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Table1 Chemical composition of tantalum tungsten alloy (%)
Nb W Mo N O Si
0.006 6 2.8300 0.001 0 0.001 5 0.007 1 0.001 0
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Fig. 2 Notched specimens before and after tensile tests
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Fig.3 Relationship between fracture strain and stress triaxiality
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Fig. 4 Clamped cylindrical specimen Fig. 5 Smooth cylindrical specimen (Unit: mm)
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Fig. 6 Smooth cylindrical specimens before and after Fig. 7 Relationship between fracture strain and
tensile tests at different strain rates the logarithmic non-dimensional strain rate
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Fig. 8 Smooth cylindrical specimens before and after Fig. 9 Relationship between fracture strain
tensile tests at different temperatures and temperature
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Fig. 10 Geometric model of EFP charge structure Fig. 11 Simulation model of EFP
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Table 2 Material models used in the numerical simulation
Component Material p/ (g'Cm%) Equation of state Constitutive relation Failure model
None (1)
Liner Ta-W 16.65 Griineisen Johnson-Cook
Johnson-Cook (1I')
Shell 45 steel 7.83 Griineisen Johnson-Cook None
Charge JH-2 1.71 JWL High-Explosive-Burn None
=3 $8%54 £ Johnson-Cook 78 #y#% £ £ g 'el
Table 3 Material parameters of Johnson-Cook constitutive model for Ta-W!"!
A/MPa B/MPa n C m

211 381 0.75 0.068 0.38
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P4 NANIR 2 AL R RE R 25 EFP By U0 ELTHAA 45 2R 5 ik ip X5 £k S 3411 45 3 (9 EFP JE 285t
oo Y25TE BREJE 6=2.0 mm B}, ZEHL EFP A9 AU A 2028 300 ps; 42578 B EE )2 6=1.5 mm B, 34 EFP 1Y
JRALEE 202 270 ps.

2 Y BERE JE6=2.0 mm ], X SFR AR B 4R EIE ) TR e . B — 2 KAR LR EFP. Xf
% EFP (EUEAAU, 20 1 | 2H T A5 R — 2, I1C RGN i A XS T3 45 R T Te il B s, H.—
BTSSR S LA N A, TSR S BT IR 2Z N T 5%, B S 2015 I ) EFP AR
SR S s
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Fig. 12 Components of EFP warhead Fig. 13 Scene of pulsed X-ray imaging experiment
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Table 4 Comparisons of EFP forming states in numerical simulation and experiment

Simulation [ Simulation I X-ray imaging Forming time/
(Without failure model) (With failure model) experiment us

s (e © @ BN 0 -

x5 BERUSIRSEN EFP RES KT

Table S Comparisons of EFP forming results in numerical simulation and experiment

6/mm

§/mm Method Velocity/(m-s™) Length/mm Diameter/mm
Simulation [ 1718 41.6 11.4
2.0 Simulation II 1718 41.6 11.4
Experiment 1770 413 10.8
Simulation [ 1968 51.5 8.9
1.5 Simulation I 2021 36.1+14.7 10.4
Experiment 2120 33.2+15.6 10.1

2R B RE R 5=1.5 mm B, X 4 BUR B v 25 8 518 ) EFP SR AR Ll DR RE R /N 1T A T 15 K,
ARAERT LA TW R, X% EFP REUEAIL, 241 T RBEEHLE EFP AW Y, M2/ 8] T oA 85
KAZ W58 % EFP, 5 5000 45 RIFAAAT, 25 LA ARG 45 5 EFP AR5 ) 23 3 i A0 41 11 D4
SR ML TN T EFP AW R, 15 21 EFP BUATE AR 5 LI 45 B W&, 45T A S50 A R 25 8
INF 9%,

TRV, AT IR BB 2H T, i AASBIESE A5 19 JC 20 OB R i 20 11 A Sy o b 30000 1 A
[ A2 LA 7 5 42 4T 20 EFP 1 028 FBT 24

3 &

(1) Bxr SRV B B 45 G R T TR [l ke 10 RS PR FEAS [R5 W A% 3l BE 52 W T B9 ) 2 1
RESE SR, AT T RSN AL, FF AR S S ISR 1005 19 31 TR 5 G 09 JC R 28
(2) BT 1 Wl BE JREGH B 45 3 BR B 24 70 55 00 SRR 25 45 1, JT I 1Al JC R AR 5 A1 JC 2k
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Johnson-Cook Failure Model Parameters of Tantalum-Tungsten
Alloy for Rod-Shaped EFP

MEN Jianbing', LU Yihao', JIANG Jianwei', FU Heng', HAN Wei®

(1. State Key Laboratory of Explosion Science and Technology,
Beijing Institute of Technology, Beijing 100081, China,
2. Unit 32381 of the Chinese People’s Liberation Army, Beijing 100072, China)

Abstract: Due to the limitation of current numerical simulation model in predicting the fracture of rod-
shaped tantalum-tungsten (Ta-W) alloy explosive formed projectile (EFP) during the forming process, the
tests of the mechanical properties of Ta-W alloy specimen under different stress, strain rate and temperature
conditions were carried out to obtain the parameters of Johnson-Cook failure model. The forming process of
Ta-W EFP with typical charge structure was simulated by LS-DYNA software using the Johnson-Cook
failure model and adaptive algorithm. X-ray experiment was carried out to verify the effectiveness of the
numerical simulation. When the failure model was used in the numerical simulation of rod-shaped EFP
molding, the prediction of EFP fracture was better, and the errors between the simulation results and the
experiment results were less than 9%. The results revealed that the formation and fracture of rod-shaped EFP
can be accurately predicted by the failure model.

Keywords: explosively-formed projectile; tantalum-tungsten alloy; Johnson-Cook failure model
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Table 1 Parameters and their units and dimensions related to the location of the two encounters

Object Parameters Symbol Unit Dimension

Fragment Mass my kg M
Mass m, kg M

Explosive Density Pe kgm™ ML™

Chemical energy released per unit mass of explosive E, m?s™? LT
Expansion index Ve 1 SI

Initial pressure Da kgm's? ML™'T?

Air Initial density La kgm™ ML"

Adiabatic index Ya 1 SI

A1 LA R R v R0 e U %) A 8 R S, IR A A7 AE R EROC R
R = f(mg;me, pe, Ee,Ve; PasPas¥a) (1
LR E LI L M, T HEAREN, 7 m,. o, E, WA, WD) AT 404 T 1 A9 JC 8 206 R
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Table 2 Scaled warhead size

Mass shrinkage Dimension shrinkage

Model r/cm h/cm d/cm mJg mJg ratio ratio
1 1.966 5.023 0.126 100 62.92 0.1 0.464
2 2.476 6.328 0.159 200 125.83 0.2 0.585
3 2.835 7.244 0.181 300 188.75 0.3 0.669
4 3.120 7.972 0.200 400 251.67 0.4 0.737
5 3.931 10.046 0.252 800 503.34 0.8 0.928
6 4.237 10.822 0.271 1 000 629.15 1.0 1.000

22 BRTER
Kl ANSYS/LS-DYNA Rk 5 J1 4 BRIt 4
iRy, %5 IR BB AR 250 () X BRI, N7 A [F) 4 LE
JFEE R SFERAY 1/8 AR, T E 2 s
BAEBA IE 2y = OB R 3 78 0 2,
IR 8 15 45 Solid164 = 45k B a4, Horp
gy SR PIuiH Z Y it ALE B3k, Rk H
Lagrange [W k% @452, ¢ 5 48 25 R zs MRk i) R
FHE EAR A Bk o FE X PRI B S X AR B, X
2N FBE B S S . BEAR ] em-g-ps LA
il o AT = R SRR
Y25 % Fil HIGH_EXPLOSIVE_BURN 7 #4450 1, Xt 48 2% 7= 0 0 2 Bk R TWL IR S 7 FE Al ik
p:A(l - Rllv)e‘R'V+B(1 _ Riv)e+ vE (15)
Krf:p WIEERTI, A, B. R\ Ry, w HIRITHE M SEL, e HI8E R, V HAXHAT, E BWIIH N e
TR AR RELG SR 30 o, p B, D RS R FE, poy A 55 5 W T 1) s T o
Fz3 TNTHEAMBSHRIWLREHESH
Table 3 Parameters of TNT material and JWL equation of state

e == =

K2 AT

Fig. 2 Finite element analysis model

plkgm™)  Di(ms?) po/GPa  ENGIm™) A,/GPa B,/GPa R, R, w v

1 640 6930 19.4 6.2 309 3.09 4.485 0.79 0.30 1
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Table 4 Equation of state parameters of air

plkgm™) E/MPa C,/MPa C, G, G, C, C; C,
1.25 0.25 0.1 0 0 0 0 0.4 0

% i 5% I MAT _PLASTIC_KINEMATIC F9 B4R, JL0 25 % i Cowper-Symonds 44 74 &

~ EE, g\"
e oy B MR R L 5 oy 0 A 56 52 5 E N SPEAR AR, B E = 210 GPas E, N AEALIE R, lUE, =
319 MPa; &, AT RIBVERLAE 5 & 45 R0 98 M B A% ®£5 BAMNSERRESTESH
K.D.on NEE, TN, BER =5 D= Table S Equation of state parameters of fragments
400 s BAORE R BRI SR P i R S I A I A O pl(kgm™) v o/MPa &
RO . R FOBES RO FE S, o v RIAAR L 7.83 03 1075 0.9
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Fig. 3 Fragmentation and shock wave Fig. 4 Propagation of blast wave and fragments
trajectory in Model 2 as a function of time in air in Model 2
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Table 6 Comparison of theoretical and simulation results

Model Mass rec.iuction ( m )0.33 Meeting time Meeting distance
ratio M Value/us  Reduction Deviation/%  Value/cm  Reduction Deviation/%
1 0.1 0.464 140 0.403 13.1 27 0.397 14.4
2 0.2 0.585 188 0.531 9.2 36 0.529 9.5
3 0.3 0.669 229 0.642 4.0 45 0.651 2.7
4 0.4 0.737 270 0.763 3.5 52 0.764 3.6
5 0.8 0.929 334 0.941 1.3 64 0.945 1.7
6 1.0 1.000 355 1.000 68 1.000
4 & i®

205 AR T 5 D R S S A 7 A R A e el D A A 188 7 2 LR 8 I 1) 2 B IR T A AR
(9 B A5 LU, RN 25 RO A R R el I, AR Y v (4 R 3 B 2 L AR 8 I ] 22 b AR T R LAY
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Blast Wave and Time Sequence of Prefabricated Fragments
for Scaled Warhead with Cylindrical Charge

XIA Binghan', WANG Jinxiang', ZHOU Nan®, CHEN Xingwang', LU Fujia’

(1. National Key Laboratory of Transient Physics, Nanjing University of Science
and Technology, Nanjing 210094, Jiangsu, China;
2. Nanjing Forestpolice College, Nanjing 210023, Jiangsu, China;
3. Beijing North Vehicle Group Corporation, Beijing 100072, China)

Abstract: In order to explore the influence of the scale effects on the timing of fragmentation and shock
wave, the key parameters affecting the location of fragmentation and shock wave are determined by the
dimensionless analysis and explosion theory for the prefabricated fragment warhead. This paper proposes a
method to predict the timing relationship of the prototype warhead fragmentation and blast wave by the scale
ratio warhead, and establishes the model of the warhead under different scale ratios. The numerical
simulation is carried out with ANSYS/LS-DYNA finite element software. Based on the theoretical and
numerical results, we analyze the scale effects of the warhead on the timing of shock waves and
fragmentation. The results show that the ratio of the encounter position of fragments and shock waves
produced by the scaled model and the prototype model depends on the mass ratio of the two models. Without
considering the velocity attenuation of fragments, the ratio of the encounter position in two models is equal
to the 0.33 power of the mass ratio. Due to the effects of fragmentation velocity attenuation, the method is
applicable to models with a mass reduction ratio of not less than 0.2.

Keywords: columnar charge warhead; prefabricated fragment warhead; scale ratio; shock waves; fragment;

action time sequence
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A58 NS B 0 TR N &, 13T T 25 kg B G A P B M 3, 455 203 mm FHAR A9 KO, JF
JE& T SARTE 1100~ 1 300 m/s 3 B ¥ B PR 404K 7377 TR 6 - 8 i SC IR 0F 5T, 35 B0 LU i 9 7 AR 10 4%
F T SR B S5 R e 187 | 5T A 2 FHAN (] 04 AR Ay R P SR b L A B M E

*  UgFs HER: 2019-10-08; 1&[E HER:2019-11-04

BAREE: UM (1984—), B, b, w0 TARIM, 5220 S0 53 AR B AR B B S8 3 T WA F
E-mail: zhouzb3002@126.com

025101-1


mailto:zhouzb3002@126.com

o34 3%

I
F{
N
=
i

i 2

1 SLWAHR

1.1 EBEAR

R 4 0 37 I M 2% A % S T, R 5 R B S IR Y 28 B I, R 203 mm 1A% Y i A E AT S G
SRR R O W B DR i 25 kg B A SIS SN B 2= 1 100~ 1 300 m/s, 75 1% 5K B 414
T AR AR A A A TR B R A MLE A T AR Y, SR RATIR SRR, T B A .
1.2 SIS sNIE

KKAZ HE 10 25 000 25 ¥ SR AR BB 7 AR ) N 2 B g F 2 il | SRR SR B % . O T RS R
RANEAT T B SR L5 R 0 5 . 5w 52 e RS [0 R AL AR SRy 2 (AR Aok 1 3 FH A 258 [ A, S A e 2 b
VAR B m, D s R fdr s thge 71 o SCR s iR g g5/ A s an &l 1 o, ik E 2l ek 5
v g T PEE Y (RER IS | BiJE B DI A, AR ERE B S #R LB IR R4
Regy EIHEH 3.5, AR 42 D J9 150 mm, KL L/D 4 6.0, B4R ST M N 25.3 kg BT E O MG
SRR BT m 200 20.5 kg BT CBORL RIS 49 45 4, J5 A O MR R 35CrMnSiA 1, B
e e AR, IR ERR A 35CrMnSiA 4, AT K 203 mm, 720 BFFIA] S 00 25 B 5 o (A 1o 1R 4
A, Ml SARTE M B N 37 1 ¥ 5), S A I P BETC A RS, PRIEAS TR . AN R0 0 B

1 2 3 4 56
A( e 1:::::

1. Shell; 2. Front centering ring; 3. End cover; 4. Rear centering ring; 5. Nylon obturator ring; 6. Pressure ring.

LLLNN
X[ BRI,

(a) Schematic of the projectile

(b) Image of the projectile
Bl 1 Sege st f A se el

Fig. 1 Schematic diagram and image of the projectile

ol i, AR ATV - S Rl A R e, AR R 7 AR s 1 s T R T, 33 0T 5L AR A R R L 2 A i
FEdR TR BOR . Fe AR LR SR V) D BE Y AR A 1R, ZER ) R b R B ASM AR Y L IR
PP R 2 1 SR E o LA ST R ELAT A R A B, 38 R BE R SRR ST AR R S SRR R PR
SRIE o JERSREE o, FUKEEITE K 3 NBHL

H T T AR b8 Y 2 38 AN A 30CrMnSiNi2A . 35CrMnSiA . G50 1 30CrMnSiNi2MoVE, H: #L71 fiy
J1eE R MR 5 R UL 2% 1. 275 25 IR A B A M, SO0 AR REE F T SR B L S B Y GS0 N
1 30CrMnSiNi2MoVE 44 .

1.3 %0 ¥g

S B AR R FH AN TR E 8, BRI SR ) 35~40 MPa. $EMKCH K IR, SEN A BN 10 mm,
B JZ A R RN 150 mmx 150 mm, 749 )2 59 453 A% 81 #E R 200 mm e SEERSEARANTE] 2 o, T RS
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534 4 J RBMEAE: R [RIBEARAAE P AR A ARATT TREE  AT A S5 R L S 52

4 1500 mmx1 500 mm, & 55K 3 m, $EAR S HHT 50 B SCIAE A 39.2 MPa, i 2 15 1150 B 2K .

x1 EEMRNFEMRE

Table 1 Mechanical properties of metal materials

Material pl(g-em™) o/MPa o /MPa K,/(MPa-m'?)
30CrMnSiNi2A 7.80 1690 1300 86
35CrMnSiA 7.80 1670 1310 57
G50 7.76 1740 1440 105
30CrMnSiNi2MoVE 7.80 1 640 1360 112

14 STLEHBEMIREKR

TE 1300 s FEFE T, MR 5 Young?” 32T AS 2N AR IR EE A 4.0 m, Z80E 07 BT, #ARZHEIRE R 3m
YA A TR B T, TR A TR 20 R 280 m/s. SR e [RTIAC S B A, R R AR B DS LA B . R R AR
A 20 m A AR I R AR, F PR ECIAR B DA A9 3 . 203 mm H AR 0 KM AR I FREAR IE R 720 40 m
Ak, S2E AR R AN 3 TR

B2 SComdfiiRae 1 K3 SR

Fig. 2 Reinforced concrete targets used in the experiment Fig. 3 Experimental layout
o Ay e
2 SSWERESH

2.1 GEREITRITIRE

SR B SR A RL N 30CrMnSiNi2MoVE 89 1 G50 £, 4 Fl AN 58 1K (1 s2 6 s g i 1 o 2 &, Hov,
30CrMnSiNi2MoVE 4472 (R 84K i 45 5 Sk 19F 27, G50 SRSk (1 4 5k 39N 4%, 4 RS 3kia T
AR EIE . SR P RIS RGNS 17, 27 3P 4TS AR R TRAT I R 43 o 1259.18, 1 307.31,
1.305.47 1 1 309.46 m/s, 5 il 535 1 100~ 1 300 m/s FeA—F( .
22 BIARRMIEE

W o 5 A A SRR AR 75 AR TR B2 A 3 m 9 7 TR BB 1 SIS, 4 & SRR XY o B SRR, B S 4k SR B
ARG R R XA TR B R SE A R A T IR, TR R 1), AR R & AR ™ AR, N
B 4 FE S frs o 32 2/ 042 S0 A e s 8 o 52 ), 06 1E T 7= A — AN K Mg, HLAR T L= A il
FE o I DU SR R A B R B, AR RS A o W AR R T I, T AR B 2 AR ek
T ARFRERNY R,

Young™ 25 th R IR B 2 50 R

D =KSN(M/A)" -(v-30.5) (1)

A D NERWIRE (m); K MR RE, ERATTREE 500 T8 1.8 x 107°; S A #AR A il 42 1, 4K 75
TREE L 5T 0.9; N R sk S 3B AR I 7, HUZ B0 N = 0.863 * [4R%p/(4Rcpyy — 1% MIA R #K 11 %5
BE, MR iR B (k) , A VR (m?) 5 v R Al B (ms) o
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(c) Front view of the second test target (d) Profile of the second test target

Kl 4 30CrMnSiNi2MoVE #5345 HAR A AR S 5
Fig. 4 Destruction results of targets penetrated by experimental projectile of 30CrMnSiNi2MoVE metal material

(a) Front view of the first test target (b) Profile of the first test target

(c) Front view of the second test target (d) Profile of the second test target

Bl5 G5O A RHS G0 AR SUAR AR 2 SR

Fig. 5 Destruction results of targets penetrated by experimental projectile of G50 metal material

() B35 G B Ry - 34 5T i K F 2 kg, (RIEEEE R 61~1 330 m/s, #%BESC(1), FRAR I 544 25§
o T SR A AR RE H EA T AAL, AR RE IRy 3.87~4.03 m. i TR BE SRR AY AT [, RS Y
SR A T R BB 1o e R Y AR T BOIRAS o ISR, A AR A RO AR 2 S me DL A+
T AL AL, AR (D) $EAT AL, R EE R 5 m BB 5 ) 4h B 24K 190 m/s, 4 BT A5 F) B
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534 4 JESEME A R [RD AR S P AR 590 7 TR - S RO 5 A IR L 523 52

5 M TR TR HE 29 190 s 363 ( 1) V4, 76 190 ms A MBI A% 05, B KRB 05 21
E 0.5 m A HR AR ., B 1 300 m/s A B A& PF T 5 0 B 3 09 2 21 D 3.5 m 00
R - 0 8 0 52 B 0B T WG T Young 2 3% A 19

2.3 BIREMEEIR S

30CrMnSiNi2MoVE H3#4 B} (1) 3 44 (1771 27)
FI1 G50 AR A B 344 (37N 4%) 78 5286 I 445 31 [n]
W, S 55 T RS i AR S UL X LE G Al 6 BT R .
AT L% 3] ;8 4 5 S 5 5 A 5 B A Sk R AR R [
TR DR I IR, K350 ER B R A8 SRy 23 Sk 19 B
5 o B ARG M 52 4F, IS Ui 55 5 o0 IR 0 R T
IR, SR TC I S S R AR T B 4 . i R R A
1259~1309 m/s 44T, {8 30CrMnSiNi2MoVE #X
1 G50 5 P A A L 1) AR R AN e B S S 4 e
DA g P o S5 B A8 4% e 7 AR :

9L A Sk AR o 2 5L A 7 A2 200 AN A TR R 6 SCHRE SR SN L A

B — AN B R, Sk AR e AR T A SL B Fig. 6 Appearances comparison of projectiles
AR KT BB, A5 FRIE L0 T Bk R pefore and after experiment

RIFE ST o XA T SRR A S PR AR AE J1 ISR T Young 2 2 HUAN BE S A A

PR, WEEE 17~ 4% [l S A 4 i 20 B X3, & B0AT B B B A2 48 " 0 4, A&l 6 mh 20 Zepm iR ir
TR TGRSR G e A R S B R T R R 7 v i R o A er VB, 92 DX 2 i S 1k B A A R
AT 2 A W T R, 0k 77 5 W 0 R A 65 R R B8 o s S 405 4 UM 3, X — B B = AR WL E 4T T 490
oyt o

43 )% S 06 A IS B AR ST R A SRR T m K LORIAME D EAT T IR, AP S A T R
G RTE D RUG E OB, 5B T3 2, s 2 LB, 525 A B 26 1 3.7%~ 6.9%, SRR
54 Hg 4.4%~ 10.5%; BARIMEIEAL 9 0.27%~0.54% . F M a] 01, o8 75 S AR A0 e o oo 300 F) 422 b B O L
B, TR R AR A B R AR AR AL 2 B S R A2 R A IR BT B, i — 2D WL RS SRR,
AT DU ) A SR T I Al 26 T 1) 0 209, SR I B A — R R 1 S ok, 5 B AR A SIS0 R BTN, 3
F T 480 3 A5 e g R4 57 T R - B 2 i) A o DA AR G a2 B 7 A A B O AN R T

R2 ZWEWEANESER

Table 2 Measuring results of recycled projectile

L m/kg L/mm D/mm o
Projectile Bor I Ber AT Bor I Mass Length Outside diameter
No. erore ter clore . erore ter loss/% change/% change/%

exp. exp. exp. exp. exp. exp.
1 20.53 19.16 900 814.6 150 149.2 6.7 10.5 0.54
2* 20.49 19.07 900 824.5 150 149.6 6.9 9.2 0.27
3" 20.51 19.77 900 851.7 150 149.5 3.7 5.7 0.33
4 20.49 19.73 900 862.4 150 149.3 39 44 0.47

E— 2L WL [T Wi 588 A ) ke 99, AT D S P8 2 80 8 A BT S, ke ¥ T 42 30T - S AEL 0 1M T S, &) 7
7 o PRIHGS AR Sk B A AR Bk AL B 23 A A0 - (1) LA 7 5 140 0 597 L 76 b RIS, 3 Sk FAT AR 22 )
A TR ZUAE T, SRR Sk TS DX e 52 I Y s ol ok AR R G JeE I 56 B, S S SR 90 X s it A BB B BIIR 2 5
(2) 5% Sk 55 BEAR A2 fi T 88 o R 7™ 2 0 T, A0 FEE 8 2 7 A il , T T A SR BRI I B i
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534 % [ JE By L 2% i ER

PRRRE, P T 75| R ke 940 5 78 B LI AR5 (3) 5 A0 T i ) 0 7 Sk 08 282 1T 7™ A Ja 78 ) vl R 7 T, (45 R
Sk B AR B AL SO AL, SR AL T il a2 S A P, SR BE AR R AR el AR ELAE B,
infret 40 10 3 AR T A e S TR A T LA Sk T 7 JR 25 R s ) R DD A R 7 A AR R 2 1

AR IR A

(a) Head of recycled projectile of 1* and 2* (b) Head of recycled projectile of 3" and 4%
B 7 Tl sk B R R IR

Fig. 7 Erosion damage of the head of recycled projectile

25 b, SRR S0 1 42 ok AR 1 e R 3 TR R 5 TR i R A AR Y — S 52 2 AR, s A B
FERR S, 5ok R AR AR AR A AR S TR G, BT R R R K . X L 30CrMnSiNi2MoVE 4 F1 G50 Y
ol 1 e B Rk, 7 A O R AR A ) 9 25 1 T, G5O 4R 3L A S 350 S Ht 41 S AR 35 /0N, BIVAR e A A4 R Y T
L e 3 R JeE R e v, P AR ) A R T SRR R ) 9 BE i, 3Bk LA Sk 22 7
PR B RN I, S0 R 9 G50 4K T3 A T 48 7 AR A 3 0 ST AR B R
2.4 SHERMER SN R AR

TR EE M RER F HIC B8, SHRE AT : %55 0 2 240 kg/m’, AR 14.86 GPa, B KSR IE N
40 MPa, AR RFRN 25 4 0.04, 5T UIE RN JT 7= (1 — A/3)0, SREERIT Z40 4 0.61,

5L b1 BHR F Johnson-Cook #5871, 3R {5 BLA AL A 8 7 o SR G #EL 3 R 1 200 mys, 0°%5F
FAFT 0T 451 T X R BE R 3 m R i VR R - S AR I BE T 0 S AR 9 iR . TR A AR,
AR P AR Y V5 B A R ) R A7 TS 45 - LA, o 300 B T o) ) AR 3 1T T T, S R R LA SR Ll B
I REE DX, AR A 25 B RO 3 m A IR BE MG RE ), 9 B AT S TR A TR 20K 280 mys, 1R
IBASE K A —E FR B A 1) RS, W% A 1 29 0 0.5, (R E AR BIAE . 2 B ARG A AL AR K
17, A F RGBS 00, LAMFL fMIE 210 100, 48 75 w48 o 4 7 TR 068 1 2o 78 rp s A R 32 1) aod 3 A
Fe i Ze &l 10 7R, 24 5 A S 3 Ja o 0 1 Ao 7= 2 ad 2R 06 M, fe K il i 340 42 498g.

—» B

K8 AR Ko fRBIfESTHaR

Fig. 8 Simulation model of projectile Fig. 9 Calculation result of penetration capability

RPN AT T R B SR AR T A 11 7R o 25 SR B, G50 A1 30CrMnSiNi2MoVE 441 4} 1) 72 7
SR A7 BN [ R AR PR IR, AR T RS O, 52 A Sk 0 T ity 48 1 1 AR IXBH 4, LSk B T v o B
I 2 AN AR IR B4, Sk SR T b AR ph s SR o R P2 i . 25 5 18 9 45 5, A A, B T ok kiR
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534 4 JESEME AR R [RI A S P SR 50 A7 TR - S O 5 AR T L 5236 52

PR IR AN R, T B0k 3Z SR80, TT S 0 1 35 400 JEE B AR ) ) LT RS M, A R Az el
% . AT 30CrMnSiNi2MoVE W 5e K, G50 P 5e A Sk F A= R B2 /N, a4 2e /v, WL 11 i AT 15
2, 7 5TV F A O BT DX st B T e O A S P AR X, 55 RT 6 ] A AR A O B AU X R B
BRI LI MGEA— 3 Hx R g B AL AT a0 R (1) R O PR BN 203 mm, Fil5¢E
RSN E AR 150 mm, 875 SR A T SR Sk 308 Sl fa o 0 A VL R - A, E T DI R O AT RE SZ B ER /MY
YER 1, K% ABIR, MiAEFFHTIX 5 R T8 XA 98 X8, /i O %2 2 A B o sk, gkimi & A= ik, whiby
PG A SRR, AT O BT DXCS0™ A2 SR A B SR AR I 5 (2) 2 T S HiE O 3 i 4, HLORBE AR A R 5 BE AN
TR, — R TR A BRI ST M155x2, RS K T IR AME 150 mm, PRI 7E RS GE [X, 122 3% $2 42
SRb e 5 N A VR RE A AR R EEE AR o A AR J L e DR AT A SRR, (A5 T B R S i
DXl ™ A SRR AR T, HOBAPE AR T8 AR B B % 22 MR S0 e R 5 B R R 5 A T T g 39 T G K, IR &0
A G 1 R AR e L

5 LS-DYNA user input

Parts
. _A_ Combined ids
2% 4t 1,2,4
2 E
EERl
Jall
s .S
88 2 (a) G50 steel shell
238
o O
~ § 1
A
0 , , , \ A
2 4 6 8 10 & .
Time/ms (b) 30CrMnSiNi2MoVE steel shell
10 R EERT R ZZ Rl 2 F 11 ey
Fig. 10 Overload-time curve Fig. 11 Plastic deformation of projectile’s body
N
3 &

T AR M &, Beit T S A b R B, JF R T 25 kg PR TE 1 100~ 1 300 m/s 3 4%
P AR AU A 3 R R TR Y S, o AR T A R AR A A T O - A 4 A AR R R T e A R, T
G55 B 7 B SRR (R A00 B9 A7 TR - M R P i S A e B EAT TR0 AT, 5 SR A R AT TR LA
W, 3R TR R

(1) 2R FHATE B R 32 R SR, R 14854 203 mm 4 9% Ji 4 BE 0505 25 kg 1 SR 10 A 114 2k )
AR R E] 1259~1309 m/s, RV IR LSRR e, oUW A .

(2) 52 36 [0 i 1) e AR T B Sk 257 ity A8 0 R 3 1R 285 4 e I, 0 BH A BF 5% v 3 T %) 25 4 5 1 0% 7R A7
1259~1309 m/s # T AIER B8, 78 FIREEH LA SE AR A B B0 T, S0 = 3 (=100 A9 77 TR 458 1 0 1)
b AR 2B AR DSk AR o B DA R AR ok Ay AR A S A AR T B IR X, SR AR Y B A B R A R
1M H TSk BRI 0 AN Y SJHE RIS KE B, (R B0IE & Bk — e B W % . i Tk el fe s R 717
IR 7, sz 1 SR R R IR EE .

(3)%F & 30CrMnSiNi2MoVE 41 G50 X 7 (A 5 A (0 A AR B2, 5 B8 /5 119 G50 AW B 5 FH T 7 3
1RAT HL FE AR AL R

(DR EABRKGFAT, TG R ITE OS5, R & e O IS5, 78 2 KM 4 S o BE A9 1ip 2
N SEAE T A O PNV TN R S A, A 5 ol SR B T O PR B R A i A P R R A A
EERTA SR T eV e

1
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Comparative Experiment on Structural Damage of Supersonic Projectiles with
Different Metal Materials Penetrating into Reinforced Concrete Targets

ZHOU Zhongbin', MA Tian', ZHAO Yonggang', LI Jidong?, ZHOU Tao', LI Peng’

(1. Xi’an Modern Chemistry Research Institute, Xi’an 710065, Shaanxi, China,
2. Fifth Military Representative Office of Rocket Force in Xi’an, Xi’an 710065, Shaanxi, China)

Abstract: A supersonic earth-penetrating projectile is designed where two different metal materials are used
for the projectile’s body. Experiments of projectiles with mass of 25 kg and impact velocity ranging from 1
100 m/s to 1 300 m/s are implemented by a cannon with caliber of 203 mm. The process of projectile
penetrating into the reinforced concrete target is simulated based on a numerical method. Based on the
experimental and simulation results, the projectile’s structural response and mass loss in supersonic condition
were investigated. The results show that the two damage modes of projectile with different metal materials in
supersonic penetration condition are head eroding and wall friction corrosion. The degree of damage and the
head erosion amount are related to the metal materials of projectiles. The G50 metal with high-strength is
appropriate to be used for the projectile body in supersonic penetration with impact velocity of 1 200 m/s.
The phenomenon of diameter shrinkage is analyzed, and some suggestions are put forward for the design of
projectile body structure in future engineering application.

Keywords: supersonic; penetration; reinforced concrete target; structure damage
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(1. Wb R ML TR 4B, e KJE 030051;
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T IR F /N B BRI B K A AR S B o R AR, N 2R fR A TR AR B B K A
25 mm BAMBHRTTREAE ., Al e L, 26 ERRMLY-RESERE FHEH
W ARTLY-12FBEE5MAREKE R R M2 mm EANBLZENERXR, HEALERNS
M EHELT NEREAT R RERT K025 mm B RBEBERRTNAKX, 24T AN
RFEERMH LR R PO, FREXA. AT AGRGEM, AHAK G # K w25 mm
BT FM A 62 mmELY-12FE5,; BARRFTMNAKXNFTINES XRED & R, HF
HEESGRREWE o, BERREVUBNAFREBZRAE, ARERFEEH AR T HEK
HEITEH - HEENE
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Bi7 47 i 114 6 i s S ™ 495 5 5 Roberts™ | Merkle™ 28 @37 T AKX+ 194 BRITA RS, JEAHLT R T 9 mm
TG AR A AT T B A RN SR T, AR T AR AR B AEAE T B T A R T A s O,
5% 245 5 A B 2 B0 %o B e o 1) B 7 42 T 2755 Shen A5 58 2 3 50 AV AL 5 T 9 mm T3
X A BB AP AR B2, X S 10~1000 psiN R ) BEEAT T R4k B /DR F Y
BUEBAUBESE T 7.62 mm 2D AG SR SR 5245 B 47 B 0 () A2 00 2o 2 B ML NI, R ) gt ™) 4%
A3 ISR T 45 UHMWPE %% 57 47 A e 8 78 7.62 mm F1 9 mm FHE B AI1E HF f4 3h 250 7 1k X s 4500
WFSE T 9 mm 424 3R 5.8 mm FFAE HUG A 50 B 7 10 B S SEAR IR LI . TG 56 T/ RSEE R XA A
AR B 47 2 8 ) AR S5 80CRE ) AR D I 9 A0 A i
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AT I LY -12 8 B0 5 T2 A0 B A £ A 08 22 8] B 25 30O 2R, TR A 8 20 0 W7 7 V6 A S /N
SRARAY) T 20 285 A By A T £ A0 L S ¥ 3 A IR Tt 2 5, DASH Ry B S s S AR i B e i 2%

1 RIEHAR

1.1 REHE

IR H 12,7 mm SE AR NN ER, B ERE T e AR, BRI 0.21 g, HAR R 2.8 mm,
KT, EERFESAAE i, IEE S S IE R T 59450 85 . SEARETA B4 AR, B Ak LA LG /Ny
fU, SRAT S TE B B bR T JC A AR AR . 1 AR BT A 3K A ST . SR AR A ) O R A
FDY3R-01 & N 4B AT 25 mm JELTFAAR e 8 mm JE LY-12 FAS#E . By 94K iy A S RN Ry 52 A8 A, A¢
BN, B2 IR PR R, SR 0°/90°1E A2 2454 . T A AR & e IR E TR AL .
) 5 PO TR R R % 2 a7 L S ) R A R, T B R S 3 i R T DA A 00 e R e e B TR
SN TR 22 BE i 1A NLG202-Z BY7S BRI A, AE B 0.1 ps. 350 A0 B B R A&l 2 fros . Ak
5 b B R 4R TEAR )

Protective plate Target
S 2

/ /

Ballistic gun  Fragment // /
/)
/ /
ﬁéﬂ ffffff —-—
.
BT B RRAT 2 AT E R
Fig. 1 Tungsten spheres and sabots Fig. 2 Schematic of experimental set-up

1.2 REERRESH

Kl 3 il B By A AN ZLAA AR, T 4 25 1 1 Bl SR A £ 4 ) SRS R 25 o B s AR 52 B A o
N, ey DX T A 21 4E -5 GRS , I 7ERR ST U T = A B VIR, I il— > S5 R AR A R
(AL, AN1ET 4(a) Br7s o BEAE R HEAT, B o ™ Az 18 L e o 8 i i i) (A0 P 4(c) i) S AR
DI A5 ARG o TEEERGN I b, BR T S UK, £ Ml 2 AR RS IR IR, B R IR AL, AN
Kl 4(b). B 4(d) P o XM TAER B R P il R i shBE 5 A on £ 4R fiE, 2 sk e, &

(a) Body armor (b) Body armor core and pine target (c) Pine target
3 s AR A LI RA AR

Fig. 3 Body armor and pine after the experiment

055101-2



o534 % S E NS VB RO B AR AR AR B R BT 5 555

(a) Front (b) Back (Penetration) (c) Inside (Embedment) (d) Back (Embedment)
4 PysReT LRy SRR
Fig. 4 Typical damage of bulletproof fiber

W IR EF A PN ARIE o AR SR BB AT, BT ELAA AR BB, J R BR AR, A A HE A A i
FLBM I & A= By ORI, H#fL A S8R AR, WK 3(c) B

BS ik i Je LY-12 4R AR B . IS al i, LY-12 B4R 0 = 2k AR 0 2 BT IR . Y R
e AU o R N, B AR R T BB TR AN ) AR AR SRR AR IR, TR BLMIET . BB R R ERA, SRR Y
AR & AR BRI AR IE . I B T R R AR 77 A g B R AN B, SR AR T R, 46 24 5T U A 1%
WIE B, SRR A R R R AR 5 U0 op SEE IR . Y A R AN T 00 A R, R R I AR
5 B R R AR R 04 JR S R A AR, AR 4R i 4 BUE I, WL S(d) iR o Y4 A o SR v T A A
B A, S T ™ A A A B D A0 P b S I I 0 1 B W 11, A BT 1 ) PR A AR R I i A 1 24 0,
& 5(b) FT s

(a) Front of target (Penetration)  (b) Back of target (Penetration)  (c) Front of target (Embedment)  (d) Back of target (Embedment)

5 WA LY-12 MR REAR

Fig. 5 States of LY-12 hard aluminum target after the experiment

FIHT Recht 2512 488 H A9 R-1 23 24k BHLES BRI 72 3 2 15 35 30 RE 5C R LA B R, 12 A 0

1/p

v, = a(vi” —vgl) (1
AP v BB R 35 FLEE, m/s; v R BBEFT TR AR T, /s vy R BROE AR BR, m/s; a p RS RL, TR A
Bt i/ —RIE A 1R
Pl 6 20 1 Bk e A S A ) o A T R - LR T, 2 1 4 Tl (1) A AR B A R-T AR A
24

F1 RIERSYH
Table1 R-I model parameters

Target type a vy/(m-s™)
Body armor + Pine composite target 0.73 692.9
8 mm thick LY-12 hard aluminum target 0.77 850.1
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250 - = Experimental data 500 - = Experimental data
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T 200 b 400 |
§ 175 F :E’ 350
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'3 150 | 'S 300
2 2
2 125+ S 250
S 100} S 200
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z 75t z 150 |
= 50 - = 100 F
25+ 50
0 1 1 1 1 1 1 1 1 1 0 - 1 1 1 1 1 1 1 1 1 1
680 690 700 710 720 730 740 750 760 770 780 825 875 925 975 1025 1075 1125
Initial velocity/(m-s™) Initial velocity/(m-s™")
(a) Tungsten spheres penetrated body (b) Tungsten spheres penetrated 8 mm thick
armor and pine composite target LY-12 hard aluminum target

K6 SRR BRI Ax 58 - U I 2

Fig. 6 Residual velocity-initial velocity curves of tungsten spheres penetrating targets

2 HEEMHR

M T LY-12 B G IR | Al as S5 AU TR, JUHAE I AR R TF B Y S 4505 F 5 oy, AR
B 2 RMREERON LY-12 860 & SR T3 & i B 5 1 G100 D T A L 36 By A + AR S5 20 14
RBIWTTE, VSRR . A BT TR A BB 0 A 7 /NS BRAR WDV FI TR LY -12 B 55 40 15 5 3t
RHIMARE SR Z A B SF O R,
21 HEHRERHESY

K H TrueGrid #4447 B4R 5 A% K] 43, 25 56 IR Y () X B, S 770 24 3 F B [, 85784 67 £k oy
1/4 B7Y A 3R RO SO AR B B 5 g RS — 3%, SRR F BDE A, R R O B3k E 420 11 4%, DU &
/NI BN SR R R o R ARE T
B 5 RS R, PIA% R W = SR A BAR
P o v | S o SO T 3 AN R o
7£0.10~0.15 mm; F A X3l R R 3 RS, 99 4% R
SEREHIAE 0.15~0.90 mm; 55K fc /N A% R SF A
0.01 mm. A FRICEAIGNE 7 iR o

BB R F] LSDYNA-3D #, ofir ihil Hy B 7 A RRoCR
cm-g-ps, Bk R Lagrange Tk o AR S5 i X Fig. 7 Finite element model
PR, 0 AR AR X6 R TR A % R iy S 45 Pk, A S MR s 5 A I I s 5 30 B 25 AP o R 2 ) 42 ik e SRy T
T 42 o 4 ik

B BRF LY -12 A5 45 80 34 5% FH 9 M I 3 6 £k A4 BH8E 3 (MAT_PLASTIC_KINEMATIC), i T LY-12
TR 45 B 4 o IO AR RN BB A BT, OS2 P LR AR A . S5 SCHR [18-19] I AR 4l 52 B 56 25 SR X
B SO A T IO, SRR AL R S RN 35 2 FoR, b p BB, E i IREL R, wRIARA L, SIGY h
JE IRRE 77, ETAN S Y)Zi A, SRC., SRP R A8 R E 8, FS AL AE

w2 BHEMRHERSY

Table 2 Material model parameters of projectile and target

Material pl(g-em™) E/GPa u SIGY/MPa ETAN/MPa SRC SRP FS
Tungsten alloy 18.1 367 0.303 1506 792 3.9 6 1.2
LY-12 hard aluminum 2.78 71 0.3 375 1000 0 0 0.8
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22 (HERBRIEIE S04 — :
I FH 6 5040 X 45 LA R R AT B IE, iR 4 ~ 450 © Simulated .
SN 8 iR i R-LA UG E R 2T Cf
A AL R AW S mm 5 300 '
JELY-12 1 55 #0 f #TE H BR y 854.4 m/s, 5K 56 E igg g
JIT A5 1) 59T A PR (A XF iR 228 0.5%. 1] DL, % 2 150} .
P 075 2% S0 5 o 4 SR T, D A 2 1001
SR TR 3
P 825 875 925 975 1025 1075
2.3 -__rF.F 5“5[ ;E *)i E J_E'_ E"] ﬁ% /'_‘E_' Initial velocity/(m-s™)
AR il S A N O, 5 BR L 692.9 m/s HY T 8 PTRESHRENRL
FE SR 5] JEL E Al LY -12 Rl A 40, Hop5 BL4E S 4m Fig. 8 Comparison l.)etween simulation results and
%3 i experimental results

®3 BERKEMFIEEE LY-12 ERENHEER

Table 3 Simulation results of tungsten sphere penetrating LY-12 hard aluminum target with different thicknesses

Initial velocity/(m-s™") Thickness of target/mm Residual velocity/(m-s™) Penetration result
6.10 63.0 Penetration
6.20 21.4 Penetration
692.9 6.21 0 Embedment
6.25 0 Embedment
6.30 0 Embedment

e 3 AT, 5 ST R 692.9 m/s (), 0.21 g B ERBEZE B 6.20 mm B LY-12 A 45 48 (F 4% 1
1 21.4 m/s, T FNEEALH 0.05 T), T AREZED 6.21 mm JE M) LY-12 BEELHN 254 % JE BN (4 S2 R i T
KR, Al 6.2 mm J2 i Z B BER UL 692.9 m/s Y 3BV LY-12 A% 57 58 A A BIR 28 378 )2, RITB)7 S A +EL fn
KA AT 2535 K 6.2 mm JE LY-12 B4 40
24 FWERREE YL IE

FIF0.21 g, Bif% 2.8 mm LA JZ 0.17 g, B4 2.6 mm B AR ER X 453 6.2 mm J& LY-12 i 47§ 17 54
TR R IR G, 0% L2 SN 4 iR . iR 4 TS0, A ERZ B AL A A R A 52 6.2 mm
JEE LY -12 B 5 L 5 A0 IR P A 0 R 25 /N T 5%, SR AKCHE 5 S AU SE T A AR 1 B8 AR 2, BIXT T /N Bk Y
1219, B AR AL A S AT 250N 6.2 mm JB LY-12 BEGHE . N5, i THFSE RO ER A PR, 254K
AR AN I T B A/ N R A K, T 0T A Jo 8 3ok ) M Rk — 2D i

T4 BIKB IR RS H AN E AR R AT EE

Table 4 Comparison of ballistic limits between tungsten spheres penetrating prototype target and the equivalent target

Type of tungsten sphere Target type Ballistic limit/(m's™") Relative error/%
Body armor + Pine composite target 692.9
0.21 g, 2.8 mm . . 1.8
6.2 mm thick LY-12 hard aluminum target 705.2
Body armor + Pine composite target 742.3
0.17 g, 2.6 mm . . 22
6.2 mm thick LY-12 hard aluminum target 758.7

3 ENp

H1 T By SR ZLRA AR B 25 4 52 2%, ARMEFH BAT BB B B L R B BR AR I By AR +HLL IR R
FERY AR RIS o TN THax 2R 52 A )R, ik 40 73 A vk BE JRE T 52 2% 14 P 940 DAL 3 722 o aod R DA i At 57 ) 38 B
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Table 5 Main physical quantities for determining

FEAKRP WL, it — LT8R R AR
XS HAR ) By FA + 214 A B2 5 3B A= ) RE Y 52
M, AS I 5 4R 405 8 4 53 A A S /N B Bk AR 1) By 5

ballistic limit

. Material Physical quantity Dimension
AHELAR A 5 BE A S A R T 235X ) » 5
. . e 1t et Density p/(kg'm™) ML™
i 3 BRI AT, 0 A A R AR V) B SR AL R :
Diameter D,/Pa L

S 2 W O3 B A S R, | o
Al I, BT A BEVH%%?Q%%}Q% ) B K Elastic modulus E,/Pa LMT
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Yield strength o /P L"'MT?
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O+, 015 Efy Cfap57 hs» Es’ O €y Cs) ( ) Characteristic strain SP 1
N . Lol -
P p, . D, Fllorg, by 5 44 57 A8 i, DU AR 45 Sound velocity C/(m-s ) LT
A FE U, A S R AT R DL R e 4B A Density p;/(kg'm ™) ML
v E i X
7= bl I =0T = &, Thickness i;/m L
VT /Pp Tsp Elastic modulus E,/Pa L'MT?
C
I = L I, = 'ﬁ, Il = ﬁ, Compressive strength o ;/Pa L"'MT?
NN Po D, Body armor
Shear strength o;;/Pa L'MT?
I, = E; T = Ot T = U—Tf, I, = T i Tensile strength o /Pa L'MT?
P SPC Tsp Tsp Characteristic strain &; 1
Iy =g, I = - > Sound velocity C,/(m-s " -l
\/Om ound velocity C;/(m's ™) LT
Density p/(kg-m™) ML
H_&H_EH_EH_U“
2= o 13= D,’ 4= . 15 = . Thickness //m L
C, . -1 -2
I = &, IT;7 = Pine Elastic modulus E/Pa L"MT
VTs/Pp Failure stress o /Pa L"'MT
WRIEmEMH, X Q SN Characteristic strain &, 1
V . o _
= 2 = (Ul L. 0T (3) Sound velocity C/ams™) LT

\/O—Sp/pp
TERER . B A RNLLAN AR MR AS BS54 F L B 17 7. ISFUT G50, o i 3 o i 8, X (3)

Al faife A
o) ol (5] oo ()
1= = —_—, | = - - = h hs N 4

m f(Dp Dp Co Dp Dp co (he)*( )ﬂ Dp 4

K ey @y BRFFREH L
T AR P B BRI AR FEAAE, & ey = co(h)* (A, y = a+B, MK (4) K

7oV =c1(i)y (5)

e e, y I E B
FiT BB 0 A AT, T B SR AC RN ZL R A B S LR AR (IR B0 T, AN R4 I B R, 15 A2

. 1 Yi
_&L_zq_ﬁ i=0,1,2,....n ©)
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Vi _m(i)n ™
Vo-sp/pp DP
K m, n A TEEH AL
A TR A, B2 (7)) 9 i ] RO
Vpi 1
In =lnm+nln — ®)
Vo—sp/pp p
Sy=tn—M = in k= lnm, W5 (8) A58
Sy=1In T x nDp nm, W= (8) A4l
y=nx+k )

HT T8 T RS R A RHPE RE AL, IR o, 4 AT 1.506 GPa. A1 FH IR 56 B8 % =X (9) # 47— etk
YRR KD

n=0.932, k=-8.059 (10)
$in, kL ERX 9), 7
Vbl s 1 0.932
VT /Py -° (Hp) (h

EAES (11) BAT v, AR BB RS =X (11) 2350 31 584 ] J5 i A R A= 40 1 9 Al B, 45 2R 4
F 6 . i 6 AT, B BRAR B SR LR A S A B B N 45 2R S R T2 AL 6.2 mm JE LY-12 B4R
FRR O HAR LW o ERHORE, HEERTTR/NT 0.46 g I, TINS5 R -5 07 BA5 R 19 i KA iR
Z2/NT 5%, P A 2 (11) B/ BRAR BTB7 AL AN AR S 5 #E A BB A FR A B m A TR

®6 TREIFETENBERIRAILE

Table 6 Comparison of ballistic limits calculated by different methods

Ballistic limit/(m-s ")

Mass of tungsten sphere/g Diameter of tungsten sphere/mm Caloulated Simmulated Relative error/%
0.26 3.02 643.8 649 -0.8
0.31 3.20 609.9 623 -2.1
0.36 3.36 582.8 599 —2.8
0.41 3.52 558.1 580 -39
0.46 3.64 540.9 561 =37

R — LR (11) B ATEEME, X5 0.20 g, A% 2.8 mm MY IEKZ I BT SR AR+LLAA AR B S8 AT T 1=
WHks . R 7 XL T 0.20 g B ERR BIBT FAC+HLLAN A S A5 0 A S0 Al BRI (AT . 3% 7wl
0.20 g B ERAZ I BI7 3 A +EL A A S5 55 A IR 0 a6 (B A T S (B R X R 22 AN R i 5%, il /2 TR I
B o e (1) AT T I NS BRAZ A By A LT A AR S A ST AR BR3P L s A RN T

RT 020 g BIKRHIPER+HAIMAE S BERRIK B ES T EERIXIEE

Table 7 Comparison between experimental and calculated values of ballistic limits of tungsten spheres
with mass of 0.20 g penetrating body armor and pine composite target

Ballistic limit/(m-s™")
Type of tungsten sphere - Relative error/%
Experimental value Calculated value

0.20 g, @2.8 mm 709.4 702.5 -1.0
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Research on Small Tungsten Spheres Penetrating
into Pine Target with Body Armor

TANG Changzhou', ZHI Xiaoqi', XU Jinbo?, CHEN Zhibin®

(1. College of Mechatronics Engineering, North University of China, Taiyuan 030051, Shanxi, China,
2. Jinxi Industrial Group, Taiyuan 030027, Shanxi, China)

Abstract: In order to study the penetration performance of small tungsten spheres on the human equivalent
target with body armor, the test of small tungsten spheres penetrating 25 mm thick pine target with Class Il
soft body armor is carried out. On this basis, the equivalent relationships between 25 mm thick pine target
with Class Il soft body armor and LY-12 hard aluminum target are studied by combining the experiment
and numerical simulation of small tungsten spheres penetrating LY-12 hard aluminum target. According to
the method of dimensional analysis, the ballistic limit prediction formula of small tungsten spheres
penetrating 25 mm thick pine target with Class Il soft body armor is established and the influence of the
mass change of small tungsten spheres on the penetration performance is studied. The experimental results
reveal that for the penetration of small tungsten spheres, a 25 mm thick pine target with Class Il soft body
armor can be equivalent to a 6.2 mm thick LY-12 hard aluminum target. The predicted value of ballistic limit
prediction formula is in good agreement with the test value. And with the increase of the mass of tungsten
spheres, the ballistic limit approximately obeys the law of decreasing power function. The research results
have certain reference value for the improvement and design of individual fragment warhead.

Keywords: small tungsten sphere; body armor; pine target; numerical simulation; equivalent target;
dimensional analysis; ballistic limit

055101-9


http://dx.doi.org/10.3969/j.issn.1673-9728.2006.04.034
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007
http://dx.doi.org/10.3969/j.issn.1673-9728.2006.04.034
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007
http://dx.doi.org/10.3321/j.issn:1000-1093.2005.05.007

$34% HSH [=/ S SO 7/ B (= S e Vol. 34, No. 5
2020 4F 10 CHINESE JOURNAL OF HIGH PRESSURE PHYSICS Oct. , 2020

DOI: 10.11858/gywlxb.20190873

HEAEANERTEWEERINEE T8
WEA, T B, BB

(VY 22 S50 R A AU AL 38 5 I 8 (6] 53 s S 2, Bk P22 710049)

PEGEER - NNREEN, EREEFINTAT USSR EEETRELTL, AR
BRERE RGN WHEE D FRBHEERK., BT, KB 22 # @ 5%, Wk
BEHARWERITHREE BRI AT RERE. VERRGIHAEHREMERE, FHB
KA S0 By A 46 W Ay, 72 7 & P Bl N R B U R 3 204 B 3 & 0k % &, Al ABAQUS/Explicit
MR EATHERECNERISESR, RAAEZHWEA NS B L. FRET, 5HA T EmE
B G, HEREEN NGB EA D ERRK, EER I MEEFEZNEmERE LA
BB, RBRATERENGEERRMER. 740, REAFARTHEREE N LTS H X H
W, KRBT RGN LE,

XA hERBG ERASES; AR M EE RN E

t[E 53 25:0347; TB124 SCERFRIRAD: A

AE B I ACMT BB 0 FE HICKS B RIR A L KA o . BT HIL R RN OO A 3 8 T LA it o A v e AN T
RSBy o HIRG R R R AR . BT HLAR S B v sl BN T B, R ke AR S A R AR S
AE, IR BN ORISR A HAY . 8 T PRk aa ay T HL 7 e Az il 488 I 39 FE A S RE R Al BE /D, T 255K BE B il
e AT B/ B0 o R e ) R IR R o B R IR B Y T 8 ) OIS, X IR % 22 4 Y B K
PRI, G 9 1 kR MAChe 8 7 Wl 2 50 2 LU B (SEA) Y [RI B, 38 1 LA IR 1) Hs 15t 7 D 1

VEREZE A BT RO R L WRBRICR A AR AR L, WO T RESR WOBCR L o BRI B R SR A (R i) [
AT ) A A 1) He b AT T AR, e B el 1 e 5 A AR SR AN DT A B TR R B
HBR M1 29 iy 0 L C BV A0) B DS AL 3 ) VBRSPS (B CEI P 3 TR 058 D p) o O T AR A AR WEAEL 0, T LA
A U R EAZALE N SIARIR T OB AT AT A TR SRR A A A T TR 2 R
Bt 7 (5 RER W IEAN G ), 3 % 2 7R R A LR ORI ™) 45 AL APRE, o 1 G0 BEAS 1 1 i 2 I
EU M Z AT AR . BRI LTI AT LR e B A A 2 T 35t D, (EL o o RE A Y 40 i 0
TR .

UEARR, “PraARBAR M — B AT THAR, W HIZ B AR i B 25 Fh 7 B 45 F BT TS R | 3%
PEHLT | BT ALE AN SFAR Bl R MR SO R LA TATAREOR, T ERE A AT LU T R THT
SEH, A e AT e M RE AR T DL el S ARORE R BT AN BT N B AR SRS AR R, & A n] DL i &
R BT B A, A5 A8 AT A B0 0 U W £ ) AR o P-4 5t ) o Song SRV FE DT L ARIIE L
BN AERE EGIA T RO ARASTEAE AR, 5 G0 B8 A b, 378 i B A ELAT AR Y pia AL
755 B pms Ma 55U 32 B8 37 & BROCAS MR 2, 4 R R IR 51 BIE ST BE J5 48 v, & K2 B 4f7 2

*  Urks HEA: 2019-12-26; & =] B #8:2020-01-20
E&WE: HEARPBE4(11732007)
YEH B BRAEA (1996—), B, W5 A, 32 52 DA S5 477 38 445 #0 1 WR RE R P A 5T
E-mail: chen_weidong04@163.com
BIEMESE: MBERE(1967—), B, Wi+, #042, F 2N F B NRE XAk 35 2 A s I ox.

E-mail: tiansu@mail.xjtu.edu.cn

055301-1


mailto:chen_weidong04@163.com
mailto:tiansu@mail.xjtu.edu.cn

i34 % = JE LY} L 2% Eitd 55

RER HAT PR Rt 1 - R 2k, S AL G007 8 M LG, XUEE BT B W BE A po 5 T T 29.2%, T prman AR T
56.5%; Ma A1) 4 75 0 0 BE AL A i i) [ 35t A v, A% Sl VB R Y I RE AR B e — R B S I A A
FIABIEG T b, A WA (R TR I A b AR T B AR U, B s BB BB B R S T — A,
BE— AR R T X RYT BB 19 p; Zhou SEUT X Ma S5 )22 AT SO HEA T 1 25 T 446 A0 R o
i i, AT LA 2 MO0 I S0 W REBCR A2 5 Yang 451 AT Yuan 2500 23 54 X #2202 805 A
EHBIEE B, AR T prnad FIRRIE R T pos Wang S5 WFSE T 22 I 31 3 J7 45 08 JLART dk g3 ) 80/
P, A58 13X Bh T SUE R FR A TR I e B 5 1 -5 BE B LU AELAR) I 5715 2 T Ma 250 Y22 IE AT 8L, Zhou
PR T IR A, SIAHEEE TS R A T SR A SUE AL T B RERICR 5 Xie 1 i TR
(6] — AN EREAT TR 5] A 3 Bl AN 6] A4 9T 80, EA5-3T 8 48 fi J 35% ak A AN ) B B AT AN ) 19 J 358 0 (L, HL7E
AT O T AR AT — 2% B TF BRSP4 2 7 B4 S8 ) il ) 22 O R R T4 3 B R/

5 B e Al A AR v, R R R AN R R R BE IS B R R A, PRI T 5t Ao e v Y BE A A T 35
J1BERLAS 9728 10 52 BUR IR D S R, IR AN R RERE B A R LI . T Xie S A JLAT 6 BE I S04
B AR, Bt T — M AR Al AR G AT B e T SO (R AR T B MR, TR T B A A AT R AS
F 45 260 T B0AT BROTBEALL, 15 B2 00 4 1 i A5 TR 47 25 1F T RO TR B AR 1 . TR, R 48
WFFETLATT S B0 7 B WO 4 I RESSCR IR I, LLARAS AT I 75 W RERCR B4 B AR 3

1 FBWGEENILITER

BT B WA A R AR AR LT A BT A T AT IR ) B, R e 2 R R 9 BE A B2 T A
B R T o I B i i LT 45 0, [T e S8 SE o B ITIR, 55 B LN R ITIR, xS N &4
WIS E; a, by B N2 BU8 B S 284 SUE BE BT B i S8 s ¢ d 23 0 S 4 A5 K A ) AL A
KRB Xy xp s x9S S A R AN ()AL A 4 BE, HG o e D 3 B 3R B (AT R AL ), o o 8 ELBE IR
B, v BRI s o2 BN IE SRS AT B il 5 RN AR I S5 000 T B 3 5 OKF TR K A, 6, 032
AT SUE B s ¢ RIS . B 1(a) RS TS 1A SR AE R o T B MR 100 A i v
EEAT LRGSO S 650 | Z R S5 B2 R 25 b i) — Fh s 2 Fh, Q& 1 (o) FIE 1(e) IR . A
BIF5E A 18 1 i B A BOAR [R] A 15 L

@ N i (b)

|lIII |
a, K 5,
¢ Vo, X | "-.}:)62
bl x, ; ) ’.
e )Hl = 'I W | e, \ a_/":
Al i
b fe X, X b
©) P - e <
/ \ |
X ——= ——A :
b\ |
/ |
' R § |
d

L

Fig. 1 Partial structure of folded shrink tube part
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Fig.2 Schematic diagram of folded tube compression Fig. 3 Material engineering stress—strain curve
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Fig. 4 Deformation modes of square and folded tube under quasi-static compression
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Fig. 5 Force and displacement curves of square and folded tube under quasi-static compression
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Table 2 Quasi-static compression simulation results of folded tube

Thin walled tube Prima KN Pi/KN W/ Primad KN Pun/KN Wy/J P KN P/kKN
C 35.59 11.53 35.59 11.53

S 23.88 18.11 25.32 18.11
C60-25.10.4-0 14.58 11.97 707.97 20.83 20.03 60.42 78.61 17.03
C60-30.0.3-0 15.35 13.26 512.72 31.36 24.63 616.35 31.36 18.40
C60-30.10.2-0 17.04 15.34 343.05 29.36 20.49 814.84 29.36 19.08
C60-30.10.3-0 14.61 12.99 404.03 32.27 22.78 709.73 32.27 18.58
C60-30.10.4-0 13.06 11.74 476.68 28.00 22.86 465.76 39.22 17.22
C60-30.20.3-0 14.11 12.96 323.85 35.69 21.68 776.22 35.69 18.75
C60-30.30.3-0 14.04 13.32 272.32 37.71 21.62 841.07 37.71 19.33
C60-35.10.4-0 12.43 11.69 337.39 25.64 21.76 603.20 28.72 18.22
S60-25.10.4-8 14.29 12.92 564.39 26.75 19.45 241.65 66.02 20.30
S60-30.0.3-8 15.29 13.60 563.69 27.28 23.58 464.36 30.00 18.09
S60-30.10.2-8 16.74 15.38 399.16 27.90 23.16 951.44 27.90 20.17
S60-30.10.3-8 14.56 13.30 446.63 27.77 23.34 709.25 27.77 18.65
S60-30.10.4-4 12.91 11.75 487.19 25.71 22.00 429.76 30.57 16.43
S60-30.10.4-8 13.02 11.99 506.97 24.96 21.91 390.70 30.78 16.41
S60-30.10.4-12 13.33 12.27 529.43 24.03 21.85 390.04 35.75 16.55
S60-30.10.4-16 13.54 12.44 547.42 24.45 22.26 462.71 38.48 16.34
S60-30.10.4-20 13.71 12.62 565.27 24.73 21.60 465.27 65.57 16.37
S60-30.20.3-8 14.08 13.19 357.51 30.54 22.70 861.02 30.54 18.95
S60-30.30.3-4 13.96 13.26 281.14 37.35 22.36 918.41 37.35 19.86
S60-30.30.3-8 14.01 13.42 294.32 28.17 22.19 941.43 30.39 19.46
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Table 2 (Continued)

Thin walled tube DPima KN Pin/KN w1 Prima KN Pun/ KN Wy/J P KN P./kN
S60-30.30.3-12 14.11 13.62 308.95 27.67 21.66 874.31 31.54 19.24
S60-30.30.3-16 14.48 13.83 331.41 26.98 21.25 746.88 33.44 19.55
S60-30.30.3-20 14.96 14.15 335.61 25.92 21.36 801.94 45.15 19.70
S60-35.10.4-8 12.47 11.83 345.92 27.42 22.45 760.73 27.42 17.89
H60-25.10.4-16 15.02 13.02 786.99 102.41 61.20 519.62 102.41 18.95
H60-30.0.3-16 15.89 13.74 556.07 37.15 29.12 830.22 37.15 20.10
H60-30.10.2-16 17.34 15.76 375.59 43.81 25.51 1149.31 43.81 22.14
H60-30.10.3-16 15.13 13.46 437.65 36.16 23.75 973.23 36.16 20.48
H60-30.10.4-8 13.45 11.98 495.54 39.01 27.82 767.19 39.01 18.32
H60-30.10.4-16 13.58 12.16 499.77 39.60 30.27 844.33 39.60 19.48
H60-30.10.4-24 13.69 12.41 517.13 44.85 32.16 804.22 60.97 20.89
H60-30.10.4-32 13.84 12.65 538.25 48.49 32.33 759.05 74.90 21.46
H60-30.10.4-40 14.09 12.85 557.04 35.21 28.13 420.96 78.53 21.89
H60-30.20.3-16 14.47 13.37 350.06 36.01 25.12 1075.92 36.01 20.68
H60-30.30.3-8 14.29 13.33 270.28 36.43 23.48 1097.22 36.43 20.37
H60-30.30.3-16 14.31 13.62 286.54 44.67 25.14 1195.94 44.67 21.59
H60-30.30.3-24 14.53 13.85 291.37 46.29 26.56 1271.32 46.29 22.68
H60-30.30.3-32 14.83 14.11 307.12 43.27 27.79 1233.83 43.27 23.61
H60-30.30.3-40 15.20 14.32 311.18 42.98 26.57 1221.30 42.98 22.59
H60-35.10.4-16 12.78 12.01 352.43 31.25 25.85 1013.33 31.25 19.94

PEFEAT B 45 % C60-35.10.4-0, S60-30.30.3-8 Fll H60-30.30.3-32 W 5T 3 FhJr 40 & A BE W ik,
&l 6(a). & 6 (b) FNIE 6 (c) 535 A 3 Fh 4T SUE AR L i B2 AN AR RCIEVE RN AR = P o IR BT B ML 4 48 1R A8
TEAG BT LAy 3 B Be: 55 1 B B o i HE B i ok B, AT IR TR 4 B RE 4 bR A L R A R A
B Ay ok 565 2 BB N B AT B, R Be B AT R B LR A B kAR SR R e AR Y
ks 55 3 B BON T SO R ARG R S R, O b A B S8 A AR TR O R B T RE A 57 4 1 S Bk R 4 0o B
Wo 551 B B LD I T R B A & AR PG, A BOUCAR 5 R 5 T W g v R A BT AL I K-t
SRS, IFTE A E I . 5 2 Y BT C60-35.10.4-0 FIAF S60-30.30.3-8 |- F 45 Be s AL A A1 6
HARIE, M4 H60-30.30.3-32 f T L F 45 Be sk, T 45 BN Al A RV B AR, 1A B AR I AR U
A o T B WA A R AR T 45 A 1 S 50 AR 2 TR AT A H WO 48 T e 25 4 v B HOK SR A = A T
[P 502 S B, 3 2 5 A 1 T T DX R L 8 A WO S I A S A B R I BB PR AR T, i L A B
A RS X I A T K RS s R MR BB, 7E X B AR T AR 2 Xk A A 2 [ e I s . Hop A
H60-30.30.3-32 FH T3 BE A5 P i 457 1 5 WM ARCT- 30 3 FR B R 5 7 58 30 76 s 18 P 7 87 A T TR 2 R [ e
SRR

3 AN HERE A 6 E B AS TR A0 25 0F B9 77 -5 8 1l 28 RIS 20 S B A5 A AR TR I 0 DL T 7. A B U 46 A Y
FEt T 2R EEIE A 58 1 B Bem e 5t 022, Bl /D, 2 R AR 1 B B bl 5 R A R 4, i A B
Pra BB AL P&, SR 1 R RE A 0 AR A 0 JR B, (A5 4 B WA A 1 Pl 1) B R R 0 AR E — S R B KO
552 BB IR B AR AR D B, Hirh A €60-35.10.4-0 FI4E S60-30.30.3-8 Ay [T 15t A7 ith 2k 2 S, 31X 2
Sk B AR B R R B R IR AL G AR I, 1A H60-30.30.3-32 PR AR A A AR AR AT EAE B R
HERE A5 B 32 A A0 il SR TR P AR R RIS, [ OB R T — B A AR, R e AR A
ASTR) Y FE 35t 70 55 3 B B R 5t ) 2o [, Hod 4 C60-35.10.4-0 A9 15t 77 i 4 7E 280 — B 2 B B
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Fig. 6 Deformation of folded shrink tube
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Fig. 7 Force-displacement curves of the folded shrink tube

055301-7



i34 % = JE Ll i 2% i 55

Pr B Wi A A TR ) i 2 288 BETE 3, 455 36 2 Bl 20 i 1 B 3 28 W A 1 W REPE RE i T T AR
B W)U AR ) AR, TR 4 i R 55 1 i BT B WA A RE A8 i — i A REH, LR T 5% ) P PR e
[7 Ff PRAIE e 35t T3 (E AR A AN K. 3R 2 3 AN SUE M THIRUE 5 12 4 07 8 M2 IR 808 3 L vl LAAS
B 3 FR ISR, Foh o T 808 TR 1 5L 4005 8 M2 A SO et 1 BAR X 1 0 L, IE(H RN 3
I, PR AR

®3I ITWEWBEMRESLL

Table 3 Comparison of energy absorption performance of folded tubes

Relative to tube C/% Relative to tube S/%

O tmax Otm O max O O tmax O
C60-35.10.4-0 —65.07 1.39 —19.30 58.02 —47.95 0.61
S60-30.30.3-8 —60.64 16.39 —-14.61 68.78 —41.33 7.45
H60-30.30.3-32 —58.33 22.38 21.58 104.77 —=37.90 30.37

3 P T S S A R R AR A AR S 1 O BT IR BB 430l A 337.39. 294.32 F1307.127, KRB E
o LW B i F /DN TORE B B BT, R A Y TR 5t ) IR A AR BN A . [RIESF, 3 Fh T S M 4 S AR X T
487 8 I SUETE B RE R WO E XA — o B, Hdh A H60-30.30.3-32 MR FHIREE e K . AR YT
AR H XS TR 50 7 8 MZE T 808 B TG 3 HLAR 55 1 W Re e Pk o

4 FHEMUEN/LASHEHR

YT S S A T 2 R R R TR i R A T SR T AR R i . PRI, R LT B0 Y LR S K
SO 3ok 3 PG BLIEAT A3 M : B 1 ol o e A A 1, A VPR it v A B 1) L AT Sk, AT o HL I e
78 A5 575 2 2 5 aok BB 3 45 S5 A0 I AT 2 8 ey . 0,1, LABUZE S BUE I S5 A TR AR 5 3 o2 O Ay
B AR 2 R JLT S5 b e
41 MinEEE RN

R T BRI B WA A VA i v R A B 4 ) o A I R AR B B T, 2 BB e EL A S [ 3 A 4 A R AT
PO AT AL . AT 808 & S R 40 5 @ =300, 6, =10° | x; =4 mm Fla, =30°. 6, =30,
x;=3mm, H S B E S Ea iy BUE X 8] SH 4~20mm, 8] F§ N4 mm, H 45 2 504 14 BUE X 8] R
8~40 mm, [0] B A8 mm . AfF 5% 15 i Y0 R A 5 4t ) XoF WAL 4 A W B ASCSR BB R B, 43 43 S LA AN H Y
B/ CRIEMR XA .

& 8(a) A& 8(b) Ry S I 5 C AU J1 -7 RS h £k X L, 18] 8(c) AIIEl 8(d) i H AUAF 5 C AUAF 1) 71 -
(RS IR X FE o TRtk /s 7 S 7 BE S R A TR s 5 | AT B0 S R4S RN H B A% (A9 PR 4 s RE A28 1 B B
Bk, Hl AWPracdr & B se, 55 1 BB K BB R o X2 TRl AT 8UER 7RSS 1 By B b
W37 &S BT TG BOE R 5y oAb AR, BT &R ER, P18 BES 1 BBk mA B &
MK, G5E 2 PRSI, kP A AR R N S R FE X T C A4S B AR AY prime DA S I B s
M C RS 2 BBt IR (B ), 38 R A% e A B AL O 2R R AT SO B nT DL R IR AR A,
FE 8(b) iz o i i T H A4S 2 B B b i A B (0 A8 T8 75 LA O 2 b 2 AR i i, AR C AL, H
Pma M po K o B 8(a), Bl (b) A (c) HR 4 J1 -0 fh 2618 2] T 41 808 2% B B, I BT & 0 5 i
K, Prais B R R 4 % 52, X J& RN T & RS, P 8UE BRI . BRUL, SEAS AR R Y S BT a0
FEA B 48 B BOAE AT T C BV ELAT SRR A R g, 10 H B A AR T C YA EL AT B 0 BB A TR A

055301-8



534 4 Wi R S FLA A L TR R L4 B N 9 I RE T 55

50

(b)
40 |

30 -

20+

Force/kN
Force/kN

50

401

30F o

Force/kN

20+

Force/kN

-10 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
Displacement/mm Displacement/mm
8 Wi AR AT B R i 0 - B i 2

Fig. 8 Force-displacement curves of the folded tubes with different structures at both ends

42 EEEWTHLHT I

VLR AT 3 IS B e 6,y BB AT 4 ERENSHED
%‘le%%%[%{ié%ﬁ ﬂﬁﬁ?ﬁ%*@o #ﬁﬁ, %%é} Table 4 Connection structure parameters change
BFIX 3 4 28048 3 1 402 B G T A AL X4 804 Group No. /() e /mm
W B RCR B2 55— 7 T, T LA T A SR B 2 10 4
B A Xt T S A W R R AR SR S, R RS i ! 30 10 4
B B B A AR OB IR, B4R S A R L R A 33 10 4
2 I 55 4 518 mm A6 mm, HLAR$E RS . % 30 0 3
S A H SR LN 3 AP X 30 10 3

9 (a). [ 9(b) FIE 9(c) 43 31% 3 AT 2 30 20 3
Y IS o, B RS IE, T8 9(d). 8] 9(e) FTEL 9(f) Kk 30 30 3
A0, B, 1 9(g). [ 9(h) A E 9i) 28 x, 11 30 10 2
R 725 A 3 0 K B 5, 1 B 3 30 10 3
R, 5 FIo B K NE BRI X F . 30 10 !

P9 m] LAFE M, 3 U8 HAt )X ST AR R S R 2 A I BB, TR 4 BE A 5 1 B Bed R, T U
Pt . TEAT EIX 3 A2 HUUL X SR A5 K I BE B2 M I, ph 36 2 1531 £ 25°~35°Z 1], o Bk
A2 5% T 31 B WA A 4 pron T prova 2 TR AN A5 75 00~ 30° 2 8], 6,880, 1 3 AR A B pranan /0N, T3 X i 52 WD
AR AE 2~ 4 mm Z[a], xR, I7 B WA 1 Pima M pron B/ o 777 A2 0T B G S DR S 3 28 Wi 40 48 7 1 4
45 ) 1 S 9B RS B H AN T L T R T RS R S5 K, 6, R BOR, BT SO B B R A R ik . A
1, AT ok A A T 0 R 4 SR 4 T B Wi e R 35t 0 OF 15 BT o A IR BE L A8 [ I i R e,
x K AT B AR B Y Prmas o

055301-9



5 34 % [T s S 7/ R - (N S 4 55
80 -
60
Z
< z
340} S
5 5
= =
20 -
ok
1 1 1 1 1 1 1 1 710 1 1 1 1 1 1 1 1
-10 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
Displacement/mm Displacement/mm
120
(c) (d
—o— H60-25.10.4-16 40— C60-30.0.3-0
100 ~o - H60-30.10.4-16 -0 - C60-30.10.3-0 .
-4 - H60-35.10.4-16 -4+ C60-30.20.3-0 i
801 30k v+ C60-30.30.3-0 R
Z Z
) L
E 60 %20 -
5 8
= 40 =
10 -
20
of Or
-10 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
Displacement/mm Displacement/mm
35 50
© _4 i R ®
b o o008, A —o— H60-30.0.3-16 Y
AL o 9 40+ -© - H60-30.10.3-16 I
A - 560-30.20.3-8 = -.a- H60-30.20.3-16 !
25+ -v-8S60-30.30.3-8 & . e N
v -v- H60-30.30.3-16 :
' 30+
20 - a
3 S
sa 15+ S 20+
= =
10 -
10 -
5k
of Or
-10 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
Displacement/mm Displacement/mm
35 35
()
30 F 30F —@— S60-30.10.2-8 .
- o - S60-30.10.3-8 ap
251 sl A S60-30.10.4-8 -
§ 20 z 20k
g 15+ g 15 F
= =
10 -
10 -
5k
51
ok
ok
210 0 10 20 30 40 50 60 70 -10 0 10 20 30 40 50 60 70
Displacement/mm Displacement/mm

055301-10



534 4 With AR 45 B0 R & W s 5 B IR RE A

ER
50
@
—o— H60-30.10.2-16
40L  -o - H60-30.10.3-16 :
-2~ H60-30.10.4-16 -
30 F
£
8
S20}
s
10}
0 -

-10 0 10 20 30 40 50 60 70
Displacement/mm

FO AT AR BN -0 R

Fig. 9 Force-displacement curves of the folded tubes with different connection structures

43 b/t IR

Pr & AR SR IR B S5 S 80N bR, XIS S HOM B ST, R IUASHIF 58 20 BT b/ e X 4T 28 Wi 46 45 W4
PERERYRZ MR, 433 BXLH K140, 50, 60, TORI80 mm . HCAE b/}, PRIEHT B i 4 48 Hofth J LA S HORAE, & #2245
M FFa, =30°, 6, =30°, x; =3 mm, S B AT S M SN 8 mm, H AYE BT & it 98 8 4 16 mm.

H & 10 W] LA Y, B b/e g 1, 97 & WAR 45 00 R 15t 0 22 T Rk 4, LR Rl 2 RO AIG, R 10t 7 iy
2R BRI RS L FEES 2 BB, 45 C40-30.30.3-0, 4§ C€50-30.30.3-0, 45 H40-30.30.3-16 FI44
H50-30.30.3-16 1 J7 -0 # i £ 5 AT S8 AH F AT — 2 1 DX, 2 DR R b ask /N 45 19 b 3 28 WA 46 45 R

60} (@ 60
50 - 50
40+ 40
g g
830} 230
< &
201 20
10} 10
0 0 1 Il Il Il 1
-10

-10 0 10 20 30 40 50 60 70

Displacement/mm Displacement/mm

70

©
60 -

Force/kN
[}*] (98] B W
[} S (=) S
T T T T

—_
=]
T

(=]
T

-10 0 10 20 30 40 50 60 70
Displacement/mm

10 N[0 B JREIN 4 S i 8 1Y -0 B i 2k
Fig. 10 Force-displacement curves of folded shrink tubes with different edge length and wall thickness

055301-11



i34 % = JE Ll i 2% Eitd 55

SR B B R A SO BB R T A S R A AT o DRI T D sk R (6 b 9 B BT A M
{1 B RN, SR 25 b K R MR AT 28 A 45 5 0 P T 0
5 &

S A BR T ST T T A A e 0 5 R 0 W R Rl 285 S R s £ TR vh B A T kA
VAR P47 785 34 0 10, T L 6 SR 5 1400 T WA () 4 25 - 4 P 0k 7 5 7 T RE A T 0 5 A 360
PTE0, 6 AT 00T A WO R 1 T2 T AT L R 2 30 B T 2 A 0 5 565 2 W B P 1 0 £, 1 5
NS I 7 5 40 4 T L R 48 5 4 A R 1 B R . RS AT A M A 1 LA B T 47 B i
G W RE AL AT — B0 T B, PR R A 1 I B 3 K kG, 47 I B, T 4
5 L 4 S AT A I ARAS , 7 T4 405 2 W Bl 2 5 B T 7 2R 405 E 0°~ 3093 Bl P o4 2 4
2 B0k, BAE 2~ 4 mm 35 BB P9k, T A A 0 W (3 AN, R R
bR, T 0 FE T 1A/ DRI, S WA 7 28 U0 L B W, T LR P A — 72 905 ol Py 34
KO, x HIb/t 715 R T WA T B 3 AR, T LA 1T S 0417 28 A0 45 A5 i b A A7 28 55 BE 25 b T 4270
7 S 4 9 RE RN, T LA P H TR AT A U B MR 0, . xR /1%

£33k

[1] SINGACE A A. Axial crushing analysis of tubes deforming in the multi-lobe mode [J]. International Journal of Mechanical
Sciences, 1999, 41(7): 865-890.
[2] WIERZBICKI T, ABRAMOWICZ W. On the crushing mechanics of thin-walled structures [J]. Journal of Applied Mechanics,
1983, 50(4a): 727-734.
[3] SONGJ, CHENY, LU G X. Light-weight thin-walled structures with patterned windows under axial crushing [J]. International
Journal of Mechanical Sciences, 2013, 66: 239-248.
[4] CHENG Q W, ALTENHOF W, LI L. Experimental investigations on the crush behaviour of AA6061-T6 aluminum square
tubes with different types of through-hole discontinuities [J]. Thin-Walled Structures, 2006, 44(4): 441-454.
[5] HAN H P, TAHERI F, PEG G N. Quasi-static and dynamic crushing behaviors of aluminum and steel tubes with a cutout [J].
Thin-Walled Structures, 2007, 45(3): 283-300.
[6] DANESHI G H, HOSSEINIPOUR S J. Grooves effect on crashworthiness characteristics of thin-walled tubes under axial
compression [J]. Materials & Design, 2002, 23(7): 611-617.
[7] EYVAZIAN A, HABIBI M K, HAMOUDA A M, et al. Axial crushing behavior and energy absorption efficiency of corrugated
tubes [J]. Materials & Design, 2014, 54: 1028—-1038.
[8] ZHANG X W, SU H, YU T X. Energy absorption of an axially crushed square tube with a buckling initiator [J]. International
Journal of Impact Engineering, 2009, 36(3): 402—417.
[9] HANSSEN A G, LANGSETH M, HOPPERSTAD O S. Static and dynamic crushing of circular aluminium extrusions with
aluminium foam filler [J]. International Journal of Impact Engineering, 2000, 24(5): 475-507.
[10] KIM H S. New extruded multi-cell aluminum profile for maximum crash energy absorption and weight efficiency [J]. Thin-
Walled Structures, 2002, 40(4): 311-327.
[11] ZHANG X, HU H H. Crushing analysis of polygonal columns and angle elements [J]. International Journal of Impact
Engineering, 2010, 37(4): 441-451.
[12] TANG Z L, LIU S T, ZHANG Z H. Energy absorption properties of non-convex multi-corner thin-walled columns [J]. Thin-
Walled Structures, 2012, 51: 112—-120.
(13] 2%, 220 Y4 M HATR BTGt 45 [J]. 125243k, 2018, 50(3): 467-476.
LI X, LI M. A review of origami and its crease design [J]. Chinese Journal of Theoretical and Applied Mechanics, 2018, 50(3):
467-476.
[14] SONG J, CHEN Y, LU G X. Axial crushing of thin-walled structures with origami patterns [J]. Thin-Walled Structures, 2012,
54: 65-71.

055301-12


http://dx.doi.org/10.1016/S0020-7403(98)00052-6
http://dx.doi.org/10.1016/S0020-7403(98)00052-6
http://dx.doi.org/10.1115/1.3167137
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.tws.2006.03.017
http://dx.doi.org/10.1016/j.tws.2007.02.010
http://dx.doi.org/10.1016/S0261-3069(02)00052-3
http://dx.doi.org/10.1016/j.matdes.2013.09.031
http://dx.doi.org/10.1016/j.ijimpeng.2008.02.002
http://dx.doi.org/10.1016/j.ijimpeng.2008.02.002
http://dx.doi.org/10.1016/S0734-743X(99)00170-0
http://dx.doi.org/10.1016/S0263-8231(01)00069-6
http://dx.doi.org/10.1016/S0263-8231(01)00069-6
http://dx.doi.org/10.1016/j.ijimpeng.2009.06.009
http://dx.doi.org/10.1016/j.ijimpeng.2009.06.009
http://dx.doi.org/10.1016/j.tws.2011.10.005
http://dx.doi.org/10.1016/j.tws.2011.10.005
http://dx.doi.org/10.6052/0459-1879-18-031
http://dx.doi.org/10.6052/0459-1879-18-031
http://dx.doi.org/10.1016/j.tws.2012.02.007
http://dx.doi.org/10.1016/S0020-7403(98)00052-6
http://dx.doi.org/10.1016/S0020-7403(98)00052-6
http://dx.doi.org/10.1115/1.3167137
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.ijmecsci.2012.11.014
http://dx.doi.org/10.1016/j.tws.2006.03.017
http://dx.doi.org/10.1016/j.tws.2007.02.010
http://dx.doi.org/10.1016/S0261-3069(02)00052-3
http://dx.doi.org/10.1016/j.matdes.2013.09.031
http://dx.doi.org/10.1016/j.ijimpeng.2008.02.002
http://dx.doi.org/10.1016/j.ijimpeng.2008.02.002
http://dx.doi.org/10.1016/S0734-743X(99)00170-0
http://dx.doi.org/10.1016/S0263-8231(01)00069-6
http://dx.doi.org/10.1016/S0263-8231(01)00069-6
http://dx.doi.org/10.1016/j.ijimpeng.2009.06.009
http://dx.doi.org/10.1016/j.ijimpeng.2009.06.009
http://dx.doi.org/10.1016/j.tws.2011.10.005
http://dx.doi.org/10.1016/j.tws.2011.10.005
http://dx.doi.org/10.6052/0459-1879-18-031
http://dx.doi.org/10.6052/0459-1879-18-031
http://dx.doi.org/10.1016/j.tws.2012.02.007

%3446 With AR 45 B0 R & W s 5 B IR RE A 55

[15] MA JY, HOU D G, CHEN Y, et al. Quasi-static axial crushing of thin-walled tubes with a kite-shape rigid origami pattern:
numerical simulation [J]. Thin-Walled Structures, 2016, 100: 38—47.

[16] MA JY, YOU Z. Energy absorption of thin-walled square tubes with a prefolded origami pattern —part I: geometry and
numerical simulation [J]. Journal of Applied Mechanics, 2014, 81(1): 011003.

[17] ZHOU C H, WANG B, LUO H Z, et al. Quasi-static axial compression of origami crash boxes [J]. International Journal of
Applied Mechanics, 2017, 9(5): 1750066.

[18] ZHOU C H, WANG B, MA J Y, et al. Dynamic axial crushing of origami crash boxes [J]. International Journal of Mechanical
Sciences, 2016, 118: 1-12.

[19] YANG K, XU S Q, SHEN J H, et al. Energy absorption of thin-walled tubes with pre-folded origami patterns: numerical
simulation and experimental verification [J]. Thin-Walled Structures, 2016, 103: 33—44.

[20] YUANL, SHIHY, MAJY, et al. Quasi-static impact of origami crash boxes with various profiles [J]. Thin-Walled Structures,
2019, 141: 435-446.

[21] WANG B, ZHOU C H. The imperfection-sensitivity of origami crash boxes [J]. International Journal of Mechanical Sciences,
2017, 121: 58-66.

[22] ZHOU C H, ZHOU Y, WANG B. Crashworthiness design for trapezoid origami crash boxes [J]. Thin-Walled Structures, 2017,
117: 257-267.

[23] XIERK,HOUD G, MA JY, et al. Geometrically graded origami tubes [C]//Proceedings of ASME 2016 International Design

Engineering Technical Conferences and Computers and Information in Engineering Conference. Carolina: ASME, 2016.

Energy Absorption of Folded Shrink Tubes with Gradient Stiffness
CHEN Weidong, MEN Heng, TIAN Xiaogeng

(State Key Laboratory for Strength and Vibration of Mechanical Structures,
Xi’an Jiaotong University, Xi’an 710049, Shaanxi, China)

Abstract: Thin-walled tube is a common energy-absorbing structure. The introduction of folds in thin-
walled tube can induce the deformation of thin-walled tube, reduce the initial peak force of buckling of thin-
walled tube and improve the energy absorption of thin-walled tube effectively. At present, when the folded
tubes subjects to axial compression, the crushing force decreases significantly after the initial peak force,
which lowers the energy absorption performance of folded tubes. In order to further reduce the initial peak
force and increase the total energy absorbed of the folded tube, different forms of folded tube are introduced
into the square tube to obtain a folded shrink tube. The relation between force and displacement and
deformation of the designed folded tube under the quasi-static compression is obtained by using
ABAQUS/Explicit. The results show that the collapse force of the folded shrink tube is in the form of a
gradient during the compression process. Compared with traditional square tube and diamond tube, the
folded shrink tube not only has lower initial peak force, but also can greatly improve the total energy
absorption. The influence of geometric parameters on the performance of the folded tube was studied
systematically. The best performance folded shrink tubes were obtained.

Keywords: folded tube; energy absorption; quasi-static compression; finite element; gradient stiffness
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Table 1 Johnson-Cook parameters of penetrator and target plate

Component A/MPa B/MPa n C m Tm/K
Penetrator 1500 460 0.70 0.025 1.09 1793
Target 350 275 0.36 0.022 1.00 1795

Griineisen R 77 FE 1 Rk KR
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Table 2 Parameters of Griineisen equation of state for penetrator and target plate

+(yo+aw)E 2

Component po/(g-em™) E/GPa S Y0 a c/(km-s™)
Penetrator 7.80 0 1.49 2.17 0.46 4.569
Target 7.85 0 2.20 1.93 0.46 4.440
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(a) Initial state (=0 ps) (b) Early stage (=60 pus)  (c) Medium stage (=200 pus)  (d) Last stage (=420 ps)
B3 iR A ARHR A SR A i

Fig. 3 Process of split penetrator obliquely penetrating a single-layer steel target
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Fig. 4 Comparison of pitch angles between split penetrator and integral penetrator
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Fig. 5 Comparison of ballistic deviation between split penetrator and integral penetrator
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0.772 0.871
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(a) Split penetrator (v=500 m/s, =60 ps) (b) Integral penetrator (v=500 m/s, =60 ps)
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(c) Split penetrator (v=800 m/s, =40 pus) (d) Integral penetrator (v=800 m/s, =40 ps)

K6 RIS AR RIIATERIITTINRZ ) 2 A

Fig. 6 Stress nephograms of split penetrator and integral penetrator at the early stage
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Fig. 7 Comparison of pitch angle of projector with different thicknesses of protective shell
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Fig. 8 Comparison of trajectory deviation of penetrator with different thicknesses of protective shell
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Numerical Simulation of Ballistic Stability of Split
Penetrator Penetrating Steel Target

WU Hanlin, QU Kepeng, SHEN Fei, ZHOU Tao, GUO Hongfu, GU Hongping

(Xi’an Modern Chemistry Research Institute, Xi’an 710065, Shaanxi, China)

Abstract: In order to improve the trajectory stability of the projectile penetrating the steel target, a split

penetrator was designed. Through LS-DYNA simulation, the trajectory variation rule of the split penetrator
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penetrating 14 mm-thick single-layer round steel target at obliquely 15° and different speeds was obtained.
The influence of both the thickness and the installation gap of the protective shell on the pitch angle and
trajectory deviation of the projectile were also discussed. The results showed that the split penetrator can
effectively improve the penetration trajectory stability. When the penetrator speed is 500700 m/s, the
greater the thickness of the protective shell head, the smaller the pitch angle of the projectile and the
trajectory deviation. When the penetrator speed is 800 m/s, the deflection angle and trajectory deviation of
the projectile with a moderate thickness of the protective shell keep at the minimum. Besides, the installation
gap of the protective shell can reduce the deflection of the trajectory by 8%—12% under specific working
conditions. This is because when penetrating at low speed, the protective shell is not completely destroyed,
and the attenuation of the stress wave increases with the thickness of the head, while at high speed the
protective shell is gradually broken to a complete destruction to absorb the impact energy to the greatest
extent and improve to the best ballistic stability; By increasing the clearance of the protective shell
installation, the damage of the protective shell with a thicker head or at low speed penetration can also be
improved.

Keywords: split penetrator; oblique penetration; pitch angle; trajectory deviation; ballistic stability
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100 mm., {3 & R A NLG202-Z #0300 38 45, A8 D7 40 (o0 0] 2 00 iy R0 40 s s 8, - [l Se i v i o 3
T R B A [ 6 0 3 o s o) 2 B 2 A TR o B R AR e e T R A & O A 2 B .

Ballistic Fragment Fender Coils Target Coils Recovery device

Tachymeter —

R e w2y =4

Fig. 1 Schematic diagram of test equipment
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=

(a) Fragment and nylon sabot (b) Fragment in the nylon sabot

K2 w5ty

Fig. 2 Pictures of fragment and nylon sabot
1.2 RIERR S

1.2.1 RIS
F1ME 2 H TEEESEEH R EM 7.2 mm #AR LK (3.6 +3.6)mm, (5.4 + 1.8)mm FI(1.8 +
5.4) mm AR AR S5 R, Hor n AR BE, Ay hy AT SRR, v, LRI, v, RS
SR AR 5T A RIS 114 28 3.7 ¥ Zukas A Y Kk 20N

0 0< vy <y
v = 1 ©)
{a (Vg—v3,)? Vo > Vs
v, B AT (m/s), v, W HEJS ERBE (m/s), vy, S SERIE AR BRI (m/s), o 40
£ 1 £8EkEH]7.2 mm 1 (3.6 + 3.6) mm Q235 MM I8 # 2
Table 1 Test data of 7.2 mm and (3.6 + 3.6) mm Q235 steel penetrated by tungsten alloy fragments

No. Hh/mm v/(ms™) v/(ms™) Results No. (h+h)mm  vy/(ms™)  v/(ms™) Results
1-1 7.2 837.0 558.9 Pennetration 2-1 3.6+3.6 652.5 395.5 Pennetration
1-2 7.2 787.3 504.9 Pennetration 2-2 3.6+3.6 631.4 344.1 Pennetration
1-3 7.2 718.5 4133 Pennetration 2-3 3.6+3.6 619.0 310.8 Pennetration
1-4 7.2 653.5 287.0 Pennetration 2-4 3.6+3.6 604.0 266.2 Pennetration
1-5 7.2 570.1 240.5 Pennetration 2-5 3.6+3.6 579.2 172.3 Pennetration
1-6 7.2 552.5 152.4 Pennetration 2-6 3.6+3.6 565.1 94.6 Pennetration
1-7 7.2 5325 79.5 Pennetration 2-7 3.6+3.6 561.8 62.1 Pennetration
1-8 7.2 4943 No pennetration || 2-8 3.6+3.6 532.7 No pennetration
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Table 2 Test data of (5.4 + 1.8) mm and (1.8 + 5.4) mm Q235 steel penetrated by tungsten alloy fragments

v/(m-s™)

No. (h+hy)/mm v/(m-s™) Results No. (h+h)ymm v/(m's™) v/(m's") Results
3-1 54+18 601.9 301.2 Pennetration 4-1 1.8+54 602.5 269.1 Pennetration
3-2 54+18 577.6 216.0 Pennetration 4-2 1.8+54 555.7 181.3 Pennetration
3-3 54+1.8 553.4 189.5 Pennetration 4-3 1.8+54 526.3 133.1 Pennetration
3-4 54+18 542.6 150.0 Pennetration 4-4 1.8+54 507.7 106.6 Pennetration
3-5 54+18 529.3 86.5 Pennetration 4-5 1.8+54 503.9 74.2 Pennetration
3-6 54+1.8 524.3 50.1 Pennetration 4-6 1.8+5.4 499.5 534 Pennetration
3-7 54+1.8 472.3 No pennetration

H [ T ST A 5 B R R 100 Q235 AW AT M A Al PR 25 25 B2, 7.2 mm AL A ) A% PR 25 3

B K 523.4 m/s, (5.4+ 1.8)mm, (1.8 +5.4)mm H1(3.6 + 3.6) mm BUZ 48 b it H BIR 2% 385 1 3 3 31l 521.8.,
494.6 F1559.4 m/s. X LLATHN, (1.8 +5.4) mm #EAR A9 4% BIR 25 375 3 B f 1K, (3.6 +3.6) mm #E AR 5, 7.2 mm
RO AR PR 2 375 4 5 (5.4 + 1.8) mm FEARAH 2 . YRR EE N 7.2 mm B, AS[FHEF 5 280 AR A% BR 25 7%
R RE 22 AR, U I 7 R AR R B R AE A LR, Sl A B A R LA K R M e RO AR A P s B
122 BHAFILER

A TR HE 51 T3 3 A0 AR ) T 40 15T 3 B2, A (DS AR 25 5 s R R RS RS I 4 s o i 18T 4 0T

1, BJR 7.2 mm BFEAR N B VTR, BEAR A PR A A MG AR 5 (5.4 + 1.8) mm S AR A J5 BEAR Ay SEE
P ALBEIR, I B # AR B R B 1 M B A8 0 5 (3.6 + 3.6) mm $EAR A AT FE AL -F- 1% A MR AR Y, )5 4
i Sy ML 7Y (4 35 OISR, HLJS R I A A8 T R B A /0N s (1.8 + 5.4) mm B 1) T #E Al [R) FE V504 191 j AR T8 , i
Je FEAR R S (4 S DI, LS SR AR A U B AR R L (5.4 + 1.8) mm FEA/IME £

(a) (5.4+1.8) mm

(b) (3.6+3.6) mm

(c) (1.8+5.4) mm

3 XUZ AR
Fig. 3 Profiles of double-layer targets

(a) 7.2 mm (b) (5.4+1.8) mm

(c) (1.8+5.4) mm (d) (3.6+3.6) mm
4 RFEFEAR A SERTRE RS

Fig. 4 Front and back states of different targets
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Table 3 Relationship between the hit speed and pitting deformation of the targets in different arrangements

(b) (3.6+3.6) mm

(c) (1.8+5.4) mm
&5 AT AR ER X L

Fig. 5 Comparison of targets deformation at different speeds

(hy+h)mm  v(ms')  d/mm (b, +hymm  vim-s")  dmm | (b +h)Ymm  v/(mss)  d/mm
601.9 7.47 602.5 7.03 652.5 10.09

577.6 10.93 555.7 7.23 631.4 10.35

553.4 14.04 526.3 731 619.0 10.67

54+1.8 542.6 15.33 1.8+54 507.7 7.41 3.6+3.6 604.0 11.02
529.3 16.84 503.9 7.42 594.0 11.37

5243 17.39 499.5 7.43 565.1 12.82

561.8 13.06

(a) 7.2 mm (b) (5.4+1.8) mm (c) (3.6+3.6) mm (d) (i.8+5.4) mm
&l 6 Il v 52k
Fig. 6 Recycle fragment and plugs
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3 vy SR AN A PR 7 L
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22 HREHE
221 BHEGEIEHAFERE
R B A e B P R A SR R AL RISk R A A 4R S 1) S R B B RE S
E, = [l_mp/(mp+msn)]mpv(2)/2 (6)
s m, R FEH T, T A 2 W U2 R 22 18] A AH AR, R U2 SR A A AR5 R 48 FERE .
TEREAR A 4 o B, 6 03 88 v 150 B T 7= A (R R N, T p TR AR N
pcPyc, 1

p= m"o = EVO (7
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oy ®

Kt p BB, ¢ H—HEFFIGE, T 6. p 0 BIFR R R o —4EFF IR ¢ n] LLdE o T A0k 150
c=+E/p )

A E AR BB A
= 8) AKX (6) 17

E:ZZ[1_’np/(n/lp""nsn)]Wlplﬁzpz/2 (10)

] B, FEAST I 46 A R A 1a], fh o BT [0 8 U040, (o s i) 1 e 3 R, BRI, I 24 2% G A
A 77 A W VE L, BT I4T 0 5 8 B 58 R 1 ) 43 5o
P, =4ht/d, (11)
K n AR EE; d,, M FER B AR, T BCR R AR A AR R S A B U5 B
% R 1 4 BB B 1E N 7, HAR A (10) H, AT AR
E> = [1—my [(my+mg)m, ¢ (p+P.)* /2 (12)
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K, HEAHFGE H 2% 5 ¥R A S8 AR TE o AR SR A 4500 i 5% 42 6 MO BT AR A0 14k R AT A5 1 1 S A 1 o 2
JEAERE, 45 & ASWF 15 B3 F T A 3K 55 1% $E Al 11
FAFERE N3 SR A A 1 (R AR 5 5 ol 0 Al 1 9 12
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o e, AEARARE B9 JE IR AE, @ S BRI Ak B i

7 Ry LRI

Fig. 7 Schematic diagram of ductile failure

i

<

LIRS, da NIRRT SEEE, x AR AR A IS B I
BRI R B RO S 1 1T S P A2 BE R Fig. 8 Schematic of plastic deformation
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Fig. 9 Relationship between the hit speed and pitting deformation of targets in different arrangements
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Table 4 Material parameters of fragment and target used in the test’?*>*!

Material pl(g-em™) E/GPa c/(m-s™) o /MPa D P
Tungsten alloy 17.90 417 4831
Q235 steel 7.85 214 5221 320.5 305.8 2.7515

SR TR HES I 2T AR A A FE A RERE, L E O BERE, SO AT IR 22 . MRS e 3,
1330 7 WA TR RS 7 AR B B FERE, 5 AWEE BB FEACAUAT D A TR (B X LU AT, AR A 1 2
BN, HRHR hEERERE . AR AERE TN FLAEBE MY 22 5 02 B TR AR B SR A TR) 1 5 1A 1, 30 A R AR
P IERE IR A R AR FERE o A TR R HE A 5 2T B0 AR A A i SE B SR BT AL IR Y S AR RE T A,
(5.4 + 1.8) mm $E A A& A= vl SE R IR ALY FLAE IR 0 SV FE RE M 660.2 J, o il (=2 DT AR S FERE Y 63.1%;
(3.6 + 3.6) mm H AT i SEBE IR 19 L FEBE M 808.5 T, i i 4= W) HE Al ELFE RE 11 64.7%; (1.8 + 5.4) mm HE Al
RN B FERE A 731.9 T, i R R S AERERY 74.4% BRI AT A, BE AR A i A SO T AR R
RAMAE R A EE R, HIG AR, AR X N B R 19 BB FE L A1 A A1

(1.8 +5.4)mm H1(3.6 + 3.6) mm U (1) 1 45 #E 58 1 MR FERE 20 51 o B HE = 1) 68.5% 1 80.4%.
BT, X ASTRIHES J5 A $E A, 24802 S 2 A h ZE R IR B, SRR 194 s 448 A 78 R TV 574 R i X Al
HIPT IR M REAT TE K A5 .

£5 RBERMITEHERILR

Table 5 Comparison of the test and calculation results

E/I

(h,+h,)/mm EJ/J EJ/] EJ) EJ) %
Calculation Experiment

54+1.8 336.2 269.6 54.4 386.3 1046.5 1095.9 —4.5

1.8+54 435.7 296.2 209.4 941.3 984.6 —4.4

3.6+3.6 564.4 244.1 439.7 1249.2 1259.5 0.8
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ANFEIHESE BT 0 i BR 28 8 3 B, an 3k 6 Fios . Table 6 Comparison of the test and calculation results
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. RS S TR AR BB Grhmm o
B REFE, 77 AR TR 25 B i PR TSR I 2 TR Y

o S e 54+18 509.9 521.8 23

B WA SRR RO, i wois g
N E R CH =N =] = N 0

M. R LR i R R IR 2 4.5%, 4o, . 04 oa

/R 0.4%, Y B KR 258 2.3%, U AR
55 B REFER AL 1B R =2 XUZ R REAE A T &5 SR R v E Y .

MR 5 R AT LA H, (3.6 +3.6) mm A& R AR B 3 e e 4, RBFEI 2 . (HEE WA G, 5%
P EAE, MR (3.8+3.4)mm, (4.0+3.2)mm, (42+3.0)mm, (5.2+2.0)mm, (5.8 + 1.4)mm F
(6.2 +1.0)mm K m 4G ATREFETTEE, IS Rl & o AFEHES 7 00T THE A5 1) S e ae
W 7 B s Ja AR Y 91 B A8 T 38 i G ith 245 21, BA 25 R A1 10 BoR, o xR N TE R B (=10
1o A v R BB R I A AR R AR S RN 11 B . AR 7 BT LIAS H, BEAREE EE R 7.2 mm B, Bl
AR VL R 118 45 R e R U B A /N, i R ) 1L 5 A T R TR K, R 4 R Rt R R K, % R R Y
BB S AERERE Z P AR T . 4SS Z R EE N (3.6 + 3.6) mm I, R 455 #6 BE I [11 B 28 T 6 i ik 2] B i,
R EFERE e o 2, Pt RO AR JEE B A Ak S 3 I, i S AR o T 7 v, i AR ) [T B AR T 3 R, TR #E
AE LUAH S HE (08, Iz 4 FLAERE A 7™ A=, $AR S FE BB K THH SIS B HES i B FEfE -

x71 TREAFAREIRFERE

Table 7 Targets energy dissipation in different arrangement

(hy+h,)/mm E,/J EJ) EJ] EJ) E/
1.0+6.2 289.8 360.2 145.6 895.6
14+5.8 398.8 325.1 195.7 919.6
1.8+54 435.7 296.2 209.4 941.3
2.0+52 4479 283.4 238.7 970.0
3.0+42 462.8 247.9 378.5 1089.2
32+40 473.6 247.1 397.6 11183
34+38 488.4 244.8 436.6 1169.8
3.6+3.6 564.4 244.1 439.7 1249.2
38+34 493.4 244.8 432.4 1170.6
4.0+3.2 487.2 247.1 419.9 11542
42+3.0 480.3 250.8 405.0 1136.1
52+20 341.7 249.8 60.4 409.0 1060.9
54+1.38 336.2 269.6 544 386.3 1046.5
58+14 3395 310.7 423 3413 1033.8
62+1.0 318.0 355.1 30.2 272.2 975.5
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Fig. 10 Deformation of targets with different thicknessees Fig. 11 Total energy consumption in different arrangements
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Energy Consumption of Composite Double-Layer Targets
against Spherical Fragment Penetration

XU Rui', ZHI Xiaoqi', FAN Xinghua’

(1. College of Mechatronics Engineering, North University of China, Taiyuan, 030051, Shanxi, China,
2. Jinxi Industries Group Co., LTD., Taiyuan, 030051, Shanxi, China)

Abstract: In order to study the factors affecting the anti-elastic energy of the composite double-layer
targets, a tungsten alloy spherical fragment with a diameter of 9.5 mm and a mass of 8.05 g was used to
penetrate the single layer and the superimposed double Q235 targets with different combinations, which
were kept 7.2 mm in total thickness. The experimental results show that the ballistic limit of (3.6 + 3.6) mm
targets is the highest, followed by (5.4 + 1.8) mm targets, and (1.8 + 5.4) mm targets, which is the lowest.
The ballistic limit of the penetration monolayer 7.2 mm target is basically the same as that of the (5.4 + 1.8) mm
superimposed target. It is also found that the failure and energy consumption modes of superimposed targets
vary with different arrangements. When both the two layers of the targets produce slug failure, the
compression and sag energy dissipations together affect the elastic energy of the targets. However, when the
current target is punch failure and the rear target reaming failure, only the sag energy dissipation is the main
factor affecting its elastic energy. According to the energy consumption calculation of multiple combination
targets, the arrangement of (3.6 + 3.6) mm turns to be the optimal combination under the conditions of this
study. The results are of great reference value to the design of protective device.

Keywords: penetration; double-layered targets; energy consumption; critical penetration velocity
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MAZR I MU, /N4 EFPUY L gt R B U AR T R AT TR . AR, BRI R EE T ERIA
iR %) BFP iz sh R Wi #, KR BFP B8 J 1 18 g SR A X R B3k

i, ARWFFELA 1 kg %25 EFP 40Xt 42, 3 T AUTODYN A FRITAT B, RG24 | 2!
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1 HEEERHERE

1.1 HEER

7 FLARER 7K B, EFP 26 25 [ 3R 25 i 3 A3 20 4L, HOBAR 172 RN P 1 s . Ho, i s
i IR DA s R, o O S 5 Sk B AL B ) S R Y, A IR BEAC N Loy EFP 2K 24 Hh KF 24 F11 245 11 28 20 i
HARGERGINIE 2 PR o E2G BT 1 ke, MR R BIALIE, i 325448 R, KARLL L/D PINS B L,
2y TS R R OIY , SEBE R A0 6, 2 TS S 120 ) A D2k B SR A C R o KE 2R 2 R B T 5, R AR
FAEH s O AR ELL, O, 0, WM, KT O FXFK. IR SHILE 1.

Liner s}ructure D

v

o
Bl B 172 B 2 EFP #2445Hy
Fig. 1 Overall 1/2 model Fig. 2 EFP charge structure

®1 RIRRESH

Table 1 Original model parameters

Type Material L/D a/(°) 6/mm Lpin/R r/R
TNT Copper 0.5 120 2 2 0

1.2 REFHE
BT 05 AR U KoK R R IE . EFP R S i R A L KR T i R, A S TT e S B AR, S B0
2k, W, O BBRCR AR E i B H -BRX B33 5 (Arbitrary lagrangian eulerian, ALE) 17115 .
ALE B35 (8% 0 VAR : B3 B8 — 2 A B[R] 254, (58 AR 48 400 ot DX 35 1 O 20 30 A7 100 %o 5 D9 4 47 B 40 7
Fa, T A ) ™ O A AR . (BRI AR S I 4 B RL: AR KL MRS SR A AL
2552k FH 1deal Gas 7%

Pair = (7_ 1)paireair (1)
iﬁ:qj: pairﬂ‘j%/ELEjj9 pairﬁ%%%g9 é@ﬂﬁﬁ'y = 14, ttmﬁgeair = 2068 X 105 J/kgo
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7K 2% Fi Polynomial 77 &

A+ Aol + Ay’ + (Bo + Byt puoes, 1> 0
Pu= 2

T\pt+ Top® + Bopuoe, u<0

R po HIKIITE ST t=pu/ pwo— 1, Pus o2 B R IK B9 BEFIPIEA B 5 Ay Asy As. Bos B Th. To R
JUH G poo MK BRI R HE 715 e, /KB EE N AE . 7K AY Polynomial /7 2 £ E S HILEE 2, Frh Ak =51y
H VT AUTODYN MR,

# 2 Polynomial FEEHEESH

Table 2 Main parameters of Polynomial equation

A,/GPa A4,/GPa A,/GPa B, B, T,/GPa T,/GPa
2.20 9.54 14.57 0.28 0.28 2.20 0
YEZRH TWL J5 2
w 7 w v wE
pe:A(l——_)eR1V+B(1— _)CR:V‘FT (3)
RI V RzV V

K V=py0/0vs Por oo HEEZE T B AN IR 5 s E N AR FUIE 25 N BB AL B Ry Ry B W)
[ 5, BB ARG B SR 0 5 s ¢ W BRNEEG p WFELGIRITE . ANFIKELG RIS TWL 5 2 EEH S B AL 3,
R B ZHIRIET AUTODYN #BHE, Dol KE 2518, po, ML T

®3 JWLAEREESH

Table 3 Main parameters of Polynomial equation

Type A/GPa B/GPa R, R, w p/kgm™ Dey/(m-s™) E(GI'm™)  p./GPa
TNT 373.77 3.75 4.15 090 035 1630 6930 6.0 21.0
B 52423 7.68 4.20 110 034 1717 7980 8.5 29.5
PBX 581.45 6.80 4.10 1.00 035 1787 8390 9.0 34.0
H6 758.07 8.51 4.90 1.10  0.20 1760 7470 103 24.0
HMX  778.28 7.07 420 1.00 030 1891 9110 10.5 42.0

4= & 245 7 B8 5% FH Johnson-Cook J7 &
Y =(A+Be)(1+Clng)(1-T}) )
Ao Y AR T, AW E IR T, B AL L, & BBVE I AR 3R, n o BE AL TR KL, C o AR FEH R,
m A PEALIE R, Ty b o WAL . AR P24 8 B 8HE) Johnson-Cook 75 2 ) £ B S KL K 4, R
FHEEZB B0 1T AUTODYN #1oRHED,

% 4 Johnson-Cook RN EESH

Table 4 Main parameters of Johnson-Cook equation

Material A/MPa B/MPa n C m
Steel 792 510 0.26 0.014 1.03
Copper 90 292 0.31 0.025 1.09
Tungsten alloy 1506 177 0.12 0.016 1.00
Tantalum 142 164 0.31 0.057 0.88

1.3 HEHENIEIEE
TEBUERRL b, 158 DX I K 0 A% 2% P8 ) 180 B o 45 L& TR LA A K, LR AR, 7 7R PR UE 25
A RTR T, A BRI 38 3 24 0 A i, R AT AR MR T R R . BT E W,
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Table 5 Conditions of trial calculation

Case No. Co.mputational Grid size/ Grid quantity || Case No, Co’mputational Grid size/ Grid quantity
domain/(mm x mm) (mm X mm) domain/(mm x mm) (mm x mm)
1 1000 x 400 0.5x%0.5 1600000 8 600 x 240 0.2 x0.2 3600000
2 800 x 320 0.5x%0.5 1024000 9 600 x 240 0.3x0.3 1600000
3 600 x 240 0.5x%0.5 576000 10 600 x 240 0.4x04 900000
4 500 x 200 0.5x%0.5 400000 11 600 x 240 0.5x0.5 576000
5 400 x 160 0.5x%0.5 256000 12 600 x 240 0.6 x 0.6 400000
6 300 x 120 0.5x%0.5 144000 13 600 x 240 0.7 x0.7 293878
7 200 x 80 0.5x%0.5 64000 14 600 x 240 0.8 x0.8 225000
B R TR R I
« _ ol
’:NQ 5)

Kt 07 ELSEBR S N Ry R4S B i o oA D7 HLROE MK, J2 46 4% 245 48 31| EFP iz 3 2l 5t
gy R . 1 3Ca) L 1 3(b) 43 A TR T 1~ T 7 AT 8~ T 14 (87 54 F st
Tl e 24 MA% R — 5 B, THR BRSSP 4 — 8 S 5 8, BEE TR R, BT
A% RO [ , A5 A% R BN BT HOR, SRR R Bk EFP 12 2h B il i B4 K A B
T8t G, BB 0 W B TR A A AT DR B . 18] 3(a) B, WA RSF— 5, BEG 1538
BN, e PR35 5 T 8.5 min 247 o AR T00 1 X R A (B fe /D, (HGE R RT3 i S BUB IR RE R KK
T S~ T80 7 B3 ad /N, S8 EFP 58 4 AU A B SRR s Bt . Ik, 76 T.00 2~ T8 4 ik
BB/ N T 3 IR Al . B’ 3(b) R, IR ENE, B RS RS B T R,
FEZEWE T 6 min 7247 o 7E TOL 8~ T4 14 v, S8 T 00 10 19 W A% RUST B A% He 1T 530K5 1 5 300%

10.0

95+F
9.0
85+t
8.04
75+
7.0
6.5+

*/min

6.0

*/min

1

3 4
Case No.
(a) Casel-Case7

2 hEZERESH

N T ERRASA R XK BFP R A 04 82 i ML, R s e 1 O SKEAT A4, AN e
AR, HOp AT — A2 AR R T [ RE A 2 A U 258 BARIUEL S B LR 6 (AR IEL AT )

5

25

20 F

15t

8 9 10

11
Case No.

12

(b) Case8-Casel4

K3 O fE B e

Fig. 3  Unit calculation time for different conditions
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Table 6 Summary of variable values

L/D Type Material al/(®) 6/mm Ly /R 7/R
0.5-3(4=0.5) TNT Copper 120 2 2 0

1.5 TNT/B/H6/HMX Copper 120 2 2 0

1.5 HMX Steel/Copper/Tantalum/Tungsten 145 2 2 0

1.5 HMX Copper 120-160(4 = 5) 2 2 0

1.5 HMX Copper 145 2-6(4=0.5) 2 0

1.5 HMX Copper 145 2-6 1-4(4=0.5) 0

1.5 HMX Copper 145 2-6 2 0-0.8(4=0.2)

21 EHEWWTHR

211 K#&FE

KAR L L/D 2352 Wi 5 55 Dk 76 286 25 N0 i A 1%, 15T 5 30 BFP 76 s R R b i) 25 5 0 49 il i
L/D 0.5, 1.0, 1.5, 20,25, 3.0t 6 f TAFATH E . & 4 AARRAS H ke 245560 i EFP (Y 38 2k, 151 5
b L/D 5 EFP e R JE Z A RN . [l 4 R, Bl A5 25 (AR LR 3 o, 4% 22 0k A% 496 ) (] 4E <, EFP
ARATHE W B 2 WAR AT IR . FFRIE 85, th TAELE AT 25 i, 8 SR 18/, EFP Y BEAEZY 5 ps N
TR T 2 K Y 85%~90%, B JG P23 . 24 EFP 23k 728 RSk ik A K i, 3 HH 5 A8,
Bifi J5 RS T . 4 L/D = 1.5 B, EFP B th e F gl B T — 3% #R¥E 1 5 4wl %0 EFP 1 fix
TR FEREE L/D (38N 5 R R R a3 78 L/D = 1.5 WS ORAE, Bt v, =2 162 m/s.

2400 2300
2200 . I
22000 e 2200
1800} T o 2100}
1600 | A S = _ d
o o400 [f] . L 2000,
g 1200 (1 E 1900}
< 1000f ||| -— L/D=0.5 =
" g0l -~ LID=1.0 1800
| L/D=1.5
600 - | | . L/D=2.0 1700 |
400+ | || L/D=2.5
200t ||| -~ LID=3.0 1600
Lot g} L L L L L L L 1500 L L L L
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 0.5 1.0 1.5 2.0 2.5 3.0
t/ms L/D
Pl 4 R[FPEZGRAR L EFP (38 B A T 22 E'5 KAES EFP I K KR
Fig. 4 t-v curves of EFP with different L/D charges Fig. 5 Variation of L/D with v, of EFP

2.1.2 fEZFHZE

ARSI T HAR R MR RE 22 57, AR 2 0K 8l B I B L B L e R[] . BEHC TNT. B #E 24 .
PBX. H6. HMX 3t 5 P i UL 25 1705 B . (8] 6 A [R) B 282 2% B 19 EFP B (v) 2R, 81 7 Rezy
P25 EFP S R B (v, IIE RN . TS5 R R, KEZ5%F EFP /Y 9K gl M BEHESI K Il : HMX >
PBX > B #E2y > H6 > TNT. Zi5 & 6. [ 7 Je 4 2 nI 1, Bl 25 3% 25 1 i $2 7F, BFP JF 4R 3 4 i 2 ik
FLIRAS I e R T R B g . PR, B2 X EFP (IR Sh Pk B RSS2 AR, R R R 2
TNT B4 HMX, D25 25 42 T} 31.5%, %F 7 (19 BFP d5 A B 482 T 29.7%
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200 | HMX —4— Charge type
S S — 2000 - - - 16500
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 TNT H6 B PBX HMX
t/ms Charge type
6 NIRIZEEIREZY EFP Al 8 - (] il 2 B 7 ZeZ5FpZe BFP S K E YL R
Fig. 6 v-t curves of EFP with different charge types Fig. 7 Variation of v, of EFP with charge types

22 HBEEF WS

22,1 HESHE

VEHUSRA | 40, BH B G 4 4 Fh B U 25 R0 B pP R EAT 05 B, &1 8 S AN ] 24 78 B3 b4 LX) 1 (1) EFP 3
JEMLR, 9 It RN 5 BFP i KO o6 R 2k o 1145 3R W . 4k EFP (14 d5c A B 43l v 1
B, B B35 4 EFP 7.4%. 63.3% Fl1 65.3%, {H H B B it o 45, 895 & PRI BT EFP X (1) 38
JEE M2 AR B H230T 5K S 24 24 ws, EFP N 28 5 Rl B, 17 J5 2 28 1% RE IR0 B, 76 ws PN B RV R 24
H19.4%; L4 EFP f5 K # R 2805.6 m/s, 54k i EFP 322301, {H % )i 3 & 2 1% T )5 %5 100 us B, 224
EFP %4338 57 43 Sl ik B0 4945 4 585.6. 58.2. 31.9 m/s. Z54 18l 9 Mk 5 38 BCHE T 2. 5 B K,
EFP 767K Wi fie Rl BB AIG, (F 3 3 it i 82 . 25 DL L, e B 5 M R Sl K Hf EFP Y 24 AL B
PR A A

g 388 c 3500 19
- Se— - opper |
2800 A - Steel 3300 17
2600+ - ~ - Tantalum 3100}
2400 - Tungsten S 15
2200 / S, 2900
~ 2000 s o P
W 1800 - _ T~ z 2700 —e— EFP 13 g
g 1600 4 TS £ 2500 —4— Material o
= 1400+ | ., - ~ 2300 11 &0
= 1200F | i == ]
1000 - il . 2100 9
800 [
600 " 19004 ;
400
200 [ 1700
0 L 1 1 1 1 1 1 1 1 1 500 1 1 1 5
0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08 0.09 0.10 Steel Copper Tantalum  Tungsten
t/ms EFP material
K8 RIFZGTUE AR EFP (193 BB a] 22 K9 RS ARS EFP SR I C R
Fig. 8 v-t curves of EFP with different liner material Fig. 9 Variation of v, of EFP with liner material

222 YIEH#ER

e 2 PR, 3254 R B E R, V) HE M olE T AL IR . TR E R, A
[V 4fE A 110 2 ) B AE BB J5 MR 25 A R . DR, FE BB 5 35 1Y o (B, NS 25 1 EFP iz gl il B2, i
BG5S EFP LR AT 455 20 . EFP 24 AU 585 25 4 o 14 IX 8] 38 % R 1200~ 160°, £E1% X 8] N %543
VEUR 9 4l o (H T-OCHEAT (5 B . K] 10 S AS [ HE AR X5 1 A9 EFP 3 B 4k, 15 11 HEfA o 5 EFP i Kl B
KRN . A TR, B 5 A ot K, EFP REME A 21 A0 i 8 AR T 4R R, (EL UG (R0 I 0 R U R
FEUAKY K, Pla=120Fa = 160°H 1, J5 2 i JH B & T 17.2%, 100 ps B 56 28 6 08 5w
AT 19.5%. DR, IO BE 5 1T 2% 0, o (I35 K 110 24 0 56 57 45 ) T $2 7 EFP 787K v (0 S5 5 1 7 <
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Fig. 10 v-t curves of EFP with different o values Fig. 11 Variation of @ values with v, of EFP

& 12 MaflBFE 140°~160°1X [ B, BFP 7E K ke e A 5 i TE R . i 12 T LIS #EF ), & ofE
AR A, B ALTE AR S e 4 1 ke 34, MOk BT TaRIR . Ma > 150°0), EFP Sk # f “F- 1k, S 808 B 5 7]
152 i i K, B AR TFAE K b 83z 35 S AR, 3K U@ B T E 10 H oo {8 AR U] 5 28 8 U I 3 K A

MG LA UL, of L 145°R8 08 3 4 b 3 i EFP (1) 3K B 50k, Sk ae i i1
140° 145° 150° 155° 160°
K12 A EX)N A EFP JER
Fig. 12 EFP shapes corresponding to different o values
223 B E

E 2~ 6 mm X i) N £EF7 0.5 mm e B — 21 BEJRES{E, XFIX O Bl TACE 05 B 18] 13 A [a] BE JE X
JOL PR JRE T 2K, (8] 14 D BEJRELG 5 BFP fie KU G AR AR . TS5 R R W], AR 6fE XTIV 1) EFP 15 3 2 5
TR A BORE S, SRR B« B VR E SRS, BFP B4 i I JBE AN W P IR, L 32 32 i i B o A

JOL I8/ 1N o
5 Y 5

R ] 14 0 LB 1, 78 STE I BTG B BE, v, T T B, U LBy BE oA X EFP H¥ HA K
W7o 246 >3.0mmAt, v, FEWIEE B TFEZE, 6=2.0mm 56 =3.0mm M THCH H, o B

Z5{E K 1009.5 m/s, A& H 5 # 49.7%; 1116 = 5.5 mm 56 = 6.0 mm WFh T 00 AH e, B K3 B 2508 0 83.1 mis,
B E S 6.4%, R, 25486 = 2.0 mm fE b 24 750 58 B 2 45 S 438

3400 3400
gl —3om
[ Jpe— 25 31004
2800 / i = 50mm )
2600 / \ - 35mm 2800}
za00r | \ 40 mm
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T 13001 e 5.0 mm B
2 1800 : - —— 55mm g 2200}
£ { 288 I —— 6.0 mm =
© 1200f —_— \‘f‘*% = 1900
H00 B 1600 |
o 1300}
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ob— 1000 —— e
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13 ARR6fH EFP (#3805 - ) £ 14 offY5 EFP RJCGHEM KR
Fig. 13 v-t curves of EFP with different ¢ values Fig. 14 Variation of ¢ values with v, of EFP
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Fig. 15 v-t curves of EFP with different L /R values with v, of EFP
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Fig. 17  t-v curves of EFP with different /R values Fig. 18 Variation of /R values with v, of EFP

B 19 JE/R T r 4 0.4R. 0.6R. 0.8R i} EFP f AL #2 . Wl — 41 T.00 F, BFP 7E /G 50 us WK HAS
W 3 R, B i AR s S AR 3 60 ps B, EFP Z B K BB 1, TR BT B4, S AR S e .

065104-8



o34 % PIZEFN A EFP/KT B2 S0 PR 28 A AR {EAs %6

XoF LA TR] v A B G T LR IR, B r (B B35 0, EFP Sk 2 7 1 IRHT 2L, FLAE 60 ps B 2 A 1 20 by 24
G (UL r=0.6R Fl r=0.8R KIE), 1M r=04R B LAEE TS . 256G L L0, r BL04R A IE .

=0.4R \ \ R‘ K
y v vV r

=N BB b

=0.8R \ \ \* nm'f},
’(( / / S L

K19 ARl - {EXSRLE) BFP JEAR
Fig. 19 EFP shapes corresponding to different » values

25 MILENHESER
Zeid DL R4 AT, 950 T —4LILR 1) BFP BEH 280 BREHR % 7.

®71 MULEHEFP &
Table 7 Optimized EFP parameters

L/D Type Material a/(°) &/mm L/ R 7/R
1.5 HMX Copper 145 2 3 0.4

F 8 JEI TILALET S EFP MU v, K& L/D M Ehfig E, 3 T8 bR iy B AR, I 5 STk [2]
R S IR RCHE AT R B . 25 SRR DAL, 24 ) B A R SRR B SR AR T, s X B Y
BARTE S ARFTF 5 MoK B T, B R T 32 sh B, o RN 1947.7 my/s, KAZHE R 0.39, BliEE
h1.50 x 10°J; 285 AR Ak 1 24 ) B R A5 T8 AR A R SR8, A 280 s Ik 1 K b R BEL T 2R, R R B T
ik 3204.6 m/s, KAZ N 0.73, BhAEN 3.64 x 10° ), M ELPLAL T, SEEEHRTH T 64.5%, K48 L3 0.87, 5
REHR T 142.7%. UiWAfLfb i FE M0 BFP 78 3 | B85 KRB & 7 i A5 8] 17— 4Tt .
#=8 MUBTER R

Table 8 Effect comparison before and after optimization

Comparison vi(m-s™) L/D EJ/] EFP shape
Before optimization 1947.7 0.39 1.50 x 10° Aﬁ‘

After optimization 3204.6 0.73 3.64 x 10°

Previous achievements™” 1935.0 0.76 '
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Simulation Study on Influential Factors of EFP Underwater Forming
SUN Yuanxiang', HU Haoliang', ZHANG Zhifan

(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China;
2. School of Naval Architecture & Ocean Engineering, Dalian University of Technology,
Dalian 116024, Liaoning, China)

Abstract: Due to the difference in physical quantities such as density and pressure, the forming process of
explosive formed projectile(EFP) in air and water is quite different. In order to optimize the design scheme
of underwater EFP, the simulation study was carried out using AUTODYN finite element software and the
specific effects of the seven variables of the charge were discussed in detail. A set of design parameters
suitable for underwater EFP charge is produced. According to the simulation results, the optimized design
parameters of the EFP charge with a total mass of 1 kg are: the aspect ratio of the explosive is 1.5, the type of
explosive is HMX with a higher detonation speed, the material of the liner structure is copper, and the
tangential cone angle is 145°, the wall thickness 6 is 2 mm, the length of the air field is 3 times the charge
radius, and the initiation radius 7 is 0.4 times the charge radius. This scheme has a good effect on optimizing
EFP speed,aspect ratio and kinetic energy.

Keywords: explosive formed projectiles; underwater explosion; numerical simulation; optimized design
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