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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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Fig. 3 Fragmentation and plug after single layer impacting experiment
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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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