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Table 1 Material properties of basalt and aramid fibers

Material Modulus/GPa Strength/GPa Elongation rate/% Critical temperature/°C
Basalt fiber 93.1-110 3.8-4.8 3.1 >1050 (Softening)
Aramid fiber =125 4.5-5.5 2.5-3.5 >530 (Decomposition)

ASZE L 1 mm JE 5A06%" (5 LF6, GB/T
3190—1996) £ 4 it BE 1] %5 & (2640 g/m*) Sy 5k
W, A g U B 2 A, (2 B B bR AN BE
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PABRA IS . i AT YE S SR BB B 5 49 ) e
7 22 400 g/m? WS S04 4 55 4 41 4
i 8 2T %5 B 204 350 g/m?® (Y F L0 dm 4 % il A
A A Rk, il 1 R .

435 il AF( Aramid Fabrics) £t 25 35 24 47 4k 4 -
ZUBPRHBr Y7 . BF (Basalt Fabrics) flR X527 B KR ALF AUt

Aegm BRI 0 BE . AVIRRER G i BE . B Fig. 1 Scheme of basalt fabric shield
St () B 3424 50 mm, 5 4122 5t B 37 45 #4 HE A
K 2 B .
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Fig.2 Schematic of multilayer structure shields Fig. 3 Assembly drawing of multilayer structure
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Table 2 Results of hypervelocity impact tests for multilayer shields

Exp. No. Structure vi(km-s™) R/mm n Damage of the 4th shield
1 BFx3+Al1x2 3.80 55 3 Craterx4 (¢=0.5-1.0 mm)
2 AFx3+Alx2 3.83 50 2 No damage
3 AFx2+BFx2+Al 3.92 51 3 Craterx1 (d=1 mm), bundle fracturex2
4 BFx2+AFx2+Al 3.84 56 2 No damage
5 AlxS 3.36 47 3 Small bulgex2
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(a) Shot 1-first-front (b) Shot 1-second-front (c) Shot 1-third-front (d) Shot 1-fourth-front
K4 sCO6 1 g g S g
Fig. 4 Experiment results of Shot 1
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(a) Shot 2-first-front (b) Shot 2-second-front (c) Shot 2-third-front (d) Shot 2-fourth-front

(e) Perforation topography (f) The crater (g) Projectile debris
RS Soue 2 s gy
Fig. 5 Experiment results of Shot 2
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(a) Shot 3-first-front (b) Shot 3-second-front (c) Shot 3-third-front (d) Shot 3-fourth-front

i 177 4
(e) Basalt fiber (f) Aramid fiber
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Fig. 6 Experiment results of Shot 3
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(a) Shot 4-first-front (b) Shot 4-second-front (c) Shot 4-third-front (d) Shot 4-fourth-front
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Fig. 7 Experimental results of Shot 4
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Fig. 8 Experimental results of Al multilayer structure shields
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Experimental Study of Hypervelocity Impact Characteristics
for Fiber Fabric Materials

MIAO Changqing, XU Huadong, JIN Guanghan, SUN Tiantian, ZU Zhennan

(National Key Laboratory of Science and Technology on Advanced Composites in Special Environments,

Harbin Institute of Technology, Harbin 150001, China)

Abstract: Compared with aluminum alloy and other materials, fiber fabric materials have the advantages of

light weight, flexible folding, etc. The fiber fabric material can be applied to the flexible inflatable protection

structure deployment, thereby constructing a multilayer, large-spacing protection structure is necessary to

improve the protection efficiency. Considering the protective performance of multilayer shields for different

fiber fabric materials, the protective performance of multilayer shields with different materials on space debris

impact was studied experimentally. The protective shields materials include basalt fiber fabric material, aramid

fiber fabric material and aluminum plate. Compared with the multilayer aluminum plate shields, the multilayer

fiber fabric material shields have higher anti-fragment impact effects under the impact of hypervelocity

projectile. For the multilayer fiber fabric material shields, the protection effects is improved when the initial

two shields are basalt fiber fabric material. The results show that the front parts of the multilayer shields

adopting inorganic material with high softening point temperature may improve the break of projectile,

thereby improve the impact protection performance for the protective structure.

Keywords: fiber fabric material; hypervelocity impact; space debris; multilayer shields
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Front target I Back target

®1 EAREIREN

Table1 Composite target structure

v Case Front target Back target pkgm?)
: 1 4.0 mm steel 31.2

2 4.9 mm steel 39.0

3 4 mm steel 4 mm polyurea 35.28

4 4 mm polyurea 4 mm steel 35.28

5 4 mm steel 8 mm polyurea 39.36

Bl MRS
6 8 mm polyurea 4 mm steel 39.36

Fig. 1 Structure of the target

*2 MHREH

Table 2 Material parameters

Material E/GPa pl(kg'm™) v o,/MPa 0,/MPa /%
304 steel 220 7930 0.3 280
Q235 steel 210 7850 0.3 235 400490 22
Polyurea 0.23 1020 0.4 14 162
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Table 3 Experimental results of ballistic experiments
Case Target v/(m's™) v/(ms™) Case Target v/(ms™) v/(ms™)
657.132 287.697 674.603 291.320
1 4.0 mm S 726.341 325.858 684.105 300.965
805.802 380.740 ! 4 mm PUT4 mm S 727.896 331.513
561.149 58.816 829.876 386.320
633.029 123.925 514.000
636.623 126.146 528.032
2 49 mm S 693.878 191.269 559.303 45.332
750.718 224.830 588.337 134.878
801.509 256.178 607.577 140.267
803.743 254.149 > 4 mm S8 mm PU 608.664 143.430
511.355 688.817 218.776
516.010 713.386 202.670
562.262 148.966 790.514 275.192
3 4 mm S+4 mm PU 629.513 213.340 825.644 298.980
674.469 235.001 564.503 0
767.494 292.222 625.805 186.506
809.331 357.143 6 8 mm PU+4 mm S 657.005 239.808
860.977 370.330 756.396 317.757
4 4 mm PU+4 mm S 561.327 146.199 776.610 332.811

Note: Steel and polyurea are represented by S and PU respectively.

K2 SRR IR TE S

Fig.2 Deformation and failure morphology of projectiles

(a) Front surface of the target

64 Gh 8 9 19T TS
e

(b) Back surface of the target

3 AR IR B IR (T 1, v,=726.341 m/s)

Fig.3 Typical failure modes of steel target (Case 1, v=726.341 m/s)
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Fig. 4  Typical failure modes of target (Case 3, v=516.01 m/s)  Fjg 5 Typical failure modes of target (Case 3, v;= 809.331 m/s)
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Fig. 7 Residual velocity vs. initial velocity of projectile penetrating target
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Table 4 Ballistic limits and model constants of targets

Case a p Vvy/(m's™) Case a p vy/(m's™)
1 0.7168 1.6053 482.46 4 0.4821 4.8354 555.29
2 0.5329 1.5135 530.58 5 0.4012 2.9034 557.34
3 0.4966 2.2811 516.01 6 0.7006 1.8298 564.44
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Penetration Mechanism of Polyurea Coating Composite Structure
GAO Zhao, LI Yongqing, HOU Hailiang, LI Mao, ZHU Xi

( College of Naval Architecture and Ocean Engineering, Naval University of Engineering, Wuhan 430033, China)

Abstract: For exploring the perforation mechanism of the polyurea coating composite structure, the ballistic

tests in which the target was made of steel plate coated with elastomer were carried out. During the

experiment, the damage modes of projectiles and targets were obtained and employed for further analysis.

The pre-polyurea coating can effectively buffer the impact load between the spherical projectile and the steel

target, so that the steel target is pre-deformed, the relative penetration velocity is reduced, resulting in further

improving the ballistic limit of composite structure. The post-polyurea coating can deform coordinately with

the steel plate and form a plug mass to absorb the kinetic energy of projectile. The results also show that the

steel target with post-polyurea coating could achieve better energy absorbing at higher projectile velocity.

Keywords: polyurea coating composite structure; penetration mechanism; ballistic limit; energy absorbing
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Fig. 1 Schematic of experimental setup
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(a) Full view (b) Local magnification (c) Bullet structure diagram
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Fig. 2 Shrapnel of experiment
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Table 1 Head deformation of projectile at different speeds

Velocity/(m's™) Maximum cross sectional diameter/mm Magnification Penetration depth/mm
414 10.2 1.7 353
618 13.5 2.3 366
825 16.2 2.7 341

(a) 414 m/s (b) 618 m/s (c) 825 m/s
4 spoluskik

Fig. 4 Projectile residue
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Table 2 Theoretical results and experimental results

Penetration depth/mm

Incident velocity/(m-s™) Maximum cross sectional diameter/mm Theoretical valus Experimental value
414 10.2 346 353
618 13.5 354 366
825 16.2 308 341
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Ballistic Characteristics of Low Penetration Bullet in Gelatin
LIANG Huapeng'?, SHEN Peihui’, LIU Tielei’

(1. Xi’an Institute of Modern Control Technology, Xi’an 710065, China,
2. National Key Laboratory of Fundamental Science on Smart Ammunition Technology,

Nanjing University of Science & Technology, Nanjing 210094, China)

Abstract: In order to improve the bullet destruction, the design of the new type of bullet—shrapnel, which
is based on the standard small bore bullet is proposed. The experiment of gelatin penetrated by shrapnel is
performed to study the deformation of projectile’s head at different speed range and through the penetration
depth of the projectile. The low penetration performance of the projectile is verified in this study. The results
show that the degree of deformation of the projectile’s head is related to the speed, the higher the speed, the
greater the warhead deformation. Warhead cracking into the "petal" can effectively reduce the bullet
velocity, and increase the penetration resistance. The shrapnel does not perforate the gelatin at all the testing
speeds, which proved that the projectile has good low penetration performance. A motion model of shrapnel
is proposed, and the model can describe the dynamic process of shrapnel better.

Keywords: shrapnel; low penetration; gelatin; impact speed
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P 2 WO, TR A BL A GCr1S il 78, T i 8.3 go R FH iy i 4 52 B AR I 2 5L hU A 5 T8 3 L s T B,
S0 1T 5 AR 2 R — A R, 3 e B s AR AR A AL T A R R[], DA SR A s AL R (LR 2) o

SRR SR AT B W BTAR I RE, 1T 3 AR (LI 3): (1) B AL AT PG i # A, P % R SH 4 100 mmx
100 mm, JE £ 10 mm; (2) k& 48 8 TR L4 47 48 (UHMWPE) B & #04, H 24500 2 mm £k &
4:/5 mm UHMWPE/2 mm £k4 4:/5 mm UHMWPE; (3) i Ak #l/5k & 4 /UHMWPE/4k & 4x 58 4 ¥E AR, T H
K F % Ak 0 B %, )USE A 100 mmx 100 mmx 10 mm, AR 2549 4 10 mm 6k L #1/2 mm £k & 4 /5 mm
UHMWPE/2 mm k4 45 -

* UG FS B HA: 2018-10-15; &[5 H #8:2019-01-07
BE4WHE: BFEARRS%ES (11472008, 11772160, 11202206) ; V15545 W55 A BHF 5 52 86 A1 57 i1 %035 B
(KYCX18_0463)
TEEE N AECRH(1992—), B, W54, B8N Fwh i 5 12015 . E-mail: wenkeren@live.com
BEEE: mtk(1980—), B, #¥z, LA 2IW, F2MNFH vhidi 31 71220158 E-mail: gfgao@uste.edu.cn
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(a) B,C ceramics target

(b) B,C/titanium alloy/UHMWPE composite target

(a) Geometric diagram (b) Picture of testing sample
1 S ik

Fig. 1 Experimental projectile

m Scale plate

—>
Target
High speed
camera

(c) Titanium alloy/UHMWPE composite target

SRS it 33 AR R AR
Fig. 2 High speed photography system Fig. 3 Three kinds of B,C ceramics targets

FRSK AL A BRI PERES B AR 10 b, po E 300 R RTRL % 5 A S p A i
F1 O RERMBEHMLESE

Table 1 Mechanical properties of projectiles and targets

Material pl(g'em™)  E/GPa Poisson’s ratio Tensile strength/MPa Yield strength/MPa
GCrlS5 steel 7.83 217 0.3 861.3 518.4
TC, 445 114 0.3 1000+50
UHMWPE fibers  0.97 124 3340

Material pl(grem™)  E/GPa  Compressive strength/GPa  Fracture toughness/(MPa-m'?) Vickers hardness/GPa
B,C 2.51 450 1.96 2.6+0.15 24.5+1.0

1.2 212.7 mm ¥ T334 UHMWPE ARELTIEEE SRSl

K UHMWPE X 75 i1 JE o A0 0 Bl 88 A7 = 4R 29 o8, it P Ah 29 507 X (1) SR 4k e i 2 2%, 9%
JE RS, WA 4(b) FiR; (2) Jext i g 48, SRIGMIASEEE, A 4(c) iR . NGS5 45 W
B, JEREH 9 20 mm, AN 2 mm BRLT4E 2 AR, B2 R O, R B AT 25 mm
ZEHBR(OLIE S), #E IR 12,7 mm ZERESBE T, U0 H AR 10 mm, KB 54 mm, T2 25 g, MOEHR 45 84

(a) B,C ceramics (b) Fiber constrained plan 1 (c) Fiber constrained plan 2

K4 BR il S 2o %

Fig. 4 B,C ceramics and two different designs of constrains
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b
@ 2xQ7 2x05 ®)

= — e

Unit: mm

5 127 mm KFF3E
Fig. 5 12.7 mm long-rod projectile

i AL & Ry 733008, 4ME 10 mm, JEEJE 7 mm,
o E SR TS 52 R fit . S EEE S an A 6
ST e BT I, S DU SR (AR ) BE S 2 m,
SO o A 2 S A B 2 7 A — AN LA, AR
PR A EL A A% s () [ o 7] SR A i kL 6 mALI

Fig. 6 Projectile speed measuring instruments
2 SWHERSHN

21 o127 mm NIKERAVRLCTEERESEBRIVERS M

PEAT T 12 200, FOMR 4540 S B g0 45 0 UL 46 2, RS B b AL b & e ke, K 7. &1 8
I3 R SRR IR AL B /4K & 42 /UHMWPE &2 & #ER | ik Ak P e e 2 1 o e [R5 . e il e R
TSR A P Rl A A T A G, B Sk D R s SR o e Ab A P S T S A R B R R R, S

Velocity measuring targets

Fz2 RIS R(212.7 mm $NEK)

Table 2 Targets construction and experimental results (©12.7 mm projectile)

Target Area density/  Thickness/  Mass/ Initial Residual
No. Target structure (kg-m™?) mm g velocity/(m-s™) velocity/(m-s™) Damage
A1 B, C/TC/UHMWPE/TC, 47.6 18.54 8.36 1194.2 Unpenetrated
A2 B,C/TC/UHMWPE/TC, 479 18.55 8.36 1044.5 Unpenetrated
A3 B,C/TC,/UHMWPE/TC, 47.2 18.63 8.36 947.4 Unpenetrated
A4 B,C/TC,/UHMWPE/TC, 47.6 18.82 8.36 890.0 Unpenetrated
Bl TC,/UHMWPE 31.5 17.91 8.36 1284.8 805.3 Penetrated
B2 TC,/UHMWPE 32.6 17.84 8.36 1061.8 716.7 Penetrated
B3 TC,/UHMWPE 30.7 17.91 8.36 958.1 574.5 Penetrated
B4 TC,/UHMWPE 32.7 17.85 8.36 940.5 478.3 Penetrated
Cl B,C ceramics 32.0 10.06 8.36 1244.0 840.0 Penetrated
Cc2 B,C ceramics 32.0 10.06 8.36 1136.6 520.2 Penetrated
C3 B,C ceramics 32.0 10.05 8.36 1050.0 507.7 Penetrated
Cc4 B,C ceramics 31.9 10.03 8.36 1139.6 570.0 Penetrated
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P 0 7 2 B B R B2 R TR A I B AR 2 o 7 ABR S 6 /UHMWPE &8 2 )5, $Ui= i RE W] 2
Tt BRACI A A AR I HUE T 212.7 mm BRI R o

——

(d) 1.1 ms (e) 1.5 ms (f) 2.5 ms
B 7 ke AR AL /8K A 4: /UHMWPE & &A1 72 (2x10* fps)
Fig. 7 Penetration process of steel ball to B,C/titanium alloy/UHMWPE composite target (2x10* frames/s)

(d) 0.7 ms (e) 0.8 ms (f) 1.0 ms
P 8 B BRE i b A Al Pl 28 SR ARG AR (2x10° R /AD)

Fig. 8 Penetration process of steel ball to B,C ceramics (2x10* frames/s)

it B3 AT b A B Al 5 ik A6 B0 /46K & 42 /UHMWPE &4 AR, WA P e i 3 B AT T — 20 b . ANl
LY T 7 AR A M B - A0 &) 9 Bz, Heh 181 9 (b) Sy S 86 ™ AR 1 e R 9 B i 7 181 9 () FIET 9(b)

(a) Various sizes of B,C ceramics fragments (b) Large fragments of B,C ceramics

PO ARADN S 7™ He B e T Tl P 6 R

Fig. 9 Fragments of B,C ceramics in penetration experiments
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A3k LR BB AL T R AR B R BORE R, 2R ARG 6 /UHMWPE 35 802 5 AR e Ao ]
VAR th, 7295 AR 20 AV HI R W A e A SRR, /N A A 5 S 3, R R A9 ST i/, AT e g s i
Wi RE B 2, B p bt R MIvEREE— D4R . BeAb, i TR AR T, SO -5 B e B AR EL AR T [
K, i AR AR, DA SHUAL i il g 2 0 0 2 00 4% R S AL g R R AR 1 5 ] Sy 3L g R 4 A L
VEFImFE] o 18] 7 Hh AL 55 B e AR ELAE T 1] UAT 0.5 ms 7y, 07 1AT 8 R AL 55 B e 1) AR B AR FH ek 1]
AL T 2 ms, B A EL AT IR )22 7 A S AR A B R R

P10 D ol JEE 5 A SR PR 0 00 AR 2k o AR ] TR 52 2 1R, 4t AR Bl P 8 15 8K 45 2 /UHMWPE
SO R BEA BB 212.7 mm FER ARV, Bifi 2 5% LI B2 B9 £ T, 00 R A% 3 B2 P A v

—= B,C/TC,/UHMWPE
800 [ o TC,/UHMWPE
—4—B,C ceramic

Residual velocity/(m-s™)
s
IS

=]

900 1000 1100 1200 1300
Initial velocity/(m-s™")

P10 R Av o B2 5 G 9 56 R

Fig. 10 Relationship between residual velocity and initial velocity

(c) UHMWPE and titanium alloy

B 11 WAL /4K & 4 /UHMWPE & 480 b Bk 3R JE 51

Fig. 11 Damage view of B,C/titanium alloy/ UHMWPE
composite target

B 11 RN ER R Rk Ak B /2K & 4 /UHMWPE
HAMBRABEIRIES . TLLE W, BE 2k
T, Y4 4K BR T i 98 o sk Ak B3 P 2 1) A, HE I
SRR AR T, M & WM EUR BT R, B
R e G N1, 2 S 5 G | 8 79 =M A 144
& 24k A 4 /UHMWPE ¥ 825 1, 75 #i BI 4R
B8, MR SR RS FEH T
M, MR AR AT — W . A AR R P B 1Y
efml b EH T, B85 4/ UHMWPE 5 4l %5 i
AL, T ABR A o ol A K, R R
0 4 iE — 25 37 ) A9 BRI Bl e i 1) 2L R4 B, 1
R A A AR TRIE B R OILE 11(b) ) o
UHMWPE JZ &4 11 Bl 5 5 A Bl 1 )22 (6] 43 )23,
ZF 2 5 1) ) 7 A AR T A i 25 A 30 AL 2 4
] LA AL Sk vt ) S S LR AR, DT K
XIS (WLIE 11(c)) .

12 R T k21 4k & 4 /UHMWPE
BAWARMBIANIE S . AT 0, UHMWPE f9 32 22
e R ST VIR, R B & )2 H] 5 2 R

(a) Front view . (b) Back view
K12 4k4&4/UHMWPE & & 8000 R 9% 351

Fig. 12 Damage morphology of titanium alloy/UHMWPE
composites plate

22 127 mm K #E 8 UHMWPE AR xLTIMAESE SRR E R 94

LHEAT 6 SN, 1~ 4 5 SRR RO 1 4, 5.

6 5 SRR AN AR O 15 M. FEAR A A B T2 B

AR 30 o 1 S SC R s LA BUE L, SR S TR E TP, MR SE A 2 5 SE IR S OILR)
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®3 WIRGHFIREEER(12.7 mm K4F3E)

Table 3 Targets construction and experimental results (12.7 mm long-rod projectile)

Projectile

Target No. Target structure Projectile mass/g velocity/(m-s™) Damage
1 B,C/20 mm aluminum plate 24.90 618.1 Unpenetrated
2 Fiber constrained plan 1/20 mm aluminum plate 24.85 643.5 Penetrated
3 Fiber constrained plan 2/20 mm aluminum plate 24.99 630.2 Penetrated
4 Fiber constrained plan 1/20 mm aluminum plate 24.96 658.2 Penetrated
5 B,C/20 mm steel place 24.97 641.4 Unpenetrated
6 Fiber constrained plan 1/20 mm steel place 24.96 622.8 Unpenetrated

FHHL, F e I B AR e, S8 B PR, AR
ST SR L I 0 J S K 60°;3 5 455k
I LA B, BB RE S vA 4 e K 2
9 60°% 5 5, 6 5 S UL LA, R e A
B

15, 55 S50 245k oK 2 o8 i) filk Ak i B
B, AR B rh R Ak B0 B R o A MR, AR RN
MRS A T o 1 5 S v o I R A AL 2
W 13 Fzs, a] LSSk oL, A8 B ™ L, R (a) Before experiment (b) After experiment

TAHLBS A7, A B R, R 52 mm 48 K13 SRR, S B
A 32 mm, FF A R, X TR AL RS Fig. 13 Pictures of projectiles before and after experiment

BeARw B, 5L TE f 05 A v ) a1 B0 g
PR Gl A FH 5 HE A RT 13 rpsif I AL R R 20 A7 B
BB DIREIR . 15 S rp AR AR SR BTIRE ) 5 mm,
55 S R ARG BTIREZ Y 2.5 mm.

2~4 Z SR, T L R, sE
T B PEAGE, S BOMLRNE L, B 4T3 i B
Hol, i T AT 4R R 2R AR R, B R B e
WEgst, (EOR AR B i . 6 5 SL e TR B,

(a) Exp. No.5 (b) Exp. No.6
B AL TR LE PP 2 BT P R —
P (LS 5 5 T b, AR L AR Fig. 14 Depth of erates

e, REE R 0.6 mm, M 5 5 S5 56 o 89 AR 54T
TRIE TR 2.5 mm( WLIE] 14) , PR AE £F 4 29 oA F T B e BAT SE A Ao e st i

K15 LT 4 29 R B B R IE A . TR R A 50T, B I P 6 e A AR i i, i R P &7 4 24
4 Bl e AL IR B 5 S8 B MR B G, JF BOA S e, BA —E M2 AT GE . WA 15(d) AT LR
H B P e LA DA 8 1) S A IR A 1) SRS 1) SN R 4 HE I S (Hertzian #EJESRZ0) , B B #%
LT P 1) T AL X 53 23 A1, B 80 G 4R o A, P R T S A2

o7 FH 2T 2 060 Bl 8 AT = 2 2900, i g e A B8 i LA A0 IR DR 58 B, oy B ) Pl e e e LR T it
PRAZ AR J8 4 8 /0N 308 i) 3 3l , BT 38 56 17 0 s P A BB b P T, A 0 T i s (e s vk s e dh, ol T 47
2 1 23 AR, 38 AT LA R 1 1 2 P R Y R, el — i
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(b) Exp. No.3 (c) Exp. No.4

(d) Exp. No.6
&l 15 24298 B,C M &ML

Fig. 15 Damage morphology of fiber constrained B,C ceramics

3 &

I T @12.7 mm A BRI RR AL T B e 2 52 5 400 12.7 mm AT 52 1) UHMWPE 29 50 AL il Py
B AL, o3 B 1 A SR R/ g e VR AR R AL I B S A AR A AR T AR, AR T RUT &
BLE.

(1) fE4K & 4 /UHMWPE T 29 fUVE AT, 9 AL -5 B e A9 A B AR P e ] B 77 A B 440 A4 B T
AR, RIF W R & il W e B 22, B LRI REE— P P v

(2) T A AE BRI B e 4k (9 S R] o i, 3 UBR A B O AEIRIE & L B IR, UHMWPE J2 & H PF B
BRIEHE YRR3R, e X E R o

(3) R FH LT 2 29 SR B e, o B A B0 Wl 8 W BB 08 7 1 AR DD IR (e S B, W e A1) g g e P L BB LA
A LM/ INE I B2 1) 32 5, DA TG 58 1 08 S0 A B Dl A, A5 R T 4 s pe b, B — B2
UATHBE ST 5 £F i B9 29 SR 3k T LA R 11 5 B e i, s — el 3

S 3k

[1] SAVIO S G, RAMANJANEYULU K, MADHU V, et al. An experimental study on ballistic performance of boron carbide tiles
[J]. International Journal of Impact Engineering, 2011, 38(7): 535-541.

(2] #MII. B,C B AHFR ZE R 4 . PEREDTZT Bepiaiae Jy it [D]. JEaT: LR TR, 2015: 17-45.
SUN C. Preparation, properties and ballistic performance test of B,C matrix composite ceramic [D]. Beijing: Beijing Institute of
Technology, 2015: 17-45.

(3] FBI, EURAL, XUSCR, 45, R BhUR MR R S5 BT R (7). Sedv st A2, 2018, 39(1): 157-167.
SULC, YICH, LIU W J, et al. Development of lightweight ballistic armor materials and structures [J]. Journal of Ordnance
Equipment Engineering, 2018, 39(1): 157-167.

(4] THm. TiB, SE5AHM il 4 MATIRIIEREDISE [D]. TFMa: LHZRR%, 2018: 15-36.

(5] AEZ. YUk e &5 B R (3], BikbRb™ ), 2016(1): 17-20.

045104-7


http://dx.doi.org/10.1016/j.ijimpeng.2011.01.006
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.3969/j.issn.1008-892X.2016.01.005
http://dx.doi.org/10.1016/j.ijimpeng.2011.01.006
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.3969/j.issn.1008-892X.2016.01.005
http://dx.doi.org/10.1016/j.ijimpeng.2011.01.006
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.3969/j.issn.1008-892X.2016.01.005
http://dx.doi.org/10.1016/j.ijimpeng.2011.01.006
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.11809/bqzbgcxb2018.01.034
http://dx.doi.org/10.3969/j.issn.1008-892X.2016.01.005

33 % = JE Ll i 2% i 541

[61 ¥R, WX, M P AP RHEOAR M), dbat: [EB; Tl i ikt, 2014: 75-110.

(7] ERA. 54 M), dEat: [ERG Toll i, 1984: 6-18.

[8] ROSENBERG Z, DEKEL E. Z S5t~ [M]. $0 057, 1%, dbat: ER5 Tl kitt, 2014: 193-235.

[9] MADHU V, RAMANJANEYULU K, BALAKRISHNA B, et al. An experimental study of penetration resistance of ceramic

amour subjected to projectile impact [J]. International Journal of Impact Engineering, 2005, 32(1): 337-350.

(101 #ME, B/, FEAEIR, 55, L9 dERL I X Bl % 25 SE DT B RE AU 52 M (1], rh R K222 4R (A A RHE ), 2011, 42(11):
3331-3335.

SUN J, HUANG X Z, DU Z J, et al. Effect of confinement mechanism on performance of ceramic composite targets [J]. Journal
of Central South University (Science and Technology), 2011, 42(11): 3331-3335.

(1] RURRAT, WSGHE, A5 93 B i iR M Re /B 3 R B S SERESY [0, SR bR B2 5 TR, 2013, 36(3): 17-19.
YI C H, HU M E, GU Y. High velocity penetration of ceramic/aluminum composite structure by 93 tungsten fragment [J].
Ordnance Material Science and Engineering, 2013, 36(3): 17—-19.

(12] 23, 2P A2 b R A2 A R A i 4 BT s RERIEZE (D). Jbat: JLati TR%E, 2015: 12-55.

LUO T. Study on preparation process and anti-ballistic properties of ceramic composite targets confined by fiber [D]. Beijing:

Beijing Institute of Technology, 2015: 12-55.

Experimental Study of Ballistic Performance for
Boron Carbide Ceramic Composite Targets

REN Wenke', GAO Guangfa', PIAO Chunhua’, ZHANG Yang®, XU Tongkun®, ZHAO Bin’

(1. Nanjing University of Science and Technology, Nanjing 210094, China;
2. Heilongjiang North Tool Co., Ltd, Mudanjiang 157013, China;
3. No.52 Institute of China, North Industries Group Yantai Branch, Yantai 264001, China)

Abstract: In order to investigate the ballistic performance of boron carbide ceramics, we carried out
experiments of a @12.7 mm steel ball penetrating the boron carbide ceramic and composite target, and a
12.7 mm long-rod projectile penetrating the boron carbide ceramic composite target constrained by the
ultrahigh molecular weight polyethylene (UHMWPE) fibers. In the experiments, the failure mode of boron
carbide ceramics was discussed, and the influence of the constraint mode of ballistic performance on boron
carbide ceramics was studied. The results show that under the constraint of titanium alloy/UHMWPE
backing plate, the interaction time between projectile and ceramic is longer, which could create finer ceramic
powder and decrease the size of fragments. Hence, as the carbide ceramics absorb more energy, it could
achieve better ballistic performance. As the result of the combination of the projectile and the ceramic cone,
the titanium alloy back plate was damaged, forming the petal shape. And the UHMWPE laminate is
accompanied by a large-scale interlayer delamination, forming an “X”-shaped bulging phenomenon. The
fiber-constrained ceramics enable the boron carbide ceramic plate to remain intact when the bullet penetrates,
enhance the abrasive effect on the projectile, improve the elastic resistance, and have a certain resistance
against multiple impacts. Besides, the anti-penetration mechanism of boron carbide ceramic composite armor
has also been analyzed, and we hope this paper can help with the optimization design of composite armor in
the future.

Keywords: boron carbide ceramic; penetration; ceramic composite target; ultra high molecular weight

polyethylene fiber; three-dimensional constraint
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SR A BT Sk L A SR B S5 4, B e Shell Filler Tl
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2R S BN . 4 FhEA Y CRHCKHINIE w1 RESH
M2 H) 40 51K 3.0, 3.0, 4.0 Fil 4.5, B4k f 42 Table 1 Parameters of the projectiles
d N 67.0~74.5 mm, K~ 436.4~477.3 mm, Projectile No. CRH d/mm L/mm m/kg
KT m oy 8.0~11.09 kg, 4N 1 i, 1%,2° 3.0 670  450.0 8.00
Fo MR ) M 58 S B0 S R I B PR AL B 3 3.0 727 4773 1072
ARG . TR AR AR e AR ) 2R PR RE, X 4 4.0 745 4364 9.96
TR AR, SR 3 4 bR R o 0 91 1 5 5* 45 66.7 460.0 11.09
R R B, 5 7e R BE b AT Bk 3L,
BRI 245 SR LS M e e T e R e R . 52 BEAR S M A A I B
GB/T 228-2010 { 4 J&@# Rk 2 P 58 7k ) Table 2 Mechanical properties of heat-treated specimens

BUAE, £ MTS810 MR SCH ML EHEATHIMIREE, " proicctile
ARG 4 1) 5 JBE R AEE i %5 4% GB/T 229-2007 No.
(g Jm LB T whife i B0 T i ) WA, 7E 15 1120 1322 17198 139 528 737
FHL T g pp iR g AL AT o i, A 3 4t
AR s e s o 3 2 ARl 2 b
REAI 25 0L, R o, IURJE G B, R, NP hism
BE, Z R, A WA %, A, R Pt 2, 26 2 Bl S B vk 3 LB b a4 ARG 0 45 SR 1 7
B o TEIX 5 Ksffir, 17, 2"k Ry [al — bk, 3% 4 g idcoh el — bk . o3& 2 WL, SEAR AP hras B
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12 LWHREIT

SR 100 mm AR AR IR A2 8 5T, A 9000 R Go G045 & S B L O ke | A AL AN [

W, ST AR R AN 2 IR o VR L 2 R L RO RO A T R — KO 26 L, 11 B R T Y R
25K 8 my AR AE SRR T, DUR O 52 90 22 45 SRS J5 A B 0.5 m JE AR HE, KRB HESS A E 1 m
JELF 22 VR RE - H, DR IR A B 2 HO AR A 5 0 X L AT A Rl . A H 100 mm TR W AR % G
MR A 5 0 22 o S D 5 VR O 1 L 5 R R R SRS 25 114 JB e Of 2 A S8R A HRE R SR T i AR AL

Ry/MPa R/MPa  Z%  AJ% A/

1291.3 1626.3 12.2 533 71.6
5* 1269.0 1636.5 11.5 48.5 68.7
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Fig.2 Layout of projectile penetration experiment
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TR 20 0.3%, FLARHE I 0.6%; 1L AT 274 43 53 /2.3 m JEAT 0.5 m J58 A 0 Ak 28 in 1 5 3740 1 4740
HIBAF R 200, JEBE 2.4 m 5 5EAR T O KSR BE ;s SR TR X RSOl 20.1~33.0, BVERTHIVERIAR, JT7E
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Table 3 Parameters of RC targets

No. DesigniMllj\ieasured % Size of target SIZe(;;ri:Irxjnd/ difmm @) 7
1* 40 43.6 0.6 1.4mx1.4mx2.8m (2.3 m+0.5 m) 100x100 10 0 20.1
2* 40 43.6 0.6 1.4mx1.4mx2.8m (2.3 m+0.5 m) 100x100 10 0 20.1
3* 40 39.2 0.6 2.4 mx2.4 mx2.4 m 100x100 12 20 33.0
4 30 323 0.3 2.4 mx2.4 mx2.4 m 100x100 12 20 322
5* 30 31.0 0.6 21.5mx3.5m 100x100 10 0 22.5
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Fig. 5 Typical photographs before projectiles impacting from high-speed camera
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Fig. 6 Post-test photographs of projectiles penetration/perforation into RC targets
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Table 4 Experimental results of penetration/perforation depth

Projectile No. Velocity/(m's™) Depth/m Type of penetration
1" 1019 2.44 Limit perforation
2* 1195 2.80 Limit perforation
3* 1020 2.44 Limit perforation
4" 840 2.20 Limit perforation
5" 820 2.30 Semi-infinite penetration

2.3 HRiR B HE N
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Ji 38 R A5 DRI R A O, LA T Fh T A5 52 Vi) R 25 B 2 s 2 A S 8 G R B R R A1 . AR R AT
SR 5 o 2SI 6 RO AR 0 T L8 9 3 T 06 A7 4 17 2R A0 T 4 11 e T B 8, 3%, 47 SPEIL A )
TAT A 1 PR T 8500 258 553 o
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B TATAR T 20,1 B 1 TR0 7 B 8, R T A X6 R I 5 33.0 6] [l TG00 K6 AR T L 22 . S o 4y
T 4% SEIAR A BRI 0 AT LA 7E $EM R I 24 30 MPa. B 24 800 m/s B G 45 R, L AT K R
SFoR 22,5 B A RN FEASTT DL Z0 o X EE 17, 2% STERM ) W DRI 0 AT AAS B, o, T
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Fig. 8 Penetration/perforation depth versus impact velocity
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Experimental Study of High-Speed Projectile Penetration/Perforation into
Reinforced Concrete Targets

DAI Xianghui, ZHOU Gang, SHEN Zikai, LI Pengjie, CHU Zhe,
WANG Kehui, DUAN lJian, HU Yutao, YANG Hui

( Laboratory of Intense Dynamic Loading and Effect, Northwest Institute of Nuclear Technology, Xi’an 710024, China)

Abstract: The penetration/perforation effects of high-speed ogive-nosed projectiles on reinforced concrete
(RC) targets were experimentally investigated. The projectiles with a mass of approximately 10 kg were
launched by a 100 mm power gun to striking velocities between 820 and 1195 m/s and impacted on the RC
targets with the unconfined cylinder compressive strength from 31.0 MPa to 43.6 MPa. The end-point
trajectory data of projectiles penetrating/perforating into RC targets are obtained. The penetration/perforation
depths and deformations of high-speed projectiles, free surface effects of RC targets were analyzed. The
results show that the penetration/perforation depths of high-speed projectiles ranges from 2.2 m to 2.8 m.
The predicted penetration/perforation depths by some empirical formulas were in good agreement with the
experimental data. Furthermore, those targets with smaller relative surface size and the projectile with higher
velocity, the free surface effects were more significant. In addition, the projectile behaves from rigid to semi-
fluid mechanism when the striking velocity reaches to 1195 m/s.

Keywords: high-speed; projectile; reinforced concrete; penetration; perforation; free surface effects
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D60 2 — Bl L RE LA A Bk 2 AR, i T4 R4 BTN T B bk B R B O P RE, 4%
FM R KT AT Rz N . LR F AR — AR Q235A B, - H Q235A #YAA L KLY
J1 25 PR RE LA B A M A B S5 1 A5 AS B SE K B D60 9 AR S B8 A OBL, B4 850 °C ¥k, SR TE 650,
580 K 500 °C T HEAT ] K AL B, 1533 3 A [ AR b A B2 A, R RS R a3 1 R . Q235A 1E
HEARAA R, HE AR A AN 2 BTN o G bR A R A R 3 U e AR AT I, BT T
AR BEJEE D60 HIRY#E SIS 12747 R o TR 1L FITEL 2 O 3 RS R BE EE D60 B Ay v fef A A | s 446 A 3 25 s
A PERE X 45 2R, e A5 B AN [R] 6 BE D60 A9 Y o 7 A RN B A Oy 2 Mk Re BCHE L ANk 3 o o AR
I 2(a) A [A) B 3 D60 #1914 1 e 285 37 A 000 3 a2, BBCB A B 1 3 5y 0.2% IR A 7 3 S 4 i Al 56 32 o,

T NPLHLSR L, o 9 BN S E 4 8 IR SR E , o M 1 D60 i KHAE B L 5 R
WS B 46 8 RSB B, N T 3. ol B K55 Table 1 Hardness measurement result of D60
BURSIB TR AL, no ki N 1 — BB, R ik sk Material Hardness/HRC Average

FB e o AR B R S5 R0 5088 M 0 A8 AN AL Test]  Test2  Test3  hardness/HRC
5N AR A 5, i85 0 RS K, N IRES 19.5 21 20 20
FHRE ) =5l B R A, & — A S R N 5 = D60 31 33 31 32
Hhp R TR NS, 37 36 35 36

=2 D605 Q235 MM E(LF AR

Table 2 Main chemical compositions of D60 and Q235 steel (%)
Material C Mn Si P S Cr Ni Cu
D60 0.57-0.65 0.5-0.8 0.17-0.4 <0.04 <0.04 <0.3 <0.3 <0.2
Q235 0.14-0.22 0.3-0.65 <0.3 <0.045 <0.05

®3 3MAEEE D60 HEI HF M HE
Table 3 Mechanical properties of three different hardness of D60 steel

Quasi-static tensile and compression Dynamic compression
Material HRC
op,/MPa o, /MPa  E/GPa 0/% o /MPa 0 /MPa
20 343 847 67.7 18.6 414 1024 (56106061 s™)
D60 32 664 997 68.3 11.8 723 1198 (45006040 s ™)
36 831 1070 73.8 11.0 864 1263 (5350-5960 s ™)

Quasi-static notched tensile and quasi-static tensile

Material HRC Stress triaxiality 77g Maximum equivalent failure plastic strain &;
R=3mm R=6mm R=9mm R=3mm R=6mm R=9 mm Quasi-static tensile
20 0.6683 0.7554 0.8628 0.8442 0.6235 0.5327 1.2655
D60 32 0.5448 0.7037 0.7063 0.8472 0.6217 0.5349 1.0628
36 0.3882 0.4138 0.4558 0.8447 0.6223 0.5340 0.7804

FE 3 T, Bt R RE BB i P06 R L T T WO R L S A e AR B L 8 A T 4 e A e 2
Pgsgm, (A A 3R B0 B R SRR RIB A AR U/, SRR RE S o AEAR Rk AR SRR
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Fig. 1 Quasi-static tensile and compression test curves for three different hardness of D60 steel
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Fig. 2 Dynamic compression test curves of D60 steel with different hardness
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Fig. 3 Photographs of specimens before and after split Hopkinson pressure bar test
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Fig. 4 Layout of fragment penetration test
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Fig. 5 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC20
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Fig. 6 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC32
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Fig. 7 Typical failure morphology of Q235A steel plate after penetration by fragments with HRC36
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Fig. 8 Schematic diagram of fracture failure of fragments and hardness of fragments
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Table 4 Test results of fragments with three different hardness penetrating into Q235A steel plate

Hardness d/mm mlg vo/(ms™) Penetrativity v/(m-s™) vi/m-s) L /(J-m kg )
6.11 988.3 Blind hole 0
6.10 1089.2 Throughout 24.6
6.11 1230.0 Throughout 168
HRC20 9.92 6.10 1270.7 Throughout 221 1089 46.57
6.10 1286.6 Throughout 223.5
6.10 1319.0 Throughout 280
6.10 1414.6 Throughout 379
6.10 892.5 Blind hole 0
6.10 963.1 Blind hole 0
6.10 1086.2 Throughout 66
HRC32 99 6.10 1252.0 Throughout 261 1086 07
6.10 1296.0 Throughout 295
6.11 1335.0 Throughout 353
6.11 1368.0 Throughout 382
6.11 1376.0 Throughout 389
6.10 892.5 Blind hole 0
6.09 987.1 Throughout 19.6
6.09 1048.8 Throughout 77.6
HRC36 9.92 6.11 1240.5 Throughout 309.6 987 38.25
6.09 1285.0 Throughout 399.5
6.09 1346.1 Throughout 424
6.10 1376.6 Throughout 440.9
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Fig. 10 Relationship between residual velocity and initial velocity
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Table 5 Comparison between test results and calculated results of ballistic limit velocity'”

Ballistic limit velocity vs,/(m-s™)

Fragmented material dy/mm Target material hy/mm Error/%
Test™ Calculated
11.2 AS steel 15.0 1070 1083.27 1.2
12.8 AS steel 15.0 1084 1085.55 0.1
35CrMnSiA
12.8 SS steel 14.5 1018 1050.00 0.2
11.2 Q235A steel 15.9 917 929.82 1.3

M S FBlE T U, S AR FR e 55 S Pl I (B A A TR 2E7E 2% LA, il i T2 R
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Experimental Study on the Penetration of Steel Fragments with Different
Hardness into Q235A Steel Plate

DU Ning, ZHANG Xianfeng, XIONG Wei, DING Li, WANG lJipeng, LIU Chuang
(School of Mechanical Engineering, Nanjing University of Science and Technology, Nanjing 210094, China)

Abstract: Quasi-static tensile/compression and SHPB (split Hopkinson pressure bar) compression tests
were conducted in order to study the mechanical properties of steel fragments with different hardness.
Furthermore, the fragments were launched by a ballistic gun at different velocities into a Q235A steel plate
with finite thickness. The correlation between the mechanical properties and the failure mode of fragments
was analyzed based on the ballistic test results. Combined with the dimensional analysis method, the
empirical relationship of the ballistic limit velocity of the steel fragments with different hardness penetrating
into the Q235A steel plate was obtained. The results show that the mass loss of the fragments decreases with
the increase of the hardness of the fragments, while the residual length of the fragments decreases with the
increase of the hardness. The penetration ability of fragments increases with the increase of the hardness. The
residual velocity of the fragments with HRC36 was relatively higher than that with HRC20 after penetration.
The predicted values of the determined empirical relationships agree well with the experimental results.
Keywords: impact dynamics; low carbon steel; hardness; ballistic limit velocity
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Table 1 Numerical models and experimental condition

] v /(m-s™)
Case 6/(°) v/(m-s™) Deviation/%
Experiment!'” Simulation
1 0 1105.0 286.0 278 -3.0
2 1231.2 462.7 456 -1.4
3 30 1058.1 202.9 200 -1.4
4 30 1290.3 385.9 384 -0.5
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Fig. 3 Simulated penetration distance vs. time for Case 1 Fig. 4 Displacement-time history of fragment for Case 1
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Fig. 5 Variation of penetration distance with time
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Fig. 6 Curve of the penetration distance with time
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Table 2 Initial velocity vs. penetration depth

Case 0/(°) v/(m's™) P /MM P, /mm (P 100 ws! Prina)! %0
1 0 1105.0 41.2 375.1 11.0
2 0 1231.2 37.1 305.0 12.2
3 30 1058.1 20.0 234.2 8.5
4 30 1290.3 454 3334 13.6
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Table 3 Penetration angle vs. instantaneous velocity and penetration depth

Case 0/(°) v, /(m-s™) P9 ms/mm Case 6/(°) v, /(m-s™) -
5 0 447 56.0 10 25 352 49.3
6 5 436 58.9 11 30 325 31.6
7 10 421 54.3 12 35 295 18.5
8 15 407 559 13 40 0 0
9 20 377 47.8
T 3 (R AR LA 3] 5 AR A K i 3 B i s (] 450 — 0=0°,v,= 447 m/s
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Fig. 7 Variation of velocity with time
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Fig. 8 Variation of penetration distance with time

Zr Bk, M ar AR SRR LL 30°~40°09 A gt
FAAR A K B I, R el e A K, HAR Y
PE S 0 N R A N o P R B A AE R Y A
BN AR 60° 1 AR BE 18 1k B AT Y By 3

3 & @

FIHIA BRICAR M ANSYS/LS-DYNA SEUAT 5T 1 o U i (DB 5 AT AR, ) He oA 1 Ry
{5400 2 AR R A I R ) e DRI AR A R AR TR B R AR A LR, A BN AR R A8

1) 08P B T e A0 PO A7 AT M) T R AR P ALK T g 3 /2 5

(2) BB R B A I I o S PS8, A 7K v iz Bl o 58 3 Dl o R

(3) 75 whvify B 23 L B BE, 00 AR AV IR 88 S I, B8 A I I S0 A, AR VDR P s B e, L
B BRI L AR 2 T8 e AR TR Y 10% e 475

015103-5



33 % = JE Ll i 2% Eitd 1

(4) 2 FARLL 300~ 40° 0 A1 A0 55 K AR IR, 32 32 S DSt A8 5 O, L AR A0 ) 6 o ot 3R A

Ne 25 R LA T RONE B9 A B, A BRE 60° B HRAIE REAS 1k B HAF A BT OR o

AT T A 45 18 T A AR o 7 47 VR 45 ) 1) 5 JELATS J (A 435 VR B T A AR | YRR TR L R

) IRBES T, T — N il IR AR SR IR TR A S A B A SO0 AL TR 5 AL T SR R BE A R

S22 3k

(1]

(2]

[10]

[11]

[12]

MCMILLEN J H. Shock wave pressures in water produced by impact of small spheres [J]. Physical Review, 1945, 68(9/10):
198-209.

MCMILLEN J H, HARVEY E N. A spark shadowgraphic study of body waves in water [J]. Journal of Applied Physics, 1946,
17(7): 541-555.

TOWNSEND D, PARK N, DEVALL P M. Failure of fluid dilled structures due to high velocity fragment impact [J].
International Journal of Impact Engineering, 2003, 29: 723—733.

DISIMILE P J, SWANSON L A, TOY N. The hydrodynamic ram pressure generated by spherical projectiles [J]. International
Journal of Impact Engineering, 2009, 36(6): 821-829.

DELETOMBE E, FABIS J, DUPAS J, et al. Experimental analysis of 7.62 mm hydrodynamic ram in containers [J]. Journal of
Fluids and Structures, 2013, 37: 1-21.

FEAE, A, (Rl I, 45 R A 7E B B AR A A R B R A ol e B A ST AT (3], PR35 ik, 2013, 32(6): 132-136, 148.

TANG T, ZHU X, HOU H L, et al. Shock loading induced by high speed fragment in cabin near shipboard [J]. Journal of
Vibration and Shock, 2013, 32(6): 132—136, 148.

FLRER, B HE, X155, 5. UL PR xR A a9 B AVE FITRF 9T (9], VAN 12, 2014, 18(8): 996-1004.

KONG X S, WU W G, LIU F, et al. Research on protective effect of guarding fluid cabin under attacking by explosion
fragments [J]. Journal of Ship Mechanics, 2014, 18(8): 996—1004.

LBEIR, AH, B, 55 5 B AOKBIHLAETE B ARRR A IR T AT (], IRARRL=HR, 2012, 34(7): 25-29.

SHEN X L, ZHU X, HOU H L, et al. Finite element analysis of underwater high velocity fragment mushrooming and
penetration properties [J]. Ship Science and Technology, 2012, 34(7): 25-29.

AR, R, TR AL S K TEAAE LIRS TR A S5 F K PURBT T HLERBESE (9] M0 J17%, 2006, 10(1): 113-119.

ZHANG Z H, ZHU X, HUANG Y Y, et al. Theoretical research on the defendence of cabin near shipboard of surface warship
subjected to underwater contact explosion [J]. Journal of Ship Mechanics, 2006, 10(1): 113—119.

IR, A8, ek, 5. Sl - RBIBFFRR iIe T (1], T EARARIFSE, 2011, 6(3): 12-15.

SHEN X L, ZHU X, HOU H L, et al. Experimental study on penetration properties of high velocity fragment into safety liquid
cabin [J]. Chinese Journal of Ship Research, 2011, 6(3): 12—15.

2, R, R, AF . S AT SRR N B RS A R R (A BRIT AT (], KR S e, 2016, 36(1): 1-8.

LI D, ZHU X, HOU H L, et al. Finite element analysis of load characteristic of liquid-filled structure subjected to high velocity
long-rod projectile penetration [J]. Explosion and Shock Waves, 2016, 36(1): 1-8.

TRICEE, BRI, Geifg i, 45, Bl - R MIBIP R S K iz SRR T 5T (7). SedebhebRles 5 AR, 2016, 39(5):
44-48.

ZHANG Y H, CHEN C H, HOU H L, et al. Experimental study on kinetic characteristic of high velocity fragments in water
after penetration of protecting liquid cabin [J]. Ordnance Material Science and Engineering, 2016, 39(5): 44-48.

015103-6


http://dx.doi.org/10.1063/1.1707751
http://dx.doi.org/10.1016/j.ijimpeng.2003.10.019
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.1063/1.1707751
http://dx.doi.org/10.1016/j.ijimpeng.2003.10.019
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.1063/1.1707751
http://dx.doi.org/10.1016/j.ijimpeng.2003.10.019
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.1063/1.1707751
http://dx.doi.org/10.1016/j.ijimpeng.2003.10.019
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.ijimpeng.2008.12.009
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.1016/j.jfluidstructs.2012.11.003
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1000-3835.2013.06.025
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2014.08.015
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3404/j.issn.1672-7649.2012.07.005
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1007-7294.2006.01.015
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003
http://dx.doi.org/10.3969/j.issn.1673-3185.2011.03.003

%3346 TRITHEAE: 377 PRI e AR B B e TR A i ) R A 51

Numerical Simulation of Residual Characteristics of Protecting Liquid Cabin
Penetrated by High Velocity Cube Fragments

ZHANG Yuanhao'?, CHENG Zhongqing”, HOU Hailiang', ZHU Xi'

(1. College of Naval Architecture and Ocean Engineering, Naval University of Engineering, Wuhan 430033, China,
2. Naval College of Service, Tianjin 300450, China)

Abstract: In this study we investigated the residual characteristics of the high velocity fragments
penetrating the protective liquid cabin using finite element analysis by ANSYS/LS-DYNA, found out about
the variation of the penetration depth and the velocity of the fragment after the fragments’ penetration into
the vertical and inclined liquid cabins, and discussed the optimal inclination angle of the liquid tank in a ship.
The results indicated that the presence of the inclination feature of the liquid cabin helps to reduce the
instantaneous velocity of the fragments entering the water, and the velocity dropped faster in water with the
increase of the instantaneous velocity of the fragments. In the stage of impact and cavitation, the penetration
depth of the fragments rose immediately, and the larger the instantaneous velocity, the faster the increase of
the penetration depth. The penetration depth in the two phases was about 10% of the final penetration.
Judging by the rate of the decrease of the projectile’s velocity and that of increase of the fragments’
penetration depth, we conclude that the tank with a tilt of 60° can achieve better protection.

Keywords: penetration depth; protecting liquid cabin; residual characteristics; finite element
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Numerical Calculation on Penetration of Ship Steel Plate by
Fragment Simulated Projectile

GAO Zhao, HOU Hailiang, LI Yongqing

(College of Naval Architecture and Ocean Engineering, Naval University of Engineering, Wuhan 430033, China)

Abstract: To investigate the penetration of steel plates by fragment simulated projectiles (FSP), we carried

out a theoretical analysis of the steel plate’s penetration process, dividing it into 4 stages, sequentially of

initial contact, penetration, plugging and perforation and successfully obtaining the formula that calculate the

penetration remaining velocity and energy transformation. The calculation result is in good agreement with the

results from experiment and finite element observation. The formula is applicable to practical steel plate design.

Keywords: penetration; fragment simulated projectiles; shock; remaining velocity
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Table 1 Parameters of equation-of-state equation and constitutive equation of concrete

G/GPa pl(kg-m™) A B N éofs’! c f//MPa S max
14.8 2450 0.79 1.6 0.61 1.0 0.007 48 7.0
p/MPa p/MPa &f He Dy D, M T/MPa K,/GPa
800 16.0 0.01 0.001 0.04 1.0 0.1 5 85
K,/GPa K,/GPa v B K/(10*° m™) m Kic/(MPa-m'?)

-171 208 0.27 0.5 1.1452 6 2.758
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Fig. 8 Pressure distribution of concrete during positive penetration
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Fig. 9 Process diagram of conical projectile obliquely penetrating concrete slab
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Fig. 10  Surface pressure distribution of concrete during oblique penetration
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Fig. 11 SPH simulation results after conical projectile penetrating concrete slab
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Numerical Simulation of Penetration in Concrete Sheet Based on SPH Method
QIANG Hongfu, SUN Xinya, WANG Guang, CHEN Fuzhen

(Missile Engineering College, Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: As the continuous improvement of the strength of concrete structure, more and more protective
fortifications have chosen concrete as the main building material. On the basis of the smooth particle
hydrodynamics method, the TCK-HJC composite constitutive model is proposed to simulate the deformation
damage of the concrete target during the penetration process of the rigid conical projectile, and the pseudo-
fluid model is used to describe the failed concrete fragments. The deformation process of the conical
projectile penetrating into the concrete target under different penetration angles (0°, 60°) were analyzed, and
the pressure on the surface of the target was also obtained. The scattering angles of the broken concrete
fragments were obtained, and the comparison with experiment shows the simulation result is robust and
accurate, which lays a technical foundation for further simulation of the mechanical properties of brittle
materials.

Keywords: concrete; TCK-HJIC composite constitutive model; smoothed particle hydrodynamics method;

brittle materials
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Fig. 2 Pressure curves at different time after impact
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Fig. 6 Pressure nephogram of projectile with different target thicknesses
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Fig. 8 Spallation of sphere’s back surface under different speed conditions (one part of the projectile)
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Fig. 9 Spallation of sphere’s back surface with different target thicknesses (one part of the projectile)
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Numerical Simulation Analysis of Back Fragmentation of Sphere by
Hypervelocity Impact

HAO Weijiang', LONG Renrong', ZHANG Qingming', CHEN Li', GONG Zizheng’

(1. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China;
2. Beijing Institute of Spacecraft Environment Engineering, Beijing 100094, China)

Abstract: The appropriate material state equations and strength models were chosen. Through the numerical
simulation results, the fragmentation behavior of the projectile material is analyzed. The fragmentation of the
projectile mainly consists of spallation caused by release waves and fragmentation of the material under high
pressure. Due to the influence of the spallation and the fragmentation method of the projectile under the
influence of high pressure, It also causes the shape and size of the fragments produced by the material in two
cases. This paper analyzes the propagation and attenuation of pressure pulses in a projectile during the
impact of a spherical projectile on a target plate. It was found that the pulse width of the pressure pulse in the
projectile remained substantially unchanged when the size of the projectile and the target were the same, and
the peak pressure increased as the impact velocity increased. At the same impact velocity, the peak pressure
of the pressure pulse propagating in the projectile is substantially constant, and the pulse width of the
pressure pulse increases as the thickness of the target increases. The pressure pulse propagated in the
projectile is related to the spallation of the back surface of the projectile. The peak value and rate of change
of the pressure pulse directly affect the thickness of the back surface layer. The width of the pressure pulse
directly affects the depth of the lamination of the back surface along the radial direction of the projectile. The
affected area of the fracture-cracking method and the thickness of the spar are obtained, which have
important reference value for the distribution of fragments in the debris cloud in the later stage.

Keywords: spall; pressure pulse; hypervelocity impact; breaking mode; distribution
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Fig. 1 Different specimen size (Unit: mm)
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Fig.2 Stress-strain curves of Q345B steel
under different strain rates
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Table 1 Failure strain of different specimens

Stress triaxiality

Specimen Initial stress triaxiality Average stress triaxiality Failure strain &
Compression -0.333
Torsion 0.000 0.0006 1.340
Smooth 0.333 0.562 1.273
R=18 mm 0.413 0.663 1.140
R=8 mm 0.505 0.752 1.045
R=6 mm 0.556 0.805 0.990
R=2 mm 0.893 1.085 0.791
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Fig. 6 Comparison of JC failure model curves for Fig. 7 Comparison of JC failure model curves for Q345B steel
Q3458 steel under different fitting methods under different fitting methods (only considering tensile specimen)
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Table 2 JC failure model constants

Model Stress triaxiality D, D, D, Remarks
JC-F-1 Initial —-0.0910 1.5326 —0.6963 See Fig. 6
JC-F-2 Average —6.3470 7.7860 —-0.0870 See Fig. 6
JC-F-3 Initial 0.6977 2.7811 —4.5976 See Fig. 7
JC-F-4 Average 0.6415 5.0578 -3.6146 See Fig. 7

3 MESHXBHEFRGETEZ W
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Fig. 8 Finite element model of warhead penetrating metal targets
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F3 RAMAMEFRSmm B Q345BMEBMAE T HLERSHWA RN
Table 3 Comparison between experimental results and simulation results for
sharp nosed warhead penetrating 8 mm thick Q345B steel targets

Material model Residual velocity/(m-s™)
Impact velocity/(m-s™)

Strength model Failure model Experiment Simulation
Low reference strain rate JC-F-1 208 185 180
Low reference strain rate JC-F-2 208 185 177
High reference strain rate JC-F-1 208 185 184
High reference strain rate JC-F-2 208 185 183
Low reference strain rate JC-F-3 208 185 180
Low reference strain rate JC-F-4 208 185 174
High reference strain rate JC-F-3 208 185 182
High reference strain rate JC-F-4 208 185 178

F4 REHAPEFFR15mm FE QMSBRERMMENTELERSRBE R
Table 4 Comparison between experimental results and simulation results for
sharp nosed warhead penetrating 15 mm thick Q345B steel targets

Material model Residual velocity/(m-s™)
Impact velocity/(m-s™)

Strength model Failure model Experiment Simulation
Low reference strain rate JC-F-1 273 216 204
Low reference strain rate JC-F-2 273 216 202
High reference strain rate JC-F-1 273 216 212
High reference strain rate JC-F-2 273 216 212
Low reference strain rate JC-F-3 273 216 194
Low reference strain rate JC-F-4 273 216 181
High reference strain rate JC-F-3 273 216 201
High reference strain rate JC-F-4 273 216 194

£S5 HAHEAHFR15mm E QMSBREBMAETHLERS KA R
Table S Comparison between experimental results and simulation results for
blunt warhead penetrating 15 mm thick Q345B steel targets

Material model Residual velocity/(m-s™)
Impact velocity/(m-s™)

Strength model Failure model Experiment Simulation
Low reference strain rate JC-F-1 273 163 75
Low reference strain rate JC-F-2 273 163 50
High reference strain rate JC-F-1 273 163 174
High reference strain rate JC-F-2 273 163 172
Low reference strain rate JC-F-3 273 163 55
Low reference strain rate JC-F-4 273 163 0
High reference strain rate JC-F-3 273 163 171
High reference strain rate JC-F-4 273 163 156

XF TRk AR A 8 mm, 15 mm JE Q345B WHEAR, AN ] JC A 24048l 5 Ik i ity ok 1 31+
PR A BTG 25 5 JC RS BAEUAS T IR B A 25 % TRl Sk SR 2 Y 15 mm JE Q345B HUHEAR,
AR JC A ZBAUAS T7 75X 531 B A A4 3 B2 52 e B 8 T 0C RS HEUG T i
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Influence of Different Material Constants Fitting Method on
Predicting Warhead Impacting Metal Targets

WU Xingxing, LIU Jianhu, ZHANG Lunping, ZHAO Yanjie, MENG Liping, CHEN Jiangtao

( China Ship Scientific Research Center, Wuxi 214082, China)

Abstract: Material constants played a significant role in the numerical prediction of warhead impacting

metal targets, in order to obtain a set of valuable material constants fitting methods, JC strength model and

JC failure model constants were acquired by different fitting method based on material mechanical properties

and failure experiments. Simulation results were compared with experiment outcome in which different nose

warhead penetrated different thickness metal plates, and it indicated: (1) simulation results could be distinct

using JC strength model and JC failure mode constants from different fitting methods for the same material

mechanical property tests; (2) JC strength model constants fitting by stress-strain curves using high reference

strain rate were suitable for the numerical predicting warhead penetrating metal plates; (3) JC failure model

constants fitting by initial stress triaxiality or average stress triaxiality had few influence on calculation

results. This research could provide assistance for the material constants fitting method in numerical

simulation.

Keywords: material constants; constants fitting; JC strength model; JC failure model; stress triaxiality;

penetration
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Table 3 Model parameters and ballistic limits
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Fig.3 Ballistic limit curve Fig. 4 Results of mesh sensitivity analysis
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Fig. 10 Deflection angle histories of the projectile at different initial velocities and yaw angels of 2° and 10°
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045106-5



33 % = JE LY} L 2% Eitd 541

IR, AR L R O P A I 200 B f ol S R R (O 1.4 A% LI A0 PR GEERE ) I, i 2 £ 22 e 384 A Dk
NI R H

O3 BT S B4 5T 2 A R TR, SRACY e SR TR T B B b, AR I, S R Besdm . %
T A i R, A A i £ AR HE IV I BED S0 B, TS R 0N s 6 T B A bk R, i
PRBG D 5% A AEE SR IV Y BOR AT SR G838 0 o 45 SRR AR AR I A, 20 A7 LD An R - ARG s A L 7
YZ -] N e 3l (BARUTE JLAT BT YZ P TAFR) , i WA G2 3l 27 7] R0

Jp= Z Fd (6)

2 o HUA R B0 Y e SRR, o SR B SO E, 3 Fd R & F1 9

P12 gt T RO B RO AR I B R . WU MR, SR Iy B A o 3 A6 0 B0 S R
HAE YZ VN2 2T Fy F, BIVERL, Bt Fy ™ A 9 308 o5 2 S AR, 0 4% s ak 2 ok 26 1T B B
SRA B4 32 0 S B 2 A 5 4 T B AL, (H= T P B B SR i 52 B8 5 0 R 5 1) A T, PR kg 2 o R
R RSO BE o R T 1L B BV P R, AR A F O o MOORDRAEIEARL, SO % F R B R 4
e #EAEWN BB, WA 13 R, SRS N AL 152 B ) Fy AR R A, 51
555 W R BE 3 FET7 Tl AR, PR 0k 53 ff o 38 2 D/ L 28 1 1] 336

K12 BEE e AR s T B 2 R B 13 BRI BRAEIVHBRER

Fig. 12 Perforation process of the 3rd phase diagram Fig. 13 Perforation process of the 4th phase diagram
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Fig. 16 Projectile centroid trajectory at different initial velocities and yaw angels of 2° and 10°

1.2
(a) v=80.40 m/s
1.0
—o—a=2°
g 08F —o— a=4°
3] —— a=6°
2 —— 0=8°
2 0.6
2
a 04
1]
3
> 02
0% AR
70A2 1 1 1 1
0 1 2 3 4 5
Z-displacement/cm
&l 17
Fig. 17

Y-displacement/cm

045106-7

0.20
(b) v=180.37 m/s
0.15F —o—oa=2°
—o— o=4°

—A— g=6°
—— o=8°

—-0.05 . ! . L
0 1 2 3 4 5

Z-displacement/cm

AR £ W0 0R T B S 80.40 my/s 1 180.37 m/s ISF LA (14 J57 .0 4 2 2 30

Projectile centroid trajectory at different yaw angels and initial velocities of 80.40 m/s and 180.37 m/s



33 % = JE Ll i 2% Eitd 541

6] (4 05 % R A5 Bt #3384 0, ARt S 22 Y il 1) b 0 B D 2 AR ) B R AR AR
(80.40 m/s) I, 5L Y 77 1] B (2 B8 ) B0 I 8 ) ply 670 26 1E A9 28 A, 3R TR0 2R RE BN, Y Bl 1]
VR 57 A B4 i 2 25 RELAE PRl e, 0 i st .

3 & @

SR T WFGE TR R Sk SRR BT 2 A A 2, R R AR LM 3 1 2 BT B ANSYS/LS-DYNA #5717
ABRITIHRRIRL . SEI0E T A7 FROT /D A5 L (0 ] S, 76 SRRl b O JR T Sk LA T A T 2 AN A 1Y
BRI, BT 4598 .

(1) A AE AR BT 28 B0 A A b 32 B AR X BRI VR & A 3 e A, (EUXT o A0 R O 0 2 5 ),
10°T5 £ i fry 3L 3 A BRAN LE TE AR 0785 6.12%

(2) DA R, 90 1ef 8 3 /0 (R B A B 3k ), B i A P I

(3) 449y ffy 38 B 422 30T 590 T8 M R 8 B s, i 7 ) S TR e DI 84 T i 2% 1 14 T ) AR Ak R B ) B i o
R B R T 1.4 A5 50 A BR S RE ), i 7 1 52 S 39 n J5 el /N 1 AR Ak e 4

(4) BHLUAR H B ST o 3 32 o A ) 398 JRCTT 1 A, i 5 0 3 2 10 1 21 2 1 B8 R JS 0/ o

53 3k

[1] BACKMAN M E, GOLDSMITH W. The mechanics of penetration of projectiles into targets [J]. International Journal of
Engineering Science, 1978, 16(1): 1-99.

[2] CORBETT G G, REID S R, JOHNSON W. Impact loading of plates and shells by free-flying projectiles: a review [J].
International Journal of Impact Engineering, 1996, 18(2): 141-230.

[3] ZUKASJ A. Impact dynamics [M].New York:Wiley,1982.

[4] ANDERSON C E JR, BODNER S R. Ballistic impact: the status of analytical and numerical modeling [J]. International Journal
of Impact Engineering, 1988, 7(1): 9-35.

(5] AR 2 2 (M. dbat: R ol ik, 1984,
QIAN W C. Mechanics of perforation [M]. Beijing: National Defense Industry Press, 1984.

[6] GOLDSMITH W. Non-ideal projectile impact on targets [J]. International Journal of Impact Engineering, 1999, 22(2/3):
95-395.

[7] DENG Y F, LIJ F, JIA B H, et al. Numerical study of failure modes and crack propagation in 2A12 aluminum target against
blunt-nosed projectile at low yaw angle [J]. Strength of Materials, 2016, 48(6): 834-849.

(8] TRXUE, R ILE, A=Wy, 5. Sk 5/ NVRHA R ISR A B BRI 70T (9], #1IE 274, 2010, 22(3): 58-62.
XU S X, WU W G, LI X B, et al. Theoretical analysis on residual velocity of conical projectile after penetrating thin plate at low
oblique angle [J]. Journal of Ballistics, 2010, 22(3): 58-62.

(9] AETX, A4, T, 55 ANIF]SK AT AR 28 MY AR RN AN AR (BRI [0, 33T S ) 2441, 2015(1): 55-58.
XIONG F, SHI Q, ZHANG C, et al. Numerical simulation on the semi-armor-piercing warhead with different nose shapes
penetrating thin steel target [J]. Journal of Projectiles, Rockets, Missile and Guidance, 2015(1): 55-58.

(10] =58, KR, e, 55 B2 U SR IR SUZ SR AR AT (7). AEARLAHER, 2017(21): 37-41.
DONG S Q, CAI X H, WANG G L, et al. Numerical simulation research on effect of warhead penetrating double-layer aircraft
carrier targets [J]. Ship Science and Technology, 2017(21): 37-41.

[11] 4R, 25003k, TRHTHE. B X1 28 B R0 2 B R s (U], SRR s T2, 2017(4): 65-68.

HOU K Y, LI K D, ZHANG X W. Influence of hitting attitude in armor-piercing process [J]. Journal of Ordnance Equipment
Engineering, 2017(4): 65-68.

[12] XB= &, RHEMR. BUHXTIITE i 0 G WA A BUE ST [T]. R34, 2018, 32(4): 045102,

DENG Y F, YUAN J J. Numerical research of influence of attack angle on thin aluminum alloy plate impacted by ogival-nosed
projectile [J]. Chinese Journal of High Pressure Physics, 2018, 32(4): 045102.

045106-8


http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0734-743X(95)00023-4
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1007/s11223-017-9830-3
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0734-743X(95)00023-4
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1007/s11223-017-9830-3
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0734-743X(95)00023-4
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1007/s11223-017-9830-3
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0020-7225(78)90002-2
http://dx.doi.org/10.1016/0734-743X(95)00023-4
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1016/0734-743X(88)90010-3
http://dx.doi.org/10.1007/s11223-017-9830-3
http://dx.doi.org/10.11858/gywlxb.20170601	
http://dx.doi.org/10.11858/gywlxb.20170601	

%3346 W R HES IR IO B A A A A 54

[13] KPENYIGBA K M, JANKOWIAK T, RUSINEK A, et al. Influence of projectile shape on dynamic behavior of steel sheet
subjected to impact and perforation [J]. Thin-Walled Structures, 2013, 65: 93—104.
[14] RECHT R F, IPSON T W. Ballistic perforation dynamics [J]. Journal of Applied Mechanics, 1963, 30(3): 384.

Numerical Simulation of Thin Steel Target Perforated by
Conical-Nosed Projectile with Yaw Angle

PAN Xin, WANG Hao, WU Haijun, PI Aiguo, LI Jinzhu

(State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: Numerical simulations are conducted for perforation of conical projectile impacting on thin steel
target with various yaw angles to investigate the influence of yaw angle. The finite element models of
conical projectile impacting on thin steel target with yaw angle varying from 2° to 10° are established with
the non-linear finite element code ANSYS/LS-DYNA. After the reliability of numerical simulations is
verified, numerical simulations of conical projectile impacting on thin steel target with different yaw angles
and initial velocities are carried out. A four-step model to analyze the process of projectile’s deflection is
addressed by comparing the process of target’s failure and projectile’s deflection. At last, we discuss the
projectile’s trajectory angel deflection and angular velocity through the validated numerical analysis. The
results show that the failure of asymmetric petalling occurs when a thin plate is impacted by conical-nosed
projectile with yaw angle. With the increase of the yaw angle and the decrease of initial velocity, the
deflection of the trajectory will be more obvious; the deflection change of projectile relates to the initial
velocity; the deflection angle shows a trend of increasing first and subsequently decreasing when the initial
impact velocity is relatively high (greater than about 1.4 times the ballistic limit). When the projectile moves
out of target, the angular velocity rises with the increase of the yaw angle, but it increases reversely and then
reduces with the increase of initial velocity.

Keywords: conical-nosed projectiles; yaw angle; perforation; attitude deflection; finite element simulation
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TE R B AR ) 52 55 AH [R], JL 200 25 SR R GG UF SR 228 . bl oA i B 0 o TR ARG P, X0 R
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Table 1 Material parameters for steel plate""

Mass density/  Young’s . . Taylor-Quinney  Specific heat ~ Thermal expansion Damage coupling
Poisson’s ratio

(kg'm™)  modulus/GPa coefficienty ~ C/(J')kg''K™")  coefficient /K’ parameter 3

7850 210 0.33 0.9 452 1.2x10°7° 0

Johnson-Cook (JC) strength model parameters

A/MPa B/MPa n c &ofs m T/K
499 382 0.458 0.0079 5%x107™ 0.893 293
JC strength model parameters JC damage model parameters
T /K /K D, D, D, D, D,
1800 293 0.636 1.936 —2.969 -0.014 1.014
JC damage model parameters Voce hardening parameters Critical temperature
D, Pa o C 0, G, parameter 7/K
1 0 0 0 0 0 1800

®2 MRS

Table 2 Material parameters for projectile""

Mass density/(kgm™)  Young’s modulus/GPa  Poisson’s ratio  Yield stress oy/MPa  Tangent modulus E;,/GPa
7850 204 0.33 1900 15
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Fig. 2 Overall relative error of residual velocity for different friction coefficients

®3 MEAREMBERROBEENER S LWL R

Table 3 Comparison of residual velocity and ballistic limit obtained by numerical simulation and experiment

Residual velocity/(m-s™)
Method Ballistic limit/(m-s™)
v=2982m-s'  v=3246ms' 1,=346.6m's'  v,=365.0m-s"

Experiment!'”’ 91.2 160.3 193.3 239.9 295.9
Simulation 95.3 158.7 197.6 226.2 284.0
Relative error/% 4.5 1.0 2.2 5.7 4.0
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Fig. 3 Comparison of deformations of projectile and target obtained by numerical simulation and experiment!'”’
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Fig. 4 Residual velocity-rotation speed curves
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Fig. 5 Penetration deformations of steel plate with different rotation speeds of projectile at an incident velocity of 298.2 m/s
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Fig. 6 Penetration deformations of steel plate with different rotation speeds of projectile at an incident velocity of 365.0 m/s
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Effect of Rotation on Penetration of Steel Plate by Ogival Projectile
Using Coupled FEM-SPH Simulation

XIAO Yihua', WU Hecheng', ZHU Aihua', DONG Huanghuang®, PING Xuecheng’

(1. School of Mechatronics and Vehicle Engineering, East China Jiaotong University, Nanchang 330013, China;
2. Hangcha Group Co., Ltd, Hangzhou 310000, China;
3. College of Mechanical Engineering, Tianjin University of Science and Technology, Tianjin 300457, China)

Abstract: A coupled FEM-SPH model for an ogival-nosed projectile penetrating into a steel plate was
established. The influence of friction coefficient between projectile and plate on residual velocity estimation
for projectile was analyzed. Based on the experimental data, a suitable friction coefficient was determined
such that the model can accurately predict residual velocities of projectile and ballistic limit of target. Based
on the model, effects of projectile rotation on its residual velocity and ballistic deflection were studied for
normal and oblique penetration with two different incident velocities and different incident angles. For
normal penetration, rotation has a significant influence on residual velocity of projectile while few effects on
ballistic deflection. The residual velocity and penetration capability of projectile increase with the growth of
rotation speed. For oblique penetration, rotation has obvious effects on both residual velocity and ballistic
deflection of projectile. The penetration capability of projectile does not monotonically increase with the
growth of rotation speed and is dependent on incident angle and velocity. Deflections out of incident plane
are induced by projectile rotation, and the deflection direction is related to the rotation direction of projectile.
Keywords: rotation; penetration; residual velocity; ballistic deflection
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Table 1 Strength model parameters for the granite

G/GPa  pl/kgm™) A/MPa  B/MPa N &/s™ C f/MPa S D, D, &
14.19 2800 950 1600 0.79 1.0 0.008  126.5 70 0.034 1.0 0.0l

#2 EREEIRNOHICKREFESH

Table 2 Equation of state parameters for the granite

p/MPa He p/MPa s T/MPa K,/GPa K,/GPa K;/GPa

422 0.003 279 0.02 8.786 85 -171 208

x3 WHEHMRSH
Table 3 Strength model parameters for the projectile

G/GPa pl(kgm™) o/GPa  B/GPa N C/(ms™) c T../K S % M
81.8 7800 0.235 0.3 1.03 3574 026 1600 192 1.69 0.014

S WXL, L 97, 109, 171, 175,
202, 251, 269 m/sl 3 8 & #E 17 SPH B
L, 5 BT ERE A R L3 4. B SPH BUE AR

&4 SPHHEFEMNERMRAELER
Table 4 Depth of pit formed by numerical simulation of SPH

v/(ms ™) h/mm vo/(ms ™) h/mm

U455 5 30k [1] TP 3T LS-DYNA {5 EL 4k 4

) Lagrange ¥ i 2 45 55 11 52 3 45 S 3447 % o 7 3.01 202 4.20

R R 1 i 25 25 WL 128 A 2R (0 1 > 2! A7
Pl 2) , SPHO i Y4005 R T A4 S 0 1 7 20 209 1
175 3.97

MBI R T : 3 v SPH J5 i 40 1Y
JESTCIE R K S [T , B0 S i 2o 397 il 43
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Fig. 2 Penetration depth vs. penetration velocity WA, Fh4s Lagrange [ 4% 1 B I B .
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Fig. 3 Results of the pit at diferent penetration velocities by SPH

€14 LS-DYNA BRPFRL gt 1 B5 18R A s SR s
Fig.4 Result of the pit by LS-DYNA!! Fig. 5 Experimental mesoscopic results of granite impacted pits'"!
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Fig. 6 Penetration depth vs. penetration velocity Fig. 7 Penetration depth vs. Mach number Ma™
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Fig. 8 Size of the pit at different penetration velocities
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Fig. 12 Penetration depth vs. penetration velocity

from 0 to 4000 m/s
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Fig. 13 Penetration depth vs. penetration velocity
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Application of SPH Method for Problem of Rock Penetration
within the Wide-Ranged Velocity

QIANG Hongfu, ZHANG Guoxing, WANG Guang, HUANG Quanzhang
(Rocket Force University of Engineering, Xi’an 710025, China)

Abstract: The smoothed particle hydrodynamics (SPH) method is used to simulate the deformation of
penetration of granite at large strain and high strain rates. In order to describe the nonlinear deformation and
failure characteristics of the projectile and target, the Holmquist-Johnson-Cook (HJC) constitutive model,
damage model, Johnson-Cook (J-C) constitutive model and Griineisen equation of state for granite are
introduced, in which the projectile and the fortifications are discretized into Lagrangian particles. In
simulation of three-dimensional penetration process of granite targets by self-made program at the speed
from 0 m/s to 4000 m/s, we compare and analyzes the penetration results of steel balls under different
projectile conditions. The curve of the penetration depth with the penetration velocity is fitted in solid
penetration, semi-fluid penetration and fluid invasion. The numerical results show that the penetration depth
increases with the increase of the penetration velocity in the solid penetration interval (v, < 1421 m/s). A
decreasing trend is shown in the semi-fluid penetration interval (1421 m/s <v, <1700 m/s), while an
increasing trend is shown in the fluid penetration interval (1421 m/s < vy < 1700 m/s) and gradually tended to
reach the peak.

Keywords: projectile; penetration; granite; smoothed particle hydrodynamics method
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Fig. 1 Prototype shaped charge device Fig.2 Shaped charge with aluminum-copper welded liner

x1 HRAEH

Table 1 Geometrical parameters in shaped charge configuration

dlcm h/cm d/cm a/(°) b/ecm
0.21 15.24 8.38 42 5.86

Note: 6, h, d, @, b are liner thickness, height of charge, diameter, apex angle, and top diameter, respectively.

1.2 HEEE

P 3 45 T S R S O 20 AR 118 5 e A A TR A T ], L R R R A T B AR 15.24 om,
k1 62.87 cm, Hi i ke B S HRNRIEE R 16.76 cm.  H T2 B 45 F MU 22k far B AT JLAI X FRE, 7 S BRIt
SRR, WO SR T P A SRR AR U e 2 R A A

Al Octol Homogeneous steel

_________

Symmetry axis

10 cm

Ignition point Liner (A1-Cu) Air field
€3 S E S B FROT T A g

Fig.3 Computational diagrams of shape charge and target arrangement
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TR B s IR R 2 W) it ALE B3k, 4 ) S i RO A 22 ) Ry 37 [T 75 2 Mk o RS ARR A IRE R 2R 2 0
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IWLRAE F RS HI ) T3 2. GRS E 048 R RH Grineisen R FE HEA, M5 19 Pk
SRV F T 3. 4 bR R R ] Steinberg BT, AH SR T 3K 40T H R RR W) B Y

064107-2



%3346 XRSBRAF: S0 257 S5 Ui S (A (A A 5 6 M1
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Table 2 Detonation properties and JWL parameters of octol explosive"!

p/(g-em™) D/(km-s™) pe/GPa EJ/(J'm™) w
1.821 8.48 342 9.6 0.38
A/GPa B/GPa C/GPa R, R,
748.6 13.38 1.167 4.50 1.20

Note: w, 4, B, C, R, and R, are JWL EOS parameters; g,, D, p.; and E, are density, detonation velocity, CJ presure, and
explosive energy per volume, respectively.

%= 3 $BA4EAY Griineisen K HFEES H

Table 3 Parameters in Griineisen equation of state of aluminum and copper'®

Material /(g-em™) Cy/(km-s™) s r T.../K ¢/ kg K™
Aluminum 2.78 5.39 1.339 1.97 300 884
Copper 8.93 3.94 1.489 2.02 300 383

Note: S is constant; C,, 7, T,,,..» ¢, are sound velocity, Griineisen coefficient, room temperature, and specific heat capacity at

room> v

constant volume, respectively.

x4 (RANSEH KR Steinberg 53 FEAE RIS 3117

Table 4 Parameters in Steinberg strength model of aluminum and copper'”

Material 2/(g-em™) G,/GPa Y,/GPa Y n (=G /Gy)< 107K
Aluminum 2.78 27.6 0.29 125 0.10 0.62
Copper 8.93 47.7 0.12 36 0.45 0.38

Note: S and n are constants; G,, ¥, and are shear modulus, yield strength, and G/ shear modulus per time derivative,respectively.

x5 MBI MHERNEHLRE S K

Table 5 Target material parameters in elastic-plastic-kinematic strength model™

Material ~ p/(g-cm™) E/GPa u Y/GPa C. PJs’! Eutr
Steel 7.83 2.07 0.3 0.0111 6 500 4 0.7

Note: P,, C, and e are constants; £, u and Y are platic modulus, Poisson’s ratio and yield strength, respectively.

2 BERMUGERMITH

21 SRS SR R AR D

TEHEAT SR Y 3R B8 ) U0 2HE B VTS, TR 1 42°%E A 2l ] 24 Y 55 5 RE S U e ) SRR AR
BT, SR IR 6. 4 5 ih T AN AE G AR, s il TR R AL . AR ZEB S T us I,
RV PRYS, THARTE UL s 30 s Jm 56 30 Sk 0 B T4 T ARURE , LI Sk 3R 38 vl 3h 5 8.23 ks, 5

l 41.15 cm |
‘ 2953 cm |
I Slug
: Target
Bl 4 i isige 50 ps iHSHRIES A5 sl 2R St SR R MR
Fig. 4 Jet configuration from conical shaped charge Fig. 5 Penetration into steet target by jet from
with single copper liner at 50 ps instant conical copper liner shaped charge
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SCHK [12] P45 A SE A 8.30 km/s BEARW) 7 o [al I 153 AR A5 B4 360 W X SR AR B0 B R BITRBE N 41.15 em,
T STk [12] H RS2 B2 IR BE 7E 38.56~40.23 emits [l N ZE 4k, T E(E RS K T2 fE .

F 6 HAEAHBEHREMITEMSILE R

Table 6 Comparison on computational and experimental results of jet and penetration by charge with single copper liner

Jet head velocity/(km-s™) Penetration depth/cm
Experiment This calculation Experiment This calculation
8.30 8.23 38.58-40.23 41.15

22 ARIEARBRNABESHRLBERIREE
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40°, 42°HY 1R, JT R BT il it 58, 4 Té,
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Al 25 RSB PR 5 T 18.3%; 11 38°40 il 24 HY BE B 6 A [ L 2700 5 37 S S5 - ] 25 4
TSk WA A BEH 9.31 ks, AH HL AL 25 L Fig. 6 Variation of jet tip velocity versus time from shaped charge
BET 13.2%, set-up with different liner apex angles
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Fig. 7 Penetration phases at shown time intervals by jets from 38° apex angle charge with aluminum-copper welded liner
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Fig. 8 Variation of jet penetration depth versus time by
charge devices with different liner apex angles
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*8 HANHEHEEHREIREEIHREENEE
Table 8 Jet velocity values at different locations along its elongation and total jet kinetic energy
from the charge with aluminum copper welded liner at 38° apex angle

Portion i Velocity/(kms™) v,/(km's™) rlem l/em E,JKJ EJKJ
1 2.0-3.0 25 0.54 0.45 11.50 45471
2 3.0-7.0 5.0 0.28 6.09 167.43 454.71
3 7.0-8.0 75 0.23 2.29 95.58 45471
4 8.0-9.6 8.8 0.17 5.74 180.19 45471

x99 BRAHBEHFRZTIREES T RETNEE
Table 9 Jet velocity values at different locations along jet elongation and
total jet kinetic energy from the charge with single copper liner

Portion i Velocity/(km-s™) v,/(km's™) rlem l/em E, /K] E /K]
1 2.0-3.0 2.5 0.58 1.21 35.68 414.13
2 3.0-7.0 5.0 0.28 8.83 242.76 414.13
3 7.0-8.0 7.5 0.21 3.40 118.30 414.13
4 7.0-8.3 7.7 0.11 1.75 17.38 414.13

Lagrange 1158 . MUk, EFXHEE A 456 M ICLE G PR RSB FREHRESEA T 118, LB R E 2257,
ARG E A E 11(a) FT7R o BOFHE Az 2h 330 3.5 my/s, $230T 2R 68 S It 24 764 B8l 43 8, A 30 v
TR X FRIICE B 42092 #1811 RIIEL 12 43000 R W R A2 5 A RHRESRE A T BB B . AATHER S R T LU
FRAR MR B AT 45 A BT, BERE S 4 B I A UH S, AR AR ) G2 B R, Q& 11(d) s i B R A5 6o

i

U1

(a) 0 ps (b) 3 us (c) 6 us (d) Enlargement of collision
area at 6 us

11 Jesh Ao R 2 A ARt T 5 e

Fig. 11 Computational results of the oblique collision by plates of aluminum copper without bonding

(@) O ps (b) 6 us (c) Enlargement of collision

area at 6 us
12 255 REFMEIRE S BURREE T B

Fig. 12 Computational results of the oblique collision by plates of aluminum copper with strong bonding
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Numerical Simulation on the Performance of Shaped Charge with
Explosively Welded Aluminum Copper Liner

LIU Zhiyue, ZHAI Junzhao

(School of Mechatronic Engineering, Beijing Institute of Technology, Beijing 100081, China)

Abstract: According to the character of jet formation in shaped charge device, a new type of charge

assembly, with metallic liner of aluminum-copper bond fabricated by explosively welding technique, has

been proposed in order to acquire the improvement on penetration capability from such charge. The device is

modified from the available conical shaped charge with single copper liner material and 42° conical apex

angle. Multi-material arbitrary Lagrangian-Eulerian (MMALE) method in LS-DYNA software package is

employed as the numerical simulation tool to fulfill the calculations for the whole processes involving jet

formation and ensuing penetration into target. Charges with apex angles varying from 36°, 38°, 40°, and 42°

respectively have been calculated for comparison. The results show that the head velocity of the jet increases

with the decreasing value of apex angle. Furthermore, 38° apex angle charge reaches maximum penetration

depth. Compared to shaped charge with single copper liner, such design of the charge presents 13.2%

improvement in jet head velocity and 14.5% rising in penetration depth.

Keywords: shaped charge; penetration; welded aluminum copper liner; LS-DYNA
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iR 42 20 12.7 mm (%) 35038 M % 5% A, 8 o B e 24 i DL OB S 2 R A I B R
P o SR FH 38 DT L v, R NGL202-Z 7Y 57 300 0 000 388 174) 00 5k 2 ¥ 0 A 7 00 iy ek 5 A 3k R )
o EHESN 9.45 mm, i N 8.05 g WAA & BRIER F, X 7.2 mm A1 (3.6+3.6) mm J& Q235 WX #u it
rupidi s IS EE AN 1 iR, B2 BT, B SN R R R

Qﬁﬁteel target (c) Small cartridge

Ballistic gun Fragment 1 f 2 Recovery device g
;_ .-"" ;.-"f IIIl'\\ _.’"/a' I\.\ I.I.-"! J
/ ! A / .
;’! f "‘...
—_— (a) Sabot
Speedometer
/
/
| *
/ |
1, 2. Speed target (b) Fragments

Bl e s

Fig. 1

1.2 REERES

Experimental schematic

K2 #HE. B BNt

Fig. 2 Sabot, fragments and small cartridge

34 4 3R] 7.2 mm 1 (3.6+3.6) mm J5E Q235 HIM A I 45 R WK 1.

x1 WHARMLEER

Table 1 Experimental results of fragment penetrating plate
Target type Initial velocity/(ms ") Residual velocity/(m's™) Phenomenon
4943 Embedment
598.8 248.6 Penetration
662.0 350.2 Penetration
718.5 413.3 Penetration
Single layer plate .
79 mm 726.4 423.0 Penetration
734.1 4543 Penetration
766.1 479.2 Penetration
787.3 504.9 Penetration
837.0 558.9 Penetration
4553 Embedment
532.7 Embedment
604.0 194.2 Penetration
Double layer plate 619.0 224.4 Penetration
(3.6+3.6) mm 631.4 246.1 Penetration
652.5 281.8 Penetration
738.0 400.7 Penetration
819.0 493.2 Penetration
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R Y= R L e v e R LT 2 /NP

Fig. 3 Fragmentation and plug after single layer impacting experiment
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G G BRR BNBUZ A G Rt ey, 000 U S B8 /N T 55 3 B2 I, XU AR -5 5= MR A T 2 2R AR AN
[, RIS A0 SR M B o Fedi e ad B vh, MR BYIREE 1R, 55 1 22 B IR R R BT, BE IR
55 2 R, PR AR [ A S B AR A R B B AR o Szl BOREARR 3,y TR S i 3 R
AN B MIBE AT, N 5 () B o SH A R R T 27 ad e L I, XUZ AR P 1 2 AR A R i 5 B
JEBCRAL . f8 i A v, R Y IR RO, BEAR A AR R R T e R R AR R, R AR 4 BT, TP A

Vo vl
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 (b) v, = 5988 m/s
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Fig. 4 Single-layer plate after experiment Fig. 5 Double-layer plate after the test
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Table 2 Material model parameters of tungsten alloy ball

Density/(g-cm™) Young modulus/GPa Poisson’s ratio Yield stress /MPa ETAN/MPa
18.2 357 0.303 1506 762
BETA SRC SRP FS VP
1 3.9 6 1.2 0

BB AR A0 HE A T e B e ok () AL, ol ol P B e L R R R L e TR R o o 0 4 1R i ik
Johnson-Cook A A HATH A o %F T#F Ko vhdi i 0947 4, AT LA Griineisen IR FERAE", 2% 3
Hk [13] BYAE SR, MR S PRl B A7 S0, 2 2ES80n 3 3 Fin .

®3 Q35 MEMMAMKHER S
Table 3 Material model parameters of Q235 steel plate

Density/(g-cm™) G/GPa A/MPa B/MPa c m n
7.8 77.3 300 347 0.1 0.55 0.08

T./K T/K D, D, D, D, D,

1795 300 0.3 0.9 2.8 0 0

23 ETHEMBERE

P b 07 BB R PR A T4 4 4 BRZ T 7.2 mm J&E Q235 #M84 )2 M Fil (3.6+3.6) mm J5 XUZ 14 5 (A5
L, G595 F 3 40 BEUER RS 85 B kTt b, Wi 7 PR .

R 4 T LU, A0 o R Y (8] B 3 RPN, RIS B 0% i B 5 e B W 5 AT, S R AR T
WZELE 5% VAN o 38 HUE AL 28 A &3k 7.2 mm & Q235 H HLJZ MR Al (3.6+3.6) mm J&
Q235 9 22 )2 M Ao B A2 BR 43 31 g 520.3 m/s T 552.7 m/s, 55 128 56 0 B B A0 R %352 22 43 0 4 0.65% Al
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Table 4 Simulation results of fragmentation penetrating the plate

Residual velocity/(m's™")

Target type Initial velocity/(m-s™") - - - Relative error/%  Phenomenon
Simulation Experiment
494.3 Embedment
598.8 243.8 248.6 1.93 Penetration
662.0 340.3 350.2 2.83 Penetration
718.5 408.9 413.3 1.06 Penetration
Single-layer plate .
726.4 410.7 423.0 291 Penetration
7.2 mm
734.1 435.8 4543 4.07 Penetration
766.1 467.3 479.2 2.48 Penetration
787.3 487.8 504.9 3.39 Penetration
837.0 541.5 558.9 3.11 Penetration
532.7 Embedment
604.0 189.5 194.2 2.42 Penetration
619.0 217.4 224.4 3.12 Penetration
Double-layer plate .
631.4 2374 246.1 3.54 Penetration
(3.6+3.6) mm
652.5 270.5 281.8 4.01 Penetration
738.0 383.2 400.7 437 Penetration
819.0 470.7 493.2 4.56 Penetration

(a) Single-layer plate

(b) Double-layer plate

500 500 [

g 400 é 400

2 2

£300f £ 300}

2 2

> 200 [ 4 200

= =

3 —— Experiment 3 —— Experiment
E 1001 —=— Simulation Qﬂ? 100 | —=— Simulation

200 550 600 650 700 750 800 850 550 600 650 700 750 800 850
Initial velocity/(m-s™) Initial velocity/(m-s™)

B 7 BERAT R A5 A 5l A R 19 HL AR

Fig. 7 Comparison of residual velocity obtained by numerical simulation and experiment

v, =520 m/s v, =0m/s vo=524m/s v, =625m/s vo=552m/s v,=0m/s vo=55Tm/s v,=7.76 m/s
(a) Single-layer plate (b) Double-layer plate
K8 fiiE4s

Fig. 8 Simulation results
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Table 5 Simulation results of fragmentation penetrating the plate

Target type Initial velocity/(ms ") Residual velocity/(m-s™") Phenomenon
550 115 Penetration
600 228 Penetration
Three-layer plate 630 267 Penetration
(2.4+2.4+2.4) mm 680 342 Penetration
700 360 Penetration
750 417 Penetration
520 64 Penetration
550 157 Penetration
Four-layer plate 600 250 Penetration
(1.8+1.8+1.8+1.8) mm 650 318 Penetration
700 381 Penetration
750 434 Penetration
550 168 Penetration
600 258 Penetration
Five-layer plate 650 325 Penetration
(1.44+1.44+1.44+1.44+1.44) mm
700 389 Penetration
750 441 Penetration
550 184 Penetration
600 265 Penetration
Six-layer plate 650 332 Penetration
(1.2+1.2+1.2+1.2+1.2+1.2) mm
700 394 Penetration
750 450 Penetration

X 450 A5 2] B 5 A FR B T R AT A L, O A R 9 iR . %Aéﬂﬂé@%ﬁ&f% JE
324252 6 E A TE AL BRYE Bl 28 526~531. 512~515, 507~511 F1500~504 m/s., 1E

- v v

=0m/s

=526 m/s =0m/s =512m/s v, =0m/s v, =507 m/s v, =0m/s =500 m/s

TVY

vo=531m/s v,=724m/s v,=515m/s v,=682m/s v,=51lm/s v,=674m/s v,=504m/s v, =6.10m/s
(a) Three-layer plate (b) Four-layer plate (c) Five-layer plate (d) Six-layer plate

K9 ZEMRIEARIEE R

Fig. 9 Numerical simulation of multi-layer plate
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Fig. 10 Numerical residual velocity of multi-layer plate
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Table 7 Simulation results of fragment penetrating the plate

Target type Initial velocity /(m's™")  Residual velocity/(m's ™) Phenomenon
550 196 Penetration
600 284 Penetration
Eight-layer plate .
650 356 Penetration
(0.9+0.9+0.9+0.9+0.9+0.9+0.9+0.9) mm
700 410 Penetration
750 472 Penetration
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Dimensional Analysis of Ballistic Limit of Spherical
Fragments Penetrating Multi-Layer Plate

WANG Xue', ZHI Xiaoqi', XU Jinbo?, FAN Xinghua®

(1. College of Mechatronic Engineering, North University of China, Taiyuan 030051, China,
2. Shanxi West Group, Taiyuan 030027, China)

Abstract: In order to study the anti-penetration performance of Q235 steel multi-layer plate, we carried out
a ©9.45 mm spherical fragment of tungsten alloy to penetrate the 7.2 mm and (3.6+3.6) mm Q235 steel
double-layer plates, and obtained the corresponding ballistic limits. On this basis, we established a numerical
simulation model to study the ballistic limits of the laminated contact plates with three, four, five, and six
layers of equal thickness penetrated by the tungsten ball. Through the dimensional method, we analyzed the
effect of the number of layers on the ballistic limit of the target. The results show that for spherical
fragments, the anti-penetration performance of the double-layer plate with a total thickness of 7.2 mm is
higher than that of the single-layer plate; when the number of layers is greater than 2, the ballistic limit of the
multi-layer target decreases with the increase of the number of layers. The relationship between the number
of layers of the target and the ballistic limit of the fragment is obtained by the dimensional method. The
results can provide a guidance for the design of armor protection in the future.

Keywords: spherical fragment; ballistic limit; multi-layer plate; dimensional analysis
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Table 1 Experimental methods and typical parameters for projectile with mass in gram or sub-gram

Methods Year Material ~ Velocity/(km-s™) Shape Mass/g Comments and sources
Sandia National
1993 Al 9.52 Flyer plate 0.78 . 1)
Three-stage light gas gun Laboratories
2017 Al 10.1 Flyer plate 0.22  Institute of Fluid Physics™”
2011 Al 45 FI lat 0.79 Z accelerator, Sandia
r pla . X
yerplate National Laboratories™”
Magnetically driven CQ-4, Institute of Fluid
: 2014 Al 8.7 Flyer plate 0.12 s
device Physics"!
PTS, Institute of Fluid
2014 Al 11.5 Flyer plate 0.15 .
Physicst™
Electric gun 2019 Mylar 10 Flyer plate 0.30 Institute of Fluid Physics
ISCL (Inhibited Shaped 1995 Al 1116 Cvlind 102 Southwest Research
Charge Launcher) ‘ yhneet ' Institute!™!
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Fo ZWRTEEER B EE R, FORM R R A b kL SEIE 57 (57 1 3 5K [ 58 52 g 5 )
[ 100 kV HL 125 EOKE 10 mm> 10 mmx0.3 mm 1Y Kapton [I5 (£ 43 mg) & 5 & 18 kny/s, i 7 [ T. 729 HLF
S B T Ay BRI 5 T A4 98 kI H M 2K AT LUK 210 mmx0.2 mm 4 Kapton [H4F I K A (£ 19 mg) 3K 5)
£ 11 km/s,

6 0K 20y v R R A A R TR AR Y — T Y R IR Bl R, T PR SR Ik b R R 3 7 A T
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MG IR G 4 ROF 250 55 sl 7 S b Fe L I 4R 0. o T 0F5R 4 ROSE B 4 45 4, 76 e sl B (i an K F
7 kmy/s) , FE T AR S50 50 A BUE AL LR AL T 5 b — B R T B
2 BEERETWHERNGEMRE
21 BEFRE

T B v TR R A 5 v, BUE BB P AR B b | HoAg ] A MR T A7 B OB £ i 6T . SRR Rk
J o PR T LAY ) TR 4 22 A 5 ) R, AR I 2K ) Y 5 v — 43 A Lagrange 3% . ALE Jy ik 67
Euler J7 &80 JE WA% Jy i A bR T e AR e e o e AR R S AR W R, A0 A R T ALY
R =, T8 H BRI Lagrange J77 7% M ALE J5 35 35 N REAR G b AT, S04 SC 3 2244 Buler Jy ik
FITC A 775 o
2.1.1 Euler 5%

& Buler J7 ik, WA% 8 52 7625 A0 B A, ANBERTRIAEfL . 764 0 & AR AR TR I, A% A 25 K A I 7AE
HGE A T RASTE ) B, R 5 AR A8, T <P Euler J775 B 200 TR AR 58 U8 10 B 32 0 7
2%, FEE Rl WENOY, DG 4 =R 301k 1 H 1L, Euler J7 ¥R 7E T ARAF 5% vh 45 31 1 R HUAR R H .

e R R T A R b B AL R N B — e R R, AL R R A & A e A Ry Ak, o
Euler 75 75 M PE 3485 A5 BRI . (A AE X 2Z AT, 40 5 (9 5 S 1] 200, T Euler J7 %5 76 7154 5t 5 550 XF
T B WOR Z R AR, A Ak, feAb B 22 4y o In) R, Her b 2k vl Ak i 9 5 5 i 45 52 BB 6 P Y
SO o PRI, R TR SR AR Cln e 45 4 O BRL 3 BRSPS A ) 1 ST A 3 ik (SUAE T HIC:
AT 925 ) 2 3t Jlg % T 8 I R 7, 5 350 o A i P A AT T B, A R KB B L KRl g i AR
R K B EE R 25 o SRl JLAR, Buler J5 ik vh 4y o0 5 T4 #5004 (] (52 3] 7 KA BR8N L E AL .
PR ) I A AT 2R S . — 45 S SR F 4> Euler #E42 FRHIEBUEY HL. W0 Z A7 P87, A
TR GRTST A Ty vk e il BT A OB T ARG RCR . (R H AT LA B R 2 AR AR B — e, A
224 T B A IO A) R (R O A R RS . 53 Ah, W SRR IR IO i SR FH AR 0 A i Ak By vk, 4
JLF Level-Set ) GFM( Ghost Fluid Method) ™, A2 0] DL 5E 42 v iR VR A 90 77 125 09 AL 1o 47 1 inl &, H 533k
ST TE AN RBAS 2006 2 , O B RL AR P R MEBE AR Tt 59 4h— 4% U R 3E ok 5] A7 R EAE K
AL FEX A I, ) 40 S8 A 44 i) CTHS 2 #2 /Bl >R H “Lagragian+VOF ( Volume of Fluid) +Remmap”
(LVR) [ 1%, i T Lagragian 2 A A7 7EEUE Y 1, 10 Remmap 2 1] DLl i VOF 78 550 P4 36 5 44 Y A 1
S AT A% i DA T I A 380 TR X s g BB, AT s IR S0 4 180, Bl i A6 3R L bt e A 3 5 1
BBCFESE I MEPH F2 /75 e 43 2 53 . (HFR ZE R R, MBIk 2/ T2k, A=
[i) 24 ) b PR i — AR B . LT LVR B9 RR e 76 Ak B3 3R SE A R AR B, (7SR T IR A8 KR 2% 0 BIA
Fir FC AR AR A0 35 )5 S B B 49 1) 5 5 3% (Material Point Method, MPM) . B LVR #H kb, ¥ i i v AN Y
AT DA SRR T AL 1) 5 R 2, o R Y SR T DA A BRSO AR MY I B . BE T Buler ik AR R MY
FEF A CTH., CSQUI™ 4 R4 Buler Jy ik 7ETHE &y # 3  f HA — & BRI, (B R E N Ah i &
WFFE# K A . 40 Hertel 5505 fifi ] CTH 8 7 76 Fr 2K 6 /55 U o S v 80 ) o 7 b 2% 18 T A R AE, 4521
T RO VLK = s i (5 45 5 5 S0 50 25 BA AT o Povarnitsyn 5517 FI AR 07 12 )37 48
EBL T A RHE L AL SF AR IR .

2.1.2 Mg 5 E

YT BRIT J7 % (Finite Element Method, FEM) 7E R 451 95 K b4 B4R B AR K | B Ak 46 () SIS A7 7 — 3

BB, M 20 tHE2D 90 AF AT 4R [ BRIT3 24 B4R T TC S 7 vk MR 58 $G o JC A% 5 00 SR A X
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I AR TR B T T AR, I By S 8 50 a4 335 A {0 R 5K ik EL AT AN (] 300 25 A 1 D 1 53 R
R 5 AR AL, 1T A5 BRS f ELAS E M B . TC A% J7 1 (Meshfree Method) #2822, Chen 451 [y 25
R 2SR T 28 BT RS Tk, R UL U7 ik an SPHIT, RKPMPY, MPMPY | OTMP 4, JE ™% J7
h— Mo MRS — 2RI TR G 77 #2 (PDE) 5 JE X1 IC ' 25 77 75 ( Collocation Methods) , 75 —2&
LT PDE 552 A9 Galerkin 28 7. LAF LA SPH A1 MPM A 4], fij B/ 21 HL LA JELARL

SPH 1 2y 72 W & J5 v 11 B R AR 32, J2 T I 4 7 ik v & JR e S 1 —Fl, J2& R Lucy™?). Gingold Al
Monaghan'™ 7£ 1977 442t 1) —Fp JC A& AL Fras B B 5300, e Se i 13K A = 48 2 (8] 1Y R (R 4 32 ]
. BiJ5 Monaghan™ 7E SPH J5 i 0B 5€ 5 I FH i gk AT 7 Rt 09 AR, IR vk vz T 1A
SRR T A, 20 4D 90 AE4RH, Libersky 550 S0 b1 BLsR BE S| A SPH J5 i vh, BUENAEALL 1 ey
Tl A5 () R, i R P A SPH ik b AT T RS oY T AR, S AW Bk R 55835 . R
[CA BRICAH L, SPH TEIE & Ab 3R ARJE [n] @, HEE 25 5 4k 2 /N /2 ROETHA | AR 2e A b5 f
22 A 1O (B R R R RIORG EAIG, AR E M 2207, SPH A A B 3 o %% bR BOK ST 1) 3 eR B HL S
B, BN, XT3 R B A x) , 7 BREGE L<A(x) > K

< f(x) >= j YW (x —x', hydx (4)
Q

R Q BN, WO RE, b ORI . 1E WO R B R BT T, A% ek BT L AT LA GA B B A
B o XA R RGBS, A AR ) H B X 20 5 AR B T 453 SPH B B A, (HE
FUE IE AN 2 B0 R B (1) 4an 30 B350 T 3R B ) o AR, F AT IRNZ T AR A SR B I, — B
FasE PR )7 T AT T R EEBFSE, MO TAETT 2 W Liu 9253809, SPH AR £ ML FLT A SOPHIAL® % i
FHF£J¥ LS-DYNA-SPH, AUTODYN-SPH"™ ' 4§ . HTiij SPH J5 ik C 4% ) 12 I FH 8 RAR Yy 2 | 1345 T
SR by B s S ROR A I TR) R 4R LS T R A RS, FE R B 5T 0 2
PR T A1, Medina S5 SR H 2T SPH B 1L 19 MAGI Jf 47882 77 % oo 175 2 19 52 65 MHRHG5 #8431
AT T = 4ERiH] . Hiermaier 551" ¥£ SPH J7 7% H 5| A Tillotson ) 25 J7 2 #11 Johnson-Cook A< #4) #5 £ |
X R BR R g Al TR A [R) A A R AT T BE RN, A5 B EUAR B R LR EAR L B B TR AR o
JESE R S IR A BB AP V) & . Groenenboom!" ™ Fi| Hf PAM-SHOCK 1) SPH 3K fiff #5 i 68 & 14 filf 43
[P HEAT T 2 R = A (A AL, 25 T S AL RN B A 1) %% B AN B A, HLER T R R ) A O R AR #
BB RE T AR M 2R, I 9T 7 O06W K M5 X B85 A9 0 . Faraud %61 5k ] PAM-SHOCK
3D 1 AUTODYN 2D H1 i) SPH 3K fiff a5 400 1 4 v i e SRl 43 22 2 Bl 4P 4540, el PR SRR 45 S B R e =
TR 5 52 50 UG W) 6 45 550

MPM J7 1 58 JE T i 445 8 Y PIC(Particle in Cell) U7 I FLIP( Fluid Implicit Particle) 75 ¥, 1E
PIC Jy iy, ¥ 75 R o3 24 R AN B X B0 08 1 AP T3, 1080 58 B 38 2o 400 JB s A X [ i A8 RS UL X
WL, PIC J7¥& kLT A% B G0 S B R it . M AE FLIP Jy ik, BL 7 A Bk ic st s i A g it o
Sulsky %" 7E 1994 4744 HAZ O JEARE S 28 5 P IR 9 1158, W I s R B85 ir A ) A5 8., B 59
TR sh iy R UL . 76 MPM Hh, 35 5t A 1 00 & i 4 s A (B AR 31, I 76 75 5 A% LR A
Bl Jy R, T s AR AR [ 0 R R SO A L R B . MPM M R 1 AR K T R
1 FAE TS SRR BEA T BT, Gl R R 8 AN (= 48) Y SR AN, SR RN T SPH 25 TG A% 7 k1,
5 AN TS 1k B B[] A5 K B T S R 1 AN SR AL, SO 25 BRI B IR B K . 7E MPML AR B
R SR R Ak B0k, R 2t B T () A A B 2R . [R) AT BT 7 5t , MPML R 43 57 AR ) A L
I FEM R4 8 57 76 i 307 L, SOC7E RS B | MPM KT FEM, {H MPM ¥3& G318 KA [ . MPM
PR e g o R AR B TARZ R . BT B MPM X AT L o R AR A e R o R T R T8
EARIT I, HR SRR B T T B, A =B &SRB A 54 (UL SO R = Te) o
Liu 28U 33 ik 49 5 3 A 0L B A B 7 —F ARIDARE 1 LA AN [ 5 0 A i 8 vy ol 8 0 A, 0T 1R T
PRI AR N RO BT S R ), St A A A v G R AR BT TR 2 5 A
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%3346 AR 4 0 AU 3 O T BT 4P 45 A BT 53

MR A XA A BE R, 4 3l 1 2 A v B VR 2o T/ N ROEE T3 e A% 7 s o 3 4R R 7
e R o LR T I, SR A3 T8 12 R S T — Sk . 40 Zhang 48U R 43 30 1 2 T A
e A SR ALO, RIS TE AL AT KRB T, 40 H 155 540x106 >, Samela ' i
5y F o J1F BB B, BT 1000~ 10 000 5~ 14 4 55 AL 8 w5 43 o 4 SR B, S AR - 2 R B R
Blf 78 P A LB, SRR S M A 0 A TR A5 R B AR — 3. Anders U R 4+ 8 )1 4
AR G oK RUBE B3R 4 3L MU 48 o 25 52 4 #E A 2 AL G 3B R TR 5T, 23 A 1 5 AL B0 BE T B AR 401 05 R 1k 1 2
Mo IR [ 450 SR A3 3l 1 R T LAMMPS UL AL DL 10 km/s 9 38 38 o 42 o 40, 4RA5 T
R 1 T A A ) 4 B e R A R AR AR 5 R o Jaramillo-Botero SO I FH K HLAR 43 80 1 22 BUE AR U
THEH R I A
213 RAEXFE

TR A T7 1 — MR KR 553 TC R 7 vk SRR B H D7 88 G, BRI TC A% T 78 0 28 T T 20 DX 36
B AL AT, T Hr A% B H 5 2 A2 T /0N 04 DX I B 400KS B8 35 e o B0 A AT 748 o A0 X SCR T A
B, ARG XSOk AL A BR TP 1, A0 Groenenboom! ™! 2% FEM-SPH # & g 455 75 12, Wi /b T A5 74l
W SPH KL T8, FSEN B T —Fh B 1E A BRI, ARE MR IR R A Shik B BR s 12
Bk . Johnson FFM PN AR A O VA TE AR T A I ZUR SR A RS BE b AT FR T TG, 76 AR TR e Z s
METCEAY R IE A B AU GPA( Generalized Particle Algorithm) J572:1"2", Beissel %5V KR A 0 s v H 3
9L L v R e R B 6.47 km/s) TE Al RN ARG B AR 1) [] @, 255 JC AL, 159 3] T E = oA A A R
P50 A, [ SR W) BT o
22 AHIRE

TE 8 2 S AU E AR U 5 o £ 5% FH Johnson-Cook ( JC) #5 #I 12271230 1 Steinberg-Guinan( SG) fE #1241
BT N, WO SORFE48 I BLARTE S . JC B py 1 AR R Ak | 7 A8 SR A8 £k Fl R R AL 3 T AH
T2 B, (AN TE FH 08 5 0 AR 3R L, — M RN 10°s' . A Selyutina 501 (455 F , XH40
K UEIZ I AR R RN T 10%s o 76 Al S A0 ey, SR R AR 3] LR R =S4 Al 1)

énn = 0.3V,/D, (5)

b v, SO L, D, S AL E AR . LRSS (B R B4 1) b, STE R PR B BRAL AR 29 1 mm
G, SALEEFE 10 km/s 120, SRR KW A8 2AG T 10°s™ g%, WARM L T JC BEARLAY { FHE Rl (B2 0 —
J7, BT IC BRI T IZ W5, X0 R B R L s 4, PR AT K TAE SR FHiZ e . SG BRI [Rl 41
5 Iy AR AR AT, PR AR A I o B DDA B T R AR ARG A TS R B 0 AR 2R AL (SGL AL AY) 27 fifi 15
IZAE TR LY JC AR TR B IS A R N AR SR (A0 100 s B2 I L, SR 1T SGL AR Y & X R f8 A4 Rk I 7 A SR AH G 2
BRI A = o 76 i SR T I, R S5 A Ah, AR A5E 78 174 532 e ol 4 o o 386 0 T 980553 - PR R TR
Tolk KA sk AT 480> fii Hf AUTODYN Hr %) SPH ASHEXT L TR 5 #2 (JC. SG. i iRl) 78 6.71 knv/s
BT R, KA BRI = AR Il Rl . ORIV I AN K B A 5 41 A T rh & B
X TR R R, B A AR A5 AR (1) 5 e 5K
23 RERE

Xof T 7 ey Al 4 (] S5 P B A3 AT RUBCIE RSSO, 400 O A e ik v T T RS T BRI R — A G . A
X7, E N ANER AT T AR Z0F5E . MeQueen 451 5 5 bt AR TN APRHR AR B — AR AZ 4T T A
TEANY 53 BT o Bjork Fll Olshaker!"" &34 1 iy SR 43 AF FH N MHBHE AL R AL B oh 5 o m #AALH L A h
R T G B TS R %) A A VR R el A0 ) S DR B AR AR TR B R L N RE R Y, AR 4 L g
fm TAOBH G A LE INRE, ARbIE AL, Gn iR TA R AR LE N R, MORHEE SR, Kraus 5812 R K
Stk v B, MRS T LA A b AR A AR AR AL AR AR, RS BRI T AR AR Y b iR
J o R Rl A o R A L RV AR FE . Hornung Al Michel ™ il 3 43 e 5 R BT T 42 )@
i AR G 28 SR B i, I R IV BE RO T b e A, 3 5O RT B DR E R K T 20 GPa 11
TR TR . HornungZ8 " e A O F )& T TAE: FIHGE I 1207k b 1 o IR 48 7R AL 3 1
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TR, I 5 AR MAOIR A5 T R T A A LA, e IR AR RO A T R A B A I R S s T A
Al =4k Godunov 48 AT BUE B, 45 th T € 5 RGBT AR T AR B IR R R s R
Hornung!" 3 i N A 7 — i #3858, ] DLHS B UR O\ BE A 8 v 3o il 488 950 AN fp 5 0 B, A i) 6
Godunov J7 A ALLAIE 18, Alf 15 5 E oy 80 ks, AR J7 F2 R ] Thomas-Fermi( TF) #25Y, 25 1 7 AR | 7%
W TR SRR AR R S, IR TR HL B R . Povarnitsyn 25150 & R R A0 B AR AH AR RIS 5 R T
SEAS B A0 R de K, SR 28 ORI AL VAR B 8T 27 58 A RS T B H B R 28 0 A ey, o 2%
JEOI RS A AH A O 1) RS Ty R A T 5 R S5

TEC R R AL AR T 7 ks YA T, 2R A Mie-Griineisen(MG) AR T #2, Hix 7 19
Bl a5 2 BEF Hugoniot 2% R A1) MG RS T7 BN IE FH T4 = s (1911 40 & J %5 F 100 GPa B 5 5255
H1 SESAME %4l g it 90 22 5 1°%) , A3 FH TS0 IR M TR 285 AR AR s > M 23 AR 25 & 2B 5, Grrineisen
FBON PR % BE (0 pRSC, 1T 6T T8 e R Al 8, BB 5 AH A8 RS B X B RS U L 2, N
AR RS Ty Bz T e e AL
2.3.1 Tillotson ;K757 72

Tillotson IR 7 2 i Tillotson!*” F 1962 4F#E H, ‘B R 1% Griineisen 2% M N GEM KRB, 1
& 45 X, Tillotson R 25 7 #29K & "~ Hugoniot J& & ; 16 1= 46 X, #i T T Thomas-Fermi( TF) ## , 3f i
TF J5 2 A5 i Tk e 1 oo 285 B AR A T BE 55 P9 B DG &R 0 — FIVIR A R0y T B, 0 0 R B Ay 3 A i 1
TR FERE K DX, U] {0 %% B i BRAR MR 7R . Tiillotson J7 F27F BE = AIK T IHERERT, AT LAAL PR/ -[H
TRA X, AR AN AL & AW L 1 - 0 ] - ] e A A R 070 A b B R 1 K AR I8 I 22 AH 28 2L 7 ) f
iF, FH Tillotson RS 7 FRAEH J5 (8, ‘& A B ARG R AR OBHE 25 F T B9 oh o 4 18] &8, 100 ELS TR 8B 4
A FNRA AL RE AR b7 M iR U0, 7 ey s 4 o5 1 FH 5 T, kAR 45128 fdHl AUTODYN (1% SPH B3 L
T AR R 25 J5 72 (Tillotson, MG) £ 12 km/s 3 fii o N #iAR A9 R B, L BL5 MG J5 #2 4 1o, 6
Tillotson IR 2 77 BB |- 2= B A% ] g K 5K, B0k B /N
2.3.2 ANEOS K& 5712

ANEOS IR 75 7 #2 2 i Sandia [E %2 5256 % 1) Thomson 25 MY JF % 1) fit B T8 28 A0 R 285 05 12 (s i)l 571
I e R HoAth Hydrocode R 27 #2 B9 % A ) , >k H Helmholtz B HfE F(T, p) BIE X, & HE . IAGEFIH
BREm AN, BB eI R H] Morse BB Zeifiik o FAREFR 43R H] % 4% Deybe [ AR Y F1 51 Jii 5~ 2
AR IR L) Melosh J5 R 412 6 R AHE)™ 240 T HIU . ANEOS AR J5 2 g 4k 3 |
W TR AW, AR BRI X ¥4 AR 9 18 ek Ak 3 B A ] - [T AR AR U4, B8R 5 A AR 19 e 7 i I B 1Y
AR/, 75 B AL 55 Ah, BRI IR TE SN ANEOS R 45 77 5 X & e X 38 i) Hugoniot HH & 4
IR B, (B XS -IRRH AR 2R B iR AN S s J5 R Littlefield! ! g i8R 45 4 g il 26 v 59 S 50 LA K itk 34
BETR AT B AR PR EOE 20, DU SR 47 Hb A5 5 SE B 25 21
2.3.3 SESAME K& 5712

SESAME R Z5 8545 2 U4 J& ti 38 [E Los Alamos [ %8 5256 % (1) Barnes il Kerley T 1971 4EJF % 14 %)
ARSI BRI E . SESAME (& Hust ., (LB, &8 . 0790, Sor TR IR S WA Z AL ADEHEN,
[i] ANEOS —#£, 1 % JH] Helmholtz Fi i 88 F(T,p)RJE, WAL E LTI P(T,p)FINEE E(T.p), He 2L i
TR AL R BT )% % . SESAME 7 56 1Y % EVE T 10°°~10* g/em’, R E = % 10°eV., SESAME 7£
AN TR B #8727 DS A A (] A SR AR, I FH IR T 2% A VA 9 5 SUHE S R #RO) 2% DXl 2 ] R 17 4 (3%
. B H R aES S 3 K48, BD

F(p,T) = ¢o(p) + Fion(0, T) + Far(p, T) (6)

K @0 () N BRETTRR, Fion (0, T) A HIAE T 0T (AL B FF BHE), Fu(p, T) N FDTHR . AR 3K
HWEE A ZFARITE S, B0 XFF Foae, T)>R A BRIRE Thomas-Fermi-Dirac B i K HoAth B 14
[ 4% 7 0% PR 3113 436 % Einstein £ 7Y | Debye #i7 | Chart-D #5171 55 | 14 b 28 i i Lindemann 451k 52 HE #ff
7E 3 WA R A Hard-Sphere #5504 ; SRS IR 3l R B HRBIEY, % 3l R WM F AR %5 . SESAME i
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%334 AT BRI ey R T Bl PP SR O TS 3 53

A HAD T %, 13 Dy 2 A R L U LA A EE . A T T T TR BRI ST Y
JE % U % SESAME FE 5 AUTODYN-SPH 454, BF9E 1 15 ks R 5 AUTE 7 AR A9 AH 2 20 A1, e B
Az SRR TR, oAb TR, TR AR T AR A A [ A . 56 [ Sandia [E 5K 5580 % 1Y Chhabildas
U H CTH #1 SESAME %48 FExt L 17 H = 2 3K 2l i 8K R R DL 6.5~ 11.2 km/s 332 48 o7 45 48 1) 52
By, B 7 2 J T B2 SON 1 [ T AL 25 R S S B W) A A, U T SESAME B4 A 1 o M
234 GRAY =HREHFIE

B4 1 GRAY = HURA TR 1 Royce!™ F 1971 FE4EH, 1% 7 B & ST 7 Grover!™ " By AR A 7 72
DA} Young FI Alder!" {48 1F i 78 FU /R 75 AR A 5 Atk L, 1814 R Griineisen AR 25 7 B2, 76 AN [H] A9 A1 IX.
AT . JRIR T GRAY — ARSI BRI 2R AR 78 200 sUMPIR A 5 B, W AR B 58 BT () T 4k AR 4 1)
T 2R AT Helmholtz H tHBERY GRAY = AHLRSTFE, IR T Al AR . 76 /& i dsE i
FHO7 T, RS H S — B BRI F 454, BF9E 17 8~ 17 km/s 48 o 3 B F 45 FRER B 5 AL KO 8 o 7
A = A A A L o

3 BERELEIEMEE

3.1 HEIRBIEE IR

23 Piekutowski 22 4 X 45 B BRIE S AL T o 3 AR 28 L 1 R GRS, BB B AR PR AR T 8 9.9 ks
Bl 14T HAR N 9.53 mm ) AI-2017-T4 $0ALLL 6.7 km/s F6 33 J& 1 o1 5 B 0 ¢ (4 B ( A1-6061-T6) [ L
MBS . ML & 5 km/s B, ZEAR B2 80§ 178548 . 28 FLARAE 52 T ARE ¢/D 1Y 5 )
WK, Y /D BTG KB, B R A LU G I8 1 G5 M 38 R T B0, 7 A= LR RS0 4 8E DA 7
00 53 85, BLER 285 4 3 2 AR O 1) 4 T 85 4 3 5 LR S5 A8 AR 4325 . AL 22 S BRI , {H Bl R 3 KT
BT FIIN, RS RS ¢/D 555 HL T80 ) 35 RT3 K o I [ AL 7E Mespoulet 55100 (1) S5 b g
M, HAN i Mespoulet M JE T K, /D Fe K290 1.3,

0 Wow! 20

(a) #/D = 0.049, 6.62 km/s, Shot 4-1360 (b) #/D =0.102, 6.72 km/s, Shot 4-1283

(¢) /D = 0.234, 6.64 kmy/s, Shot 4-1352 (d) #/D = 0.424, 6.68 km/s, Shot 4-1353
P 1 AR [ LI PR AR U0 2 At 4 ] 9 75 S ol O, 5 Sk iy 8 AR T T A e £ )

Fig. 1 Cross-sections and the shape of the hole!**( Cross sections are shown with the impacted side

toward the top of the page. Arrow in hole indicates where material in micrograph was obtained.)

XHLAR A g P N2 D LR

D P1 V P2 V p3 £ P4
Bl (4 (2 o
D, o e e/ \D,

Kb Dy WAUR, D, NI EAR, p, WAL, p, WIRERE, C,. Cy. py~ps WEESHE BN, X T
Hillls7 2 8L, A . €,=3.309, C,=0, p,=0.022, p,=0.298, p,=0.033, p,=0.359, p.=0. il i 5t f& 5 1k,
Abbas UV IR T RUR Bl B =X A A AR
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D 0.08 V 0.64 V 0.033 ¢ 0.882 0.1 V 1.1 ¢ 2.0
—“:3.35(&) (—") (—") (—b) cos°'°89—0.678(&) (—”) (—“) +1 (8)
D, Pp G S D, Pp G D,

DAL T7 R 2% AR R0 IR A B . RORIZI Y RS JEE 5 Hill R AR 4, E 3208 B 3 2 — L F
R, 1910 22 B 4 B R R B T, fL LA T UL B AR s T 24 L R T R A R, FLAR
BT%. XEWRE RS EE .

Pickutowski ) 5256 FLAE A B AT ST S AL T A HE . Rosenberg 21! 15 Buler KBS AU Y 2L Al
b, HEFICRBUZR LA KR, A il 7RG R AL RAK

-2
i 0-0-ne, Q=JH££%JE+Q 2
D, 20 Pp

. O M IERME TCENFLIE; t WIE; o R 4.0
B 5 B 5 o oAy T RSO A 4L 100 28 0 P i, X TR 35|
W1, B ARLVTE AR R T T0 55 /N, LA 55 T o
JHAA; MAERE®B T IS K, L% T
Shinar fLBI102) 2% 3% 3K 5 7] Piekutowski () 5% 5
W B2 by (UL BT 2) 5 H 2068 7™ A YR Ak 1Y) i 1

ey
o
T

Dy/D, (model)
[\)
W

. N . N 2.0

SR R 22K, RO IZ B OR ik — 0 2% IR R A .
e 38 LSF o

A PRE 5 T BRI Jolly AEAIUST Jolly & ok 2 , , ,
A o A0 2% T T 80 ot IS Bo 23 T30 s

G HEFPI ., IR 1 I 5 LR

Eﬂﬁﬁ’] /E‘iilb, éﬁﬁ)ﬁﬂ’]ﬁﬁ F%@J IIDJﬁ'EjJ 2 Rosenberg 243t 552505 1% [,
PATR B, FLARRE N AR S5k o 3l 2 4 E SE 5, CHEZR 53345 51 0.95 F11.05)
AT DI I B o [RS8 T R B, % Fig. 2 Comparison between Rosenberg’s model!®"
T AR I (8 T INKS B T 99% IR =, e 2=n] and experiments!** (The slopes of dashed
DLk F] 20% LA A (Jolly P 3 A Y 2 T fi lines are separately 0.95 and 1.05.)

THA G RS R A R .
32 HRTYH

4 980U 2 2o W ARSI R B AR R R ST B R 2, AR R R 2 0 4 AR AR AE L AH
A A AL
321 BAZB S HE

ML AR S, SR o B3 gt T E B v=6.15 km/s 1) 2017-T4 50 HLTE
6061-T6 5 # 1 7 2 20 A, BOIL ELAR 9 15.88 mm, #E AR Hy 0.772 mm. |2 % [ K Beissel 257
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Piekutowskil®!, 32 ¥ 5if A1 &5 (1 52 50 X FRAIE ST, 72 AL | SROAL AR AR S B AR fR I, B s AR Ak
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5454 SESAME IR 2577 B B BEFLAS SR UL AT 4, 45 553 WY i 350 ) 4 R U T 39t , T ELASE T 59 AU I D7 B9
—JR AR 5 S S W) B o NP 3 BRI AE SRR, Rl o rp R < R B A A 32 DAy I A
Bl T o Beissel fij B i o L T 52 ) W< i 4 AL B B8 T i A7 A R AL BLGE, T2 T Johnson-
Cook HY45 T HE IR B fiy 7 1 <R iR 45 M AR R BRI R, 3 P 5 24 5 S 30— B0, SR BB AU 7E 41
Hh R B A R TR B

Plate material

/ ! Projectile material
Ejecta veil ~Ekternal bubble of debrid Front
B3 BE AT F S 5 X b (v=6.15 ks, 48 i B5f [8] 53 51
& 8.1 us. 23.2 ps, WA AUB R B INTE K ) &l 4 B Euler ZUE A A S50 X L
Fig. 3 Comparison of debris from calculation ( top) " and (v=6.15 km/s, fi 7 11 ] J2 8.1 pis)
experiment (bottom) ! (v=6.15 km/s, time at 8.1 p1s and 23.2 s, Fig. 4 Comparison of 2™ Eulerian simulation and
the initial shape of the projectile is also shown in the left picture.) experiment®?(v=6.15 km/s, time at 8.1 p1s)

TSR WA B 25 0 A ) — AT B DR R o W S 5 M e e A A T 4 SR i, AT 52 ) AL
g e o SR IS (DU 3 o 7 AR B S BE IR, B = A AR S BN . T LU I BEE AR
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W I 2 5 T <R R BE RN, TR AR T DR B BICIR, I B 2 Ok o (AT —HR IR, 1815 P ¢/D=0.163 I ¥ i
ARGy = HE R, DA Piekutowski'™! J& 2 5% AP SE 1o U A A 25 15 21 A9 1 28 1 (€1 m] LASHE T, LA A
AR IE T RUZ G5, R <R 14775

W,
2

. .l- 2

(a)t/D=10.026, (b)#/D=0.049, (c)#/D=0.102, (d)#/D=0.163, (e)t/D=0.234,
v=6.70 km/s v=6.62 km/s v=06.72 km/s v=06.71 km/s v =6.64 km/s

B S AR RUEEE T M 25 07 0
Fig. 5 Debris clouds of different thicknesses of the plate!'®
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iF55 76 v S BRI AL A B B R TR], 0 9.19 ks B AR - = AT5 SR ELAT Wi A XUZ S5 4 . 1R BT
o P S 30 1 R 2R e Mk i, AR X4 RS 9 Whipple 254, 33 S 200 il T 52 50 & S AL RE 01 i B
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TE M b IT REAR DL A9 5256 o Schmidt SF U7 fty 1 40 70 7 2 T, 4 AL 2 e L 3.1 BT 44 29 4 1oz 41 it
FUAEE ol B AR A0 A RS 2R AN R LU SR AR 7R S0 T RO R T IR AR, X R O 28

N\

é o .
! - " ’ -
W k]
(a) v=3.77 km/s (b) v=4.71 km/s (c) v=6.62 km/s (d) v=7.38 km/s

K6 B F 2z Bl AL 2 A1) (4/D=0.049)
Fig. 6 Debris clouds for different velocities of the projectile!'* (#D=0.049)

322 BARTHES

T, B A T AH S 2 TN oo B B S R O R AR B SRR E B R . AR R v R ) R
i A Bt S b i Ak o A ST TIOIN AY  B AE AR R A (B TR ) LER 2, BT LUE BT T Eks i
A3 AT 45 A R e 3, (X T B A A T 4R 0 R T R B A — o 2251 .

#*2 BT EXNREERETX N NEEMED
Table 2 The velocity of the Al projectile and the pressure from impacting

Source/Phase Incipient melting Complete melting Incipient vaporization ~Complete vaporization
change due to release due to release due to release due to release
Hopkins et al.'*” 2.7 km/s, 65 GPa 3.38 km/s, 89 GPa
Anderson et al.l'"™”! 2.85 kmy/s, 71 GPa 3.45 km/s, 94 GPa 5.2 km/s, 174 GPa
Bjork!'"! 6.2 km/s, 225 GPa 2700 GPa
Shockey et al.!'™ 2.6-3.6 km/s 3.3-4.6 km/s 5.5-7.5 km/s 12.5-16.5 km/s
Pierazzo et al.'™ 73 GPa 106 GPa 315 GPa
Source/Phase Incipient melting Complete melting
change due to shock due to shock
Tang"*" 125 GPa 160 GPa

R Z A8 P AR B BRI SR FH Z2 40 58 4R S 05 A2, IR AN SR HEAIZS (0 207 . AR SRR P (0 11530 45 5% 0 W7 A
T I NI s 7 I ¥ 7S A A b7l 1 | Bl BURL s v &2 BN s DR =l A WA B2 1 [ S S DN A= 0a o 0 i =l
BB AR ; 5y — Pl 3d 2ok S0 280 1) T B 0y, PO R B o AR 3R B T 3 AN T AR R I S Al 4 (
Skm/s), BLBS A RR EE H B E 2, )3 Rt A 58 2 SR I 2, BOR IR VA BN A3 . Povarnitsyn 25017
YT ALFE R -5 A AN 1 52 A AR L, B T e A AN, 80 AR, At mT DA B e O L, DA
A7 AHZS 1 F T

F 60 B P Al T B A A o B, TN 7R A 30% YR AR IR R U B A 10 km/sUOS O]
AR R AR A AT AR TR BE B9 R AR S IR 2S5 R 52 0, 491 40 P Bjork! 7 X B T R A5 )
Mo (%% £ 10.2 g/em®) FIMIEAE 5 5 Pb (2 BE 11.3 g/em®) 3ALLL 6.58 km/s 3 i 435148 if Mo 1 Pb $IUHT A4 52
B 55K, R WA e AN ], A5 IR LR 7(a) FIIE 7(b) o H1 T Mo F1 Pb Y% BEAHIT, JL
] S BORE o o B — B, BOH 22 5 B 2Ok A A RHIRES D R . ATRAE B, 4T Mo R =, R = H 4
INEAR ISR ZH B . AR Anderson SEU7O A RIS 43 AT TOIN Mo 7E 3N 3.45 km/s B 5E 25 58 e E Ak, (H 52
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B P 6.58 km/s AT SR LA IR JIORE Ay T2 5 Dt DR] 2 6 20 A9 280 480 S BBOR bR R RE bl i 3281 2 %
e I F7 0BRSS 0 A S 8 4 22 S R T L T B 64 B 0 A A BRI R BRYE . X T Pb IR AT =,
BEAT S BRI A JURE R RFAIE, B R 25 i F 3 0 B2 SR BOE 25, IR = 50 0 0 ST R U 30 45 4 IR s Dl AR
o Anderson TA A IZUHEIRIAL 845 F4 ok 1 SEARAL IR SUEARE, e 7 0 1 904 280 A0 0 5 SR M i A i
BERE AR T, B WA o Povarnitsyn AE1 SR AT 3 MRS T R XHZ SRR AT TR, Hrp A AR A
FRPIRZS D7 FE Y 28 E AL 7(e) , AT LR BN IB S 0 e o B 25 CHNR R 2= T 0 149 19T 4 ) 3 o 2 88 0 LE 32
(R 2 i i 8 B2 /DS, ST FOARE B R, SE 3 v e B AR S A AR B o RS X AR L LA 17 ks
R JEE FE o A Y R AU AR b S B2 1 SRA AR A (ILIET 7Ce) ), L ERTIE T LB 0 B 9 TE i 44

(a) Mo: v=6.58 km/s, t =40.1 ps (b) Pb: v=6.58 km/s, t =40.2 us

(c) Pb: v=16.58 km/s, t =30 ps (d) Pb: v=6.58 km/s, t = 30.6 us (e) Al: v=17 km/s
& 7 (a)(b) Mo 1 Pb 8Lt i 47 5 5 i = JE S KT LB 7 (¢) Pb BALEUE AL JE = B 1, (d) MPM $UH
REEE R (o) 4R3I A BB S 0 A U (AL RS, SO, IRE A R FE)

Fig. 7 (a) (b) Comparison of the debris clouds of Mo and Pb projectiles**'""); (¢) density clouds from the

simulation of Pb projectile™*; (d) results from MPM simulation; (e) phase clouds from the simulation of

Al projectile!"*!( red for gases, green for liquids and cyan for solids)

323 BARRKMERZSHHEN

ST AFBIAR R BT N [RRR A SRR B AR T, R TUAR 45 R A SPH 7 I B8l T 3K . IR A TR
[ £ETE 3 Fhaiodn . (&1 8 v 3 i AL (% o7 i RSO A5, Al B 1200 18 ks, AR A7) B2 90°, BB AR R
0.5 mm, BKIE . BIAEIE | 8 B8 550 U R 2050 508 1.46. 1.41. 1.46 ps, 19 2 B9 #E v 2 il 1] 4 B R0
PRI BN SR 3 Fron o R 2 20 AT B A R 5 v DU e BROE SR 38 T T8 B e 2 19 T i 222 2 BR
T 3 A 5 18 BT 5 AU 43 i T2 B0 e 2 PR T i A (B0 6T, R 2 43 AT 1% Bl o 2 i 5 Gl 79 e 80 o4 22 531)
AN, EAR [ B K B S B /D5 TR AE T 350 AL T DR I e 2 %) i A — R 28, SUAL T o8 e, 3L
FEFRATE R 43 A AR, Wb 1] BB R 2 g2 K e s DR At P A 58 AL, (ELAH 258 K, T A8 1) R 2 O ik 7 B
e Ko BRIE AR AL T 3L IR A B 7 2= #04 TRAE B R 2 A T o, 58] 800 B AL T T B P 1 04 v A
R, HLEE 2 BRI AT, T 2 PR ER SRR SR RO A R Rk f AR i A AL BT 5 7 R Al
FEAAETT, BRI 5L A 1 R B g 1 5 T SEL At PR B AL, IR T AR .
324 BERERMEBRGNFEFETENEN

R T3 AR S50 45 3 o B (B A FUUIE 5 1 8 o T 4R e A A TR B RRAE . R =4k SPH R 3 X 40 A
PRLLS. 7.9, 11, 13 115 k/s 405 Ailf 43 W 44 B 4 T 45 (EBEH0L, AR B9 ELAR AN FE X 2 1 mm, v 9 kmy/s
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(a) Sphere (b) Cylinder

(c) Disk
Pl 8 aiolL BT ft AH R E TR IR AS [F] == 43 A

Fig. 8 The distribution of debris cloud generated by hypervelocity impact of projectiles with the same mass and different shapes

*3 HBAREMEE.FERIAEFRBIZRFZNESH
Table 3 The parameters of debris cloud generated by hypervelocity impact of
projectiles with the same mass and different shapes

Shape of projectile Dimensions Mass/g Axial length/mm Radical length/mm
Sphere ©5.02 mm 0.180 89 44.5 40.5
Cylinder @5.02 mmx4.6 mm 0.182 61 46.5 44.0
Disk ©5.02 mmx1.0 mm 0.181 06 45.5 322

(2 (b)

Temperature/K
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K9 =4 SPH ALK B LI o W14 BE f) 3R < [
Fig. 9 The temperature cloud diagram of the cylindrical projectile impacting rigid wall by 3D SPH simulation

it 3D SPH & 5 BUE AU 1 A ) il 488 3 J38 A0 A ) lf 488 A S22 ) v Sl 8 7, AT T 458 1
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Fig. 10 The charges change with time at six different impact velocities by 3D simulation
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Fig. 12 The time-depedent magnetic induction intensity generated by hypervelocity impacts
at different impact angles under the same impact velocity
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—ANKAL, BALE mE B A MR R . 7R e Fig. 13 Comparison between the model and the simulation of
KL 5 M Rt B S AL 7E 15 AL R LT A — SPH"* ( The diameter of the Al projectile is 6.35 mm, the

. S o velocity is 5 km/s and the thickness of the Al plate is 1 mm.)
AL BRETIX AN ST IX, [P 2 6]k &

T VR 20N, ARCE TR B A S AR o RIS XS L TR = SR AR O, Al 14(c)
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Fig. 14 The damage patterns impacted by low and medium velocity: (a) (b) are from Ref.[185] and (c) is from Ref.[184]
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Fig. 15 The damage patterns for high speed projectile
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Fig. 16 Comparions between simulation and two-stage
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Progress of Aluminum Projectile Impacting on Plate with Hypervelocity

LIN Jianyu', LUO Bingiang', XU Mingyang’, SONG Weidong®, BAI Jingsong',
PEI Xiaoyang', YU Jidong', LI Ping'

(1. Institute of Fluid Physics, CAEP, Mianyang 621999, China,
2. State Key Laboratory of Explosion Science and Technology, Beijing Institute of Technology, Beijing 100081, China)

Abstract: This paper focuses on the protection of debris clouds in space and the progress of the studies of
Al projectile impacting on single shield and Whipple shields are discussed. The advantages and drawbacks of
the widely used experimental method for launching hypervelocity projectile and numerical methods for
hypervelocity impact such as Euler methods and meshfree methods are introduced. The numerical simulation
is usually based on the constitutive laws and the equation of states. In this paper we have reviewed the
constitutive law including Johnson-Cook and Steinberg-Gruinan, while for the equation of states we include
the Tillotson, ANEOS, SESAME, GRAY. The mechanics and physics for the hypervelocity impact below
7 km/s are now well understood based on the progresses made by the experiments and numerical
simulations. Then, for the single shield we mainly focus on the perforation by the projectile and the models
predicting the hole size. For the Whipple shield we have discussed the characteristics of the debris clouds
evolution, the phase states of the materials, the models predicting the evolution of the debris clouds and
damage features of the second wall of the Whipple structure induced by the debris clouds. Finally we
discussed the ballistic limit equations which are very important to the protection in the engineering. Great
progresses have been achieved for the ballistic equations for the single and double shields structures based on
the experiments and numerical simulations. We have discussed the commonly used ones and the models
which are newly developed recently including theoretical models and the models from artificial intelligence.

Keywords: debris clouds; hypervelocity impact; ballistic limit equation
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jj , B j‘jﬁ%ﬂﬁﬁ'ﬁ, n j‘jﬁ%'ﬂﬁ*gé&, C ﬁﬂjﬁ% Material S CO/(m's’l) r po/(kg~m’3)
G m R RAAR R, T, IR IR B, Tungstenally 123 4040  1.67 17.6
Ty NE M, G A TYIR A Q345 Steel 1.49 4569 2.17 7.83

= 2 $84 &K Steinberg-Guinan 32 E RE S
Table 2 Steinberg-Guinan strength model parameters of tungsten alloy

Go/GPa Y,/GPa T./K G, G, /(MPa-K") B n Y,

132 14 4520 1.794 —40 1.3 0.1 0.019 027
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= 3 Q345 A Johnson-Cook 3B E =B S #
Table 3 Johnson-Cook strength model parameters of Q345 steel

A/GPa B/GPa n c m Tt/ K T/K G/GPa
0.374 0.795 7 0.454 5 0.015 86 0.885 6 1759 300 80.47
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Fig. 1 Diagrammatic sketch of projectile impact target plate

FAEBBE R A Ly BUE ok, &85 RIA (b) Simulation result
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St B oE R AR T SR/ NT Ly il Fig. 2 Comparison between simulation and

experimental results
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Table 4 Results of simulation and experiment

Residual projectile’s ~ Residual projectile’s

. o o kinetic energy/(km-s™) length/mm
Jer PEHUBEAL AR A, AR D9 IR S B a5 5 1] R 5 ) :
. 895 4% B9 A B U5 1 A B B Experiment 2.945 12.510
Y 24 77 48 R < 2P Simulation 2,952 11.823

B, -, B; VL B,,B,, By, -+, B, FIEES/NT L, 1Y
S BIE S AR LR A, BB A, 0Bk AR U ] s A0SR AEAE — YR 4R ST T A A DR T
BEJE TR — N A, 5 W48 FHABBEAL AL A, 1E RS 8 BE LR DI, 2SI A b+ 4, g1t
S3AT G AT AT B B A B DA SR DG R RB L ZE A o D B R A, AR X BRI, R A
FIFE AR 5 Ry e R AT A TR, DL b 1 A7 s e o st i o A O B0 TR

1 R TR R P R 00 A R A AR 48 ik MATLAB B 45 R ULE 3. EH 4% 2.6 mm, K& 20.8 mm
HES A 4 AR LA 2.5 k/s T8 75 1.5 mm RS, A [] B 220 900 4 3R i JE S0 A8 AL T I 3 B
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Fig. 3 Erosion of projectile at different time
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Fig.4 Fragments’ number of projectile with different velocities and lengths
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Fig. 5 TImpact results of projectiles with different lengths
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Fig. 6 Debris length and width of projectiles with different lengths
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Fig. 9 The dissipation of total plastic energy and internal energy
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Energy Dissipation of Tungsten Alloys Cylindrical Rods Hypervelocity
Impacting Thin Steel Target

SUN Huanteng'*?, LI Mingrui’, ZHOU Gang'?, MA Kun®, SHU Xiaohong'?

(1. Xiangtan University, Xiangtan 411105, China,
2. Northwest Institute of Nuclear Technology, Xi’an 710024, China;
3. Powder Metallurgy Research Institute, Central South University, Changsha 410083, China)

Abstract: The complex physical process is always accompanied with hypervelocity impact. In this paper,
the physical process of rod-shaped cylindrical tungsten alloy bomb impact thin steel target has been studied.
The impact process model and fluid dynamic information of every particle were obtained by means of
AUTODYN/SPH method and the fragment particles were identified through range search and fragment
identification program. Some information of the elastic target change process, the number of the target
fragment, the change of the relative energy with the time during the impact were obtained by MATLAB. It is
found that with the increase of impact speed, the residual body is eroded seriously, and the energy loss of
missile body is increased, and the energy of the body loss is mainly converted into the kinetic energy of the
bomb target. The energy loss histogram of the impact at the time of 20 ps and energy change process for the
target plate impacted have been analyzed.

Keywords: hypervelocity impact; smooth particle hydrodynamics method; projectile and target fragments;

energy dissipation; debris identification
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