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HE: REETHEIEENHIE T AEAIZEMAICOFeNI,V, s (x=0~1.0) BREEEHE,
FHEIXETLEATEMY (XRD ) « B FEME (SEM)  #REEIT. BF e TIL
RAREIFE Re@RTT (VSM) B3R T REIAIZ EITAICOFeNiLV, s S EHUBLR . I MHERER
MERERISIIN . ERKE, MEAIRSIEI, $SAILCoFeNLV, SBaERAEHEEETH
FCCHBZIFCC+BCCERFEE:, BN GEMEFEEEMEELRI T ARREENIRS. X
x=0.60F, BEAIMEMHIKIER20.9%, FiismE AL 072.1 MPa, RIEH TAFAREFZE
HES . XERTAITENNMAGEEETETENREEE, NMREIERRCINMEER
WBIER, RIRTBCCHRRAIMT RIS ZHsa A EMA . Al,CoFeNi,V,=BE TR EH 7 8
BIRIRBEATEIAOASAE, S NOEINRL, SEABTIEERTIEE, HFlhAS.
xR BB5E; MNIEE; DEMEe; #IksE; Al CoFeNi,Vs

BHENEESRITERRERE—MEERMTXELEETER, HEIRNE
HETERRNEES TN .. ZIBRRH TESMRMMBIFMZE, HFEET/L
TENERE, ERESHIRITCERERNATHRT . 20045F, HIYFIRE T —Fe
FNEERITER, BEEX AZETEREESE (High-Entropy Alloy, HEA) .
RS EHs5ME sl EoREAR, BEMtRISEME5at.%~35at.% 28, HTF
SRaENE RS BN, FEEMOTREAEENERRLE (FCC. BCCH
FCC+BCC) . 4, SBESRETEMIMITYN, WNEBIEN . IRHT B
M. REEERNIE, XWFEESHASATENESRE. SEEY. MWER".
Mg MERanENEME. B, X TZEMET, SHa2E3
TIIZRmRERESY,

BEBERT, SREFCCRAEHNNSBESEEREMEBEMTREEN, B8
ERME, MmaPEBCCRRENNSHasEERENRENERE, BEBEHLR.
BT EENZE, A, BENEHE—BREaEsP—XNHEERINFE. HEFEE
BRI, 7EAl CoFeNiMoA £ HhREE M OBENNFIL.0, B EABLMFCCHp WHBEEZ
FCC+BCC+n =48, &2EEMHVAS8IENNEIHV750., Z=E553 T Al FeNiCrTiRg
TR INE, RIBEAITTERIEIN, A€ HFCC+BCCIVEET HE—HRIBCCIH, 7
I EMNEEHIAIIEBFCC+BCCREEMINESHE BB 2 SaENRIF
g, AEATLEIREZBIEIEROA . CoFeNi,V, ;& IR EEFCCLEERY
SEtE, BEARIFNEN, BREERK. HRAEI, BIIECoFeN,V, &%+
Mo, Nb™ S EN S ESMRIRERRIHET, N EEHEMNFIEEETES
M, {B:2AITTEXICoFeNi,V, ;5 ITERERE. EFUL, FEECoFeNi,V &
ESARAOEM 21T T AILCoFeNi,V s aBE SRR, MRAITTENRIINER ARG
. EHEBRUUNDFMEEE. #I4EeRS I, FHEAICoFeNi,V =EEETEBMN
SENEMHESHNAINRS L, MZEEHRRENHA—SHRFINARHEZERN




Vol.70 No.9 2021

F » " ——
1048 rounory JLIG RS

1 ER=E

B IEM EHEBBAI CoFeNi,V, s (x=0. 0.2, 0.4,
0.6. 0.8. 1.0, AT HERIA, DBISHAI0. Al0.2,
Al0.4. Al0.6. Al0.8. AlL0) BRESEMEFE/RL
TR D e, RS ITRRIA9LEEERE99.9wt.%
LIE, B MHERERESNG 9. RAFEEETH
MBI HIEEEHRE, N T RIESSHRERDIY
O, BIMREERIESR. IEASBERIYN
25 mm x 25 mm x 10 mm ., FHEEERINAKIIIZFY
BEEREYET0.2%, XEEHRFEEFTIEFE
KITEK.
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2 FER5E
21 #%& AlLCoFeNiL,V, s REHRSEHEERS
MLBLR D
E1L AT EAISS/IAI,CoFeNi,V, & B HEIERIXET
HHTHENE . NEFTLUAIFEERMMARRINLT &
REERD: EONZT5 BIAREN (FCC) FMADSI S SRiAL
¥ (BCC) ., x<0.40F, Al.CoFeNi,V,:ZoHE&EH
R e HIIFCCRINGEID . EAIZSREM, &
Al0.6&EHFFIALIIBCCRINTESIE, MTEAIO.6-AIL.0
B e P JFCC+BCCHIR B BB .
Hume-RotheryEE2EFH S ERIEFMAMNE, +

ENEMRARBERFRIT . MBFRE. BRA%E.
BER. BRERE. kEZSPSHume-Rothery 1T
EHREEE A TesRaEP, HRETSBEEIN
KPP EERANZTNIESH, SIFESE Aoy
BEEAS BET,, BEENEHNO. MBFRE
VEC. BFRIZILARBRMEE AAINTEAT, IR
= (1) - (7) Firx, BEXSHEEFEEAINERN
SHCEEMEFRIE.

AHy= 2::1 ANHD c6 (1)
AS,=-R ZLI (cidne,) (2)
T= ZL] c(Tw); ( 3 )
Q=T A Spid| A Hoi (4)
VEC=Y  c(VEC), (5)
_ n 7. \?
5_ zi:lci(l_r_l) (6)
_\" Xi
Ar=30e(1-5) (5)
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<AH,,<3.2 klilmol, VEC=8.2, 6<4.9%,
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Fig. 1 XRD patterns of Al,CoFeNi,V,s HEAs
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Table 1 Structures and parameters of AH;,, 4, VEC
and A y for Al,CoFeNi,V, alloys Wy /%

B ARG

AH/ (kI-mol™) & VEC Ay

Al0 FCC -6.62 2.39 8.78 8.51
Al0.2 FCC -9.04 3.60 8.53 9.68
Al0.4 FCC -11.05 4.28 8.31  10.55
Al0.6 FCC+BCC -12.72 4.87 8.09 11.22
Al0.8 FCC+BCC -14.11 5.27 790 1175
All.0 FCC+BCC -15.27 5.57 772 1217

BREERETE Y.
El25Al,CoFeNi,V, s &EMSEMERFH, ExRTAI
B ERMEITESALCoFeNi,V, ;A S HLETITIE
NEEFN . WE2a-cFix, FAI0-AI0AGEFER
THONTES T, REEGHBPNEEERRE
fit. EEELISTAH, XMEAARIEGFCCRIR
SEHNEAAE. R2HER 7RSSR AES
Al CoFeNi,V, A& AEXIGHITED, B IMIEAIO-
Al0AEENARIKIGRFEE LI D R, 1953
M D EARER, BIYREETHEOTE .. MEAI06
BERFRLIBEENILNFE, FEBEAIZEN
B0, EXIE (4) EREL, SREXEE (B)
FEARBIHBIEAN, WE2d-fFiR. SEFR2P AR X
TTER O, KIMIEAING-AILIEST, AXIAIR
S EAI0-AlI0AEERISEML, MBXIFHMS EE

(a) AlO

(a) AIO; (b) Al0.2; (c) Al0.4;
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BAINI 2 HIE . A5 XRDENE (E1) o740, AXIH
JIFCCHH, BXi%ABCCHH. F2FiADJLABE L, AKX
ANAITTESELAI-AI0AS ST EERS, XK
BBFEAIO-AI0.4RIFCCEMFAITTRFIR BIAEIRAMN
BRE, BRIEBTEAIO-AILAS SIS E S AT
H. Bh, RIRAI0.6-AILOS PR ENEKTIE, T
LAHERT B TEAI0.6-AILOS SRR TS IEF, B
B E B CoFeNiVRL S HIFCCEMR: R, BAISSBITE
FCCEEMFRIRAIBFERT, TN R P RUHELAI
FINIEF, MM @B EAINITBRIBCCLET
EHTAREHBCCHEEMAITE, MAISNIES
=AANEEE (&3) .

&2 ALCoFeNi,V,smHAE & REXBHEEE 4R
Table 2 Chemical compositions of different regions in

Al ,CoFeNi,V,; alloys by EDS at. /%
(e B8 Wix Xk Al Co Fe Ni V
AlO C0,,,F€,,,Nig Vi, 0 224 223 437 116
Al0.2 Al ;Co, 5Fe, 3Nip Vg 46 214 215 415 110
Al0.4  Alg,C0,04F€504Nis V10 85 206 20.7 40.1 10.1
X A 122 202 203 374 99

Al0.6 Al C06Fe106Nize2Vosg
B 262 141 149 36.3 85
. A 123 20.7 215 353 10.2

Al0.8  Alj5,C05F€156Niz Ve y
B 255 16.4 154 358 6.9
. A 129 21.7 208 352 94

AlLO0  Aly,Co,5,F€5,Nig 3 Vo,
B 258 16.7 155 36.1 5.9

20 pm

(d) Al0.6; (e) Al0.8; (f) AlLO

B2 AlCoFeNi,V,ZEBaEHISEMB A
Fig. 2 SEM microstructures of Al,CoFeNi,V,s HEAs
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2.2 % AlLCoFeNi,V,s RESHHZEMRES T

El3a2Al,CoFeNiL,V, R BaSHN=EREE L2
R A-RiZEfsE, HEMNMEARDZEeeERINZERIFT
™o BEEEBaFMIFIT UL, MEAIZEMNEN,
Al CoFeNi,V RE B A E E2EIEM. LI4ERE
A9t EE . HPAIO-AI0.66%, EHEFLII60%, 1A
LB, D RETESHNESREN; A0SEEM
EEERIREIAZI703 MPa, E4ERIARN42.7%, B2
BRSNEMN; AlLOSEERIE.1%/E FEREME
T, EIREEIAFIL 059 MPa, ST BEIFFRAIASE
PEBEE. HITTUEL, ATERNRNNTFRS
Al.CoFeNi,V ZEBEE N ERREETRAMN.
SNEBbFTIRAALCOFeNLV R EBEEHEEIR MNAT
RIEAOIR ISR . I 0L, A0S ERIN BT T60%,
ESEREBERIK, X166.7 MPa, EAITTES S1Y
mn, 5ENiEERELSIKIBEERS, BEEERE
5, Hx=0.60F, SEMEKEN20.9%, FHREN
1 072.1MPa, EBNLBRAREMES,; HEIEINAIRY
22, A=NEMSRIEMIE, RETHEENTE, M
WrZdom B B AR

SHEERD, EEVMHENEENFSESE
FZE4E, EENTENFEERRXEREEE, B
ARBRRZNUFRBEPEERIN, FIEZEEINZ
BENRMBEER, ZAENTENFEZLIBE S
*. LR EE N REE SN RS
D, Nmi2easiaE, BFEEEM%REE.
RIEE3ITTE0, AITTEZEAICoFeNi,V AZSHEE SR
RPRFRIFANITE, ALATENNASE
CoFeNi,V ;& M RIEBTEEXRIGINN, RBIEEHE
FERN DB ESEBRRERE RN HHEEER
FHESTERETLUEER “SH , MUBEmEE
iR “SHE” RIMETE, NMmiEmT s BRaEn, F
BEENEREERS. ATFEAI0-AI0LAGEF R
B 7 AEERIBRIFCCRINGN, FHRBE_BINEENE
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2.3 #%& ALCoFeNiLV, s RESRIRIERED T
El4aE7 7 Al CoFeNi,V 2B E £ RIMHEL,
MNARET LU BB SR EREAIS 2R IBINE &
£, AIO-AILOE S FRILH T EEIRYIRIEAT B ROSSFAE ;
FE4b SR T HERNREL LR EE R F I BEAL CoFeNi,V, s 5
B hERISIER ., 1£15 000 emu/ghIMEIZTTEEIMN,

#&3  AlLCoFeNi,V,;G&PAMITRZ BB EE A H,i
METRNRETFF2Er
Table 3 Mixing enthalpy A H,,, of atom pairs and atomic
radius r; of each element in Al,CoFeNi,V, alloys

AHyl (kJ-molt)
Al Co Fe Ni \%
Al 143 — -10 -11 -22 -16
Co 1.25 — -1 0 -14
Fe 1.26 — -2 -7
Ni 1.24 — -18
\Y 1.34 —

JTE rf (10" m)

1200
1100f
1000f
900}
800
700f /'
600 i/ |
500({} |-
400 i
300"
200
100
0

FEJ1/MPa

0 10 20 30 40 50 60 70
REAE/%
(b ) $ofiny g nig 72 h 26

E3 Al CoFeNi,V,REEBa I /- R AL
Fig. 3 Engineering stress-strain curves of Al CoFeNi,V,s HEAS
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%4 AlLCoFeNi,V ; ABEE &R 1F k8
Table 4 Mechanical properties of Al,CoFeNi,V,s HEAS

A4 RAREIRGREE/MPa BUESRE/MPa JEAERI% iU kSR /MPa B4R /MPa /% BEREEHV
Al0 169.8 — >60 166.7 426.5 66.8 140.4
Al0.2 336.4 — >60 321.7 498.2 46.5 206.3
Al0.4 374.8 — >60 358.1 693.1 41.4 232.6
Al0.6 426.6 — >60 627.8 1072.1 20.9 263.7
Al0.8 703.4 2876.3 42.7 376.3 695.2 7.8 302.5
AlL.0 1059.2 3197.1 39.1 546.3 604.8 34 345.1
35
80 (@) ®) 170
~ o 30f |~
0 40t 60 %
=] =]
5 20t 25 " {50 5
® ot ®
= 204444 40 =
Sl seenetat —a AI0 20} =
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Z 40t —a— A10.4 130 %
2 — Al06 15h 2
60 —¥ Al0.8 ’ HC 120
—— AILO
-15000-10000-5000 O 5000 10000 15000 L0 02 04 06 08 0 0

RBS1/0e
(@) AlxCoFeNi,V, s i G < R a1 £&

ALCOoFeNi,V, 55 4 P
(b)) TN Ak am B8 AU ) AL H ARk

El4  AlCoFeNi,V,SIHE SRIRBREIZ R EIEEBAIZ ST
Fig. 4 Magnetization curves of Al CoFeNi,V,s HEAs and variation of magnetization strength with content of Al

AlO-AlLOB R IRE D 5269.487. 56.054
34.126. 19.708. 16.582F115.797 emu/g; FRID 5=
13353, 1.3069. 15171, 1.6117. 2.229 40%13.145 8 Oe,
MNE4bF R LIEEEL, BAIZERIEM, BF#K
SBERE, FOHAS.
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A S RERIZZ I T NDRTAICOCTFeNb NI*I & £
FIVIFAICOCTFeNi* & SIS

3 %ig

(1) FEEAISSHIEIN, AlCoFeNi,V KEE

A4iFCCs5f ( Al0-Al0.4 ) #25 9FCC+BCC ( AlO.6-
AlL0) BIBEEN, 4R SHume-Rothery B2 1T
BERME.

(2) HMO1ENN1.08F, Al .CoFeNi,V, &L
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HV140.41E00EIHV345.1, TR RS IEHAILAICGS
SHFMUEME, MX&E N1 072.1 MPa, EBEBIE
20%HY(EREER , ZOTAI-AIAS ERENESTES
KEAITTEMIEA R FIHREIER, MAI0.6-AILO
BERERRCIAERN I, BRIEEBCCHER
MR ER

(3) AlCoFeNi,V, R B & IR L IR IERYS
fift, EER/NIEMA . BEAITRIEN, §E/E
FOME AR E IR, Frm s .
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Effect of Al Content on Microstructure and Mechanical Properties of
CoFeNi,V, s High-Entropy Alloy

QI Zhao—xin', LIANG Hui', ZHAO Yan-zhou', GAO Li', CAO Zhi-giang"?
(1.School of Materials Science and Engineering, Dalian University of Technology, Dalian 116024, Liaoning, China; 2.Ningbo
Institute of Dalian University of Technology, Ningbo 315000, Zhejiang, China)

Abstract:

In this paper, the as-cast Al CoFeNi,V,s (x in molar ratio, x=0-1.0) high-entropy alloy ingots with different
aluminum contents were prepared by vacuum arc melting.The effects of Al contents on the microstructure,
mechanical properties and magnetic properties of the alloys were investigated by X-ray diffraction (XRD),
scanning electron microscopy (SEM), Vickers hardness tester, electronic universal testing machine and
vibrating sample magnetometer (VSM).The results show that with the increase of Al element, the crystal
structure of Al CoFeNi,V,; high entropy alloys undergoes a transition from FCC to FCC+BCC, and
meanwhile their compressive strength and hardness are improved in different degrees.When x=0.6, the
elongation of the alloy after fracture is 20.9%, its tensile strength is 1 072.1 MPa, and the alloy exhibits an
excellent combination of strength and plasticity. This is because the addition of Al element causes severe lattice
distortion in the alloy, which plays a role of solid solution strengthening and grain refinement strengthening.
At the same time, the BCC phase precipitated in the alloy plays a role of the second phase strengthening.The
Al CoFeNi,V,; high-entropy alloys show the characteristics of typical soft magnetic materials.The saturation
magnetization strength of the alloys gradually decreases and the coercive force increases when « increases
from 0 to 1.

Key words:
high-entropy alloy; microstructure; mechanical properties; magnetic properties; Al CoFeNi,V,s
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