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Composites after Ballistic Impact
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Abstract: This study investigates the ballistic impact damage characteristics and residual tensile strength of
carbon fiber/ glass fiber hybrid laminates using a combination of experimental testing, computed tomography
(CT)-based damage characterization, and finite element modeling. Ballistic impact experiments are
conducted at incidence angles of 90° and 22.5°, and the corresponding impact hole morphology and internal
damage distribution are analyzed using CT. The results show that the incidence angle significantly affects both
the mmpact-induced damage and the residual tensile load-bearing capacity. Oblique impacts produce a
substantially larger internal damage region than the visually observable impact hole, resulting in reduced
residual tensile strength and increased data scatter. A finite element model incorporating the impact hole
geometry and damage distribution is developed, in which a damage factor is implemented via a user-defined
material subroutine (UMAT) to account for strength degradation. The numerical predictions agree well with

the experimental results, with deviations generally within £15% , demonstrating the capability of the
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proposed model to predict the residual tensile strength of impact-damaged laminates. The findings provide a

basis for damage assessment and damage-tolerant design of composite structures such as helicopter rotor

blades subjected to ballistic impacts.
Key words: carbon/glass fiber hybrid laminate;

evaluation; finite element method
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Table 1 Mechanical properties of hybrid laminated

plates
E,/GPa E,/GPa G,/GPa Vi X./MPa
19.46 19.46 7.05 0.38 281.3
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Fig.1 Schematic of ballistic impact test
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Table 2 Bullet impact angle and velocity

P RRGS ASHA/(C) L/ (mes )
1 71 663
90
2 72 660
3 73 645
22.5
4 74 656
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Fig.2 Clamping fixture
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Fig.3 Schematic diagram of the cutting method, dimen-

sions, and numbering of laminates after impact
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(a) Front surface (glass fiber side) of target Z1
under 90° incident impact
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(b) Rear surface (carbon fiber side) of target Z1
under 90° incident impact
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(c) Front surface (glass fiber side) of target Z3
under 22.5” incident impact

(d) Rear surface (carbon fiber side) of target Z3
under 22.5° incident impact
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Fig.5 Bullet hole images after impact on laminates

(b) Target Z3 under 22.5° incident impact
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Fig.6 CT scanning results of the bullet holes in laminates

after ballistic impact
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Table 3 Dimensions of bullet holes in hybrid laminates

after ballistic impact (CT scanning)
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Table 4 Strength of specimens with bullet holes

il o
A T w/ ot/ W ow/ o/

) mm mm mm MPa MPa

Z1-1L 49.51 1.67 4.50 218.07 239.87
Z1-1R 49.86 1.81 6.50 165.63 190.46
Z2-1L 49.78 1.80 5.00 187.42 208.35
Z2-1R  49.80 1.76 4.50 204.96 225.32

90

Z3-1L  49.04 1.79 5.00 178.58 198.86
7Z3- 1R 49.81 1.79 7.00 114.64 133.39
Z4-11L. 49.57 1.72 5.50 204.89 230.46
Z4-1R 49.70 1.81 7.00 113.45 132.05
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Fig.7 Force-displacement curves of the tensile test of hy-

brid laminates
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Table 5 Strength of specimens with impact damage

F5 ARME/(C) %5  o./MPa o../MPa %%

1 Z1-1L  239.87 248.30 —3.51
2 Z1-1R  190.46  208.23  —9.33
3 %0 Z2-1L  208.35 248.03 —14.25
4 Z2-1R  225.32 25433 —12.88
5 Z3-1L  198.86  195.11 1.89
6 Z3-1R  133.39  152.17 —14.08
7 22 Z4-11.  230.46  196.76 14.62
8 Z4-1R  132.05 148.68 —12.59
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(a) Initial damage at the bullet hole edge of target
Z1L under 90° incident impact
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(b) Evolution of failed elements at the bullet hole edge
of target Z1L under 90° incident impact
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(c) Initial damage at the bullet hole edge of target
Z3L under 22.5° incident impact
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(d) Evolution of failed elements at the bullet hole edge
of target Z3L under 22.5° incident impact
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Fig.9 Finite element simulation of stretching after impact
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