a6k BT W wmOE 5 W & Vol. 46, No. 7
2026 4F 7 /1 EXPLOSION AND SHOCK WAVES Jul., 2026

DOI: 10.11883/bzycj-2025-0248

PR AL B SR iE dE IR I o 47

xRV AR SR FE R
(1. R T T 5 %Moo B 25 T3 SO BESET, DI 44 6210005
2. RATAR VR AR T DI 4R 621000)

WE: NHEFCAT IR 38 AL Sk T 0 B ey 39 ik o5 v AR 1 B2, SR ] SPHA smoothed particle hydrodynamics) 77 2%, JF & T
L IR L HE S S Y SO AT IR S AR e AR B O . A5 R R, KB A Sk AT Sk S AR R AR
FR) v ol O e R L R B A e A AL SRR BT R Al 1) B B R R OK, AN B SK L R ME SR R IR S IR o xR Sk B AR
i A O AR AT 7@ M, SRR, AR AR R S R HE A (S T B R AR AR G ), A SR AR Bl R
B F . BEFCEE R AT O AR RO A (A R 7 4 v S R e s Al ) R A S

KHRIR): AR, HS TR AL s AR b

hESES: 0383 EFRFRMCAE: 13035 SCERFREAS: A

Effects of warhead shape on hypervelocity impact of
a rod-shaped projectile onto a thin plate
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Abstract: When a projectile impacts a thin plate at hypervelocity, the projectile material usually undergoes deformation,
fragmentation, and even phase transition under the action of a complex wave system, forming a secondary debris cloud. It has
been shown that the head shape of the rod affects the hypervelocity impact between the rod and a thin plate. A series of SPH
(smoothed particle hydrodynamics) numerical simulations of the hypervelocity impact by rods with flat head, hemispherical
head, and cone head at impact velocities of 3.30 km/s and 6.0 km/s and length-to-diameter ratios of 2/1 and 3/1 were carried
out. Simulation results show that the intensity of the shock wave and the failure in the material are affected by the head shape
of the rod. With the impact across the plate, the mass loss and kinetic energy loss of the rod are related to the head shape.
Obtuse cone head and flat head impact produce the strongest shock wave, most intense projectile fragmentation, and largest
loss of rod mass and kinetic energy. A model of the interaction between the rod and the plate, as well as the shock wave
generation during the impact, was built. The model shows that there exists a critical half-cone angle (related to the impact
velocity and the target material), which leads to continuous interaction between rod and plate and makes the fragmentation of
the rod projectile the most violent. For the hypervelocity impact of projectiles with different shapes, in a previous work, the
impact-induced shock wave in a cone is more severe than that of a sphere or a rod, while another work has an inconsistent
result. The model was successfully used to explain the contradictory results. This paper can provide some references for the
research of hypervelocity impact and the protection design of space debris.
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1 FEIZE

1.1 FEFERSHKE

o e R AR R s 0 A RS R R A TR ZR OB SR O SPH T vk EEAT O . R
AUTODYN %4 H i) SPH J7 i X i iU 3 JF 8 2D Bl FREC(E DT H . SRALARER 2A12 55, AR B
Al-6061 41, ¥R H Shock tRZTJ7 2 . Johnson-Cook 58 A% 7 Fl Grady Spall Model 2 %R Sk R AIE, AH G
FIR RSB 1, o, o) WA, S, A1 S, 43 314 Shock R f—Br. B £ 44, dG/dp.
dG/dT F1 dY/dp AR S, G MBI, Y NIRRT, p METT, TR . SPH &, —Br. B
ANTZrEEC 2.5, SPH R T K/NA 0.01 mm,

£ 1 2412 5570 AI-6061 SR HIH RIS
Table 1 Material parameters for 2A12 Al and Al-6 061 Al

ok FHE/(g-cm™) SHIREK He#/(I-kg " K™") Griineisen %L ¢, /(m's™) S, S,  ByUIfiHE/GPa
2A126# 2.784 300 850 2 5370 1.29 0 28.6
AL-60614% 2.703 300 885 1.97 5240 1.4 0 27.6

MR BRI AREREE/MPa Fe KB R J)/MPa AL R AL AL E % dG/dp  (dG/AT)/(MPa-K'") dvidp  IEFLIREE/K
2A1248 325 760 310 0.185 1.865 -17.62 0.017 1220
Al-6061%H 290 680 125 0.1 1.8 -17.00 0.01891 1220

TE E 2 S8 Wt oE 5 A SR vl T R R R o e, DA R R O O R S A X B e
A 3R, TR 2A12 48, BTREZ908 0.75 g, JEAR N ERIE A | 0 [BIAT : 4R R A LA D=8.00 mm; £ A
MK L=9.16 mm, I I B4R D=6.11 mm; £ 45 [BIAE (YK BE L=2.78 mm, JIKTA B 42 D=11.18 mm. kbt
KRR AL-6061 47, JE 4 1.00 mm, Ji# i3 298 3.30 km/s, RIS HOIENTE 2, T EBW, KB AT
AR R 0o E A o, (H PRI LR A TR U e, 3 2 905k 1 UL SRR A .
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Table 2 Parameters of hypervelocity impact tests

4is SUILRPRE SUUER PR POILBTR/g  EE(kmesT)  BULICAAC)  EEORRE WA /mm

TO1 2A1248 BR D=8.00 mm 0.7478 3.29 — Al-6061%8 1.00
53 D=6.11 mm, "
T02 2A128 0.7490 327 -35 Al-606147 1.00
(LID=3/2) 1=9.16 mm
[B41: D=11.18 mm,
TO03 2A128 0.7332 3.34 -1.5 Al-606147 1.00

(L/D=1/4)  [=2.78mm

07 EAS 2 B SALANHEAR R ) i ol B S50 S8 A R] o IR A 2 P15 A R I 20 ) 0 RT3 L
Wk PR . AR, i TARE SRR Bl A RO, i R R B — R AR R
D5 HARAL R T RER 5 89— YDA, 32 U0 100745 o Bl e 2 ml 45 ) 05 B e 2 25 [ RRAIE s T B 4 2R
Je T i 2= M A 4 (4 BA 52 B8R, A7 AE O i) B B AR o B0 BLAS RS IR 45 R B W45, T LA
o, SR JHRYEUE DT EI7 5 B S BRE W 1 IR AN R AR (BRIE | B AR P8 A ) 3 A v i 43 o 7™ HH Y

R =K,
X
L . .’]‘\.._“‘__9

—3.4 s, test 12.6 s, test 12.6 ps, Sim.
(a) Sphere (D=8.00 mm)

BN

—4.8 ps, test 11.2 ps, test 11.2 ps, Sim.
(b) Cylinder (D=6.11 mm, L=9.16 mm)

—=7.9 us, test 8.1 ps, test 8.1 ps, Sim.
(c) Cylinder (D=11.18 mm, L=2.78 mm)

1 e i b = A R B4 R X L

Fig. 1 Comparison of test and simulation results for hypervelocity impact debris cloud

1.2 TREE

FEAR B L1 A vy 4 o 7 Loy, SROILAERER ) 2412 48, B 2978 0.75 g, WAkt Bk 1T Al-6061 45,
JEEJE A 1.00 mm, AR 000 HEE 20 1.3 1 13k 2 MK AR He, i i N 3.30 A1 6.00 kmy/s, 3t
WE A ETH ., A0 E D, 2 IBE k| PRk 2 MEiHESK CRAEM KT 45°) ., 2 M R4HEL Gk
HEF/INT 45°), T 2 s o B B T B LR 3,
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Qe - - - - Flat head

---------------------- Round head

--------------------- Large obtuse cone head

————————————————— -) - -- Small obtuse cone head

K2 AESIEAPRAR EE
Fig.2 Schematics of rod projectiles with different heads
R3 TRERKEFEEHEEELBSRETREREIRRE

Table 3 Numerical simulation case settings for rod projectiles with different aspect ratios

%= FALRST BIJEAR  RHEM) HE/(kmsT) || @ LR BRIJEAR P/ HE/(kmsT)
S111 -3k - 3.30 S211 Fk - 3.30
S112 kR - 3.30 S212 AER - 3.30
S113 AL 70.22 3.30 S213 Bl 67.55 3.30
S114 ffiffk2 5427 3.30 S214 fliffE2 50.43 3.30
S115 Itk 42.82 3.30 S215 kL 38.89 3.30
S116  D=5.55 mm, JRHE2 29.07 3.30 S216  D=4.85 mm, k2 25.83 3.30
s121  L=11.09 mm Tk - 6.00 s221  L=14.54 mm Pk - 6.00
S122 2R - 6.00 $222 S SEN - 6.00
S123 HligfEL 70.22 6.00 $223 Bl 67.55 6.00
S124 BliffE2 5427 6.00 S224 fifE2 50.43 6.00
S125 I 42.82 6.00 $225 A 38.89 6.00
S126 JAHE2 29.07 6.00 $226 42 25.83 6.00

2 ARLEFREIBEEELRHESR

2.1 HBEHIE

PR AL e R A o o P B R | R D RS S 3 B B IR A S AL AR Ak LA s il
Hh R RIS K LR TT AR, il DR SRR AL 8 L VR, B SAURERE | S AR O 1k s RS A B T
= A R B

PATB0 S114 S5, 5 AU7E RIE $5E A7 -5 R 482 ) 5 BR A SR A0 U422 fih, LUV S B AN 15T 3(a) BT o

A5 P SR I AN BT R A A R AR, 7 A ek D ) AL AR P A o R, SRSk R 21
R4, A AT TSR W B A T, 3RSk T oH A A BRERE o S DAY 0 ) v ok 9B AN T 1 I AR 8
FAE WA T 1T 59 RN T 25 SR B R 0 R A R S R BRI SR B AN AT 3(b)~ (¢) T .
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P 3(b)~ (c) X Bk i 4 s Sy 2 [, B T A4 A ooy Bl AR B AR 0 o 2 ool i 300 K SHIL T TR o7 A
J S TR, 12 IS A s i D82 5 ek 90 P2 LR R AR EL AR T, T BRI R 22 o X T RAT 3t
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Material location Pressure/Pa

1x10'

2Al2 Al 9x10°

A12 6061Al 8x10°
7x10°
6x10°
5x10°
4x10°
3x10°
2x10°
1x10°
0

(a) Projectile head about to contact plate (b) Projectile head impacts the plate, shock waves propagate
into materials

Pressure/Pa
1x10" Material status
9%x10° Void .
8x10°7 Hydro e ;
710 Elastic
6x10°
Plastic
5x10°
Bulk fail
4x10°
3%10° Failed 11
2x10° Failed 22
1x10° Failed 33
0
(c) Shock waves continuously propagate and attenuate by (d) Head and tail of rod fragment, and a debris cloud forms
the rarefaction waves from projectile sides and plate back and diffuse inertially

Pl 3 FTDR LR g o M Al 1 L Y A o

Fig. 3 Typical collision process for hypervelocity impact

2.2 HEEAERM R KPR

N 3.3 km/s, HULKAR N 2 ¢ 1 BF (0 wh i AL 46 . BRALR OIS B0 (W = e ) an 181 4
TR o B2 RS IR S M, B AL 5 VAR R A AR, L Sk S A% AL g AR L TR R 1 B R ARRAE 43 R A AR
b 2 T00 0wk P B R B/ IMK YR A: S113. S111. S114., S112. S115. S116, i py2s k45l
S5 AL R 3 B A A e ORI e R R A AR . 4% T AL R 0 A SSORE E Pl i B S KUK R S113. ST,
S114., S112, S115. S116, iZHE /7 5 BAL P b 2 5 B HE )P — 2

32 3 At LA T 00 A 4 o Ao R P ) e s D AR RRIR DL 5 4 2L AR HE R, L ek D 32
) (10 00 i) 2D 2 5 B, SO R R 0 S IR P U R o R T B, AL N e ) B R g
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071403-5



5 46 & SCOAT, A FPARTRAUSGTR X FC AR ey i 4 o A S M A %57

S111

S112

S113

S114

4 BEdEEE R 3.3 ks, SULKARHCH 2 ¢ 1 B ail il A A RS (R B ) D L2
Fig. 4 Simulation results of shock wave propagation, material failure (debris clouds) within projectiles of
different heads when vy, =3.3 km/s,L : D=2 : 1
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Table 4 Mass loss and axial kinetic energy loss for rods with different heads impacting onto thin plate
ETRE mlg E/KJ o /% E /% G5 mlg E/KJ Moo/ % E /%
S111 0.677 3.25 9.56 20.26 S211 0.674 3.39 9.46 16.37
S112 0.696 3.37 -1.75 9.52 S212 0.710 3.53 -1.12 7.67
S113 0.682 3.23 3.08 15.70 S213 0.682 3.39 3.96 12.32
S114 0.632 3.04 4.00 15.20 S214 0.635 3.21 6.02 12.75
S115 0.570 2.80 7.09 16.18 S215 0.624 3.19 2.70 8.65
S116 0.517 2.57 1.22 9.82 S216 0.562 2.92 1.92 6.41
S121 0.312 5.30 58.32 60.66 S221 0.497 8.70 33.24 35.08
S122 0.561 9.21 18.14 25.34 S222 0.658 1.11 6.29 12.18
S123 0.280 4.79 60.21 62.18 S223 0.435 7.61 38.74 40.46
S124 0.494 8.07 24.97 31.90 S224 0.587 9.91 13.12 18.51
S125 0.467 7.72 23.88 30.09 S225 0.557 9.52 13.15 17.53
S126 0.372 6.28 28.92 33.34 S226 0.502 8.63 12.39 16.33

Bl 5 X LE T sh e G, I 6 XF L T BTk . TS AR S K 5~6
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Fig. 5 Statistical result of projectile mass loss
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Fig. 6 Statistical result of projectile axial kinetic energy loss
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17 b, 8 R A, g A 0 P A S LA wgp T wagy B JREAE SOOI RREAR A R, PP R 2R BB R
il AR i DX

Vo
—_—
’\\

B ————
Projectile head
TVAT

Plate Plate
(a) Before the contact (b) Within the contact

P 7 I AL o i o AR ) e 3R M s

Fig. 7 Schematic coordinate system for wave sysem analysis of hypervelocity impact of obtuse head on thin plate
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