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JbmURHE K 25K B IR A FLAE 2003 4RI ST 3L A
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o F RS L Z SR TR R R 2R E A 4
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0, w5 i 5 R 4 NbMoTaW 7E 1800°CiE X 7 d J
() HRTEM 40 &l 5* i 7R o Wi VT K% Ding S F 5%
RO, w6 A R TT R S A AEAE W] 8 I v i e
PR S TR Z e i e 3, (AR AR T R R Y
RS AL TR RERE R BUNIZ Bl RN ) B
AR I VE R T A e i 4 3R B Hh s B — 1Ak Ak
R BE

(a) W15 (b) LLHEIKTROA s () ST fifs S5 4L
K15 NbMoTaW &R =& 44 1800°CiE K 7 d
J& i) HRTEM™!

3) g% BRI B . TER RS e
5 3 O (4] 3t R, R 0 D A R ARz R
A KA GRS IR W RN AL A
(7 A 2 A AS TR E 1Y o FEAHAS SR, 25 2H T
Tt I UM E T HOR S . AR RIRAS T,
K TR AL TR ELARAS A G i B IRl
TCRE 22 BB L7471, 4] A A R S 4 P R
pir R IR 0 23 [T i 4 RO 6

4) VERE b RS R RON o 1 Qi I 7
FIAS [R] JEORELASRAT IR T AR (XS BT, P58 &
WAEACAARE 1 221808 25 FOT R, LU B3RS
HA MR SR & 4 o A4 Y I 80
Y 2 B[ B 2% % Ranganathan™, Al 1A 45 2H 7T 1) 5k



—t

NS48 2021,39(11)

www .kjdb.org

101

A Ja PR AT 22 18] R AR B A S T e A e
REMY ZREER S 22 o 28R UG, S RS R 0 1) i
SUPERE , YL R T 8 SRR RIS 1Y Mg T R AE
FWFFEXT 4, I K B MeTiV,NiM,, (M At % Cr.Cu.
Fe.Co Mn Al Bl & & M KA & 5o Z %)
FHSE , Hop MgTiV NiAl, W & i e Ko SR, X Fh
XYV TAEER HE 2 AT T s a4n
Wit 5N, HI, F25R & 88801 TS L
fRR e LIRS TR s T i B 4 A0 o

M TR A4S F 0L, 0K NIRRT
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TR, B T A 4 0 12 R e L I b RE w2k
REAE . R HOson B AR ZH U SR AL 4%, 5 R AT
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W 78 3550 1 2 foff o A 4 1 0 BRI 2 1 R R A AR
b X R TP A5 W3 3o 45 T R IR AR T 1, 2 2R
A AR, B, M A S A R e
JE TR TR T v T T b e S R
23 SESRASALNERESS

H 2010 4F 55 — A MERE S i G A DOk, 2=
A O AT 150 Fh = i s i A 4 o, AR PRI B
Z USSR EZEAAE T W.Ta, Hf (Mo, Nb,
Zr V. Cr Ti % 506 S 4 E T, i LB 4r AL,
Re.C.B.N.SiSFJCHE . HilEsouR MK s, fit
PGS MG s TS . BT R MR, v LA
BURRAR S O YA

1 RGE T H A UL T HE 1 e A e
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1 CHREHS S R A A e 0 v B A e MR e R
Fe R A AHAL R, B (grem™)  HOEREEE/C JERGRE/MPa 38 5% B L E
AITiVCr, NHF* BCC 5.6 1000 40 7.1
AlCrFeCoNiCu™ FCC+BCC 7.4 1000 47 6.4
TiVZrNb™ 2 BCC 6.5 1000 58 8.9
AITiVCrNb™ BCC+Laves 5.8 1000 65 11.2
TiV,ZrNb" 3 BCC 6.4 1000 72 11.3
AITiVCr, NHF* BCC+Laves 5.9 1000 75 12.7
AlysTi,V,CrNbF" BCC+Laves 5.8 1000 90 15.5
TiCrZrNb"* BCC+Laves 6.6 1000 115 17.4
AITiVNbP BCC 5.5 1000 158 28.7
Aly,Ti,,V,y,Zr, NbTa, > BCC 7.7 1000 166 21.6
Aly,Ti, ,V,,ZrNbTa, BCC+B2 7.6 1000 220 28.9
Aly,Ti, ,Zr, ;NbTa" BCC+B2 8.1 1000 236 29.1
TiVNbH(Si, *” BCC+M,Si, 7.8 1000 240 30.8
TiVCrZrNb™ BCC+Laves 6.6 1000 259 39.2
Aly,sTiZrNbTa" BCC+B2 8.6 1000 366 42.6
AlITi, Zx, Nb, Ta, > BCC 6.8 1000 403 59.3
AlITiZr, NbTa,* B2 6.9 1000 535 77.5
Aly;TiZrNbMo, ,Ta, BCC+B2 7.6 1000 579 76.2
AlITiZr, ;NbMo, ,Ta, B2 7.2 1000 935 129.9
ALCrFeCoNiCu™' BCC 6.7 1100 79 11.8
Al,CrFeCoNiCu"™ FCC 7.9 1100 80 10.1
TiV,,NbMo, ;H{*" BCC 9.0 1200 60 6.7
Al,, TiZxNbHf, /Ta™*" BCC 9.1 1200 89 9.8
HfNbTaTiZ* BCC 9.9 1200 92 9.3
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1 CHGE TR S RS G A 0 e S DU B A i (2:3R%)

R = A A PEEER B (geem™)  HERSIRE/SC  JEIRGEEE/MPa 58 5 585 B i LU
AITiCrMo™*! BCC 6.0 1200 100 16.7
AITiCrNbMo™ BCC 6.6 1200 105 15.9
TiV, ;NbMo, .HISi, BCC+M.Si, 8.5 1200 166 19.5
TiCrZrNbMo0.5Ta, 2 BCC+Laves 8.0 1200 170 21.3
TiZrNbMoH{** BCC 8.7 1200 187 21.5
TiV, ;NbMo, .HISi, BCC+M.Si, 8.2 1200 188 229
AITiNbMo'*! BCC 6.5 1200 200 30.8
TiV, ;NbMo, .HISi, BCC+M.Si, 7.9 1200 235 29.7
AlMo, NbTa, TiZd*" BCC+B2 7.1 1200 250 352
TiZrMoH{fTa"** BCC 10.2 1200 404 39.6
TiZrNbMoHfTa!** BCC 9.9 1200 556 56.2
Ti,,.VCITaW!! BCC+Laves 12.3 1200 586 47.6
TiNbMoTaW"™" BCC 11.8 1200 586 49.7
TiVNbMoTaW=" BCC 11.0 1200 659 59.9
Ti, ,VCITaW!! BCC+Laves 12.6 1200 750 59.5
VCrTaW®) BCC+Laves 13.0 1200 979 75.3
NbMoTaW!! BCC 13.7 1600 405 29.6
NbMoTaW Vv BCC 12.4 1600 477 38.5

] 5 HE QT B 4 i T IRAR 9 25 RE , I LA S
11 1000°C K LA b ek B D3 ¥ 55, - B 2 413 die
IR IR EE AR

FrARAE s T F YR I G A 1 1R IR ) 2R
R 3 O AR, 407 AL TR A5 o e W 7 R VA
1 1200°CHHRIE o i B HRE IR TR A 1600°C,
#BHA 2 H A NbMoTaW il NbMoTaWV , 1600°C
%) et IR 388 32 43 01 g 405 RN 477 MPa, A WL, BUOR 5
RERASBIEA 10452 A, (H 2 IR B IE E it
5 215 1600°CI A SR R 7R . [FIRHR2E
B, 1200°CH} VCrTaW (1) i fi 38 B =35 979 MPa, 3
WA A B 1600°C T A ik . 2T g
TR, T B R A A SRR IR, L
TG 2 = A A A R 5 2K o
231 EEEHEESNALEY

o TR A A I A T R — R U DA
MAB IR N T, WIS A e 2 | 381
WREFN IR AR, T SE M 2 20 G54 5 A
IR ORI AT RE o WS AY AR OT R — L
W .Ta.Mo Nb Hf Zr Ti.V.Cr 1/ 3~5F, 25T

K. BRI 1R R £ 24 NbMoTaW
ZP HEZxTi R ZeNbMo ™ R 45, Hirpr )
ST B RS NbMoTaW K ot 2 78 i -5 5 s
FIHINbTaTiZr X OGRS IS5 8845, & il s &
G 8 A B — R A SR A 2 (R A o
&1 RIS U S T 2

o Ik = A P AR 2 A R 22 02 AT B BCC 45
P [ AR, A D 3 B 78 BCC SR 1A ik
A (U Laves A . B2 A \FCC AH B HoAth 4 J& e 4k &
Y1) B EZ AL, 5 MM B R TA 4R
FEHEE o Laves il — MMM F A& & A CrZr
JUE, AT LAMGE A 4 1Y R P fL AR H i
() Laves tHEAL T & & M E IR MEREY . ALTTR R
s ffi & 4 7E BCCHAR Fdr i B2 4. B2 A
R H AR E T BRASTE SR N VR EON R G 4
AT v TR R R
232 EEREHEENNFEMERE

o U e 4 1) 2 T T 2R PR REARE R METE K
SHPEAR , 5 B — A 1000~2500 MPa., i 5 48
FCC 25703 (A 5L HCP £5#9 70 % (Ti  Zr HI) 5%,
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AT DLW S o v R e S Y IR
NbTaVW'! K7 4 1 45 K 12%, ¥ I Ti o6 £ )&
NbTaVWTi 7£ ) 22 1k ] 509% A A Wi %L . HINbTa-
TiZe" & A7 K B HCP Z5 K JC % Ti Zr HE, 1l
TR KT 50% R E8PE 7L = T NbMoTaw!!
(4 2.19% ¥ o 2R i RS R 1 A BIR A, 5 1
T B A b A P RE AR R B D . Senkov A
FEXF HIZrTiNbTa & 4 478 5L H A0 2 5 I T
FIRPLERE , & BA 40w AR JE S 1262 MPa,
P AR IR N AR T 10% o

o U 1 A R 2 7 2k AR R e L L
SREE R EIPE, G0 1 AE 2 R . R R BsRAE L
PSSR F R, 32 B 0% fy BCC AH I 44 1) [ 75 5
AVEFI S5, i, Senkov 25 9% T HENbTaTiZr
FE N 5] B Y 2 20R P RE - = IR R 5 A
929 MPa, HA7 h A8 5 A R00 545 1 Y8 4 5 600°C
N5 B R 675 MPa, 5250, LR —E W)
Jo7 A5 B A R YE M 5 800°C i iR 5% S5 4 535 MPa, W 11
AT RS B A T2 A 1) 23 AL R H (B 1 4L
1000 F1 1200°C Jiti Al 38 B 43 51 & 295 192 MPa, A%
Tt b kAR T ShA FRAs i T T 407N A5l iy
GEAE 5 2 IR IR R 0 AR R 25 R 24 SR BCC 4
¥ o A A B S R AV E RS R RN AR
DL R OCR A EAE A R, RN 113 5%
Jo T 22 (R A A B A S R] = Ao
233 SEBEEEMmEANKIERE

R EE A — BT m A A X
AL SR e Yk v 4 B LA B R Y R IR T 2 kg
PIAD 38 B HA Bk BT AL RE JT o R T e R s
G EEAMITERMIE SR YA 2
I e R T AR SRS S PUE LR . A
WEFT 25 R0, B fb v 25 2w iR m i & & g 3t
Ve, ERHEEEORFSE T NbMoTaW i I m 4 A 4 A
6470, % BRAE 800~1000°CHE Bl Y , Ak I 1 1 48
{3 AL 2 A, L2 R E AR
Ta, W ,;0,, F1 Nb,,W,0,,. Mo JC & & 4 H Ak )5 4= i
S HE I B MoO,, MoO, 4% % S EUA L A 2 4L, 75
T il T A B AR AR 7%, B
HLHHE . Senkov ZF U 5E T CrMo, NbTa, TiZr 7F

1000°C i 3h %5 S k100 h 1846174, SEAk )5
W EERERE LR E., IR H
CrMo,NbTa, TiZr & 4 H1 47 7£ BCC1.BCC2 Fl FCC
=M, EALR EE BCCL AP B2 Y 5L T+ T &
S rPUEARE 1. BERERIA, VTR NS
WAV e ek e 08 5 A P P AU A P 1T AL T ST TR Y
NI SR R = =D (e P = P O e )
FEICE AL AR5 4 78 AR 2R LR PR 1 4
PR, BELAG T A m ik — 2098, B 8 T hUa iR
]

3 mEmfeatRER
31 EREEHMEEFX

Miracle Z£255 1 1 408 R i & 4, 44 A1
TR IGERE, 00 T TSRS, 43308 3d 1t
EREE G4 MR R A S AR
A e R RN A S RN A &
WA GBS (% B.C NJGE) S & 4.

W TR 0 4 4 IR LA R0 D 6L S L 5 %
S5 E A R IR, G 6 B s o AT LA MY 5 0 s A
B4 DS L A A e A i v P IR R AT, —
AT 400°C o 3d 3k VB R 4 TR i A A 1 i e il
FHIELEE 41 500~1100°C o 15 ik 25 4 B 4 118 e v 11 1
1 1100~1700°C o % F 7R AR X AT 2 A7 5 5
FE R m R A 4, U O AR S A 4, A R ol FH L
JEN35-269.15C. Bt 48 S G 4 LA SRR 36
WA S e, ARt — PR, BIHATR
1k, W TG 5 TR R R A A A 1 B 41 | 1800°C
DA nT R 4 R A% 1 e T i S R AR K
3.2 itEER

W& TR MR & R AR R AL
T A 4 Pk BE NPT RE R R T R, =T
() 8 e 8l T PRI & i i A R SE DR A 1 52
fitio fEGERIARMIFGY J5 2 A S B 5T o0 32, 3l
1 2B B B B A IE BN T T A R
AT SE R , SR J5 (AT — R G S A MERE R AE ,
S 3o AN 22t et R L DA A R &R
EBE BRI FE IR A, AT AFFFE AR RHA R RE B A



—t

104

www.kjdb.org

RIS S 2021,39(11)

2500
» CrMnF i AITiVNb @ TiVNbMoTaW
bl ® AITiZr, NbTa, ® NbMoTaW
HiMoTaTizr ® Al, TiZINbTa @ Tiy,,VCTaW
-4 MgCaznSryb ® AlyTiy Vo, 71, ;NbTa A Tiy5;VCITaW
& VCITaW A Aly;Ti, ,Zr, ;NbTa w TiCiZiNb
2000 ® NbMoTaWV w AlysTi, V, ,ZINbT: « TiCrZiNbMoy s Ta, 5
B TiVNbMoTaW  lgTirMogsThys R ATHNOMo
® TivZeND » AlCrFeCoNi W AlTiZr, NbMo, sTa, 5
A TiZtMoHIT: @ AlTi Zr, T: » TiNbMoTaW
Bty @ AITiCrMo ® TiV, NbMo, HfSi
- %z:mﬂw o ® AITiCtNbMo ® TiV, NbMo, sHfSiy s
a A AlMo, NbTa TiZr ® TiV, .NbMo, ;HfSi,,
< 1500 BeTiCuZtHf # TiVCrZiNb
E 4 BeTiNiZrHf @ TiVNbHfSi) s
i
!
X
om
B 000 JURYS 333170
L ]
®
o
500 3
. s
0
=273 0 400 800 1200 1600 2000 2400
BE/C
PG 5 T3 X ]

Wi /b, SOk % . JUHOR M SRt EE
A HE B, A A RHA R BT T )T R Y 25
], TR A A RMA 2R © A 2 A G 1 1 BE 8 52
Y o G381, BEHN AT B IRASE 5% 1 LA S BE O Y 4R
S X, A 1 AR R g o AR, T
PUBLE A , AT DUR G A G BEA BE , 71T 5L
HE AP AR R IR A 25 05 B 1 R A2 A
AR AL, /NE) W - RUBE, R BN F A 2
o A, MOREAER Tt 21 R v ik, DA T LS B o T
#fnT DL i AR S

LR SRR RE , AU 25 B AR
LA R TT KRB e R G ST, B 7
WAL T . HETE R R R B Z
CALPHAD (computer coupling of phase diagrams
and thermochemistry ) #X 4 . % F VASP (vienna ab—
initio simulation package ) [ 5 — 4 J5 BT 510
EMTO (exact muffin—tin orbitals ) 8455 , 3% 6 5 {2
BA P . BER RO 2R A M = B L 5
— iyl AR R . RO RS A T
B NSRRI T o8l S ik R — e e
JIikAE . HATAWTFE AT AR i 45 B AR Uk B B, Of
ANRE ELIE A T G PR

PO L Tl R 27 B 2 4 1L R 2R TR T 4R
TR TR (ICME) J5 ¥ , 5 0 — 1 U 701

B 1A AR A BROCH A, i v A A
T, HENT BIFE , T 0 R AR A I, 1 FH SRy Sk A
IR, REH /R T Ml E i & a5t 5
BRAR BEE WAVE SR R A I, s T
TR IR EE A A R s R A RS R . T
TR KR T ) AR IR T LR S
I FH EMTO 318, S FEAS B B 0 28138 —FH T 330w 1
CPA @M%, K J T Ak & 441 o0 SR He iy e
W . RS — 3 EMTO-CPA 7k &
WA B A S 40 K AR A a1 R TR
SEFAH ERLEE 4 RSN X Y S R AR MR E
PE T SRR SRR R R 2 R RE A R IR AL
I T I B, ST LA T ] G 43 A5 R | 15
TUH 7 A5 4 AR S5 K4 L 12 R B, 13 ok S 560 4 His
R B AR | ZBOR G I I B A5 ) 1 R
e S B i A 4 o 1 T AT AT 0 A A 1
rhil I PR BRRE T R

ISR T R 9 A5, B RTIE
Z SRR 22 0 T o T e S A P AR LR LA
BRI A T 2 B2 AT
33 BRAETAMRYES

AT i A 4 1 KT TR T TR AN 17 4[]
S FPHTAT AP BE S B A B A, 1L 5
A SIS R AR SRS A &P iR



—t

NS48 2021,39(11)

www .kjdb.org 105

WA LT AR R AR 5 A R &
R RAWTE B G A AR BE . R,
Bt minE VF 2O R Sl e e
AW SR AR ARSI 45 s ey
T RAFFEMERL, W LU - (1) @i & e iEE
5025 (2) mia SR E M it E; (3) &
WA ARSI 2 MERERLAL 5 (4) J7- ROBE i
WLZERE 3T 75 NV RE B FEMA ML 5 (5) /MR 7242k
SRICRTE RS SR ; (6) A s
W — WA AT 5 (7) RARIELPREE T e 5 <
PINEF AR AL 5 (8) v ik S A PR EE T i e
PEREIRAEAIL ; (9) BsmfdE 1w i & <5 i A 3R
fik 5 (10) 17 ) TR N AR PR IR 2 . v BLRE
% Sy e < TR AT AR B %

4 Z5ip

32 IR g LT BT AR ARE 14 SR ke e
w AT il G A E IO R R, v e v
A A DA A9 T 7t R B il T g o B8 g 2
P A AR S e il 5 B A RE D s R RERR B,
A BHER SR SR AR 7 EOT R BA
w AR A IRV P /DN R R e AL
R R el R S < o RO T el A S A
F i ) A PR SR U el R
EMFRHITT MR H e mil N PTEALTERE i
el PR RE S R R AFAT ST . RATT R
AT L B BT 5 G o, T LA S, bk
WFFERERR E H TR S B R 5 A7 i30T i AT5 4k
Bz, PR AN & o B2, il s
22 A5 B SR BT R TR AR ST A%

2 % 3Lk (References)

[1] Yeh J, Chen S, Lin S, et al. Nanostructured high—entropy
alloys with multiple principal elements: Novel alloy de-
sign concepts and outcomes|J]. Advanced Engineering Ma-
terials, 2004, 6(5): 299-303.

[2] Inoue A. Stabilization of metallic supercooled liquid and
bulk amorphous alloys[J]. Acta Materialia, 2000, 48: 279—

306.

[3] Cantor B, Chang I T H, Knight P, et al. Microstructural
development in equiatomic multicomponent alloys[J]. Ma-
terials Science and Engineering: A, 2004, 375/376/377:
213-218.

[4] Ma D, Tan H, Zhang Y, et al. Correlation between glass
formation and type of eutectic coupled zone in eutectic al-
loys[J]. Materials Transactions, 2003, 44(10): 2007-2010.

[5] Gorsse S, Nguyen M H, Senkov O N, et al. Database on
the mechanical properties of high entropy alloys and com-
plex concentrated alloys|J]. Data in Brief, 2018, 21: 2664~
2678.

[6] Senkov O N, Wilks G B, Miracle D B, et al. Refractory
high—entropy alloys[J]. Intermetallics, 2010, 18(9): 1758-
1765.

[7] Soni V, Senkov O N, Gwalani B, et al. Microstructural de-
sign for improving ductility of an initially brittle refractory
high entropy alloy[J]. Scientific Reports, 2018, 8(1): 8816.

[8] Senkov O N, Jensen ] K, Pilchak A L, et al. Composition-
al variation effects on the microstructure and properties of
a refractory high—entropy superalloy AIMo,,NbTa, TiZr|J].
Materials and Design, 2018, 139: 498-511.

[9] Couzinié J P, Senkov O N, Miracle D B, et al. Compre-
hensive data compilation on the mechanical properties of
refractory high—entropy alloys[J]. Data in Brief, 2018, 21:
1622-1641.

[10] Karakose E, Keskin M. Microstructure evolution and me-

chanical properties of intermetallic N,_Si(x=5, 10, 15,
20) alloys[J]. Journal of Alloys and Compounds, 2012,
528: 63-69.

[11] Senkov O N, Wilks G B, Scott J] M, et al. Mechanical
properties of Nb,sMo,Ta,sW,5 and V,Nb,;Mo,,Ta,,W,, re-
fractory high entropy alloys[J]. Intermetallics, 2011, 19
(5): 698-706.

[12] Miracle D B, Senkov O N. A critical review of high en-
tropy alloys and related concepts|[J]. Acta Materialia,
2017, 122: 448-511.

[13] Melnick A B, Soolshenko V K. Thermodynamic design
of high—entropy refractory alloys[J]. Journal of Alloys
and Compounds, 2017, 694: 223-227.

[14] 5K 55, =%, PRI R . PR 4 i ob ) e I 8 14 5
[J]. ¥yHL, 2008, 37(8): 600-605.

[15] Zhang Y, Zhou Y. Solid solution formation criteria for
high entropy alloys[J]. Materials Science Forum, 2007,
561/562/563/564/565: 1337-1339.

[16] Yeh J W. Recent progress in high—entropy alloys[J]. An-



—t

106 www .kjdb.org

RIS S 2021,39(11)

nales de Chimie Science des Matériaux, 2006, 31(6):
633-648.

[17] Tang Y P, Wang S R, Bin S, et al. Fabrication and wear
behavior analysis on AlCrFeNi high entropy alloy coat-
ing under dry sliding and oil lubrication test conditions
[J]- Surface Review and Letters, 2016, 23(4): 1650018.

[18] Lin D, Zhang N, He B, et al. Tribological properties of
FeCoCrNiAlIB, high—entropy alloys coating prepared by
laser cladding[J]. Journal of Iron and Steel Research (In-
ternational), 2017, 24(2): 184-189.

[19] Shun T T, Du Y C. Age hardening of the Al ,CoCrFeN-
iC,, high entropy alloy[J]. Journal of Alloys and Com-
pounds, 2009, 478(1/2): 269-272.

[20] Zhang Y, Liu Y, Li Y, et al. Microstructure and mechan-
ical properties of a refractory HINbTiVSi s high—entropy
alloy composite[J]. Materials Letters, 2016, 174: 82-85.

[21] Hu Z H, Zhan Y Z, Zhang G H, et al. Effect of rare
earth Y addition on the microstructure and mechanical
properties of high entropy AlCoCrCuNiTi alloys[J]. Mate-
rials and Design, 2010, 31(3): 1599-1602.

[22] Zhang Y, Zuo T T, Tang Z, et al. Microstructures and
properties of high—entropy alloys[J]. Progress in Materi-
als Science, 2014, 61: 1-93.

(23] J55 5, WAL, FRVLP, 55 . WS S0B i RO B S it
JE(J]. PR, 2009(12): 75-79.

[24] Guo S, Liu C T. Phase stability in high entropy alloys:
formation of solid=solution phase or amorphous phasel[J].
Progress in Natural Science—Materials International,
2011, 21(6): 433-446.

[25] Yang X, Zhang Y. Prediction of high—entropy stabilized
solid=solution in multi—component alloys|[J]. Materials
Chemistry and Physics, 2012(2/3), 132: 233-238.

[26] Guo S, Ng C, Lu J, et al. Effect of valence electron con-
centration on stability of FCC or BCC phase in high en-
tropy alloys[J]. Journal of Applied Physics, 2011, 109
(10): 103505.

[27] Miracle D B, Miller J D, Senkov O N, et al. Exploration
and development of high entropy alloys for structural ap-
plications|J]. Entropy, 2014, 16(1): 494-525.

[28] Wang Z J, Guo S, Liu C T. Phase selection in high—en-
tropy alloys: From nonequilibrium to equilibrium[J].
JOM, 2014, 66(10): 1966-1972.

[29] Zou Y, Maiti S, Steurer W, et al. Size—dependent plastic-
ity in an Nb,;Mo,,Ta,sW,; refractory high—entropy alloy
[J]. Acta Materialia, 2014, 65: 85-97.

[30] Ding Q, Zhang Y, Chen X, et al. Tuning element distri-

bution, structure and properties by composition in high—
entropy alloys[J]. Nature, 2019, 574(7777): 223-227.

(311 35 . AE S AT A & G2 (M]. dbst: Blz Hipt, 2010.

[32] Ranganathan S. Alloyed pleasures: Multimetallic cock-
tails[J]. Current Science, 2003, 85(10): 1404-1406.

(33] =Bl e o R B e A 4 < O TR AL R i S P RE T
FEID]. 22N 22 BT R, 2013,

[34] Stepanov N D, Yurchenko N Y, Skibin D V, et al. Struc-
ture and mechanical properties of the AlCr NbTiV (x=0,
0.5, 1, 1.5) high entropy alloys|J]. Journal of Alloys and
Compounds, 2015, 652: 266-280.

[35] Tong C J, Chen M R, Chen S K, et al. Mechanical per-
formance of the Al CoCrCuFeNi high—entropy alloy sys-
tem with multiprincipal elements|J]. Metallurgical and
Materials Transactions A, 2005, 36A: 1263-1271.

[36] Senkov O N, Senkova S V, Miracle D B, et al. Mechani-
cal properties of low—density, refractory multi—principal
element alloys of the Cr—Nb-Ti-V-Zr system[]]. Materi-
als Science and Engineering: A, 2013, 565: 51-62.

[37] Stepanov N D, Yurchenko N Y, Panina E S, et al. Pre-
cipitation—strengthened refractory Al ;CrNbTi,V 5 high
entropy alloy[J]. Materials Letters, 2017, 188: 162-164.

[38] Stepanov N D, Shaysultanov D G, Salishchev G A, et al.
Structure and mechanical properties of a light—weight
AINDBTiV high entropy alloy[J]. Materials Letters, 2015,
142: 153-155.

[39] Senkov O N, Woodward C, Miracle D B. Microstructure
and properties of aluminum—containing refractory high—
entropy alloys[J]. JOM, 2014, 66(10): 2030-2042.

[40] Liu Y, Zhang Y, Zhang H, et al. Microstructure and me-
chanical properties of refractory HfMo,NbTiV Si, high—
entropy composites[J]. Journal of Alloys and Com-
pounds, 2017, 694: 869-876.

[41] Senkov O N, Senkova S V, Woodward C. Effect of alumi-
num on the microstructure and properties of two refracto-
ry high—entropy alloys[J]. Acta Materialia, 2014, 68:
214-228.

[42] Senkov O N, Scott J] M, Senkova S V, et al. Microstruc-
ture and elevated temperature properties of a refractory
TaNbH{ZrTi alloy[J]. Journal of Materials Science, 2012,
47(9): 4062-4074.

[43] Chen H, Kauffmann A, Laube S, et al. Contribution of
lattice distortion to solid solution strengthening in a se-
ries of refractory high entropy alloys|J]. Metallurgical
and Materials Transactions A, 2018, 49A(3): 772-781.

[44] Chen H, Kauffmann A, Gorr B, et al. Microstructure and



—t

NS48 2021,39(11)

www.kjdb.org 107

mechanical properties at elevated temperatures of a new
Al-containing refractory high—entropy alloy Nb—-Mo-Cr—
Ti-Al[J]. Journal of Alloys and Compounds, 2016, 661:
206-215.

[45] Senkov O N, Woodward C F. Microstructure and proper-
ties of a refractory NbCrMo,,Ta, TiZr alloy[]J]. Materials
Science and Engineering: A, 2011, 529: 311-320.

[46] Guo N N, Wang L, Luo L S, et al. Microstructure and
mechanical properties of refractory MoNbH{ZrTi high—
entropy alloy|J]|. Materials and Design, 2015, 81: 87-94.

[47] Senkov O, Isheim D, Seidman D, et al. Development of
a refractory high entropy superalloy[]]. Entropy, 2016, 18
(3): 102.

[48] Juan C C, Tsai M H, Tsai C W, et al. Enhanced mechan-
ical properties of HfMoTaTiZr and HfMoNbTaTiZr re-
fractory high—entropy alloys[J]. Intermetallics, 2015, 62:
76-83.

[49] Waseem O A, Lee J, Lee H M, et al. The effect of Ti on
the sintering and mechanical properties of refractory
high—entropy alloy Ti WTaVCr fabricated via spark plas-
ma sintering for fusion plasma—facing materials|J]. Mate-
rials Chemistry and Physics, 2018, 210: 87-94.

[50] Han Z D, Chen N, Zhao S F, et al. Effect of Ti additions
on mechanical properties of NbMoTaW and VNbMoTaW
refractory high entropy alloys[J]. Intermetallics, 2017,
84: 153-157.

[51] Roh A, Kim D, Nam S, et al. NbMoTaW refractory high
entropy alloy composites strengthened by in-situ metal—
non—-metal compounds[J]. Journal of Alloys and Com-
pounds, 2020, 822: 153423.

[52] Xiao Y, Zou Y, Ma H, et al. Nanostructured NbMoTaW
high entropy alloy thin films: High strength and en-
hanced fracture toughness|[J]. Scripta Materialia, 2019,
168: 51-55.

[53] Kim H, Nam S, Roh A, et al. Mechanical and electrical
properties of NbMoTaW refractory high—entropy alloy
thin films[J]. International Journal of Refractory Metals
and Hard Materials, 2019, 80: 286-291.

[54] Zhang H, Xu W, Xu Y, et al. The thermal-mechanical
behavior of WTaMoNb high—entropy alloy via selective
laser melting (SLM): Experiment and simulation[]]. The
International Journal of Advanced Manufacturing Tech-
nology, 2018, 96: 461-474.

[55] Senkov O N, Pilchak A L, Semiatin S L. Effect of cold
deformation and annealing on the microstructure and

tensile properties of a HfNbTaTiZr refractory high entro-

py alloy[J]. Metallurgical and Materials Transactions A,
2018, 49(7): 2876-2892.

[56] Senkov O N, Scott J M, Senkova S V, et al. Microstruc-
ture and room temperature properties of a high—entropy
TaNbH{ZrTi alloy|J]. Journal of Alloys and Compounds,
2011, 509(20): 6043-6048.

[57] Wu Y D, Cai Y H, Wang T, et al. A refractory
HE,Nb,Ti,Zr,; high—entropy alloy with excellent struc-
tural stability and tensile properties|[J]. Materials Letters,
2014, 130: 277-280.

[58] Han Z D, Luan H W, Liu X, et al. Microstructures and
mechanical properties of Ti NbMoTaW refractory high—
entropy alloys[J]. Materials Science and Engineering: A,
2018, 712: 380-385.

[59] Pan J, Dai T, Lu T, et al. Microstructure and mechanical
properties of Nb,;Mo,Ta,;W,; and TisNb,;Mo,,Ta,;W,,
high entropy alloys prepared by mechanical alloying and
spark plasma sintering|J|. Materials Science and Engi-
neering: A, 2018, 738: 362-366.

[60] Li Q, Zhang H, Li D, et al. W NbMoTa refractory high—
entropy alloys fabricated by laser cladding deposition[]J].
Materials (Basel), 2019, 12(3) : 533-538.

[61] Yao H W, Qiao J W, Gao M C, et al. NbTaV—(Ti,W) re-
fractory high—entropy alloys: Experiments and modeling
[J]. Materials Science and Engineering: A, 2016, 674:
203-211.

[62] Senkov O N, Semiatin S L. Microstructure and proper-
ties of a refractory high—entropy alloy after cold working
[J]. Journal of Alloys and Compounds, 2015, 649: 1110-
1123.

[63] Labusch R. A statistical theory of solid solution harden-
ing[J]. Physica Status Solidi B, 1970, 41(2): 659-669.

[64] Fleischer R L. Substitutional solution hardening|J]. Acta
Metallurgica, 1963, 11(3): 203-209.

[65] LR, BRT4l, L, 4. Rl A 4 Mo,sNbyTay W i
SARAT L RIS S (L f 42, 2018, 38(6): 661~
665.

[66] Senkov O N, Senkova S V, Dimiduk D M, et al. Oxida-
tion behavior of a refractory NbCrMo,Ta, TiZr alloy[J].
Journal of Materials Science, 2012, 47(18): 6522-6534.

[67] Liu C M, Wang H M, Zhang S Q, et al. Microstructure
and oxidation behavior of new refractory high entropy al-
loys[J]. Journal of Alloys and Compounds, 2014, 583(3):
162-169.

[68] Gorr B, Mueller F, Christ H J, et al. High temperature

oxidation behavior of an equimolar refractory metal—



—t

108 www .kjdb.org

RIS S 2021,39(11)

based alloy 20Nb-20Mo-20Cr-20Ti-20Al with and
without Si addition[]]. Journal of Alloys and Compounds,
2016, 688: 468-477.

[69] Wang W Y, Shang S L, Wang Y, et al. Atomic and elec-
tronic basis for the serrations of refractory high—entropy
alloys[J]. NPJ Computational Materials, 2017, 3: 1-10.

[70] Wang W Y, Wang J, Lin D Y, et al. Revealing the mi-
crostates of body—centered—cubic (BCC) equiatomic high
entropy alloys|J]. Journal of Phase Equilibria and Diffu-
sion, 2017, 38(4): 404-415.

[71] Wang W Y, Li J S, Liu W M, et al. Integrated computa-
tional materials engineering for advanced materials: A
brief review[]J]. Computational Materials Science, 2019,
158: 42-48.

[72] Zhang H L, Sun X, Lu S, et al. Elastic properties of
Al CrMnFeCoNi (0<x<5) high—entropy alloys from ab ini-
tio theory[J]. Acta Materialia, 2018, 155: 12-22.

[73] Sun X, Zhang H L, Lu S, et al. Phase selection rule for
Al-doped CrMnFeCoNi high—entropy alloys from first—
principles|J]. Acta Materialia, 2017, 140: 366—-374.

Research progress in novel high—-temperature high entropy alloys
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Abstract High entropy alloy (HEA) is a novel metallic material that has emerged for 20 years. Its frontier research involves a

multidisciplinary fusion of materials science, physics, chemistry, mechanics, and computational science. The high—temperature
high entropy alloy, discovered in the last decade, is of great significance in the field of material science innovation development
and engineering application. Affected by four effects including high entropy effect, lattice distortion effect, hysteresis diffusion
effect, and cocktail effect, the high—temperature HEA has the characteristics of high strength, high hardness, high wear
resistance, high—temperature resistance, and corrosion resistance. Herein, a series of recent scientific and technological
achievements in high—temperature HEAs are reviewed in terms of definition, formation mechanism, material system design, and
overall performance of high—temperature HEAs. Some problems are analyzed. The complexity of the extreme service environment
and the correlation between material calculation design and high—temperature HEA performance are pointed out. Top ten
scientific problems in the research are summarized. Finally, the future development trend and application prospects of high—
temperature HEAs are presented.

Keywords High—temperature; High entropy alloy; Mechanical properties; Aerospace; Computational simulation




