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ABSTRACT Owing to the multi-principal element and higher intrinsic configurational entropy,
high-entropy alloys exhibit excellent mechanical and physicochemical performance, which has garnered
extensive attention from researchers. By virtue of the excellent performances in terms of superior strength,
ductility, toughness, impact resistance property, and adjustable phase stability, especially in cryogenic
environments, high-entropy alloys have broad application prospects in fields such as deep-space
exploration, low temperature superconducting, and the gas industry. In this paper, the deformation and
strengthening-toughening mechanisms of high-entropy alloys are summarized by reviewing the cryogenic
progress. Furthermore, the promising research directions of high-entropy alloys in cryogenic engineering
application combined with the performance of traditional cryogenic materials are also presented.

KEY WORDS high-entropy alloy, cryogenic property, deformation mechanism, strengthening-toughening
strategy
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Fig.1 Schematic of crystal structure in high-entropy alloy (HEA) with severe distortion®!
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DL I & S ARG A TN AR VR AR AT R M, AR RO F 9 T CoCreNi i & S 1E G,
BRI AR T A, RILTE 20 K % DA R IR A TR, mifi s & S 0UHAR AR M . w0
T S LB (HRTEM) 5 SAIE S, A8 2 Ji5 (R 20 43 o A0 R R 490K 2 5t (L4 5 S8 i s [ 28 ) i/ B
foc-hep AREEARAT A, 255 1 SIS TN LB R AR 4T A0 FE RV F S 80T s & SRR IR R B R R 4
P, Pu ZPIZERF T CoCrFeNiMn B4 4 (MR /72447 AT R I,  ARAR IR FREE AR Y 2 S8 4=
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5 S AERAR IR AR T I B D R AR T 3 B el A A8 3 5

S R B SRR A T R P AR IR AR AT e, 2 T rh TAT ORI 2 4 SR A IR BUR, BT



4% M ACTA METALLURGICA SINICA

B TIEMERR AT B AR AR AR A AR . 1B CAIE S A 22 R LA o e A1 mT et B AP E sl AR s, g At
AN A AR AT N AHE R FE 7R B OO AR TR R, 7598 24 AT 20 AT i o5 e R A R AE
)R N R XE AL

22 #BASHEENRENF M

UTAE SR AT TR B, 0 A 4 7 AR PR 88 LA I 7 iR o e 1541420 1 TS0 B 07 g =5 0L i
(1820210 g s fiR (1O 43440t i TG ORI AL S B PR AF OB A e A bt . R T B & IR IR L RE A
%, Qiao Z515VT 2011 4EF LW ST T H A BAH bee 454411 AICOCTFeNi & & & HIMGIRMERE, RILZ A 41
IR T B WA S Ae (i IRDRFEIA 1.88 GPa)FIAE A AR s i, R T miia & E vEiEim
PRI TR B J 5% .

LB bee S5 mi GaAHI, BAH feo SIS G & 5 TS B . A tERef 7S8R, HAK
IR R R A . 2013 4F, Gali ™5 % T CoCrFeNiMn (J5##RJy Cantor &42)F1 CoCrFeNi & &
SAEAFRE IR Re . TFF R, MEERENRE, %A S M5RE B EN A2 7 KIEEMEE. &
77 K i}, CoCrFeNi B & &R faa et 1 GPa, HILMPR T 60%. BE)5, Otto Zel7e hELmt FiR
WEFL T AR b RT3 i & SRR 7 22 e R s e FARTE LI . BEAC R E, feo Ml & & EIRIRATE
Ja S HILGIRER i, AR ML= A T R AIRAE ST, WA 1AL ) A X SRR e S T R EAS
frakizsl, el e SRR TaEER, MR T 34a 1T AR A . FEAL AT B AZR SR L)
L EVER R, Cantor &47E 77 K I (RBREE MIBEIE S S) T W B4% 5. BAh, 2014 4F, Gludovatz £
FEANVPAL 7 HAH fee miilA M E R RERRENE, KL% & B A0S MREDE, RS 4]
T 240 MR 1 200 MPa m™?, 3F HAE 77 K 244800 Iy BRI 241 i 300 MPa-m™?, il R4
P 8 AT A SRR BE A A 1) B IR AN B AW A e A A

3 EEEENRIREINL

S5t B oo SEMmIN & 40 IR P B AR AOHE 45, BF AN B IR R Tz s AT, AR AL
57 RKRERIE. BT 72 EAR T kB s, BE AR ST AL s T ARBREE T 2R 2
THER A S RITERE . mEkiE, BN C. N &R B IR 1o Al SR B H 5 1; Zhshfe, RDSEINGALES AR, Tk
B, BRRIEERT. RS RRRE A AREREE, EISINEE BT SN . Lt 20 R
K&, LGB IZ SR BT IR R & e P a2 TN, B T RS SRR TR . Bk
RS TEAL AN S ) A SRR S S5 20 T

3.1 EiFmi

[ AR 2 U R T, BTN Sl I g A B El B e IO S A e, T DU A e A, 42
ERLAS TR B, TR AT RIS . Tian ZP%@ 78 Cantor &4 M 1% (R 7204, FR)K C, 75
BT BAE WHCK R ST BN e & ias a4, KT C fusaib . 40 5hom AL AV I AR A 1 F2 v (0 067 #5 AN 22 iy
MU L FEIVE L, Z& 47 77 K (8 ARGRE Ak 1 GPa, WrZdsm ¥ alik 1.46 GPa, [E]IHE R 42.6%1 4k
L1k

Shim 25BH5E o B IR R AL B4k (CreoFessNs) I 77 20 7E CoCrFeNiMn & &xth 51\ 2.1%FI Al N 7T &,
WFIC RGN N LR AT 0] o AHEIHTH, 23k CroN M AR =42 . A AR A7 AE B B30 1 ki K
S N B A SR RSB /)N 2 ZH SRR H A R VR F AT A 8 o i & 1B IR E, L CrN T
HAHP SRR BT 537 N PN TE ZH 23 A mT 7 A o R B SR BEAS A7 485 A2, IRIR IR BE (1 40K 22 i Fl —
AR AL T R, FERRIR T A ISP E B, ATPEAS T A28, $em T A & T
ReJJ. MIGIRIRAEE T, fEALESHSFIIERE . 2 A28 AL RIER R, & N i & 6 A Ie e IR FE ]
ik 1 GPa, WrZLaRfE it 1.6 GPa, [FINHA{RF: 70061 AR, SR, 8BS T340 5 i & 4 3k L
LT SV R T e, ELREE S R ROHIN, B R A B A (Tt R A R0 R T o5 S A ke s Ak 3R B,
TG SRS W, TR S R Rt . Rk, 38 24 f [R) B R T ) i & SRR M RE
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MERREE,

MRtk A, BFN BB VEARTT AL T B R TR R A S IR M RE R . 2016 4F, Li Sh@ g
TR &H& T 2 MOAE Al SRS S, 2072 Alg,CoCrFeNi Fl Alo3CoCrFeNi milf & 4. A
KL, B Al TGRSR, SE SRR R 410 MPa #2752 510 MPa. 7 /M AT A3
ZAEREERRMRIEHREEIM, 7€ 77 K Charpy i 3hn] =ik 328 J.

3.2 FET5EL

IR T B & R AS SR AL 2l AL T 292, 2012 4F,  Zhang Al Peng® £ 40 %t T ¥4 %L T
X} CoCrFeNiCu &l & 4 /1A HERE 2, R BAEL T2 (0% K T &) nl 452 m i A 4 1 i AR 58
350 MPa #£ 5 % 900 MPa, JEHL T A5 T2 8 MBI, 2015 4F, Stepanov ZPHRZ TAREALHI T E
X Cantor &4 712 YEREIIRS I, BF 78 R IAEARIESLHEFE A, Cantor & 44 R AR AL 2 B 1R 2RI 3G iAok
EINAEAR G, HZR8 R R R IRW AR, RS, 2 kA28 8 R 2 B ie s Fn 8y )y 1 i A= A
e, A SR SR A S . 5258 TR ELH 5 R Ak = 2 BEAL A AR AR 2R i i 2, IR
EHLH G Cantor A &AL 5% A 1500 MPa.

B, ASCEZENVRNTIGE T HLH T EXT feo Blia SMURIEREIOM, DI RIELH T LR E
R El e, HAP KRS G R Cantor A4 7E 77 K B IRHERE IS 2 GPa, H.WiZ N AR it
7%, WK 2CNgR, Wk R R IR B R T AL SRR R PR RE R IR . BT AR L, i A
42 KB, (RIBELAE SRS &M nik 2.25 GPa. HH TR S AIIEIRAS KA S B B R e, AR
IR R IR 1) 7 A4S e 2, SRR S I B A0H], %4 S B IRERIA R N BN
%2 6%, PIAKIRI IR~ 2 GPa 44 =i i & & I A, IR 17 AATT S i & S IRIE AR PR VE RE A,
SR T E S SRR I AR 1) LA AT 5
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Fig.2 Tensile properties of CoCrFeNiMn HEA at room temperature and cryogenic condition after cryogenic

rolling process'®! (s,—ultimate tensile strength)

i R AL T2 (high-pressure torsion, HPT)H /2 Fil H T AR 58 A ATL i) 2. 25 372 s iRl o R st 55 1) A 2807 Ko
Tang ZC0VR1 Yu PR T T e AL T 206 A R & S AL GUS PR RO, R B RS T AT LLR
AL Alo,CoCrFeNi i ax (214,  HAE SR FREEREUS I KB IO 2E S A — s P T s
TS PR AU FIAS A5 ik, Bf 4 S BE R AT 150 HV #2752 482 HV. [fJ5 Moon %0
LRI, ARIRFAE: T 2] LU CoaoCrasFeaoMnygNiy, iyl 4 K ALY BB fee-hep AHELARAT A B
AL J i R T2 RS T Sl A SRR, (HXF A SEOBHRRE N, ek
FEJSHOTRETTIA 2 GPa, (HIEMHFRFFRE 5%, I H m i T2 Joikm 4 B ARNURE 20 4415 50 25 ik
R T HPT Sl & S AR 45 A AR UBUR) Z R

N T HGE R T2 SRR, S TR T GE SR A R S I R,
Sathiyamoorthi Z5PVEfF 51 R, ¥ i 4% 5 (1) CoCrNi Higi & 4 RE T 7E 600°CB K 1 h, B TJ 3545 HI4H &%
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HECF AR RSN 650 nm), H A HE KEMHKEZEM; thoME S B (TEM)WLEAE LI aa 4 4 ik
BB WA D B . AR S IR KR S B IS B R DA R s BE IR ), %5 & B )
E R R IR s A6, %G SR IRIR AR TR 2 7= A B0 % FE AR T 28 i 2 AN s B B o R 2 PR
FENLHIR L RER T, SR 509 CoCrNi W& 4 7E 77 K I 1 ARG v =518 1.97 GPa, H Bk
3| 27%.

3.3 it

Deng 250 2015 4F4425 i 598 7 (twinning induced plasticity, TWIP)HE &5 N&i& 4, Hl4& 7 A
B =R GT FegMngCooCryg WA E A4, ZA S ERTEN S A KBRS, SR TR
IBVEAIIN THEALRE JJ . FeeoMngCoyoCryp Ml & & FIFF RInE T feo MG & iR AL T iz u
SR A SN ME T E 220, HB T %A &ML T 500 MPa, [RE T H TR H.

2017 4E, Jo 2@ 1k A L A1 R 524518 K T 2 7E VCOCTFeNiMn i & 4 b SeBil T 28 i 4L 41 2 IR A 1E
R RIZE AL HA T A AR, HART AR FL 75 J5 22 R RS A 56 4 B 45 B G FE AT BA
PREE TR B AT A2 bl 52 4 FE 45 i 40 DX CP 38 SR R ST A 1.5 pum) AR 58 4 P 465 o R B X (P48
B RLRST N 32 um) R Rk, HURL A R TR R R i . SRR mA R MR MGE T =&
SWERGRE, A2 T AR B R RES, 405 XA & XA 5 SRR R fE T, BEr=AE B g
KEE A IREES, M FENZA SRS TR . 1E 77 K FMRIEIAEE, %6 408 AR I 1
GPa, WiZdsafFik 1.3 GPa, JEMHIERN 46%.

3.4 FREEHL

2016 4, Li PN Lgmin A et e h AT MBI N B A 4, il T A AR R T L
FesoMn3oCo1oCrip Ml &4, ZE S ERBHARIRE R &R A fcc—~hep AT N, T KR SGE T
T A A IR B AN EAME, SR TSGR B A] 0k 900 MPa,  HZEfH T 70%. % &SI R, fE AL
W 3 S B = A e A AR AT N

BeJE, Li Ve S FIRABEAC T FesoMnagCooCrro i A & IR E R . R I 4IREFE RS, %
B4R R Rk, HBEE SRR H 200 pm 4046 % 4 um, foo AR EERAS R TS, VItE
A “fec + hep” MURH 25 M)A A BRI foe S50 TTE 77 KARIE AR RS, I 80%ARFR 43 %) foc AH
SEARE hep A B TRIRIA AT N RS AT,  TAROOUH i & 4 IR 58 2 i 1300 MPa,
[ s} S e 22588 5 50% .

BT feo A 4, HA A bee S5MMEIE S & SRR REEEG IRIE . 3 B 5 RS A mi &
SrI 5 AR SRR Bl R R, MELUIN TR % . 2020 4, Wang S T B A SRR RERG
TiZrHfNDbTa &5 T LU B & 4, ZA & 2 BAM bee 85040, BEFURIL, 5 UAEES Sl & & 0728 %
AR AL B I R LA E], %A SRR N 2 K AEGIKZEAER bee—o HIMHFAT N, ZW T2
AL EMER, BRI 77 K, ZEEE S WsA KA, SR8 RIMA 3] 788G,
HARIR R IR IA ] 1.5 GPa, HZEMFZHT 20%. #— SR &8, (EARE IR AT (RO A 15 7%
MUBEZE i A bee— o FHARAT NP FEEFH S 80T TiZrHfNbTa XA =i & S 00 57 i A v Re .

3.5 #riisgit

A EE TRERAR S S, TRMIRE ARG, AT HsRGN T i A 4ok
R TG IR Kkl . 2016 4F, He 250N@ it 78 CoCrieNi &4 E R Al Ti 0%, RI7E A
(1 foc J A A il %t SREUS AT 1) Nig(AUT) AT P AT HAH, BOKEGE T i & &0 . R4 & Ui #st
HTZJ5E, (FeCONICr)osTipAly = & 4 1) 2 i 5 1] H [E1 7 25 1) 500 MPa #2722 I 2GS 1) 1300 MPa.

b5, Yang ZhmEt ML, 4 T A ERAR S B (FeCoNi)gs Al Ti; (LA T iFK AITTI7 &4)Hr
MR m A . THRURIL, 2T LL, AP AR KR EAZAE, W5 m 7% A 400 i AR5 B A
LR RE Sy, HLEIERIMALAT] 72 GPa%. BET, A1 I NisgCosoFeisCrisAlgTie i & 4x(LA R fi
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PR AI6Ti6 &) EMCIRI B 1 J) 2 v Re S AL e, BT RGRE W] IA 1.7 GPa,  HURFF 51% M EfA. (H5H
HH B G SEMRRI SR B REPKZEG A, AI6Ti6 &4 BAREMIRIA S M R A48, B BT
WA AN X BRI L1, BURR A AT A B R AR R, TTIA 200~250 miim?, 5 fee FEAIIGE
BRERFEZ A & . TEM IIZERIAESE, %6 IRIRMA R 3 2R EE R (K 3a)itiT 22, JEH.
K A AR PR SR B T Gk RS M, i 3b MIFR. IR SE R A AL 25 40
T kL, T HORE AR T A AR IS i B ke, AR RS AL st I2 3, B T ARHIn TR AL g
SIEI, AR AR R AR, (L) L3 R A 2 I AR g AT, T [ S A7 B T A
DNAR SR B A (L10) T b F) oA A A A2 2R BT, DRt AR T 22 A A5 B Lomer-Cottrell (L-C)8, 1]
AR . RIRIABET, L-C BUN KR AT LA 2R T MRME SRS (M RS A8 A0 RIS

Color online
B 3 NisoCosoFe1sCrisAlgTig i £ 4RI AL T J o for s 20 21

Fig.3 Dislocation configuration of NizCosgFe;3CrisAlgTig HEA after cryogenic deformation*!!

(a) TEM image of the dislocation structure of the deformed alloy at 77 K
(b) nano-spaced stacking fault (SF) network in the deformed alloy

5L, Tong 8 55 R I, CoCrFeNiTio, il & 42 (Tio, Eilfi 442 B T i S BT (1 2450 1
AN 5%, AR & BB 2 PR FTESRAIAT HAH, RIS S BT 1 2R AT AERT & P8 (R BRTE A
HAH. IRABEFR I 2 B HAHR R — 50, YESE NI A Ti oK, H R A 2IES: 4K 2R
A, AR JZIRMT AR B T 7 0 A BT 2540, BRI AT A A 7 1 L1, B4 . 5 AlBTi6
E AL, BRIEM LL A A B T R Re e, 0] T AR AR R R A, AR S AR T B A
AT o SR TE 7 1) EARATT A AR AR LN 0 R b 2 R 2B BB AR T, EUAR TR X 3arb R B T 2 i AR AT
TXUE B ERAEAT AR 4k 220 P S5 40 2 BB PR M 2R S A% A 22, T 22 AR R R A . 1328 T4 AR A7
HIZBMA PHAT, Tioo il & & MI5R B ME SR A AH Y] CoCrFeNi my i & &1 KIR ST, 77 KB (1) il
SR R T 2 88 5 23 73] =38 860 MIPa A1 1.58 GPa, IRl i {45 46% [ 4%
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Bl 4 o4 B 7 £ S SEAE R Lomer-Cottrell (L-C)44 !
Fig.4 Typical Lomer-Cottrell (L-C) lock in HEA during dislocation motion!®®!
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Fig.5 Nano-twins in L1, precipitate in Al3sC0,75Cr1s2Fe15,Niz7 5 Tis.4 alloy after deformation at 77 K
(a) HRTEM image of the deformed sample at 77 K
(b) enlarged image of the yellow rectangle in Fig.5a

(c) SAED pattern of the twinning feature
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TZE S E AR RS MM R S 8. PRI, 456 [ s A AR S ML R s A 7 O FR T AR
FA PR v 1 4 ARG BT P 2 T B o,

Wang ZEFREE T AR C TR A XU s 2 S IR PR RS BB, A TR I FeqesMn3C010Cri0Cos
FE G IR A SN RARR fee 4514, H C ISR 1 feo BRI AR E M. (BAKIR R G, &A1 70%
IRFR P4 foe AHALAZ R hep AH, Gt R LA B AH AR AT A AR R AR I () A e ia sh FUZ B 3L RIVE R, #lR
HGE TG SRR TERE, (015 77 K I iZ G &R N 1.3 GPa, HIEffiZik F] 50%.

Seol 2L 5L T B JC 2% FeqoMnyCo10Crio AR SR i i & R IR P RE RS2, AL KB, B JG
RAMUER A ESRE, 15 7 AmaGme, JF HARERTZE &N BEVER B &G R T A P4t
(SRO), i 6®VFriR. XARILASTE FEA SRO £ A 727 A8 7 B A (AR TR, WTTD T DA o T R
SRIE . 22 B 5781 FeMnCoCr il & 4 BRI Fr (i IR 98 2 7Tk 1.1 GPa, I3 AL R rhn TaifbaE /1,
Wradsm g n] ik 1.4 GPa. IXELLE I | B safb s & SRR B RE 7.
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Fig.6 Structure of short-range-order (SRO) in B-doped Fe;oMngoC010Crio HEA after cryogenic deformation!®®!
(@) TEM image of the B-doped HEA (b) SAED pattern of the SRO feature.

BRItz 4h, He 5PTRIH MnN W E 757504 N JGE 51\ FeMnCoCr sifii&r 4, Al TR B4 IE 19%N 7
WG, ZaaiEiRaEE . WrasR BERISE /2 AT 7) 5l ik 1.08 GPa. 1.63 GPa £l 33.5%. N HIIAANGR
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(transformation induced plasticity, TRIP){TJy, & 7MFR. JET “TWIP + TRIP” &S EIMLLE], &
TR A S ENARIEIA S (4.2 K) R W25 FE 7] I8 1.26 GPa, [AR LR FF IR 61%H B3R, HIg & MReit T4 50
MR TREME, WK 8™MpR.
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Fig.7 Feature of twins and phase transition in CoCrFeNi HEA after deformation at 4.2 K
(a) TEM image and SAED pattern (inset), showing the twins and fcc-hcp phase transition occur in the sample
(b) HRTEM image (T—twins, SF—stacking fault)

(c) atomic image of the enlarged red rectangle in Fig.7b, witness the hcp stacking fault appears in the sample
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Fig.8 Ashby map of tensile properties at 4.2 K among HEA with other cryogenic metallic materials™”
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Fig.9 Schematic diagram of cryogenic work-hardening mechanisms in Fe-based medium-entropy alloy (GB—

grain boundary, SB—shear band)®
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Fig.10 Morphology, mechanical properties, and microstructure evolutions of FessC0175Cr125NiigM03C, HEAPY
(a) TEM image and SAED patterns of the M¢C (inset A) and M,3Cg (inset B) precipitates in the original sample
(b) tensile properties at room and cryogenic temperatures

(c) EBSD images of HEA alloy during the tensile test at 77 K (eg—true strain)
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Fig.11 Eutectic structure of AICoCrFeNi,, HEAF®

Color online
12 Al1gC0z0FezoNiss 3t it o 5 2 4 AR AL SR IR AL T i O
Fig.12 Deformation feature of dual-phases in Al;gCoy0FeaoNis; eutectic high-entropy (EHEA) alloy at cryogenic
environment!**”
(a, b) structure feature of L1, and B2 phase after tensile test (strain ¢ == 12%) at 77 K, which forest-dislocation
hardening occurs in the L1, phase
(c) structure feature of L1, and B2 phase after tensile test (¢ =~ 16%) at 293 K (Inset shows cooperative

deformation of the adjacent B2 phase)
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Fig.13 Tensile properties of hot-drawing CoCrNi wire at room and cryogenic temperaturest*® (oy—yield strength,

ey—uniform elongation, e7—fracture strain)
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Fig.14 Microstructure of AICoCrFeNi,; EHEA wire during tensile test at 77 Koz
(a) deformation twins (DT) in fcc matrix and microstructure refinement deriving from dense dislocation cross-slip
in B2 phase of EHEA wire during cryogenic tension (e—tensile engineering strain)

(b) SAED pattern of B2 phase (green circle) in Fig.14a
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Fig.15 Ashby map showing the yield strength (a) and ultimate tensile strength (b) vs elongation to failure for
different HEAs at 77 K (CoCrFeNiMn alloyt®16°05L778182. pg_precipitate-strengthening! 4367688091971, TR|p
— phase transformation induced plasticity[*?626970868890.92-93. o tactic HEAS®': TizrHfNbTa alloy™";
HEA-wires®491%: CoCrNi medium-entropy alloys (MEAs)!10404533%]. gp_sjngle-phasel®"+72">"); pp—
dual-phasel®84 %l
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