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Table 1 Niand Nb contents in CoCrFeNiNby HEAS (at%o)

Alloy Ni Nb
Alloy1® 24.4 2.44
Alloy2* 38.8 2.91
Alloy3t 39.6 3.77
Alloy4 57.6 4
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Nb content/% Temperature/C Time/h
Alloy1™” 2.91 1200 2
Alloy2 3.77 1250 1
Alloy3?% 4 1250 4
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Table 3 Tensile properties of CoCrFeNiNby MEAs or HEAs

Alloy Yield strength/MPa Uniform elongation/% y" volume fraction/% y" strength contribution/MPa
Alloy1™ 954 23.7 7 670
Alloy2[ 960 29 14.8 660
Alloy3B 896 17 - -

64 750 “CIBKIF, Sei 1)y ME WA ¢ A1,
MANZ 6 #Ho e A DO i), 5y FEAAAIRE, ik
% B[R 9% &R N <010>,//<110>, ,  {001}.//{111}, .
U. Sunkari 25815 5t % 3L, CoCrFeNi,;Nby, & & &4
IR AIAIR K, ARIR LI R L AR SLAROR B 2R
. 30min) , 800 ‘CiBK 1h i, Ml T KEM ¢ M.

FLH S FRE S 7E IR SO FE BT AR B By, bR bk
ETHT BN % 5 R & ¥ gl g, HAN
AR AR A 6a FToR o 1 TR L B T A 4
2, RETRKENMHE. TOEEREEIEN o HIEZ
PRty BRI o MIRGHEMTH, ATHLAS, FHAS S5
MEZES KK, NIRRT T —EHENBE &, R
TERCT B 4h dn AR T GIR & 1) e L gs i, (Rt ko
FEHAT B 2 G S . T S IR AL SRR S e AH
Frii 2%, AREETHMAITH .. BaRdBE NG, ¢
FHFF LR K B 2 R 0o A0 7E AT a8 5, [RGB i
P S B s £ S A . B 6b fin NIB KR &
SR, bR AT RS, KR
S 5 B K AR 0 R A M R R 1S B . XA
AR IR FL SR K RE S e MERSHEE /DN, BiE £,
SRR L. 54, AR I AR G 4 1R T 4 A
AR VY ity (8] 2 AR T REAR KR, S AR ST Ak 7 AR KR )

Cold-rolled+annealed
(800 ‘C/1h)

E Recrystallized region

Cryo-rolled+annealed
(800 C/1h)

1
:‘n: Unrecrystallized region

Strain Hardening Rate, 6(do/d¢)

JUART 0 Z0AE A8 SR B R AR T, A28 B ) I L R 4
A 4 1 R AR AR AL B
3.2 #RBEHES

M Nb & EB LB, A SRR
BGRB[0 7 A AE B T %
AR, R ABRETE AR R R R 3L, 5l
B4 5 A U R
321 EaaMmeRiEE®

F. He £&UR 57 & 3, CoCrFeNiNbg g5 3£ 5w i &
&8 K AR KA B 7a s 600~900 CiR K i
(1] CoCrFeNiNby g5 1 A 42 B R 46 B 7 AR ith 2% 1]
HHE TR, & &M Eghl Ry T 2 GPa, Il
HamAfa e, Ao sE TR HNE . H,
600 Cil K HFE 3t dh dh i R e, E R & AR 51 5
BT E K, SEA S T . 900 CIB KIIFE
LA S MR ™ L S EORE SR N . B 7b R
9 750 CAB KIS it B 2 5 2% 5 R i A N ] ) A
KRR, HEALR KSRV, LR
FERFR R e, MEZRMME S B TRE, WE
1 55 1) 22 18 %
3.2.2 Hzrag il

Laves & &A &M PR IGEE M, mi

b
30000 Cryo-rolled+annealed (800°C+1 h) 1600
25000 Cold-rolled+ar¢aled (800°C+1 h) 11400
/ 11200 g
»2500 : s
20000 . 2000 11: stagem [| 1000 E
15000 sof =
800 =
1000 @
10000 soof 600 2
. of 400
5000 i St:?ge I Stggoeon?.os 0.10 0.15 0.20 1200
0 H ] .10

000 005 010 015 020
True Strain, ¢

K6 GBI H SRR R R i 2

Fig.6 Schematic illustration of microstructural evolution upon annealing for the cold-rolled and cryo-rolled HEAs (a); true stress-true

strain and strain hardening rate-true strain curves after different thermomechanical treatments (b)™*®!



552 W Tk MEE: CoCrFeNiNby = i & & AT 7t it Jg . 749 -
3200 T 600 2.00
[ — 600 C e 750 C .900 C L b

o 2800¢ & 550 {1.75
< 2400} o z L {50 _
£ 2000f = % 500 25 =
n i g S £
= 1600 f~ Z 450 1100 5
£ [ s i 0.75 &
& 1200_ @ 400 2

y/ =

£, 800} 4 s | q\% 1050 =
£ S 350 e i loos E
400[ / | q——— P2 s

/ . 1 . 1 . 1 N 1 " 1 300 1 n 1 PR L 1 1 000

b0 005 010 015 020 025 0 30 60 90 120 150 180 210 240
Engineering Strain t/h
Bl 7 ORI B IR K CoCreNiNbo.es 3 i 5 4 A 4 He 45 B /7 - A% il 4540 750 COl K R AE . 2 JE B AR JC I i) (9 28 10 56 &R

Fig.7 Compressive stress-strain curves of the annealed CoCrFeNiNbggs alloys (a), variation of hardness and lamellar spacing with
annealing time of the CoCrFeNiNbgs alloys at 750 °C (b)Y

= ot

MW S RE S, HHT Laves MHEZIE MG, BR&|T
HARRGEMF RN . B s —FEM RS,
Laves #H & 4 I W7 24 90 1 ol $2 % 2 9.5 MPa-m®®,
Chung 22252 31, CoCrFeNiNbg s Ft & i 5 & 4 2 — Fil
RERH Laves #1 & &R, Wi 849 ik 15 MPa -m®®,
Ha&mILESEE (430 um) K&, HFR SRS

MR Z 4 (REZ 70 nm) 5B SO RL F
JR45H) (JZIEZ 250 nm) o A W% A & — =2 g R

JoR B 3 it v 4

MR & S R 46 B RAZ 2, 45 AL TR I
JEARGE R AN T V0 88 A5 K, TR RER A T 1P
o FESEUTHT OB X P R B R GHE A TE I fee M
FrlE i DR ACIRY g, HBARATE) Laves MW ES, &
H] fec M7 ERIBIMERIBI AR LE Laves M/ = %
XA SR BB Bz A SRR B AL R
ROEEET R ETT Y R, Raukm@ 2K =
X2 i ErEr) Laves A0 EBEHIPER fec AT =4

B ARGIEMI A ZXY RN, BT EE h<zr, (R
SURNIETEX RSTD) RGN ) 4R v X 2 3 A1 4T

(1) Laves AH 1 2 EIE 7 — M fec AHA EH, 5 —
i fee M EMeRE T NI R, 615 Laves AH
FEZE “B)7 o 7o, ROt Ehy gt
R, 657 2R N TP, LG8 BRI F
A 2 R Y R R AR . TEANR R R X R R R
FHW R, O 808 BRAR T 28090 M. 71 )
MR, mARE T &SN
3.3 MMAEEWHARASER
T H B8 A0 RS & B ) CoCrFeNiNb, & i & 41
71 Nb (1 fee MIAAH, EAE G BIGPLER, i 2 F
HGaAFER Nb FEIE 7 E No AR, &5
T SRR SRS ) 2 5 X AT A A

& I RAEPERT Nb 7L T I A foo VA&, i
BALEEAFAET p A e A A, SmB AL A v
sk ARl . SR R, A a4k . Orowan 546
HR A aEte. ARG EME Nb MO8 Laves

. 9K R R fec/Laves B & 7 2 4k & A FH L
St B SR E VLA .

4 HETMRWAE. RKRARBFGE

Y AT SR AL ¥ CoCrFeNiNb, & & 4, I Rkt
LRI (10 2 23 9 359 50 10 25 o T2 9 i R B,
B 20 A FE I 1] K GE 3~4 d, AR oS - AR YL T
Chen Z5B B 58 45 5, XIS RCRT T Inconel 718 &4
BEATIE M TRAR T, I AE G AL AR TR Dy AR )
JRIEAZAT 25, A3 BT 32 m Hodr s B, (H (R 3 7
O A AT HH 3 B . 4n 4T fig 1R CoCrFeNiNb, i 6 7 4 b "
Ao MIAT TG, LA R 75 38 A oA 5 47 1R AL
WHE T2, #EHFE— S0, Bo, BRTE LM
BRI SR AL, SR R, X2
b T 40 A ok 2 38 SRR, (233 o ARIK &R SEAT
B8, FRARMP R 2k R . M, ] 4 6 I a7
W), d0 o AR, (I RN, AMEZ
Inconel 718 miL A& 4, M2 yHr HEEMA K
CoCrFeNiNb, = i £ 4 14 i e 1) 55 22 )

¢ T 3R ) CoCrFeNi, Nbg, i & 44, Nb
GREE T AEENRKEEE, AHPIHAFEED
w1 Laves . H1T Laves A& N arfuk i, A
e — R SRGH, iR T AESE A TH R Laves AH 1
A SV RE SRS AR B R SR B . AT, X
WG &R BIRAFAE y"-e A0S, AR — DT 7T
RIS

L7 A CoCrFeNiNby B & 4, HT /AL M



* 750 -

WA e MRS TR

%5 51 45

BS54 AR EE A laves #H, & &R IR B VEEZE,
H R A I8 E F S 7 2. H. Jiang 207
WEFEA B, CoCrFeNiNbg 4 3 dh 65 5 il i 800 C
ARG, SREEACR MRS, IR FEREE VR
et LE MELARTE, AR — Dl
FAh, I RRRRRIH % T B mEOCRmERE, siF
RERE— B BRI S v R R B2, M S AR TR AL )
Rm A S mBrERS, tf frdt—R .
SEHk  References
[1] Cantor B, Chang | T H, Knight P et al. Materials Science and
Engineering A[J], 2004, 375-377: 213
[2] Chen T K, Shun T T, Yeh J W et al. Surface and Coatings
Technology[J], 2004, 188-189: 193
[3] Hsu C Y, Yeh J W, Chen S K et al. Metallurgical and
Materials Transactions A-Physical Metallurgy and Materials
Science[J], 2004, 35(5): 1465
[4] Gludovatz B, Hohenwarter A, Catoor D et al. Science[J],
2014, 345(6201): 1153
[5] Zhang Z, Mao M M, Wang J et al. Nat Commun[J], 2015, 6:
10 143
[6] He J Y, Wang H, Huang H L et al. Acta Materialia[J], 2016,
102: 187
[7]1 Zhou Y J, Zhang Y, Wang Y L et al. Applied Physics
Letters[J], 2007, 90(18): 181 904
[8] Chuang M H, Tsai M H, Wang W R et al. Acta Materialia[J],
2011, 59(16): 6308
[9] Bachani S K, Wang C J, Lou B S et al. Surface and Coatings
Technology[J], 2020, 403: 126 351
[10] Vrtnik S, Kozelj P, Meden A et al. Journal of Alloys and
Compounds|[J], 2017, 695: 3530
[11] Zhang Y, Zuo T, Cheng Y et al. Sci Rep[J], 2013, 3: 1455
[12] Stepanov N, Tikhonovsky M, Yurchenko N et al.
Intermetallics[J], 2015, 59: 8
[13] Schuh B, Mendez-Martin F, Vdker B et al. Acta
Materialia[J], 2015, 96: 258
[14] Zhang D D, Wang H, Zhang J Y et al. Journal of Materials
Science & Technology[J], 2021, 87: 184
[15] He J Y, Liu W H, Wang H et al. Acta Materialia[J], 2014,
62: 105
[16] Liu W H, He J Y, Huang H L et al. Intermetallics[J], 2015,
60: 1
[17] He F, Chen D, Han B et al. Acta Materialia[J], 2019, 167:
275
[18] Sunkari U, Reddy S R, Rathod B D S et al. Sci Rep[J], 2020,

10(1): 6 056

[19] He F, Wang Z, Cheng P et al. Journal of Alloys and
Compoundsl[J], 2016, 656: 284

[20] Lu W, Luo X, Yang Y et al. Journal of Alloys and
Compoundsl[J], 2020, 833: 155 074

[21] He F, Wang Z J, Shang X L et al. Materials & Design[J],
2016, 104: 259

[22] Chung D, Ding Z, Yang Y. Advanced Engineering Materials[J],
2018, 21: 1 801 060

[23] Pickering E J, Jones N G. International Materials Reviews[J],
2016, 61(3): 183

[24] Pradeep K G, Tasan C C, Yao M J et al. Materials Science
and Engineering A[J], 2015, 648: 183

[25] Guo S, Hu Q, Ng C et al. Intermetallics[J], 2013, 41: 96

[26] Guo S. Materials Science and Technology[J], 2015, 31(10):
1223

[27] zZhang Y, Zhou Y J, Lin J P et al. Advanced Engineering
Materials[J], 2008, 10(6): 534

[28] Wang Z, Huang Y, Yang Y et al. Scripta Materialia[J], 2015,
94: 28

[29] Ye Y F, Wang Q, Lu J et al. Materials Today[J], 2016, 19(6):
349

[30] Wang Z, Guo S, Liu C T. JOM[J], 2014, 66(10): 1966

[31] Dong Y, Lu Y, Jiang L et al. Intermetallics[J], 2014, 52: 105

[32] Guo S, Liu C T. Progress in Natural Science: Materials
International[J], 2011, 21(6): 433

[33] Sheikh S, Mao H, Guo S. Journal of Applied Physics[J],
2017, 121(19): 194 903

[34] Lu Y, Dong Y, Guo S et al. Sci Rep[J], 2014, 4: 6200

[35] Zhou K, Wang Z, He F et al. Additive Manufacturing[J],
2020, 35: 101 410

[36] Lu Y, Jiang H, Guo S et al. Intermetallics[J], 2017, 91: 124

[37] Jiang H, Han K M, Gao X X et al. Materials & Design[J],
2018, 142: 101

[38] Jiang H, Qiao D, Lu Y et al. Scripta Materialia[J], 2019,
165: 145

[39] Jiang H, Jiang L, Qiao D et al. Journal of Materials Science
& Technology[J], 2017, 33(7): 712

[40] Han K, Jiang H, Huang T et al. Crystals[J], 2020, 10: 762

[41] Chanda B, Das J. Advanced Engineering Materials[J], 2017:
1700 908

[42] Chanda B, Verma A, Das J. Transactions of the Indian
Institute of Metals[J], 2018, 71(11): 2717

[43] Lucas M S, Wilks G B, Mauger L et al. Applied Physics
Letters[J], 2012, 100(25): 251 907


https://www.sciencedirect.com/science/article/abs/pii/S0921509303009936?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0921509303009936?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0257897204006577
https://www.sciencedirect.com/science/article/abs/pii/S0257897204006577
https://link.springer.com/article/10.1007/s11661-004-0254-x
https://link.springer.com/article/10.1007/s11661-004-0254-x
https://link.springer.com/article/10.1007/s11661-004-0254-x
https://science.sciencemag.org/content/345/6201/1153.abstract
https://www.nature.com/articles/ncomms10143
https://www.sciencedirect.com/science/article/abs/pii/S1359645415006631
https://aip.scitation.org/doi/10.1063/1.2734517
https://aip.scitation.org/doi/10.1063/1.2734517
https://www.sciencedirect.com/science/article/abs/pii/S1359645411004551?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0257897220310203
https://www.sciencedirect.com/science/article/abs/pii/S0257897220310203
https://www.sciencedirect.com/science/article/abs/pii/S0925838816339007
https://www.sciencedirect.com/science/article/abs/pii/S0925838816339007
https://www.nature.com/articles/srep01455
https://www.sciencedirect.com/science/article/abs/pii/S0966979514003082
https://www.sciencedirect.com/science/article/pii/S1359645415004115
https://www.sciencedirect.com/science/article/pii/S1359645415004115
https://www.sciencedirect.com/science/article/pii/S1005030221002139?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1005030221002139?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1359645413007222
https://www.sciencedirect.com/science/article/abs/pii/S0966979515000072
https://www.sciencedirect.com/science/article/abs/pii/S1359645419300631
https://www.nature.com/articles/s41598-020-63038-z
https://www.sciencedirect.com/science/article/abs/pii/S0925838815311294
https://www.sciencedirect.com/science/article/abs/pii/S0925838815311294
https://www.sciencedirect.com/science/article/abs/pii/S0925838820314377
https://www.sciencedirect.com/science/article/abs/pii/S0925838820314377
https://www.sciencedirect.com/science/article/abs/pii/S0264127516306487
https://onlinelibrary.wiley.com/doi/pdf/10.1002/adem.201801060
https://www.tandfonline.com/doi/full/10.1080/09506608.2016.1180020
https://www.sciencedirect.com/science/article/abs/pii/S0921509315303506?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0921509315303506?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S0966979513001404?via%3Dihub
https://www.tandfonline.com/doi/full/10.1179/1743284715Y.0000000018
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.200700240
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.200700240
https://www.sciencedirect.com/science/article/abs/pii/S1359646214003613?via%3Dihub
https://www.sciencedirect.com/science/article/pii/S1369702115004010?via%3Dihub
https://link.springer.com/article/10.1007/s11837-014-0953-8
https://www.sciencedirect.com/science/article/abs/pii/S0966979514001095
https://www.sciencedirect.com/science/article/pii/S100200711260080X
https://www.sciencedirect.com/science/article/pii/S100200711260080X
https://aip.scitation.org/doi/10.1063/1.4983762
https://www.nature.com/articles/srep06200/
https://www.sciencedirect.com/science/article/abs/pii/S221486042030782X
https://www.sciencedirect.com/science/article/abs/pii/S0966979517306593
https://www.sciencedirect.com/science/article/abs/pii/S0264127518300339?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1359646219301186?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1005030216301724?via%3Dihub
https://www.sciencedirect.com/science/article/abs/pii/S1005030216301724?via%3Dihub
https://www.mdpi.com/2073-4352/10/9/762
https://onlinelibrary.wiley.com/doi/abs/10.1002/adem.201700908
https://link.springer.com/article/10.1007%2Fs12666-018-1408-7
https://link.springer.com/article/10.1007%2Fs12666-018-1408-7
https://aip.scitation.org/doi/abs/10.1063/1.4730327
https://aip.scitation.org/doi/abs/10.1063/1.4730327

%2 ¥

KP4 CoCrFeNiNby i & 4 I 7T

°751-

[44] Yeh J W, Chen S K, Lin S J et al. Advanced Engineering
Materials[J], 2004, 6(5): 299

[45] Mishra S S, Yadav T P, Srivastava O N et al. Journal of
Alloys and Compounds[J], 2020, 832: 153 764

[46] Zhang Y, Li Z, Nie P et al. Metallurgical and Materials
Transactions A[J], 2012, 44(2): 708

[47] Miao Z J, Shan A D, Wu Y B et al. Transactions of
Nonferrous Metals Society of China[J], 2011, 21(5): 1009

[48] Sundararaman M, Nalawade S, Singh J et al. Superalloy 718
and Derivatives[J], New Jersey: Wiley, 2012: 737

[49] Slama C, Servant C, Cizeron G. Journal of Materials
Research[J], 1997, 12(9): 2298

[50] zhang H Y, Zhang S H, Cheng M. Advanced Materials
Research[J], 2013, 652-654: 1128

[51] Galindo-Nava E I, Rae C M F. Materials Science and
Engineering A[J], 2015, 636: 434

[52] Azadian S, Wei L Y, Warren R. Materials Characterization[J],
2004, 53(1): 7

[53] Lu Q. Thesis for Doctorate[D]. Columbus: Ohio State
University, 1999

[54] Brooks J W. Sixth International Simposium on Superalloys[C],
Champion, PA, 1988

[55] He F, Wang Z, Wang J et al. Scripta Materialia[J], 2018,
146: 281

[56] Arata J J M, Kumar K S, Curtin W A et al. International
Journal of Fracture[J], 2001, 111(2): 163

[57] Chen Y T, Yeh A C, Li M Y et al. Materials & Design[J],
2017, 119: 235

[58] Ruan J J, Ueshima N, Oikawa K. Journal of Alloys and
Compoundsl[J], 2020, 814: 152 289

[59] Lei Q, Ramakrishnan B P, Wang S et al. Materials Science
and Engineering A[J], 2017, 706: 115

Research Development of CoCrFeNiNb, High Entropy Alloys

Wang Yongxing, Zhang Dongdong, Zhang Jinyu, Liu Gang, Sun Jun
(State Key Laboratory for Mechanical Behavior of Materials, Xi’an Jiaotong University, Xi’an 710049, China)

Abstract: High entropy alloys, a new type of hot-research alloy, have received extensive attention in the material industry. Taking
equal atomic ratio CoCrFeNiMn as the prototype, numerous fcc-structure high-entropy alloys with excellent mechanical properties have
been reported. Recently eutectic high-entropy alloys have attracted more and more attention of scientific researchers due to their excellent
casting properties and comprehensive mechanical properties. In this paper, we selected the CoCrFeNiNby alloy system, focused on
precipitation-strengthened high-entropy alloys and eutectic high-entropy alloys, and summarized the current research progress from the
aspects of composition design, microstructure evolution, mechanical properties and strengthening and toughening mechanism. Finally, we
analyzed the shortcomings of current research and pointed out the direction of future research.
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