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Abstract
With the continuous development of human society and the increasing demand for materials,
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people have put forward some brand new demands for the application of materials in different
fields, and the concept of multiple alloy design has been proposed to provide an unlimited compo-
sition space for alloy design. High entropy alloys (HEAs) are composed of multiple primary ele-
ments. This system not only increases the mixed entropy of the alloy but also enables a high concen-
tration of solid solution to be obtained, avoiding the formation of more brittle intermetallic com-
pounds, and giving it a comprehensive performance that is difficult to have with other conventional
alloys. However, materials serving in extreme environments need to have high toughness and high
strength at the same time, and the existing alloys cannot meet these nearly demanding requirements,
researchers in recent years through a variety of toughening means to make the performance of high-
entropy alloy be greatly improved. This paper summarizes, analyzes, and reviews the latest re-
search progress at home and abroad in terms of the composition, phase structure, and means of
toughening high-entropy alloys.
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1. 5|

ML RFRETRATN H 5 AR, AT RAEA S . HEEMIAMEE.,. BRI, FHLE, B
AT AR R R TR BARMIER . MBMRIR BONSCHERRATTAE IR 1 = K32 —[1]. MR LSk R T
ENBSCHED, WERFIAZ . TS24 M. 4485, MBS — R B RAEE RN
B, MEta 5 AN REMEE. Kb, &BMEMERRREILTEhHEEIEF BTN MA, H
AR N FH B SR AN S5 V2 A RE 2 —, 18 B S SR P2 Rk 2 2 72 A 3 o R P 5 W S R [2] [3] [4]
[5]c MAERREBMENEERE, SRMEN KBS THBITER EMAHFEZIZEE, ae AR
—FGAEERE. W4, AMICTFRIE S REH N BN DN TR A S
MR EE&E G 8 R, X HIXEE SRR ATAT LIS HIX A i B — P e Al oc RIE N FE TR,
FER I EHA TR AT A, AR BRI RE SRR EREE, EEENERE e
PTH[6]. FERINE S NI RIRAE S S PIRIN TR 2, R2E 5 A 2 e &8 114
GEVEE L E R, WSRO ME RS R, RORBRICH BLER & 5 vERe, X R ] 1B 508 X8
BESIITF R (ABE N K ERMAWIRE, EEML. WAR5mE FE AL I & S5 ) % 25 1
W R EHE GG YN TER, I 1A S DA 21X B0 w7 2 ZE R [ 7] [8] [9] [10] [11]. ixA#ife
INATAAFAKE G J@ A REEAT B IR N BRI R

2004 4£, Cantor %5 \[12]%Ih& K T CoCrFeMnNi £ %t S AHTH 037 J5 (FCC) 4t & 4, mlia 4
(High-Entropy Alloys, HEAs) 1 H BRI e #9814 AR 838, R4 Yeh 58 A [131% il & 62T 174
W S, B SUATHT HEAS A =AM EARG IS B E N 23 5 v e A b1 5, S Aol i 7/ 4 trE
5%~35%2 [A], GaFNEEHAKT 12.64 J/(mol-K), FiEERMEIIPRSWE 1 . 546, HEAs &
BAETURFES, 20 s iAok, BARURCREE .. ¥ ikie. Sifeettmrss.

][l
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Figure 1. Comparison of entropy value

B 1 fSESEXEE

MHTH HEAs fEAE@WIT JEFHEG . B ARSI smh . 628 BOART Mk S A
FHARE R Pk . HRTERAT R ELEE ) HEAs DI\ —FPEas J LR i o 2R 308 58 AR T L BE,
FANEA TN G138 kR F 2 T AL R 15 1 BE A 1K HEAS [14] [15], 1IX A HE— B TF R A S5l
WE SR T —NERMIEN. ITERZH A SR SRS TR 2078 Mm% [16] [17] [18] [19],
A ARG T M R S R R B S U, i R R R T ORE ST HEAS IR 3.
2. BfEEERRIIA

Z U E S BT RS DL R T AR R RE, VA TR T C R A RS R, X R () B T R
BAZEIM BRI SGE, SMaHE TN GTFE 75 R T i & SB KRR, i, Bk
TEHR, %5+ CoCrFeNiMn HEA 7£ 77 K B [20] B A iE8id 1 GPa 4z o B AR my I Wr 3 91k, nf 5 —uk
Bt A PR A ) B DA AN B 0 AR v A A 5 o SR, X 8 B A 4 1) — A 2 LR 2 L e R P A1
i NE A 150~300 MPa, X BRI T HAE NS AR R . Schneider 8 A [21]8F 5T 145 )51 CrFeNi
A 4 (MEA), ASEREE T RIB KL %8, CrFeNi 7E~1223 K LA JE A & T 057 7 (FCC) 45 I i
AR, IAE 77~873 K JE AT T R4a b ik, 15 H B RE NS, V. JEIRFIR R PTh s
FESHE . AN S R L R KPR T R & SRR, AR % R B — 2L R PR . Nutor 55 A [22]
JE I MR FeyoMnaCox0CraoNiny HEA (1945 BE /R FR il Wil T —Fb 58 FCC g 440 (1) vy P EE FesoMingyNigoCris
MEA.

2 1 ASC. CR I RA 73l A% . W HLALR KIFE S, Nutor 55 A 7T R IS I AN LIk AL 315 A
MEEIWTHAE, FE5EE T2 HooE K IH T LR e & 1S 4458 . 14 2(a) ASC. CR Hil RA # it
1E XRD BRI B — ) FCC 4544 o RA K it JiE JIR 568 2 A PR 3 FE | A K 2893 531l 9 205 MPa. 463 MPa.,
42%, 4] 2(b) &7~ RA T REHIZIZE KT ASC #1 CR, H RA WiZ J5 15 4 B — R THI 0o 577 G5 A U ] 2(c) B
TR B RA (HTRME AL 5 HAN SR ME B 5 5110 HEAs & 42, AR5 BE R BTHHT A 1 25 B8 R LI R
i, BRI REAL R IFHT Y HEAS [ —Fhig it .

3. BfEENEERLTFE

R SR TF B EATAIR 2, BATAT LUK 2 23 0 8 P R 1R 0% R SUR AR N 2 2R 25 1)K
LA G IR IN FLRAEG T BT LUK USRI, A SR, 405 smA AT 258 AR R AL .
FH—J7H, BT ANAERECE m G SR Ah, ARk 2 A 3 U7 AR S BL S S SR WL R T
WIRBHI, RS AACEE . . BRSNS N — SR T B AT TR .
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Figure 2. (a) X-ray diffraction patterns, (b) Tensile properties of ASC, CR and RA FesMn,;Ni;Cri3 HEAS at room temper-
ature (dashed lines correspond to true stress-true strain curves) and (solid lines correspond to engineering stress-engineering
strain curves), and (c) Synchrotron XRD pattern of fractured RA specimen [22]

2. (a) x BT 1T51E; (b) ASC. CR. RA FesoMnyNiyCriz HEAs BRI BRI HM A8 (FE L Xt B2 BRI 1 B R 25 Bh2%) F(SE
SN TN N-TIENE#LZ); (c) RA BIRIXHERIFEE XRD E[22]
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3.1. EiRsEw/trtsEdk

& JR A 4 D 1 VA A SR A R 9 O B R A 2 T B B ) 2 (R A B AR F 5 A R RE AR IS
VS IR A AE S BRI SE AR [23] o 1A SR A 2 — o R 4 JE AL RLEE AL Sl , (R e AR 22 PRIk
EIEAMEHRENE . Wei 55 A\ [24]38 1T 7E FeyoMnggCo10Crio AN 1 wt% Mo A1 1 wt% C, fitf HEAs [ )i A5
[ HH 240 MPa #2521 560 MPa. #f 78 &K I M T3 4B AU iy 7 AR SR EE, T ARt AR 28 5
IR Mo Fil C BN ZEZE B b L 2 [ sk, TE3E M 1 N AL AE i[RI, JEALRES T 0K}
EBIE, XS FCC 454 HEAs J15PEREIIA R0& R . Shang 55 A [25]F 78 &K I AE(NICOCr) 100-<Cx
(x=0,0.10, 0.25, 0.50 1 0.75 at %) 5e & [EVE, WA AT . £E NiCoCr &4 s, AR
TFRSE e 7B, T EARGFIGORER T AR JE I . AR SRR i 2k an ] 3 Bior, MBI
AITAT DL B b6 A B 2 A 0 at %38 N3 0.75 at %, Ji RANT 2455 52 7377l N 242 MPa 1 347 MPa 2 = 51| 727
MPa 1 862 MPa, [FIRMiHKFLRFFTE 75% /2 47, AR HIMEREEE 7152 DA 2 o & 80Pk
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Figure 3. Engineering stress-strain diagram of NiCoCr with different carbon content [25]

3. FEEREER NiCoCr TI2N 1- TN TE[25]

Hu &8 A\ [26]K F B AR 16 & AR AL S A A D il % 17 FeCoCrNiMn =i & 4z, Vs N it Ti #1 C )5,
B G RO &5 A6 4K 2% ok (~ 100 nm) AR ok (~270 nm), 95 AL 20 A5 1) TiC 9K BTk R <1417 100
nm. S5 Ti F1 C BN ZE S 1w IR R BEFANEERE, 4 A& %] 1445 MPa 1 442 HV, B F0 RIS Ti
FI C %} FeCoCrNiMn HEA A & 2 AL/, & S am A AT Hi 54k il FeCoCrNiMn & 4 32 B2 A0 AL
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il Zhuang %5 N[27]8F 7T T 3B K5t FeCoNiCuAl HEA W 45 AN 17 24 Ve RE RS2, 85 BB AR S5 4
fal #Lff) FCC A1 BCC M1, 2 HI7E 873, 973. 1073, 1173. 1273 K [FiRE FxH 5 RFEHETIR K, BEHR
KEETF R, B RIXATH T & Cu ) FCC A, I HIB K BR 7387 BrBe AT Ry, (B0 3805 i 1.33
GPa [k % 1.30 GPa, Ji 5% M 1.21 GPa f&MIC % 0.91 GPa, ¥I1EN A M 8.7% 2T+ 4 27.1%. 45 F-[#
TR AT SRR TP I 5y T HEAS MR SR EEFIZEVE, i RMERESCE IR It TIRIFIN S %

3.2. dHgREK

AL ARRLIT G 42 B AR T PR RRIR I 5 . ARRLERA, S, RIEER-A KRN, &
RLE P A ()bl FERH J Ao Bt . Sun 55 N [2815R A SLAMZ IR K T Z 1% 1 SR RSN
503~88.9 um 158 4= F 45 i ) CoCrFeMnNi & & e FfiialIR e i N EAT, AIE 4(a)FATA LA i pir
7 B AR IR B3 AR 5 AR BRR BB ME T i BEoE SRLemifl, AU RE T 4T, Wl 4(b)
Fs, MR SRR B, PRI TAEAL BE 1 PR HIZATE T 1 Ao Zdhki A 2.99 pum I/
F) 1.46 pm I, AR SR EEREVERS AL T WIS BRI SRR R T 2.99 um I, 5 kAT
ARG o 2 iR RO H 503 nm I, RSB AR 22, 45 ok RO A2 A6 7T BL% | CoCrFeMnNi HEA
IASTEAT A o X IGUIT TS B 738 SN 1 M dibi KN 538 TR 2R B 2 TSR &%, i EL TR Mt S et 17
YD NN SR ASPZE ST P
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Figure 4. (a) Tensile true stress-strain curves and (b) Strain-hardening rate curves of CoCrFeMnNi HEAs with
different grain sizes [28]

& 4. (@A REISHRLR T CoCrFeMnNi HEAs BIRI R E N - B 25 ph 2% 70 (b) B2 3 - 1L iR 2R ph 2% [ 28]

Sun %5 A\ [29]5@ i v L AR K 12004 58 4 P 45 it R 40 R (UFG) ZH 23 5] A\ 1| 514 CoCrFeMnNi HEA
1, S5HER(CC)MHLL, UFG HEAs JHLAG 8 & 11 i Al B AR PRFLAR 9B E, 7374 1.24 GPa 1 1.46 GPa,
76 77 K I BRI GE R, B MKEN 41%. UFG HEAS Ji AR5 B AR BR0hr 5 B2 20 R T 148%
Al 47%, SERTE TG 2R . B R A A LRGE KA, T 2%, 5N AT HAbd ek
R, FET EEA RN FH 178 7)o XTG4 i i A il & T2 IR R R, AMOABRATHR 4t
T MR RNl R SEIA R SR S BRI 5E R 45 G, o liE BRI ERE UFG A&t 1
BAZ AN ERTE ST .

Li 25 A\ [30]HF 72 K Fl ARyl & T EAR N 1~3.15 mm, &3 A AlysCoCrFeNi ) HEA 2[4, Jfxf 1
TR SEFAIREAT T ZRAE o I S FRAE P (1 B B 0 550 X S RS A0 AT ) 5 o, 8525 N 4L 4UN 344116 FCC
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g5M . ELAE9 1.00 mm FIRPRHE 298 K I ELA 2 25 IR i B R AE Ji2 14 43 531 1207 MPa i1 7.8%, 1E 77
K I35 %) 1600 MPa 1 17.5%. 15 298 K I (K~ [HE#- A TEHLEIAHLL, 77 K AZTE G I 1 AT 53 (1)
YRR, AT R 77 K B ST R R A . Wl 6 Fron, HHABMEEEL AT DL B, 1% T2 &
&R G ST . AlgsCoCrFeNi APRMEACIR T I¥ R 47 s BEFNAE I 25 & R A Sk mPE g HEA L
FEM B R R RE T — 2% BB T 2
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Figure 5. XRD patterns of different grain sizes [30]
5. TEIGRIR~TH XRD Eli&[30]
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Figure 6. Comparison of properties of Aly3CoCrFeNi and other alloys [30]
6. AlgsCoCrFeNi S5 HE fth & & M REXTEE EI[30]

3.3. ETEsEK

BB AR T S A o A IR/ R IR 55 AR T 7 AR s AR B VR RO SR AR SR . B AR BR AR
SR EM, BB, B A, eREEY) . AR A, HEARESEEN Y —
RETIAS A e B ST AN ] 9 [R] 3R A A AH 5%  Zhaing 55 A [31138 e >R H 5022 BB il 4% 1 3 A B TC (5.
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10 F01 15 vol%) 34 5 =i & 42 CoCrFeNi J: G G4k 3 3B IT T P AR i o8 50 26 2R () P9 804 R b
PRIV KT & G 2SR ) MR s, RIAEN T NS A I BITE DL T, 7 5 vol% TiC HIFE & TiC F R
MR, BEFE TIiC SEsRE MR In, POk TiC B B 234G, i SR, iR e
HEE PR A I, VR SR N A TIC BRI A, MRl 2R an 1€ 7 s BEFE TiC 4441
MRG0, AR R BRI BTy o B AR AE R DR, R LG A BILRGE VA FmT UK IR B4 s J5 A7 TiC 3
3 CoCrFeNi [5RIE . 7EHH R POE A H1 2614 15 vol% TiC/CoCrFeNi B &KL, fihism & ik 941.7
MPa, 5%A4A CoCrFeNi ] 425.6 MPa AL T 121.3%.

1000 —sample F, 1000 /Culs(ISvol%TiC) —sample Cu,
900+ ——sample F, 900 - / Cu,4(10vol%Tic) —sample Cuy
—sample F || V4 —sample Cu, |
800 ——sample F 800 1 | — ||—sample Cu,,
= 7007 . 700 Cuy(5vol%TiC)
& ] F1o(10voI%TiC) 5
% 600 J E 600 | Cug(matrix)
z 5007 F5(5vol%TiC) 2 5007 | L ——
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100/ | Fystasvotsticy 100
O T - T T T T T T T 0 T T T T T T T
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Figure 7. Typical engineering stress-strain curves of CoCrFeNi and its composites: (a) Cooling in the furnace; (b) Cooling in
a copper crucible [31]

[E 7. CoCrreNi REEAMBH#A TIEZN 1-NERILZ: (QXPPRILED; (b)IFHIRAISEN[31]

Wu 85 A [32]K I 2 BN S i il & 1 TiC Fkid s FeCrNiCu =i & &S &KL, 25 4 TiC
FOURLIS) 5] 43 ATTE i ST AR ALK 1 5 P ARG B2 #0759 380 7 AR I (42 7. Hovb 15 vol% TiC/FeCrNiCu 5444
BB RE . P i AR 8 B A AR SR BUHr s FE 435I 797.3 HV. 605.1 MPa il 769.2 MPa, Lt FeCrNiCu
A SRR T 126.9%. 65.9%F1 36.0%, WEFEIIHETERRKINTE 7 AR R VEE . SR A
AT LR A ot i M R PR e, 1T HX P O7 SR 5 20 1A, @Rk il i 72 AR (B A
S FH AT B

3.4. fsEsEi

5% R T AL R4 AR T DU 4 8 R A EL AR 2032 5 . IR G, &R 1F 2R J5 H 2 4
JE A T RN JJ[33] [34] [35]. MOUWLA BERGE, FERZ PR frfs. AASH MG 4R
#RAK[36] [37]. Guo %5 A[38]R M ALALHE T 24 1 1A B2 451 FeCoCrNiMog 15 i & 4 (HEA),  [F]I F)
P71 U AT S (EBSD) H 1B X EE AR (ECCI) ATIE S FLBE (TEM) RIS FE 454 HEA AOTOW 45 F2EAT
TRAE. SRER, WG RITZA T KGR GKER i 0 5 85 B A7 45 2 R 5 A oM 4544«
b4, Guo 55 A\ [38] K IR T 2 LB 5 R FE I I, A B T TR AR 28 G A R S RO A, T AE R R TR 2
100 pm~150 pm XIR& A WEBITEALZEd . BREE S5 S35 2 1) HEA AHEL,  HJE R EEM 418 MPa
PEEF 486 MPa, FifdifiiK 3R M 50.9%05 &K F1] 46.8%. 1A L5 HEA 7Efr AR b R Fh 7 A4 T 3
TR S, T T 22 90K28 0. KB WAL AT AR 28 G A R 5 B A K A 2 1 R 13 )
e
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WOt wb i 98 Ak (LSP) B R B A il B IR T8 451 19 45 10, Fu &8 A [39] 3 i B H 1% £ R X
CrFeCoNiMno75CUy 25 HEAT T WOt stk HifihZktnlsl 8 From. WhFtAIL, i HfEALERME TSI
T HE AL ARSI AR SR RIS LA N . RLE AL AT UAZR S R S A4 v 1 B0t o A PRI
WA e RN AL RE Jy, AR IR AL AR T B R 28, Hrp i 4 U0 R A H Y e
R A A AR R R S A e 2 fE LA L, drfh 2k inlE] 8 Fron. BRI HOG I dr R A RS 2 1
Bi S R s AL v 95 15 2 — AR AR B A AU B
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Figure 8. Engineering stress-strain curves [39]

E 8. TN R ErZ[39]

Han 5 A\ [14]%F CoCrFeMnNi =i/ & &4 BHEAT 1 X FREL S (SR)FIASXT FRFLHI (ASR), EBSD 43-#f7 (4
9 FTR) R I, S FRELH NI K5 AR L2 A 5 H 50 oA H B S8 PRI B K, T AN X FR AL ) AR ok
Wb JERTARAG TP R RN, BRI M 2 X PPt L 5 M A GUE A RLR 1S T 8 (1)
SREE-SEPEYN FECR, P&l 10 B, EMRIEZM T, ASR DEA RIFHISEEMEE P4, AXE
FRELHI + GBS BETT = 1 B 0 B I — R SRS

Rl dicefen ~ 90m
<< = L J

Figure 9. EBSD plots of different depths of symmetric rolling + annealing and asymmetric rolling + annealing [14]
9. MFRELE] + IRAFAIFRELE] + 1R AREREHR) EBSD [E[14]
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Figure 10. Engineering stress-strain image [14]

10. TIEN NI RN E R [14]

An %5 A\ [40]38 1 0} HE S )57 CoCrFeMnNi =i A & EAT e i I it LA EE, R & 4 1IBh BE S5 4,
{5 H: JE IR SR B 5] 750 MPa, iy s ik F| 1050 MPa, T 5] K FKikF| 27.5%. 5 RIEATHEH Nk
W FUALBR (G AR L, SREESRTE T 2 £, TSR AR B T ~5%, RO T T R RPITERC A
HREEMIR S T A S AR P AR S R E S AR SrES TR 2R R AR S S I B A VI [F AR
M2 R o AL EE AR Y | 2R AR AR T RN AR T 55 22 PR T AL R TR 2R, A R 24 1 B AR T A
HE TP FIHgE S, PRIERRE BRI, MM 3RS =i [20] [41] [42].

4. 45iE

AR &R RS STER, REONE ST, B, @I ARG T AL AL i
RAS . TEREM SRR (A —MOERMFE, WA AT RE DR B A IR S I i & 6, X
— O JE R YA T AT BRI AN RS I R RAEA R R S PR RE . 50— Tr T, BT R S e K 2 R
Pk, A FERE SR AR M Z 5, B DL ARAE AN 7] PR e 49 ek ORI AR 5 R s 1A 3
W, CAIRTHRORLIPE RE A A BN B IEDSR, W AA —Ershitt. &Ja, Sfa eaREME
R 55— e plim A 58 N PR R DU RATA BT TIRR D, MEEATRR S+, Sia ek R
KB oK, EBATH TR A TS Hoks 2 RAE B IR

E&InE
AL o PR R E AR T H H R SR A A T H (No. BJ2021015) .
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