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A study of anti-penetration properties of continuous fiber-reinforced
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Abstract: It is of great scientific significance and application value to study the anti-penetration performance of continuous
fiber-reinforced high-porosity composites. First, the ballistic penetration experiments of 20 mm thick continuous fiber-
reinforced high-porosity composites were carried out by using two-stage light gas gun firing Q235 steel projectiles of diameter
4.5 mm. Based on the analysis of the initial and final velocities of bullet penetration, the ballistic limit of the material is
obtained. By observing the damage patterns of the target plate, these patterns are divided into three types from low to high
according to the initial velocity of the projectiles: back-crack type, back-burst type and penetrated type. The anti-penetration
performance of this composite material is compared with other materials by specific energy absorption, showing that the anti-
penetration performance of the composite against low-speed penetration up to 600 m/s is better than those of steel, aluminum,
Kevlar and glass fiber composite. Then, an orthogonal anisotropic continuum damage constitutive model is proposed for the
continuous fiber-reinforced high-porosity composites. This constitutive model is written as a subroutine and embedded in the
finite element software by secondary development. On this basis, the finite element simulations of ballistic penetrations of
continuous fiber reinforced high-porosity composites are conducted. The validity of the constitutive and finite element models
is verified by comparing the final velocity, ballistic limit and damage range of the back surface obtained from experiment and

simulation. Furthermore, the damage mechanism of the penetration process is analyzed by observing the shape of the bullet
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hole, stress distribution and damage distribution obtained from the finite element simulation. The results show that the
formation of the bullet hole during the penetration of spherical projectile is caused by shear damage, the debonding of fiber and
matrix is caused by the combined action of compression and shear, the delamination damage of the target plate is caused by the
tension wave created by the reflection of compression wave, and the fiber breakage belongs to tension damage. Besides, the
kinetic energy, internal energy and their proportion to the kinetic energy change of the bullet are compared with the initial
velocity. It is pointed out that most of the kinetic energy of the projectile is transformed into the kinetic energy of the fragment
of target plates and the plastic deformation energy of the projectile. The research results provide a reference for the
multifunctional integration of these composite materials in heat protection, penetration protection and load bearing.

Keywords: continuous fiber reinforced composite; ballistic limit; anti-penetration property; failure mechanism; energy
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Table 1 Experimental results of penetration

S PIEE/(msT) REE/(msT)  WOLShEET B
1 1640.0 1227.5 218.83 YIFLA
2 1450.9 1040.1 189.31 PIfLEY
3 1082.0 715.5 121.87  HHXERA
4 1046.2 651.0 124.09  HHEKEZ
5 583.7 KRB 63.03 R
6 775.0 263.5 98.27  HIMALER

121 GBS
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(a) Shot 6
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Fig. 3 Recovered projectiles after the

(¢)Shot2  (d)Shot 1

ballistic impact experiment
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Table 2 Damage range of the impact surface and back
surface of the target plate

. X . MWIEHATEE  F R
o IR/ (<) HA%/mm HA%/mm

1 1640.0 6.17 14.80

2 1450.9 8.63 14.78

3 1082.0 6.19 18.83

4 1046.2 5.19 16.07

5 583.7 5.23 KRG

6 775.0 5.52 17.37

4 SOAG ST B O S
Fig. 4 Damage morphology of the impact

surface of the target plate
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Fig.5 Appearance of back-crack damage pattern (shot 6)
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Fig. 6 Appearance of back-burst damage pattern Fig. 7 Appearance ofpenetrated damage pattern
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Table 4 Material parameters of the target plate

pl(g-em™) E,/GPa E,/GPa E,/GPa Vi Vi1 Vi G,,/GPa G,,/GPa G,/GPa X/MPa
0911 4.00 4.00 1.54 0.19 0.25 0.25 3.50 1.60 1.60 30.0
Y/MPa X/MPa  Y/MPa  Z/MPa  Z/MPa  S,/MPa  S,/MPa  S,MPa m; Cre 0/
30.0 89.7 89.7 10.0 78.0 20.0 15.0 15.0 1.0~3.0 0.03~0.2 10.0
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£S5 Q235 MEIM S B
Table 5 Material parameters of Q235 steel'*”!

PRI (kg-em™®)  #MAHE/GPa JAMAEE  JEARALFR/MPa

YILBR/GPa LS EB  SHNAEZS'  Cowper-SymondsZ4in

7850 210 0.3 235

8 1 40.4 5

23 BERMERS S
23.1 AMRAEMLER

Xt 12 PRSI AT RN . SRR A R AN ZE AR LU 3% 6 B o

®6 BEBENMSERSTRERMIILL

Table 6 Comparison of numerical simulation results with experimental results

LG SLEGHIEE/ (mes™) SLIGAR I/ (ms ™) FERUA T/ (ms ™) P SR 25 TR 22/ %
1 1640.0 1227.5 1202.0 2.04
2 1450.9 1040.1 995.0 434
3 1082.0 715.5 697.0 2.52
4 1046.0 651.0 624.0 4.59
5 583.7 K2, HFLIRL 12 mm KZES, HFLIRZ13 mm 8.30
6 775.0 263.5 280.0 7.22
iz 20 (1) A BUE A LS 21 /Y 338 vh 1 400
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Fig. 11 Experimental and numerical simulation results of residual
velocity and initial velocity in projectile penetration
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(c) Penetrated damage pattern

K12 S SRR R O A

Fig. 12 Damage morphology obtained from experiment and numerical simulation

(a) Back-crack damage pattern ~ (b) Back-burst damage pattern
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