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1.1 R EEH&

R FH % X O 45 4k (selective laser melting,
SLM) 4 A #il % CoCrFeMnNi & & 4, & 1 fr
/Ko it BLT-S200 SLM 3D T EB#IL (f5 = 06 @° s
FH 500 W) R, Horh, WOETh R N 275 W, | Toplayer sean races.__
R R 950 mm/s, $TEDJZE N 40 pm, fie 24 : ; '
£ R SE R 70 mmx40 mmx 18 mm 11 = 4 A 4 B
A AR B 3 A O ) A 3 Heh A BE, Xt
il 75 1 A AR BEAT 7K W, 38 ok i AR LR U0

Build direction Specimen cutting by EDM

il y 4
P e ot i

T (electrical discharge machining, EDM) BUEE, X K1 SLM $TEPf CoCrFeMnNi B4 4 btk

A AR UEAT AT BE I e AL B Fig. 1 CoCrFeMnNi HEA bulk fabricated by SLM printing
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#50KE B AL T 4 ROT 4 @6 mmx6 mm (79 8]+
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1T 12 S0, R B 4 5 e L = 1200

T ¥ 70, DA 8RR 44 s R b i 1T B 4 24 TROXF LE 1000k

M R A R o A A R 4 S 3 78 T R E

BB 1 5% e JHF S £ 0.001 ™' 25 S i 17 o0

A, MOBHY B T 2 e i i o0 1 U8 % 4 AR 600

JE#T (split Hopkinson pressure bar, SHPB ) % & {lljix , 0 01 02 03 04
A5 8 AN () 7 A8 23T 3 B Bl 28 FL S - True strain

AS T 2 R . T, SR FH SLM # 4 1 2 CoCrFeMnNi i 5 < RS S A B A5 T -1 A8

CoCrFeMnNi 544 4 F2 30 M b 25 (4 Jof 28 22500 1 12k L AR B Johnson-Cook ASFRE A4 2k

B R AT S F 1 545 MPa 3 %8 h A8 % Fig.2 Quasi-static and dynamic stress-strain curves,
I 7O Y =] AN

and the fitted curve of the Johnson-Cook
E‘J 727 MPa( 1300 A1 3200 Sil) F1 754 MPa(4500 Sil) o constitutive model for CoCrFeMnNi HEA
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K o ALK MPa, SEHE Y J-C AR S EOL R 1, Horb p, WEE, ¢, J HE TR .

F 1 CoCrFeMnNi BlE& &K J-CEH
Table 1 J-C parameters of CoCrFeMnNi HEA

po/(g-em™) A/MPa B/MPa n C m cp/(J~g’1 K &ls T /K
7.96 550 780 0.6 0.14 1 0.452 1x107° 1793

R WEBRASE AL 6 Ja S UL A AR )AL B, JHC A ) A5 AR w0 2060, 55 B 858 it 20 1 AR o RS T R T -1
BOCRBARES TR, EH, R S 2 o P A o 250 553+ 30 ) = LR AR 31 . ABESR
K FH Jiang 2515 38 32 7 MfiE 5 SE 56 45 19 CoCrFeMnNi =3 4% & 4 19 #h il [ 4 Mie-Griineisen JR 25 7 25
B, gk 2 frow, Hob oy 0 Hugoniot 3R R, C, MR, S WL EI-E R %L, v M Griineisen 28,

#&2 CoCrFeMnNi & &HREHFESH
Table 2 Equation of state parameters of CoCrFeMnNi HEA

04 /GPa C,/(km's™) S y
2.58 3.81-3.92 1.36 1.78

2 ReeSRaEREREN
20 ReESIRBERERSH

BT 2 25 F 1) L AT R Bk R 2Rt 4 O X
W5 = A ) R Ak SRy 2 ST T AR R R HE AT 434 o
TR ALAEZE TR, 2R 0 T S5 R0k AU A . #E T
) AEBCE AR AN A 3 TR . s RS A, R
em-g-us LA, 15 F] SOLID162 BT HEFF % 1 N
53, R FH A T I A% R i e 24 R B R AR TR 3 3L
P14 90 5 W A T A, Mo SR AR O 582 KB 2Y
5520 %) & B % Jl CONTACT 2D AUTOMATIC
SURFACE _TO_SURFACE %%, 24/ ¥ [ 4 fil %

H CONTACT 2D _AUTOMATIC SINGLE SURFACE 3 BRI R
%Yi o Fig.3 Schematic diagram of a shaped charge jet
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BB, KE2ZY 1B % 4 #2585 MAT _HIGH_EXPLOSIVE BURN H1 RSB R 47 4 14, 1246 78 75
Bt JWL ARZS 7 B[R] 8 S TNT K 24 (1 Ak 24 Re B RN TR 1 IR B E R o AR MR S 800 4% 3 FTow,
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Table 3 Explosive material parameters

Ay /GPa Bjy,/GPa R, R, w o/(g-em™) E,/GPa D/(m-s™") Dpe/GPa
371.2 3.231 4.15 0.95 0.3 1.78 4.192 6930 34

22 RS RBERUER

TEAN U s 5 9 BE, 188 5 10 ¥ T L 422 A1 T T 24 18 B T, 7 L 2% Bl T ok 2 0 1 i o kB o
BB o X R A S A GO AR il A AR I S AR S A S ST e B B B, JE R A
TRAREAR o U, RS2 I 1 R 58 A A4k AR 24, 25 SR AL 5E I 30% ~ 50% (Y RIS A o e i il
R B, TR0 2 - WHF L AR T, RSS2 TR0 i 25 TSR AR Sl X PR IHE R . X —d B, JR 2Rl A
F14 B A R AN W Ay S 0 Sk ¥ b T8 S e A Bl RE, i L IR B9 2~ 3 kem/s 4 T 2 W (G T A
7~9 km/s) o ZH BT IR AT AR B E T AR MIRE Sy o TERLAT MR B, 22 B B e RS
Ja s BN ARAT T B TR AN TS o TS G A R R L IR RGBT AR, SR U R B
BRI . ERE AR IR, SR AN WL (A 4, B 8 TR R 2R T I, IR SR . X —Hi
et P R AR T U 2 B, 0l AR A B R A AR

P 4 4538 T CoCrFeMnNi i M 15 2 & U 3R RE S Wi A9 JE -5 oz st A A . ol P81 4 TR0, SR S5 A
AR B 4 2 B o [ S A TR 0 o B 2 R B2 =5 ps B, 29 RS ORFERI AR B S & 15 ps, KD BEA
B, IR FRE P &5 20 ps I 58 P 712 BRI HR 59 05 25 ws Jim, BRSE ™ R S AT L, o 50 o ks —
IG5 B 40 ps BF, DR P T Rl A R R T 7 A WS SR, A R SR AR A R . 1 LA 2 ks
ISR OT A A, — M HFIR, 55— M S DAL 4 AT LU b M 7 213070 FR R, 7454 4 Ja S 68— Ji
e sEL A,

T AT L, PRBL S S < A D 25 BB LS, SR AL GE AR S BEAT 1 AR R £ SR RE ST AR U,
SERANE 5 P, Hoh, v g o AT LAFE B, AR I A < AR S, SR AL I R T
T o SR, 18 25 ps ISk Rl Hh BT LR, e 28 ) SR B0 A w0 5 i S i B A AR e
TR . I, I TRIE SR F, Wi & 4 LS A B A RCR

vi(km-s™) vi(km-s™)
0 ~0.666
~0.151 -0.898 I
~0.302 ~1.130
~0.454 ~1.363
~0.605 ~1.595
~0.756 ~1.827

—0.907 -2

(a) =5 us (b) =15 pus (c) =20 ps
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v/(km-s™)
—0.596
—0.826
—-1.056

v/(km-s™)

(d) =25 ps

(e) =30 ps
[l 4 CoCrFeMnNi i & 4 S ik 284 5 hr i AL 7

Fig. 4 Temporal sequence of jet formation and stretching evolution in CoCrFeMnNi HEA

(f) =40 ps

v/(km-s™")
0

v/(km-s™") v/(km-s™")
—0.612 —0.557
—0.838

—0.784
—-1.010

~1.064

(a) =5 us (b) =15 ps (c) =20 ps

v/(km-s™)
—0.561
—0.785
—-1.009

v/(km-s™)
—0.640

—0.856

(d) =25 ps

(e) =30 us
B 5 SRS R S A

Fig. 5 Temporal sequence of jet formation and stretching evolution in metallic copper

(f) =40 ps

SRSk R B B R SRR I 2R it FEAR R AR O, LB T A 4 R

H) e 2SO S AR RS, W 6 s o P, R 4 S A S P B U 2 v 1 S A Sk R B, HLRT
B RAEZ) R 4.29 kn/s, i 5 U KAE L M 4.07 km/s, X &R 5 B 006 4 A0 4= 11 5% 40 e 1 B
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5
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g 3t
2
>
g 2
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1 —HEA
Cu
0 1 1 1
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Time/ps
6 CoCrFeMnNi ik £ <555 5 Hil S Ui b o Sk FS il JEE Wi 1] g £

Fig. 6 Evolution of head velocity in CoCrFeMnNi HEA
and copper jet formation with time

3 SERIRMIERIR B EEIL

R YRGS PR B 2R A R T T A S B I SR e T R R R 24 R R G P RE AT X LT
N, BTN T RIS AR B, 73551 %) 5 H F CoCrFeMnNi 5 5 45 <5 24 70 B2 1) S5 it 2 140 1 g
3 VIS SPAG . D T IR IEAN[R] 24 0 B R e o e e A R e Y A S8 5 R0, 6 HHTJREJEE O 10 em A e U
VeI R EAR, R J-C AR L S B gt AT B 40, ARG S 081 T3 41, Horp Dy~ Dy R 3%

F4 K IJ-CEHE™M™
Table 4 J-C parameters of target board"®

A/GPa B/GPa n &o/s™! c m D, D, D, D, D,

1.5 2.6 0.82 1x10°7° 0.009 1.05 3 0 0.78 0 0

FEL 7 S 8 4850045 th T R A 4 RS0 2450 03 R0 0 e B2, o, o R MR
0L A5 5 5T T Gt T D 00659003 5 L ) B R T (13~ 14 o) T, AR 45 4 0 270 B
LTI 11 T 58 1 2 VRS B K, (s VRSB0 B A 4 RV 200 3,12 om, T840 1)
ROIRIEL K 0.73 om.

(a) 13 ps (b) 14 ps

€17 CoCrFeMnNi fefi & 4 R HE A 1L
Fig. 7 Evolution of CoCrFeMnNi HEA penetrating into a target plate
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0.4/GPa

0.611
0.550
0.489
0.428
0.367
0.306
0.244

(@) 13 us (b) 14 ps
8 SRR MIMER AL

Fig. 8 Evolution of copper penetrating into a target plate
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rh AR 4 2 R S (KA IR BE 24 312 om, T 24 24 750 B R IR BE 29 K 0.73 cmy
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Numerical Simulation of CoCrFeMnNi High Entropy Alloy Shaped Charge
Jet and Its Penetration into a Target Plate

MENG Yugquan', LEI Rong?®, LIU Shanshan', WU Xiaobao', SONG Weidong'

(1. State Key Laboratory of Explosion Science and Safety Protection,
Beijing Institute of Technology, Beijing 100081, China,
2. Unit 93160 of the People’s Liberation Army of China, Beijing 100071, China)

Abstract: The continuous advancement of modern armor protection technology has imposed severe

challenges on the damage power of shaped charge warheads. Traditional liner materials have become a major

constraint in improving penetration depth due to their limited comprehensive performance. High entropy

alloys (HEAs), owing to their unique multi-principal element design, exhibit core potentials, such as high

strength, high hardness, and excellent dynamic fracture toughness, thereby making them highly promising
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candidate materials for new-generation liners. In this study, the CoCrFeMnNi high entropy alloy was
prepared via selective laser melting (SLM) technology, and the mechanical properties of the alloy were
tested under quasi-static and dynamic loadings. The Johnson-Cook (J-C) dynamic constitutive model and
related parameters for the CoCrFeMnNi HEA were determined. Using LS-DYNA, shaped charge jet
formation models for both copper and high entropy alloy were established, and numerical simulations were
carried out on the processes of jet formation and target penetration for copper and HEA. The research results
indicate that, when compared with copper, the CoCrFeMnNi HEA liner can form a more stable and
continuous jet. Its unique formation and stretching-breakup mechanisms ultimately result in greater
penetration depth, confirming the significant advantage of high entropy alloys in the enhanced damage
effect.

Keywords: high entropy alloy; shaped charge jet; liner; penetrating target; dynamic constitutive model;

finite element simulation
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