
Impact Damage Characteristics of Carbon Fibre
Metal Laminates: Experiments and Simulation

Item Type Article

Authors Shi, Yu; Soutis, Constantinos; Pinna, Christophe

Citation Shi, Y., Pinna, C., & Soutis, C. (2020). Impact Damage
Characteristics of Carbon Fibre Metal Laminates: Experiments
and Simulation. Applied Composite Materials, 27, 511-531.

DOI 10.1007/s10443-020-09800-y

Publisher Springer

Journal Applied Composite Materials

Download date 22/05/2023 09:26:25

Item License https://creativecommons.org/licenses/by/4.0/

Link to Item http://hdl.handle.net/10034/623467

https://chesterrep.openrepository.com/cdr
http://dx.doi.org/10.1007/s10443-020-09800-y
https://creativecommons.org/licenses/by/4.0/
http://hdl.handle.net/10034/623467


Impact damage characteristics of carbon fibre metal laminates: 

Experiments and simulation  

Y. Shi a, C. Pinna b, C. Soutis c,* 

aDepartment of Mechanical Engineering, The University of Chester, Thornton Science 

Park, Pool Lane, Chester, CH2 4NU, UK 
bDepartment of Mechanical Engineering, The University of Sheffield, Mappin Street, 

Sheffield S1 3JD, UK 
cAerospace Research Institute, The University of Manchester, Sackville Street, 

Manchester M13 9PL, UK 

 

Abstract 

In this work, the impact response of carbon fibre metal laminates (FMLs) was 

experimentally and numerically studied with an improved design of the fibre composite 

lay-up for optimal mechanical properties and damage resistance. Two different stacking 

sequences (Carall 3-3/2-0.5 and Carall 5-3/2-0.5) were designed and characterised. 

Damage at relatively low energy impact energies (≤30J) was investigated using Ultrasonic 

C-scanning and X–ray Computed Tomography (X-RCT). A 3D finite element model was 

developed to simulate the impact induced damage in both metal and composite layers 

using Abaqus/Explicit. Cohesive zone elements were introduced to capture   

delamination occurring between carbon fibre/epoxy plies and debonding at the interface 

between aluminium and the composite layers.  Carall 5-3/2-0.5 was found to absorb 

more energy elastically, which indicates better resistance to damage. A good agreement is 

obtained between the numerically predicted results and experimental measurements in 

terms of force and absorbed energy during impact where the damage modes such as 

delamination was well simulated when compared to non-destructive techniques (NDT). 

Keywords: Fibre metal laminates (FMLs); Impact damage; Damage assessment; 

Ultrasonic C-scan; X-ray computed tomography (CT), Finite element analysis, Cohesive 

zone elements 

1. Introduction 
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The drive for high-performance lightweight structures has led to the development of fibre 

metal laminates (FMLs) [1] made of thin metal sheets combined with fibre reinforced 

polymers [2]. This hybrid structure offers improved mechanical properties, by combining 

the benefits from both metal and composite components, such as good compression, 

impact and fatigue properties with excellent damage resistance due to the effect of crack 

bridging, which can significantly slow down crack growth. In particular, the fibre 

reinforced composite layers can reduce stresses in metal layers and therefore, help to 

absorb more impact energy compared to monolithic metallic materials when subjected to 

externally impact loading to exhibit a high penetration resistance. Depending on such 

benefits of mechanical properties improved, FMLs have been widely used for 

applications in aircraft structures, such as the commercially developed Glare in skin 

panels for the fuselage of Airbus A380. 

As competition for the application of this kind of hybrid composite structures to aircraft 

is growing, the characterisation and understanding of their damage resistance with respect 

to dynamic impact loads is of prime importance in order to extend the lifetime and 

applications of FMLs. Therefore, great effort has been made to develop the new 

generation of FMLs by replacing either the metal or composite layers or even both. Many 

types of fibres such as carbon, ceramics, synthetics, organics and silicon carbide fibres 

are available for new FMLs [3]. The type of resins is also crucial in determining the 

bonding quality, mechanical properties and durability of FMLs. Additionally, the metal 

sheets used as cover material normally include aluminium and titanium, although 

ceramics and high strength steels have also been used for specific applications like 

ballistic protection [1]. In this work, carbon fibres/epoxy prepreg combined with 

aluminium sheets was used as FML, which is named Carbon/aluminium laminates 

(Carall), instead of glass fibre/epoxy layers used in the commercially developed Glare. A 

significant advantage of Carall is its extreme efficiency in damage resistance through 

crack bridging, due to the high stiffness of carbon fibres, which leads to relatively low 

crack growth rates.  

Although Carall offers great potential for next generation composite structures with 

improved mechanical properties, very few studies on the characterisation of their 



properties can be found in the literature [4-11]. According to Vermeeren [12], T800 

carbon fibres contributed to a 40% increase in the ultimate tensile strength of Carall 

compared to that of Glare while a value of 100 GPa for the elastic modulus was measured, 

which was almost twice that of Glare (55 GPa). Carall also exhibited good fatigue 

property, especially under high cycle loading [12]. The impact behaviour of FMLs is one 

of the main concerns for aerospace applications especially during assembly, maintenance 

and service life of aircraft structures. Moreover, the detailed progress of various damage 

modes was hardly to know as it is difficult to be experimentally captured. However, only 

few published studies can be found for the impact assessment of FMLs [13-24], with very 

scarce information about Carall in experimental numerical methods.  

Therefore, in this work, the impact behaviour and damage characteristics of Carall were 

experimentally and numerically studied with two different lay-up of composite layers 

designed with reference to the design standards for Glare. Low velocity impact tests were 

performed for both structures with two impact energy levels. The impact induced damage 

was non-destructively characterised using ultrasonic C-Scan as well as advanced 3D 

X-ray computed tomography (CT) to recognise the internal damage modes of FMLs such 

as cracks within composite layers and delamination at the interfaces. A numerical model 

was developed to simulate the damage modes in both metal and composite layers using 

the commercial FE software Abaqus/Explicit. Intra-laminar damage modes in the 

composite layers were modelled through a damage model developed by Shi et al [25, 26] 

while the damage in metallic layers was predicted using a ductile damage model [29]. 

Cohesive zone elements [25-29], inserted at the interfaces between plies within each 

composite layers and between metal and composite layers, were used to model 

delamination and debonding. Predicted damage was compared to C-scan and CT scan 

results to assess the performance of the developed numerical model. 

2. Experiments  

2.1 Preparation of hybrid composite laminates 

In this work, FMLs combining aerospace grade carbon fibre/epoxy layer (HTS40/977-2) 

with aluminium Al1050 was manufactured in an autoclave system. MTA 240 adhesive 

film was used to improve the bonding quality between aluminium and carbon fibre 



composite layers at the interface but also to isolate aluminium from carbon fibre 

composite layers so that galvanic corrosion resulting from direct contact between these 

two components can be effectively avoided.  

Two different structures, shown in Fig. 1, were designed by reference to the grades of 

commercially available Glare [1]: 

• Carall 3-3/2-0.5 - [Al/MTA/(0/90)/MTA/Al/MTA/(90/0)/MTA/Al] 

• Carall 5-3/2-0.5 - [Al/MTA/(0/90/90/0)/MTA/Al/MTA/(0/90/90/0)/MTA/Al] 

 

Carall 3-3/2-0.5 has three 0.5 mm thick layers of aluminium with two 0.250 mm thick 

fibre/epoxy laminate layers interlaced with a 0°/90° stacking sequence. As for Carall 

5-3/2-0.5, the same three layers of aluminium as for Carall 3-3/2-0.5 are combined with 

two fibre/epoxy layers stacked with a symmetry of 0°/90°/90°/0° and with an individual 

ply thickness of 0.125 mm (half that of Carall 3-3/2-0.5), Therefore the total thickness of 

both laminates is the same. For both structures, the rolling direction of the aluminium 

layers was aligned with the fibre direction of the 0° plies.   

2.2 Impact test 

The manufactured Carall plate was cut into 100 ╳ 100 mm2 specimens ready for impact 

tests. The impact testing followed the guidelines given by the ASTM D7136/D7136M-07 

standard [30]. A drop weight impact tower was used for all impact tests, with a drop mass 

of 2kg and increased drop heights of 0.5, 1 and 1.5 m resulting in different impact energies 

of 9.8, 19.6 and 29.4 J respectively. The impact test machine and is shown in Fig. 2. In Fig. 

2(a) the height scale vertically stands on both sides of the rig to help the verification of 

impact height during experiments with two rails parallel to the height scale guiding the 

impactor for a free fall. Movable rails are also designed horizontally and perpendicularly to 

adjust the impact location on the targeted sample. In Fig. 2(b), the close-up view of the 

mounted impactor is shown. The impact weight can be changed by adding or removing 

weight blocks. The stainless rigid tup is designed as a hemispherical head with a diameter 

of 15mm. A force ring sensor PCB 203B SN 2205 is embedded in the head and connected 

to the dynamic signal analyser SigLab to record the dynamic loading history when it is 



triggered. A computer with a specific program developed using Matlab is linked to the 

measuring device SigLab to acquire and process the recorded data. A specifically designed 

clamp with a circular hole of 75 mm in diameter in the central part is applied to fix the 

samples during impact tests, as shown in Fig. 2(c). 

The impact force is recorded by the force sensor during impact. The acceleration of the 

impactor is thus derived by dividing the measured force by the impact mass. Additional 

required variables can be obtained based on this calculated acceleration, such as velocity, 

displacement and impact energy. For instance, if the mass of the impactor is m with an 

initial velocity of v0, the impact energy can be easily calculated by: 

2

0

2

mv
E =                                                              (2.1) 

The absorbed energy of the impacted samples can be thus derived as: 
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where vi(t) is the velocity of the impactor at time t during impact and can be obtained as: 

0
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t
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m
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F in the above equation is the force measured during the impact test. An electrical output 

can be recorded by the force ring sensor with a sensitivity of 0.0562 mV/N. The force as 

well as acceleration of the impactor can then be easily obtained based on the measured 

electrical output during impact.  

2.3 Non-destructive testing (NDT) 

Following the impact tests, ultrasonic C-Scans and X-Ray computed tomography (CT) 

were used for NDT to detect impact induced internal damage in composite structures. 

Firstly, the ultrasonic C-Scan was used to find out the total damage extent in composite 

plates resulting from the various impact loading cases. Measurements were performed at 

the National Composites Certification and Evaluation Facility (NCCEF) at the University 

of Manchester, using a 5 MHz probe in transmission mode with a water coupling agent 



generated by a water-jet system to assist the test. 

The X-Ray computed tomography (CT) technique was also used to accurately observe 

detailed internal damage extent and location. In this work, the impacted specimens were 

scanned at the Henry Moseley X-ray Imaging Facility at the University of Manchester 

using the Nikon Metrology 225/320 kV Custom Bay system. X-rays were generated with a 

Mo target using a voltage of 90 kV and a current of 110 µA. The data acquisition was 

performed with an exposure time of 1000 ms, a 1 mm thickness Al filter, and a series of 

3142 projections.  A voxel size of 22.5 µm was used for an impact energy of 9.8 J and of 

34.7µm for energy levels of 19.6 and 29.4 J. The methodology to obtain the 

through-thickness damage evolution was adapted to impact damage characterisation from 

the work of Léonard et al. [31, 32] for assessing damage in composite impacted panels. The 

commercial software Avizo® Fire version 7.1, designed specifically for scientific 

visualisation and industrial inspection, was used for post processing and analysis of data. In 

order to fit the limited resolution field of CT, the impacted samples were cut down to 

coupon size of 45 × 45 mm (Impact energy of 9.8 J) and 70 × 70 mm (19.6 and 29.4 J). A 

particular challenge for the characterisation of damage in Carall using CT is to generate 

enough energy to penetrate the metal layers while obtaining adequate contrast to resolve 

matrix cracks in composite layers. 

3. Numerical simulation 

3.1 Material damage model 

The composite damage model developed by Shi et al. [25] is used in this work to model the 

intra-laminar damage modes. The damage criteria used for the four main damage modes, 

fibre tensile and compressive failure and matrix tensile and compressive failure, are briefly 

introduced in this section. More detailed information can be found in [25]. The prediction 

of damage initiation can be defined by the following constitutive equations: 

Fibre tensile failure (
11

ˆ 0  ): 
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Matrix compressive failure (
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In Eqs. (3.1)-(3.4), ˆ
ij  (i, j = 1, 2, 3) is the effective stress tensor where XT and XC are the 

tensile and compressive strengths, respectively, along the fibre direction; YT represents the 

tensile strength in the transverse direction. S12, S13 and S23 denote the in-plane and 

out-of-plane shear strengths of the composite, respectively. The contribution of the shear 

stress to the fibre tensile failure is defined by the coefficient κ in Eq. (3.1), which is 

assumed to be equal to unity in this work. For the matrix compressive damage prediction 

represented by Eq. (3.4) 
ij (i, j = L, T, N) is the stress tensor 

ij (i, j = 1, 2, 3) rotated to 

the fracture plane by using the transformation matrix T(α) (shown as Eq. (3.5)). 
23

AS  is the 

transverse shear strength in the fracture plane. The friction coefficients µTN and µLN can 

be defined based on the material friction angle (See refs 25-26 for more details)  

123( ) ( )T

LTN T T   =                                                 (3.5) 

 

A strain-based damage variable is used to simulate the damage evolution in the composite. 

The typical equations defining fibre or matrix tensile damage variable are as follows: 
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where the subscripts 1 and 2 denote evolution prediction of fibre (parallel to fibre direction) 

and matrix tensile damage modes (transverse to the fibre direction), respectively; 0

1,2

T is the 

tensile strain for damage initiation while 1,2

fT  denotes the tensile strain at final failure 

when the damage variable reaches a value of one. The final failure strain is expressed in 

terms of the fracture toughness 1,2

T

CG  associated with fibre (1) or matrix (2) tensile failure, 

the failure strength (XT or YT) and the characteristic length, l : 

1
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In addition, a semi-empirical expression is used to simulate the nonlinear shear behaviour, 

which has been shown to successfully predict nonlinear shear damage and induced 

indentation in [25], as follows: 
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where  is the shear stress at the given shear plane, ,i jS  is the shear strength and 0

,i jG  

is the elastic shear modulus, both of which are composite materials constants and readily 

measurable.  

The damage initiation and evolution can be defined using the equations below [25]: 
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Similarly, the shear strain at complete failure can be expressed as: 
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where  is the shear strain at complete failure and  and  denote the total and 

inelastic strain for shear damage initiation, respectively.  

 

3.2 FE modelling  

A full 3D FE model was built, including the hybrid composite plate, the impactor and two 

clamps as shown in Fig. 3.  

As presented in section 2, two kinds of Carall structures consisting of aluminium, 

adhesive MTA 240 and composite layers were designed with various stacking sequences 

of composite layers for impact tests but keeping the same overall dimensions of 100 ╳ 

100 ╳ 3.5 mm. Global and local coordinates were defined to account for ply orientations 

in composite layers for the two different grades Carall 3-3/2-0.5 and Carall 5-3/2-0.5. 

Both clamps with an identical size of 120 ╳ 120 mm2 and an exposed hole of 75 mm in 

diameter in the middle were represented by shell elements. The reference point in the 

centre was defined and all degrees of freedom (DOFs) were fixed to constrain the 

composite plate. The impactor was built with a semi-spherical head of 15 mm in diameter 

and constrained for all DOFs except for the vertical impact direction (z direction defined 

in Fig. 3). The impact events were simulated for two energy levels mentioned previously 

and a prescribed initial velocity was assigned to the impactor, consistent with the different 

impact heights used in the tests. Both impactor and clamps were modelled as rigid bodies. 

As for the FMLs, different material (aluminium, adhesive film and composites) layers 

were modelled using eight-node linear brick elements and only one element through the 

thickness was used to represent a single ply. A refined element size of 1 mm ╳ 1 mm 

was used to mesh the centre of the plate where the impacts take place while a coarser 

mesh was produced away from the impact area (Fig. 3), where less damage is likely to 

occur based on experimental observations.  

The damage mechanisms in Carall are complex due to the different components of the 

FML and their interaction. Therefore, in order to simulate damage development in this 

structure, various damage models should be separately defined for the corresponding 

layers. Since Al 1050 was used in Carall in this work, the elastic and plastic properties, 



together with ductile and shear damage models, were defined by applying the data 

supplied in the Abaqus manual [29, 33], which are not listed in this paper due to a large 

amount of parameters (refer to [29] for details). It is worth noting that these damage 

properties may slightly differ from those of Al 1050 investigated in this work. The ductile 

and shear damage modes are activated based on the fracture strain values measured 

experimentally [29], and an element deletion procedure is then used once the damage 

variable for the metal fracture model has reached a value of one.  

The detailed material properties for the composite layers are listed in Table 1 [25] and the 

user subroutine VUMAT was used to implement the models for different damage modes 

in composites layers using energy based damage evolution laws. Cohesive zone elements, 

COH3D8, were inserted within composite layers and at interfaces between metal and 

adhesive layers for modelling delamination and debonding (See Fig. 4). However 

cohesive zone elements were not used between adhesive and composite layers based on 

experimental evidence from CT scans which revealed that debonding events at these 

interfaces is rarely observed. The properties assigned to the cohesive elements are defined 

with different fracture toughness values related to the interfaces modelled, as listed in 

Table 2 [26, 34]. The stiffness value for cohesive elements layers located in the 

composite was selected as 106 N/mm3 [26, 28]. Damage evolution for cohesive zone 

elements was predicted using the Benzeggagh–Kenane fracture energy law which 

accounts for the mixed mode effect of the three damage modes with factor η=1.45 

experimentally obtained for carbon fibre composite laminates [26].  

In addition, for adhesive layers between aluminium and composite layers, only elastic 

properties have been defined by reference to the datasheet from Advanced composite 

group Ltd (ACG) [34] without any damage criteria applied.  

Contact between the impactor and composite plates and between both clamps and 

composites has been defined by the general contact algorithm within Abaqus/Explicit and 

a consistent friction coefficient value of μ= 0.3 was used [25]. In order to avoid 

unreasonable penetration within the composite plates, contacts were also assigned at each 

interface between two adjacent composite layers. A friction coefficient of 0.5 was used at 

the 0o/90o interfaces of the composite layers [35-37] and at the interfaces between 



adhesive and composite layers while a value of 0.3 was defined for the contact pair of 

aluminium and adhesive layers. 

 

4.  Results and discussions 

4.1 Impact force and energy  

Fig. 5 shows the impact force-time histories for the two grades of Carall and for two 

selected impact energy levels. It can be seen that during the initial phase the force-time 

curves for both structures are superimposed with some slight oscillations occurring from 

approximately 0.1 ms. This could be mainly attributed to elastic vibration generated when 

the impactor initially contacts the composite plate. As further contact between the 

impactor and the composite plate takes place, the force increases up to a peak value. 

More intense oscillations can be observed in the peak force region as the impact energy 

increases due to internal damage produced within the composite plates.  In addition, it 

can be observed that the load decreases faster during the rebound phase for Carall 

5-3/2-0.5 than for Carall 3-3/2-0.5, which is more obvious for higher impact energies.  

For the impact energy of 9.8 J, Fig. 5 (a) shows that the force-time history curves for 

Carall 3-3/2-0.5 and Carall 5-3/2-0.5 are similar, although the maximum force for Carall 

5-3/2-0.5 (4215 N) is slightly higher than that of Carall 3-3/2-0.5 (3985 N). This 

difference of peak force value between two grades of Carall is considerably increased 

when the impact energy is 29.4 J where the maximum impact force for Carall 5-3/2-0.5 

(6308 N) is 709 N higher than that for Carall 3-3/2-0.5 (5599 N).  

The impact energies for both hybrid plates are found to be identical in the initial phase as 

the absorbed energy increases (Fig. 6). Then the energy increases faster for Carall 

5-3/2-0.5 until it reaches a maximum value earlier than for Carall 3-3/2-0.5 for every 

impact energy level. This is in accordance with the impact force data for which the peak 

forces for Carall 5-3/2-0.5 are always higher than those for Carall 3-3/2-0.5, with a 

difference which becomes more noticeable for the higher impact energy level, as shown 

in Fig. 5 (b). The energy eventually absorbed by Carall 3-3/2-0.5 is found to be always 



higher than that for Carall 5-3/2-0.5 in Fig. 6, with detailed values listed in Table 3. This 

result indicates that more internal damage or permanent deformation have been produced 

for Carall 3-3/2-0.5.  

The experimentally measured and numerically predicted impact force and energy curves 

for Carall 3-3/2-0.5 and Carall 5-3/2-0.5 are shown in Fig. 7 and 8, respectively, for 

different impact energy levels. The FE model gives a good prediction of impact force 

compared to the experimental measurement, although the predicted maximum force is 

always higher than that of the experiment for two impact energy cases. As for the impact 

energy, it can be seen from Fig. 7 and Fig. 8 that the total absorbed energy is 

under-predicted by the FE model, which is most likely due to the lack of damage 

prediction in the bottom aluminium ply and cracks in adhesive layers that have been 

observed using a non-destructive technique (presented in following section). The 

predicted maximum impact force and absorbed energy values are listed in Table 3 in 

comparison with experimental data. The results show that the difference between 

experimental and numerical values is generally reduced with an increase in impact energy. 

This indicates that the developed model is more performant in simulating the impact 

behaviour and damage development for higher impact energy levels since more severe 

damage and deformation are generated. However, it is worth noting that the difference 

between numerical and experimental values of absorbed energy in Table 3 for Carall 

5-3/2-0.5 and for an impact energy of 29.4 J is reversely increased. For that material and 

impact energy level, Fig. 8c shows a higher peak force and faster rebound phase 

predicted by the FE model in comparison with the experimental result. This is most likely 

due to the FE model under-predicting splitting in composite, damage in the adhesive and 

aluminium layers as well as at their interfaces.      

4.2 Impact induced damage 

Results of impact-induced damage measured using C-Scan and CT techniques are 

reported in this section and used to evaluate the prediction from the FE model at different 

scales. 



Fig. 9 shows the numerically modelled damage extent for Carall 3-3/2-0.5 for two impact 

energy levels in comparison with experimental measurements obtained using ultrasonic 

C-Scan. The peanut-like shape of the damage area is correctly simulated by the FE model, 

especially for the relatively low impact energy, although the predicted damage area is a 

little larger than the measured area for both impact energy levels. This could be due to the 

material properties introduced through damage parameters in the FE model which may 

differ from real values, therefore leading to an over-prediction of damage in composite 

layers compared to experimental results. In Fig. 9d, the boundaries of the predicted 

damage area are not as smooth as for the lower impact energy levels. This is likely due to 

the coarser mesh applied away from the central impacted area to minimise computing 

time.  

The damage extent predicted by the FE model for Carall 5-3/2-0.5 is similarly compared 

to that measured by C-Scan in Fig. 10. The elliptical-shaped damage area is reasonably 

well simulated, although its size is slightly over-predicted due to the potentially 

inaccurate material properties introduced in the model. In particular, the difference is 

increased for the impact energy of 29.4 J for which splitting is not predicted in the bottom 

0o ply by the FE model. 

In Fig. 11a matrix cracking in 90o plies in both composite layers of Carall 3-3/2-0.5 

located above and below the middle aluminium layer can be observed. Cracks appear to 

propagate from the carbon-fibre composite layer to the interface of adhesive layer due to 

its strong adhesion. A large amount of delamination at the interface between the 90o and 

0o plies located closely to the non-impacted side is clearly visible while debonding at the 

interface between aluminium and adhesive layers is rarely detected at this low impact 

energy level. Similarly, the impact-induced damage for Carall 5-3/2-0.5 is successfully 

captured in Fig. 11b with matrix cracks also clearly visible in each single lamina that is 

bonded to the aluminium, below the middle aluminium ply, with propagation through the 

thickness of the adhesive film. However, the matrix cracks size is smaller than that in 

Carall 3-3/2-0.5 due to the smaller thickness of each lamina of carbon fibre/epoxy in 

Carall 5-3/2-0.5. Moreover, cracks are not found in the carbon fibre epoxy layers located 

above the middle aluminium ply. As expected, delamination can be found at two 



interfaces where neighbouring plies were laid up with various stacking sequences for the 

carbon fibre/epoxy layers below the middle aluminium ply. However, the length and 

extent of delamination found at each interface is obviously smaller than that observed for 

Carall 3-3/2-0.5 (see Fig. 11a). Debonding at the interface between aluminium and 

adhesive layers is not observed at all, even though cracks have propagated to the 

interface.  

The different delamination extents in these two structures can be due to the larger number 

of interfaces available in the carbon fibre/epoxy lay-up of Carall 5-3/2-0.5 to absorb and 

share the impact energy through delamination whereas only one interface can be used in 

Carall 3-3/2-0.5 to absorb the same amount of energy. A longer delamination extent with 

a bigger opening of the interface crack is hence observed for Carall 3-3/2-0.5 in Fig. 11a. 

This is consistent with the results obtained using C-Scan with a larger damage area 

revealed for Carall 3-3/2-0.5. Therefore, results obtained with the CT technique confirm 

that the structure of Carall 5-3/2-0.5 therefore offers a better impact resistance with less 

damage formed internally.  

In Fig. 12 and 13, damage prediction from the FE model is compared to experimental 

measurements using CT scan. In Fig. 12, the FE model similarly predicts the 

delamination extent at the same 90o/0o interface as in the experiment, within the 

composite layers of Carall 3-3/2-0.5, below the middle aluminium layer, for an impact 

energy of 9.8 J. A smaller delamination is also predicted by the numerical model at 

interfaces of carbon fibre/epoxy layers above the middle aluminium layer, which does not 

appear clearly in the CT scanned image. While delamination might not have taken place 

at this location in the experiment, it is also possible that it has not been revealed due to 

the resolution limit of the CT scan technique. 

The impact induced damage in Carall 5-3/2-0.5 is shown in Fig. 13 with a comparison 

between the experimental CT scan measurement and numerical prediction for an impact 

energy of 9.8 J. In Fig. 13, delamination in the FE model is successfully predicted at both 

the 0o/90o and 90o/0o interfaces of the composite plies close to the non-impacted side, 

which is consistent with the CT result. Similarly to Carall 3-3/2-0.5, delamination at the 

0o/90o interface in the composite above the middle aluminium layer is also observed in 



the FE model. This, again, might be related to an inaccuracy in the modelling prediction 

or to a resolution limit with experimental CT scans. Debonding at the interface between 

aluminium and adhesive layers is not observed in both experimental and numerical 

results, even though cracks are found to propagate to the interface in the experiment.  

The impact-induced deformation and damage in the aluminium layer located on the 

non-impacted side of the two hybrid composite structures is shown in Fig. 14 for different 

impact energies. In Fig. 14a no cracks are found for both Carall 3-3/2-0.5 and Carall 

5-3/2-0.5 for the lowest impact energy. However, with the increase in impact energy 

(29.4 J in Fig. 14b), it can be seen that the delaminated area represented by the region of a 

dark shade in Carall 3-3/2-0.5 is only elongated in a direction parallel to the fibre 

direction of the 0o ply while it is elongated along both the 0o and 90o directions in Carall 

5-3/2-0.5. These results are therefore consistent with the non-destructive testing results 

obtained using C-Scan. The crack length in the bottom aluminium layer and the depth of 

permanent indentation created on the impacted face are listed in Table 4 for all tests 

carried out. Cracks in the aluminium layer at the non-impacted side of the specimen have 

been found in both structures for an impact energy of 29.4 J. However, the crack length in 

Carall 3-3/2-0.5 is longer than that in Carall 5-3/2-0.5 along the fibre direction of the 0o 

ply. This can be explained by the fact that, compared to Carall 5-3/2-0.5, the layups of 

carbon fibre/epoxy layers in Carall 3-3/2-0.5 give rise to a smaller transverse bending 

stiffness leading to more severe deformation along the transverse direction with, 

eventually, cracks forming along the 0o fibre direction once the applied impact load is 

high enough. 

5.  Concluding remarks 

In this paper, the low velocity impact behaviour and impact induced damage of hybrid 

composite Carbon/aluminium laminates (Carall) were experimentally studied for two 

grades (Carall 3-3/2-0.5 and Carall 5-3/2-0.5), which have the same structure apart from 

the stacking sequence of the composite layers. A finite element model was developed to 

simulate various damage modes and their interaction in Carall for two impact energies of 

9.8 J and 29.4 J.  



For two impact energies, a slight difference, in terms of impact force and energy time 

histories, was only observed between the two different laminate structures. Carall 

3-3/2-0.5 absorbed more energy than Carall 5-3/2-0.5 indicating that a higher number of 

composite layers designed between aluminium layers could reduce the extent of damage 

with smaller cracks shared by the higher number of interfaces and therefore can offer a 

better impact resistance. Simulations results showed reasonably accurate predictions of 

impact force-time and energy-time histories, while the absorbed energy was slightly 

under-predicted (within 15% maximum shown in Table 3). The difference between FE 

simulations and experimental measurements are attributed to (i) the relatively coarse 

mesh used in the simulations, (ii) possibly inaccurate material properties and damage 

model of aluminium layer and (iii) lack of damage model in the adhesive layers which 

was not considered in this work. 

In addition, the crack in the aluminium layer was found along the fibre direction of the 0o 

ply of the carbon fibre/epoxy layer at various impact energy levels. This has been 

attributed to a lower transverse bending stiffness for Carall 3-3/2-0.5, directly resulting 

from the stacking sequence of [0/90] carbon fibre/epoxy layers compared to Carall 

5-3/2-0.5. This evidence further supports the conclusion that Carall 5-3/2-0.5 exhibits a 

better impact resistance than Carall 3-3/2-0.5. Both experimental and numerical 

modelling results therefore provide new insight to effectively help composite engineers 

design and select appropriate fibre metal laminates for aircraft structures, vulnerable to 

external impact. 
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Figure captions 

 

Fig. 1. Schematics of two grades of hybrid aluminium-carbon finre epoxy laminates 

designed as Carall 3-3/2-0.5 and Carall 5-3/2-0.5.  

Fig. 2 Drop weight impact test machine (a) Drop weight impact tower; (b) Local view of 

impactor with load sensor; (c) clamp designd. 

Fig. 3 FE model of CARALL for the numerical simulation of the impact event. 

Fig. 4 A schematic of cohesive zone elements inserted in the Carall model. 

Fig. 5 Impact force-time histories for Carall 3-3/2-0.5 and Carall 5-3/2-0.5: (a) Impact 

energy of 9.8 J; (b) Impact energy of 29.4 J. 

Fig. 6 Impact energy-time histories for Carall 3-3/2-0.5 and Carall 5-3/2-0.5: (a) Impact 

energy of 9.8 J; (b) Impact energy of 29.4 J. 

Fig. 7 Experimental and numerically predicted results for Carall 3-3/2-0.5: (a)-(b) Impact 

energy of 9.8 J; (c)-(d) Impact energy of 29.4 J. 

Fig. 8 Experimental and numerically predicted results for Carall 5-3/2-0.5: (a)-(b) Impact 

energy of 9.8 J; (c)-(d) Impact energy of 29.4 J. 

Fig. 9 Ultrasonic C-Scan and numerically predicted overall damage area for Carall 

3-3/2-0.5: (a)-(b) Impact energy of 9.8 J; (c)-(d) Impact energy of 29.4 J.  

Fig. 10 Ultrasonic C-Scan and numerically predicted overall damage area for Carall 

5-3/2-0.5: (a)-(b) Impact energy of 9.8 J; (c)-(d) Impact energy of 29.4 J. 

Fig. 11 Section view of damage modes detected by CT for an impact energy of 9.8 J: (a) 

Carall 3-3/2-0.5 (b). Carall 5-3/2-0.5. 

Fig. 12 Experimental and numerically predicted damage through the thickness of the 

Carall 3-3/2-0.5 laminate for an impact energy of 9.8 J: (a). CT scan (b). Simulation. 

Fig. 13 Experimental and numerically predicted damage through the thickness of the 

Carall 5-3/2-0.5 laminate for an impact energy of 9.8 J: (a). CT scan (b). Simulation. 

Fig. 14 Impact induced damage of the non-impacted side in Carall 3-3/2-0.5 and Carall 

5-3/2-0.5 for various impact energies: (a) 9.8 J; (b) 29.4 J. 

 

 

 



Table captions 

 

Table 1. Material properties of the carbon fibre/epoxy unidirectional laminate. 

Table 2. Material parameters used for the interface cohesive elements. 

Table 3 Experimental and numerical values of maximum impact force and absorbed 

energies. 

Table 4 Crack length in non-impacted aluminium layer and permanent indentation in both 

hybrid composite structures for different impact energies. 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


