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Abstract: Precipitation strengthening is considered as an effective approach to enhance the strength of high-entropy alloys
(HEAs) , and understanding of the precipitation mechanisms and the relationship between precipitate microstructure and me-
chanical properties is crucial for the development of high-performance HEAs. This article provides a comprehensive review of
the research progress and future perspectives on nanoprecipitation-strengthened HEAs , with an emphasis on the influence of va-
rious types of precipitation, including coherent precipitation, incoherent precipitation, and co-precipitation, on the mechanical
behavior and strengthening mechanisms of HEAs. Coherent precipitates can significantly strengthen the alloys while maintaining
good ductility, benefiting from their excellent lattice matching and stress transfer with the matrix. Incoherent precipitates can
provide high work hardening, but it is important to reasonably tailor their morphology, size, and distribution, and to fully uti-
lize the excellent ductility and strain hardening capability of the matrix, in order to achieve a good strength-ductility balance in
HEAs. Furthermore, the co-precipitation method can take the advantages of various types of precipitates, which opens new op-
portunities for optimizing mechanical properties of HEAs. Despite the great promise, nanoprecipitation-strengthened HEAs still

face challenges in terms of thermal stability, elevated-
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velopment of advanced HEAs for technological applications.
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Fig. 2 Mechanical properties and deformation microstructure of the

(FeCoNi) g AL Ti; alloy!®™ ; (‘a) engineering stress-strain

curves, (b) dynamic evolution of the deformation substructures

B T ERIE N K ORI AN, L1, 40K AH A RS LUZ AR )
FRARZEFIHT T . Fan 257 58 5 1) CoCrFeNiAITI ZI04 4
B AR I 1Y FCC/LL, s 2404, JF & —Fh
A o B A S M s R R RE A . KA AR
%5 Y JIR 5 B 5 35 2000 MPa, Rl ELA 16% B34 4] SEffi
R(K 3a), MOMALRIELH, G2TH L, FZEE
2% 30 nm, 5 FCC FMAFFIAME KL HR (K 3b), LI,
F )25 FCC I S f A 5 B BE AR 0. 13%, Figit
R, B AR SR T K T2 S A A
ek, 4 SRAL T 1000 F1 800 MPa K1k, Wang
S T 85% V2 EL N 600 °C IEAE FCC JEMR i 3145 1
R0 R OLL, 4R AR, R 50% ~
55% , %A 4K 1437 MPa W8 IRGREE, I, L1,
YRS FCC IR Z R A 2R, AT
A AL AT, (R 0% A & 7 s T TR
JEILH 22% ML R AT 2R FARBFREAT LIE
XiF L1, 48K H R AR08 4 0 B4 8 s ) A 4 Ty 2E P RE O 4R
FHEHAEERE N, SEE . ORISR 2 A RER



34

Hh AR

5 44 %

PEALE AR ALACR , T ELA B FAERe R 5 i S M AR
JEREST, BLAL, JEUAHHAYAHAS S (40 TRIP %00 ) 7] LAE
H—FEINFB, B R ZE A T2 R
XFFUL 3d b P4 JE O BRI A A, BR TR LY
FCC/L1, JuAg 854 51, WAFAE BCC/B2 JLAg 254, Bl %
AL SRR, FeCoNiCrAl, 1 25 4 4 1 FE K N FCC
FEEAS Sy BCC AH, TR B AT A AN L1,-Ni AL 5% 748 O
B2-NiAl"™*) | SZBRFSE & B, 16 BCC E@EMia&ha

# I BCC Ml B2/12, HAZEVIRMORAIZL, HXF AVTI &
RARRHURS T BCC BE A 4 b B2/12,
AP OWZZY, BFFE DB XE AL R U8 4 R o A
DT T FFIE TR TAEDS = % SR, 5 FCC/LL, R &
ANA), BCC/B2 BUMH fei M G 4 38 5 28 3 1 88 e 1) 40 ot
JER—E R IERE ), (AR =R Pl b A &8
BP0 2 — B R A Y B2 AR AL
Y BCC R S BOX R Pk Y 225 A

(a]

2000 4 f= CNL alloy

= ] & \

o .

= 1500 Severely

2 b deformed

g b alloy

[}

o ]

S 1000

(9] 4

o

£ -

(=)

0 Conventionally
500 processed alloy

0of+———F——T T
0 5 10 15

Engineering strain (%)

& 3
b Wy

20

FERE AR JZ BRI B A 4 1 S MR AN 22 8 . (a) TRRRIJI-RIAEINZS, (b) FCC/L1, 40K 2 i3 57 1o A

Fig. 3 Mechanical properties and microstructure of the coherent nanolamellar .atlloy[381 . (a) engineering stress-strain curves, (b) the in-

terfacial coherency and the elemental partitioning of the FCC/L1, nano-lamellae

AR, AT oAk 19 B T B LB N T BCC
FEXERE R A 4 (RHEAs) Hp2 i, Jin 255 FF &
T —F & BCC/B2 HuA% G514 1) ZeNbTaAITi MEMS = i &
4. 4600 CHIRL24 h J5, 18 B2 IEMRHIE B T 350 04
B . RSEZ) 10 nm B9 B2 99Kk AR, BCC 5 B2 #f
Z IR R LA AL, L AUTH Y S S A BCRE R 0. 6%, R
R T 28 700~ 800 °C, B2 AHIZEMHE S Ny Zr Al #H,
JETE 800 CHYSE AT, Ji4h, WFFE K BCC/B2 Hipk
O L BLA S i R E M, 2 600 °C 1K At i) Ak 2
200 h J5, B2 Mri AT PR HESL T B S, AL AL R AR
REFZ30 20 nm, %R OR A SUR T %6 &S 0=E
TR R R (% TR ISR EE R 1193 MPa, 600 °C B
1060 MPa, 800 °C I}k 460 MPa, 1000 °CH}4 106 MPa) ,
HILA% BCC/B2 Fit 1] 45 44 i1 25 B 4 K AT o A 2 AR AR AR
SEIRMEIR S AR e, I, R SRS S
FEIA B2 4, BRI EE T 23845 BCC/B2 Hh4%
TIOMZEZY, AT LA fnb 25 45 5 Ak 179 2 30 R Ui ) 24 R g
k% BCC/B2 FUIH AR S (i F 1 5 1 S L3, M TN
KT AL B 50 43 B 0 45 ShBELRS 38 = R 5

R . [RIEE, BCC/B2 SO SV R AT G 5 1 AR S 1
Hr AR A A8 I ARIE R R R g it 75 BoA
(9 124 fE

LELRRIR, SeAs AT e AR R T R A SR 1
PEREME 2R, Wi & &M BT M T 20, TR
£ FCC A1 BCC =0 & 4 g | A4S Fh2E R Y 3LAR AT i
H, SRR AR GOR BT X BEPOR RE  $505)
A LA M IR AR BE S A LB A2 5512 3, BE RS B8
SRR, TR R A A R G ) SR TR DE C P R g A 328
AEJT, SR 17T AR N RSB KRS, i R R
St EBPEAEIERE S, X I AT R A ) oD ZE 20 4 2 3R
TSP PERE R SCBE, W . 9K RUBE Y A% AT
M, TCRRBRIE BRI B2 451, #REEME 1 At A 2
SEAEAE R o JEAsAT Y 56 AL A9 BT B S du gl e 2 1 X
A A et HBCC/B2 IUAR RO A UL BERS 16 % it
AT R, AR R T O B LS 69 P R
PRENE, i, LM 5 A w0 5 B Uk iy — 4
HEITEI I, IS — AR PR A A AR I TR
bS8 %8



18

FREENG A AKAT SR R A W 35

3 dEHARATHEM

ﬂEi@*ﬁﬁﬂH‘H, o, w. n. Laves Fll Heusler 22 4H
REASA A% BRSO 8 1032 31, ot 4 i A4 R A ki 1k
Y BRI, — SRR T A A AR, e 4R
TR RLER E 1 RN 2 AR A RS B, TE R R RE S
PR R A Ao, i« B e 4 e 1k A 2 1T K
RE-ANEENRITES, UEESESE N6, o My
FRAEMEE S B PR IC S & M = iRt RE, BT 2
AL AR e TR L, SESRA SRR, L
3d V4R A EARE) FCC S A4 B AL 5 /0 384
P, 41 FCC-CoCrFeNi 1 i & 4 B9 4E 1 A 35 60%
O ARSEAR AT R AR T R A SR A, A X R B
B G AAEIAE 4 )8 Ak S AT A, AT 5 s R
WA 3R A AR BT h A RO fE 0y, S Ot Al A%
Brs AR RSE 43 A AR B B OM A 21, A B TE AR
MR A4 BRI IEE R A, B 3R Hm K, X
2 T e FLE v 5 B AN S 0 1 — AR i R BB 4 4
R T 3 B

Liu % 7E FeCoNiCr B4 & 4 PR i Mo JCER, JF
KT —FhARS RS M AR R AL B R SR R A A, W
El 4a iR, BB SR D STE N E Mo 1IAEILE o
HrifAl, £ 850 CHFAL 1 h )5, M FCC it 0 [ 75 44
SRR ST AR AN L SR A AR AR o A AT H
AH(E 4b) . YK FIRMIERFR , X Lo f A% By S AH Y A
BEWRIA 15 GPa, Priiilas R ER, X ez b A
SRAL R A A PP E R i 1.2 GPa, [EHB A
19% Y FERS ) B A A s M PR DT i, F— 2 10 2
LU BT R IR, o 1w A7 A BRI 4 s (B fb &
Yy, BFEEEE FCC IR iR B I, A& B
PEA R E SRV, e ASIE S R, o B0 w B M A A
TS AL, H FCC 3R B w40 T LA BH 1R S 40 i
AR, R SES R MW, X EZE 45
T FCC Rl & & SR M0 57 98 P AR T B Fnoin T A8 1k B
1. XA S FAARA TR BL, Hon TR AL 4R B ik
0.75, fEAME RS, EESLEEMENEMRTIE,
—EWIE A, XA eI TR RE IR B FCC S A4
SARMIRZEEEE, AR T 0045 0 B AR 22 B AL, TR
I e 280 11 A7 s 2 45 Sy A R A T A1 1 i b TR
Uk, f3235F FCC R 4 JL U S v A 114k
BEST, AEFLME KA A BT H L T DL S SR AL AR I AN 5
A A fE

Feng %5 &1 T —Fp I 2 41 o0 dE 3 4% B2 Hr i A
FRALE Al sCoCrFeNi =& 4, 41T B2 A7 AR
B AR S5 B RS R SR AL L ER B AR R, X

- W phase

4 FeCoNiCrMo, 5 B &TEA AL ILAA T ¥ TEM R A FI SEAD
I L (a) #6545, (b) 60%4LHIFETE 850 C Tk
Fig.4 TEM images and SEAD patterns of the as-cast (a) and 60%-

rolled and annealed at 850 G (b) for FeCoNiCrMoy, 5 **

BaRAMFWMERG T EEe, PUhisR Bk 973 MPa,
SIEAHAGRR] 40% , ARJEIE 97 RS R R, A6 8T8
IRPERIAE A 0. 03% I, 55 4 fir ARG G 4 f5 A L,
WOWHLUERIE R, &4 PRI B2 B b AR7E R F 4y
N 3FIEAS . FCC SR TRE AT 9 4/ N HUR FEEAR B2
BribAd, DL e S oA B Rk B2 Bt A o 37 25 L A 0L
ORI, B2 it AHRRAS KA B AN IR
] I [RAR B ARAR . REBIAFSTIE SEi% 2 4050 B2 B A L A%
Bt 7T NiAL AHEA TG Y S AR I S 8 T 5 1) Jeg 35 it A%
s, %A 4 Bt AR T . 1% 55 8
Firp, JESLRS B2 ARy« BIPE-RIAR " RRAE AR A R H A
FCC EAY B2 At A Z Rl U [R) AR T, 92 fige St 1w vy ) &
b SRIHCR SO AR DT B R R 4 R 57 R
HRHST, FEE RIS SE 57, B2 M H A [ FR AR A AR AR
FCC B AR TR 25 G AL A 7% 5 22 d IRV TE AL I B
[FEFEA, BEoTik 7 asfb e, R0 T i TR 808
BB ERAY,, AR ERN e B PR E
FIRTARR R, @A R A A s AR AL HET
20, IFFR oI AR AR B AR 0 5 Ak A FH 0 S A A
PRI S SB RN T 06 AR T, -t nl DAZRAS BEAR ) 3 40
WBOR, BONTF R R B o 55 7B BY 45 1 bR
HET R WD — i, BT E S A R A
Sl AJESAE M A, L35 Laves A1 HCP #1777 4]
I, Senkov ZEN Tk T —F Laves A7 HI AR AL B BCC %
WS G A. RARHARY, %A & BA S &R
JE&, 7800 °C I Jii AR5 B2 i 15 983 MPa, {H L2 R A EAL
2=, 7E 20 CHAY RGN 5% 7247, WO B Hr
T, Laves MM MEtE Wi 242 S 80A 4 5 IR A8 R AN
FEJFEH, SRMTERR T, Laves HHREUS BHLAT 17 4512 3,
BEIMBEAR R ARTEHT Sy, AT g 12O A v 0 4 1) e Tl
Jet A i BE IR AR T g o PRIk Gn ] P 65 A A A i A X
MEIE R G LR G 1 2F PERE I VE I, i S T 2



36 Hh AR

firr R PR 2 TR AL

Zi b, ARARHT AR AL R B ) A P RE R
PR TR RTT S, (E AR HIRICR & e A i 2 DA
Ko MTHAREREAR TP AYIE R ST M A e R E 58 1AL
RORBIRBER ZR R B A B 40/ NAR A% T A A T &
FESRACPEIT, AL B R PR S8 PR AT 1 A U 5 5 | % e
Wi, Pt, @2 st ML 2, R 4
FEIEHEAT AR HT A7 2, o A B s 5 < R E 114 []
PRAEREHIL S B 2B I

4 EEWTHBEN

AR, R 22 E A T i SR ok i — 2P
AL B & 40 Dy 2= e R . 524 BT s Ak 14 O 3 T T
B I AZ R EA A B BT AR, andeds S5 9E 248 bt
AR G, S b B A () RUBE ) 43 ST R A 2
AT ERVE AR T & 4 25 124 e |

Guo 25 5@ 33 45 Ni-Co-Fe-Cr-Al-Nb E i & 414K &
fF AL ND (A Fo 0 DL R I R A B TS TR 3 A
DKL L1, FEREHT AR Laves AESLAE ATt AR &2 447
L, ZE AN IR A A0 IRGR B T 1400 MPa,
Ui E ik 1800 MPa, HIAJHEMRIKE] 18%, LI
TSR EVCE, ORI TR, B4 1
YK L1, HARAT A AR R B 3k 27%, TR Y
5 nm, MAEEAR Y Laves AHI EZEHTHE T A S Ab, 1744
PIad L1, KT A 7= 197G P i A= b )5 Ak 1) = 22
VR, T Laves FHIE 2 07 485 S8 1 ML H2 (L 45 S0 AL s8R
i, L1, Ml Laves MBI E A0 thag ALy, AR [ 7 5
T R R (S I e el O B i )
1400 MPa ) I, ZEJEWORAHL T B, %A L P I
FEEILAS BT AR AR R A AL HEEFBLE . 1B Sa v s 43
HETEM JE R RS04 L1, A A AT AR LA b0 %), M
PRHERIESFE FCC/LL, SER R KA R, AR 3
5], MZT, B Sh i EHESEA Laves AHAE A 55 —
A, T LA BRSO iz 2, e H AR TE BOK Y
PAEHERL, 120 T A S7E A R Tk ae 11,
AREB G R —E W, AR E, ik L1, M
JEIEAE Laves AH BB A BT H SR AL B 76 $2 T+ A 4 5 B 1)
IR, ATSREARIE AL 98 i Y8 PR AR A T R84k BE Js, M
SCIA SR E I, X TAERGMIE T FCC I m i
B G g+ AR T R AT IR AT R R A 4 2
PEREMISE I, 45 R R, AFEAIH L1, A Laves #H7E R
sbLOESURA AR ERAE B2 S, IR A B TR AR
FER R 5 T HAME T, R 5 K T R
SRR

K5 EANTHRAREGS0MNBAR T (a)$iH# L1,
Br AR AL TIIE, (b) REASTEARIERE Laves Hr ARSI HY
FE

Fig. 5 Deformation microstructures of the dual precipitation strength-

ened HEA . (a) the shearing of L1, precipitates by disloca-

tions, (b) the interaction of dislocations with Laves phase

Li 251 2G5 0F5E T (CoCrFeNi) o, AL Ti, (J5 T %053 80) 19
FCC/12, i @4 4 (EHEAs ) 78 I 280 7 v 0 40 K A
AT WO ZUE AR J Sy~ beRe, 5 R R, Bkt
PR HE FCC AR A% L1, 0k AH, 12, dhbr i 2k
BCC 4k, JE M T —Fl R FCC/L1,+12,/BCC &
BHT s, AR T MR, IR TR
UFRERPE  TOULZH 4L R AE R Sy 22 0 B8 R, FCC
L2, AT R A A R G — 2, iR &
TG BRI 43 AR IS 0 25 R e AR AN Y B (T 6)
X FCC EEMHIT 5, B 800 0 1 2 & 2k I oy e,
B Ni/AVTI 9 FCC 45 #) 91 K I T8 WG s Bl 3 AR
HEAT, XSy T Ni/ZAVTI & feik— LT, 24
JE T He B L, fb2fit R ey, &2k FCC 3 L1, A
RS TR L1, 25 98 K BT AR IR 50 0 4 FCC
Sk, i, L2, A PNRE S & AR PRI i, B
WE Cr/Fe 1y L2, ZER WK B BEE Cr/Fe £ 8 E
— - Th i, X L2, S5 HA A 4 K P A T A AR SR T Y
BCC 44K 4, 3% Fh FCC/L1,+12,/BCC 23 %% 5 & Hr
Hh A R SR S A A MR B, S DA
BEEMIL, U 0 JE RS T 86%, M FITF
KPR T M, X Fh FCC/L1,+12,/BCC & & Hr i 43
PR Ry FF KR — A R A S e R TR
B,

Li 251 B T — Rl (14 43 40 ml 4 Ak 4K T 1 O
W, TEESIMEIA S A A I T A Rk, EaT
K ORI T2, B #7E BCC Fl FCC AU A
SIAT WAL SRS A FE 90k Br A . 8 R )2
YRR J1eE R R, A A N BUh R S ik
2150 MPa, HIYAJREMfZGAS] 15% DL L, B LR 8
SREIEACR . EEEN L, 7E800 CHE T, ZA4E&M



FREENG A AKAT SR R A W

37

> Aging time >
____________________________________________________ i
Chemical separation i Structural ordering/disordering
- J - - . -
i Spinodal decomposition i Ordering transformation Growth
| (fcc —L12)
‘cc phase !
! :
L IBeE B i :
D 188684 goeQ
88 | 3880
o b ! e | -
Spinodal decomposition Disordering transformation Growth
(L2:—bcc)
e
D %
O L2: phase i \
i
I

- EL e

6

S B A 4 FCC M 12, AR L1, A1 BCC 44 KAMI BT i HL 7 2 e L6

Fig. 6 Schematic diagram of precipitation mechanism of L1, and BCC nanoprecipitates in the FCC and L2, phases of a eutectic HEA[®
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