H55E Ho
2026 4 9H

wEERMISEIIE

RARE METAL MATERIALS AND ENGINEERING

Vol.55, No.9
Sep. 2026

https://doi.org/10.12442/j.issn.1002-185X.20250444

S SIS R0 TR R F R 22

AEBH, LEE, RARES FHRE, gAY, #
StEE 7, BB, REE’, &

!

1w
E i

(1. HEAFANERE R AR S L AP FAT R ¥ 471023)
Q2. PR S By 4 E RS = R Vg 471023)
(3. ZRIEKRE Hesb b TARS BRI 0, I VR 110819)

W OE: sl MRS EMEL RO REE T AR A SN L2 R e R N B S, BEE A aR T

SRRHAT AR REOL S, A AR AR e TRE U R AT A 0 B S

ARSOH Tl 22 (8] B £ S I ZE AR SR SE B

SRR G SRS WERTIY TR PR IR SO R S S TR L IO BORSA PERERE S LR T, R

SR R A B E R AR B R AR A A R R O K S A 3 5

G R R A UL R AR S L PR E A

Af -5 rE TR U N Y B sl S e R PERESE T Tk S T 1), AT WY i A S T TG PR BB 45 S 2% IRAR 0L 2%
PF R RSN AP SR R AT, CLR SR A TEREIUAR . PRITE R S IR T Mo A R AR A e JB B

KRR WA S WIRBUIR, TR, N RS
FEESHES: TGI39 WHERFRIRAS: A

NERS: 1002-185X(2026)09-2397-14

1 35l 8§

AR, S & & (XRZ L e MR CEmA
FARLTUR A ) — DU N 2, B AT R 5 R 2 AN ST
PORY & 7RI 2 ), 98 22 LR W
SRR T i e B R AR BORT R S T TERR
AREN, R A S SRE S R UL L& B AR SR
DLSE J5 7 L Bl S5 SR T P AR, AT T A G4 4 LA 1 Fb
B2 P4 JE J0 N EAA N G BT B AR RS 4R T
T R B Ry B B R R R AT S I, A A
DT B BT MR R TR 25 b TR 55 22 Bl S 3 Sk
TRVEREAR IR i G 4 2 10 = IR B L R ARG
TR RIBEMEAS,, ) » [FIRF 2B 0 Rk 55
R o A W A g A RS i T R S DR R 45 )
R TE SR OCIR I , A B T VR N Bl i 1 4% Jo 7 JUBE M
B 471 S 35 2 - B p IR 4R T ) S EE LA — R0
NI EARRM R — ARG MR ELFZRE AR K,
ZA S R R LR EOBOR TR A (T bs i 5
(DBEAT -

AS,, =—R>"_ CInC, (D
Hor: RSRIEFH G CHT RN TG0 No s
HIoeH

ks B ER: 2025-09-27

TGO, G SR TR A RS W] B N e e
G4 TG SFRE S S, K sl SEMIUIRES T
FVR S BB ZE R T 1L61R, PR & e 005 2 Fh 3 4 i 3= 22
L&, HIBAWME AN T 0.69R~1.61R 2 [a], K45 & 4 1)
TR R DT 0.69R, 1% 48 5 J& M B K 2 B IR &
= My T[N 2 RANE el SRR R e e
TCER [R)VE B 5 ANTITAT 254 i I 12 < s TR) 4K 5 WD T B o
I, R 4 T AR E I AR A AR 254, I HARYE
SEA AT LUK = 5 A SR 2 R fee AL Jbee R hep 2
EE G, b, foe B m S 6 2 R B PEE 2 0
P2, bee Al hep B i & 40 2 0 =, H 2 R L R A
SR AL R B EHEAL , BB AR e =

TE = A S IT AT B, B 90N D33 3 A
T8 4 80 v ) VR AR AL S ) T T s PR [ Vs A 5 44, (R
FEBEE N A SR R AR BRI B A TR
N RIUARS = oo R B AN S R R A R A R R e
1 0 B T R P — R 3R, 1 Wyaet S50 E R AR T
5506 A2 R BN T - 5 28 R T 8 5 [ s A 25 1 il 7R
R B SR AL R IR S o 2 1 T S A R AT
7] T T8 BRI R G 3 45 R REAE , 10 A4 R BT & e R P2
7 B B LA BN AR T SR AR F AR AR & AR R R

HEWH A RHB T EAA BT 25 H (20250EFP026) ; % H AR # 54 (52441404)
YEBEN AR TN, 51993 44 4, S LRI, EATANAE A BRA R 45 & = ks i s 1% B0 471023, E-mail: yhzhu725@

163.com



* 2398

W] B RS TR

555 %

et & MR N TR . B, TR R &
S IE T EEEH LR T (O R AR (AH,,)
SR E R, 9 A R

2
n I”i
o= 100/2_10,.(1 —;) (2)
F=>" Cr (3
AI_[mix = _Rz?:1 i¢j4H"C'Cj (4)

Horbr, P NP JE 72642 H ORI TR e iR A S
C M CoNPRR TR IR 70 3

GG e, mi G e R TR (D&
RN T2 b MR R T AR E R i A 5 (2) kg
MWy A2 RN = 254 b, %% 32 TCREML o 9 i i R HLR RS 22
S BR8P AL A s QIR HUSRL : 5 )% |
A 2R PR L MR AR5 AR [ 2 e ) RO A LA P i 1
JEF i R PR T AR AR d R, 3R e A R e 1 5 (4D
AR RN - PR BE L B 7 VR A U A T R , -
TEER AR ARE B H 2 R A ELAE A v i & e
MR G RN A AN AT T T BB . X LB
PRI SAI AN D RE SR VE O e 5 e B R AU R I SR 1 Ak
RE Y vt S BE T RS P Pk RE SR 1 R 1

wigh-en trop,, o i e,\amt:evdlsro i, a
e, X0 >
. © Q e'0 %,
Q ' Q@ . 9! &
| @ 99 =
® I‘@e&/ ) O ;
¢ |(@¥ L o gg
C® =g 9 .
()8 ") 5\ugglsh-d,-,fuc. 3 Cocktail effoq,
70,

Synergistic
properties

9! ,, SIS
S ghQes i &

2

10°

m

2
T
10 {%

Non-technical
ceramics,

mina

Fracture Toughness, K./MPa

glass
Glasses

6 lb' 1I02 1|03
Yield Strength, o,/MPa
BTl < MU RS K s TR A AR ALE
Fig.1 Four core effects (a) and typical properties (b) of high-entropy

[12-14]

alloys

138 B e VU RN 7 T B B S R A B ARFALE

HEE IS H AT MR SR 5 1k RE BRI O ™ R 1
FEAL I3 S5t 2 — v I« e v G el 9 TR R
i < ol A B A 5 20 DR ORI s A0 5 i v
TREM R R FGERE , M0 i & S AF N as i T fig— 4k
13T 2R I AR A R R T R U R A I PR B 2%
PR BRI, AR e S & e SR A RS T
BURIT e i vEiR i , i 25 M ki & A N AR D g
PRI T LA R RE 5 B WL B0 R0 i & I %
A T X -5 e TR SN P 37 5% PR I P % o)
B 1IN T RS A T < R A ) R OROR e 3 S EAT W
SRS, do e L A < A I SRR i R SR
N A IS et BIE RE LA A 5 T PR AT A M
S RRARRHE Bl v A A < R A AR 5 TR AN sk AR A N
i
2 SRAEEEAREHS
2.1 SEEERMRT

Ji R R A T R SCR H R — i
ISR R AR E , T CLSEEUA R S PR ReduAL  TX
AP VR 5 0 ) TR A0 1) A B AT v 45 e R 0 BETHREA
NFEAL G R S U R S, R AR % B A BT
WS GRS PR 1 A el 2 AR TR Ik, A R
WAL Ge & SRR PERERR PR » AT 30 2 A2 LR A
I RESEAN A AL 755 75 7 i & 4ot
BB o5 08 A% B EL RS> 18] JE I 7R RN i R (X 0
oA R B A5 R T U BIEAS & AR RS
FIA T E L X G e b T aen R & 71K
b B SR AR R B AL R, i 2 R R RS
IR & e SRS I A IR T et o e Se Bl 1
B fee B bee 7 [ A £ MR R UL RS H AR, (HE K
DR %/ H R PR T 52560 5 Ko X b4l R e 4 AR T
PO B A SR B o0 DAIE SRR & 05 18 B R AL T

. Traditional alloy
I:] Equiatomic HEA

DNon-equiatomic HEA

K2 feGt &4 A5 T EO AT A8 S T b s i & e A P R A B

oA
Fig.2 Schematic comparison of traditional alloys, equiatomic HEAs,
and non-equiatomic HEAs on the isothermal cross section of a

ternary phase diagram'®!



9 1]

REMESE: S S B R AR e TR U H

* 2399

KRI85 G SRS TE BRI 2 DI G ATy 2 4
EMB) 7 R RS K R . R L, s EeA
FHRIBR T Lo H A 45 B 7 EE , 2 Nagase 551 Y =7t
BP0 76 45 J5 1 HE ZeNbHE & 4 R A AT DUR R iR &
105 AR [ VA A, BT A N 2 R 5 4 Pradeep S5
M B Cantor & < v W A< I % & 32 o0 &= b 4] 43 3
Fe, Mn,,Ni,,Co.Cr,+ Fe, Mn,,Co,Cr, Fl Fe, ,Mn,Co,Cr,
3FPARSE IR T EL A i S , R AR R B R
JE PEFIRLAE RE , [R]I Otto 5P HIE W] 1 B AH [ VA 4 T2
B VR RS FR) 95 A G 2R DA R T 5 0 it 442 52 B0 L )
SERFFIE 2 T BOREE S5 7 L BLAR & 8 23 2507 AR AR AL
BamE. B, =xsllemia e ARl T
BRI TS T mi &Sl B B, i
BT A TR R RS . A N ook R
R i 5 < B Bt S TR I AFAE O Bk , AR
WIRTH KA , 75 & W8 2> F 5 AR i o s Bl b S
KFE GG RS E B2 & B a 1T
RE B S Tk 5 AEL H B J7 v R i S B A d@ e Y
WG e RO ot R T . BRI, B TR R AT E SN R
PRI E R TR FIBL a5 > 55 07 1 IEAE I s e 30 s 1 g
R < UL R TR P v R R e R A DA B S B
T 6 Gk 5 ) 5 VE R AN B B ) T B FLARAL Y
2.2 EMEEFIEEE

AT S o < i) 26 U7V S B IR
WU B A2 OGS A ) 3 1k A 51522270

HTEBEHEEE - MEEEe e E T AT
N SR AR N 2 B o o 2 SRR, ¥ 0 fE 49 B e fA
A B RGO, W 3a R . 1205 kAL
RO B AR T & R R R s A BUE BE
JIHEREL R, JEHR T8 & @ s R R BUSR
S PRI HE R = B BT T R 1 VR AR AR G AR
J 73 MR it D AT EA S B AR L g 5 25 53 3 i < 4L SRR
AP ER A FL A G kb S B R & e tERE . Yao S5
TR Z 7 V] £ 1 MoNbTaTiV R e G il & 85 A h
A HGVRUR, TR AT I 5™ B, AN i FER FH 7K vA 4 41 1
PV AN ARSI T SR AN A Rl s g n AR b PR
LT ZETBARNNGE 1 Gk )21k Re . A ELETm
B ARIE I R S el R A IR IR VA %
ZA Sk REA RIFRRENE RS BIEEE )T, W LA
RO L3 AT R AR I8 ) 88 5 A R o) ) 2 1k e e ok
ARSI, S B0 52 AN ) S8 L 1 5 PRI IE , [F) 25 45 5 4
BUBALEE , o] DL AR AT 5 2 i, ik — ARk 7 %
PEBE . a0 Lu S5k A B A A I JE MRk % 1
AlCoCrFeNi, (x=2.0,2.1,2.2) 3% f = i & 4, i foe Y
+bee B AHZH ZUVZH R, s A5 P Aok 1 B LE 5 A 23 R 5 U
YL ] PN 5 2 B L A v R 0 B A 2 . Wani PR

90% ¥ FL+800 ‘C/1 hiB K AH 45 A 1) AUk Ab 3 S B 1
AICOoCrFeNi, , 2H 288 4 i A¢. , 25 I A 14 B[R] I DR BF
S8R B R L (R PR T

WU A A5 R ok AR va &0, i B 3b B
eI ] 5 E A S RAVE R, S5 SRR G S R
1] T FL B B 1 Joe A RN A B e s Kb 3 A5 D R R AR H R
WG 4. 5HETIRHREGEEME, IS &k &
FRAAG B8R i BN T R A S5 AR 5, R B SR FH 1 4
R ARRLAR AN /N, TE ] 2 1 T2 o 23 ORI e R4 200 e
T T2 8 it A 200 /I P 55 B o, A 280800 ol 1l 2 Al BT R R A
eRZE S, S THA LU 511, 15 B LA A A 2L N 7 11
1% RS o Tang S50l I WL & S0 IEH & T
JEAS AlCoCrFeNi =i & 45 , 5 B WS MR G V2 ) 46 1) 5
SR, RE &S mERL, M2V BN AR E,
MUK HESEEM 1.0% N E 11.7%. Guo 2 EL
BT WU G RN B2 S IR B 185 2 46 O ND TaTiV &
ME N = A e s W R RN & S35

a

Tungsten bar

- Copper crucible

@ _____ Raw materials
. ‘ 2ad

[

Water in

. Raw materials

Water out

b

Pressure

L ] Elemental powder
@ Milling balls

D Milling jar

# Milled powder

g Graphite die Pressure
M Electrode

C

Scanner I H—l Fiber laser |

Inert gas Ar,

Laser head

: ) : <
Coax‘lal powder — : Powder bex l Scraper
i feeding nozzle e Lo D

Substrate

K3 ml il o A
Fig.3 Schematic diagrams of preparation method of HEAS

[8.27].

(a) vacuum melting, (b) mechanical alloying, and (c) laser
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Fig.6 Compressive engineering stress-strain curves of V, Nb, Mo, Ta, W, RHEA obtained at room temperature (a) and elevated temperatures (b)

and corresponding SEM backscatter images after compressive deformation at 1400 °C (c—d)** >
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Fig.8 Microstructure (a), mechanical properties (b), and elemental distributions (c—i) of MoNbRe, ;W refractory high-entropy composite via TaC

addition!*
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Fig.9 Welding distributions of TC4, HEA/Cu, and Q345 steel in the
laser welding process (a) and schematic diagram of laser

welding (b)"""
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Fig.10 Microstructures of Al CrCuFeNi, eutectic high-entropy alloy (a); sunflower-like (b) and chrysanthemum-like (c) microstructures!
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Table 1 Property comparison of different alloys in simulated marine environment'*5*7>" "7

Parameter (Fe,,Cr,,Co,,Ni,;Ti,),Al, HEA 304 stainless steel Inconel 718 superalloy Ti-6Al-4V
v, /mmy’ 0.002 0.02 0.005 0.001
E /mV 846 280 650 800
591 (partially strengthened
0,,/MPa 205 1034 830
P HEAs exceed 1500 MPa)
o, /MPa 984 515 1300 965
Al% 15.8 40 15 10
o Strength retention of about 40% at Strength drops Strength retention of Oxidation above 600 °C,
Thermal stability

1600 °C, with plasticity of 27%

above 500 °C

about 60% at 800 °C

with strength degradation
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Developing Status of High-Entropy Alloys and Their Application
Prospects in Marine Engineering
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Abstract: High-entropy alloys (HEAs) are emerging alloy materials in recent years, breaking the inherent concept of designing traditional alloy
compositions based on 1-2 major elements. Due to their unique structural features and performance advantages conferred by their multi-principal-
element combinations, HEAs exhibit wide application prospects in marine engineering. In this review, the basic concepts and development status
of HEAs have been introduced. Furthermore, their technological breakthrough, performance features, and corresponding mechanism analysis in
different scenarios, including structural mechanics, coating protection, corrosion resistance, radiation tolerance, and component fabrication, have
been reviewed. Special attention has been paid to the development status and application scenarios of HEAs in the field of shipbuilding and
marine engineering. Some prominent problems currently existing in the research process of HEAs have been summarized, aiming to propose
design methods and preparation directions of HEAs. More importantly, it also clarified novel development strategies to solve practical problems
such as a series of corrosion and protection issues faced by HEAs under complex service conditions including marine engineering, along with new
ideas for the future development of advanced HEAs that possess superior comprehensive performance and enhanced environmental adaptability.
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