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Abstract: It is one of the future development directions to use small tungsten alloy spherical fragments in individual warhead.
In order to investigation the penetration performance of small tungsten spheres against human simulation target covered with
body armor, taking a 25 mm thick pine target of common international standards as the human simulation target, the
experiment of small tungsten spheres penetrating into 25 mm thick pine target covered with third level body armor was carried
out by a 12.7 mm ballistic gun. On this basis, the experiment was simulated by LS-DYNA3D software where the penetration
process and failure mechanism were analyzed, and the influence of the mass change of tungsten spheres on energy absorption
of target and ballistic limit were studied. According to dimensional analysis, energy formula of tungsten spheres penetrating
into pine target covered with body armor was established, and the ballistic limit formula of tungsten spheres was deduced. The
investigation results show that the ballistic limits of small tungsten spheres with the mass of 0.17, 0.21 and 0.44 g penetrating
into the pine target covered with body armor are 742.3, 692.9 and 570.1 m/s, respectively. In the process of penetration, matrix
crack, fiber breakage and tensile delamination are the main failure modes of body armor, and the damage similar to the "cross"

shape appears on the fiber layer. However, the failure modes of pine target are mainly shear and plug spalling. The ballistic
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limit of tungsten sphere tends to decrease in the form of power function and energy absorption efficiency of target decreases
gradually when the mass of tungsten sphere is increased. The calculated values of energy formula and ballistic limit formula of
tungsten spheres penetrating into target are in good agreement with the experimental values, which can be used to calculate the
energy of penetrating into target at different initial velocities and the ballistic limit of tungsten spheres with different mass.
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Fig. 2 Sketch of the ballistic impact experiment
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Fig. 1 Tungsten spheres, sabots and cartridge
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Table 2 Experimental results of tungsten spheres penetrating into pine target covered with body armor

5 HHHEEE/(ms™) T/ (mes™) 4t
1 681.2 - BRI, AR
2 700.4 74.8 BB IAFIFAATE
3 711.7 111.6 DI B HA IR AR
4 725.5 160.4 FBPTIAFIFAAL
5 744.5 194.2 DI B A IR AR
6 748.0 204.9 DRI B A IR AR
7 753.4 220.9 DRI B A IR AR
8 775.7 250.6 DRI B A IR AR

(a) Body armor (b) Body armor and pine target

B3 SCHE BB AT AR AR S 54

Fig. 3 Pine target covered with body armor after the experiment
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Table 3 Ballistic limit and model parameters
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gg%%ﬁ[“’] ﬂli’% 4, /ﬁ\:l:’:l o 7@)’:{};{‘, E jggﬁl‘/il*jﬁ 18.1 367 0.303 1506 792 1 39 6 12
i, w ARG, o, NIEIRGREE, E, U
BRWEASEL, R, 5 R, W AERSHY, o WRFNAE
Bl A 8 T2 A 45 0, 8 3 T 20 8125 F18 A Chang-Chang 23 R0 L7180 () 55 45 B4 b 40 55 25
(MAT_COMPOSITE_DAMAGE ), HAKM BHE RIS 50 DL 5, Hop L E, . E, A T PR, u,, .
Uiy Hyy HETNARS L, Gy. Gy Gy NS MBI UIR &, « AR RMA TR &, G, TN BT VISR B2, T,
T, 53 50 R 9N )RR () R A B2, C, S ) P 458 88, o D AR LRV BT DI I8 TE B, T, Sk i) i A i B2,
G,. Fl G, e ) 95 VI3 2

&5 YRFMHERSH

Table 5 Material model parameters of kevlar

pl(g-em™) E,/GPa E,/GPa E,/GPa Uy Uy Uz
1.35 21 21 4.6 0.31 0.14 0.14
G,,/GPa G,,/GPa G,,/GPa k/GPa G/GPa T/GPa T,/GPa
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Table 7 Comparison between simulated results and experimental results

Table 6 Material model parameters of pine

pl(g-em™) E/GPa u o/MPa
0.46 11.68 0.31 294

v/(m-s™)
v/(m-s™) AR 2E/%
SEHE HHAE

681.2 0 0 0

700.4 74.8 80.9 8.16
711.7 111.6 119.2 6.81
725.5 160.4 168.3 4.93
744.5 194.2 202.8 4.43
748.0 204.9 209.2 2.10
753.4 220.9 218.4 -1.13
775.7 250.6 253.9 1.32
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Fig. 7 Variation curves of velocity and acceleration of tungsten sphere at different impact velocities
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Fig. 8 Variation curves of velocity and acceleration of tungsten sphere (v=748.0 m/s)
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Fig. 9 Damage morphologies of the back of pine target at different impact velocities
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Fig. 10 Typical von Mises stress variation of front and back of body armor
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Fig. 12 Curve of ballistic limit-mass of tungsten spheres
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Table 9 Simulated results of tungsten spheres with different mass penetrating into

pine target covered with body armor

PR (s ) m=0.21g m=0.26 g m=031g
A/ (ms
PSR/ (mes™)  HOARBERINCE  RREE/(ms™)  HURAERRICE  FREE/(ms™)  SERBERIICE
550 0 1 0 1 0 1
600 0 1 0 1 0 1
650 0 1 26.2 0.998 156.7 0.942
700 79.2 0.987 188.3 0.928 254.0 0.868
750 212.6 0.920 281.6 0.859 3225 0.815
800 294.3 0.865 350.2 0.808 390.3 0.762
p—_ y m=0.36g m=0.41g m=0.46 g
#E/(m-s
FIAHRE/(mes™)  HOARRERINCE  FREE/(ms™)  HUARAERRICGE  FREE/(ms™)  SEREERIRICE
550 0 1 0 1 0 1
600 65.1 0.988 121.0 0.959 172.8 0.917
650 197.6 0.908 2324 0.872 267.1 0.831
700 287.4 0.831 315.0 0.798 345.0 0.757
750 354.9 0.776 376.7 0.748 400.3 0.715
800 416.8 0.729 437.1 0.701 457.0 0.674
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Fig. 13 Curve of energy absorption efficiency of target-impact velocity
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Table 10 Main physical quantities affecting the energy of penetrating into target
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Table 11 Comparison of energy of penetrating into target calculated by different methods
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Table 12 Comparison of ballistic limit calculated by formula (1) and formula (12)
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