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x1 TEEHR AM A HE HEAs FIHESMR H #1146

Tablel Phase structure and mechanical properties of HEAs prepared by different high-energy beam AM techniques

. Yield Tensile Hardness,

Technique Alloy Phase structure strength/MPa strength/MPa HV/x9.8 MPa Ref.
CoCrFeNiTi sctfce 773.0 1178.0 - [17]
WMoTaNbTi bee - 1312 578+17 [18]
SEBM AlCoCuFeNi bee/B2+fee 859 2233 - [19]
CoCrFeNiMn fce - 762 157.1+4.5 [20]
C01,5CrFeNi1_5Ti0_5M00_1 fce 900 o [21]
CoCrFeNiMn fce - 681+14 261+7 [22]
CoCrFeNiCy s fce 787 - 340 [23]
SLM AlCoCrFeNi bce - - 632.8 [24]
Alp3CoCrFeNi fce 730 896 - [25]
TiVCrHfNb bee - - 652.6 [26]
AICrFeNiV fcc 651.4 1057.21 - [27]
CoCrFeNiTi fcctaMn+hcep - - 700 [28]
CoCeFeNi, Vo 5Ti bee+(Co,Ni)Tir+aTi 960 [29]

Aly3CoCrFeNi fce 234
LC Alj 3sCoCrFeNi bee 611 (301
FeCoNiCrCu fce 375 [31]
TiZrNbWMo beetfTi,W, 700 [32]
FeCoNiAICu fcetbee - [33]
(CoCrFeMnNi)ssTiss fcct+beeto 910.5 [34]
PC CoNiCuFeCr fce 194.8 [35]
(FeCoCrNi)75Nb;¢BgSi; bee 415 [36]
CoCrFeMnNiVNb fcct+Lavesto 948.5+25.9 [37]
CoCrFeMnNiTi fcctbecto 903.2+45.2 [38]
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T SEBM Hi AR TEFT Y463 J8 45 44 4 B Ak T B 25 34
Bi, 0 DUA ROEE b R A DL SR AR R . [FIR, 1%
AR EeERHZE S, W THFRERER S ELR
T 75%LA o k4t SEBM HiARE B & RS HRE. %
T SR P X £ T L AR A N )N 5 P,
i SEBM AR AE# % HEA A MR 34 .

(2) M ARFHE B4R

H. Shiratori Z:M5# 3 SEBM #i £ T AlCoCrFeNi
B4 4. Shiratori AN SEBM T 25 A (1 Tl #h il F it
T HEA K712 Re 5 W 200 B3 A0 ¢, X 2 B A il
AT DL R 1k 4 R R R AE S5 S0 A I R
B, TR BRAR T A R R ERA B, A A= i
FRAN S BT HEA 45 0 0E TR R 52 2 /) T s i
BF B 45, W H BT 41 21 DL B2/bee FHIR AN L, X
S g1  HEA TOWAL S 52 &K,
HEA K52 3] 729 13 h 1l s, foc #H & bk 2
T 20%0A b P 2 A TS0 R UG 30 2 LT A U7 I )
B _E 3R RUR SEBM RFERIARGL B, 405 R 4R
[X 45k 43 53l 7~ B2/bee M fee A, 7 LLFE H SEBM filr il
7% [ HEA JIGHE o B2/bee db ki fn S AL I fec AHAT H .
B P45, HEA FROUL 45 04 = BE AR T SEBM (1) Tl #4
TP 55 T A ]

(3) ERMAEERE oG A AR R

Fujieda 2512/ EFEtiE S SEBM HARHI& T
AlCoCrFeNi &4, WERLSREHES SEBM HAR
il £ 1 HEA O 421 % 5 . Fujieda K IfE G085 i
#] AlCoCrFeNi X &4 bec #H, 1M SEBM £ A il £ 1)
AlCoCrFeNi BB &4 bee fl fec BAHAH R, X5 LR
H. Shiratori 25 /) & Bl— % [Fi} Fujieda & ¥ 7 SEBM
il %% 1) HEA 58 8 56 i, 1 2 R H 9 19 bee divbi 4t
— WM E T LA, AL E<100> T . BT
SEBM (1) il #4856 55 74 I R AN F 5 m,
T HEA MJCE oM fifg maditt, X4 8T
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L
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K1 X T A BOR R B
Fig.1 Schematic diagram of SEBM technique

b
B2/bee:
92.9%

B2/bee:
70.3%

fee:7.1% fee:29.7%

Build

300 um direction

Kl 2 FETHIARA RS S 2 BT 44 4 77 1) i i 3R 45 SEBM 544
T8 B A AR AL ]
Fig.2 Phase maps of the as-cast and the SEBM specimens
obtained at the cross-section perpendicular to the build
direction™”: (a) as-cast, (b) SEBM top, and (c) SEBM

bottom

HEA FIREE . 5RESE ) 2EvhRe, UH R RS2
F1ETt, HARBRPL SRR S 7 1400 MPa LA . ] 3
it SEBM Hi AR % 1 AlICoCrFeNi il & &1
B BSE &4 & J EPMA Jt R {94, A7 SEBM
il 2% 1 HEA " I T &R N3 tH B T Fe Al Cr BT HE I
W gbkL, ALE] T AR E .

(4) T JEg b1k i

Kuwabara Z31%f T SEBM ] % ] AlCoCrFeNi 1
W& e AT TR BT . B 4 R BN g KR 5T
gl B A R AN 26, KL T 515 A SEBM il % 1) HEA
i Jo5 B PR T SUS304 AEEMAFE, HIHH I T FH
WEEAAT 9, Horh Cr BT TR IR S8 A0 B A S 2 1t 65 ok
MEFERFRZE. A SEBM HAR 531 HEA #7551t
2 R B 65 vk B o XT84 A HEA WUk UL, fite
LA A BB Cr SRS Xk, Xt F SEBM
il £ 1 HEA RFER UL, Sk ) bee/B2 AH S TH $2 4
T2 1) s AL A

Fujieda Z5P'% F [E #5403 (solution treatment,
ST) 3% 1 SEBM il &) HEA RIS & vltEge, H
ST 4 #5/K % (water-quenched, WQ) LA & K ¥
(air-cooled, AC). 5 NARAFEA ST J5#) SEBM
FESLAE 3.5%H) NaCl ¥V, 353 K & CoCrFeNiTi i
B R AL 2R . FE FLU A FE R AR B LR, A
A B E R, H WQBS =T AC &3 J5 HEA 1)
AR, BT R Sk . X SR BT ST
BRI PR FPAH (3T Cr XD 5T, R’
BT Crotm B EG 51 A2 Cr Xgd> . H
HWQ 5 AC Kb B 5 1y 2500 AL 2 S A R 2 T A
IR A 5| R . B AT 48, ST AT 8 .32 & SEBM
il % HEA [ 65 ol g o
1.2 EXEABEIEAR (SLM)

(1) RE B
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As-cast
SEBM
K3 #5iE R SEBM A 1 & % BSE Bl & EPMA JTE THI A H
Fig.3 High magnification BSE images and EPMA elemental mappings of the as-cast and SEBM specimens!”!
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Kl 4 298 K N L#E/KIEE T f15451E . SEBM il % H i il & 2 5
SUS304 A4 14 3 HL AL B AL 25

Fig.4 Potentiodynamic polarization curves of as-cast HEA,

SEBM HEA, and SUS304 stainless steel under seawater

environment at 298 K artificial ¥

HXFOCIFUEAR BRI &R EF LR LR
SEBM AR, 52 s il e — 2 )R L I @ A R
Ja, ARG =R UI AR, R R X AT
REHCE i R — 2, @R R R st 4F

Potential/V (vs. Ag/AgCl)

Bl s ARALFRE AL FLY) SEBM FEMLTE 3.5% NaCl ¥R
353 K NI ik M e Bl L AL AR A it 2%

Fig.5 Potentiodynamic polarization curves depicting corrosion
properties of untreated and solution-treated SEBM

specimens in 3.5wt% NaCl solution at 353 K*!!

4 @45/ 5 SEBM [ HLF A EL, SLM HiARR
T SR AN (ANl 6, 5 Bh T8 G & AR
KM T RO, DR X TR A2 2 B4 1
WA 2] T — b a
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Fig.6 Schematic diagram of SLM technique
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(2) HHE5H

SLM 7 A [ kR A 35 75 T W 0k 74 ) 1 3o 26w ik
10°~10° K/s, US4 8 % 1 divhr A8 R 41 1)
FIAE G50, XA BT 55 35 3R T JL B AR LA 1 g 1)
ZHAEDL R, iG55 SLM H AR H] % 1) HEA M4
— MW Flin Li U@ SLM I ARHI % T
CoCrFeMnNi Fif# 4:, @ik XRD ESE 7 HEA K
HE GG fec HAHTE SLM W FE A R B ok [FIREM,
Gu 2t SLM 5 R #1141 VNbMoTaW =& 4
58 I A3 B I HR 2 bee 54 .

EREAEEES SLM S AR H] % ) HEA AH41 &
R—HIHI4L . Jinhong 255 Anmin 251 i 1% 45
B 18 ) B AICrCuFeNi /&1 f & 4 bee Al foe P AH 41 %,
{H Luo 2P id SLM $ AR il % (1) AICrCuFeNi =i &
&ANE A bee Mo Luo WA SLM [ R ¥ H1 2 [ 1k
T fec LK, Zhang 2P\ AR B F AN “bee
FasEm” 1 Al GRS EER T 5T KRS
B, K47 SLM I LI EMT, BEE Al JCRB#HE
% (M Aly;CrCuFeNi %] AlCrCuFeNi), HEA M fcc
i H SR T AR B bee Z5 44 (AL IX B M T S e T Guo
G2 BB R IR (VEC) TR HEA HJ fec
5 bee MHLIR AT AEAE TN SLM S FE R AEFEAS AL - % HE
WiIAN VEC 7E 6.87~8.00 f1a H B bee 5 fec #HIEAF,
{2 SLM il 2 (1) 2 I HH 18] 5 bee [#¥A ) AICrCuFeNi
VEC A 7.605,

(3) EHRA

Karlsson 2P B T SLM R 54538 1 4% 1)
AlCoCrFeNi ) @ ¥ & 5 R~F o 8 i il % 1
AlCoCrFeNi & 4 ab b RSTHUE UK, T SLM #AR 45
F SRR B N T 20 pm (WK 7 fior). SLM
PEAHMZA T, S oK 5 BURR & 1A
K, MESBREIR FEEFAENEHEKTRT

Melt pool track

K7 SLM #li&fy AlCoCrFeNi &/ & 4: 1) EBSD K%
Fig.7 EBSD image of the SLM printed AlCoCrFeNi high-

entropy alloy™

b A B BA . BRIk, SLM % HEA [ A 5k
SR 5y 7= AR AR A

(4) T JEg b1k i

FH T HEA AH 2 [ 18 BT 22 580N, AN 50 0 J s Tl ik
B, HARBUEYS), H—BRRAR T Rk . gt
Gb, KZHW HEA EA T E A o & i Coy Cry
Nb. Mo &7t%, it SLM AbH 5 i & ih 1 8 55 % &
T G 1 P i 45 [ HEA.

Ren 2P i SLM $: A 1] % T CoCrFeMnNi /& /5
Hé, I T 3.5% M E AN A B T (1955 Tk 3 H A7
WAL A AL 2= P E CanlEl 8). FTLLE HH SLM il %
#) CoCrFeMnNi HE A B 5 MHifLIX (AE). &Rk
L IE (R, AEE & [ sl AL (Eprp), SLM 55538
#1141 HEA J& 1 B3 457 ( Ecorp )73 39 9-189 F1-179 mV,
B SLM Lt i mJ il 4 B2 JB 7t i) HEA . X2 T
SLM B ARAEFF HEA JC 370 A0 EINIA5T, TFL 2 B
ABFTE: SLM ML T #5EHI % 1) HEA, — TG E
BT PRI 50082l D o A T ol R e P S A sk b s S —
5 THT A 8 45 36 A7 B LR 28 Bk B, SLML LI (1 #0058
A, HE— B AR T RS A il T R DT,

2 EMAERAHERESHEEE

2.1 HABERAK (LC

(1) B R 2

WOLIEE AR 5EXBOLEWRML, #HRH T )
B REBOCR . LC B4E [F &4 F BV A 2 R,
H[FP IR AR R R 2w BRAERE AR DA 2
i, JEHEUREEWE 9 s . fEmREBOCRIER T,
FM SRR P S AL IR i, 7E TS 22 J it
TFEVE F DU RAGE S EN 56 AT T, TR BGh S5 a8
JZ. LC MR TZ RS TR, 5sem
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Wit R RS TR

BV

HENE . E T 5 3mm X BUNERE L T HAREE
TIESRIEATIE . S DR 5 I TR g 18,

(2) EER

NT IR\ EEMN HEA 2, LC L2811
BERARAEE . AR EE PR
(P). HfHE (v LIRS (D) FH—2%
R IEEE, T Zhang ZEOF 5 T ORE L E S A
U RN, W% T FeNiCoCrTig s =k & 4 1
MARE pERe £ 7. FHIIANTEOLIN TR =

_-0.15 4 a
2 B
o 5
£ .0.20 2
= =
= 3
= =1
8 | 5
S -0.25 ——AMHEA g
° —As-cast HEA 2
A~ £
0.30
0 2000 4000 6000
Time/s
c
200 1 R

s 150 | P sy

a . A

=

% 1001 7,

E A" & AMHEA
N 504 1 . As-cast HEA
AMHEA fitting curve
——— As-cast HEA fittig curve
0 v -
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Zrea/x 10> Q-cm?

e
)
L

e
=}
.

o
[\

o
~
L

(Eo) WIMEs, wak (3) i
P

E=—" (3)
> D-v

J; DJYEKEER, mm; v NEEEE, mms'. P.
D. v =FMAEZW., HEIERH, X TEEZERERTE
. MR HIMRYERE A BB .

10 J&/R T A E; Rl FeNiCoCrTigs =14
B AR IS YRR, T LA HY LC RE A E R A

——AMHEA
———As-cast HEA

10107 107 107 107 107
Current Density/A-cm™

RE. = g, | R, W=,E,
|
i
C

K8 MWAIH RN (Esce) HITTERHAL (Eoce) fENNRIKIBRE 7E 0.25 mV/s FIFHE R T RIEF R, Rimhd, &

LA 0 45 R0 P B

Fig.8 Open-circuit potential (Eocp) with respect to saturated calomel electrode (Escg) as a function of time (a); cyclic polarization plots

at scan rate of 0.25 mV/s (b), Nyquist plot (c), and equivalent circuit of the fitting curve (d) ¥

Protection of argon

Laser beam

<+— Powder flow

Water
™ cooling pipe

Powder flow —

Protection Protection
. fargon — 1 of
Cladding ° ol argon
zone \‘ /'l
Cladding [Mpterfacial ™\,
layer zone Melt pool

Cladding
substance

K9 otk R AR = -
Fig.9 Schematic diagram of LC technique

S AFH R I Tth mp o 3030 2 AL BN 52 21 T ARCOK T 0 1)
TER, BB BR . 2 B RARET, “ iR ” B8
B, IR T B 58 R 2 2 R0 e 2 B § 801
R TEA G BB EG, B RRK TS R E . Y
EBWFEmbt, M5B ARMRES S8R RA, H
VAT Z M6 B R KR - B 11 JBoR 7% HEA RZM
WA 6 5 3 2 B T R i 2 %o s o ) 6 R 2 P 2 T g
%, HEA WIRZEEREE E, M3 Inmsgim, Mok
FEIREASS] T4 TE, {H7E 108.33 J-mm > L T S8 BRI
[ Dt o 3K AT RS2 R Dy dak v 1 s A R T 0, 2% 7 R 1)
BB . fEME REESN T, MBEIETE, 5
IO\ B BETR FE IR, AT S B R R R %
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(3) TMMAHL

LC HiAR 14 HEA FHE T SLM WM &, 1X 3
S RN 2 BMOL-F M - R MR- =
6] 5 9 52 A AR ELVE S 56 — 71l #4) bee HAAH
(] HEA S5MGE R R, T foc BAHSE M BAR 4E R
W HBREAR, B, LC AR, IaEEgA
B A, R R O, R AR K 1 P
7710103 X e S T HEA 16 1] 4 3 F8 b 5 2 AR 2L
7 LC 1P b FEA AL | {5 F 7 25 0 75 415 3 DL R s i
L J6& (rare earth, RE) AJ LLff HEA FRARZESURRUEM:,
Fort iR Im RE 2 H BT8O TR 857 19

Cui Z5°7E LC #1] % FeCoNiCrMo &/ 4 42 I Vs A

840 um

T CeO, #a LEMY, KB CeO, HIHS IR 2 P4 T HEA
WEMNRGURE (K 12 Fiaaf) HEA &RZEM
CeOy/HEA REMBMEM), HIFAREAE HEA 1 bee
Ao 3@ SEM 43T i LA i, ARSI CeO, 1 K 1) HEA
%2 TR DX 3 AL, v mT DAV 4 b 7 31 A
[FIFEAFAE RS0 (H CeO/HEA HEIRE AL R K
B IRL. Cui AN, XEHT Ce MR TFLEEK,

5y 5™ B S AR AL, BN T ARG B HRE. TR
G it F R PR A 2R B IR, i Ce TURAEM AR5

BEAN Ce RN TETT R, AT FRAR R A P 75 1) 75
A 17 R RE R SR AZ TN, 3k — B4 1 kLI A
K, SESRRAL, Bt HEA Fsa@IfL.

3554 pum

1320 Jm -

J

200 um

871 ym

4235 pm
| 181 pmy

Bl 10 FEA A4 58 A & T3R5 (¥ FeNiCoCrTio.s WO A B IR 2 A Ak
Fig.10 Cross sections of FeNiCoCrTigs coatings obtained by LC at different specific energies®: (a) 54.17 I'mm?, (b) 55.56 J-mm?,

(¢) 72.22 I'mm?, (d) 88.89 J'-mm™>, and (¢) 108.33 J-mm™

35

—m—Coating width
4200 f—e—Dilution rate

130

£ 3000 s =
= 8
=l <
2 3600 120 =~
= =
= g
£ 3300 115 £
3 =

10 B
“ 3000} 10

{s

2700}

50 60 70 80 90 100 110
Specific Energy, Ey/J-min
Bl 11 % FeNiCoCrTios 3R JZWILH E, 552 98 AR 22
AR L PR R R B ) K R
Fig.11 Relationship of the Es absorbed by each FeNiCoCrTig s
coating with the coating width and dilution rate of coating

on the substrate!”

(4) T JEg ol i

7E LC I FEH AN IN RE I8 7] LL# HEA 3845 5 Nl 7=
) B 21T TS P A - Gu 2511 LC 1] % MgMoNbFeTi,
WA T AR E R Y JeE, @ sk e A h 2k
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Fig.13  Electrochemical polarization curves (a) and EIS spectra (b)

of MgMoNbFeTi,Y,*”

2.2 FEBHFIBEHRAK (PC)

(1) RE B

EETIBEBEARGEOCE BB AR, #ATH &
5EMESGWE R RE-EMEIH RIFBESS
MIBEZ . AFEMZE PC HARHMZESEE FIEE
JE N AR 5 A R TN AT s i, RS 1 &R R R
HEMERMAPIEAH, KBAEE. PCHARE
EluE 14 . PC MHET LC A5 RL, X2
T PC #AN K. ARER, IBhAEE R B,
&R IE RS AR A, A BT &8 o0 =AM
T SY G, B A HER IR BT,

(2) B

Lu Z¥Ufi ] PC BAR, 78 Q235 Wi L4 11
I, ALK CrCuFe NiTi & &EE, B2
JEREZ18 2.5 mm. ] 15 4 HEA FIHEE BT B0 A
FF SR 78 )2 AR A S04, Hh I 15a 145
BERX (C2). BEX (FZ) MyEsEmX (D2). K
15b A FZ X U414, & HEA &2 SRR 45 4 X 15,
AT DA H T A T A AR JE PN 10 pm RRIR &, IX 2
FH T4 b I A P B AR S B B 1 KT oL, IR A
IR/ 38T HEA IS8 E R4 . B 15¢ JBoR
THRERIIMAMAL, BT 505 R S — Y
K, AHEER DI, SFEWEREIIER, T
B 7 A PIMEACRBI R o B 15d 1, HEAEIR B L
AL N HL7 PR 1A H BRI 451

Lu S5 fRAE T a] H 2R A & 45 4 BT oL, i
R 16 FioR: MR P =) Fe JLRAE PC
ISR IE NS HEA 2, H Fe 2IREHE
Ao BbAh, JE-PA e S5 R R 2 e R T 3
R 53 o T] H ZEPRB A 5 A% S R W AE A, HE— 25 W HI,
S A ZATE A0 ] 1B DA A 1 7 A M AR K . Lu K
DL, HREEB I EEFRINAR, 3Gk 2R

Tungsten E
electrode

Plasma gas

Shielding gas

Powder and
carrier gas

Composite

Plasma arc
zone
Cladding Fusion Melt pool Cladding
layer zone substance
Diffusion-
affected zone

K14 SETHEBAREIERER
Fig.14 Schematic diagram of PC technique



8

R SCHCAE A £ < e BE SR A 1 i Mk RE R BIT T

* 2973

T, X U A 4 8 I 5 1 ) AR K IR A B T 4
A, TR T BRI T T

HT PC BA GHl& L RRE. LM &R
PRI, Wang 25 PSR A PC BiA il Th il 4 7 %1 8
Z R AP E SR HEA: 7458 Ti(CN)Pg &1
5 bee Al CrygCusoFeyNiypAlLy BB & & EEIRE. %
254G HEA WRZBA ST mom B AR, sl 73
fl 7k (i LC) il 4% (1 M B 3G 5 HEA 1) 2 ife . Al FE

i BERRE AR R Ti(CN) 3k B &
N #ZME CFEMAZTEEEN, Ti 755250 A X 12
sy, H STEM 5 EDS Wl 17 fioR. mifli 1) 72 )2
A LA SZ 5K [ A o (0 2 A, 17 s 490 1 1A% 2 AT BABE
1ERE TR RIS e . Bk, Ti(CN) Mg &
FURL AT LR I H Orowan a6 A0 R A7 1% 330 9 4. 55 22 E 5k
AR, 535 F HEA P Ti(CN) P ZEBURL (1 3 4L,
MR, HEA EHRZER X B0 HV 41 2F Q235

K15 BAESRZERM, WRIKH, 2P 2 MAR

Fig.15 Microstructure of interface between matrix and coating (a), bottom coating (b), middle coating (c, d

®— B—

K16 A H ZERE T AL R &

Schematic diagram of formation mechanism of the
[68]

Fig.16

sunflower-like structure

WFEM ) 3.33 £i%, LB4E CrygCusgFesoNisAly il & 4
{5t 1248.5 MPa; HEA & G112 MM B AR 4 T 24 44
P T 8.06 %, M T4 HEA #2571 3.03 %, HPEE
PR 3 2 e B B 4%

(3) T 5 b 4 e

Gao %5 7T T AN A %5 85 7 9 i K/ St F
CoCrFeNiMn & £ 4 45 7 J2 il J65 v iy 52 ol o €1 18
BoR T 4 BRSSO AR R 4 HEA 1R )2

68
)[ ]

[0 B ol AL 3 v T KBS AR B M, ¥ B R R it
JEhtE . ME N 60 A B, HEA 3&)Z B &l s A7 i
r B LI R ARG, RS P B = . Gao KILEE
BT R R, A A F R R, X S TR
5K . Fe Ml Cr JGREA A E 4, Co Al
Ni JGHRER AP EE, WS &HR 2B ERR
HILZE 5, TR ROt HL v 25 ), T FE ol 1 S T PR - 60 A
M2, HEA TGRSR &5, [ m, H
GRS L, H Cr JL &R0 W b St — fec
VAR BT T A, 0 — D R o E O 5 B
T HEA 71 %57t J& vt g = FEAK IR T . 2 2%, PC
il % 1 HEA B A0 5 1t J6 kv B AN OH BT HEA
HAEALE Cr 55T 5 koo 2, 1 HLUA BT PC il 4% (1) HEA
HAHAM fee. bee [EEALE N, LLAIEIT ] PC #4
BWNSH, W LIE R ECE S A AR, s
G 2 A BT A0 4 )44 & 0 T B



* 2974 -

G E A e

%52 %

Cu: %
Ni: 7.70%
Al: 7.96%
Cr: 1.37%
Fo: 1.76%

K17 FERRLNY STEM £ AE: FIB & KAEAL E f) BSE K {%; HAADF-STEM K4 K ) Biff) STEM-EDS Jt % 47 #ii
Fig.17 STEM characterization on the ceramic particle: (a) BSE image of sampling location by FIB, (b) HAADF-STEM image containing

a ceramic particle, matrix grains, and an intergranular Cu-rich phase, (c—g) STEM-EDS elemental mappings of corresponding

Fig.17b showing C, N, Ti, Cr and Cu, respectively, (h) superimposed STEM-EDS elemental mapping of C and N

0.2

—_—50A
—_—60 A
T=—70A
—80 A
Sub

0.0

-0.2L

040

Potential/V

-0.6

-0.8F

Mo 6 s a4 3 2
g (Current/A)
K18 Heb 5N R A T IR % 1 T ) % ) HEA 3R )2 AR
e ith 2%
Fig.18 Polarization curves of the substrate and HEA coatings

prepared under different plasma arc current conditions!””!

3 4 iE

o 00 A G DR LR I < 30 /45 B R LG 1 4 2L
KM Z o REER, B&NRI % T &
Ae, HATZRIR AR, A ERRE SRS E)E
FARE . b ) 32 DR G e P B B —ME R,
4 B A B A A 50 kil /NG AR s 1
MELERAR S @l &G, TRiHl& s, &
Ve A LA AR I & R A . R IR M G B
R A EAR LT

D X HEFHRELE A (SEBM) BAGEEFIH

[69]

RE S IEHE AR . (H T AR B
SEBM il % HEA B3R5 N, H HOGH SURSE 0.2~
1 mm, HJEH 60kV, HE 15~35 mA, FHHFHERE 2~7
m/s, FHGRJE 200~1250 C. HEA A% %] O. C. N
HEIRRITY, BRI, IERITELE, A D AETRITR.
BB A AT 5 [ 9 Ak B 4 A B L S R R

2) HEXEOEEAEAR (SLM) EAWBER F/,
e, AAEBREN A HRAEERE,
DU 86 K R SFS5 K4 . SLM #14 HEA RN &/
W HGRE EAE 0.03~0.25 mm, FOGTHE 140~400 W, 14
FE R 500~2000 mm/s, AFBEEZEE 60~130 J/mm’.
TR B2 80~300 °C, @ik T SEBM. il J¥ J5 [f) HEA
GEMIRERE . SREE. RMEOGEE S, FLRZE. RR N
I

3) WOLBBERHAR (LC) TZREME. IT#E
FEMR. IEAEE . LC 4 HEA BB NS, %
FYeBEE AR 1.5~4.5 mm, #EEIHE 400~2000 W, H
FIEE 5~12 mm/s, AEEEE 40~170 J/mm®. 4
HEA /578 E BT, AHEE, JmRmSmis.
{EAR TRV H) 5 1 N ) 4y T AN, IR gL, RAL%
R, AT I T AR B I o0 2RSS T VAR U

4) HBETIRBHA (PC) #EN K. PR,
PC il % HEA B M8 9@, A HE 28~38 V, *
SNEEIRE 100~175 A, FHEE 1.3~6 mm/s. il % (] HEA
B E TR IS, RN, JIF LRSS BRE
AR5 b A 5 mT DL i) £ OB AL A% 5 A5 A B R 1 O
HEA. (H T2 %8, HEA J)2= 5t J6 il s o 1 4K it



35 8 1 S8 CHEAE R e RE ARG A 3G S RE T TC i * 2975 -

TILZZH, CURIEEMBIREE BT & &

£ SV ol R N Yo . N D RS B R
I AR R A7, 45 A 5 < AR AT RE P AR 4/ S
fLo REUEEGRIE . I, KRR TR —J5 R F ik
TEZH SRR EGE SLk i, 5 — TR T
BRIGIE 15 B 71 BR Sk a, SR RIBU T
o B TC BRI 1R A

BEHK  References

[1] Cantor B, Chang I T H, Knight P et al. Materials Science
and Engineering A[J], 2004, 375: 213

[21 Yeh J W, Chen S K, Lin S J et al. Advanced Engineering
Materials[J], 2004, 6(5): 299

[3] Zeng Cong(® H&), He Wen({f] ), Liang Bingliang(J#
%) et al. Rare Metal Materials and Engineering(%i ' & J&
FEHS T[], 2021, 50(11): 4031

[4] Lei Sheng(F 75), Liu Yafeng(X|iV V&), Li Shuai(Z= ) et
al. Rare Metal Materials and Engineering(%i 5 & @M KL 5
T[], 2021, 50(9): 3050

[5]1 Zhang Ping(5k “¥), Li Yuantian(ZXiZ HH), Zhang Jinyong (3K
4% %) et al. Rare Metal Materials and Engineering(#i i %
JE A RS THE)[I], 2021, 50(10): 3640

[6] Chuang M H, Tsai M H, Wang W R et al. Acta Materialia[J],
2011, 59(16): 6308

[71 Kuang Yunfeng(W~ = U§). Study on Microstructure and
Properties of Alloy Coatings by Laser Cladding AlFeMnSi
System  Multi-principal Element Alloys on Aluminum
Alloy((8 & &R M WOLIKE AlFeMnSi RZ F LA E&RE
2 23 5 14 BE T 77)[D]. Chongging: Chongqing University
of Technology, 2016

[8] Zhang W, Liaw P K, Zhang Y. Science China Materials[J],
2018, 61(1): 2

[9] Wang Yongxing(E 7k %), Zhang Dongdong(7K 7k %), Zhang
Jinyu( 5k & ¥ ) et al. Rare Metal Materials and
Engineering(¥i i & @M B 5 THE)[J], 2022, 51(2): 743

[10] Sun Xiaodong(#h B% %R ). Research on In-situ TiC(TiB,)
Reinforced Al.FeCoNiCuV, High Entropy Alloy Matrix
Composites(JE L TiC(TiB,)3 5 AlFeCoNiCuV, =i/ & &
# 5 A # B #F 70)[D]. Nanjing: Nanjing University of
Science and Technology, 2018

[11] Wei Shuimiao(£7K #%), Ma Pan(Z; 1), Ji Pengcheng(Z=
&) et al. Journal of Materials Engineering(# ¥t TF2)[]],
2021, 49(10): 17

[12] Li Chun(Z 4f), Zhang Wei(3k ), Zhou Yuzhao(ffl B:H7)
et al. Rare Metal Materials and Engineering(¥i % J& #

[13]

[14]

[15]

[16]

[17]

(19]

(20]

(21]

(27]

(28]

(29]

5 T R)H[I], 2021, 50(8): 3011

Li Quan(Z= ), Luo Zhiwei(¥ £ ), Feng Chen(i% j®) et
al. Rare Metal Materials and Engineering(¥i 8 & @M KL 5
T[], 2020, 49(11): 3969

Ding Hongyu( T 4 ¥i), Yin Yanjun( # fi7 %), Guan
Jieren(XA317) et al. Rare Metal Materials and Engineering
W f &R AR5 T[], 2021, 50(6): 2237

Fang Xingchen( 77 £ /R ), Li Zhongwen(Z= & ), Yu
Zhishui(F¥47K). Rare Metal Materials and Engineering
(Wi & B A k5 )], 2022, 51(3): 1011

Ma Mingyu(4 % &), Lian Yong(i# %), Zhang Jin(5k ).
Materials Reports(M £H5#)[17], 2020, 34(17): 17 082
Fujieda T, Chen M, Shiratori H et al. Additive
Manufacturing[J], 2019, 25: 412

Xiao B, Jia W P, Tang H P et al. Journal of Materials
Science & Technology[J], 2022, 108: 54

Zhang M N, Zhou X L, Wang D F et al. Journal of Alloys
and Compounds[J], 2022, 893: 162 259

Wang P, Huang P, Ng F L et al. Materials & Design[J], 2019,
168: 107 576

Fujieda T, Shiratori H, Kuwabara K et al. Materials
Letters[J], 2017, 189: 148

Chen P, Li S, Zhou Y H et al. Journal of Materials Science
& Technology([J], 2020, 43: 40

Zhou R, Liu 'Y, Liu B et al. Intermetallics[J], 2019, 106: 20
Niu P D, Li R D, Yuan T C et al. Intermetallics[J], 2019, 104:
24

Peyrouzet F, Hachet D, Soulas R et al. JOM[J], 2019, 71(10):
3443

Li Cong(Z H&). Study on the Microstructure and
Mechanical Properties of TiVCrHfNb High-Entropy Alloy
Fabricated by Selective Laser Melting(¥ti% X J& 4k BE
TiVCrHINb & 05 & 4 0 W 4 415 ) % ¥ B 9F 70)[D].
Wuhan: Huazhong University of Science & Technology,
2019

Yao H L, Tan Z, He D Y et al. Journal of Alloys and
Compounds[J], 2020, 813: 152 196

Liu H, Gao W P, Liu J et al. Journal of Materials
Engineering and Performance[J], 2020, 29(11): 7170

Li Y N, Liang H, Nie Q X et al. Crystals[J], 2020, 10(5):
352

Chao Q, Guo T, Jarvis T et al. Surface and Coatings
Technology[J], 2017, 332: 440

Zhang H, Pan Y, He Y Z. Materials & Design[J], 2011, 32(4):
1910



* 2976 G E A e 5524

[32] Zhang M N, Zhou X L, Yu X N et al. Surface and Coatings [53] Karlsson D, Marshal A, Johansson F et al. Journal of Alloys
Technology[J], 2017, 311: 321 and Compounds[J], 2019, 784: 195

[33] Cai Z B, Wang Y D, Cui X F et al. Surface and Coatings [54] RenJ, Mahajan C, Liu L ef al. Metals[J], 2019, 9(10): 1029
Technology[J], 2017, 330: 163 [55] Ayyagari A, Barthelemy C, Gwalani B et al. Materials

[34] Wang J Y, Zhang B S, Yu Y Q ef al. Surface and Coatings Chemistry and Physics[J], 2018, 210: 162
Technology[J], 2020, 384: 125 337 [56] Christofidou K A, Pickering E J, Orsatti P et al

[35] Cheng J B, Liang X B, Wang Z H et al. Plasma Chemistry Intermetallics[J], 2018, 92: 84
and Plasma Processing[J], 2013, 33(5): 979 [57] Flemings M C. Metallurgical and Materials Transactions

[36] Chen H, Cui H Z, Jiang D et al. Journal of Alloys and B[]], 1974, 5(10): 2121
Compounds[J], 2022, 899: 163 277 [58] XulJ, Liu W, Kan'Y D. Materials & Design[J], 2006, 27(5):

[37] Zhu S S, Zhang B S, Tao X W et al. Tribology 405
Transactions[J], 2021, 64(2): 264 [59] Qi Yanfei(55#i &), Ren Xigiang({F-E-5%), Zhou Jingyi(J& 5t —)

[38] Wang J Y, Zhang B S, Yu Y Q et al. Surface Topography: et al. Rare Metal Materials and Engineering(%i 5 4= J& #1 K}
Metrology and Properties[J], 2020, 8(1): 015 004 5 T[], 2022, 51(2): 735

[39] Yang Rui(# %). The Research on the Forming Process by [60] Zhang Y, Han T F, Xiao M et al. International Journal of
Selective Electron Beam Melting 3D Printing of Copper(H Minerals, Metallurgy and Materials[J], 2020, 27(5): 630
FIRIEX B 3D T4 BB T2 8k 40)[D]. Kunming: [61] Wang M L, Zhang G J, Cui H Z et al. Journal of Materials
Kunming University of Science and Technology, 2020 Science[J], 2021, 56(9): 5878

[40] Shiratori H, Fujieda T, Yamanaka K et al. Materials Science [62] Sun Y P, Wang Z, Yang H J et al. Journal of Alloys and
and Engineering A[J], 2016, 656: 39 Compounds[J], 2020, 842: 155 825

[41] Sochalski-Kolbus L M, Payzant E A, Metallurgical and [63] Kunce I, Polanski M, Karczewski K et al. Journal of Alloys
Materials Transactions A[J], 2015, 46(3): 1419 and Compounds[J], 2015, 648: 751

[42] Fujieda T, Shiratori H, Kuwabara K et al. Materials [64] Cui C, Wu M P, Miao X J et al. Journal of Alloys and
Letters[J], 2015, 159: 12 Compounds[J], 2022, 890: 161 826

[43] Kuwabara K, Shiratori H, Fujieda T et al. Additive [65] Liang J, Yin X Y, Lin Z Y et al. Surface and Coatings
Manufacturing[J], 2018, 23: 264 Technology[J], 2020, 403: 126 409

[44] Joseph J, Haghdadi N, Shamlaye K et al. Wear[J], 2019, 428: [66] Gu Z, Mao P, Gou Y F et al. Surface and Coatings
32 Technology[J], 2020, 402: 126 303

[45] Zhang C, Zhu J K, Zheng H et al. International Journal of [67] Chai Tingxi(4¢%E4E), Xu Hongtong(# % %), Yan Liqin(*Z
Extreme Manufacturing[J], 2020, 2(3): 032 003 W %) et al. Transactions of Materials and Heat

[46] Li R D, Niu P D, Yuan T C et al. Journal of Alloys and Treatment(# B AL B 22 4R)[1], 2022, 43(3): 11
Compounds[J], 2018, 746: 125 [68] Lu J B, Wang B F, Qiu X K et al. Surface and Coatings

[47] Gu P F, Qi T B, Chen L et al. International Journal of Technology[J], 2017, 328: 313
Refractory Metals and Hard Materials[J], 2022, 105: 105 [69] Wang M L, Lu Y P, Zhang G J et al. Vacuum[J], 2021, 184:
834 109 905

[48] Jinhong P, Ye P, Hui Z et al. Materials Science and [70] Chen S Y, Chen X L, Wang L et al. Journal of Laser
Engineering A[J], 2012, 534: 228 Applications[J], 2017, 29(1): 12 004

[49] Anmin L I, Zhang X. Acta Metallurgica Sinica[J], 2009, 22 [71] Wang M L, Cui H Z, Wei N et al. ACS Applied Materials &
(3): 219 Interfaces[J], 2018, 10(4): 4250

[50] Luo S C, Gao P, Yu H C et al. Journal of Alloys and [72] Gao P H, Fu R T, Chen B Y et al. Metals[J], 2021, 11(11):
Compounds[J], 2019, 771: 387 1876

[51] Zhang C, Zhu J K, Zheng H et al. International Journal of [73] Vyas A, Menghani J, Natu H. Journal of Materials
Extreme Manufacturing[J], 2020, 2(3): 32 003 Engineering and Performance[J], 2021, 30(4): 2449

[52] Guo S, Ng C, Lu J et al. Journal of Applied Physics[J], 2011,

109(10): 103 505



5 8 3] S SCHESE i e RE AR M G S T RE T T 2977 +

Research Progress of Preparation and Properties of High Entropy Alloy Prepared by
High Energy Beam Additive Manufacturing

Guo Yigian', Guo Zhenghua®, Li Zhiyong®, Wang Guangping’, Liu Fencheng', Zeng Yida'
(1. National Defense Key Discipline Laboratory of Light Alloy Processing Science and Technology, Nanchang Hangkong University,
Nanchang 330063, China)
(2. Nanchang Hangkong University, Nanchang 330063, China)
(3. Jiangxi Changhe Aviation Industry Co., Ltd, Jingdezhen 333002, China)

Abstract: High-entropy alloys (HEA) are a research hotspot in the field of materials and engineering sciences. Unlike traditional alloys,
HEA is composed of many main elements. Thus, the number of HEA components may greatly exceed that of traditional alloys. HEA has
excellent properties (high hardness, oxidation resistance, corrosion resistance, high-temperature resistance and wear resistance) due to its
unique composition of “near/equimolar ratio.” The combination of additive manufacturing (AM) and HEA can produce metal parts with
high strength, high plasticity, and highly complex geometry. This paper discusses the widely used selective electron beam melting (SEBM),
selective laser melting (SLM), laser cladding (LC), and plasma cladding (PC) techniques. The first two are used to prepare bulk HEA. The
last two are used to prepare the coated HEA. The HEA prepared by SEBM has good ductility and is not easy to crack. The HEA prepared
by SLM has high forming accuracy, strength, and surface finish. The HEA cladding layer prepared by LC has very low dilution degree and
dense structure. The HEA cladding layer prepared by PC barely has pores or cracks. This paper systematically summarizes the technical
characteristics of four different AM methods, as well as the advantages of the prepared HEA compared with those prepared by traditional
casting techniques in terms of microstructural characteristics, mechanics and corrosion resistance, and introduces their intrinsic
mechanisms in detail. This paper provides theoretical basis for the development of cutting-edge technologies to prepare HEAs by AM.

Key words: high entropy alloy; additive manufacturing; forming process; mechanical properties; corrosion resistance
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