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Abstract. Fibre-reinforced composite materials are widespread in lightweight, high-performance 
applications. However, polymeric composites generally exhibit a brittle behaviour, which makes 
them susceptible to impact damage. Even low-velocity impacts can produce delaminations, which 
cause a substantial reduction of the compressive mechanical properties. Metallic layers have been 
embedded in composite laminates with the aim to improve their fracture behaviour: aluminium plies 
can be employed to increase the indentation resistance of Carbon Fibre Reinforced Polymers (CFRP) 
specimens. For this reason, hybrid fibre-metal laminates are expected to be a viable solution to reduce 
the damage caused by low-velocity impacts. 

In this work, CFRP specimens reinforced with aluminium plies were modelled using the finite 
element method and a cohesive zone model. Cohesive elements based on a traction-separation 
formulation were embedded at each ply-to-ply interface to enforce delamination damage. Different 
configurations of the Al reinforcements were studied by varying the position of the aluminium layers 
between the CFRP plies. 

Introduction  

Fibre-reinforced composite materials are widely employed in the industry due to their good 
properties and the possibility to create ad-hoc materials for specific loading conditions. Due to their 
advantageous strength-to-weight ratio, Carbon Fibre Reinforced Plastics (CFRP) are widely used in 
the aeronautic and automotive industries. Nevertheless, the complexity of the fracture mechanics 
analysis and, therefore, of the prediction of the material behaviour in operative conditions, have 
hindered the possible enhancements given by these materials. In fact, due to their inhomogeneity, it 
is not possible to reliably foresee how a flaw inside a composite could influence its operative life; 
moreover, the possibility of unexpected events (e.g. impacts) could lead to a sudden failure. All these 
uncertainties lead to rigid regulations [1,2] which heavily limit the benefits of composite materials.  

In the aeronautical or automotive industry, impacts on composite structures are not infrequent. In 
1988 a study [3] regarding necessary repairs on 71 aircraft Boeing 747, operating in 17 different 
countries and with an average life of 29500 flight hours, was conducted. 688 fatigue, corrosion, and 
impact damage sites were detected during maintenance inspections and repaired. From the analysis 
of primary structures only, 396 fatigue cracks (57.6%), 202 corrosion defects (29.4%) and 90 impact 
damage spots (13.0%) were found. More recently, a similar study conducted on the Airbus A320 
family has shown that impacts cannot be neglected [4].  
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Based on the impact velocity, impacts can be categorised [5,6] in: low-velocity (up to 10 m/s), 
intermediate velocity (between 10 and 50 m/s), high-velocity (comprised between 50 and 1000 m/s) 
and hypervelocity (greater than 2 km/s) impacts. Low-velocity impacts are usually due to tool drops 
during maintenance or to luggage loading operations. These, as well as intermediate velocity impacts 
(caused for example by running debris on the landing strip), are the most common. These kinds of 
impacts could generate intra-laminar delaminations or other internal defects without any or negligible 
evidence on the external surface, being therefore referred as Barely Visible Impact Damage (BVID). 
Moreover, it has been demonstrated [7,8] that low energy impact can result in a compressive residual 
strength drop of around 10% when the impact occurs in the centre of the specimen, and around 30% 
when there is a near-edge impact (i.e. an impact close to the component border). This strength 
reduction, combined with the absence of visible defects, could lead to a dangerous unexpected failure.  

In order to overcome composite drawbacks, Fibre Metal Laminates (FML) have been developed. 
These laminates are hybrid materials that combine advantages of both composite and metallic 
materials, in particular plasticity for the metal and high fatigue life for composites [9–11]. Some 
studies have been done related to standard FML impact behaviour [12,13]. However, little 
investigation has been carried out on the effect of metal layers position inside a fibre-metal laminate. 

Due to the complexity of the impact event and its effects on composite materials, adopting only 
an experimental approach for the design of a composite component is usually  highly time-consuming 
and quite expensive. For this reason, numerical analysis can be employed to speed up the design 
process. Since the advent of Finite Element Method (FEM) analysis, many different models regarding 
material damage have been developed. Among them, Continuum Damage Mechanics (CDM) is 
largely implemented for progressive damage analysis. In the CDM approach, the effects of damage 
are considered by degrading the material properties by means of damage variables [14,15]. The CDM 
model was originally implemented in the ‘60s and is widely applied for matrix and fibre ‘in-ply’ 
damage in composite models. However, under impact loading, in particular low energies impact, 
delamination is the most common failure mode. In order to model this kind of damage, Cohesive 
Zone Model (CZM) [16–18] is usually effectively implemented. 

In this paper, four different FML stacking sequences are compared aiming to find the best 
configuration. Laminates were tested through numerical analysis (by means of Abaqus software, and 
well know, and validated, damage models): solid carbon/epoxy laminate without aluminium layers 
(12C configuration), aluminium layers located in the outer surfaces (ALE configuration), aluminium 
sheets in the centre of the specimen (glued together by means of epoxy resin, ALM configuration) 
and Al layers in an intermediate position between the external surface and the specimen mid-plane 
(ALW configuration).  

Material and Methods 

The FEM model was implemented in Abaqus software. In the following section, the damage 
models used are briefly described.  

Composite damage. The damage initiation for composite plies is based on Hashin’s theory [19], that 
consists of four different initiation mechanisms:  
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where 𝐹𝐹 is the critical damage parameter, 𝑋𝑋𝑇𝑇 and 𝑋𝑋𝐶𝐶  are the longitudinal tensile and compressive 
strength respectively, 𝑌𝑌𝑇𝑇 and 𝑌𝑌𝐶𝐶  are the transverse tensile and compressive strength respectively, 𝑆𝑆𝐿𝐿 
and 𝑆𝑆𝑇𝑇 the longitudinal and the transverse shear strength, 𝛼𝛼 a coefficient to account for the shear 
stress contribution to fibre tensile initiation criterion and 𝜎𝜎11, 𝜎𝜎22 and 𝜏𝜏12 are the components of the 
effective stress tensor (longitudinal stress, transversal stress and shear stress, respectively).  

Cohesive elements. Cohesive layers were modelled by means of the cohesive elements implemented 
in Abaqus software (COH3D8). These elements were used to model interlaminar resin-rich areas 
using a traction-separation law and a quadratic nominal stress damage criterion (QUADS). 
The traction-separation law is defined by a function between traction force and displacement. A linear 
elastic behaviour is assumed before the damage onset (defined by the cohesive strength and the 
characteristic length). This can be defined as: 
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where 𝜎𝜎 is the stress vector composed by the normal (𝜎𝜎𝑛𝑛) and shear components (𝜎𝜎𝑠𝑠,𝜎𝜎𝑡𝑡), the matrix 
𝑲𝑲 is composed by the elastic modulus components and 𝜀𝜀 is the nominal strain vector. The relationship 
between strain and displacement is given by:  
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where 𝑇𝑇 is the thickness of the cohesive elements (that was assumed equal to 1). After the damage 
onset, a damage evolution function has to be defined, reproducing the cohesive softening due to the 
failure. A quadratic nominal stress (QUADS) criterion was implemented, defined as:  
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where the Macaulay bracket, < >, signifies that the compressive stress does not contribute to 
damage initiation, 𝜎𝜎𝑛𝑛0, 𝜎𝜎𝑠𝑠0 and 𝜎𝜎𝑡𝑡0 are the peak values of the nominal stress along a direction normal 
to the interface and along the first and second shear direction, respectively. Beyond the damage onset, 
material softening is defined by parameter D:  

 𝜎𝜎𝐷𝐷 = (1 − 𝐷𝐷)𝑲𝑲𝜖𝜖 = (1 − 𝐷𝐷)𝜎𝜎 0 ≤ 𝐷𝐷 ≤ 1 (9) 

The damage evolution can be defined based on the energy dissipated due to damage. The 
components of fracture energy are implemented as material properties and the equivalent fracture 
energy under mixed mode conditions is computed following Benzeggagh-Kenane (BK) model [20]. 
It can be described as:  
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where 𝐺𝐺𝐶𝐶 is the critical strain energy release rate, 𝐺𝐺𝐼𝐼𝐼𝐼  and 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼 are the fracture toughness for mode 
I and II, 𝐺𝐺𝐼𝐼, 𝐺𝐺𝐼𝐼𝐼𝐼 and 𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼 the energy release rates in mode I, II and III, and 𝜂𝜂 is the BK material coupling 
parameter. 
Model characteristics. The materials selected for this study are Al2024-T3 aluminium plates and 
G939 Fabric/HexPly M18/1 plane weave fabric carbon/epoxy plies. In the numerical model, the 
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aluminium sheets and the composite plies have a thickness of 0.4 mm and 0.227 mm respectively. 
The mechanical properties of the two materials are listed in Table 1 to 4; for the aluminium material 
model, plasticity with isotropic hardening is implemented. 
Table 1: Composite properties 
Property Value 
ρ 1.72 g/cm3 
𝑋𝑋𝑇𝑇 ,𝑋𝑋𝐶𝐶  800 MPa 
𝑌𝑌𝑇𝑇 ,𝑌𝑌𝐶𝐶  800 MPa 
𝑆𝑆𝐿𝐿 , 𝑆𝑆𝑇𝑇 100 MPa 
𝐸𝐸11 65 GPa 
𝐸𝐸22 65 GPa 
𝐺𝐺12,𝐺𝐺23,𝐺𝐺13 3.9 GPa 
𝜈𝜈12 0.32 

 

 

Table 2: Cohesive properties 
Property Value 
ρ 1.22 g/cm3 
𝜎𝜎𝑛𝑛0 50 MPa 
𝜎𝜎𝑠𝑠0 30 MPa 
𝜎𝜎𝑡𝑡0 30 MPa 
𝐾𝐾𝑛𝑛𝑛𝑛 780 GPa/mm 
𝐾𝐾𝑠𝑠𝑠𝑠 390 GPa/mm 
𝐾𝐾𝑡𝑡𝑡𝑡 390 GPa/mm 
𝐺𝐺𝐼𝐼𝐼𝐼 280 J/m2 
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼 790 J/m2 
𝐺𝐺𝐼𝐼𝐼𝐼𝐼𝐼𝐼𝐼 790 J/m2 

 

Table 3: Aluminium properties 
Property Value 
ρ 2.92 g/cm3 
𝜎𝜎11 345 MPa 
𝐸𝐸11 68.7 GPa 
𝜈𝜈 0.35 

 

Table 4: Aluminium plasticity curve 
Stress [MPa] Plastic strain [-] 
345 0 
440 0.05 
475 0.10 
483 0.15 

 

Specimens geometry was based on [7] and therefore the specimens were 140 mm long and 30 mm 
wide. The thickness of each model was different, according to the implemented configurations. The 
four configurations were: 

- 12C (Figure 1-a): made of 12 plane weave carbon/epoxy plies [(0/90)𝑓𝑓]6𝑠𝑠 
- ALE (Figure 1-b): 8 plain weave carbon/epoxy plies, 2 aluminium layers in the external 

surfaces [𝐴𝐴𝐴𝐴/(0/90)𝑓𝑓4]𝑠𝑠 
- ALW (Figure 1-c): 8 plain weave carbon/epoxy plies, 2 aluminium layers as [(0/90)𝑓𝑓2/𝐴𝐴𝐴𝐴/

(0/90)𝑓𝑓2]𝑠𝑠 
- ALM (Figure 1-d): 8 plain weave carbon/epoxy plies, 2 aluminium layers as [(0/90)𝑓𝑓4/𝐴𝐴𝐴𝐴/

𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟�������]𝑠𝑠 

Composite plies are modelled with continuum shell elements (SC8R), while aluminium layers are 
modelled with 3D deformable elements (C3D8R). In both cases, elements are 1 mm long near the 
impact region. In order to achieve similar element dimension, the composite plies were discretised 
with one layer through the thickness, while the Al sheet were meshed with two layers. Cohesive layers 
of 0.01 mm thickness are discretised with 3D elements (COH3D8) of 0.5 mm lateral dimension in 
the impact area. The impactor was modelled as a hemispherical discrete rigid body (R3D4), having a 
mass of 1.7 kg concentrated in the centre of gravity node. In all models, the impact energy was set 
equal to 5 J, based on [7,8].  
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Figure 1: Modelled stacking sequences (composite plies in black, aluminium layers in blue, cohesive layers 

in red). 

Thanks to the symmetry, only a quarter of the configuration was modelled to reduce computational 
time. Proper boundary conditions were used along the symmetry planes. The models, therefore, 
resulted to be 15 mm wide and 70 mm long. The impactor was constrained to move only along the 
direction orthogonal to the specimen plane, whilst the 15 mm steel clamping fixture at one end was 
modelled by constraining the displacements degrees of freedom. Different plies were connected using 
tie constraints. Concurrently, non-penetration contacts were defined between adjacent composite 
plies, as well as between the impactor and the external surface of the specimen. Different friction 
coefficients were used: 0.5 between composite pairs and 0.3 between impactor and the first prepreg 
layer [21]. 

Results and discussion 
The results for the four models are here compared and discussed. Figure 2-Figure 5 show the 

damage in the cohesive layers: the layers have been numbered in descending order starting from the 
layer closer to the impactor to the one on the opposite side. It is possible to notice that the delaminated 
areas, shown in grey, are slightly smaller in the hybrid coupons, in particular in the ALE specimen.  

In all models, the delamination area is roughly rounded, exhibiting the usual behaviour of the 
delamination failure mode growing along the direction of fibre orientation of the adjacent plies [5]. 
In this case, the area is rounded due to the composite fabric. Moreover, a stressed (not yet damaged) 
area close to the fixed end can be spotted. This area is wider, and the damage variable is slightly 
higher, in the 12C and ALM models whilst it gets smaller in ALW and ALE. In the latter, the damage 
parameter value is the lowest. Therefore, placing aluminium layers in, or close to, the external 
surfaces results in a smoother distribution of the stress concentration. 

In Figure 6 the impact energy is shown. The influence of the laminate stacking sequence can be 
observed: while ALM, ALW and 12C models have a quite similar behaviour due to the presence of 
the composite on the external layers, ALE model has a lower rebound energy. The higher absorbed 
energy of the ALE case (Table 5) can be justified by the plastic deformation of the external aluminium 
layer highlighted in Figure 7. This plastic deformation is not observed in ALM and ALW model. The 
aluminium on the external surfaces of the specimen has an influence on the impact force as well: as 
it can be observed from Figure 8, the closer the position of the Al layer to the impactor, the lower is 
the amplitude of the force oscillations. In fact, the impact force curve of the ALE model has a 
smoother behaviour compared to those of the other models.  

Key Engineering Materials Vol. 926 1963



 
Figure 2: 12C model cohesive layers, damage parameter. 

 
Figure 3: ALE model cohesive layers, damage parameter. 
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An estimated value of the damaged area, for the most damaged cohesive layers per each model, is 
listed in Table 5. This is higher for the 12C and ALW models whilst it decreases in ALM and ALE 
models, showing the lowest value in the latter case. 

 
Figure 4: ALW model cohesive layers, damage parameter. 

 
Figure 5: ALM model cohesive layers, damage parameter. 

 
Table 5: Main results of the simulations – values. 

 Max 
Displacement 

Max 
Contact 
Force 

Rebound 
Velocity 

Absorbed 
Energy 

Max 
delaminated 
area (appr.) 

 [mm] [N] [mm/s] [J] [mm2] 
12C -3.88 -868 2351 0.05 38.48 
ALE -4.04 -721 2013 0.36 33.18 
ALW -3.94 -802 2268 0.13 38.48 
ALM -3.96 -836 2334 0.07 35.78 
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Figure 6: Impact energy. 

 
Figure 7: Residual strain in the Al layers in ALE model (composite layers and impactor are in white). 

 
Figure 8: Contact force. 
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By plotting the Hashin’s failure parameter near the impact location (Figure 9), the extension of the 
area affected by fibre damage can be evaluated. Coupons with composite layers on the outside show 
a damaged area that is extended to the lower plies, down to the first aluminium sheet; below the first 
aluminium layer, no damage is observed. When the aluminium layer is placed at the external surface 
(ALE model), the damage of the composite plies is effectively suppressed throughout the thickness 
of the laminate.  

 

 
Figure 9: Fibre compression damage parameter 𝐹𝐹𝑓𝑓𝐶𝐶: a. 12C, b. ALE (first aluminium layers is hidden), c. 

ALW, d. ALM). Aluminium sheets are in white. The damaged area, i.e. region where damage exceeds 1, is 
shown in grey. 

Conclusions 

In this paper, a numerical comparison between specimens with different fibre-metal stacking 
sequences was described. The models represented the phenomenon of a low energy impact on a flat 
composite structure, a frequent event in the aeronautic field that could result in inner damage and, 
consequently, influence the material residual strength. The implemented stacking sequences were 
composed of carbon/epoxy fabric prepreg plies and aluminium layers. The aim was to identify the 
optimal position of the aluminium layers within the laminates, such that the extent of the impact 
damage is minimized. Although further analyses are needed to verify the sensitivity of the models to 
numerical parameters (e.g. mesh size), it was observed that having aluminium sheets in the outer 
surface could represent the best configuration: interlaminar damage is smaller despite the higher 
absorbed energy and the inner composite layers are free from damage. Additionally, due to 
plasticisation of the aluminium, a permanent deformation can be spotted even for a low impact 
energy. This could facilitate the impact damage detection during maintenance operations, helping in 
identifying low energy impact locations even during the first bare-eye inspection.  
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