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Abstract: High-entropy alloys (HEAs) consist of four or more principal elements and exhibit a high-entropy effect
thermodynamically, sluggish diffusion effect kinetically, a lattice distortion effect crystallographically, and a cocktail effect
in usage, which results in excellent mechanical properties and corrosion resistance. Transformation-induced plasticity
(TRIP) HEAs undergo a martensitic transformation during deformation, which delays crack initiation and increases the
work-hardening rate of the metal, addressing the plasticity-strength dilemma. This makes them highly promising for
research and application. Cast HEAs often suffer from severe segregation and coarse grain defects, leading to poor
mechanical properties in the formed samples. Additive manufacturing, characterized by rapid solidification in the local
molten pool, produces HEAs with uniform compositions and fine grains, resulting in mechanical properties that are far
superior to those of cast parts. This paper discusses the research progress on the microstructure, mechanical properties,
microstructural evolution, and corrosion resistance of TRIP HEAs formed by additive manufacturing and anticipates future
research directions.
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Fig.2 Overview of the relationship between HEAs and additive manufacturing
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Fig.3 Initial phase composition and deformation mechanisms of Feg,, Mn,Co,,Cry, as a function of the Mn content!"
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Tab.1 Mechanical properties of TRIP high—entropy alloys

HEA Processing Crystal structure Yield strength/MPa  Tensile strength/MPa  Elongation/%  Ref.
FessMnyCoyoCryo VAM FCC+HCP 220 570 42 [46]
FepMnyCo,oCrysSis VAM FCC+HCP 400 605 7 [47]
FeuMnyCoxCrisSis VAM HCP+FCC 435 705 17 [48]
CryMngFe;CosNig VIM+HR+HA+CR+RA FCC+HCP 476 1 000 60 [16]
FesyMn;3Co,Cryo VAM+HR+HA+ CR+RA FCC+HCP 295 890 62 [49]
FessMn3CoyoCro VAM+CR+RA FCC+HCP 200 747 40 [50]
FesoMn3Co,Cryo VIM+HR+HA+FSP+RA FCC+HCP 298 1 400 45 [51]

Fe9 M 7C094CrooC, VAM+ HA +HR+CR+RA FCC+HCP 666 986 27 [52]
Fes3sMnyCoyCrisSisCu, 5 VAM+FSP FCC+HCP 1392 1428 29 [53]
FesCo3CrigMnsSi;V, VAM+HR+HACR+RA FCC 564 1102 523 [54]
(TiZrHf)gTays VAM+CR+RA BCC 300 992.67 28.23 [55]

Note: VAM stands for vacuum arc melting; VIM stands for vacuum induction melting; HR stands for hot rolling; CR stands for cold rolling; FSP

stands for friction stir processing; HA stands for homogenization annealing; RA stands for recrystallization annealing.
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Fig.4 Schematic of the different additive manufacturing methods: (a) laser directed energy deposition technique; (b) laser powder bed
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Fig.5 Schematic of the preparation of additive manufactured high-entropy alloy powders: (a) gas atomization; (b) mechanical
alloying!™

TIRP S h & 4 T. 2 S5 A 4 0o 19 28 A6 4B 25 X
RS AR AR R R OB SRR TR
A1 55 77 A SR

KM 1 o R DR A A el
FRUS SO BE % 1Y 22 A X iOE 4 B A i 1 2H 4R
HABEZRMW, Li S0 T AFBEOCRERESEE T
LPBF i JE FesyMnsCoCro 55 % B 4 FE i (19 41 81,
[ B T fig 1 % £ X LPBF hJE FesMnsCo,oCryo 15 %
G AR ECE B YA AR oW R 4y B RZ B
HREHEEH 92.6 Jem® FFHE] 185.2 J/em?, FEf&h
B0 FE H 97.8% L FHF 99.8% , A il R Y R I
A R B R BE R /b RE A R RR R A R IR
JEE AR B2 R, N BB AN T 8K FesoMnsgCoyoCryg 5 4
B4 1Y) AR 2H R RE B T R T A A el R
— 1) FCC A4 21 ¥ % 7% 5y FCC+HCP Y XUAH 2H
21, A IJIEW] T TRIP i 4 T LASE 2k AH AR >k B ik
B oL 72 v AR B FON ) [RIE BT LPBF 2Ry
VA E AT LLIAF] 10°~107 K/s™ | FesyMn3Co1Crio 1
TG 4 DR PR 8 [ i PR TC T = AT o

B 3 2 2 HE AR B T R s S BORUE R
ain TP AR ATE SRR B AN () 57 1Y) R [
ZHAAEE S, SR TRIP & & & 7EA [
57 B ) AH % R RN RORLE S AR AR X ), Niu 55 Pl
LDM &7'(523% FesoMn;Co,oCryg %’kﬁ/ﬁ\é’z\ , #XJIE%?K
[) 16T () 68 [T 2L 20, N R 6a I as s T 20 A 1) 85 [
JEP AR TG 4 0T A [ PRI s vt s 53 o 1
Wiy XZ W XY HAFAE S 2 (9 HCP A1, Q&1 6b
Fiis o BlAE B EHERGS BRI AT et A W el DUARZ

https://www.cnki.net

O, B0 2 B AR R B T i R 1 R
s A [ HCP AHE B 8 FCC M, e Zlifg B iy
FesoMnyyCo,oCryo Ff i i #B 19 HCP A & &I T 102346
(1) HCP #H, W&l 6¢ fin . Bi F0f ] LAAM il &
FesoMnyCo,oCrio £ B & B, ZE#5 46 2 /i b i 2 1)
2 FEUTRZ T A5 BT RE S N R IE B 4%
BER L, WA T AR R I TTRUZ N 417N i
ARALLY, 5 DX Sl e B0 BH 2 A A0 B A K R
() A= Ky T 3 e A A KR A PR A Y
TREE, 3K Rhom 20 20k BLIn) 55 4 S 1 35 [ 2ok R A
5, PRI X EE R i T00 3t IS (1) EBSD, i L[] G
iR

B 4 1 BT F R IR L 2 B AE FCC A I A e ok
MIE 4 2R, B0 88 A ) 3 8 TRIP w4
SRR YIARP= A 520, Zhu 807 FesMnsyCoyCryp 4
ZHmATT LIRE FCC B4R C ook, #at SLM
Iifﬁ'l% Fes9sMn30Co4oCroCos %%%é‘z\ﬁﬁ y ik [
AU B OR R R AL 2L, AR B £
NPT E SRR, 52 MR, Agrawal 5%
TER A S MARIRE &2 H6E0 SioE (il
FILPBF T. 2 i & T FeuMnyCoxCrysSis £ &, 37T
E[ A BE S ) HCP A ik 72%, fHJ2 AR 8] 6 & 4
A5y, JTCH BARAT, i 6d~i fii7R o Thapliyal S5
TE FeuMnyCoxCrysSis mi i & 4 i in A 1.5%#9 Cu 7T
2, AR B R B Cu 2 #FFCC
Stk OB RE S A BB 2 0 fR AT . Thapliyal
%[84][&] Fe,MnyCoyCrysSis %%%é’z\ ':Pj]ﬂ/\ 0.5%B.C,
WAL B FI C JCE TE & B A i Bt 410 ) F RAS A 1 A=



SRl ESpRI ]

(EEIE A )08/2024

BHER, S . HLEmEEETESEERasNMRHR

<717

& 6 1t e TRIP 7054 4 6 E 4140 . (a) LDM I FesMnyCo,Cryo 1 1 4 428 i S 1885 14 5 (b) LDM Wi
FesyMnyCoyCryo B /45 4 XZ 10 A1 XY 1 () XRD;(c) LDM JSJE & 84 4 X Z 1 WIS 38 51 T 358 #4423 A5 5 (d) SLM A e
FegMnyCoxCrSis #5445 4 15 HOH P ; (e~i) P8 (d) A TG 22 43 A )

Fig.6 Solidification microstructure of additive manufactured TRIP high-entropy alloys: (a) optical micrograph of the etched
FessMn;Co,,Cr, high-entropy alloy formed by LDM; (b) XRD patterns of the XZ and XY planes of the LDM-formed Fes)Mn3,Co,Crq
high-entropy alloy; (c) phase distributions from the bottom to the top of the XZ plane of the LDM-formed high-entropy alloy;

(d) backscatter image of the SLM-formed Fe,Mn,,Co,,Cr;5Sis high-entropy alloy; (e~1) corresponding elemental distribution maps
from (d)[79—82]
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Tab.2 Mechanical properties of additive manufactured TRIP high—entropy alloys

HEA Process Crystal structure  Yield strength/MPa  Tensile strength/MPa  Elongation/% Ref.
FesyMn3CoyCro LENS FCC+HCP 670 35 [79]
(FesuMnyCoxCr5Sis)e05(BC)os LPBF FCC+HCP 915 1209 5.1 [84]
(FeuoMnyyCoyCrisSis)es(BsC)os  LPBF+Annealing FCC+HCP 690 1200 16.8 [84]
FesssMnyCoxCrysSisCu, s LPBF FCC 665 1235 17.2 [83]
FeuoMnyCoxCrisSis LPBF HCP+FCC 530 1100 30 [82]
FeysMn3,Co16CrioCos LENS FCC 645 917 27 [85]
FesoMn3Co,4Cryo LPBF HCP+FCC 776 26 [68]
FesysMnyCo1oCrioCos LPBF FCC 710 1000 28 [81]
(FesoMn3yCoyoCrig)osSis LPBF FCC+HCP 945 30 [45]
Fe3Co3CryNigMng LPBF FCC 305 808 18.9 [86]

Note: LENS stands for laser engineer net shaping

https://www.cnki.net



SRl ESpRI ]

<718 FOUNDRY TECHNOLOGY

Vol.45 No.08
Aug.2024

o A

B ) 38 O 4 R AR AR ZH SO T S P Y )
L, Niu 55 00 Sk i 5% 38 b4 1l i@ i FesoMngoCo,oCryg
FE i 1 A ZUR 51 P X FesoMnsCo,oCryg i i 75 42 77
22 BE B ¥ LMD (laser metal deposition) % JE
FesoMny,Co,Cryp HF it 43 B 4 [ BE 7 ) . 4867
(e A0 HEFR T 1] U U B SR PR, WFSE R, U
40 77 1] B R i 26 W e e B AR R (35%) BT
PR 670 MPa, Wt 111 2 48 14 4K 5 3514 18] 5 77 1) Y
BE S BRI 58 BE 5 5 760 MPa, {HAH K RAU Ny 28% , Wi
F1R G A T . X L B 244 i 9 HCP AH & &, 45
7 1 1 HCP 75 24 94.4% , Eb 421 41 [7] 15 0 3k £
[ P 7 78 it 5 82% A 14% , PRI T 41 41 J 1) 4 v 1 i
KA A T ARAZ S E X LU 240 0 1 KAM ]
RS- 223w 1) £ DR/, 59 T 7 o) AR ot B AT e R
(7210 1] £ o 2.6, L AT 5 ] FNHE AR 7 1] 43 30l e
13%F1 73%, P23 5 1m) 22 1) R/ INFVEE it A 78 LAV o
BEALRE R R R EAOCOC AR, R WAl #E )5 [6] 1B 222
R it A B i 8 B Y U ARl e S0, PRI 41 4 ) B
5 1) A v P i B I R G LA B g 4 A Ak
R, WA BUE TRIP Sl A & N H 2 T
AN e, SN T 1] A 9 R A A A R T ) A
88% , [EL Ik A1 1 A I 1 48 (5] BE 7 1) ) 125% , & DA
mn R B REFAY L5 T2 PERE

A T G BB RE A IR S AFTE LR, 2 R
B RG 7R I8 PR IR o B b 3 28 AL B R B B0 23 i
NIRRT R T, S BRI REE 22
Thapliyal 255 H LPBF 4% AR s T Ak A KA )
i BE R B R % 5 7 AR F B ) Fe s sMnggCo,Crrj -
SisCuys mfi 54, W58 TRIP 7628 % i B v % e s
() 258 2 AR SR AR S R v R AR A P R Y 3
Jiid ik TRIP AHZS SRV AE, 1A & id o 7= A 80P
TSR 4 LT R AR R 0 B g, P, B AR A
HBEA IR 1.5%M FLBT R MRS (H HAH R AR
A LLIA B 17.5%,

AR R S R R AR ) A MR RE R T B R, R
ZH BRI RN KRG SFEERFM TR
A RIFIERG T2 e (EAR IR T 28 vE 2R T B A%
2R G )15 MEBE 25 . Chew 4518 b4 1l 15 4 R BUE
Feu sMn3Co,oCroCo s 17 1 & 4, W 5% Fe sMnyCoyg-
CryCos i & 4 IR J1 22 PERE L FeosMnyCo,oCrioCos
e A G 4 2 L IR R EE N 645 MPa, K Gk F
27%., AR TR 40 CHY, & 40 JE AR5 JE T
TH% 681 MPa, il K5k 27.8% , ZFJE i Ky -130 C
IR R T 872 MPa, B i #2 T1 35.1%, filt (K 85

https://www.cnki.net

IR TN 204%, i AR Wi 2t
) HCPAHH &/, AL T IARAS LU BICH 6.3%,
& T -40 ‘CF AYAHAE F B (21.2%) , 458 w80 B4 AH A8 R A
FFAE & AT DL o HCP AH 9 7= A8 Sk T8 AR AR I8 3 v
PR AR PR AR ST

1B A 3R H DL 00 B0 B R T 2 1 e 1 AR b
)5, v LAREARER AR ) A2 E 55 —AHATH . Thap-
liyal ZEBIHF 58 T 1] FeyoMnayCoxCrysSis o ki a4 oo
A 0.5%B,C 1B KRG & 4 T4 Re 281k, RIR K
RESHAPTRISR 29 1210 MPa, fHAH K Z-A R 5% , #f
iR IR 5 RS A FEAIG, 294 1 180 MPa, {H fifi KR
SR BT 28 17% , BB KRR T 150% DA I
1B SR A EL AT v R R S Y R R R AR 2
A7 IR K5 FE S ER AT H K = ok R
460 T AR G A B TR B W/ T 452 B R
B R T JUAT b B A5 1) 25 B i v TR S R RN T
ME T B 5 TR S i TR A SRR B, @C LAY H
P = B A R S, BRAR T FCC M Fa e
PE AR PERE 5L & A TRIP B0, 48 17 RE S A 381

Bl 7 R T H Al m il xt mow & 4 Jm A 5 40
A4 kA4 mIRA4 TRIP #H TRIP S A 4
(SR P R S0 FE R OC &R, T LLE ) TRIP Mk &
S 12 E T A L, SRR A TRIP &
R G 4 0 S PR RE AR T3 A T 2 R L4 e 1 ) 2E

£k [66, 81-83, 85, 87-96
HE! 1

7 HERA 3 R 1 E UL A e S8 R S i R Y
j& /% (66, 81-83, 85, 87-96]

Fig.7 Mechanical properties of TRIP high-entropy alloys
compared with those of aluminium alloys, stainless steels,
titanium alloys and nickel-based superalloys formed via additive
manufacturing techniques!® 8887961
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Fig.8 Microstructural evolution of TRIP high-entropy alloys before and after deformation: (a) bright-field image of LMD-formed
Fes,Mn;,Co,,Cry high-entropy alloy, with yellow arrows indicating the HCP phase; (b) high-resolution TEM image of SLM-formed
FesyMn;,Co,,Cry high-entropy alloy; (c~d) bright-field images and SAED patterns of SLM-formed FeysMn;iCo,,CrCys high-entropy
alloy deformed by 4% and 12%; (e~f) pole figures of FCC and HCP phases in SLM-formed Fes,Mn;Co,,Cr,, high-entropy alloy;
(g1~i3) evolution of the HCP phase in SLM-formed Fes;sMn,Co,Cr;5SisCu, 5 high-entropy alloy under strain rates of 107 s (g1~g4),
10°s! (h1~h4), and 2.5x10° s (i1~i3)e878L100
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Fig.9 Microstructure and electrochemical curves of the high-entropy alloys after corrosion: (a, al) morphologies of the XY plane of
LMD FeseMn;iCo,Cryy HEASs after the electrochemical test; (b, b1) morphologies of the Y Z plane of LMD FesMn;;Co,Cr;y HEAs after
the electrochemical test; (e) Tafel polarization plots for the as-built Cu-HEAs, SS 17-4 PH and as-cast Cu-HEAs!%)

https://www.cnki.net



(S A )08/2024 HEE, % LM tRT 5SS RaSNMRER <721

L AE (Y30 -509 mV Fl 65.14 mA/em?), W YZ % J3%F TRIP 5054 4 A S 767 58 [ 25 20 R0 g 19 5%

SRl ESpRI ]

T by Z Bk, X BRI T YZ mke A
SRR, ML B R R 0 R AR IV 0 R TR Y
B, T B L S AR I B TR

Thapliyal %S 5% T LPBF WUJE FessMnyCoy-
CrsSisCu, s F A 4 7E 3.5%(0 & 43 B0ONaCl 7%
() LA 22 A7 O OF 5 55 S m S 4 M LPBF UE 1)
17-4 PH AW AL AT R T X LG, anl&l 9c i
7, LPBF P i H & 4 0 5 ot Fl AR 1 95 285 1
44 LPBF 8 17-4 PH A4E, 6 b v 37 %5
TS A 4 M LPBF WUJE 17-4 PH A5 44,
FW] LPBF &M A & W 5 &4k, {2 LPBF i
T w0 A 4 0 BHAR B AL AR = T 17-4 PH ARG,
PHA A Ak Ak 22 42 ) S0 J2 108 A A Rl k™ A 1 484k
178, PR AR fb At 3 o, LA Al o 1) Bk AL
LPBF ¥ mHi &4 5 17-4 PH REEMAM L, EA5 S
R JGE b AR R o AR 4518 . LPBF BUE = i & 4
TS IR 2 TETAE TR TUIE, 2 B Ry 350 ok 2 S ok (v = 2
ML I U822 M B 3T 9 EDS &, 78 9135 fff il
RIT O A Cu AT, FW Cu fi b5 BU= H
RN OR Y o A= I R PR R A EOR TR TN B
(113 wm) K T LPBF BF & i G 4 (8 pm)Jf H ¥ i
G A MV H AN B R A A B
T LPBF WUEMEH G4, SEEEaHE4E
41k BE 71 Ik T LPBF B Ml & 4

3 ZitE5RE

TRIP &0 4 4 B AR ) fH i ) ol g, (LS B T
S PR IR M A DR B B A IR TR A R, TR A A R R
T3 T B A AR KA W FVE T o HE R 3 B AR AT L
T2 2 Z A B AT B A, ) B LA PR g ¥ 0 3k
FEE /DN o b AT 75 1 A T 36 o A A ORL R SN |
B 5], R EAL G5 T A A 7
e . H3G M TRIP @A SR H K2 W
BRI,

(1) E 1 34 44 il 8 BE 1) TRIP &0 & 4 o £
WIE LTt FFR B HRR R TRIP MG 4
JEI AR, R AR S b AT S B A A AR
Iy RZEERE R A E M oe &, DAE PR B B A
TRIP 0 = 5 45 4

(2) % S 205 vy %) L BE B BE O B I AR CRN Ve A
P 3 TRIP S0 & 474 TR T, (HERAR
TIHE BT E A K/NFE AP AR 22 5% . BRAYIY
TIN5y A 2 7% B 5 W A4 R B 5 | 990 P R T
PR S DRI, T BRI S8 B A ) 2o R P A i AR

https://www.cnki.net

M) , 30 1o S 0 A Xt A T R 4

(3) 4R B K 4K AH A8 (FCC —HCP) i 72 1  HCP
FHITE AL O 28 SEAC TR iR (38 4 o] 2 o
HHRE R T L B R B AT, B A R
Jri 8 J2 B A A A X B 4 AH AR B S ) 1 R A TR A
5%

(4) B SR 1T A IF 7 © 20 B34 44 il 15 B E TRIP
A A TEAR TR A 1 T B R s R T 0 2t
AE , AE AR | e 10 78 TR T Bz A PR BRI ) 2
PEBE SRR AEAT 5T R B T SRR 22 2
Ah, T BRI 1 TRIP & A 4 IR 9t G s 44
HAE 50 B AR 25 0F T MR BEIRE AR IR AT, 38
T B ST G b i v TRIP i 4 76 45 R 2 10 T 1 4k
e, A7 B A Ay - - BB O R B 1 M o 1
BB TRIP &40 G 4 0 3 5%

SE k.

[1] YEHJW,CHENSK,LINSJ,GANJY,CHINTS, SHUNT T,
TSAU C H, CHANG S Y. Nanostructured high-entropy alloys with
multiple principal elements: Novel alloy design concepts and out-
comes[J]. Advanced Engineering Materials, 2004, 6(5): 299-303.

[2] KANGY B, PELTON A D, CHARTRAND P, FUERST C D. Crit-
ical evaluation and thermodynamic optimization of the Al-Ce,
Al-Y, Al-Sc and Mg-Sc binary systems[J]. Calphad, 2008, 32(2):
413-422.

[3] GLUDOVATZ B, HOHENWARTER A, CATOOR D, CHANG E
H, GEORGE E P, RITCHIE R O. A fracture-resistant high-entropy
alloy for cryogenic applications[J]. Science,2014,345(6201): 1153-
1158.

[4] SHAFEIE S, GUO S, ERHART P, HU Q, PALMQVIST A.
Balancing scattering channels: A panoscopic approach toward zero
temperature coefficient of resistance using high entropy alloys[J].

Advanced Materials, 2019, 31(2): 1805392.
[5] KOZELJ P, VRTNIK S, JELEN A, JAZBEC S, JAGLICIC Z,

MAITI S, FEUERBACHER M, STEURER W, DOLINSEK J.
Discovery of a superconducting high-entropy alloy[J]. Physical Re-
view Letters, 2014, 113(10): 107001.

[6] YEHJ W, LIN S J. Breakthrough applications of high entropy ma-
terials[J]. Journal of Materials Research, 2018, 33(19): 3129-3137.

[7] KHAN N A, AKHAVAN B, ZHOU H R, CHANG L, WANG Y,
SUN L X, BILEK M M, LIU Z W. High entropy alloy thin films of
AlCoCrCu, sFeNi with controlled microstructure[J]. Applied Sur-
face Science, 2019, 495: 143560.

[8] EI-FATWANI O, LI N, LI M, DEVARAJ A, BALDWIN J K S,
SCHNEIDER M M, SOBIERAJ D, WROBEL D J S, NGUYEN-
MANH D, MALOY S A, MARTINEZ E. Outstanding radiation
resistance of tungsten-based high-entropy alloys [J]. Science Ad-
vances, 2019, 5(3): eaav2002.

[9] CANTOR B, CHANG I T H, KNIGHT P, VINCENT A J B. Mi-



e 722

FOUNDRY TECHNOLOGY

Vol.45 No.08
Aug.2024

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

SRl ESpRI ]

crostructural development in equiatomic multicomponent alloys
[J]. Materials Science and Engineering: A.2004,375-377:213-
218.

MIRACLE D B, SENKOV O N. A critical review of high entropy
alloys and related concepts[J]. Acta Materialia, 2017, 122: 448-
SIL.

OTTO F, DLOUHY A, SOMSEN C, BEI H, EGGELER G,
GEORGE E P. The influences of temperature and microstructure
on the tensile properties of a CoCrFeMnNi high-entropy alloy[J].
Acta Materialia, 2013, 61(15): 5743-5755.

TAKEUCHI A, AMIYA K, WADA T, YIBUTA K, ZHANG W.
High-entropy alloys with a hexagonal close-packed structure de-
signed by equi-atomic alloy strategy and binary phase diagrams|[J].
JOM, 2014, 66(10): 1984-1992.

SENKOV O N, SCOTT J M, SENKOVA S V, MIRACLE D B,
WOODWARD C F. Microstructure and room temperature proper-
ties of a high-entropy TaNbH{ZrTi alloy[J]. Journal of Alloys and
Compounds, 2011, 509: 6043-6048.

LI Z M, PRADEEP K G, DENG Y, RAABE D, TASAN C C.
Metastable alloys
strength-ductility trade-off[J]. Nature, 2016, 534(7606): 227-230.
LI Z M, TASAN C C, PRADEEP K G, RAABE D. A TRIP-assist-

ed dual-phase high-entropy alloy: Grain size and phase fraction

high-entropy  dual-phase overcome the

effects on deformation behavior [J]. Acta Materialia, 2017, 131:
323-335.

HE J Y, WANG H, HUANG HL, XU X D, CHENM W, WU Y,
LIU X J, NIEH T G, AN K, LIU Z P. A precipitation-hardened
high-entropy alloy with outstanding tensile properties[J]. Acta Ma-
terialia, 2016, 102: 187-196.

LU Y P, DONG Y, GUO S, JIANG L, KANG H J, WANG T M,
WEN B, WANG Z J, JIEJC, CAO ZQ,RUANHH,LITJ. A
promising new class of high-temperature alloys: Eutectic high-en-
tropy alloys[J]. Scientific Reports, 2014, 4: 6200.

SARKER P, HARRINGTON T, TOHER C, OSES C, SAMIEE M,
MARIA J P, BRENNER D W, VECCHIO K S, CURTAROLO S.
High-entropy high-hardness metal carbides discovered by entropy
descriptors[J]. Nature Communications, 2018, 9: 4980.

GILD J, BRAUN J, KAUFMANN K, MARIN E, HARRINGTON
T, HOPKINS P, VECCHIO K, LUO J. A high-entropy silicide:
(Mo 2Nby ,Ta,,Ti52Wo.2)Si, [J]. Journal of Materiomics, 2019, 5
(3): 337-343.

CHEN H, XIANG H M, DAIF Z, LIU J C, ZHOU Y C. High en-
tropy  (YboasYoasLug,sEras),Si0s with strong anisotropy in thermal
expansion [J]. Journal of Materials Science Technology, 2020, 36:
134-139.

OTTO F, DLOUHY A, SOMSEN C H, BEI H, EGGEKER G,
GEORGE E P. The influences of temperature and microstructure
on the tensile properties of a CoCrFeMnNi high-entropy alloy[J].
Acta Materialia, 2013, 61: 5743-5755.

CHEN S J, OH H S, GLUDOVATZ B, KIM S J, PARK E S,
ZHANG Z, RITCHIE R O, YU Q. Real-time observations of
TRIP-induced ultrahigh strain hardening in a dual-phase CrMnFe
CoNi high-entropy alloy [J]. Nature Communications, 2020, 11:
826.

https://www.cnki.net

[23]

[24]

ZHANG W R, LIAW P K, ZHANG Y. Science and technology in
high-entropy alloys[J]. Science China Materials, 2018, 61: 2-22.
GHOLIZADEH R, YOSHIDA S, BAI Y, KUROKAWA S, SHI-
BATA A, TSUJI N. Global understanding of deformation behavior
in CoCrFeMnNi high entropy alloy under high-strain torsion de-
formation at a wide range of elevated temperatures[J]. Acta Ma-
terialia, 2023, 243(15): 118514.

[25] HEZF,JIAN,MA D, YANHL, LI ZM, RAABE D. Joint contri-

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

bution of transformation and twinning to the high strength ductility
combination of a FeMnCoCr high entropy alloy at cryogenic
temperatures[J]. Materials Science and Engineering: A, 2019, 759:
437-447.

NENE S S, FRANK M, LIU K, MISHRA R S, MCWILLIAMS B
A, CHO K C. Extremely high strength and work hardening ability
in a metastable high entropy alloy[J]. Scientific Reports, 2018, 8
(1): 9920.

ZHANG WY, YAN D S, LU W J, LI Z M. Carbon and nitrogen
co-doping enhances phase stability and mechanical properties of a
metastable high-entropy alloy [J]. Journal of Alloys and Com-
pounds. 2020, 831(5): 154799.

DEBROY T, MUKHERIJEE T, WET H L, ELMER ] W, MILEWS-
KIJ O. Metallurgy, mechanistic models and machine learning in
metal printing[J]. Nature Reviews. Materials, 2020, 6: 48-68.
PARK S, NAM H, NA Y, KIM H, MOON Y, KANG N. Effect of
initial grain size on friction stir weldability for rolled and cast
CoCrFeMnNi high entropy alloys[J]. Metals and Materials Interna-
tional, 2020, 26(5): 641-649.

KLIMOVA M V, SHAYSULTANOV D G, ZHEREBTSOV S V,
STEPANOV N D. Effect of second phase particles on mechanical
properties and grain growth in a CoCrFeMnNi high entropy alloy
[J]. Materials Science and Engineering: A, 2019, 748: 228-235.
LIUZ Y, ZHAO D D, WANG P, YAN M, YANG C, CHEN Z W,
LU J, LU Z P. Additive manufacturing of metals: Microstructure
evolution and multistage control [J]. Journal of Materials Science
& Technology, 2022, 100: 224-236.

BLAKEY-MOLNER B, GRADL P, SNEDDEN G, BROOKS M,
PITOT J, LOPEZ E, LWARY M, BERTO F, DU PLESSIS A.
Metal additive manufacturing in aerospace: A review[J]. Materials
& Design, 2021, 209: 110008.

YANG X G, ZHOU Y, XI S Q, CHEN Z, WEI P, HEC, LI T T,
GAO Y, WU H J. Additively manufactured fine grained
NicCr;WFe,Ti high entropy alloys with high strength and ductility
[J]. Materials Science and Engineering: A, 2019, 767: 138394.
ZHU Z G, NGUYEN Q B, NG F L, AN X H, LIAO X Z, LIAW P
K, NAI S M L, WEI J. Hierarchical microstructure and strengthen-
ing mechanisms of a CoCrFeNiMn high entropy alloy additively
manufactured by selective laser melting [J]. Scripta Materialia,
2018, 154: 20-24.

PARK J M, CHOE J, KIM J G, BAE ] W, MOON J, YANG S,
KIM K T, YU J H, KIM H S. Superior tensile properties of 1%
C-CoCrFeMnNi high-entropy alloy additively manufactured by
selective laser melting[J]. Materials Research Letters, 2020, 8(1):
1-7.

[36] DE COOMAN B C, ESTRIN Y, KIM S K. Twinning-induced plas-



SRl ESpRI ]

(EEIE A )08/2024

BHER, S . HLEmEEETESEERasNMRHR

<723

ticity (TWIP) steels[J]. Acta Materialia, 2018, 142: 283-362.

[37] YU P J, FENG R, DU J P, SHUHEI S, JYH-PIN C, CHEN B,
CHIEH LY, LIAW P K, QGATA S, ALICE H. Phase transforma-
tion assisted twinning in a face-centered-cubic FeCrNiCoAlys high
entropy alloy[J]. Acta Materialia, 2019, 181: 491-500.

[38] LIUSF,WUY, WANGHT,HEJ Y, LIUJ B, CHEN C X, LIU X
J, WANG H, LU Z P. Stacking fault energy of face-centered-cubic
high entropy alloys[J]. Intermetallics, 2018, 93: 269-273.

[39] ZADDACH A J, NIU C, KOCH C C, IRVING D L. Mechanical
properties and stacking fault energies of NiFeCrCoMn high-en-
tropy alloy[J]. JOM, 2013, 65: 1780-1789.

[40] CHANG R B, FANG W, YANJ H, YUH Y, BAI X, LI J, WANG
S Y, ZHENG S J, YIN F X. Microstructure and mechanical
properties of CoCrNi-Mo medium entropy alloys: Experiments
and first-principle calculations[J]. Journal of Materials Science &
Technology, 2021, 62: 25-33.

[41] LI Z M, RAABE D. Strong and ductile non-equiatomic high en-
tropy alloys: Design, processing, microstructure, and mechanical
properties[J]. JOM, 2017, 69: 2099-2106.

[42] LI1J, FANG Q H, LIU B, LIU Y. Transformation induced softening
and plasticity in high entropy alloys[J]. Acta Materialia, 2018, 147:
35-41.

[43] BHADESHIA H K D H. TRIP-assisted steels?[J]. ISIJ Internation-
al, 2002, 42(9): 1059-1060.

[44] HUANGHL, WU Y,HEJY, WANG H, LIU X J, AN K, WU W,
LU Z P. Phase transformation ductilization of brittle high entropy
alloys via metastability engineering[J]. Advanced Materials, 2017,
29(30): 1701678.

[45] SINHA S, NENE S S, FRANK M, LIU K, LEBENSOHN R A,
MISHRA R S. Deformation mechanisms and ductile fracture char-
acteristics of a friction stir processed transformative high entropy
alloy[J]. Acta Materialia, 2020, 184: 164-178.

[46] WEIR, ZHANG K S, CHEN L B, HAN Z H, CHEN C, WANG T,
JIANGJ Z, HUT W, GUAN S K, LI F S. Toughening FeMn-based
high-entropy alloys via retarding phase transformation[J]. Journal
of Material Science &Technology, 2020, 51: 167-172.

[47] NENE S S, FRANK M, LIU K, MISHRA R S, MCWILIAMS R A,
CHO K C. Extremely high strength and work hardening ability in a
metastable high entropy alloy[J]. Scientific Reports, 2018, 8: 9920.

[48] NENE S S, FRANK M, LIU K, SINHA S, MISHRA R S, MCWIL-
IAMS B, CHO K C. Reversed strength-ductility relationship in
microstructurally flexible high entropy alloy[J]. Scripta Materialia,
2018, 154: 163-167.

[49] BAHADUR F, JAIN R, BISWAS K, GURAO N P. Low cycle fa-
tigue behavior of non-equiatomic TRIP dual-phase FesMn;Co,Cryg
high entropy alloy[J]. International Journal of Fatigue, 2022, 155:
106545.

[50] FU S, BET H, CHEN Y, LIU T K, YU D, AN K. Deformation
mechanisms and work-hardening behavior of transformation-in-
duced plasticity high entropy alloys by in-situ neutron diffraction
[J]. Materials Research Letters, 2018, 6(11): 620-626.

[51] NENE S S, LIU K, FRANK M, MISHRA R S, BRENNAN R E,
CHO K C, LI Z, RAABE D. Enhanced strength and ductility in a

friction stir processing engineered dual phase high entropy alloy

https://www.cnki.net

[J]. Scientific Reports, 2017, 7: 16167.

[52] LI X L, HAO X X, JIN C, WANG Q, DENG X T, WANG H F,
WANG Z D. The determining role of carbon addition on mechani-
cal performance of a non-equiatomic high-entropy alloy[J]. Journal
of Materials Science & Technology, 2022, 110: 167-177.

[53] NENE S S, FRANK M, LIU K, SINHA S, MISHRA R S, MCWIL-
TAMS B A, CHO K C. Corrosion-resistant high entropy alloy with
high strength and ductility[J]. Scripta Materialia, 2019, 166: 168-
172.

[54] JO Y H, KIM D W, KIM H S, LEE S. Effects of grain size on
body-centered-cubic martensitic transformation in metastable
FeyCo3CrioMnsSi;V,  high-entropy alloy [J]. Scripta Materialia,
2021, 194: 113620.

[55] HUANG Y H, GAO J H, VORONTSOV V, GUAN D K,
GOODALL R, DYE D, WANG S Z, ZHU Q, RAINFORTH W M,
TODD 1. Martensitic twinning transformation mechanism in a
metastable element-based body-centered cubic high-entropy alloy
with high strength and high work hardening rate[J]. Journal of Ma-
terials Science & Technology, 2022, 124: 217-231.

[56] KHAIRALLAH S A, ANDERSON A T, RUBENCHIK A, KING
W E. Laser powder-bed fusion additive manufacturing: Physics of
complex melt flow and formation mechanisms of pores, spatter,
and denudation zones[J]. Acta Materialia, 2016, 108: 36-45.

[571 RADHAKRISHNAN M, HASSAN M M, LONG B E, OTAZU D,
LIENERT T J, ANDEROGLU O. Microstructures and properties
of Ti/TiC composites fabricated by laser-directed energy deposi-
tion[J]. Additive Manufacturing, 2021, 46: 102198.

[58] HAMILTON R F, BIMBER B A, PALMER T A. Correlating mi-
crostructure and superelasticity of directed energy deposition addi-
tive manufactured Ni-rich NiTi alloys [J]. Journal of Alloys and
Compounds, 2018, 739: 712-722.

[59] MELIA M A, NGUYEN H D A, RODELAS J M, SCHINDEL-
HOLZ E J. Corrosion properties of 304L stainless steel made by
directed energy deposition additive manufacturing [J]. Corrosion
Science, 2019, 152: 20-30.

[60] NAGARAJAN B, HU Z H, SONG X, ZHAI W, WEI J. Develop-
ment of micro selective laser melting: the state of the art and future
perspectives[J]. Engineering, 2019, 5(4): 702-720.

[61] YADOLLAHI A, SHAMSAEI N, THOMPSON S M, SEELY D W.
Effects of process time interval and heat treatment on the mechani-
cal and microstructural properties of direct laser deposited 316L
stainless steel [J]. Materials Science and Engineering: A, 2015,
644: 171-183.

[62] SUNS S, TENG Q, XIE Y, LIU T, MA R,BAI J, CAI C, WEI Q S.
Two-step heat treatment for laser powder bed fusion of a nick-
el-based superalloy with simultaneously enhanced tensile strength
and ductility[J]. Additive Manufacturing, 2021, 46: 102168.

[63] LEWIS G K, SCHLIENGER E. Practical considerations and capa-
bilities for laser assisted direct metal deposition [J]. Materials &
Design, 2000, 21(4): 417-423.

[64] CAIC, QIUJ C D, SHIAN T W, HAN C J, LIU T, KONG L B,
SRIKANTH N, SUN C N, ZHOU K. Laser powder bed fusion of
Mo,C/Ti-6Al-4V composites with alternately laminated o'/ phas-

es for enhanced mechanical properties[J]. Additive Manufacturing,



SRl ESpRI ]

<724

FOUNDRY TECHNOLOGY

Vol.45 No.08
Aug.2024

2021, 46: 102134.

[65] PARRY L, ASHCROFT I A, WILDMAN R D. Understanding the
effect of laser scan strategy on residual stress in selective laser
melting through thermo-mechanical simulation[J]. Additive Manu-
facturing, 2016, 12: 1-15.

[66] MARTIN J H, YAHATA B D, HUNDLEY J M, MAYER ] A,
SCHAEDLER T A, POLLOCK T M. 3D printing of high-strength
aluminum alloys[J]. Nature, 2017, 549: 365-369.

[67] VAN DE WERKEN N, TEKINALP H, KHANBOLOUKI P, OZ-
CAN S, WILLIAMS A, TEHRANI M. Additively manufactured
carbon fiber-reinforced composites: State of the art and perspective
[J]. Additive Manufacturing, 2020, 31: 100962.

[68] LIR D, NIU P D, YUAN T C, LI Z M. Displacive transformation
as a pathway to prevent micro-cracks induced by thermal stress in
additively manufactured strong and ductile high entropy alloys[J].
Transactions of Nonferrous Metals Society of China, 2021, 31(4):
1059-1073.

[69] ANDERSON I E, WHITE E M H, DEHOFF R. Feedstock powder
processing research needs for additive manufacturing development
[J]. Current Opinion in Solid State and Materials Science, 2018, 22
(1): 8-15.

[70] WANG P, HUANGPF,NGFL, SINWJ,LUSL,NAISML,
NAI S, DONG Z L, WEI J. Additively manufactured CoCrFeNiMn
high-entropy alloy via pre-alloyed powder[J]. Materials & Design,
2019, 168: 107576.

[71] HAN CJ, FANG QH, SHIY S, TOR S B, CHUA CK, ZHOU K.
Recent advances on high entropy alloys for 3D printing[J]. Ad-
vanced Materials, 2020, 32(26): 1903855.

[72] DOBBELSTEIN H, GEORGE E P, GUREVICH E L, KOSTKA A,
OSTENDORF A, LAPLANCHE G. Laser metal deposition of re-
fractory high-entropy alloys for high-throughput synthesis and
structure-property characterization[J]. International Journal of Ex-
treme Manufacturing, 2021, 3: 015201.

[73] LIB, ZHANG L, XU Y, LIU Z 'Y, QIAN B, XUAN F Z. Selective
laser melting of CoCrFeNiMn high entropy alloy powder modified
with nano-TiN particles for additive manufacturing and strength
enhancement: Process, particle behavior and effects [J]. Powder
Technology, 2020, 360: 509-521.

[74] RUZIC J, SIMIC M, STOIMENOV N, BOZIC D, STASIC J. Inno-
vative processing routes in manufacturing of metal matrix compos-
ite materials[J]. Metallurgical and Materials Engineering, 2021, 27
(1): 1-13.

[75] BOES J, ROTTGER A, THEISEN W, CUI C, UHLENWINKEL V,
SCHULZ A, ZOCH H W, STERN F, TENKAMP J, WALTHER F.
Gas atomization and laser additive manufacturing of nitrogen al-
loyed martensitic stainless steel[J]. Additive Manufacturing, 2020,
34:101379.

[76] DEBROY T, MUKHERJEE T, WEI H L, ELMER J W,
MOLEWSKI J O. Metallurgy, mechanistic models and machine
learning in metal printing[J]. Nature Reviews Materials, 2021, 6:
48-68.

[77] TONG Y G, QI P B, LIANG X B, CHEN Y X, HU Y L, HU Z F.
Different shaped ultrafine MoNbTaW HEA powders prepared via

https://www.cnki.net

mechanical alloying[J]. Materials, 2018, 11(7): 1250.

[78] JOSEPH J, JARVIS T, WU X H, STANFORD N, HODGSON P,
FABIJANIC D M. Comparative study of the microstructures and
mechanical properties of direct laser fabricated and arc-melted Al,-
CoCrFeNi high entropy alloys[J]. Materials Science and Engineer-
ing: A, 2015, 633: 184-193.

[79] NIU P D, LIR D, FAN Z Q, YUAN T C, ZHANG Z J. Additive
manufacturing of TRIP-assisted dual-phases FessMn;CoyoCryo
high-entropy alloy: Microstructure evolution, mechanical proper-
ties, and deformation mechanisms[J]. Materials Science and Engi-
neering: A, 2021, 814: 141264.

[80] BIGJ,ZHU Z G, CHEW Y X, NG F L, LEE B Y. Microstructure
and mechanical characterization of laser-aided additive manu-
factured Fes)Mn;Co,,Cryo high entropy alloy[A]. Lasers in Manufac-
turing Conference 2019[C]. Munich: Wissenschaftliche Gesellschaft
Lasertechnik €.V, 2019. 1-7.

[81] ZHUZ G,ANXH,LUW J,LIZM, NG F L, LIAO X Z, RAMA-
MURTY U, NAI S M L, WEI J. Selective laser melting enabling
the hierarchically heterogeneous microstructure and excellent me-
chanical properties in an interstitial solute strengthened high en-
tropy alloy[J]. Materials Research Letters, 2019, 7(11): 453-459.

[82] AGRAWALP, THAPLIYAL S,NENES S, MISHRAR S, MCWILL-
TIAMS B A, CHO K C. Excellent strength-ductility synergy in
metastable high entropy alloy by laser powder bed additive manu-
facturing[J]. Additive Manufacturing, 2020, 32: 101098.

[83] THAPLIYAL S, NENE S S, AGRAWAL P, WANG T H, MOR-
PHEW C, MOSHRA R S, MCWILLIAMS B A, CHO K C. Dam-
age-tolerant, corrosion-resistant high entropy alloy with high
strength and ductility by laser powder bed fusion additive manu-
facturing[J]. Additive Manufacturing, 2020, 36: 101455.

[84] THAPLIYAL S, AGRAWALP, AGRAWALP,NENE S S, MISHRA
R S, MCWILLIAMS B A, CHO K C. Segregation engineering of
grain boundaries of a metastable Fe-Mn-Co-Cr-Si high entropy
alloy with laser-powder bed fusion additive manufacturing[J]. Acta
Materialia, 2021, 219: 117271.

[85] CHEW Y, ZHU Z G, WENG F, GAOSB,NGFL,LEBY,BIG
J. Microstructure and mechanical behavior of laser aided additive
manufactured low carbon interstitial FessMnsCo,¢Cri¢Cos multi-
component alloy[J]. Journal of Materials Science & Technology,
2021, 77: 38-46.

[86] TIAN C T, OUYANG D, WANG P B, ZHANG L C, CAI C,
ZHOU K, SHI Y S. Strength-ductility synergy of an additively
manufactured metastable high-entropy alloy achieved by transfor-
mation-induced plasticity strengthening[J]. International Journal of
Plasticity, 2024, 172: 103823.

[87] RAO X W, GU D D, XI L X. Forming mechanism and mechanical
properties of carbon nanotube reinforced aluminum matrix com-
posites by selective laser melting[J]. Journal of Mechanical Engi-

neering, 2019, 55(15): 1-9.



SRl ESpRI ]

(EEIE A )08/2024

BHER, S . HLEmEEETESEERasNMRHR

<725

[88] PEREVOSHCHIKOVA N, RIGAUD J, SHA Y, HEIMAIER M,
FINNIN B, LABELLE E, WU X H. Optimization of selective laser
melting parameters for the Ni-based superalloy IN-738 LC using
Doehlert’s design[J]. Rapid Prototyping Journal, 2017, 23(5): 881-
892.

[89] KREITCBERG A, BRAILOVSKI V, TURENNE S, CHANAL C,
URLEA V. Influence of thermo-and HIP treatments on the mi-
crostructure and mechanical properties of IN625 alloy parts
produced by selective laser melting: A comparative study [J].
Mateials Science Forum, 2017, 879: 1008-1013.

[90] CHLEBUS E, GRUBER K, KUZNICKA B, KURZAC J, KURZY-
NOWSKI T. Effect of heat treatment on the microstructure and
mechanical properties of Inconel 718 processed by selective laser
melting [J]. Materials Science and Engineering: A, 2015, 639:
647-655.

[91] SABBAN R, BAHL S, CHATTERJEE K, SUWAS S. Globulariza-
tion using heat treatment in additively manufactured Ti-6Al-4V for
high strength and toughness[J]. Acta Materialia, 2019, 162: 239-
254.

[92] HAO Y B, HUANG Y L, ZHAO K, QI C Q, DU Y. Research on
the microstructure and mechanical properties of doubled annealed
laser melting deposition TC11 titanium alloy[J]. Optics & Laser
Technology, 2022, 150: 107983.

[93] YAN W G, WANG H M, TANG H B, CHENG X, ZHU Y Y.
Effect of Nd addition on microstructure and tensile properties of
laser additive manufactured TC11 titanium alloy[J]. Transactions

of Nonferrous Metals Society of China, 2022, 32(5): 1501-1512.

[94] TOLOSA I, GARCIANDIA F, ZUBIRI F, ZAPIRAIN F, ESNAO-
LA A. Study of mechanical properties of AISI 316 stainless steel
processed by “selective laser melting”, following different man-
ufacturing strategies [J]. The International Journal of Advanced
Manufacturing Technology, 2010, 51: 639-647.

[95] LEUDERS S, LIENEKE T, LAMMERS S, TROSTER T, NIEN-
DORF T. On the fatigue properties of metals manufactured by

selective laser melting-The role of ductility[J]. Journal of Materials

https://www.cnki.net

Research, 2014, 29(17): 1911-1919.

[96] GUAN K, WANG Z M, GAO M, LI X Y, ZENG X Y. Effects of
processing parameters on tensile properties of selective laser melt-
ed 304 stainless steel[J]. Materials & Design, 2013, 50: 581-586.

[97] SINHA S, NENE S S, FRANK M, LIU K, LEBENSOHN R A,
MISHRA R S. Deformation mechanisms and ductile fracture char-
acteristics of a friction stir processed transformative high entropy
alloy[J]. Acta Materialia, 2020, 184: 164-178.

[98] OLSON G B. A general mechanism of martensitic nucleation: Part
1. General concepts and the FCC-HCP transformation[J]. Metallur-
gical Transactions A, 1976, 7: 1897-1904.

[99] PARK J M, ASGHARI-RAD P, ZARGARAN A, BAE J W,
MOON J, KWON H, CHOE J, YANG S S, YU J H, KIM H S.
Nano-scale heterogeneity-driven metastability engineering in fer-
rous medium-entropy alloy induced by additive manufacturing[J].
Acta Materialia, 2021, 221: 117426.

[100AGRAWAL P, HARIDAS R S, THAPLIYAL S, YADAV S,
MISHRA R S, MCWILLIAMS B A, CHO K C. Metastable high
entropy alloys: An excellent defect-tolerant material for additive
manufacturing [J]. Materials Science and Engineering: A, 2021,
826: 142005.

[I01JTHARIDAS R S, AGRAWAL P, THAPLIYAL S, YADAV §,
MISHRA R, MCWILLIAMS B A, CHO K C. Strain rate sensitive
microstructural evolution in a TRIP assisted high entropy alloy:
Experiments, microstructure and modeling[J]. Mechanics of Mate-
rials, 2021, 156: 103798.

[102] ZHANG Z, YUAN T, LI R. Striped non-uniform corrosion behav-
ior of non-equiatomic FeMnCoCr high entropy alloy prepared by
laser melting deposition in 0.1 M H,SO, solution [J]. Materials,
2020, 13(23): 5554.

[103] SCHALLER R F, TAYLOR J M, RODELAS J, SCHINDELHOLZ
E J. Corrosion properties of powder bed fusion additively manu-
factured 17-4 PH stainless steel[J]. Corrosion, 2017, 73(7): 796-
807.



