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Simulation and experiment of key influencing factors on ballistic performance of SiC-ultra-high

molecular weight polyethylene biomimetic flexible laminated structure

ZHU Deju’, PENG Lian
(Key Laboratory for Green & Advanced Civil Engineering Materials and Application Technology of Hunan Province,

College of Civil Engineering, Hunan University, Changsha 410082, China)

Abstract: Based on the principle of bionics, a fish scale like flexible laminated protective device was built. The
bionic scale is a double-layer composite with thick central region and thin edges. The upper and lower layers of the
bionic scale were made of SiC ceramic and ultra-high molecular weight polyethylene (UHMWPE), respectively. The
explicit analysis method in the ANSYS LS-DYNA software was used to simulate the ballistic performance of the SiC-
UHMWPE flexible laminated structure. The analysis included the deformation, stress transfer pattern and energy
dissipation mechanism of the device and the residual velocity of bullet, and mainly focused on the effects of the
number of support points, the radius of curvature and the overlapping angle. The simulated backface signatures for
the protective device with one row scales and multiple rows scales are 32.52 mm and 24.73 mm, respectively. Ballist-
ic tests were conducted on the bio-inspired flexible protection device according to the requirements of level Il of
the NIJ standard. The results show that there is an unfavorable mode of two-point support at the local area after
multiple impacts of bullets. This study will be valuable for the design and manufacture of new flexible protective
devices.
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6,—Overlapping angle; L—Bionic scale diameter; R—Bionic scale radius; P—Contact point of bionic scale; r—Radius of arc of bionic scale
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Fig.1 Schematic diagram of structural design of SiC-ultra-high molecular weight polyethylene (UHMWPE) bionic flexible protection device:

(a) Arrangement structure of the real fish scale; (b) Demonstration of an individual scale; (c) Cross-section of a scale; (d) Bionic scale

arrangement pattern; (e) Cross-section of a bionic composite scale; (f) Bionic protection device
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Fig.2 Diagram of rotation angle of protection device
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Fig.3 Demonstration of finite element model and meshing of SiC-UHMWPE protection device
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Table1 Finite element model naming

Mark Name Named annotation
Model A a0c80 Flat model of single-row arrangement of scales with rotation angle @=0° and coverage angle 6,=80°.
Model B a0c100 Flat model of single-row arrangement of scales with rotation angle #=0° and coverage angle 6,=100°.

Flat model of 5 scales in the horizontal and vertical directions with the rotation angle @=0°, coverage
Model C 5x5a0c80 —ano

angle 6,=80°.

Curved model of single-row arrangement of scales with rotation angle a=4° and coverage angle
Model D a4c100 0:2100°

= .

Model E a0c80gel Flat I.nodel of s.ingle-row arrangement of scales with rotation angle @=0°, coverage angle 6,=80°, and

backing materials (gel) at bottom.

Flat model of 5 scales in the horizontal and vertical directions with rotation angle a=0°, coverage angle
Model F 5x5a0c80gel

#,=80°, and backing materials (gel) at bottom.

mm; X0 FF#IE N FE G R, LOEh.G
RS AR 10 mm v FE A R A B X 1T
K@, ot Koh 0.0 mm, i H A X0 SR
AERT B0 AR 1 A% (Lo K RSE 0.5 mm, WEl 3
FiR); B80S AR 5 Kevlar i 422 2 &) 350 X 380tk £ 7

PAS 2, i X IR OT K R SE R 0.1 mm,
fth X 38> 0.5 mm.,

R A A B T A AR v 2% 35 43 22 ] )RR B O R
KAz Wt Fe b ol 68 & AR 2, SRAASTRDE X
Befohi o X A% Y SiC 2 A1 UHMWPE J2 %
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Table 2 Material model parameters of SiC

p/(g-cm™) G/GPa A B C M N
3.163 127 0.96 0.35 0 1.0 0.65
Tensile strength /  Normalized :
E Hg; /GP H, Pa H, L. st Hp st th/GP:
PSI GPa fracture strength r/GPa rL pressure/GPa  Hy vol. strain L strength/GPa
1.0 0.37 0.8 14.567 5.9 — 13.0
D, D, K;/GPa K,/GPa K;3/GPa Beta PSFAIL
0.48 0.48 204.785 0 0 1.0 —

Notes: p—Density; G—Shear modulus; A—Intact normalized strength parameter; B—Fractured normalized strength parameter;
C—Strength parameter (for strain rate dependence); M—Fractured strength parameter (pressure exponent); N—Intact strength parameter
(pressure exponent); Eps;—Reference strain rate; Hg—Hugoniot elastic limit; vol.—Volumetric; D;—Parameter for plastic strain to
fracture; D,—Parameter for plastic strain to fracture (exponent); K,—First pressure coefficient (equivalent to the bulk modulus);
K,—Second pressure coefficient; K;—Elastic constants; Beta—Fraction of elastic energy loss converted to hydrostatic energy;
PSFAIL—Effective plastic strain at failure.

®3 BEATERZME (UHMWPE) M RM4FIESH
Table 3 Material model parameters of ultra-high molecular weight polyethylene(UHMWPE)

p/(g-em™) P, P, Py b, P Py

0.97 5.796 5.796 6.12561 0.025 3.58889 0.41368
P, Py Py Py Py Py Py
0.25 3.709 2.884 1 0.05 6.6939 0.05
Pyy Py5 Pys Py; Py Py Py
2.29 2.29 0.025 0.2645 0 0.185 1.3328
Py, Py, Py, Py, Pys Py Py
0.28285 4.63 0.28285 4.63 0.28285 2.25 —-0.005

Notes: P;, P,, P;—Moduli of elasticity in x, y and z directions; P,—Stretching poisson’s ratio in xy plane; P;—Shear modulus in xy plane;
P;—Yield stress in xy plane; P,—Failure strain in xy direction; Pg, Py—Linear buckling parameters; P,,—Unloading modulus factor in xy
plane; P,;—xy plane; P;,—Unloading modulus in z direction; P,;—Tensile modulus factor in z direction; P,,, P,5, P,s—Shear moduli in yz,
zx and xy planes; P,;—Compression failure strain in z direction; P;3—Tensile failure strain in z direction; P;q—Local strain of area 1 in z
direction; P,y;—Modulus of elasticity of area 1 in z direction; P,,, P,,—C, P parameters of area 2; P,3, P,,—C, P parameters of area 1; Py,
P,,—C, P parameters in xy plane; P,,—Parameter of strain rate.

£ 4 YIRH (Kevlar) HEAEEI S

Table 4 Material model parameters of Kevlar

p/(g-cm™) E,/GPa E,/GPa G,p1/GPa G,p2/GPa G,p3/GPa Gy,./GPa
0.8 32.69 32.69 0.004 0.042 0.349 0.349
G.,/GPa Gamab1 Gamab2 E, crimpfac Ey crimpfac Ea,crimp b,crimp
0.349 0.25 0.35 0.06 0.20 0.007 0.0025

E, softtac Ep softtac Eqnloadfac Ecomptac €a,max £b,max T post/ GPa
-2.20 -5.60 1.5 0.005 0.023 0.02 0.01

Ceg Pcg Csg e €max €a fail b, fail
0.005 40.00 0.005 0.30 0.035 0.20 0.20

Notes: E,, E,—Moduli of elasticity in the longitudinal and transverse directions; G,p,1, Gap2, Gapz—Shear moduli G;,; correspond to the slope
of the ith segment; Gy, G.,—Shear moduli in bc and ca directions; G,ap1, Gaman2— Shear strains G,,,,p,; correspond to the slope of the ith
segment; E, cimpfac Eb,crimpfac—Factors for crimp region modulus of elasticity in longitudinal and transverse directions; &, cimp
&p,crimp— Crimp strains in longitudinal and transverse directions; E, sfacr Ep,sofitac—Factors for post-peak region modulus of elasticity in
longitudinal and transverse directions; Eynioadfac Ecompiac—Factors for unloading and compression zone modulus of elasticity; &, max
&p,max—Strains at peak stress in longitudinal and transverse directions; o, —Stress value in post-peak region at which nonlinear behavior
begins; Ccg, Pcg, Csg—Cowper-Symonds factors; dg,.—Damage factor; &,,,—Erosion strain of element; &, oy, & py—Erosion strains in
longitudinal and transverse directions.
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Table 5 Material model parameters of bullet jacket and core
Material Density/ Young's Poisson’s Yield Tagent Hardening  Strainrate Strain rate Failure
parameter  (g-cm™) modulus/ ratio stress/ modulus/ parameter  parameter (SRC) parameter (SRP) strain
GPa GPa GPa
Pullet 8.858 117 0.4 0.345 0 0 0 0 1.0
jacket
Bullet core 11.270 17 0.4 0.008 0.015 0.2 0.6 3.0 3.0
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Fig. 4 Dynamic response curves of each model over time of SiC-UHMWPE protection device
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Fig.5 Simulated deformation patterns of target scale with UHMWPE layer and bullet in model A and model C:
(a) Target scale with UHMWPE layer (=50 ps); (b) Bullet (=20 ps)
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Fig.6 Von Mises stress distribution of target scale in each model of SIC-UHMWPE (=50 pus): (a) Model A; (b) Model B; (c) Model C; (d) Model D
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Fig.7 Von Mises stress distribution of model C and model A for SiC-UHMWPE : (a) Kevlar layer; (b) Whole protection device
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Fig. 8 Stress transfer patterns of model C and model A for SiC-UHMWPE: (a) Stress affected region in model C; (b) Von

Mises stress contour of supporting scales in model C and model A when bullet’s residual velocity is zero
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Fig.9 Effective stress distribution of direct supporting scale in model B and model D of SiC-UHMWPE
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Fig. 10 Finite element model and simulation results of model E and model F for SiC-UHMWPE: (a) Finite element model; (b) Backface signature
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Fig. 11 Test sample and concave appearance of local area: (a) X-ray pictures of armor sample before and after test;

(b) Signature of backing material under target scale obtained by test and simulation
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Fig. 12 Displacement-time curves of UHMWPE layer of target scale

in model E and model F
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