W50 104 mEERMEIEIRE Vol.50,  No.10
2021 4 10 A RARE METAL MATERIALS AND ENGINEERING October 2021

CrMnFeVCu 25 HE EBIRNHE L FO4 gE

REEL K

2

(1. AL TR SR ¥, bat 100854)
2. e B ARFIRAR, Jb3 102628)

B E: {£ CrMnFeV VUL & & MEERE FAR IR IRATEROCE Cu LR, FIR K Mn TGRSR, FHRA BTG+ B %
LZHl# T CrMnFeVCu Rl &4, FFRGM I 1 &SRS RIFRITRE L Sl & AR R L E . Z5R%
B, CrMnFeV PO G4 4 bee AR/ 2 B2 BURi 4L, CrMnFeVCuoax(x=0.3, 0.5, 0.7, 1.0)& 4 bee £544 IR i A
# foc SN SITARZLEL, HBE#E Cu SR, foo B MM AR B0 R SR W R, HR S WBURLIR B Wi A2 R
KRR, EARIRIGEH, CrMnosFeVCuoos &4 B MRIRE Km (1273 MPa), HMMEARR (6=50.7%). Ht—LHin

Cu & &,
A RUST (R R 2 B SR — AR AL IR R

KR mEE S WS VAR SR
FEESES: TG139; TG113 XEAFRIRED: A

BRIV RS X EEHRT CrMnFeVCuoay & &P Z RSB AL H Ao AL M S8 — A4, T fec

XE4S: 1002-185X(2021)10-3707-07

e e M RERITESHNEERE, B
BT AR I BR SRR ORI, AATTHE KB AR &
SHTFR AN TR R T m A . R,
FERBAR S & & P AFE R 2> BT =R SR I & & R
ARRAR S &, TRTE T AR, XERY R

TR AR e PR 353 A T FURE 77 9 A 32 58 40 I FR) 5K &R

Yeh 25 NRILPY, & 4 vl (30 0 [ VA o BOOR LA B
MR, HR2ENATEREERE, BBESE
hREAAE, R, BRMEERANREEE. m
HaRARE MR IT R4, (HR SRR,
AR EEga S RA MM RIERDS, 5454
SAILL, FRE A S IO AL S B A R RS AE T
W1, ZEITEME SIS B E R bee FI/EL
foo A AR, HEHIARRE, &8hBRE R
fE)E sy, 5% 2, BT sy BAAAEY BUR
RN, e A B 1B] S 1R e 8 < P o T L K B
AR SAH o AUOKAT BT H R e G e i IR L B
HUAT DU T S & v 2 1 05 s R Ry
Yo IEREBA LS8 e B AN RE[R N B 45 19 0 57 kR
1 B i BON AT B AR R BT R RV Tt U R
HAR G AARE

ASLE YL CrMnFeV Yo 45 1 b & i o HE ARt
TR RS B, EERNEKRAERITR Cu

%5 HEA: 2020-10-22

LRSS & 288 k. i, % EH| Cu. Mn Tz LA
TR 0 ST BB S PR [ VA 4, &G B Cuy Mn
(2 &, DA FEAS 6] 1) Cu A Min &5 5206 & S oM 20 24
Pk BE AR T 18 A0 R M

LN

9;

I e B Cry Mn. Fe. V. Cu5 Mt EME Nk
H4&Fs6, Wik T 1 MIYJT CrMnFeV &4, LK 4
Fh LG CrMn,FeVCug »(x=0.3, 0.5, 0.7, 1.0) R & i &
4 : CrMngsFeVCupgs ~ CrMngsFeVCugio ~ CrMng ;-
FeVCug.14 A1 CrMnFeVCug 0, iX 5 F & 4523 il id v CO.
Cl. C2. C3 1 C4 A 4. KM B 25 Ha 5 ok + 4 AL
B R4 5 Fh CrMnFeVCu R & 4. KM A f
WRB5 ) 2% A G, A 4 R VR ] Ik v ) A D v A
10%~10* “C/s, WA & &M AE R, SikmE
ok s, e AR, ARG ST
INEIE) o ASHFEFUH,  JE I AR R A5 B (IR AR
HAB N 8 mm, KJEN 100 mm.

VB RIS 5 1) = S S e A AT R, DTk
Poalbe, e, BFE. b, R EK
(50 mL HNO3+100 mL HCI+50 mL H,O0)J& i it 17 1k
2 P65 b, 3R A B QUANTA FEG 250 7 4 4 Ha 45 Wi %2
HALHESRAE, JH@d EDS AT H AR . KA

HEE€WH: EHEEEARTAKREITR (“863” i14)) (2012AA03A513)
TEZBIN: KREFE, B, 1989 44, -+, byl TR ST, Jbad 100854, E-mail: songruokang@163.com



- 3708 -

WA R MRS TR

D/MAX-2500 %Y X 5t A7 56 A0 & & il AE 1EAT X T 26
FT AT, CABE M A SR M Sk g, YIM
K3 KA Cu Ka S4&AE N X HEUE, TIEHEN
40 KV, FHLIH 200 mA, B E N 6°/min, F
£ B Y6 [ D 10°~100° .

PARE R 2 i 45 3050 K - Gleeble3500 F#A A5 4L i
IHLEEAT, TR 4 B AT R G — kBN 8X 10 s R 4E
PSR B R A 2R DI BI J7 ) 4% A BRE R ST 4t
— N @3 mmX4.5 mm. N T HRRIE K AT SENE, R
HE A B 3 AR AT IR

2 HERESH

2.1 AEME. ZEEXEEMMALHZNME

K XRD iR A [ Cus Mn & & /) CrMnFeVCu
REWEGENMESH, WK la k. ATLLEH, CO
& 4 AT SIS R T — A bee [ A .81 Rietveld
THEAF A1, 1% bee MM S E08 0.292 nm. 4R
T Cut®E G, C1~C4 &4 bee [ 4 HH FI T & fce
[ A FH %, % fee M0 dAE S %08 0.375 nm. X}
Ebwaf 1, 5 FiA 4 bee MIMIATHEABEMIE, XFE
1 5 Fh& 4 1) bee AH 2 AH R . & 1b Brs, C1~C4
G4 fec M (11D TS UERERES Cu & =Y
pATR: D T TN S Sl A 2 v = S P N P N R 3
45it: Cl~C4 & HAMEIMAMLE N, H fec MHEAE
AR, BE#E Cu S &M MG . RaE ik
BRSO, B 4 Tn BNt e A S M AR 0 5

O

100 pm

%550 %
= bce phase < fec phase a _ = b
E 3
| ca a g g £ 38 & B
S ‘ < n /4 J___L{___i_ c4l
<
2| c3 X A
E A A W
ct L A A M
Cco l .
20 30 40 50 60 70 80 90 100 42

El1 CrMnFeVCu R4 41 XRD Ki: C1~C4 &4 fec
H (111D AT A9 U R ORI
Fig.1 X-ray diffraction patterns of the CrMnFeVCu HEAs (a)
and enlarged view of (111) peaks of the fcc phases in the
C1~C4 alloys (b)
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Fig.2 SEM-SE images of the CrMnFeVCu HEAs: (a) CO alloy; (b) enlarged view of the fine particles in the area marked in Fig.2a;

(c) C1 alloy; (d) C2 alloy; (e) C3 alloy; (f) C4 alloy
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Fig.3 TEM bright-field images (a~d) and SAED patterns (e~h) of the CO (a, b) and C1 (c, d) alloys: (e) SAED pattern of the matrix and

fine particle in Fig.3a, corresponding to a bcc phase and a becel phase along [011] zone axis; (f) SAED pattern of the fine particle in

Fig.3a along [001] zone axis, indicating that the bccl phase is B2 ordered phase; (g, h) SAED patterns of the matrix and

interdendritic phase in Fig.3c, corresponding to a bcc phase along [113] zone axis and an fcc phase along [011] zone axis,

respectively
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Table 1 Chemical composition of the CrMnFeVCu high-entropy alloys determined by SEM-EDS (at%)
Alloy Phase Cr Mn Fe \% Cu
bcc 25.3 24.7 25.8 24.2 -
Cco
bcel 22.5 26.5 23.6 27.4 -
bce 33.0 6.9 28.7 29.9 15
C1
fcc 1.2 25.6 1.0 1.5 70.7
bce 324 10.3 23.9 31.7 1.7
Cc2
fcc 1.0 27.0 0.9 1.0 70.1
bcc 315 13.8 235 29.1 2.1
C3
fcc 1.1 26.9 1.4 1.3 69.3
bcc 27.7 17.8 26.2 26.1 2.2
C4
fcc 0.9 27.4 1.1 1.2 69.4
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AH,, = zN: 4AHDcc, (4)
ey
Hrp, nZBiANMTENETHE, 2B iIDTEN

JEIR ¥, R ESMEHE (8.314 ) K mol™); AHLZ
JLE M j 2 1) J5F X IR A » AHLL AT LU Takeuchi
BT R AR TS ei(To)i A2 VR A 0 0 45 e
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M Z 5 & S T A B 4 —ToiASmn<AH; <37 meV,
Horp, T — BN 0.6T o 50, 24 AHi<—ToritAS i
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Table 2 Mixing enthalpies AHJ,
unlike atomic pairs for CrMnFeVCu HEAs*?

and atomic radius r; of

Atomic radius, Mixing enthalpy, AH2,/kJ mol™

ri/nm Y cr Mn Fe Cu
rv/0.134 - -2 -1 -7 5
rc/0.127 -2 - 2 -1 12
rwn/0.130 -1 2 - 0 4
ree/0.126 -7 -1 - 13
rc,/0.128 5 12 13 -

F 3 CrMnFeVCu AEMEEM 6, 2, AHuwd ASwdE
Table 3 Parameters ¢, 2, AH,,, and AS,,, of the CrMnFeVCu
HEAs calculated by Egs. (1)~(4)

Alloy  6/% Q AHmix/kd mol™  AS,./3 K mol™?
CO 240 976 -2.25 11.53
Cl 269 7.99 -2.81 11.36
C2 253 1201 -1.94 11.98
C3 246 18.89 -1.25 12.33
C4 236 4820 -0.49 12.57

et &Y 24 AH>37 meV i, M Foo KA
RIEM, mEe&REE2ZMEW. ik 4 firx, 5
P& 41— Jntb BP0 AH AN TE TR S AH & 42 BT
T BTSN, X RZ 5 Ml s &R rE#R T
2 EYIRBEE AR . MTF CO &4, BES Mn
VRIS A Cbeel A1) RIFE R EZEIHEF Mn 1V
2 18] B A 58 R S5 A0 /7 (—286 meV) . Xf T C1~C4 & 4,
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Table 4 Formation enthalpies (AH¢) of the lowest energy structures of binary compounds containing the elements: V, Cr, Mn, Fe

[13]

and Cu~, and the specified enthalpy range for formation of single-phase structure in the HEAs concerned (meV)
Element/AH; \% Cr Mn Fe Cu
\Y 0 -88 —286 -176 54
Cr -88 0 -110 -8 108
Mn —286 -110 0 9 29
Fe -176 -8 9 0 65
Cu 54 108 29 65 0
Alloy Cco C1l Cc2 C3 C4
Enthalpy range -137~37 -139~37 —145~37 —147~37 —147~37

Cu-V. Cu-Cr 1 Cu-Fe 1t &1 AH: ¥ KT 37 meV,
XEM Cu5 V. Crfil Fe NiRWH. HAERNZ, R
A Cu-Mn ] AH; (29 meV) i & T i B A & & BT i 1Y
R TEE, ik, £ C1~C4 &4 &M E Cu-Mn
1 foc B &5 A1 AH o
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Fig.4 Compressive true stress-true strain curves of the CrMnFe-

VCu HEAs

#x5 CrMnFeVCu REHEEMERNFIER

Table 5 Mechanical properties of the CrMnFeVCu HEAs at

room temperature

Hardness, HV/

Alloy  ¢y/MPa omax/ MPa &l % %10 MPa
Co 727 946 53.8 383
C1 1273 1543 50.7 451
Cc2 1087 1562 49.2 473
C3 1068 1385 49.8 445
C4 862 1135 48.7 424
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Fini R FRT AR R W] CL & & 3k b A7 175 50 % 5 A 4
(£ 10" m?) o A 4y b i 3 B (0 00 5 2 40 45 O
UK, S AL s sh, It @& &g, o,
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Fig.5 Compressive strength versus fracture strain for the
investigated CrMnFeVVCu HEAs in comparison with those

of bce and bec+fee structured HEAS in the Refs.[14-22]
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yellow square in Fig.6a (b); the inverse FFT image
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Microstructure and Mechanical Properties of CrMnFeVCu High Entropy Alloys

Song Ruokang®, Zhang Lin?
(1. Beijing System Design Institute of Electro Mechanic Engineering, Beijing 100854, China)
(2. Bgrimm MTC Technology Co., Ltd, Beijing 102628, China)

Abstract: A series of Cr-Mn-Fe-V-Cu high-entropy alloys were designed by adding Cu and decreasing Mn in CrMnFeV alloy, and
prepared using arc melting and suction casting. The effects of composition on microstructure and mechanical properties of CrMnFeVCu
HEAs were systematically investigated. It is found that the CrMnFeV HEA is consisted of bcc and minor B2 phases, whereas the
CrMnyFeVCug.ox HEAS are consisted of bcc and fcc phases. With increase of Cu content, the volume fraction and grain size of fcc phase
increase, and the morphology of the fcc phase transforms from granular particles to long strips and blocks. The compression test shows that
the CrMngsFeVCug s alloy exhibits the highest compressive yield strength (1273 MPa) and excellent ductility (&=50.7%). However,
further increase of Cu content can reduce the mechanical properties of the HEA. The dislocation and precipitate strengthening are
responsible for the high strength of the CrMnxFeVCuo2x HEAs. With increase of Cu, therefore, the long strip and block shaped fcc phase

would degrade the precipitate strengthening effect.

Key words: high entropy alloy; dendrites; solid solution; strengthening mechanism
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