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Abstract: Recently, a new alloy design strategy, i.e., high-entropy alloys ( HEAs), was proposed based on the
principle of equal-molar or near-equal-molar fraction for all the components. Different from traditional alloy design strategy
which usually blends with one or two elements as the principal constituent, such revolutionary alloy design concept leads to
the unique atomic structure, which gave rise to unique mechanical, physical and chemical properties of HEAs. However,
mechanical properties of HEAs need to be further improved, i. e. , FCC (face-centered cubic ) -structured HEA usually has a
large ductility but a low strength, BCC ( body-centered cubic ) -structured HEA usually has high strength but a low ductility.
Second phase strengthening had been widely applied in HEAs and was proved to be effective in strengthening or toughening
HEAs. However, due to the unique atomic structure of HEAs, behavior and mechanism of second phase strengthening were
different from that in traditional alloys. Here in this short review manuscript, the current research status and underlying
mechanism of second phase strengthening were briefly reviewed. The future perspective of second phase strengthening in HE-
As was also discussed.
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Fig. 1

Tensile properties of (FeCoNiCr) o, Ti,Al, high-entropy alloys (HEAs) (a) the comparison of strength-ductility between various metallic materials

and (FeCoNiCr) ¢, Ti, Al, HEAs showing great advantage of the current HEAs(b)['%]
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Fig.2 TEM image of B2 particles of (FeCoNiCrMn)g Aly;: (a) bright

field image, (b) dark field image; and of (FeCoNiCrMn)g; Al 5:

(c) bright field image, (d) dark field image[ls]

FeCoNiCrAl RAEM & 4, HAZ WA ML EE, 7
Tofs P2 TRL I AR X 3 BH 20T AR Y HE B RT LB
e Rt IR EALEE 1 . AT AL R E R,
T AN B AT & AR AR AOAT . Tong 25 B3 H
FeCoNiCrTi, , Bl & 42, £ 800 °C, 1 h WET&L T-22,
SRLPFERAT T LL 25 PR NI, Ti AR A, =R
T, iZA4 W8 IR E N 700 MPa, FifiikfEE 1240 MPa,
SEAHIR Ny 36% 5 T 24 Tk B 2 o V0 eIt B8 i, HL o 5 9
PR R, AR RN PTRL R B 43 i 4 T 2 860 Al
1580 MPa, FEAHFIEE 5 46% , 2P0 H LS B0 IR 1
W,

B4l Liang ZM R V LR EAC T LR IHH A
5 B L1, 25 R JEA% 9 K AT B AH Y ALy s Cr, o FeNi, 5V, ,
SR A 4, AN R IRGER T35 1810 MPa, Hidi
SREEHLL 1900 MPa, BTSRRI, A A X i Ao B
FITTARIAE] 752 MPa, %A 400 H BLR B0 H A6 55 4
FESRAL R A A T R B W, R C 4 R Ay
T v R
2.2 deHIgEHEL

WHRBFTAN, RIS A SRR E K, &
SURB R R TR AR, 7R MR AR Y 3 F S 8
JEE NI, AR EREOY R, I E B AR R
e, TR G G A P s B T A e R, R
Hh o IR s A A A% i B v G R AL S b ik . SRS
REA M, FCC Bk )2 A, MHAR I 6k
S INTAEAL R, PRI SRR B0 A i A 5 | AR
S EE ARSI AL A AT AR U b SR S YA A



53

IRBEHEE . FHE 4R MRk 245

pets Iy NE I PTE Al® 47 W= F e V57 SIINYIN
ZEREY AlCoCrFeNi,  “JLfih” mifli &4, #4& AlCoCrFeNi, |
A4 AT FCC 5 BCC WARZEH . FCC(LL,) #HE Co,
Cr, Fe 3% 3 Fo0%, 1fii BCC(B2) LA Ni, Al TE N E,
THEVR BRG], SEOLR b gk Rk SB
WRIAAIZEL . BRItz Ah, BCC M AEAE — & B 1 98 K 2%
W Cr A, ER T ZA L NEREE N ~ 545 MPa,
LI ~ 1100 MPa, JE{FHA] A ~ 18% , H4f- M e/l 1
SRS YT, AEMRVR IR RGBT B, AR AR A
FAXTBRA FCC 42, ik BCC A2 5748
., BEEASIEANE, FCC 4140 rh 1458 i {57 455 IF 4f 76 195 4
SR, RN I, RN ) BCC 44T
HIG SR T, TREREBOE I Y, AR,
MILTWASTE AR, MR 2480 2o s e, R
B AlCoCrFeNi, , A4 B LEM T 20% , [HAR H B B
WISAE NG, RN IS BIRAE, W E, FCC 42
DAL LLL} b T b 7 o B ok i, HLoxt o 2 5 7 s 110 4%
LRSI VL R S R AR T BE 1 J& AlCoCrFeNi, , & 4 B
A AR T AR e B R E R A, A, BCC 4
S e o B DA K R A A B K AT SR AR AR R E T A 4
RS . R, 7E AlCoCrFeNi, “dbih miia 4,
Ry B 5 MR IR T 47 I FCC ZHZLR“ 887 i BCC
A PHFEE

Liu 22 & BURE 1 & F1 w 428 1AL & W0 A i £
RKFREE L35 CoCrFeNiMo, , Y58 E % 1200 MPa, [R] A
AT RFF ~ 19% 1 B 4F g 98¢ 3l i X A8 TR AT M IR A
WF7E, KB FCC IEARA B3k 0. 75 BN TREfLFE KL, ik
S5 T e R L T A MR A A A R, T R
L, 2RI, Zhao %Y B, TEARE Co Y Fe-Ni-Cr-
Mn-Al-Ti S A& R T, HE Ti M AR F M 0. 6 3
I 1.7, A4 ARG R R RE S &k — R A1 ARk,
Ti AALR LA 17 B, A A AsE EE S 1250 MPa,
RV 20% , 2 BSE AN RS, Hekic
AT Co R E 4. XE SRS PERE Ry 5 A
T, Ti FUAL LR, A g AR B e i Ry AR A
TLBE S (R AR RE AL 5 %R 0.55) W] LA R 2480 e
PREFBCRBYITE, Wb 0 o MR G028 B RE T, flisR
JEA TRKIR A FE, RERSAAREE KM, Jo
i I LS B T2 AE VEeNiCr 54 & 4 SRR v 45 31 g v (9
o . BT o MRS AHRRACVE, A ARG IR R
FEHEIE 1000 MPa, I 76 W AR BT, HoJm R 98 B 3k 3]
1330 MPa, HUHIBREFZIN 1500 MPa, SR, 18 IR
RIS A IBPE ) S SR T BB iy 24 4 i e i
T 40%

P, Y 7E ki A 4 b AR AR AR 1 BE AL 58 — AR,
—J7 AT DLR R o B s WA, TR a e Jn g
FCC 2546 1) R 4 4 T sh EL AT 2 g 1) S0P A8 T B ) R
RN T RE AL 2R %k, R DA SO ) R oS AR T 4
B AL 7, IR R A, (R R
oS SRR T2 R R
2.3 METFEE_HETL

1o SR e BRI T & — EJE MR ST AR, SR
K EHAL Genk Ak Iy 27 $ w5 50 114 [) A2 e ol 9 12 114 o
ik, HAGFEE B — [ AR 4 2000 s 0 4 A il R e i
P ST epk iR, EAER AR TR MM At %
TN Tl G 4o 38 I R S 4 1 0 DR BRI
M PR E R B R A BE, AR AR vp A B
WA, M w22 W AR TR ey, SEBE 81k
HE,

FEAESE FeCoNiCrMn = 4 A 4 Y FEAE |, Li %2 A
F“ WAa T AR B A 5 S UM B 5 42, TR
FATEORZE # A AT oo T A AR g 2 A% M S B 3 T s Ak
T RAR 2 MR AR R Tk S B AR AR i T 9 1, i B A 2
BT T Feg Mn, Co,Cr, ( JRTFEHED) S A4, &
RO Mn i, R AR R AR FCC B HCP 4514 1)
I ERAAAHAS , MTTTAS B BURH ol 08 25 # 0 L e (I 4 2
FEREMY AR B 4. Mn N 45%F1 40%0, & 4 5
FCC 4544, 4 Mn &8 MR E 35% 0, &4 Ireh i
HCP A, #F—2BFAK Mn &2 % 30%, &4 1% HCP A
Ttk F) 28%, SLIRERW, ML T Mn &l 45% 1
HH FCC B0 5 4 LS FeCoNiCrMn B4 45, Mn &
W 30% 1 Fegyy Mny, Co,, Cr,, XURH 5 45 A 4 1 58 5 A 98 1
YA B, R R 4.5 wm B, HigERFA
T 100 MPa, ZEARAETIA 30% , SUvEI:, XUMmER&
e B IIN TAE AL SR AL B B4 o X Feg, My, Co,, Cr,g XUHH
Pl A AR TEHLER ST R0, FEASIRIAE AR, T LAY
BT HiL AR A R P AR AR 5 S B A LR 22 S S AR
HLEE, ZBJEHT, FCCAHHUEERI R T 1/6< 112> 1 FE3E
I T RO B HEVR 24 . 108 SR AL BCHEACIR /9 HCP
SEFPRAE N I GRS A% L, IR AR TR, FCC 3
HCP 0] 7 75 5 AH A48 & B W1 AR JE ML, A8 4 fft 2Ry
30% F1 409 Fif (v At 58 1 T [ AR AH A8 98 M AR FE HIL T 35
s, AR AR T AL B D, BN T AR A
% 3 NI T 3500 AR Ak, Bl N T RSN, FCC-HCP 1)
FRARARZE N B AR TEALR], LRI KN 65%1
G4 RAE 16% 1 FCC HIFETE,

BRUCZ A8, XFF PR 25 00 BCC 4546 XA & 0
G, “WR TR MR ERITZ A%, Huang %77 1F



246

Hh A i

538 &

i P X v i v 3l o R AR B 2 R R E
WAHEAR | AR Sh AU R RS, 7RO i ok B Y [ I
SCPLT SRR RIE G I, ARAS T B A
4 AEGEN TaHfZiTi BHAT BAH BCC 454, o i i
JEZ)2 1500 MPa, {HIEGEMIZRIRAN( 2 4%) 5 Fifi% Ta JC
REmryml, BCC Z5FAH 1 AR e PERRAR, 7E5E [E i 72
Hgh £ & A R BCC B HCP WY HIMIAS , A4 B
BCC 45#%%5 75 ) BCC+HCP 544, 418l 3, Ta 7 & B,
BCC Z5 A0 i AR MR AR BRI . 24 Ta S iEIKEE
0.4 BF, BCC Z5F9 M i A AR e PEARAIR, 7EB/INI L 1 R
M RAEIRZFHEFE, GBS RRS, kR
FESM 5 h 25 400 #1800 MPa,, X} Ta, ,HIZrTi 4 BIBFE %
W1, AR R R v A7 7 6 48 1A R AR HLRI Y 5 4, 98

1600 -
1400 4

©

o 12004

=

~ 1000 4

(2]

[72]

g 800 4

ﬁ Lty 1#: TaHfZrTi

2 400 2#: Ta0.6HfZrTi

- 3#: Ta0.5HIZrTi
200 4#: Ta0.4HfZrTi

0

10 15 20 25 30

True Strain (%)

0o 5

Fracture Elongation (%)

PEASTEA) b W B FC AR AR A8 RO B80S, W65 A8 B k47
N, A BALEE 3, TEE SRR,
FAASRE AL RGN 8 T A A, 45 AL E i £ S AR,
1M Ta &k 0.5 BF, MEE TR Ta0. 4 G415, kK4
FHAS NG 0 1 48 v, Sr 55 AL R B o AR AR BIL I & A
PSS AIL ] [ st 5 e T RE AL R, K] I R A A A
BARZAE AR R h, BB 5 S A A ORI T
PIAH A AR 7 Sy e rh, SRR T ey e i =, [RlA,
N1 A AR AR TR AR R AR R, R T A AN
AMEASIE, T RN S, RRTF T A AN
BAVE, 24 Ta SRS 0.6 F10.5 IF, 454 i 4E i 5
AN 20%F1 27% , 1 JE R T 1100 MPa, PREFR
LA TERE

Lb]
60 4 |F steels
deep-drawn
steels WP
steels
40 7" @SB  Ductiized HEAS
stainiess stee < This 'Work
g
B Conventional s \\‘
204 S P Sous W Metastability
Mg steew Titaniimn, . Engineering
alloys Stainiens ateaifOther alloys ~~ &
rHEAs B-alloy:
comprer MUY pnass seein gl
P
0 T T T T Ll T
200 400 600 800 1000 1200 1400 1600

Tensile Strength (MPa)

K3 AR Ta, HIZeTi BOSIRBLFRTERE (a) , S AR3R BERNETROEAR AR R (b) , U 48 5 < A AR 22 1o 2 A B 65 552 050 12 A 38 Je A

f L4127
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