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Chapter 2 – Literature Review 

2.1 The Applications of Fibre-Metal Laminates  

Fibre-metal laminates have gained significant prominence in the aerospace industry for the 

fabrication of aerospace structures. One of the most common FMLs used in the aerospace 

industry as suggested by the literature is GLARE® (glass reinforced fibre-metal laminate). This 

laminate is composed of alternating layers of aluminium alloy and thin layers of high strength 

glass-epoxy prepreg [2]. Notably, GLARE® is extensively utilized in the construction of the 

Airbus A380's upper fuselage and wing fins as can be seen in Figure 2, exemplifying its 

suitability for critical aerospace applications.  

 
 

Figure 2. Schematic of A380 fuelage displaying materials used in its manufacturing [2] 

 
There are several reasons as to why fibre-metal laminates are the material of choice when 

manufacturing aircrafts. For instance, GLARE® provides weight saving benefits when 

compared to aluminium alloy due to the lower density of its prepreg composite layers where 

GLARE® has an approximate density of 2.0 𝑔𝑔 𝑐𝑐𝑚𝑚−3 compared to a 99% aluminium alloy’s 

approximate density of 2.7 𝑔𝑔/𝑐𝑐𝑚𝑚−3[2]. Another reason behind the rise in popularity of FMLs 

is that they offer superior mechanical properties such as higher tensile strength, fatigue 

strength, damage resistance and impact strength. For instance, GLARE® has been cited to have 

a fatigue crack growth rate that is 10 − 100 times [4] slower than monolithic aluminium alloy 
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Chapter 1 - Introduction 

1.1 Background and Problem Definition 

Fibre-metal laminates (FMLs) are advanced composite materials, composed of thin metal 

sheets alternating with layers of fibre-reinforced polymers (FRPs) [1] as shown in Figure 1. 

Typically, FMLs are created from a variety of metals such as aluminium, titanium and steel. 

The FRPs, which serve as the core, are often carbon fibre-reinforced polymers, glass fibre-

reinforced polymers or aramid fibre-reinforced polymers [1,2]. Fibre-metal laminates are 

engineered to combine the most advantageous properties of their constituents. Hence, FMLs 

are characterised by their excellent impact and fatigue resistance, corrosion resistance and 

damage tolerance [3]. 

 
Figure 1. Illustration of the structure of a typical fibre-metal laminate  

 

Fibre metal laminates have gained increasing interest in various engineering industries, 

particularly in the aerospace and automotive sectors, which continuously demand high-

performance, lightweight, and durable materials. Although aluminium alloys have long 

satisfied these requirements due to their lightweight nature, ductility, and high strength, the 

constant pursuit of design efficiency has driven the adoption of FMLs. These advanced 

materials enable engineers to reduce the weight of their structures without compromising 

mechanical properties, resulting in improved efficiency and performance [4]. 

 

The mechanical properties of FMLs have been extensively documented in the literature, and 

numerous studies demonstrate that, generally, fibre-metal laminates exhibit a higher strain-to-

failure ratio than their constituents (sheet metal and composite core). This characteristic offers 

significant advantages, for instance Shah and Yussof [5] found that FMLs have superior energy 

absorption properties, making FMLs highly desirable materials for manufacturing crash 

structures in vehicles. The crash structure can deform and bend up to a limit without fracturing, 

thereby dissipating a substantial amount of energy during an impact and reducing the effect of 

[1] Wanhill RJH. Carbon Fibre Polymer Matrix Structural Composites. Aerospace Materials and Material Technologies, 2016, 309–41

[1]

• Fibre-Metal Laminates (FMLs) are laminate structures of fibre (yarn) reinforced-
composites and metals

• Typical: Aramid-Aluminium laminates (ARALL), Glass Reinforced Laminates  (GLARE) 
etc

• Combine the stiffness of composites and the damage tolerance (fatigue, impact) of 
metals
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of strain to failure of the FML when compared to the monolithic
aluminum [35,36]. However, the description of the FML response
in this study is more complex as seen in Fig. 7. It can be seen that
while the ultimate strength is lower for the FML when compared to
that of the composite, the strain to failure of the FML increased by
!230% when compared to that of the composite. It can also be seen
in Fig. 7 that both ultimate strength and strain to failure increased
for the FML when compare to those of the plain aluminum. It is
worth noting that the ultimate strain of the FML (!0.072) is around
five times as large as that of the aluminum (!0.014), i.e., there is an
increase of almost !400%. This indicates that the FML configura-
tion allows the aluminum layers to stretch beyond the reported
strain to failure for the monolithic aluminum sheet. Although an
increase in the strain to failure of !50% has been reported for a
thermoplastic FML when compared to its annealed aluminum alloy
constituent [3], to the knowledge of the authors an increase of
!400%, as observed here, has not been reported.

This remarkable increase of strain to failure in the FML can be
explained by comparing the photographs of the surface of both alu-
minum sheet and FML in Fig. 8a and b, respectively. For the alu-
minum surface (Fig. 8a), shear bands can be observed, which
have been reported for Al 1100-H14 specimens under quasi-
static tension [37]. In that test [37], strain localization either in

Table 2
Measured material properties.

Material properties PP matrix Aramid Fabric Composite Aluminum FML

Density (kg/m3) 910 [22] 0.21(kg/m2) [25] 1155.52 ± 19.97 2712.6 [24] 2089.16 ± 114.87
Young’s modulus (MPa) 568.941 ± 20.11 64.79 ± 2.79 (weft), 63.12 ± 2.67 (warp) [25] 15.85 ± 1.40 73.169 ± 2.65 54.06 ± 1.84
Yield strength (MPa) 9.62 ± 0.77 2360.51 ± 105.83

(warp)
2270.18 ± 166.04 (weft)

469.81 ± 33.03 113.344 ± 5.3 62.16 ± 3.54

Ultimate strength (MPa) 17.28 ± 1.18 2360.5 ± 105.83
(warp)
2270.18 ± 166.04 (weft)

469.81 ± 33.03 136.22 ± 1.16 263.24 ± 4.38

Strain to failure 7.68 ± 3.43 0.071 ± 0.002
(warp)
0.072 ± 0.005(weft)

0.022 ± 0.002 0.014 ± 0.001 0.072 ± 0.001

Tensile toughness (MJ/m3) 141 ± 12.93 58.73 ± 4.70 (wrap)
63.99 ± 3.91(weft)

4.52 ± 0.30 1.99 ± 0.15 11.21 ± 0.17

Fig. 7. Comparison of stress-strain curves from the tensile tests of aluminum,
composite material and FML.

Fig. 8. Failure area of specimens tested under tension: a) Al 1100-H14, and b) FML.

264 N.G. Gonzalez-Canche et al. / Composite Structures 172 (2017) 259–266

[2]

• Previous research on ARALL systems has shown an increased ductility in uniaxial 
tension, well above that of the individual phases



Research 
Questions

1. How does the strain distribution evolve with applied strain?
2. Role of strain localisation at the onset and evolution of failure
3. Role of microscopic deformation mechanisms during failure
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Specimen Manufacturing and Testing

• FML Construction: Plain-woven aramid fabric (style 724, Kevlar 129 fiber, 1000 denier) + 
PP film (0.2 mm) + AA1100-H14 aluminium alloy sheet (0.3 mm)

• Fabric orientation: 0°/90° and ±45°
• Thermo-molded at 175 °C and 2 MPa for 20 min 



Specimen Manufacturing and Testing

• Tensile testing: ASTM D3039 (FRPs; rectangular specimens); ASTM E8 (metals; dumbbell 
specimens)

• Strain field measured with DIC technique (Correlated Solutions VIC-3D) 



Benchmarking of Mechanical Response

overall performance of FMLs. The delayed localization of deformation in the FML configura-

tions compared to aluminium alloys suggests that the composite structure e↵ectively mitigates

stress concentrations, thereby enhancing the material’s durability and service life.

Overall, this research provides a comprehensive understanding of the deformation behaviors

of FMLs, contributing valuable knowledge to the design and optimization of advanced compos-

ite materials for critical structural applications.

Appendix A. Comparison of Dogbone and Rectangular Specimen Stress-Strain

Curves
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Figure A.10: Stress strain curve comparison between rectangular and dog-bone geometry FMLs and cores
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• Rectangular specimens fail at grip interface – challenging to measure localised strain 
distribution

• Modified dumbbell geometry provides equivalent response and was used here
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Tensile Response of ARALL Composites

(a) (b)

Figure 3: (a) Stress-strain curves of Al, 0�/90� FML and 0�/90� core (b) Stress-strain results of Al, ±45�

FML and ±45� core

The plots in Figure 3 show the stress-strain curves of all five materials. Comparing the Al,

0�/90� FML and core in Figure 3a reveals key details. Firstly, it is clear that the FML is more

ductile than both the core and aluminium specimens as the strain to failure is greater, where

the fibre-metal laminate fractures around a strain of ✏fyy = 0.047. In contrast, the aluminium

and core specimens fracture at a strain of 0.03 and 0.025, respectively, and the FML has a

greater ultimate tensile strength compared to aluminium. In addition, observation the core has

a linear stress-strain curve, which remains within the elastic region until fracture.

The stress-strain curves in Figure 3b illustrate the e↵ect of changing the composite’s fibre

orientation. It can be seen that the ±45� FML is more ductile than the aluminium specimen.

However, not as ductile as it’s composite core. Hence, altering the fibre orientation creates a

trade-o↵ between ultimate tensile strength and strain to failure, i.e. ductility. When comparing

the FML curves in figures 3a and 3b, it can be seen that where the 0�/90� FML has a �UTS = 200

MPa and fracture strain of ✏fyy = 0.047 the±45� FML has a �UTS = 80 MPa and a fracture strain

of ✏fyy = 0.081. This has significant practical implications as it can be seen that manipulating the

fibre orientation of the aramid fibre core can create FMLs that meet a variety of applications.

The mechanical properties of each specimen have been calculated and summarised in table 1

below.

Micro images of the FMLs were captured using a Canon DSLR camera as illustrated in figure

4. The images show clear out of plane deformation as seen by the dimples on the Al facesheets

in figure 4a and streaks on the Al facesheets in figure 4b. This indicates good bonding between

the core and metal layers. Morever, the FMLs fail through ductile failure in the Al layers and

9

• 0° /90° system: Failure strains: 0.030 (AA1100); 0.025 (Aramid/PP core); 0.050 (FML)

• ±45° system: Failure strains: 0.030 (AA1100); 0.20 (Aramid/PP core); 0.080 (FML). 
Initial elastoplastic response corresponds to rule of mixtures (isostrain) predictions

0°/90° 

(a) (b)

Figure 3: (a) Stress-strain curves of Al, 0�/90� FML and 0�/90� core (b) Stress-strain results of Al, ±45�

FML and ±45� core

The plots in Figure 3 show the stress-strain curves of all five materials. Comparing the Al,

0�/90� FML and core in Figure 3a reveals key details. Firstly, it is clear that the FML is more

ductile than both the core and aluminium specimens as the strain to failure is greater, where

the fibre-metal laminate fractures around a strain of ✏fyy = 0.047. In contrast, the aluminium

and core specimens fracture at a strain of 0.03 and 0.025, respectively, and the FML has a

greater ultimate tensile strength compared to aluminium. In addition, observation the core has

a linear stress-strain curve, which remains within the elastic region until fracture.

The stress-strain curves in Figure 3b illustrate the e↵ect of changing the composite’s fibre

orientation. It can be seen that the ±45� FML is more ductile than the aluminium specimen.

However, not as ductile as it’s composite core. Hence, altering the fibre orientation creates a

trade-o↵ between ultimate tensile strength and strain to failure, i.e. ductility. When comparing

the FML curves in figures 3a and 3b, it can be seen that where the 0�/90� FML has a �UTS = 200

MPa and fracture strain of ✏fyy = 0.047 the±45� FML has a �UTS = 80 MPa and a fracture strain

of ✏fyy = 0.081. This has significant practical implications as it can be seen that manipulating the

fibre orientation of the aramid fibre core can create FMLs that meet a variety of applications.

The mechanical properties of each specimen have been calculated and summarised in table 1

below.

Micro images of the FMLs were captured using a Canon DSLR camera as illustrated in figure

4. The images show clear out of plane deformation as seen by the dimples on the Al facesheets

in figure 4a and streaks on the Al facesheets in figure 4b. This indicates good bonding between

the core and metal layers. Morever, the FMLs fail through ductile failure in the Al layers and

9

±45°



Transverse Strain Ratio Evolution

localised deformation was initiated. Later the ultimate stress was resulted in when transverse

SR gradually rose. Therefore, the localised deformation criterion was set to be SR=1.1 to make

sure that the localisation was detected since initiation. The strain at SR = 1.1 was called the

localisation strain referring to the strain at which transverse deformation was localised and

initiated.

(a) (b)

Figure 7: (a) Max/average transverse strain ratio evolution of Al, 0�/90� FML and 0�/90� core (b)
Max/average transverse strain ratio evolution of Al, ±45� FML and ±45� core

The transverse strain ratio plots in Figure 7 illustrates the strain ratio of all 5 materials against

longitudinal strain. Figure 7a shows that initiation first happened at the 0�/90� composite core

when the core’s longitudinal strain reached 0.00386. Then, Al1100-H14 began locally deforming

at a strain of 0.0135. The 0�/90� FML was the last to undergo deform when the strain reached

0.0147.

Conversely, Figure 7b shows that there no localised deformation in the ±45� core as the SR

remained below 1.1. To observe the curves of Al alloy and ±45� FML clearly, the diagram was

zoomed in by setting the max value on the x-axis to 0.1. The ±45� FML initiated localised

deformation at "yy = 0.0164, later than the 0�/90� core (0.00386), 0�/90� FML (0.0147), and

Al1100-H14 (0.0135).

The conclusions from the transverse strain ratio study agree with the rough estimates made

around Figure 6: 0�/90� was the fist specimen to neck followed by Al1100, 0�/90� FML and

±45� was the last to initiate. Deformation in the ±45� core did not localise as the strain ratio

remained below the 1.1 threshold, and thus no localised deformation took place leading up to

failure.
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• Transverse strain ratio (SR) = max transverse strain / mean transverse strain in gauge 
area. Indicates instance of strain localisation.

• SR = 1.1 corresponds to max stress (initiation of diffuse necking) in AA1100
• Core response: very early localisation in 0°/90°, no localisation in  ±45°
• FML response:  delayed strain localisation – minor in 0°/90° but no growth

0° /90° 
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±45°



Transverse Strain Distribution at Onset of 
Localisation (SR = 1.1)

• Core behaviour: very early localisation in 0°/90°, no localisation in  ±45°
• FML behaviour:  delayed localisation in facesheet (minor in 0°/90°) -> core induces 

uniform deformation
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Transverse Strain Distribution at Fracture
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• Core behaviour: Very localised propagation in 0°/90°, no localisation in  ±45°
• FML behaviour:  Propagation via localised necking in Al facesheets in both orientations
• Extent (area fraction) of strain localisation?



Localised Deformation Area Fraction

(a) (b) (c) (d)

Figure 8: Localised deformation fields with SR >1.1 at failure (a) Al1100-H14 (b) 0�/90� core (c) 0�/90� FML
(d) ±45� FML

FMLs were droplet shaped. For the 0�/90� FML, the droplet appeared in the lower third,

while for ±45� FML, it occurred in the upper third. Although there were di↵erences in area

shape and position, all the localized deformation regions showed continuity. In other words, the

location of the localisation area did not change up to the fracture. In addition, the size of the

localised deformation region generally continued growing throughout the whole process, even

though a slight shrinkage occurred at the end of the tensile test in the ±45� FML. In conclusion,

transverse strain in these three specimens localized in a specific area and extended step by step.

The performance of strain localization was di↵erent for the 0�/90� core compared to the others.

A large shaded area is visible in the lower right corner of the specimen, and its shape continued

to vary during the tensile test. Because it was just the localisation region in the gauge area that

needed to be studied, The focus is on the shaded area within the gauge. This localised deforma-

tion region remained small and had a constantly changing shape. There were also some shaded

areas on the left and right edges of the gauge area, but they failed to be cross-sectional, so

they cannot be regarded as part of the localisation region. In summary, strain distribution was

generally uniform while a small region of localized deformation still existed but rarely extended.
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• Area Fraction =  Area of localised deformation (strain ratio >1.1) / Gauge Area
• Evolution can give insight on redistribution of strain  with axial deformation

AA1100 0°/90° core 0°/90° FML ±45° FML



Evolution of Localised Deformation A.F.

To validate the conclusions from the images in Figure 8 , the localised deformation area fraction

at each frame was calculated by measuring the size of the present localised deformation area

and total gauge area. This property was defined by the equation:

localised deformation% =
An

Ag
(4)

Where Ag was the gauge area and An the localised deformation area corresponding to "max
xx . The

higher the fraction, the larger the size of the non-uniform strain distribution area. Therefore,

by analyzing the change in the area fraction, the amount of localised deformation experienced

by each material can be examined as shown in Figure 9.

(a) (b)

Figure 9: (a) localised deformation area fraction curves of Al1100-H14, 0�/90� core and FML (b) localised
deformation area fraction curves of Al1100-H14, ±45� core and FML

The 0�/90� core had an area fraction rising from 2.5% to a peak point of 4% in Figure 9a, and

then decreased to 3.5% at the fracture point. For the Al1100-H14, the area fraction generally

exhibited a rising trend, even though after a longitudinal strain of 0.03 some drop appeared.

The localisation area fraction at the onset of deformation localization was 13%, and its max-

imum value was 21% on average. For 0�/90� FML, the area fraction rose rapidly from 1% at

0.043 strain, and the mean maximum area fraction it could achieve was 16%. Notably, Figures

9a and 7a appear to conflict as the strain ratio curve of the 0�/90� FML appears to marginally

exceed the 1.1 threshold well before the longitudinal strain of 0.043. is non-cross-sectional re-

gions in the some of the 0�/90� FML samples which do not contribute to localised deformation

so they can be disregarded.
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0°/90° 

Ø Diffuse and localised necking + fracture in A1100
Ø Localised  deformation only in 0°/90° core - no growth
Ø Delay of  growth in 0°/90° FML due to strain redistribution – followed by localised 

necking
Ø Uniform deformation only in ±45° core
Ø Delay of localisation in ±45° FML, diffuse and localised necking
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XCT: In-Plane Core Deformation
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±45°

Ø ±45° FML: Yarn realignment at initiation of Al failure, but no core failure
Ø 0°/90° FML: No yarn realignment at initiation of Al failure, no core failure



XCT: Out of Plane Failure
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±45° 0° /90° 

Ø No core/facesheet delamination at failure

Ø FML failure initiation -> Dictated by facesheet strain localisation and fracture



• Onset of tensile failure at 
tensile strain of 0.015

• Progresses by diffuse 
necking, localised 
necking, fracture

AA1100 facesheet

• Core: Onset of tensile failure 
at strain 0.005

• Core: Progresses by 
localised failure

• FML: strain redistribution -
delay of growth of localised 
def. to strain of 0.045

• Progresses by localised 
necking in Al facesheet

0°/90° layup system

• Core: Onset of tensile 
failure at strain 0.20

• Core: Progresses by 
uniform deformation

• FML: onset of failure at 
intermediate strain

• Progresses by diffuse and 
localised necking in Al 
facesheet

±45° layup system

Concluding Remarks

1) Effect of residual thermal stresses
2) Exploitation of FML ductility in secondary forming operations
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Lateral Strain (𝜺𝒙𝒙) Evolution

0° /90° FML ±45° FMLAA1100



Macroscopic Failure Modes

0° /90° FML ±45° FML
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