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ABSTRACT Extreme environments, such as ultra-high temperatures, extremely low temperatures, and intense
irradiation, impose growing demands on structural materials for next-generation engineering applications.
Conventional single-principal-element alloys are approaching their performance limits because of insufficient phase
stability, low-temperature ductile-to-brittle transitions, and uncontrolled defect evolution. Conversely, high-entropy
alloys (HEAs), characterized by multi-principal elements, exhibit high configurational entropy, severe lattice
distortion, and chemical short-range order. These intrinsic characteristics enable exceptional thermal-mechanical
stability, cryogenic toughness, and irradiation resistance, rendering them promising candidates for applications in
extreme environments. Focusing on three representative conditions, this work summarizes the potentials and
challenges of HEAs as structural materials, clarifies the underlying high-entropy-driven mechanisms, and identifies
key technological barriers. Furthermore, we report perspectives on future research directions and propose pathways
to accelerate the transition of HEAs from laboratory-scale research to practical engineering applications.
KEYWORDS high-entropy alloy, extreme environment, structural material, mechanical property
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Fig.1 Summary diagrams showing yield strength vs temperature!?*! (HEAs—high-entropy alloys)
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Fig.2 Synergistic improvement of room-temperature plasticity and ultra-high-temperature strength of refractory
HEAs through grain boundary (GB) engineering strategies(>']
(a) microstructure, solute element distribution, and the mechanical properties of the MoNbTaW alloy
(b) microstructure, solute element distribution, and the mechanical properties of the MoNbTaW alloy doped with
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Fig.3 Synergistic improvement of the room and high-temperature mechanical properties of ultra-high-temperature
refractory high-entropy alloys through the introduction of eutectic carbides*?!
(a) dual-phase microstructure
(b) atomic-level bee/hep phase interface
(c) solute element distribution
(d) room-temperature mechanical properties

(e) high-temperature mechanical properties
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Fig.4 Low-temperature fracture toughness and deformation microstructure of NiCoCrl*”]
(a) J-R curves and fracture toughness values for the CrCoNi (Kjic—crack-initiation fracture toughness, Kss—

crack-growth toughness, on—strength, Aamax—maximum value of the crack extension)
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(b) Ashby map in terms of the fracture toughness versus the yield strength for a broad class of materials

(c) deformed microstructures of the CrCoNi alloy at 20 K

fEBNZE A [ MRS B8 T ARSEAL GEan UL RE 4R T m i & IO ARIR 2 Ve RE, ISR T 165
B & MR BRI, DU AR 9], ARG b 9] NFEEA% B LA AH 7 I B e A SPEAS A7 4
THRS, PEERE, (HIERR T 57 R S e 2RI N S, SEOB IR 1752 6 AICFeMnNi B
POARFEAR h, S TP R e 2 B Sy 2 P IRt o 3 (A oAk, WK B2 e A i RN ), e 5 A
JA AR TN, A8 AL AE A TR AR rh RENS ELFE BT DI EE: B2 AHRURIS2 . 2 et <) (A SV BT DIp LA
AT L7 73 R A AN ADTTE B SR AN AR AL 1 77, il ROk e 2L BT V) AR T S BB AR T, T & 4 7E
IR T e 2 2 GPa RAH SR BEFN 34% 1)K 2.

GG S 1 e LA AH F I R RS R AR AR N LBl m it . RN A RO&R). 78 foe Ml & &2
PR R SRR v IR L1 KT A, AT AEAS AT E 9L A PG S T I IR DR 8 244 J) i 2 gk )l 7
BN, L1 BORLAE A AR VR 0, PR ER AN A8 DAORIIE S hn A4 2, AT AT RS SI e 3, (i 15
TERHE, SR L1 PR HARAE T A 2R A AR A R I AT 2 AR TR AR N g, BB fee FEAK R bee AH
AR, eSO TR R 545 C GIRIRH fec-bet AT RACIRMETEA R, XA AL
[¥) boe AHFPIRALES 55 TI LA AT SR, WA RENHIAR R BUEMR . BEAt, HEBhE G S AL WRE,
KON A RUBE AT sl K R P ACAG AR, g 2 PR de o it 3 e 4% 3 e a) e AR AR F AR RS /B D) A
ZES, AI{E NiCoV & & SiBEFEA |7 59k KAEE P JLAE M XU FE G5 0%, gk KA A 7 X B RS 7
Hizgl). IR TIVIR ), OB Y B SRR BON Jp A, AT & AR I GIR T BT %) 1.8 GPa
(P 5 B2 ARG 300 MPa-m'/2 (1 I 24 1

FHELT fee G5HIERE &<, bee SAL S T G i 2 30 H B s (0 J IR . DL HENDTaTiZr i &<
B, H=IRERSREE N 875 MPa, MiRFEM4%E-196 C, SREERFHE 1549 MPa, HRFF>20%MH KR, K
HH B k0 e A A (T 50500y o AR 9 0 B [ 47 D9 R T AR T AL ) ) Bk B AR A . AR SR AR T R
HINbTaTiZr = & G 47 RAH bee 4544, WVEARTE IR A 212 1 AL 1], Jm) S S 8 14k 38 3 70 o7 46 2 471 g
XS HEFTE B 7 SE: TAEARIR 5 bee MRS E PEFRAK, ZETENLHIHL A N AK AR B AL TR A5 BCC— o
A SAENER TR 5, IWT4ER LR f e k.



4% M ACTA METALLURGICA SINICA

Bl 5 HENDTaTiZr i & SRR (1 T RE I - A8 il 28 K B T AL 43 A 156)
Fig.5 Low-temperature stress-strain curves (a) and the schematic illustration of the deformation mechanism (b) of
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Fig.6 Cross-sectional TEM images of Ni, NiFe, NiCoFe, and NiCoFeCrMn irradiated with 3MeV Ni* ions to 5 x

10'6 cm™ at 773 K showing the influence of the number of principal elements on irradiation defects in alloys(®>]
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Fig.7 More pronounced chemical short-range order (CSRO) (a) and chemical fluctuation (b) in CoCrFeMnNi-CN
compared to CoCrFeMnNi suppress void swelling (c, d) showing the influence of local chemical ordered
structures and compositional fluctuations on irradiation defects in HEAs!4! (D, Dyac, and Dineer represent the
diffusion coefficient, the diffusion coefficient of self-interstitial atoms, and the diffusion coefficient of vacancies,

respectively)
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