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Numerical simulations of response and failure of carbon nanotube/carbon
fibre reinforced plastic laminates under impact loading
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Abstract: Fibre reinforced plastic (FRP) laminates have been widely used in various engineerings due to their excellent
mechanical properties. However, FRP laminates may be subjected to impact loading and delamination is one of the major
concerns which is caused by the poor performance of matrix and the poor bonding between fibre and matrix. To improve the
bonding strength, some toughening technologies have been developed including the modification of matrix by adding nano
fillers such as carbon nanotubes. In this paper, numerical simulations of the response and failure of carbon nanotube/carbon
fibre reinforced plastic (CNT/CFRP) under low velocity impact loading were performed. Firstly, on the basis of the previous
work, a new dynamic progressive damage model for FRP laminates was developed by introducing a matrix toughening factor
and a residual strength factor into the damage criterion and damage evolution equation respectively, together with an improved
damage coupling equation which was changed from the original sum form to product form. The new dynamic progressive
damage model was used to describe the intralaminar damage, and a cohesive element model to describe the interlaminar
damage of the CNT/CFRP laminates. Both models were incorporated into the ABAQUS/Explicit finite element program by the
user-defined material subroutine VUMAT. Then, numerical simulation was conducted for the response and failure of

CNT/CFRP composites subjected to low velocity impact loading. Finally, the numerical results were compared with some
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available experimental data and the influence of impact velocity was discussed. It transpires that the results predicted from the
present model are found to be in good agreement with the test data for CNT/CFRP laminates in terms of load-displacement
curve and failure pattern, and the delamination damage at the interlaminar interface decreases gradually with increasing CNT
content. It also transpires that the impact velocity affects the ratio of compression and tensile failure of FRP laminates, and
under the same impact energy, a larger impact velocity will cause more tensile failure.

Keywords: carbon fiber reinforced plastics (CFRP); carbon nanotube; dynamic progressive damage model; cohesive element

model; matrix toughening factor; residual intensity factor; damage coupling; impact loading
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Fig. 1 Schematic diagrams of damage evolution
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Table 2 Parameters for CFRP laminate

E./GPa E,/GPa  E./GPa Vs - - Gy/GPa  G,./GPa G./GPa  §..,5,/MPa S.,,S.,/MPa
6812 68l 1012 02207 04910 04907 500 4,502 450 420 4201
S./MPa  S../MPa §,/MPa §.MPa S./MPa Sy/MPa 4 Feq1+0cq2/mm 8Ly 30L o/ mm Oq,s/mm
49,5113 150 o84l 45 45 300 10 0.2 0.025!" 0.05"%

# 3 CNT/CFRP #Hl&#
Table 3 Parameters for CNT/CFRP laminates

Jrsi
wi% N €y Jimit> €y, limit Eexpn Eersh Edistor
=12 j=3~5
0 1.0 0.08 0.1 2.1 33 0.001 2.0
0.5 0.5 0.15 0.1 2.4 52 0.001 5.0
1.0 0.5 0.15 0.1 2.4 5.2 0.001 5.0
1.5 0.5 0.15 0.1 2.4 52 0.001 5.0
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Table 4 Parameters for cohesive elements
W% ) /MPa 1 /MPa 1 /MPa Gic/(N'mm™) Gyc/(N'mm™) Gre/(N'mm™") Ky, Ky, Ki/(MPa-mm ™)
0 3.3 7.08% 7.08% 0.33 0.8 0.8 85012
0.5 3.7125 7.8750 7.8750 0.41766 1.0125 1.0125 850
1.0 4.1250 8.7500 8.7500 0.51563 1.2500 1.2500 850
1.5 4.5375 9.6250 9.6250 0.62391 1.5125 1.5125 850
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Fig. 5 Comparison of the force-displacement curves between numerical simulation and experiment'"
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Fig. 6 Comparison of the damage morphologies between numerical simulation and experiment!'"!
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