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Abstract

Perforation damage of fibre metal laminates (FMLs) subjected to projectile impact was modelled
using the finite element (FE) analysis. Here, FMLs studied covered stacking sequences of 2/1 and
3/2 FMLs, which were made with different aluminium alloys (6161-O, 6061-T6, 7075-0) and glass
fibre reinforced polymer (GFRP) layers. A vectorized user-defined material subroutine (VUMAT)
was developed to define Hashin’s 3D rate-dependant damage criteria for the GFRP. The subroutine
was implemented into the commercial finite element code ABAQUS/Explicit to simulate the
deformation and failure of FMLs. The aluminium alloy layers were modelled as an isotropic elasto-
plastic material by Johnson-Cook plasticity and the related damage criterion. The resin layer was
simulated using cohesive elements, defined in terms of traction-separation. Good agreement was
obtained between the simulations and the experimental results, in terms of the load—displacement
traces, the deformation and failure modes.
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1. Introduction

Fibre metal laminates (FMLs) are advanced composite structural materials that have been attracting
interest from a number of researchers to investigate the impact resistance [Reyes and Cantwell
(2000); Vogelesang and Vlot (2000)]. In recent years, a number of studies had been conducted to
investigate the low and high velocity impact behaviour of fibre metal laminates. Caprino et al.
[Caprino et al. (2004)] performed low-velocity impact tests on fibre metal laminates made of 2024-
T3 sheets and S2-glass/epoxy prepreg layers. Various impact masses, velocities, and energies were
applied in the tests to investigate the influence of these factors on the impact response. For
comparison purposes, similar tests were also performed on monolithic 2024-T3 sheets with the
equivalent thickness. Abdullah and Cantwell [Abdullah and Cantwell (2006)] studied the impact
behaviour of a glass fibre reinforced polypropylene FMLs and the results showed that the FML
offered an impressive resistance subject to low and high velocity impact. They found that FMLs
absorb more energy during plastic deformation in the aluminium and composite layers. A low
velocity impact tests on glass fibre-based FMLs has been conducted by Vlot and Fredell. The FMLs
offer a superior impact to both an aluminium alloy and a carbon fibre reinforced composite. [Vlot
and Fredell (1993)]. Vlot also conducted impact tests on an aluminium alloy and different types of
FML and composites [Vlot (1996)]. There was a crack at the carbon and aramid fibres based FMLs
and the energy absorption lower than that of a glass fibre reinforced FML. A inspection on the
tested specimens showed that the FMLs exhibited a similar indentation in size to those plain
aluminium alloy. Vlot et al. conducted impact tests on GLARE and plain aluminium and showed
that the FML exhibited an initial cracking energy. They alos found that the impact damage
resistance of these FMLs increased with increasing glass/epoxy content [Vlot et al (1999)].
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A numbers of FE modeling have been developed to simulate the impact response of FMLSs using
numerical echniques. Guan et al investigated the impact response of fibre metal laminates based on
a woven polypropylene (PP) fibre reinforced composite and an aluminium alloy at velocities up to
150 m/s. Both the predicted failure modes and displacement of the FMLs was good agree with the
test data [Guan et al,(2009)]. Payeganeh et al. developed a number of FE models to investigate the
resistance force traces, deflection, in-plane strains and stresses in of FMLs subjected to low velocity
impact loading [Payeganeh et al. (2010)]. The results shown that the stacking sequence, the masses
and velocities of the impactor were important parameters in determining the impact response of the
FMLs. Lannucci et al studied the failure mode the impact load on FMLs. Modelling of composite
damage subjected to impact within the intermediate strain rate regime may be generally categorized
into four approaches [Lannucci (2006)], i.e. (1) failure criteria, (2) fracture mechanics, (3) plasticity
or yield surface, and (4) damage mechanics. The Tsai-Wu failure criterion describes the failure
surface in stress or strain space [Tsai and Wu (1971)]. However, it is a significant disadvantage to
use stress-based failure criteria to model brittle materials as the scale effect in relation to the crack
length in the same stress field cannot be modelled properly. Lee et al. [Lee et al. (2001)]
investigated the penetration and perforation behaviour of a 6061-T6 aluminium plate and a C12K33
carbon fibre reinforced 6061-T6 aluminium metal-matrix composite plate subjected to projectile
impact using an explicit finite element code, LS-DYNAZ3D. Perforation of the plate was found to
occur under all of the studied impact conditions. The deformation behaviour of the plate and
projectile as well as the projectile post-perforation velocity and the deceleration of the projectile
were strongly dependent on the plate properties and impact velocity. Payeganeh et al. developed
explicit FE models to investigate the contact force history, deflection, in-plane strains and stresses
of 2024-0 2/1, 5/4 and 2024-T3 2/1, 5/4 FMLs subjected to low-velocity impact [Payeganeh et al.
(2010)]. Failure shear strain and tension cut-off stresses were specified as failure criteria for
aluminium layers. The failure of fibre laminate was simulated using Tsai—-Wu failure criterion by
specifying tensile cut-off stress based on the ultimate tensile stress of the fibre.

Although a few numerical modeling developed to simulate the response of composite using
commercial software LS-DYNA and Abaqus. However, those such as ABAQUS only has a number
of failure criteria for composite materials modeled using 2D elements, such as plane stress and
continuum shell elements [Carla McGregor (2010)]. Further, none of these criteria consider strain-
rate effects in composite materials, which is clearly important in dynamic studies. The 2D elements,
with the existing failure criteria, are not capable of taking large through-the-thickness rate-
dependent deformations into account. Therefore, it is necessary to develop a constitutive model
with associated failure criteria suitable for simulating a composite material using 3D solid elements.

A limited numerical modeling were developed to investigate the structural response of composite
using three-dimensional 3D solid elements. Recently, Thuc et al. developed a FE models which
were validated using experimental data from tests on FMLs based on a 2024-O aluminium alloy and
a woven glass—fibre/polypropylene composite. The rate-dependent failure criteria for a
unidirectional composite were used, which were based on the modified Hashin’s 3D failure criteria
[Thuc et al. (2013]. The constitutive model and failure criteria were then implemented in
ABAQUS/Explicit using the VUMAT subroutine. Based on the previous research [Thuc et al.
(2013], A further parametric studies were carried out to investigate the influence of the properties of
the aluminium alloy on the blast resistance of FMLs for aerospace applications. A vectorized user
material subroutine (VUMAT) was employed to define Hashin’s 3D rate-dependant damage
constitutive model of the GFPP. [Thuc et al. (2014)] Sandwich panels based on three-dimensional
woven S-glass/epoxy skins and a crosslinked PVC core were modelled using finite element
techniques to investigate the effect of through-the-thickness stitching on the blast resistance of the



panels by [Guan et al. (2014)]. The finite element model accurately predicted the failure modes and
deformed shapes of the sandwich panels over the range of impulsive loading conditions.

This paper presents numerical modeling of structural behavior of fibre metal laminates subjected to
impact loading for aerospace applications. Here, Johnson—-Cook strain hardening and damage
criterion were employed to simulate the fialure of aluminiym layers. A vectorized user material
subroutine (VUMAT) was employed to define Hashin’s 3D damage criteria for the composite layer
to model the corresponding deformation and failure mechanisms. Energy absorption of the fibre
metal laminates plates made with different configurations of the liminates layers was also
investigated. Modeling results were compared with the experimental results, in terms of load-
displacement relationships, deformation and failure modes.

3 Finite element modeling

The two material layers in the FMLs, i.e. the composite and the aluminum alloy, exhibit very
different mechanical behaviors. Therefore, different constitutive models were used to simulate the
behavior of the metal and composite plies. The aluminium alloy layers were modelled as an
isotropic elasto-plastic material by Johnson-Cook plasticity and the related damage criterion.
ABAQUS/Explicit [Hibbitt et al. (2011)] was used to develop numerical simulations of the FMLs
subjected to projectile impact. Numerical modeling was undertaken on the 6061-O, 6061-T6 and
7075-0O FMLs outlined in Table 1.

Table 1 Johnson—-Cook constants and static tensile strength for aluminium alloys
Aluminum A B Strength

type (MPa) (MPa) n C D; D, Ds D, (MP)
Al 6061-T6 324 114 0.42 0.002 0.13 013 -15 0.011 332
Al 6061-O 360 105 0.73 0.083 0.013 0.025 -1.7 -0.4 310
Al 7075-0 535 658 0.71 0.024 -0.068 0.451 -0.95 0.036 551

3.1. Aluminium layers

The aluminium alloy was modelled as an elasto-plastic material included a rate-dependent

behaviour. Temperature effects in the aluminium alloy were not taken into account. The Johnson—
Cook material model was used in the form as below:
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where % is the equivalent plastic strain; & and o are the equivalent plastic and reference strain rate

and A, B, C and n are material parameters. Damage in the Johnson—-Cook material model is
predicted using the following cumulative damage law:
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where 07is the mean stress normalised by the equivalent stress and A% is the increment of
equivalent plastic strain during an increment in loading. D, is a function of the mean stress and the
strain rate. The parameters D;, D,, D3, and Dy are constants. Failure is assumed to occur when D =

ol

1. Hence the current failure strain, %, and thus the accumulation of damage,. The constants in the
Johnson—Cook model for the three alluminium alloys used in this study are given in Table 2. The

Young's modulus, Poisson’s ratio and density of the various aluminium alloys were taken as E =
73.5 GPa, v = 0.3 and p = 2700 kg/m3, respectively.

3.2. Glass fibre reinforced composite layers

3.2.1. The 3D damage model for the composite material

A constitutive model and failure criteria suitable for simulating the solid geometry composite using
3D solid elements was employed to simulate the failure mechanism of glass fire layers. Failure
criteria for laminated composites are available in ABAQUS, which can be applied for panel
coordinate and continuum shell elements only. However, none of these existing criteria consider the
third direction through-the-thickness and strain-rate effects in the composite material in a coordinate
using 3D solid elements. In order to develop a constitutive model and failure criteria suitable for
simulating the composite tube using 3D solid elements, a 3D rate-dependent failure criteria for a
anisotropic composite is developed by modifying Hashin’s 3D failure criteria [Hashin (1980), Thuc
et.al (2012)], to include rate-dependent elastic moduli and strength properties. The failure criteria,
with the related constitutive model, are implemented into ABAQUS/Explicit using a VUMAT
subroutine provided by ABAQUS [ABAQUS Theory Manual. 6.11(2011)].

Given that a woven glass fibre composite layer is produced by placing fibres in a [0/90] pattern, the
material behaviour within the plane of the laminate is similar in those two directions according to
the material test data provided by the manufacturer. Therefore, the developed Hashin’s 3D failure
criteria [Thuc et.al (2013] be able to simulate overall response of a roll wrapped composite layer in
a cylindrical coordinate. The failure functions may be expressed as follows:
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where Xy, Xi¢, Xot, Xac, S12, S13 and Sys are the various strength components and dg, dsc, dmt and dic
are the damage variables associated with the four failure modes.



The response of the material after damage initiation (which describes the rate of degradation of the
material stiffness once the initiation criterion is satisfied) is defined by the following equation:
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where Cjjis a 6 X6 symmetric damaged matrix, whose non-zero terms can be written as:
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where the global fibre and matrix damage variables as well as the constant r are also defined as:
df =1- (1_dft)(1_ dfc)
dm :1_(1_dmt)(1_dmc) (11)
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where E; is the Young’s modulus in the i direction, Gj; is the shear modulus in the i—j plane and vjj is
the Poisson’s ratio for transverse strain in the j-direction, when the stress is applied in the i-
direction. The Young’s moduli, shear’s moduli, Poisson’s ratios and strengths of the CFPP are
given in Table 2 and 3. The factors sy and sy in the definitions of the shear moduli are introduced
to control the reduction in shear stiffness caused by tensile and compressive failure in the matrix
respectively. The following values are recommended in [ABAQUS Theory Manual (2011)]: smt =
0.9 and smc = 0.5.



Table 2. Properties data for the GFRP composite

E: E> Es G2 Gis G23 V12 V13 Vo3 P
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (kg/m3)

13 13 2.4 1.72 1.72 1.72 0.1 0.3 0.3 1800

Table 3. Damage initiation data for the GFRP composite

Xa7 X1c Xot Xoc S12 Si3 Sa3
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)

320 240 320 240 140 140 140

2.2.2. Strain-rate effects in the mechanical properties

The effects of strain-rate on the mechanical properties of a composite material are typically
modelled using strain-rate dependent functions for both the elastic modulus and the strength. Yen
[Yen (2012)] developed logarithmic functions to account for strain-rate effects in a composite
material as follows:
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and the subscript RT refers to the rate-adjusted values, the subscript O refers to the static value,
£=1"Is the reference strain-rate, ¢ is the effective strain-rate, C; and C, are the strain-rate
constants, respectively.

2.3 Cohesive elements and material properties

The resin layer at the interface between 0° lateral axis and oriented at 90° across its diameter plies
was modelled using cohesive elements available in ABAQUS [ABAQUS Users Manual (2011)].
The elastic response was defined in terms of a traction-separation law with uncoupled behaviour
between the normal and shear components. The default choice of the constitutive thickness for
modelling the response, in terms of traction versus separation, is 1.0, regardless of the actual
thickness of the cohesive layer. Thus, the diagonal terms in the elasticity matrix and density should
be calculated using the true thickness of the cohesive layer as follows:

E _ES' Ktt:tEt ! p:pctc (14)
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The quadratic nominal stress and energy criterion were used to model damage initiation and damage
evolution, respectively. Damage initiated when a quadratic interaction function, involving the
nominal stress ratios, reached unity. Damage evolution was defined based on the energy
conjunction with a linear softening law. The mechanical properties of the cohesive elements were
obtained from [Karagiozova et al. (2010)].

3 Implementation of the material model in ABAQUS/Explicit

The user defined VUMAT subroutine was developed to implement the material model and failure
criteria described in the previous sections in ABAQUS/Explicit. During each time step of
computation, this subroutine is compiled and enables ABAQUS/ Explicit to obtain the required
information regarding the state of the material and the material mechanical response at each
integration point of each element. The Hashin’s 3D failure criteria outlined in equations (4-7) are
calculated, and the elastic modulus and strength values are adjusted for strain-rate effects using
equations (11) base on these stresses computed within the VUMAT subroutine using the given
strains and the material stiffness coefficients. The element status, which determined by the failure
criteria, is then changed from 1 to 0 when an element fails. Accompanying the change of element
status, the stresses at that material point are reduced to zero and it no longer contributes to the
model stiffness. The element is removed from the mesh when all of the material status points of an
element have been reduced to zero.

The fibre metal laminates consisted of the aluminum, the composite and the cohesive layers as three
separate parts. The aluminum and composite layers for CFRP tubes were meshed using C3D8R
elements, which are eight-noded, linear hexahedral elements with reduced integration and hourglass
control. The mesh generation and boundary conditions shown in Figure 1. The interfaces between
the composite layers were created using eight-node 3D cohesive elements (COH3D8). The plate
size is 75x75 (in mm). The initial velocity applied to the projectile, with an only degree of freedom
in the vertical direction. The plate edges are fully fixed. Given that the panels were symmetric in
nature, a quart of each panel was modeled with the appropriate boundary conditions applied along
the planes of symmetry. A condition of general contact interaction was defined between the two
neighboring layers of composites. Surface-based tie constraints were imposed between the
composite layer and the cohesive layer to model adhesion between the adjacent layers. The contact
interaction property for interaction between the aluminum and composite layer was also defined.
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Figure 1 The geometry, mesh, boundary and loading conditions of the model for FMLSs.



4 Results and Discussion

The developed finite element models have been simulated to predict the structural behaviour of
fibre metal laminates subject to perforation loading. Modeling results were compared with the
experimental results, in terms of load-displacement relationships, energy absorption, deformation
and failure modes. The perforation loading on individual layers has been modeling firstly to
validation the FE modeling. The perforation prediction on FMLs has been compared with the
experimental data.
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Figure. 2 Comparison of load-displacement traces of perforation tests for individual layers on
aluminum and GFRP

Figures 2a show the comparison between the experimental and the numerical load-displacement
traces for the individual layers of the 6061-0 and 7075-O aluminums. The peak loads from the
numerical predictions and the experimental tests for these layers were 750 and 3105 N,
respectively. The former are only 3.1% and 9.2% higher than the latter, respectively. Also the
predicted initial stiffness and the displacement at the peak load for the two aluminum were shown a
good agreement with the corresponding experimental results. The predicted perforation energies
were 5.8 and 20.8 J respectively, which are only 5.8% higher and 6.4% higher than the
corresponding experimental results. Figures 2b present the comparison between the experimental
and the numerical load-displacement traces for the 0.5 mm 3-ply and 1 mm 5-ply composite layers
respectively subjected to a low velocity impact. The load-displacement traces shows that the
stiffness is lower at beginning and the traced start liner up after the displacement of 1 mm. The peak
loads from the numerical predictions and the experimental tests for these layers were 1015 and 1692
N, respectively. The former are only 4.1% and 7.2% higher than the latter, respectively. Also the
predicted initial stiffness and the displacement at the peak load for the two GRP skins were in
reasonably good agreement with the corresponding experimental results. The predicted perforation
energies were 3.35 and 5.51 J respectively, which are only 5.8% higher and 6.4% higher than the
corresponding experimental results. The fibre metal laminate was simulated using the validated
individual layers.
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Figure. 3 Comparison of load-displacement traces of 2/1 and 3/2 fibre metal laminates between FE
and experimental tests.

The finite element models using the constitutive models and failure criteria presented in the figure 2
were developed to simulate the critical perforation impact tests of various fibre metal laminates.
Figures 3a and 3b show the simulated and the related experimental load-displacement traces of 2/1
and 3/2 FMLs plates made with 3-ply and 5-ply composite layers respectively subjected to low
velocity impact. Figure 3a shows the 0.5 mm thick 6061-O aluminum and 3-ply GFRP based
FMLs. The load-displacement traces show a linear up stiffness until the fist peak load. The
predicted peak loads for the 6061-O based 2/1 and 3/2 FMLs plates were 203 and 355 Newtons,
respectively, which are 2.4% and 6.0% higher than the experimental results respectively. The
predicted initial stiffness and the displacement at the peak load for the targets were in good
agreement with the corresponding experimental results. The predicted perforation energies were
11.09 and 23.65 Joules, respectively. In comparison with the experimental results they were slightly
higher, respectively.

Figure 3b shows the 1 mm thick 7075-O aluminum and 5-ply GFRP based FMLs. The load-
displacement traces show a linear up stiffness up to the displacement of 1 mm. The stiffness
reduced and shows a lower liner stiffness before up to first peak load. The reduced stiffness maybe
caused by the delamination between aluminum and composite layer which cased the stiffness
reduced. The predicted peak loads for the 7075-O based 2/1 and 3/2 FMLs plates were 7100 and
12900 Newtons, respectively, which are 5.4% and 8.1% higher than the experimental results
respectively. The predicted initial stiffness and the displacement at the peak load for the targets
were in reasonably agreement with the corresponding experimental results. The predicted
perforation energies were 74.4 and 132.5 Joules, respectively. In comparison with the experimental
results the results still slightly higher.
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Figure 5 Comparison of the simulated and experimental failure modes of 3/2 FMLs plates made
with 3-ply and 5-ply composite

Figures 5 show the comparison of the simulated and experimental failure modes of 3/2 FMLs plates
made with 3-ply and 5-ply composite subjected to an on-set perforation impact. The basic features
of the experimental failure modes for all the FMLs plates were well simulated, in terms of the cross
cracks at the rear face and the local deformation mode at the target centre. Since the difference
between the FMLs plates was thickness of aluminum and the number of composite plies in the
composite layer, the experimental failure modes for these two FMLs plates were quite similar. The
FE simulate the delamination of resin between composite and aluminum.
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Figure. 6 Comparison of load-displacement traces of impact tests on 2/1 and 3/2 7075-O based fibre
metal laminates between FE and experimental tests.
Finite element models of other types of FMLs plates subjected to a low velocity impact were also
developed include the strain rate effects to broaden the validation. Figures 6 show the numerical
simulations of the experimental load-displacement traces for the 3/2 FMLs plates made with 5-ply
composite cores respectively subjected to an on-set perforation impact. Very good correlation was
obtained between the experimental results and the numerical simulations, in terms of the overall
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initial stiffness, the peak load and the perforation process. The predicted peak loads for these two
FMLs plates were 970 and 1551 N, respectively, which are only 5.4 % and 5.8 % higher in
comparison with the experimental results, respectively. The predicted initial stiffness and the
predicted displacement at the peak load were also shown reasonably agreement with the
corresponding experimental results. The predicted perforation energies for these two plates were
103.4 and 175.5 J, respectively. Compared to the experimental results, the FE were reasonable
higher.
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Figure. 7 Comparison of energy absorption of 2/1, 3/2 and 4/3 fibre metal laminates between FE

and experimental tests.
Figures 7 show the comparison between the the perforation energy and the corresponding test
results in a chart form. Clearly, very good correlation was obtained. The green bar show the FE
prediction of the modeling and all the FE results are slight higher than the experimental data as the
load-displacement traces shown in early figure. The possible reason may caused by the contact
parameters used for the contact between projectile and FMLs, the strain rate of the modeling,
elements control of the modeling. In further studies, more points can to be predicted by using
validated numerical models in order to draw out the reliable relationship, In fact, the finite element
models developed are well validated based on the reasonably good prediction compare to the test
results.

Conclusions

Finite element models have been developed to simulate the structural behaviour of fibre metal
laminates with various stacking sequences and three different aluminium alloys subjected to impact
loading. Hashin’s 3D failure criteria, incorporating strain-rate effects in the GFPP is implemented
into ABAQUS/Explicit using a vectorized user-defined material subroutine (VUMAT). Very good
correlation has been obtained between the numerical simulations and the experimental results, in
terms of load-displacement traces, peak load and perforation energy. A reasonable agreemetn bas
been shown in deformation mode and failure mode.

The validated finite element models, which cover the configurations of 2/1, 3/2 and 4/3 laminates
made with different layers included 3-ply and 5-ply composite and various thinckness of
aluminiums are ready to be used for further parametric studies of FMLs subjected to different
loading conditions. The evidence suggests that the impact resistance and energy absorption
increased with the increasing of laminates thickness and area density. Both the peak load and erergy
absorption of 6061-T6 overperform than the 6061-O based fibre metal laminates, however the
specifii erergy absorption of later slight higher than former. It also a suggests that the 7075-O alloy
offers the best impact resistance and energy absorptions.
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