI RO .

2. ERSMAR R RIIR

&)@ 3D FTEIHEORZ 20 el 80 A IA A T3 EH, FRIRMY 2 H A LB, T 20 tad 90 4
RAITINFRE, 2T 20 Gk flEH AR SIRE) —DUE KM, T4K, &8 3D T EN4Ess 2 sk g,
WS, 2014 4RSS 3D ITEIHUEK T 35%, 2016 4 FYAEREEEK T 17%. BREFEZLE 3D
FTER b — B AT A, 1 P AT 5T 5 228 TR AR A Y T2 A B TR 22 A L 3 A2 SLM
HR; BHERFLL EBSM HOR YT BBl iR K AAE RO 7 2 EE0E 78 SLM H0R; PEAE Tl
KEFIRAIEF T LENS T2 tdb K2 N7E SLM AR [ 3Eal ERFH] 7 28 K2k 4945 SLSRPT [9].

20 el 90 FAR, WERTEERT . ErhRHRT . Pl FIdb Tl RS G AT 00
3D FTENECARWI T FAE 1992 FFUK (9] BT A %7 I RPM JF AT 6, BEAE MV KA1 1995
SR P PO B RS HR 0T T B, AE e BE TR 2ETE 2004 AR R H N 5 — & ik X OG KE A PR
HlE® . WAL 30 R, BN 3D FTEIAUHERILH JUR SR & BN, iEHEREE. e
Ry WRASMARE. LM IR RS b Tl oRE:, R BEE TR%E. Wi REEH L8 3D T
EEARBE RN, HOIFRE TS ARIEE 3D FTEN 4. MR R 1 K FHHAIBA 2011 2423k K
TS OROE 3D FTEIML: V822383 K5 /b 1E AU T 3D AT IR AR 4 iliss B R A A s b
WL MR K F AR BIAEU) TERE 808 3D fTEIRORIE AL, CRESEIL RHLERA SR8 A& 1R
FIED; PHAE MRS 38 TARMIAIE 144 3D FTENE ARFR D IE OIS B AR & AR, T
BOCSIAR BRI K, @O & ER AR, SAEF KL C919 il R B2k 5% 1R K5 X1 4%
wHIAEUC T &8O 3D 4TE LHE BEH R K . BEE 3D FTEHRAMERIRT, ket 78 pr it ot
WEIZABIN, TR EIRN 48 3D FTEIECR I Bk WOGHEREAAIRI . BidbRl T
2T, HEERTFPR SR B AT A O R . EBUR AR 551 2T, 12 A 1T R
XA OCHARWL LR [ ARSI DO R S8 3D TR &0 &, W) AR i pOREOLEHL
BIRAA . Ml eln =4REA R AR PR BOCRIE ARG R AR . TLIR T KE K& 48T
BH AR AR FE[10].

HAl, %83 EMES RS2 (ASTM B 70 Kb AE, EEAFERFTEIRRL ., FTERREFNFT Ep 7 28,
¥ 3D FTEN L E ALK, SR HOEEFE4E (Laser sintering, LS). #6181k (Laser melting, LM). Ot 48
JiAR (Laser metal deposition, LMD)&E[11] [12]. N T4 @A R I S A FT B0 77 205 il =2 ffokn =T B
(Power bed fusion, PBF) %K} LT Ell(Power feed), f&3#& tHFRNE M BEEYTF(Directed energy deposition,
DED). T HuUS X AR, HEfrM A 2R AT, EHFEREE A8, BALHIILE 1A
ZN[13].
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Table 1. Commercial names of metal additive manufacturing and their corresponding printing heat sources and printing ma-
terials [13]
1. ERIEBMEIER R RIS E X N AFTENRIR R FTENA R 13]

FTENT [N AR R
W61k [X Jpe 4 (elective Laser Sintering, SLS) WIS, MRk AR
WGk XI5 1k (Selective Laser Melting, SLM)
AR AT EN ) PN, PR A
LT AL R E (Electron Beam Melting, EBM)

WG 15 Y (Laser Engineered Net Shaping, LENS) IR, MR kA

& JEFERTF(Direct Laser Deposition, DLD) IR, MRk AR
1Ry 22 =0FT B
LI 22 0 A (Wire and Arc Additive Manufacturing, WAAM) PR, SRR R B A

3.3DITENSEHRAENER

IARAA Rk 27 T 1 P 2 DR B A2 AF b L it R PRGEUR SR TR i m e R A R, DA —Fh el iR 3
F. HAREE E AN TR O T B AL BT B AT R KR TR AR, (ERPRE R A4
MAGRE IR, MEREDGE QA TR, JoiZi & & AUt 5w i A AR a Y 75 3R [14] [15] [16] [17].
B A G — 2 R Z Pt R DL B IR L B S B R EL AL R 8 2 ekl FTRE T AR SR A R R
o FRA S UHIMRR I IR RHE, RIB Y2 AR TSR A SR . BATE A E
SR 2RSS, 1% PR A RS T T LA R AR B, TEAR 2 A A K B
B, CEBCNEFMRSEAR R BB RS —,

3.1. FIFEMEE

J12 M RE R R AEA AR TR i ARAS 2 DR — ol 2 BN T i, v e AR R B &R AR S )
SPERETRER, R TR L R SRR S B AR A, A G s B e 75 i AR 1 2
PR RS o AH FEAS A i IR B O AT, = I Jee AR B 35 1 e Y i B (e AR B S pih s FE R U AE), A
R FF LR F 8 AL 1 R B A, R 5 RAMETERIR, SR LS A A R MR IR E
FESEAA G ST, A AR A L AT R 2 — M s B, AR AR LA T, (HR A i AR R
IR R A K B SIS X AR IER R 22 453817, R FATHI. Rk, 24w 5 b AR x5t b
IR/ BERERT, TS5 A AR T — A8 i 28317 45 5 PR [18]6

IRFRAS[ 19155 FBA B & S 4T EN L 4%, BN 4% 1 3 i & [¥] CoCrMo/Inconel 718 4L R 16 5 £ 42 o
WEFERIL, (RS LIFIEERRE, AR &R A SRR e, B B85 kR ~F, # R
T IIEERE R LAY, W]l AR FH 1) TR S S B 5 SR o LI RR B 7 1 ) 45 100 ) 2 M R A ] 1
K2 R 3 TR e MBI AT LA PR S ARG EE « s o B RV K 3 B N & S Se I S ok, (B I
AR, BEEAMRIR I 7 = AR 38 I RIAR e

UEHEK, HI Cantor Al Yeh 542 H 1025 B /R W2 o0 sl & & WU BLEHT 0 742 G000 B 32 e oy 11t
HIAR[4] [20], WO ATE 1. WUE AR Oy T R B A R B MR RE B — Rl LA K I 7 (3 A
PRH21]0

BRI 225K F O GBI 1 BR )4 7 CrMinFeCoNi il &4, 4 A 55 32 B4R vp 76 I e o6 4
BURIE, WRFES, MBS FLE DT, @R T 255, Il H % R IFH) CrMnFeCoNi
R e BEM L G X R URE = K DX IR A T B R K s AR E N, SR KT 1) e T B
ZESE, MRS 4 BT LS AR, 7EH IR BMIRIR(77 KO i B 22 L H B S5 R R AR, O 1 A 4
% CrMnFeCoNi i & &I IR 5 i vk e WK AR T

Sy
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Figure 1. Stress-strain curve of different Ni content in gradient direction
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Figure 2. The tensile properties of the nickel content along the gradient direction starting from the CoCrMo end
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Figure 3. Vickers hardness along the gradient direction with nickel content starting from the end of CoCrMo
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Figure 4. Stress-strain curves of laser additive manufacturing CrMnFeCoNi high-entropy alloy at different temperatures

B 4. HAHEMHIE CrMnFeCoNi SEE EETEIRE THIN 1ML

XIT (23153 50K 06 3D T ERBEA A i) 4 I s TR DA S O X A AR 25 WL & oG M4 77
I CrMoTi = o & ST B S Bt @B 44T Al TR & &R 5T CrMoT &
SHRMERRIE, R HEATEN S, BINFT BN & B R 1) CrMoT A4 . FFiEd wi 7o xt L
PO AT EN T ST A3 B AR LR ROWAHE . R A WARESE, FEER A AT EN S 00 80% ¥
IR, RALFTEN TZESH, NITEIH . @i a1t T ST En S 5 il

FAGE 24107 SLM BIE LEHE L, R R L2250 SLM i CoCrFeNiMn =/ & 4 HIAH 4L
B TORALZARN ) VERE R R AR . I OB WO DI R S EL, RIS TR R RO T Fe B KB
T FEIR/INTT I O, v FE BB O G Ty 6 14 DR B 47 T FE DR IN TRk s ZE B R J2 IR 30 pm  BOB IR T %6 225 W
HHEE 1300 mmy/s. FAFEAIEE 0.07 mm LSRN, 65 30F0% B i SN 98.69% Ml . it i
AT T ZZHT SLM RIEA 21 CoCrFeNiMn fmffi 54, A1 MERe i B 48f . B 50 R I SLM
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Figure 5. Stress-strain curves of CoCrFeNiMn high-entropy alloy under different scanning powers
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BV AE & 4 CoCrFeNiMn il & & diobi gl /NS0 HICR M dfr, 40 s s/ I T . Al R S5k
B, BEHAPILIE. ROEFEIALER TINECT S KWZ, FERARW LY SRR R ELAE S, 5 8k
ZURKARBR . IT SLM L B 2R =i & 4 24208 BB AR . DO R TR T 25
ik X EOCIE Y CoCrFeNiMn il & &b B ) AR i 28 an ] 5 flras,  BEAA R g AR HT 28 K H B4
KIGHE DB, A tbidEd, SRR BEAE S, MMRERCOEE, 225 W DhE Rl A
A R AT sRE S W R, BAAR A E T 620 MPa Ll I, fEA[IA 641.65 MPa, &
CoCrFeNiMn = & 32T+ 43.45%.

DO T2 A E B T ESH0EIX SLM B CoCrFeNiMn =l £ 4 A 3 Z2 4 5 e AR5
oA B R R 2 Fion . BEARJE RSEEIAE 410 MPa DLk, f@inlik 426.82 MPa, BWE#E
CoCrFeNiMn =il & & 42Tt 130.96%: HARRAHREIIIE 620 MPa LA b, f@]is 641.65 MPa, %A
CoCrFeNiMn = & 43R T1 43.45%; il B 84K AE 240 HV LA L, B mralik 284.07 HV, %444 CoCrFeNiMn
FR A EIRTE 49.51%; SRS VERTEN 24 GPa DL L, HEIAIA 27.07 GPa; AT MK ARG, fem
N 16.70%, AT 42 CoCrFeNiMn Eilfi &4 50.2% M b 2 g K%,

Table 2. Tensile properties and hardness of CoCrFeNiMn high-entropy alloy under different scanning powers
2. FEHAMWIIZET CoCrFeNiMn SE& SR EERTEE

HIIEW) JiE A58 FE (MPa) F 158 FE (MPa) A% B (GPa) R (%) T £ (HV)
175 426.82 +27.05 636.28 = 10.20 27.07+1.78 1557+1.5 261.95+16.15
200 42043 +19.64 619.36 + 8.69 25.76 + 0.68 13.97+04 255.18 +11.23
225 418.62 +£27.72 641.65+5.76 25.56 +1.07 16.70 = 1.0 284.07 +5.33
250 411.40 +17.05 621.69 + 8.27 24.98 £ 0.54 1530+ 1.2 246.33 £ 8.18
A 184.8 4473 - 50.2 190

g4 SLM BUBHIARRE S, BUE IR i aeOE S CoCrFeNiMn i & 48 AR IR R I (] e i, A
FLAEAR ST (0] P AB AL A DR, 2500 b 5 T sdl /s HLEcss a2, H= A A i Ab e, ER 4 i ik
RELR AT, ARRLERA, ZHEURA S ISR A, WA . X RO ah RS2 B ) kR R
AT S HUAE SR Z W R N AT, SRR S), ROTEERN BeAh,  EROERAN, S EANER K,
mn FH BT, AR T RN R, 456505 BRI EE, R SLM SUEH CoCrFeNiMn mili & 4 1E
BT e A WK T

SKIKGIR[25]F] F AlCoCuFeNi =@ T & &k AN R, RGBT 1 308 X YA il 1 AR il 2% s i & 4 10
TEATHFBIENE], BRI TARIBOE LEN G R HIUFIE R 15 MR sg e . it )ik
PRI WO A (SLM) S IE 1 72 s b il FE I A0 2 A F L 2 S B Se e it 7, 25K SLM iU
AlCoCuFeNi & 48U & imiik 99% LA b, S AAE 5 70 46 5 FE 43 A B 541 HV,, F1 1476 MPa, #bHE 5,
B Cu [f] FCC M#THAE BCC 24k I, WS T EEBEME. Hd 1000 CHRLE G, ROV Ik
S5 AT 245 5 73591 871 MPa 1 1600 MPa, WiZd N AR IN%] 16.6%. T Lk SLM BB =i & 41
WAL, KX B F A A (SEBM)HE AR PR B AN b BN A LS &, ELHEH 4% B A A o
Fi ) BCC + FCC XUAH AlCoCuFeNi Fifi & 45, SEBM L1 HUR R T 2 R AL T 25038 7 OB &
BUEREILF] 99.8% L b o LIRBFICIRAR T RIE T 24 s & S A SRR SE R, 5o 12 P R I SRk
YRR, H—PIRE T SEE SN BILHHE AR, et BRG] & &2 R 25 =i & S A 20
FPE e e SR AL 7 O R AR A S
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XA W26 1B A PEREML ) AICOCrFeNiy il & <8, HEAT T Otk DB AT 7T - AICoCrFeNiy,
FEASEGIER SLM L2SH8F, HIRRFEaRD, 1mHBEEEESES. B 6 v SLM fil#& N1
AlCoCrFeNi, | Filfi & &AM EAGE S RN F— AR LR, 5854 AlCoCrFeNi,, i & &HLl, SLM ke
TERRFEANIBVE D7 H#RA B AT, B REE N R ISR EE L) 545 MPa, HLhiiRfE4)7h 1070 MPa, 5 2B
RLVN 17%; JEIE IR R, FE (9 RIS W AR T, e ARGEIE 29N 1040 MPa, 21855451 2 1%,
PURism L 7 1200 MPa, W5 EAHFRILS] T 23%. @it SEELE, FIRBOC R H3E B3RO 177 31
RN RIS T 1 e R EE AN A

1400 - —— TS
i ——SLM
1000 -
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Figure 6. Tensile stress-strain curve of AlICoCrFeNi, ; high-entropy alloy
6. AlICoCrFeNi, | Sl & € HIRIRRL /] - EERIZ

FLIHJF A, AT [F R B R AT, T RN EEAR PR, AR AN B A R ], T 4H A iR
A RLERAE /N A R ZS T S PR AL BT IS BB, ArAS R PHAS A B 2, 4R T AlCoCrFeNi,
A IR . SRRLERZE N, BAAARTRN SRR, TR AR [RIRE A AR B AT DA R 3 A 2 B 22 ) ok
W, PEAR S AR A G R R R, AR E R RES KR, WA T
AICoCrFeNi, ; fmifii & & I EEVE . i BERE D2 I, AEE i 320 HV #2713 354 HV, Zi&EK Wit SLM
il %3 B mE A S LS T A R T4

AIZR[27]10A B AT SRR W 2 B s ) i S 4 FeCoCrNiMn A EZERFFUN 5, K ey i B gk ik
AE i FessMosNisCroPyp sCsBo s(at. %) A S & &, il SLM HoR, SEIL TIRE MK 3D 4T EISE,
il e T AMEI SRR . B ST RIETFB, 48R, SREREESSmHESEmEE L
Ja RANEM R, MY HOY AR, AR SR RSN . AR SN LU B s An Al
YRR R, 19 i o S R AR W AR 1S B BB e, EBRE AR E A ECN 10%0, A
OISR D4 T 1 GPa, [FIRBIZFIME Kj HARRFTE 65 MPam'?. BRILES R EON 15%0F, &
A MBI W R 58 BEIA F) 1330 Mpa, ZUA4EmMRRL . B R gk AR SR, R REEAM
B 122 RE, 2RI H AR U 0 TR 5.

NS E B 5 B () SLM B JE FeCrNiCoMn i &4, #R7E SR (28 1R FH AN [H] (K 0 Th 3 A il i
AT SLM B TEMAL. A5, RH XSHELATH (XRD). ¥ K4 5 (FESEM)AIH BUH L T4 Bk
(EBSD)/MIT T HAOM AR5 K . FEXTEEIIAE T SLM BUE il & S A i & & i vtk B . BF90 R
By, SLM ¥ FeCrNiCoMn il & & &Mt RS oA, WA HEMBS mITMER . SLM $IE
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FeCrNiCoMn 15 & 4 I AT 4 240 28 20 T2 B 32 B R e T80 T b R Hp DR n S nvA S0 5 i HL
SLM il & & Rc 5], KR JRAEE N 2.84 + 0.13 GPa. JCIRAE SALINEMOE B+, SLM
BRIV I e i 4 RO S ok PR e AR T35 OB I s & 4 AR, X2 R SLM BUE i & 4 41438
S1/N, BIGR mAT X0)[29]38 i 1 XL BLINFTED T CoCrFeMnNi =& 4. FIA XRD. &
SRR CT R, FTENG SRS N3 — ) FCC M, HE AN SN 99.3%, N a SHLER
LB S FMN FIFTERSECN 200 W BOETHE, 700 mm/s FFEEZE, XF RN EOGREEZE N 79.73
Jmm®s FTENS S iR 2 344 HV . WHTENSERAL IS PR AT R fiseas, 45 R0 IR TN
Je R A 523 MPay HifH5REEN 647 MPa. IEMHZEN 15.8%: 77 K N ilAE I HL 98 2 =7k 893.8 MPa,
LEMPZRIAR] 34.6%. SLM il 4 i m i & 4 R PR S W 29 BRI A g AR @ SLM i
#%[f] FeCrNiCoMn @il & tERe e, BUY RAF, 4 3D FTENHI&VERE S Sl RIF I il & a4t 73l
SEHEB K .

DRI, 6@ IS SLM J7 i) 2% I il & 4 & TSR G M R 30 T-1% G FiT R A 186 45 10K, JUIAE
[ B 2w S AN T TR, TR T AR GG VAR A B 45 R, BRI AR RGBT R B T 3T I
O, AR i m & S PR gt T ER R A S 508 L

3.2. LA LR

SEMIE K SOE IR B OB S B TR RE R & & e A F, ARG EHRe Az, M
ML GE TIERE, ARG R ERR IR 7 H T kg TAFBPERE, AR AFAL, Hh ik
itz U TERE: B, AP ORIE =R, R e . D, AT RHROR
AL TR RIS A VERE I ZT B, OGS M G = & S SRR A BY T3 s Boe s #4
I BRSO T R S A 4 PERE .

7 REBRIEIR[22]45 B 1 HJZ CrMnFeCoNi R & & IR R 1) S 414083 . W] LR BT
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Figure 7. Microstructure of single layer CrMnFeCoNi high-entropy alloy deposition layer
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Figure 8. Temperature gradient and solidification rate vs. grain morphology
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Figure 9. Microstructure of CoCrFeNiMn high-entropy alloy formed by SLM: (A), (b) XY forming surface microstructure;
(c), (d) Z forming surface microstructure
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Figure 10. SLM subgrain structure of 316 L stainless steel
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Figure 11. SLM sub-grain structure of CoCrMo alloy
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