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Abstract

Modern bulletproof armor must be light and have excellent penetration resistance to ensure the mobility and safety of soldiers and military

vehicles. The ballistic performance of heterogeneous structures of laminated flat plates as bulletproof armor depends on the arrangement of

constituent materials for the same weight. In this study, we analyze bulletproof performance according to the stacking sequence of laminated

bulletproof armor composed of Kevlar, ultra-high molecular weight polyethylene, and ethylene-vinyl-acetate foam. A ballistic analysis was
performed by colliding a 7.62 x 51 mm NATO cartridge’s M80 bullet at a speed of 856 m/s with six lamination arrangements with constituent
materials thicknesses of 5 mm and 6.5 mm. To evaluate the bulletproof performance, the residual speed and residual energy of the projectile

that penetrated the heterogeneous laminated flat plates were measured. Simulation results confirmed that the laminated structure with a

stacking sequence of Kevlar, ultra-high molecular weight polyethylene, and ethylene-vinyl-acetate foam had the best bulletproof performance

for the same weight.
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Fig. 1 Ballistic test results of unpenetrated UHMWPE specimen
from (a) forward view and (b) backward view
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Fig. 2 Ballistic simulation of UHMWPE (a) before and (b) after
adjusting material properties
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Table 1 Orthotropic material model for UHMWPE

Rl

Properties Value Source
Density (kg/m®) 980
Young’s modulus 11 (GPa) 51.1
Young’s modulus 22 (GPa) 3.62 Nguyen
Young’s modulus 33 (GPa) 51.1 etal.,
EOS: Shear modulu 12 (GPa) 0.192 2016
Orthotropic Shear modulu 23 (GPa) 2
Shear modulu 31 (GPa) 2
Poisson’s ratio 12 0.013 Guo
Poisson’s ratio 23 0.013 etal.,
Poisson’s ratio 31 0.01 2022
Gruneisen coefficient 1.64
Volumetric Parameter C1 (m/s) 3.57x 10° | Nguyen
response: Parameter S1 1.3 etal,
Shock Reference temperature 293 2016
Specific heat (J/kgK) 1.85 x 10°
Plasticity constant 11 6x 10"
Plasticity constant 22 0.016
Plasticity constant 33 6x10*
Plasticity constant 12 0 Chen
Plasticity constant 23 0 etal.,
Plasticity constant 31 0 1997
Plasticity constant 44 1.7
Plasticity constant 55 1
Plasticity constant 66 1.7
Effective stress #1 (kPa) 1.48 x 10°
Effective stress #2 (kPa) 7.0 x10°
Effective stress #3 (kPa) 2.7 %10
Effective stress #4 (kPa) 4.0 x 10
Strength: Effective stress #5 (kPa) 5.0 %10
Orthotropic | Effective stress #6 (kPa) 6.0 x 10
yield Effective stress #7 (kPa) 8.0 x 10*
Effective stress #8 (kPa) 9.8 x 10*
Effective stress #9 (kPa) 2.0x%10°
Effective stress #10 (kPa) 1.0 x 10° | Neuyen
Effective plastic strain #1 0 etal,
Effective plastic strain #2 0.01 2016
Effective plastic strain #3 0.1
Effective plastic strain #4 0.15
Effective plastic strain #5 0.175
Effective plastic strain #6 0.19
Effective plastic strain #7 0.2
Effective plastic strain #8 0.205
Effective plastic strain #9 0.21
Effective plastic strain #10 0.215
Tensile failure stress 22 (GPa) | 1 x 10* | Disabled
Tensile failure stress 11 (GPa) 4.6 Values
Tensile failure stress 33 (GPa) 4.6 suggested
Maximum shear stress 12 (GPa) 1.15 in this
Failure: Maximum shear stress 23 (GPa) 1.15 study
". | Maximum shear stress 31 (GPa) 0.12
Orthotropic 3
softening Fracture energy 11 (J/mz) 30
Fracture energy 22 (J/m") 790 Nguyen
Fracture energy 33 (J/m?) 30 etal.,
Fracture energy 12 (J/m?) 1.46 x 10° | 2016
Fracture energy 23 (J/m?) 1.46 x 10°
Fracture energy 31 (J/m?) 1.46 x 10°

* 1 22-direction indicates the through thickness direction
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Fig. 3 (a) Two finite element models of coarse mesh size(left) and

fine mesh size(right), (b) velocity profile of projectile according to
mesh size, and (c) energy profile of UHMWPE according to mesh size
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Fig. 5 Ballistic simulation results with thickness ¢=5mm; (a) projectile
velocity profile and (b) view of the additive plates after penetration
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Table 2 Bulletproof performance of 6 additive plates (= 5mm)

Stacking Bulletproof Residual | Residual | U-E

sequence performance velocity | energy | pattern

K-U-E* ) 589m/s 1670J (0}
High performance

U-E-K 630m/s 1865J o

E-K-U 690m/s | 2250] X
Mid performance

U-K-E 691m/s | 2135] X

K-E-U 731m/s | 2441) X
Low performance

E-U-K 733m/s | 2558] X

* : Best bulletproof performance
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Table 3 Bulletproof performance of 6 additive plates (= 6.5mm)
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Fig. 6 Ballistic simulation results with thickness ¢=6.5mm; (a) projectile
velocity profile and (b) view of the additive plates after penetration
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Stacking Bulletproof Residual | Residual | K-U
sequence performance velocity | energy | pattern
K-U-E* - - (0}
High performance
E-K-U 182m/s 728] (0}
U-E-K 359m/s 843] X
Mid performance
K-E-U 428m/s 1047J X
E-U-K 575m/s 1603J X
Low performance
U-K-E 610m/s 1722] X
* : Best bulletproof performance
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