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Abstract 
This study presents the 3D assessment of impact damage in fibre metal laminate (FML) coupons using 
X-ray computed tomography (CT). CARALL (CArbon Reinforced ALuminum Laminates) FMLs with 
two different structures were impacted at energies ranging from 10 J up to 30 J. For the first time, CT 
was employed to successfully assess impact damage in FML in a three-dimensional non-destructive 
manner thereby providing information conventional techniques cannot provide. An innovative data 
processing methodology was applied to obtain a more detailed description of the damage morphology 
for the different composite plies in the form of resin cracking, fibre breakage, and delamination.The 
results demonstrate that impact damage in both metal and composite can be evaluated and linked to the 
laminate structures. For the same impact energy, the structure with the most number of ply interfaces 
had more delamination type damage, whereas the structure with the least number of ply interfaces had 
more plastic deformation developing in the metal layers. The results provided by CT analysis can be 
used to validate analytical and numerical models that attempt to simulate damage evolution in such 
complex hybrid anisotropic laminates. 

Keywords: 3D damage characterisation, impact damage, CARALL, fibre metal laminate, FML, matrix 
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1  Introduction 
Over the past decades, the aerospace industry has driven the innovation for high-performance 
lightweight structures. This led to the development in the 1970s of fibre metal laminates (FMLs) [1], 
which are hybrid composite materials comprising interlaced layers of thin metal sheets and fibre 
reinforced polymers [2]. The basic idea in developing FMLs was to combine the advantages from both 
the metal and the fibre-reinforce composite. The resulting hybrid structures have superior strength, 
fatigue resistance, fracture toughness, and impact resistance with excellent corrosion and moisture 
resistance whilst maintaining low density and saving costs [2]. Due to these advantages, FLM are now 
being used as structural materials for aircraft applications such as the fuselage skin and lower wing 
skins [1]. For many structural aerospace components, susceptibility to impact damage is critical as 
aircraft structures are subjected to impact throughout their life cycle: dropped tools, runway debris, 
hail, bird strikes, etc [3]. Therefore, the characterisation of impact damage and damage resistance with 
respect to dynamic impact loads is of prime importance. Conventionally, the main techniques 
employed in the assessment of impact damage in FMLs are optical/electron microscopy for destructive 
analyses, and 2D X-ray radiography, ultrasonic C-scan, and eddy current mapping for as non-
destructive evaluation (NDE) techniques [4, 5]. Although high spatial resolution can be achieved in 2D 
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for destructive assessment, the damage introduced by the process and the relaxation of residual stresses 
are important drawbacks. NDE techniques are well suited to the detection of delamination type 
damage, but most are limited in terms of spatial resolution and the ability to detect and discriminate 
fibre fracture or matrix cracking [6]. X-ray computed tomography (CT) is a technique with great 
potential for impact damage applications as it provides a full-field high resolution 3D representation 
non-destructively. The paper focuses on the 3D assessment of impact damage in fibre metal laminate 
coupons using X-ray computed tomography, focusing particularly on the information that can be 
provided for both the metal and composite layers.  To this end the applicability of a recently developed 
methodology for through-thickness damage distribution characterisation [7, 8] will be assessed for 
FMLs. 

2  Experimental methodology 

2.1 Specimens 
In this work, an improved FML named CARALL (CArbon fibre reinforced polymer/ Reinforced 
ALuminium Laminate), combining carbon fibre/epoxy layers (HTS40/977-2) with aluminium Al1050 
layers was investigated. Two different structures, defined according to [1] and presented in Figure 1, 
were studied: 
 

 CARALL 3-3/2-0.5 refered to as structure 1 
 CARALL 5-3/2-0.5 refered to as structure 2 

 
Structure 1 comprised 3 layers of aluminium (each 0.5 mm thick) interlaced with 2 fibre/epoxy 
laminates having a [0°/90°] fibre orientation (each ply being 0.250 mm thick). Structure 2 comprised 3 
layers of aluminium (each 0.500 mm thick) and 2 fibre/epoxy laminates having balanced [0°/90°]s 
fibre lay-ups, each ply being 0.125 mm thick (half that of structure 1) in order to keep the total 
thicknesses of the laminates the same. For both structures, the rolling direction of the aluminium layers 
was aligned with the plies oriented at 0°. Also, to achieve good bonding between metal and polymer 
and avoid galvanic corrosion, a 0.250 mm thick MTA 240 adhesive film was used to isolate the 
aluminium layers from the composite layers. 

 
a) structure 1 (0.250 mm thick plies) 

 
b) structure 2 (0.125mm thick plies) 

Fig. 1 Composite laminate/aluminium MTA adhesive layer stacking sequences (total thicknesses of 3.5 mm). 
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CARALL FML materials are of interest to the aerospace industry for strength and stiffness dominated 
structural applications. The high stiffness of the carbon fibres allows for very low crack growth rates 
due to high crack bridging, whilst the ductility of the aluminium layers improve impact damage 
resistance and damage tolerance [1]. 

2.2 Impact testing 
The impact testing was performed following ASTM D7136/D7136M-07 standard [9].  Damage was 
produced by drop weight impact using a drop mass of 2 kg and increasing drop heights of 0.5m, 1m 
and 1.5m resulting in impact energies of 9.8J, 19.6J and 29.4J, respectively. In order to fit within the 
limited field of view of CT, the impacted panels were cut down (after impact and C-scan evaluation) to 
coupons sizes of 45 x 45mm (9.8J) and 70 x 70mm (19.6J and 29.4J). 

2.3 X-ray computed tomography 
The coupons were scanned at the University of Manchester Henry Moseley X-ray Imaging Facility on 
the Nikon Metrology 225/320 kV Custom Bay system [10]. X-rays were generated by a Mo target 
using a voltage of 90 kV and a current of 110 µA. The data acquisition was performed with an 
effective voxel size of 22.5µm (impact energy of 9.8J) and 34.7µm (impact energy of 19.6J and 29.4J), 
an exposure time of 1000 ms, a 1 mm thickness Al filter, collecting a series of 3142 projections in each 
case. The data visualisation and processing was performed with Avizo Fire version 7.1. The 
segmentation strategy was based on manual seeding followed by a watershed algorithm. 

3  Results 
A challenge with the CT analysis of FMLs is to have enough energy to penetrate fully the metal layers 
whilst still obtaining good contrast between the low density materials, i.e. polymer composite matrix 
and cracks/voids. 2D tomographic slices are presented in Figure 2, illustrating the type of details that 
can be imaged non-destructively by X-ray CT.  
 

 
a) structure 1 XY plane 

 
b) structure 2 XY plane 

 
c) structure 1 XZ plane 

 
d) structure 2 XZ plane 

Figure 2: 2D tomographic slices showing damage (impacted face on top) for 10 J impacts. Several damage modes 
can be identified: (i) aluminium necking, (ii) shear-induced polymer matrix cracking, (iii) interlaminar 

delaminations, and (iv) bending-induced tensile polymer matrix cracking. 
 
In the 2D images in Figure  2, various damage modes can be clearly identified: (i) aluminium necking 
caused by extensive local plastic deformation, (ii) shear-induced matrix cracking, (iii) interlaminar 
delaminations, and (iv) bending-induced tensile matrix cracks (located in the composite towards the 
back face of the test-piece)  [11, 12]. This illustrates the value of CT as a characterisation technique for 
impact damage assessment in FML as it captures the key failure modes encountered in FML failure 
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(see [13]). In addition, a key strength of CT is its ability to provide information in 3D, either 
qualitatively or quantitatively, in a non-destructive manner.  
 
For the metal layers, the damage with increasing impact energy goes from metal yielding, through 
cracking, up to petaling (if full penetration of the laminate occurs) [13]. At 10 J, there is necking 
happening on the bottom Al layer for structure 1 whereas for structure 2, there is only yielding 
(comparison between Fig. 2a and b). Figure 3 illustrates how each Al layer can be assessed 
independently in 3D. Unsurprisingly, as the impact energy increases, the dent on the impacted Al layer 
deepens and the global permanent plate flexure increases. The damage in the metal layers is always 
greatest for the bottom Al layer, with necking appearing from 10 J (Fig. 2a) and cracking developing 
parralel to the Al rolling direction (aligned with the 0° ply) above 20 J. Cracking is also achieved for 
the middle layer at an impact energy of 30 J with significant necking appearing above 20 J. 
 

a) XY plane 20 J 

c) 3D rendering 30 J b) XY plane 30 J 
Figure 3: 2D slices (for 20J and 30J) and 3D (for 30J) renderings of the damage in the 3 Al layers 

 for structure 1(impacted face on top). 
 
Regarding the composite layers, both qualitative and quantitative data can be obtained as the damage, 
i.e. resin cracking within the ply (layer) and delamination (debonding of neighbouring plies) in the 
different layers, can be segmented. The 3D rendering of the damage in Figure 4 illustrates the different 
damage morphologies obtained for the two structures. It appears that the matrix cracks orientations and 
the number of delaminations differs. To obtain a better description of the impacted specimens, the 
methodology of through-thickness impact damage characterisation has been adapted from the work of 
Léonard et al. [7, 8], used for assessing impact damage in composite panels. 
 

 
a) structure 1  3D damage rendering

 
b) structure 2  3D damage rendering 

Figure 4: 3D rendering of impact damage in the composite layers at 10 J impact energy (impacted face on top). 
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The resulting full specimen profiles, i.e. the evolution of the volume fraction as a function of the 
distance from the impact face, obtained for an impact energy of 10 J is presented in Figure 5.  
 

a) structure 1 (thick 0.250 mm plies) b) structure 2 (thin 0.125mm plies) 
Figure 5: full specimen profile for a 10 J impact energy. 

 
For structure 1 (Fig. 5a), damage is only observed mid-way through the second composite layer (at the 
0°/90° interface). For structure 2 (Fig. 5b), two distinct peaks can be observed on the damage profile at 
locations within the second composite layer. For both structures, the metal profiles give an indication 
on the degree of distorsion of the panel. In order to obtain a more accurate description of the damage 
locations within the composite lay-up sequence, the damage profile across the second composite 
laminate has been plotted (Figure 6). 
 

a) structure 1 (thick 0.250 mm plies) b) structure 2 (thin 0.125mm plies) 
Figure 6: Damage volume profile across the second (central) aluminium layer as reference.  

Inserts show zoom of low damage volume vlues. 
 
For structure 1 (Fig. 6a), the peak maximum is located around 0.49 mm from the aluminium layer, 
which is consistent with the location of the 90°/0° interface (0.5 mm as in Fig. 1a). The main damage 
peak thus corresponds to the delamination occurring between carbon fibre/epoxy plies with a 90° 
orientation mismatch. The insert in Figure 6a magnifies the low damage volume showing two 
additional low intensity damage zones. These correspond to cracking occurring through the matrix 
(both MTA 240 adhesive and carbon fibre/epoxy resin). For structure 2 (Fig. 6b), the two main sites of 
damage are observed (located 0.38 and 0.65 mm from the 2nd Al layer). These correspond to the 
delaminations occurring between carbon fibre/epoxy plies at the 0°/90° and 90°/0° interfaces, 
respectively. The insert shows 2 additional low intensity damage zones corresponding to matrix 
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cracking through both the MTA 240 adhesive and the carbon fibre/epoxy resin. Matrix cracking also 
occurs between the two main delaminations, as shown by the damage volume profile. While the extent 
of damage is important it is more important to identify the types of damage. Based on the damage 
profiles presented in Figure 6, the 3D renderings of impact damage in the composite layers (Fig. 4) can 
be separated according to damage type as shown in Figure 7. 
 

a) structure 1 (impacted face on top) b) structure 2 (impacted face on top) 

c) structure 1 (impacted face on bottom) d) structure 2 (impacted face on bottom) 
Figure 7: The different types of damage identified for the two structures, where blue denotes  90°/0° delamination, 

yellow 0°/90° delamination, red matrix cracking through 90° plies, and green matrix cracking through 0° plies.  
 
For both structures, there is no damage detected within the first (top) composite layer. Although some 
cracks can be seen in the top layer of structure 1 (Fig. 2a), the resolution of the analysis is not high 
enough to allow segmentation. In the two structures, the damage initiates in the composite layer as 
shear-induced matrix cracking through the MTA 240 and the carbon fibre/epoxy resin ply. No 
delamination between the Al and the MTA or between the MTA and the composite plies was observed, 
highlighting the adequacy of the MTA 240 as bonding agent. The damage then goes from intra-ply 
cracking to inter-ply delamination for plies with a with a 90° orientation mismatch: in structure 2, 
although a 90°/90° interface is present, no delamination could be detected, only cracking through the 
two 90° plies. Structure 2 also posseses an extra 90°/0° interface which produces an extra delamination 
layer compared to the damage in structure 1. As the impact energy is similar for the two structures 
(10 J), the energy is dissipated either as damage in the composite or in the metal. The extra 
delamination obtained in structure 2 is balanced in structure 1 by significant necking of the bottom Al 
layer (absent in structure 2). Cracking of the aluminium layers is obtained only for impact energies 
above 10 J with the cracking occurring along the rolling direction of the aluminium. 
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4  Concluding remarks 
For the first time, X-ray computed tomography has been employed to assess impact damage in coupon 
size CARALL fibre metal laminates. CT was applied to provide novel 3D insights as to the impact 
damage produced in both metal and polymer layers of FML. It was demonstrated that the presence of 
yielding, necking or cracking for each metal layer can be assessed, visualized and localised in 3D. For 
the composite layers, the impact damage can be segmented and rendered in 3D, showing the different 
damage mechanisms involved (intra-ply cracking and inter-ply delamination). The methodology from 
Léonard et al. [7, 8] was adapted from composite panels to FML to obtain through-thickness damage 
profiles. The profiles were then used to automatically separate the segmented impact damage based on 
damage type to allow better understanding of the differences between the 2 structures. For the same 
impact energy, structure 1 allowed for cracking through the composite matrix and one delamination 
layer along with significant necking of the bottom Al layer whereas structure 2 allowed for more 
damage to be absorbed by the composite through an extra delamination layer, resulting in much less 
damage being absorbed by the metal layer (no necking observed). Overall, this study highligts the 
potential of CT in assessing damage in FML and demonstrate the link between FML structure and the 
extend of impact damage, vital information required in predicting residual stiffness and strength 
properties [13]. 
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