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RET NiCoV H G &R, Bl ARESEITE RF &80 5%) #1176 &1kt RAEZ BV K
AP T ZHE T (NiCoV)gsWs G 4. T ABEANEL &R ETLET &, REHRR Ti%E 4 7E 2000—
6000 s 7 I 728 AT (1 Zh A8 N AL 5 AR T MLBE. B 58 R AR & R I AL A R %) 1o AR TR (m = 0.42),
24 1o AR R AE RS (1073 s71) 3R T ZE 3h A (6000 s 1) B, JiE MRGE ¥ B 25 32 7 162% (720—1887 MPa), iX — i
A ZRAN V5T v 7 A S R Al R WA A 5 R 1 7 A R e AT, $EOR TR A SR R A
R AR Y 22 JUBE DR R AR TR HLBE: 2000 s1 I LA BT T I B8 O T, XY BRI 28 4000 st B W iy 5 B o7
G5 T 24 I 30 T A3 AT AR IR R AR TE | T FE 6000 st A% 4 T 3k i A AR T AR S BN T RE A 1 A7 2k AR AT
FEWT WILEB LM NiCoV F & & 3 J1 2247 A 5 TEALE, it B L5 3l 748 7 2w Nif ) i 8 45
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PACS: 61.82.Bg, 62.20.-x, 68.37.Lp, 61.72.Ff
CSTR: 32037.14.aps.74.20250141

T B By A T 85 DB A ) e o7 A8 S R IR AR 34
b, Aemiitic sk 2 SRS A
A 35 25 S Y RAEAT R TS 0 g 2 1, 5] i AR
AN TS & SF 7 TR 3 AR P S T I
TR -0 23 5 Ml 4 10 9 R 2 74 R 2 38 g 1. 3
ok 1 /Ei A 4 (medium/high-entropy alloys,
M/HEAs) LIBIHT I Z 40 A e v i, —Jrm
TERL T T H I AR RS, 0 R TR Y A EE
P20 7 Bl 53— 5 T B 2B A T Hh i
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lab e g7 W S AaUN ili N B i B U N wan i85) [£13) =3
FERER TR, M/HEAs 75488 1 8 25 2 30Uk 22
175 3 ¥PE (twinning-induced plasticity, TWIP)!,
AR T 88 (transformation-induced plasticity,
TRIP)® S EALH]. HEAS 2Rl S5 ALY
M/HEA R B4R 02 B8 AL RE 77, MM A B2 7R
Fe R I AR o AR PR A T G, I e R
AT i B S A S L R, R A e
Vo I8 S A MRS B A5 AR L TV ) 4 R A e
BRI/ mia a &, a7 (face-cen-
tered cube, FCC) ¥4 NiCoV H i &4 FEfEEK
PR RO RBC S o 25 55, 51k T RIZLRY S

*ER AR S (HHES: 52471153), TR FE T R SRR 45 2% (LS 2024ZZTS0688, 2024ZZTS0408) FibI R4
A ARl 2RI & T AP A SRR 23 H (HEHES: 2024JJ10011) % Bl IRRR.
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WAy A 5 JEE g oy g B0 iR iR 5 B 3R B 1 GPa,
FEA AR YERFAE 34% 02 Q0 b IS 1Y 12 vk re (i A
NiCoV % 4 R ik AL R BT P e B A 5 4. A
R ERZ, NiCoV & 4 HA SR A il 4T
h: 7E 400—600 °C iR KB 4 NS 5 I8 iR 3L
ey o A, TS IEEEAE 700—800 °C T ST Rl
ZOREY ke AH 031 B AR TR HLAT SR 2L A BT R A
RO, TEAE M 1 & i 54040 T Al A & = NiCoV
G AR EE. Fln He 55 M 7E NiCoV & 4 hiH s
V TR &, B MR B R JORIE R
I3 A BHEAN k/FCC PIAHZERE, (5 4 i IR T 12
B3 1.6 GPa, [FWHn T AE{L R 45575 4000 MPa.
H UL, MERRS T ) Sk B S S I R i PR B
HRERRL Y ET R SR, NiCoV HRi4 4 1127 b
1) 5 10 % BH L BB A AE Sy — ol T [ W i A B IR 432 1)
kAR SR, HETRZ% NiCoV & MEA 5%
L TS 12 S5A0R T FERR 107 = g
BIEVEREMIRSE.

MEKE O RS (W) HAT s AR B 50 05, —
JiT W K R RST 758 AL NiCoV A% e AR
(A TRV, T LA B A (9 AT L DA AR A BE & i T
HORARARCR, D9 — T T s A R R A P T
AR NiCoV 1 =il A5 1F T A0 5 B2 LUK =
A 1) 2 IR T R I B AR 08 BRI, AR E 5
LA NiCoV & 4 WX 4, S W BT &K,
i LS UG R 2 A AL S bR T2, il T
(NiCoV)gs W 5 4 (J5F 3 ). 3 X ey g A% 3
RR (NiCoV)gs Wy Hi & & sl 2 J1 4 PERE AR B
ARSI S AR, ARBFTE M I E IR T
FE R AR R ShAR AR ML AR, e 4k
N R A A T R R A

SEERRTGE (NiCoV ) g5 W B4 I A9 40 B
T 99.9% 1Y 4 i O Rk JE i - Lb s #1521,
RGP B2s UTUA IR, BB B R B8 8 IR
DL ERA ORI AIVE, Bl S A A B4 A5 38 R Ry
10 mm x10 mmx70 mm AE4EE. HEEAE 1423 K
TSR K 24 b R IFATEL T 58 75% MR EL
AOFR ) FEE AL T N 1 mm. FLHE RORE S 4
1273 K, 10 min iR K515 258 2 45 M. &
SUR AT R RISk e DO R S A = B R G

2000 H < W41 R0 483 T I Jm FH T i 25 I 4 5
& 4 AR JEAT (split Hopkinson pressure bar,
SHPB) gl R4l e i ke 5 RT3 5
KA EAE 5 mm, &5 mm (WA SRR 102 s 1),
SHPB #2545k i B A% 5 mm, 5% 2.5 mm(i
AR R R 2000, 4000 F 6000 s1). A4S R AR R
HEE /0 A AR DLt Ol g0 45 SR v T 52 1k
7E SHPB g5 4 il g #E b, 730wl R 4R A
BT RO BE S, A5 ], LR
ISR AR A & | TARN AR e LR TRRN I o i
Frita .

e
g = _Togr (t) ; (1)
2o ' ar @)
€= ——7F— Er ’
Lo Jy
A
o= I"Est (t), (3)

Hrr Co NP AEAS GBS P AL R
Lo MR FEIRE, A, WFFROBE BRI AR, A A ilFes
B, e () Fl e (¢) 5300 RIC SR A 5 32 5
TGS

X B i1 4 (X-ray diffraction, XRD)
ST R AR A S AR A I AR SR, s S R
Bruker D8 Advance, 7£ 40 kV, 40 mA T fifi F 4
B K, RS, A AR 10°—100°, FH 5 H R N
10 (°)/min, XRD 9 4ifi &5 R 4 1] Jade 6 #f4 3E
A0, A F B (scanning electron mi-
croscopy, SEM) WLEEAE i Y 0 LA ZUB S L Sk
REF T ARG SEF . SEM HLARRY S8 Tescan
Mirad, ZH B AL £ T Oxford Symmetry S1 HF
T HUS 5T (electron back scattered diffraction,
EBSD){#i#3k. EBSD BUREJy 17 A7 FRE S 19 5L
il J7 1w, FAEA N 70 nm. FEFATEETXFE IR T
FTEE Jo (P — A ARk B A AR IO, D GIRORE
£ 0.04 pm. 145 19 SEM K 5 EBSD 4%
RITIRH Tmage J EIRARBEERPFLL K TSL OIM
Analysis 6.0 AT S 5304

FIFH A5 59 L S fU5E (transmission electron
microscopy, TEM) FRAEA [G] 0 AR N 28T i kL
v TR ) 300 G ZE 2R A5 . SR FH R A L i v ) 25
75 AR e R R R A A P ARFT S 2 80 pum
ZEA I v EAR 3 mm IR B, B o
N 10% = 5ATR L 90% LBFRIXUBTRAE 25 V, 248 K
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ISR SEAT U D . 8 s A A Thermo
Fisher Talos F200X Hl Tecnai G2F20 7 5 H1 5% i
1791314 (bright field, BF) ., HEX B 75 (select-
ed area electron diffraction, SAED) 5/0# TEM
(HR-TEM) 43 7. TEM %4 {ff A Digital Micro-
graph 5 Velox {140 BE.

3.1 ARG

ffifl XRD, SEM %} (NiCoV)gsW; £ 4 1 41
I AR 2L AT R AR, 45 R B 1 . B 1(a)
() XRD #1845 R R W& G W ARAFAE T OS2 T 5
RS 77 (body-centered cube, BCC) B R AHZS
. & 1(b) B HC R & (inverse pole figure,
IPF) 515 1(c) Mo E AL, B K5 5 2B %
FLE T, BOHSE RS, &4 MR RS 50
Bi5y, SRR SN (3.2400.8) pm. i 1(d) 1Y
W HUG H T (back scattered electron, BSE) K%
R (NiCoV)gs Wy A 42 N A TE K 12 (B A1
HIH R EGR R T 11.7%, MRS KINKE BT H A
Y153 R /INRST RURE SO B0k, IniE 1(e), (f) r

(a) - m FCC
2 * BCC
‘g
=
4
L n
zu | |
g ]

g
1T

R, AINRSHBRSE A R SF N (210444) nm, SREC>
ATE SR N A, TROKR ZOBR S35 RS (1414
0.23) yum, FEHA ) T 0 A SR BRI b7 A
2. EDS mi 45 B R UK HB0RL Y B 5 R &
W AT A, 553K Nig;Cogr Vi Wis.

K2 R (NiCoV)gs W5 A 4 B 4] 1R b il 21 21
TEM K. K 2(a) A28 5L 518 K s/
BT HE R 3 A 35 S R BB AT A R 3B, 1] 2(b) 1Y
SAED fif S fEFE itk — 20 BN o BCC 451y, 5
XRD FIREE FARXS . T 2(c) HIFERS (energy
dispersive spectrometer, EDS) %2 it 7x BCC 4%
FIAT A A B 5 W LR, I EE VLR, B
PRI 53R NigyCoogVay Wy, SR RSFRL /325
LI, 76 M/HEAs H, 4088 T I3 8ump i #2575
FEATCRMIHMRY T, Wb A A R 2255 0] 5 3
F12E R YIAOE PO i TR Lad B h A & N AR IE
FFAE XIS e, FE AR T AR BE A7 B = A R B3l
S G AF I 1 AT B T TR A BT AZ A S5 L
HREBNS7, PTG SR Jod R i e T AE 1%
PLE N IR, SEITE RO R T ok & 5 1 257
ShHe 2. (R AR i Rk ok A K PR RE i
DRI A s PR U 20138 3 I AR oK AT S A

Frequency/%

. | _‘HI_IHI'IHH

0.1 0.2

10 pm
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(f) 35
Area fraction = 1.69% Area fraction = 9.98%
d= (210 + 44) nm 30 F d=(1.41 £ 0.23) pm
x 251
~
g 20t
o
5
EANEY
&
= 10
I gilllil
|_||_| [=Momnm o LIL |_||_||._||—|._.|—.| —
.3 0.4 0.5 0.6 1 2 3 4 5 6

Particle dimension/pm

1 (NiCoV)gsW; &4 19 Bis4E# I (a) XRD F14% & (b) IPF [ (c) MM (d) 3B BT SEM & (o), (F) AR R 47

AR A BTt

Fig. 1. Microstructure of (NiCoV)gsWj alloy: (a) XRD pattern; (b) IPF map; (c) phase map; (d) SEM image of BSE; (e), (f) size

distribution of precipitates.
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* 7ZA = [001]BCC

(000)+*

(110)
: (110)

. (200)

5 nm~!

B2 (NiCoV)yW; K il TEM &
Eie]

(a) B11%; (b) [ (a) PRULALE AL X HL T RFHTAERE; () A7 i AH HAADF #1185 EDS SR />

Fig. 2. TEM images of (NiCoV)y;Wj sample: (a) Bright field images; (b) SAED pattern of selected area in (a); (¢) HAADF image of

precipitate and corresponding EDS mapping.
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Fig. 3. Mechanical properties of (NiCoV)g;Wj alloy at different strain rates: (a) Engineering stress-strain curves; (b) dynamic mecha-

nical properties of (NiCoV)g;W;5 against other HEAs.

3.2 N1EiEReNT A
XF (NiCoV)gs W5 &4:i#17 SHPB #2846 1K
B, AR R 2000 s, 4000 s 5 6000 s
] 3(a) AN AR AR N A 4 Y T AR N -1 A8 i
2, WA S AR T Wy g 1 A i 2 A7 e B 1Y
W5, iXJE SHPB iR 50 i M AVEEIE. 55— 71, B
AR A 1073, 2000, 4000 5 6000 s B X0 1) AR
FREEM 9 720, 1101, 1469 5 1887 MPa, 1] & i}
Bt AR R R, e IR A A P AT [ 3(b)
F2E T BN [ 450 HEA 1Y 875 J1 20t fig 22 20,
M AT LIARE] (NiCoV)os W5 & 4 B L5145
BEhA TR RS, R 20T G 4 n0 0 AR R A
JEFEEL ml>T):
Olno
" e’ )
Hodr o F8MPBHRT AR R 1, e MM AR HUR | Zead it
AT (NiCoV)gs W £ 4 1Y hif 722 3 48 Uk 45 4L
m = 0.42.

3.3 THRADNELT

i HE (NiCoV)gs W A 4 1 /51 5 B 5 15 hiy AR
HORBURME R AAEJFE N, it EBSD 5 TEM A
FAET AL P o #42E . f EBSD
XF (NiCoV )gs W 15 42 [ B A S8 AR Y Wb i 2 2
TR EE, S5 4 s, K 4(al)—(cl) 435
SRV AR R 2000, 4000 5 6000 st i) IPF A,
ME AT LA AR S RS R A AR AN [
TR RS, T 14 4(a2)—(c2) Bl A% -2 B ) 22
(kernel average misorientation, KAM ) 44 & LA
FEl 4(ad)—(cd) MHR IR 225340 Ge 1T 5 A B0 e
ANFI N AR R A A AR IR AR TR O, B ]
PR AR R R 2000 5L IR, A4 P E A A K
SERAR, HAETPTER 4(al)—(cl) B/ SHERLIX
G i PSR 4(a3)—(c3) BOARFAL . 32t T/
s AL R DXl 1Y) 1 %85 B AL D S AR 2% A X
A7 8 BT TR Z0 ) BELRSVE FH, 57 5 o 1) A b Ak 28
FH i RN AR A rh i Y AR R T & 4000 s,

086103-4


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 32 % 3R Acta Phys. Sin. Vol. 74, No. 8 (2025) 086103

IR T NS
R AL g 7

(ad) (b4) 0.140 (c4) 0.140
0.4l Average degree = Average degree = Average degree =
: (0.69 £ 0.02)° (1.92 £ 0.5)° (2.26 £ 0.13)°
0.105 0.105
5 0.3 z &
g g g
=] 3 0.070 = 0.070
g 0.2 = o
g g g
& & &
o1l H 0.035 H ﬂ 0.035} H H
o ML M o LI Hnl’lnnﬁ_ 0 ol nnnn.-.
0 1 2 3 4 5 0 1 3 4 5 0 1 2 3 4 5

Local misorientation/(°)

Fl 4 A E RN 2000, 4000 5 6000 s !XT AY EBSD 4 &

Local misorientation/(°)

Local misorientation/(°)

(al)—(cl) A [ A8 3 R % 7 (9 TPF [ (a2)—(c2) X B i KAM

S3 Al (a3)—(c3) %0 BYAHEL; (ad)—(cd) X N7 4 B[] 22 4303 43 A 2 1
Fig. 4. EBSD scan results of 2000, 4000 and 6000 s ! samples: (al)—(cl) IPF map of corresponding strain rates; (a2)—(c2) KAM
map: (a3)—(c3) phase map; (ad)—(c4) the corresponding frequency distribution.

B NP A R R AR R AR S R T
% 6000 s !B, FES KAM {EARES T 4000 st B
WS AT, (HEHAR K, N AR SR A/
PR A

R T IR GBI 5 v AR AR B A R
I B S, i TEM M2 2000, 4000 5
6000 st I A8 HARAE b, I 5 HERRAS R4 AE S A T
XTH. g5 R anE 5 fE 6 i, Kl 5(al)—(cl) K
N AR AESA 2000 s B R 2L, i R g 2
MW AR A 2000 st I, B AT R R 2

B K T, a3 B i 5 B SV T Vi A 18 s X
HAE 5(b1) 7R TOEE FCC S5H9{ 111} mifF-m
TR, H i AT 2 S B G PIg Rl 4
SRR B K B AR A 25 28, 18] 5(c1)
TR T A4S 7RIS sl 8 b 2Z BHT AR Y BELASE H,
NI ZERRFERT H AR E L, X BEFR A Orowan AT H 5%
FEAILH] 29,

2R AR R IR 4000 s AT 6000 s, AR
WA AUk A 2 AR k. WA 5(a2)—(c2) Frw, M
AR AR B R 4000 s 1B A 4 P A G K e 2
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{111}pcc plane trace

/

FCC[o11]

Dislocation

500 nm

5 N [H) AR R BB TEM R AF

(al)—(cl) 2000 s #¢ & B IAAR 5 X5 B0 A7 BT S AEHE ; (a2)—(c2) 4000 s KE S IG5

X AV B AT T AERE ; (a3)—(c3) 6000 s~ BEdh BAAME ATt AERE S HRTEM KB4
Fig. 5. TEM images of samples at different strain rates: (al)—(cl) BF images and SAED pattern of 2000 s ! sample; (a2)—(c2) BF
images and SAED pattern of 4000 s'! sample; (a3)—(c3) BF images, SAED pattern and HRTEM images of 6000 s ! sample.

45, T2 BUIRIR S S5 ), Ho v iR ply o 5 JBE 07 A 2B 45
TR, ML A7 5 25 FEAR XS /N, A3k g I AT E 45
NS R HE F%. [RIITE 4000 st WA #38
T, AR HZUEERNER A AR 176 A AR AL
FEZERSN, H N B AR AL S, X R IIHT A
o T E AL RN, SR T —E R
PIRASTE. X oAb #EA T B B A, AT R R
B I AL FEAAR ST H A ELA Nishiyama-Wassermann
(N-W) BRI, B (11T)ce//(110)pec » [011]gcc//
[001]gec PO TTFEE] 5(c2) HvEE 1 42 WA I 45 A
BEAR{11 L T ¥ AT HAH N, JRAEAT HAH S A
S TE BT A/ NI RS B . K 5(b2), (c2) W
BE N AL AR 1y, AR AT HEAR R AR T MRS A
RS 1 AT AR RIREAAR 1% ST 1y g B v

243 AR R IR 6000 st HE, A& 5(a3) BF
N, AR NERALE R BEAHAL T 4000 s 1 AR AL
N VA = E EL| 1 ISR (Kl N
RGN BRH LR 2845 2 Ab, 78 6000 s 1

AR ORI LR T R 5 ASE 2R B R,
K 5(b3), (c3) FIi7R. IX W] 24 7748 3 4k 6000 s !
f, BIZUARTEAT 1S FCC iRk 2 7224 A% I
AU I3, NI P2 A AR T 2R .

YERXTEE, B 6 BT R HERRAS R 4aHE i B
%) TEM K. Wil 6(a) s, MERRAS RS N4
BHERS 6000 s N AR HRAE I, BN S
BEGRLENI AT R BLIR 544, [RIES A BRI 6(b) Ay
HAR R AR A A ZER, (IR R IR T 2R 4.

. Precipitate

K6 MEFSIRGERE S TEM 8

Fig. 6. TEM images of quasi-static compression samples.
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4 25

XFF FCC 451 & 4, J2 5 g o HAR
FELERRZ — — kil &8 )2
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Fig. 7. Schematic illustration of the microstructure evolution of (NiCoV)ysW5; MEA under dynamic compression deformation.
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Abstract

Medium-entropy alloys (MEAs), renowned for their outstanding strength and ductility, possess great
potential for high strain-rate applications. This study focuses on a NiCoV-based MEA system, and proposes a
novel alloy design strategy to fabricate the (NiCoV)y;Ws alloy by introducing 5% (atomic percent) high-
melting-point tungsten through vacuum arc melting coupled with thermomechanical processing. Split Hopkinson
pressure bar (SHPB) experiments are conducted to elucidate the dynamic response mechanism and deformation
behavior under high strain rates (2000— 6000 s!). The results show that due to severe lattice distortion, the
enhanced phonon drag effect at elevated strain rates results in a substantial increase in yield strength from
720 MPa (102 s!) to 1887 MPa (6000 s!), an increase of 162%, accompanied by a relatively high strain-rate
sensitivity (m = 0.42). Microscopic analysis reveals the multi-scale cooperative deformation mechanism of the
alloy system under high strain rate. When the strain rate is 2000 s !, the alloy exhibits a low dislocation density
dominated by dislocation planar slip. As the strain rate increases to 4000 s !, the increased flow stress and
deformation promote the proliferation and entanglement of a large number of dislocations into high-density
dislocation cells. The accumulation of dislocation stress leads to the coordinated deformation of precipitates and
releases stress concentration at the phase interface. When the strain rate further increases to 6000!, severe
plastic deformation will lead to the formation of nanotwins within the matrix, which is the main strain
hardening. This study elucidates the dynamic response mechanism of NiCoV MEA mediated by tungsten
doping, providing a guidance for designing novel structural materials with excellent dynamic mechanical

responses.

Keywords: medium-entropy alloy, dynamic compression deformation, work hardening, precipitation

strengthening
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