
九州大学学術情報リポジトリ
Kyushu University Institutional Repository

A Review on Mechanical Properties and Response
of Fibre Metal Laminate under Impact Loading
(Experiment)

Awi, Murni
Centre for Mechanical Engineering Studies, Universiti Teknologi MARA

Ahmad Sufian Abdullah
Advanced Mechanics Research Group, Centre for Mechanical Engineering Studies, Universiti
Teknologi MARA

https://doi.org/10.5109/6781057

出版情報：Evergreen. 10 (1), pp.111-129, 2023-03. 九州大学グリーンテクノロジー研究教育センター
バージョン：
権利関係：Creative Commons Attribution-NonCommercial 4.0 International



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 01, pp111-129, March 2023 

 
A Review on Mechanical Properties and Response of Fibre 

Metal Laminate under Impact Loading (Experiment) 
 

Murni Awi1, Ahmad Sufian Abdullah2,* 

1Centre for Mechanical Engineering Studies, Universiti Teknologi MARA, Cawangan Pulau Pinang,  
Permatang Pauh, Pulau Pinang, 13500, Malaysia 

2Advanced Mechanics Research Group, Centre for Mechanical Engineering Studies, Universiti Teknologi  
MARA, Cawangan Pulau Pinang, Permatang Pauh, Pulau Pinang, 13500, Malaysia 

 
*Author to whom correspondence should be addressed: 

 E-mail: ahmadsufian@uitm.edu.my 
 

(Received January 31, 2023; Revised March 13, 2023; accepted March 20, 2023). 
 

Abstract: Fibre metal laminate (FMLs) are hybrid composite materials which consisted of 
metallic layers and fibre-reinforced polymer. Currently, FMLs are becoming increasingly utilized in 
a wide range of applications, such as aircraft, automotive, marine, sporting goods and medical due 
to their specific mechanical properties like superior impact resistance and fatigue resistance. ARALL 
(Aramid-Reinforced Aluminium Laminate), which is based on aramid fibres, GLARE (Glass 
Reinforced Aluminium Laminate), which is based on high-strength glass fibres and CARALL 
(Carbon Reinforced Aluminium Laminate), which is based on carbon fibres, are the most commercial 
products FMLs. This article analyzes pertinent literature associated with experimental work on FMLs 
and their constituent materials subjected to impact loading. It reviewed the mechanical properties, 
impact performance indices, crushing behavior, failure modes, and failure mechanisms of various 
FML structures with different variables (impact energy, fibre orientation, layup configuration, 
stacking sequence, metal arrangement, direction and type of reinforcement, laminate thickness, metal 
thickness) under impact conditions (lateral and axial impacts). Overall, the literature on the response 
of FML flat plate structures to axial impact loads is unreported, and the most current research 
focusing on the axial crushing of FML tubes. Hence, further studies are required to increase the 
applicability of FMLs in applications that may be impacted under axial loading. 

 
Keywords: axial impact loading; experimental; fibre metal laminate (FML); impact response; 

mechanical properties 

1.  Introduction 
Composite materials and metallic alloys have seen 

widespread usage in a variety of specialty areas, 
particularly in the structural components of aircraft and 
automotive over the past few decades1–5). After World War 
II, the commercial use of composites was spurred by the 
successful use of these materials for military applications 
in the aircraft industry6). Composite materials provided 
significantly to the structural industry’s weight reduction 
and offered numerous advantages over metallic alloys, 
such as the excellent ratio of strength-to-weight, great 
durability, lightweight, superior fatigue properties, better 
energy absorption and resistance to corrosion, wear, 
impact and fire3,4,7–10). However, composite materials and 
metallic alloys have disadvantages that limit their 
applicability, like poor fracture toughness and high 
moisture absorption of composites and fatigue failure of 
metallic structures1,6,11,12). Fibre metal laminate, often 
known as FML, was developed to address the challenges 

presented by both of these materials1). The FML is a 
hybrid composite structure comprised of metal and fibre-
reinforced composite layers13–17). Fokker Aerostructures 
of the Netherlands attempted for the first time in 1950 to 
improve fatigue resistance by employing laminated 
materials1,18). Consequently, the performance of laminated 
materials was superior to that of composite and monolithic 
aluminium. This hybrid material combines beneficial 
metal and composite properties15,19). Thus, FML possesses 
both metal and composite properties. 

Metal is an isotropic material whose properties are 
independent of direction. Meanwhile, composites and 
FML are anisotropic materials whose properties vary in all 
directions20). For instance, when the fibre lamina in a 
composite laminate are stacked in different directions, the 
properties will vary with the direction. The elastic 
modulus and ultimate strength are the two properties that 
have the most influence on the impact performance of a 
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material structure20). These two properties can be 
determined using Rules of Mixture (ROM) in terms of 
volume fraction of composite laminate and metal alloy21). 
Equations (1) to (3) are used to determine the elastic 
modulus and ultimate strength of the composite. E1,c is the 
longitudinal elastic modulus of the composite, whereas Ef 

and Em are the fibre and matrix elastic modulus, 
respectively. Vf and Vm are fibre and matrix volume 
fractions, respectively. In Equation (2), σc is the strength 
of the material with the additional subscripts used 
analogously to their use in Equation (1). E2,c is the 
transverse elastic modulus of the composite, as shown in 
Equation (3). 

𝐸𝐸1,𝑐𝑐 = 𝑉𝑉𝑓𝑓𝐸𝐸𝑓𝑓 + 𝑉𝑉𝑚𝑚𝐸𝐸𝑚𝑚 (1) 

𝜎𝜎𝑐𝑐 = 𝑉𝑉𝑓𝑓𝜎𝜎𝑓𝑓 + 𝑉𝑉𝑚𝑚𝜎𝜎𝑚𝑚 (2) 

𝐸𝐸2,𝑐𝑐 =
𝐸𝐸𝑓𝑓𝐸𝐸𝑚𝑚

𝑉𝑉𝑓𝑓𝐸𝐸𝑚𝑚 + 𝑉𝑉𝑚𝑚𝐸𝐸𝑓𝑓
 (3) 

 
Equations (4) to (6) are the analytical prediction for 

FML. MVF is defined as the ratio of the sum of the 
individual metal thicknesses to the total laminate 
thickness, as stated in Equation (6). 

𝐸𝐸𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑀𝑀𝑉𝑉𝑀𝑀.𝐸𝐸𝑚𝑚 + (1 −𝑀𝑀𝑉𝑉𝑀𝑀)𝐸𝐸𝑐𝑐 (4) 

𝜎𝜎𝐹𝐹𝐹𝐹𝐹𝐹 = 𝑀𝑀𝑉𝑉𝑀𝑀.𝜎𝜎𝑚𝑚 + (1 −𝑀𝑀𝑉𝑉𝑀𝑀)𝜎𝜎𝑐𝑐 (5) 

𝑀𝑀𝑉𝑉𝑀𝑀 =
∑ 𝑡𝑡𝑚𝑚𝑛𝑛
1

𝑡𝑡𝑙𝑙𝑙𝑙𝑚𝑚
 (6) 

 
tm represents the thickness of individual metal layers, n 

represents the number of the metal layer, and tlam is the 
thickness of the laminate. 

 
1.1 Classification of FML 

FMLs can be classified based on their structural 
configurations or material components. The FML's 
structural arrangements can be asymmetric, sandwich and 
multi-stacking laminates, dependent on performance and 
manufacturing needs1). Particularly for multi-stacking 
laminates, it is possible to generate specialized 
performance characteristics by alternating the stacking 
order and fibre orientations1). Laminate and reinforcement 
layup in FML can be written as (m/n) wherein m denotes 
the number of metal layers, while n represents the number 
of composite layers. This rule is only applicable for 
sandwiched or symmetric FML. For instance, 2/1 
laminate (one reinforcement layer sandwiched between 
two metal layers) and 3/2 laminate (three metal layers 
separated by two reinforcement layers)19). 

It is permissible to classify FMLs based on their 
material constituents (metal and reinforcement), but there 
are other constraints to consider while constructing a 
reliable FML such as the availability and cost of materials 
constituents1). FMLs can be classed in various metal-
based like aluminium (Al), steel, magnesium and 
titanium1,14,16,17,22–25). Aluminium-based FMLs such as 
ARALL, CARALL and GLARE which are reinforced 
with aramid fibre, carbon fibre and glass fibre are the most 
researched and developed because Al is the most widely 
used structural material in the current aviation 
industry1,14,16,26). 

ARALL is the first development of FML, created in 
1978 at Delft University of Technology’s Laboratory of 
Structures and Materials of Aerospace Engineering 
Faculty16,17,22,23,27,28). However, ARALL has low fibre-to-
adhesive contact strength, resulting in poor peel strength 
and inter-laminar shear characteristics26). GLARE was 
then created in 1989 due to its high compressive strength 
and excellent adhesion between glass fibres and adhesive, 
despite the fact that aramid-epoxy composites have high 
specific strength, specific modulus, and impact 
resistance6). GLARE was commercialized on the Airbus 
A380, resulting in significant weight savings and 
exceptional wear and damage resistance1,29). More 
research was done using different material constituents to 
improve the mechanical characteristics of ARALL and 
GLARE. This led to the creation of CARALL around 
19891,23). Zhen26) reported that CARALL suffers fatigue 
issues during flight simulation fatigue tests at extreme 
stress levels. 

ARALL1 and GLARE1 are the FMLs that are most 
readily available for commercial use14). It was discovered 
that aramid fibre composites demonstrate greater low-
cycle fatigue performance but worse high-cycle fatigue 
performance compared to carbon fibre composites. 
Combining high strength and stiffness with a superior 
impact property provides CARALL with a substantial 
advantage for use in space applications4,6). However, the 
FML's strength and stiffness can be altered by altering the 
stacking sequence of the metal and fibre in composite 
materials. 

In addition, the direction of reinforcement can be 
classified into several categories, including unidirectional 
(UD), cross-ply (bi-directional)/woven laminates, and 
chopped strand mat1). The arrangement and orientation of 
fibres determine the characteristics and structural 
behavior of composite materials8). In the case of UD 
laminate, the fibre orientation will be either 0° or 90°. In 
the cross-ply laminate, the fibre will be twined in a manner 
that is analogous to the formation of textile fabrics. Cross-
ply laminate beats UD laminate in terms of impact 
resistance and damage resistance, based on lateral impact 
studies30). Zhu and Chai31) discovered that FML with UD 
fibres can resist a greater load with a bigger plastic zone 
compared to woven fibres with more localized 
deformation. According to Bienias et al.12), the higher 
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failure strength and stiffness of UD fibres increase their 
impact resistance. This is because, in cross-ply, half of the 
fibres are arranged at 90˚. 

 
1.2 Advantages and disadvantages of FMLs 

FML possessed significant benefits over monolithic 
metal or fibre-reinforced composite due to the 
combination of the excellent characteristics of metals and 
fibre-reinforced composite. In addition to its benefits, 
FMLs also have some drawbacks. Table 1 shows the 
advantages and disadvantages of FMLs. 

 
Table 1. Advantages and disadvantages of FMLs. 

Advantages 
High strength Metal and fibre-reinforced 

composites are extremely hard and 
inflexible, resulting in high 
stiffness12,32). 

Lower 
density 

Provides a lightweight structural 
material23,32,33). 

Excellent 
corrosion 
resistance 

The polymer in FML provides super 
corrosion resistance12,23,26). 

Excellent 
moisture 
resistance 

Metal layers serve as barriers at the 
outer surface to slow the moisture 
absorption in FML than in polymer 
composite1). 

High fatigue 
resistance 

Intact bridging fibres constrained the 
opening of fracture or fibre bridging 
properties1,12,23,32,34,35). 

High impact 
resistance 

FML offers good impact resistance 
under impact loading in comparison 
to composite and monolithic metals. 
FML laminate can prevent the spread 
of Al fractures12,15,23,26,32,36). 

Fire 
resistance 

Inflammability-sensitive parts are 
suitable. Fire cannot penetrate FML's 
interior layers because of its high 
fibre (glass fibre) melting 
point1,12,22,37). 

High capacity 
for energy-
absorbing 

FMLs have a high energy absorption 
capacity due to localized fibre 
breakage and shear failure inside the 
metallic plies32,38,39). 

Repairable of 
the damaged 
area 

The scratched region can be repaired 
with riveted patches made of Al23). 

Disadvantages 
Long 
processing 
time 

Intensive matrix curing processes in 
composite plies lengthen production 
cycles and reduce productivity14). 
Forming fault-free FML components 
with complex forms in high 
quantities remains a challenge1). 

High 
maintenance 

The inhomogeneous through-
thickness features of FMLs 
complicate quality inspection during 

manufacture and in-service 
maintenance1). 

Manufactura
bility 

Despite advances in FML forming 
methods since the 2000s, there are 
still hurdles in manufacturability1). 

High cost Cost of labor and FMLs as a whole 
increase14). Long processing cycle 
time increases the cost of labor and 
overall FMLs. 

 
1.3 Application of FMLs 

The above-mentioned benefits of FMLs have led to 
their widespread use in a variety of industries, with 
aerospace being one of the most prominent. Numerous 
aeronautical manufacturers, including Beech Starship, 
Deutsche Aerospace-Airbus, Cessna, Bombardier 
Aerospace, Aerospatiale, NASA, Garuda, US Airways, 
Air Canada, Lockheed, and EMBRAER, are interested in 
replacing traditional aluminium components with FML 
composites 6,40). Fig. 1 presents the application of FML in 
aircraft components1,23,24,40). 

 

 
Fig. 1: Application of FMLs in aircraft components. 

 
FMLs are also utilized to construct the front hood of 

cars to reduce vehicle weight and improve vehicle 
performance24,32,41–43). Moreover, FMLs can also be found 
in bicycle wheels, fishing rods, tennis and racquetball 
rackets, ice hockey sticks, ski poles, and surfboards 
because of their higher strength and stiffness and lower 
weight43). FMLs were utilized for marine applications 
such as propellers and hulls due to their superior water 
absorption and good corrosion resistance8,43,44). There is a 
high probability that these applications may be exposed to 
various types of loading, including impact loading.  

- 113 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 01, pp111-129, March 2023 

 
2.  Mechanical properties and impact 

behavior of FML and its constituents 
Nowadays, FMLs are widely utilized in many 

applications and they are easily exposed to a variety of 
loadings especially impact loading. This paper primarily 
aims to discuss further the impact response of FML and 
its constituents subjected to impact loading. In general, the 
impact condition or reaction can be separated into two 
categories: lateral impact and axial impact. The impact 
that occurs parallel to the thickness of the laminate is 
lateral. Meanwhile, the axial impact is the impact that 
happens in the direction of the laminate's length45). The 
impact performance of FML and its constituents can be 
evaluated based on several indicators, including energy 
absorption (EA), specific energy absorption (SEA), mean 
crushing force (Fmean), peak crushing force (PCF) or peak 
load (Pmax) and crush force efficiency (CFE). These 
performance indicators can be derived directly from the 
force-displacement curves46). The EA refers to the overall 
energy absorbed by the structure during the crushing 
process, as calculated by the area under the force-
displacement curve, as shown in Equation (7). 

𝐸𝐸𝐸𝐸 = �𝑀𝑀(𝑥𝑥)𝑑𝑑𝑥𝑥
𝑑𝑑

0

 (7) 

F(x) represents the crushing load and d is the relevant 
crushing distance. The greater a structure’s EA, the 
greater its capability to absorb energy46). The SEA is a 
measure of the energy absorbed by the mass of the 
structure, as shown in Equation (8). 

𝑆𝑆𝐸𝐸𝐸𝐸 =
𝐸𝐸𝐸𝐸
𝑚𝑚

 

 

(8) 

m is the structure’s mass. The greater the SEA, the greater 
the material usage efficiency for the structure’s energy-
absorption. The Fmean is the mean impact force 
experienced by a structure, as determined by Equation (9). 

𝑀𝑀𝑚𝑚𝑚𝑚𝑚𝑚𝑚𝑚 =
𝐸𝐸𝐸𝐸
𝑑𝑑

 

 

(9) 

d is the distance of impact. The greater the Fmean, the 
greater the capability of the structure to absorb energy 
when deformed. The PCF represents the maximum impact 
loading load. Equation 10 defines the CFE as the ratio of 
the Fmean to the PCF. The greater the CFE, the better 
performance of the energy absorbing structure. 

𝐶𝐶𝑀𝑀𝐸𝐸 =
𝑀𝑀𝑚𝑚𝑚𝑚𝑙𝑙𝑛𝑛

𝑃𝑃𝐶𝐶𝑀𝑀
 

 

(10) 

Research on the experimental axial impact test of FML 

is significantly limited. Hence, the impact response of 
FMLs under lateral impact loading will be discussed as 
well to obtain an overview of the impact response on FML 
structure. 
 
2.1 Impact test on FMLs 

The FML is intended to improve the performance of the 
composite structure under a variety of impact-loading 
conditions. The purpose of the impact test is to evaluate 
the mechanical properties and resistance to failure of 
FMLs when subjected to forces such as collision, a falling 
object, or a sudden blow. Many researchers have carried 
out lateral impact tests on FML structures. 

Hozumi et al.38) investigated the response to three 
different impact energy levels for GFRP-AL FMLs with 
woven and unidirectional (UD) glass fibre reinforcement 
and an Al sheet in the middle. Both the woven and the UD 
types yielded nearly identical results in terms of the FML 
energy absorbed as shown in Fig. 2.  

 

 
Fig. 2. Energy absorbed by woven GFRP/Al-FML and UD 

GFRP/Al-FML38). 
 

Inadequate adhesion between the GFRP and Al sheet 
caused them to become separated and delaminated when 
an impact load was applied. Due to inefficient bridging 
between them, the GFRP-AL FML absorbed less energy. 
Consequently, the absorbed energy by GFRP-AL FML 
was similar to GFRP with UD-type glass fibre. The results 
produced by Trzepiecinski et al.47) also supported this 
conclusion. The optical study showed that the impact 
loading led to the de-bonding of the GFRP-AL, fibre 
breaking, fibre delamination, and matrix cracking. As the 
impact energy was prolonged, the specimen deflected 
farther for all GFRP and GFRP-AL FML composites. 
Fibre-matrix and GFRP-Al de-bonding occurred during 
the impact test, hence placing the GFRP at the outer layers 
of the FML systems did not increase the impact 
resistance38). Jakubczak et al.48) discovered that the 
absorbed energy of metal-fibre hybrid titanium-carbon 
composite laminates (HTCL) increased when the impact 
energy increased. Lokesh et al.49) investigated the impact 
behavior of Al-Kevlar fabric/epoxy FML with a constant 
mass at three different impact velocities; (5m/s=48.91J, 
6m/s=70.2J, 7m/s=95.55J). Results revealed that the FML 
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can withstand the maximum impact energy of 70.2J. 
Meanwhile, Zhu and Chai31) examined the impact 
dynamic response and failure modes of 2/1-GLARE 
which is made up of two different types of glass fibre-
reinforced plastics: unidirectional (UD) and woven. 
According to the results, FML with UD fibres (specimen 
C2 and C4) exhibited superior impact resistance than FML 
with woven fibres, since their peak load and energy to 
failure were higher. This was frequently strengthened by 
the higher stiffness and failure strength of UD fibres. The 
sanding of the adhesive faces of the Al layers slightly 
improved specimen C4's impact resistance, resulting in a 
higher peak load than that of specimen C2, as shown in 
Table 2. Moreover, Table 2 indicated that the impact 
resistance of FMLs with woven laminate (specimen C5 
and C6) was not significantly affected by increasing the 
glass fibre-reinforced layer thickness. The perforation 
hole in FML with woven fibres was about a square, but 
the perforation hole in FML with unidirectional fibres was 
nearly a straight-line crack. This was because FML with 
UD laminate absorbed significant impact energy and 
caused the FML with woven laminate suffered perforation. 
As the contact force increased, the plastic area in the Al 
layer expanded from the point of contact toward the 
boundary31). 
 

Table 2. Peak load and failure energy of FMLs (woven and 
UD)31). 

FML Thickness 
(mm) 

Failure 
energy 

(J) 

Peak load 
(kN) 

C1-Woven 
(No sanding) 0.970 12.10 2.496 

C2-UD  
(No sanding) 0.973 13.48 3.024 

C3-Woven 
(Sanding) 0.964 12.13 2.576 

C4-UD 
(Sanding) 1.085 13.44 3.148 

C5-Woven 
(Sanding) 1.178 12.06 2.477 

C6-Woven 
(Sanding) 1.022 12.02 2.392 

C7-Woven 
(Sanding) 0.913 11.80 2.473 

 
Yaghoubi et al.50) tested glass-reinforced (GLARE) 5 

FML specimens of varying thicknesses (2/1, 3/2 and 4/3) 
using a drop-weight impact tester to determine the impact 
response and damage caused by the impactor mass. They 
explained that the failure mode varied depending on the 
material thickness and impactor mass. The thicker plies of 
GLARE 5 provided greater resistance to impact. It was 
found that a greater amount of energy was absorbed, the 
overall damaged contour expanded and the maximum 
local deflection decreased with increasing specimen 
thickness. For GLARE laminates, the size of internal 

damage size was never as large as the visible plastic 
deformation exhibited on the external Al layers. Reducing 
the impactor's mass while keeping the impact energy 
constant led to a larger permanent local deflection. As a 
result, the panel subjected to the lighter impactor mass 
would reach the perforation limit more quickly than the 
panels treated to a larger impactor mass. Besides that, the 
contact force also increased and the damage pattern 
changed. They concluded that panel thickness influenced 
the essential behaviors of GLARE 5 FML specimens. This 
observation tallied with the results obtained by Rakham 
and Giridharan39), who found that the GLARE laminate 
absorbed significantly more energy than the GFRP 
laminate and experienced significantly less deformation 
than GFRP laminate due to the reinforcement provided by 
Al sheets. They concluded that the energy absorbed 
increased with the number of layers. Due to the 
incorporation of an Al sheet, GLARE laminates 
demonstrated superior impact strength and stiffness 
compared to GFRP laminates, despite having the same 
overall thickness. The peak load of GLARE laminate was 
greater than that of GFRP laminate39). 

Sivakumar et al.33) studied the Charpy impact response 
of Kenaf (K)/glass (G) fibre-reinforced Al 5052 laminates 
(FMLs) with various stacking configurations (GGG, GKG, 
KGK, KKK) and orientations (0˚/90˚ and ±45˚). The 
composite laminate was sandwiched by two layers of Al 
layers. The impact strength of FMLs in an edgewise 
direction was greater than that FMLs in a flatwise 
direction. This was due to the greater energy required for 
fracture initiation of FMLs in the two different fibre 
orientations. Both in the flatwise and edgewise directions, 
GKG FMLs with 0˚/90˚ and ±45˚ fibre orientations had 
the highest impact strength, while KKK FMLs exhibited 
the lowest.  The substitution of glass fibre at the outer 
layers of hybrid composite resulted in higher impact 
strength. Glass fibre has greater impact resistance than 
Kenaf fibre. However, the placement of kenaf fibres in the 
outer layers of hybrid composites decreased the impact 
resistance because fibre-matrix de-bonding occurred 
when the outer kenaf layer broke, and the bridging 
mechanism between kenaf fibre and glass fibre was 
therefore less effective. In addition, kenaf fibres have a 
poorer impact resistance in comparison to glass fibres. It 
was established that the addition of a small amount of 
Kenaf fibres to hybrid composites improved their 
resistance to impact. This was likely owing to the 
enhanced bonding capacity of kenaf fibres, which 
increased impact strength. According to Sivakumar et 
al.33), the impact properties of the laminates were affected 
by the fibre-matrix adhesion. 

Sathyaseelan et al.51) conducted the Izod impact test on 
the CARALL FML in two distinct orientations and 
stacking sequences as shown in Table 3 to establish the 
FML's mechanical properties. Vasumathi and Murali16) 
also conducted an Izod test on CAJRALL (CArbon-Jute 
Reinforced ALuminium Laminate) FMLs and CAJRMAL 
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(Carbon-Jute Reinforced MAgnesium Laminate) with two 
different stacking sequences as illustrated in Table 3.  

 
Table 3. Stacking sequences of CARALL, CAJRALL and 

CAJRMAL FMLs16). 

FM
L

s 

St
ac

ki
ng

 
or

de
r 

Stacking sequence 

C
A

JR
A

LL
 1 

(Ca0˚/Al/Ca45˚/Al/Ju0˚/Ju90˚/Al/Ca-

45˚/Al/Ca0˚/Al/Ca-

45˚/Al/Ju0˚/Ju90˚/Al/Ca-45˚) 

2 

(Ca0˚/Al/Ca90˚/Al/Ju0˚/Ju90˚/Al/Ca90˚/Al/
Ca0˚/Al/Ca90˚/Al/Ju0˚/Ju90˚/Al/Ca90˚/Al) 

C
A

JR
M

A
L 3 

(Ca0˚/Mg/Ca45˚/Mg/Ju0˚/Ju90˚/Mg/Ca-

45˚/Mg/Ca0˚/Mg/Ca-

45˚/Mg/Ju0˚/Ju90˚/Mg/Ca-45˚) 

4 

(Ca0˚/Mg/Ca90˚/Mg/Ju0˚/Ju90˚/Mg/Ca90˚/
Mg/Ca0˚/Mg/Ca90˚/Mg/Ju0˚/Ju90˚/Mg/Ca
90˚/Mg) 

C
A

R
A

LL
 5 

(Ca0˚/Al/Ca90˚/Al/Ca0˚/Ca90˚/Al/Ca90˚/Al/
Ca0˚/Al/Ca90˚/Al/Ca0˚/Ca90˚/Al/Ca90˚/Al) 

6 

(Ca0˚/Al/Ca45˚/Al/Ca0˚/Ca90˚/Al/Ca-

45˚/Al/ Ca0˚/Al/Ca45˚/Al/Ca0˚/Ca90˚/Al/Ca-

45˚/Al) 

 
The difference between stacking orders 5 and 6 and 

stacking orders 1 and 2 was that the 90˚ layer at the non-
cross-ply layer was replaced by 45˚. The results 
demonstrated that the impact resistances of stacking 
orders 6 and 1 were larger than that of stacking orders 5 
and 2, respectively. CAJRALL specimens had a greater 
impact toughness than CAJRMAL ones. The arrangement 
of carbon fibres at 45˚ orientation can sustain shear force 
better than the 90˚ orientation.  Consequently, the 
stacking order and fibre orientation significantly affected 
the performance of FML specimens. Hozumi et al.38) 
reported that there was no advantage by putting composite 
laminate at the outermost layer. 

Sharma et al.52) studied the effect of Al layer 
distribution on four distinct layup configurations of FMLs 
(GLARE) with varying sheet thicknesses of Al alloy (2/1-
0.6, 3/2-0.4, 3/2-0.3(O), and 4/3-0.3). 3/2-0.3(O) denotes 
three Al layers, two composite layers, and two Al layers 
were 0.3 mm thick on the outside and one Al layer was 0.6 
mm thick on the inside, meanwhile, 3/2-0.4 denotes three 
Al layers, each with a thickness of 0.4 mm, and two 
composite layers. The metallic layers have been 
positioned in different locations while keeping the total 
thickness of the metal layer constant. The total thickness 
of FML was different. The low-velocity impact (LVI) test 
was conducted at five different impact energy levels. The 

results indicated that FML 2/1-0.6 exhibited less cracking 
and deformation because the composite layers were 
stacked together. A similar result was obtained by Khan et 
al.53). Meanwhile, FML 4/3-0.3 exhibited the highest 
cracking and deformation because two adjacent composite 
layers with distinct fibre orientations were separated by 
metallic layers. The deformation was caused by the 
distortion of the Al layer. FML 4/3-0.3 absorbed the 
highest energy and the FML 2/1-0.6 absorbed the lowest 
energy at all energy levels. The dent creation was 
observed close to the location of impact due to the plastic 
deformation of the top and bottom layers of Al, which led 
to the absorption of energy. This observation was similar 
to the results obtained in the studies of Rakham and 
Giridharan39) and Yaghoubi et al.50). The size of the dent 
grew as the energy of the impact increased52,54). All FMLs 
exhibited delamination between the adjacent Al layer and 
the composite layer52,54). Ramadhan et al.55) studied the 
impact response of FML based on Kevlar-29 fibre/epoxy-
Alumina resin with different stacking sequences of Al 
6061-T6 plates. The FML with the front and middle Al 
stacking sequences were tested at thicknesses of 4mm, 
8mm, 12mm, 16mm and 20mm, meanwhile the FML with 
the back Al stacking sequence was tested at thicknesses of 
4mm, 8mm, 12mm, 16mm, 20mm and 24mm. The energy 
absorption of all specimens increased as the thickness 
increased. The energy absorption of FML with the back Al 
stacking sequence was the highest. The FML with a front 
stacking sequence experienced the most critical case as it 
had the lowest energy absorption. The overall results 
obtained by the Al back stacking sequence plate were the 
optimum structure to resist the impact loading, as can be 
seen in Fig. 3. 

 

 
Fig. 3. Comparison of the front, middle and back Al stacking 

sequence on the energy absorption versus specimen thickness 
of Kevlar-29/epoxy-Al2O3/Al alloy55). 

 
Moriniere et al.56) reported that GLARE 5-2/1-0.4 

absorbed 30% more impact energy than GLARE 5-2/1-0.3, 
with 90% of the energy dissipated by the Al layers, as can 
be seen in Table 4. The same trend was found between 
GLARE 5-3/2-0.4 and GLARE 5-3/2-0.5 as shown in Fig. 
457). It can be concluded that the thickness of the metal and 
the arrangement of the layup could affect the impact 
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resistance of FML52). 

 
Table 4. Test results for GLARE 5-2/1-0.3, GLARE 5-2/1-0.4, 

GLARE 5-3/2-0.4 and GLARE 5-3/2-0.556,57). 
References 56) 57) 
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2-
0.

5 

Maximum 
force (kN) 3.87 4.01 8.00 8.37 

Maximum 
displacement 
(mm) 

11.26 11.54 3.16 2.55 

Energy 
absorption 
(J) 

14.63 19.05 N/A N/A 

Specific 
energy 
absorption (J 
m2/kg) 

5.53 5.95 N/A N/A 

 

 
Fig. 4. Force versus displacement of GLARE 5-3/2-0.4 and 

GLARE 5-3/2-0.557). 
 

Starikov58) reported that the area of impact 
delamination observed in HSS (High Static Strength) 
GLARE specimens was greater than that found in 
Standard GLARE specimens. However, the Standard 
GLARE laminates revealed deeper dents than HSS 
GLARE laminates due to the superior impact resistance 
and potential influence on aircraft operability of Standard 
GLARE. He concluded that the mechanical characteristics 
of the alloy used in GLARE significantly influenced the 
impact behaviour of GLARE laminates. 

Fan et al.59) performed the LVI test on three different 
layup configurations ((2/1), (3/2), (4/3)) of GLARE with 
three different numbers of woven glass fibre prepreg plies 
(4, 8 and 16). The test aimed to investigate the perforation 
resistance and responsiveness of GLARE by varying the 
target thickness, projectile diameter, and impact radius 
and comparing the findings to three different plain 
composite laminates on which the FMLs were based. The 

FMLs exhibited greater resistance to perforation and 
absorbed significant energy than their plain composite 
counterparts, as shown in Fig. 5 and Fig. 6, respectively. 
By examining cross-sectional samples, failure 
mechanisms such as fibre fracture, metal layers fracture, 
composite and metal layers delamination, and plastic 
deformation in the Al plies were identified. FMLs were 
thicker and stiffer than composites, which resulted in a 
higher peak load during impact. The amount of energy 
necessary to perforate the target increased with target size, 
plate thickness (number of metal and composite layers in 
the FML) and indenter diameter. Subsequently, the 
perforation resistance of FML increased. This was a result 
of FML's ability to absorb energy during elastic and, more 
significantly, severe plastic deformation. Changes to the 
impact location (corner or along the target's edge) did not 
affect the perforation response and impact resistance of 
the target. Overall, FMLs exhibited higher resistance to 
perforation than composites. 

 

 
Fig. 5. Perforation energy of the composites and 2/1 (4-plies, 

8-plies and 16-plies) FMLs subjected to LVI testing59). 
 

 
Fig. 6. Load versus displacement of the composites and 2/1 

(4-plies, 8-plies and 16-plies) FMLs subjected to LVI testing59). 
 
Wu et al.60) examined the impact performance of cross-

ply S2-glass fibre prepreg-reinforced Al laminates 
(GLARE5-2/1 and GLARE4-3/2) and compared it to the 
Al 2024-T3, which served as a baseline material. 
According to the results, both GLARE laminates offered 
superior resistance to impact damage than the Al 2024-T3. 
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GLARE 5-2/1 exhibited greater impact resistance than 
GLARE 4-3/2. This was because the composite laminate 
was stacked together as reported by Sharma et al.52). In 
comparison to GLARE4-3/2 laminate and Al, GLARE5-
2/1 laminate required more specific energy to cause a 
noticeable crack in the outer layer of Al on the side that 
was not affected by the impact. The amount of energy 
required to perforate the GLARE 4-3/2 was the highest 
due to the excessive number of metal and composite layers 
in FML. This result was similar to Fan et al.59). Both 
GLARE laminates had a higher specific perforation 
energy than Al and GLARE 5-2/1 possessing the highest 
value. Fig. 7 indicated the perforation energy and specific 
perforation energy of GLARE 5-2/1, GLARE 4-3/2 and 
Al. Due to bending deformation, the initial failure of 
GLARE laminates was observed as a noticeable fracture 
in the outer Al layer on the side that was not impacted. The 
Al layer’s impacted side failed as the impact energy 
increased, and as it kept rising, a through-crack was 
formed60). The size of damage for both GLARE laminates 
increased when impact energy increased and the result 
was equivalent to Sharma et al.52). 

 

 
Fig. 7. Perforation energy and specific perforation energy of 

Al 2024-T3, GLARE 5-2/1 and GLARE 4-3/260). 
 

Melba and Kumar61) investigated the impact response 
and damage tolerance of woven fibre mats based-GLARE 
and chopped strand mats (CSM) GLARE. Al sheet of the 
same thickness as the GLAREs was utilized to compare 
the results. The woven-based GLARE resisted a higher 
impact load and absorbed 3.4% higher energy than the 
CSM-based GLARE. The woven-based GLARE showed 
superior impact response and damage resistance with 
minimal deformation compared to the CSM-based 
GLARE and Al sheets. The elasticity of woven-based 
GLARE led to less permanent deformation61). Continuous 
fibres in woven-based GLARE with high strength and 
modulus permitted more energy absorption than 
discontinuous fibres in CSM-based GLARE. The lower 
strength of the discontinuous fibres contributed to the poor 
impact response of CSM-based GLARE20,62). The 
damaged area and penetration depth of woven-based 
GLARE were considerably less than those of CSM-based 

GLARE and Al sheets61). 
Romli et al.63) conducted a quasi-static impact test to 

examine the failure behavior of the 2/1 Al/CFRP laminate 
FML at five different crosshead displacement rates: 
1mm/min, 5mm/min, 10mm/min, 50mm/min, and 
100mm/min. As the crosshead displacement rate of the 
FML increased, the damage surface area of the FML also 
increased. The failure modes that occurred in FML 
included delamination between the composite layer and 
delamination at the metal-composite interface, fibre 
failure, plastic deformation and cracking of the Al layer. 
Increased crosshead displacement rate resulted in less 
deterioration of the composite structure and increased the 
strength of FML. Lower crosshead displacement rate led 
to severe delamination of the middle component and base 
ply. The authors concluded that the failure was dependent 
on the ductility of the Al. 

Yaghoubi and Liaw64) conducted a ballistic impact test 
on the GLARE 5 beam by varying the thickness (layup 
configuration from (2/1) to (6/5)) and stacking sequence 
(cross-ply [0˚/90˚]s, unidirectional [0˚4], unidirectional 
[90˚4], quasi-isotropic [0˚/±45˚/90˚]. The unidirectional 
[90˚]4 specimen exhibited the least resistance to projectile 
perforation, according to the data. With the exception of 
the unidirectional [90˚4] specimen, the ballistic limit was 
almost constant with the stacking sequence. As the 
thickness of the panel increased by modifying the 
specimen configuration from (2/1) to (6/5), the ballistic 
limit also increased. Taheri-Behrooz et al.65) investigated 
the influence of stacking sequence on the impact response 
of Al-glass/epoxy FMLs, and their findings highlighted 
that the [Al/(±45)8/Al] lay-up sequence had a higher load-
carrying capacity than the other lay-ups. Reyes Villanueva 
and Cantwell66) utilized a nitrogen gun to conduct the 
high-velocity impact (HVI) test on the FMLs sandwich 
structures which comprised of glass fibre-reinforced 
polypropylene (GFPP) prepreg (UD and woven) with Al 
2024-T3. The results showed that the UD FML appeared 
to have superior energy-absorption capabilities than the 
woven FML sandwich structure through failure 
mechanisms like fibre-matrix de-bonding, longitudinal 
splitting, and Al cracking. Increasing the impact energy 
caused the Al and composite layers in the bottommost 
FML skin to crack. The UD FML systems have 7.5% of 
perforation energy and 9% of specific perforation energy 
higher than the woven FML sandwich structures. The 
specific perforation energy of the FML sandwich 
structures (both UD and woven) was greater than that of 
Al, as shown in Fig. 8. This was due to the fact that 
thermoplastic composites had a higher impact resistance 
than Al. The better impact response of FML compared to 
the Al was attributable to energy-absorbing mechanisms 
including plastic deformation in the thin Al plies and 
matrix cracking and fibre fracture in the composite 
layers66). 
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Fig. 8. Perforation energy and specific perforation energy of 

UD FML, woven FML and Al 2024-T366). 
 

In conclusion, FMLs were subjected to various impact 
loading including LVI39,50–57,59), HVI66), quasi-static 
impact63), ballistic impact64), Charpy impact33) and Izod 
impact16,51) tests. The FMLs had superior impact 
properties compared to composite and metal alloys (which 
act as baseline material)60). The energy absorption of FML 
was influenced by the direction of reinforcement31,38,47,61) 
and adhesion strength between composite laminate and 
metal layers31,38,47). FML with UD fibre exhibited superior 
impact resistance compared to woven-based FML31,66), 
meanwhile woven based FML had good impact resistance 
than chopped strand mat-based FML61). The type of 
reinforcement and fibre orientation/stacking sequence of 
fibre ply affected the impact performance of the FML 
structure33,38,63,65). Impact resistance of FMLs can be 
affected by metal arrangement in FML structure38,52,53,64) 
but not significantly affected by the thickness of 
composite laminate31,55). However, increasing the 
thickness of the FML structure or the number of layers in 
the FML structure increased the impact resistance and 
energy absorption of FML39,50,59,64). Then, less 
deformation would occur in FML compared to composite 
laminate due to the reinforcement provided by Al 
sheet39,52). The deformation of FML as well as the energy 
absorption was dependent on the thickness of metal 
layers52,56,57). This was because the MVF influenced the 
peak load, deflection at peak load, EA and SEA of the 
structure48,67,68). Nevertheless, sandwiched composite 
laminate with 2/1 layup configuration had better impact 
resistance and exhibited less deformation or cracking than 
3/2 and 4/3 layup because the composite laminates were 
continuously stacked together52,60). 

 
2.2 Impact test on composite 

Investigating the mechanical properties of composite 
materials under impact loading is necessary as composite 
is a constituent material of FMLs. The mechanical 
properties of composite primarily influenced the impact 
characteristic and response of FML structure when 
subjected to impact loading. Moreover, the composites 
were utilized extensively in the aircraft industry during 
World War II before the development of FMLs due to their 

high strength, high stiffness, high fatigue resistance, and 
high corrosion resistance. Hence, many researchers 
conducted impact tests on composite materials and 
compared the results with FML structures and metals. 
When subjected to impact load, the composite materials 
performed poorly in comparison to metal alloys23). 

Guades et al.69) conducted the repeated axial impacts on 
nine-ply square fibre-reinforced polymer (FRP) 
composite tubes to determine their behaviors. The effects 
of impactor mass, incident energy (by maintaining or 
altering the impactor mass or drop heights) and the 
number of impacts were investigated. When the E630 was 
hit 45 times and the E480 and E420 were hit 130 times, 
the composite tubes impacted by higher incident energies 
collapsed. When the number of impacts was low, the 
incident energy was a significant influence in the collapse 
of the tubes. Up to 130 impacts with lower incident 
energies, the composite tubes didn’t show any visible 
damage, but internal damage (referred to as barely visible 
impact damage) may have happened. The fibre composite 
material’s strength degraded due to the existence of 
internal damage. This indicated that the number of 
impacts became the most influential concern when the 
incident energy dropped. At lower incident energies, the 
impactor's mass had a notable effect on the collapse of 
tubes, but, at higher energies, its effect steadily reduced. 
At higher incident energies (E420, E480, E630), the peak 
load primarily dropped until the beginning of collapse 
(pre-collapse) and then remained unchanged in the post-
collapse region. At lower incident energies (E160, E210, 
E320), the peak load dropped as the number of impacts 
increased. When the collapsed tubes were impacted with 
higher incident energy, their peak load degraded more 
quickly. At higher incident energies, rebound and end 
crushing were seen during the test. The 1st and 10th 
impacts caused the rebound case, however, the 30th and 
40th impacts generated the final crushing case (all of the 
impact energy was absorbed by the composite tube). It has 
been demonstrated that incident energy effects and the 
number of impacts only have a significant impact on the 
rate of energy absorption in the pre-collapse region (Ist 
and 10th impacts), not in the post-collapse region. 

Shaari et al.70) investigated the impact behavior of four 
different types of composite laminate with varying Kevlar 
to glass fibre ratios (0:100, 20:80, 50:50 and 100:0). 
Results indicated that the addition of Kevlar fibre to glass 
fibre enhanced the composite laminates load carrying 
capability, energy absorption and degree of damage while 
slightly reducing deflection. These results demonstrated 
that Kevlar had superior impact resistance. Analysis of the 
damage pattern revealed that GFRP had a larger damage 
area than KFRP. As Kevlar fibre could absorb higher 
energy, hybridizing Kevlar fibre with glass fibre laminate 
tends to reduce the damaged area of the hybrid specimens. 
The percentage of fibre influenced the strength and 
behavior of the structure subjected to applied stress3,9,71–

74). 
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Hozumi et al.38) investigated the influence of impact 

loading at three different energy levels (10J, 20J and 30J) 
on woven and UD glass fibre-reinforced composites 
(GFRP). The woven type of GFRP was thicker than the 
UD type because it had 20 plies of glass fibre as compared 
to 12 plies of glass fibres in the UD type. The woven type 
of GFRP had lower density and higher hardness than the 
UD type of GFRP. Results indicated that peak load and 
deflection increased as impact energy rose for both 
GFRPs. The UD type of GFRP had higher deflection than 
the woven type of GFRP. In contrast, the woven type of 
GFRP exhibited a higher peak load than the UD type of 
GFRP. Consequently, the UD type of GFRP showed 
higher energy absorbed compared to the woven type of 
GFRP at all impact energy levels. It can be concluded that 
the GFRP required greater deflection to absorb more 
energy and that energy absorption increased with 
increasing impact energy. When the impact energy 
increased, the damaged area also increased. Choong et 
al.75) analyzed the impact behavior of woven GFRP 
composite at different impact energy levels (7.35J, 29.40J, 
58.80J and 88.24J) with varying impactor drop height and 
a constant mass. They created a simple assumption of no 
energy losses and led to the energy absorbed being 
equivalent to the impactor potential energy. Table 5 
presented the energy absorption of UD and woven GFRP 
composite when the input energy increased. Results 
revealed that the energy absorption increased as the 
impactor drop height increased. A similar result was found 
as the size of the damage zone consistently increased with 
the absorbed energy.  
 

Table 5. Energy absorbed by UD GFRP and woven GFRP 
when the input energy increased38,75). 

Ener
gy 

level 

Energy absorption38) Ener
gy 

level 

Energy 
absorptio

n75) 
UD 

GFRP 
Woven 
GFRP 

Woven 
GFRP 

10J 10.46±0.
22 

9.34±0.0
8 

7.4J 7.4J 

20J 20.19±0.
68 

16.63±0.
73 

29.40
J 

29.40J 

30J 29.63±0.
35 

23.69±0.
61 

58.9J 58.9J 

- - - 88.3J 88.3J 
 

According to Shaari et al.70), the damage pattern served as 
an indicator for estimating the energy absorption in 
composite laminate via mechanisms including fibre 
breakage and delamination. The larger impact energy and 
larger damage area revealed that all types of GFRP 
laminates absorbed more energy. Evci and Gulgec76) 
evaluated the impact properties of three different types of 
composites: UD E-glass, woven E- glass and woven 
aramid. Results demonstrated that woven fibre was more 
resistant to impact than UD fibre. This was because the 

fabric cells generated by the weft and warp yarns inhibited 
damage formation in the woven composites. Hence, 
development outside the cell zone was not possible. The 
impact resistance of Aramid fibre was also discovered to 
be superior to that of glass fibre. Yaakob et al.44) 
determined the material properties of Aerohelmet made up 
of kenaf and flax materials subjected to drop-weight 
impact testing. Results indicated that Kenaf Aerohelmet 
had a better performance in absorbing energy with less 
deformation due to its strength even though the thickness 
of the Kenaf Aerohelmet shell was less than Flax 
Aerohelmet shell. 

Srivastava77) investigated the impact behavior of 
sandwich GFRP-polyurethane foam core-GFRP structure 
subjected to Izod impact, Charpy impact and weight drop 
impact conditions. Results indicated that the weight drop 
impact test exhibited the highest energy absorption. The 
upper and lower surfaces of the GFRP composites were 
entirely damaged during the Izod and Charpy impact tests. 
Due to the localized impact energy and specimen 
thickness, sandwich structures fractured from the 
impactor point as a result of the dominating flexural 
behaviours76). Notched specimens absorbed less energy 
compared to un-notched specimens. The only top face of 
the sandwich structure was fractured during the weight 
drop impact test because the impact energy was 
distributed consistently across the width of the specimen. 
Because the foam core absorbed the most energy, this 
demonstrated excellent mechanical resistance, preventing 
the creation and transition of cracks from the top face to 
the back face. Compared to Izod and weight drop 
impactors, the Charpy impactor showed high dynamic 
fracture toughness. The weight drop impact energy had 
the lowest dynamic fracture toughness than that of the 
Charpy and Izod impact tests. According to Bull and 
Edgren78) research, this may come from vibrations of the 
supports and the initiation of material damage. 

Fan et al.59) performed the LVI test on 4-plies, 8-plies 
and 16-plies of 2/1 woven glass fibre prepreg composite 
to investigate the perforation resistance of composite 
laminate. The perforation energy increased when the 
composite plate thickness and indenter diameter increased. 
Rakham and Giridharan39) also reported that the peak load 
and energy absorption increased when the number of fibre 
ply increased, as shown in Table 6. Maximum force and 
maximum deflection rose rapidly with increasing indenter 
size, demonstrating better energy absorption as indenter 
diameter increased. Similar perforation energy was 
observed regardless of impact locations or target size 
(corner, center, edge). It indicated that altering the impact 
locations had no significant influence on the perforation 
resistance of the target. The authors suggested a 
comprehensive investigation of this effect on larger 
structures59). 
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Table 6. Energy absorption of composite with increasing the 

number of fibre ply39). 
59) 39) 

Number 
of plies 

Energy 
absorption 

Number 
of plies 

Energy 
absorption 

4 1 7 16.8 
8 2.5 9 24.4 
16 8 - - 

 
Reyes Villanueva and Cantwell66) conducted the HVI 

test on the cross-ply and woven glass fibre-reinforced 
polypropylene (GFPP) composite laminate. Results 
illustrated that the cross-ply GFPP composite laminate 
absorbed more energy than the woven system. This 
occurred because the cross-ply GFPP composite laminate 
exhibited a variety of failure mechanisms like longitudinal 
splitting along the direction of the fibre, fibre fracture and 
delamination between the lowest composite plies. In 
contrast, the woven GFPP composite laminate had a 
significantly smaller delamination zone (local 
deformation and fibre failure) and inhibited longitudinal 
splitting along the fibre direction. Zhu et al.79) reported 
similar results following an HVI test on a woven 
Kevlar/polyester laminate. The woven GFPP composite 
possessed 13% higher perforation energy than that of the 
cross-ply system. This may be partially attributable to the 
slightly thicker woven laminates (4.3 mm compared to 
3.44 mm). The cross-ply laminates had almost 10% larger 
specific perforation energy than the woven ones. Probably 
due to the larger delamination area in the cross-ply 
laminates66). 

In conclusion, composite structures were subjected to 
various impact loading such as LVI59), HVI66,79), Izod 
impact, Charpy impact and weight drop impact tests77). 
The weight drop impact test exhibited the highest energy 
absorption and the lowest dynamic fracture toughness77,78). 
The drop height, number of impacts69,75) and indenter 
size59) were parameters that affected the energy absorption 
in the composite structure. The number of impacts and 
drop heights were directly proportional69). Hybridizing 
another fibre with another fibre composite laminate with 
a specified ratio improved the load-carrying capability 
and energy absorption of the composite. It would also 
reduce the damaged area of the composite compared to a 
composite with 100% of one fibre type only70). Besides, 
the peak load and deflection were dependent on the impact 
energy38) and laminate thickness39). A greater deflection 
was required to absorb more energy38). Larger impact 
energy resulted in a larger damage area38,70). Moreover, the 
direction and type of reinforcement influenced the energy 
absorption, impact resistance and deformation of 
composite laminate38,44,66,76). For example, UD GFRP 
showed higher energy absorbed compared to woven 
GFRP at different impact energy levels38). The cross-ply 
GFRP composite laminate absorbed more energy than the 
woven system66). In the meantime, the woven fibre was 
more resistant to impact than UD fibre76). 

2.3 Impact test on metal 
The impact test is performed on metals as well to 

investigate the impact resistance of metals. Typically, 
metal serves as a comparative baseline for FML or 
composite. In some instances, the FML has not yet been 
recognized or established. Consequently, metal is the most 
prevalent material utilized in numerous industries, 
including aircraft, marine, automobile, sports, 
construction, and medicine 5,25). 

Wu et al.60) examined the impact characteristics and 
damage tolerance of a monolithic Al alloy which served 
as a baseline material for comparison with GLARE (Al 
alloy and cross-ply S2-glass prepreg); GLARE 4-3/2 and 
GLARE 5-2/1 at various impact energy levels.  Results 
showed that the Al alloy required the highest impact 
energy compared to GLARE laminates to create the first 
cracking. Similar research was conducted by Seo et al.35), 
they reported that the Al 2024-T3 had a longer crack 
initiation life than GLARE when subjected to similar 
applied stress. It indicated that the Al 2024-T3 required 
the longest period or the most number of cycles for 
cracking initiation. According to Wu et al.60), the specific 
perforation energy of Al alloy was lower than GLARE 
laminates. The dent depth of Al alloy was approximately 
the same as GLARE laminates but GLARE5-2/1 
exhibited a slightly larger dent depth. The results 
demonstrated that the Al 2024-T3 had worse impact 
characteristics compared to the two GLARE laminates59). 
Reyes Villanueva and Cantwell66) also demonstrated that 
the perforation energy of Al alloy was less than that of 
composites and GLAREs (woven and UD fibres). A 
similar study was conducted by Melba and Kumar61) to 
determine the impact response and damage resistance of 
the Al sheet for comparison with glass fibre epoxy-
aluminium metal laminates, GEAML (woven and 
chopped strand mats). Results revealed that the Al sheet 
had poor energy absorption and a larger damage area than 
woven-based GLARE but the Al sheet had better energy 
absorption and a smaller damage area than CSM-based 
GLARE. The perforation energy of metal exhibited from 
the test conducted by Wu et al.60), Reyes Villanueva and 
Cantwell66) and Melba and Kumar61) was tabulated in 
Table 7. Kumar80) conducted the axial impact load on Al 
cylindrical tube for comparison with three different 
Al/composite cylindrical tubes to investigate their impact 
performance for meeting the needs of crashworthiness 
characteristics. The initial peak force (IPF) of the Al 
cylindrical tube was higher than Al/composite cylindrical 
tubes but the result of the specific energy absorption 
(SEA) of the Al cylindrical tube was opposite to IPF. 
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Table 7. Comparison of perforation energy between metal and 

FMLs. 
References Perforation energy (J) 

60) 
Al 2024-
T3 alloy 

GLARE 5-
2/1 

GLARE 4-
3/2 

33.4 34.5 38.5 

66) 

Al 2024-
T3 alloy 

Woven-
based 

GLARE 

UD-based 
GLARE 

15 55 55 

61) 

Al 6061 
alloy 

Woven-
based 

GEAML 

CSM-based 
GEAML 

6.321 6.357 6.148 
 

Zhu et al.46) conducted an axial quasi-static crushing 
test at a loading rate of 4mm/min to examine the crushing 
behavior of Al tubes (AL-in and AL-out). The external 
diameters of AL-in and AL-out were 57.10mm and 
63.79mm, respectively, while their thickness, length, and 
density were equal. Results indicated that the Al tubes 
underwent the elastic stage and progressive folding stage. 
AL-out obtained the highest initial peak load (39.7kN) 
during the elastic stage compared to AL-in (36.4kN). 
Several oscillations appeared in the force-displacement 
curves as the Al tubes deformed plastically during the 
stage of progressive folding. The progressive folding 
stage was the primary energy absorption phase. The AL-
out had better energy absorption, peak crushing force, and 
mean crushing force than AL-in. The thickness of Al-out 
may influence its impact performance46). The results 
obtained were similar to Fie et al.81) who conducted the Al 
tube with different diameters in the axial crushing test81). 

Karagiozova and Jones82,83) reported that the 
development of the buckling shape of a square tube was 
influenced by the impact velocity and mass of a striker 
when considering the transient deformation process. The 
transient deformation process in elastic–plastic square 
tubes subjected to axial impact loads demonstrated that 
the beginning of buckling was greatly impacted by 
propagating elastic and plastic stress waves. Plastic waves 
generated by an axial impact propagated faster in square 
tubes than in circular tubes. When subjected to impact 
velocities between 14.84 and 98.27 m/s, the square tubes 
tested here exhibited either dynamic progressive or 
dynamic plastic buckling, meanwhile the corresponding 
circular tubes exhibited only dynamic progressive 
buckling. Karagiozova and Alves84) also reported that the 
transition conditions between two collapse modes 
(progressive buckling and global bending) of Al alloy 
circular tubes, were significantly influenced by the axial 
impact velocity. The tube was more stable as impact 
velocity increased. For example, progressive buckling can 
occur for long tubes. However, the longer tube can cause 
the beginning of the desired buckling mode more complex 
and exhibited multiple buckling modes, resulting in 
insufficient energy absorption85). Besides that, due to the 

change in bending rigidity caused by material hardening 
and yield stress of the material models, the material 
characteristics also influenced the buckle pattern. It has 
been shown that circular tubes constructed of ductile 
alloys with high yield stress and low strain hardening 
characteristics performed better as energy absorbers than 
circular tubes constructed of alloys with low yield stress 
and high strain hardening characteristics84). Moreover, 
Jensen et al.86) reported that the buckling transition varied 
depending not only on the impact velocity but also on the 
width-to-thickness ratio. 

In conclusion, an impact test on metal was conducted 
for comparison with FML and composite laminate. In 
another word, it served as baseline material. For example, 
the Al sheet had the worst impact characteristics such as 
lower specific perforation energy and energy absorption 
compared to FML and composite laminate60,61,66,87). 
However, the Al sheet had a longer crack initiation life 
than FML35). The greater diameter of the Al tube exhibited 
better energy absorption and peak crushing force. It can 
be concluded that the thickness of the Al tube influenced 
the impact performance46, 81). On the other hand, the 
transition condition or buckling shape of the alloy tube 
subjected to axial impact loading was influenced by 
impact velocity82–84), striking mass82,83), material 
characteristic84) and the width-to-thickness ratio86). 

 
3.  Axial impact test on FMLs 

The objective of the axial impact test on FML is to 
determine the impact properties of FML under axial 
loading or in-plane direction. However, there was 
insufficient and limited research that examined this type 
of impact loading. According to previous literature, strain 
rate, lay-up sequence of composite, strain rate, geometry 
and other factors have been found to influence the 
crushing behavior of hybrid components.  

El-Hage et al.87) used a computational method to 
examine the effects of the number of layers, fibre 
orientation and inner metallic wall thickness on the axial 
crushing behaviors of metal/composite hybrid tubes. They 
found that thinner Al tubes could make the crush 
resistance better and that the hybrid tubes could absorb the 
most energy when the angle of the composite fibres was 
90°. Bambach et al.88) conducted extensive experimental 
testing to examine the crushing behaviors of steel square 
hollow sections reinforced with CFRP. They found that 
using CFRP could enhance the axial loading capacity by 
limiting the growth of elastic buckling deflections and 
delaying local buckling. Kim et al.89) examined how fibre 
orientation and lay-up sequence affected failure 
mechanisms and crash characteristics of an Al/CFRP 
hybrid column under dynamic axial loading. 

Ahmad et al.90) studied the crush response and energy 
absorption capacity of FML thin-walled tubes and 
compared them with Al and composite tubes. Results 
indicated that FML tubes were favored as impact energy 
absorbers because they could sustain greater impact loads, 
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therefore absorbing more energy. FML tubes had better 
loading capacity as the crush length increased. The 
presence of metallic and composite layer stacks appeared 
to enhance the crush resistance and capacity to absorb the 
energy of the tubular structure89,91,92). It can be concluded 
that the energy absorption capacity increased as deflection 
and the number of tube layers increased. Eyvazian et al.93) 
investigated the crushing behavior of corrugated metal-
composites tubes subjected to axial loading. The addition 
of composite layers to the corrugated metal tube improved 
the metal tube’s energy absorption capability. The 
composite layers made the tube more resistant to elastic 
deformation as the initial peak load of the corrugated 
metal-composite tube was greater than a corrugated metal 
tube. The corrugated metal-composite tube exhibited 
minimal fluctuation in the force-displacement curve and 
underwent consistent crushing mode. Hence, the specific 
energy absorption of corrugated metal-composite was 
53% higher than the corrugated metal tube. 

Subbaramaiah et al.94) compared the behavior of the 
GLARE 2/1 top-hat structure to the Al structure under 
axial crushing. The crushing strength and SEA of the 
GLARE top-hat structure were excellent compared to the 
Al structure, as shown in Fig. 9.  

 

 
Fig. 9. Crushing force and SEA of GLARE 2/1 and Al top-

hat structure94). 
 
The failure modes that occurred during the axial 

crushing of the FML were a combination of GFRP and Al 
failure mechanisms. The Al layer experienced plastic 
deformations such as folding and tearing. Failure modes 
of composite layers include splaying, delamination, 
cracking, matrix debris, fibre and laminar failure. Fig. 10 
showed the crushing failure modes in the FML structure. 
The researchers discovered that GLARE was superior to 
the Al alloy in terms of crushing strength and energy 
absorption capacity by 9% and 16%, respectively.  
 

 
Fig. 10: FML crushing failure modes. 

 
Subbaramaiah et al.95) found that when a composite was 

bonded to a metal substrate, the energy absorption and 
crushing strength were both higher than when the metal 
substrate was used alone. Shin et al.41) investigated the 
energy-absorbing capability of axial crushing of square 
Al/GFRP hybrid tubes (0˚, 90˚, 0˚/90˚ and ± 45˚ fibre 
orientations). The square Al/GFRP hybrid tube with fibre 
in the 90˚ direction demonstrated greater energy 
absorption capability in comparison to others. The tube 
was crushed with a stable local buckling failure 
mechanism because the composite laminate prevented the 
Al tube from folding. A comparable study was conducted 
by Song et al.96) on circular tubes. However, Kim et al.89) 
discovered that the Al/CFRP hybrid square hollow section 
(SHS) beam with fibre in the 0˚/90˚ direction exhibited the 
highest energy absorption. When the thickness of CFRP 
laminate increased, its crashworthiness performance was 
enhanced in terms of SEA and CFE. 

Ge et al.81) compared the EA, SEA, PCF and CFE 
between Al/CFRP (1/1) and Al/CFRP/Al (2/1) hybrid 
tubes under axial crushing. Table 8 indicates that the 
impacts of geometry size and fibre lay-up sequence on the 
axial crushing energy-absorption performances of the two 
hybrid tube types were compared. Results indicated that 
the energy absorption of the specimens with [0˚/90˚] lay-
up sequence was greater than that of the specimens with 
[45˚/−45˚] lay-up sequence for both types of hybrid tubes. 
To produce a stable and controllable progressive crushing 
failure mode, the author recommended that the 
appropriate length of the tubes should be chosen to avoid 
a length-to-diameter ratio that is too tiny. The geometric 
size had little effect on the specific energy absorption and 
crushing force efficiency of the 2/1 hybrid tubes.  

 

- 123 -



EVERGREEN Joint Journal of Novel Carbon Resource Sciences & Green Asia Strategy, Vol. 10, Issue 01, pp111-129, March 2023 

 
Table 8. Comparison of energy-absorption performance between 1/1 and 2/1 hybrid tubes81). 

  EA (kJ) SEA (J/g) PCF (kN) CFE  
  L=105mm 

D=38mm 
L=132 
D=38mm 

L=105mm 
D=38mm 

L=132 
D=38mm 

L=105mm 
D=38mm 

L=132 
D=38mm 

L=105mm 
D=38mm 

L=132 
D=38mm 

1/
1 

45˚/-
45˚ 1.83 2.27 43.18 47.00 51.62 52.14 0.51 0.54 

0˚/90˚ 2.77 2.70 65.07 55.95 78.11 74.04 0.51 0.46 
  L=105mm 

D=44mm 
L=132 
D=44mm 

L=105mm 
D=44mm 

L=132 
D=44mm 

L=105mm 
D=44mm 

L=132 
D=44mm 

L=105mm 
D=44mm 

L=132 
D=44mm 

2/
1 

45˚/-
45˚ 4.17 4.79 45.52 45.57 141.7 135.7 0.42 0.44 

0˚/90˚ 4.26 5.65 46.57 53.67 170.1 156.0 0.36 0.45 

Zhu et al.46) conducted an axial quasi-static crushing 
test at a loading rate of 4mm/min to examine the crushing 
behavior of hybrid tubes: H-I (AL-out tube internally 
filled with the CFRP tube), H-II (CFRP tube internally 
filled with the AL-in), and H-III (inner AL-in tube and 
outer AL-out tube sandwiched with a CFRP tube core) and 
compared them to carbon fibre-reinforced polymer 
(CFRP) and Al tubes. The results indicated that the 
optimal configuration was the H-I hybrid tube compared 
to H-II and H-III hybrid tubes. Because of the complex 
continuous interaction and the change in deformation 
modes, the hybrid tube H-I absorbed roughly 30% more 
energy than the energy absorbed by the CFRP tube and 
AL-out tube. The hybrid tube H-II had 11% less energy 
absorption than the total energy absorption of CFRP and 
Al tubes. This was because the Al tube caused the CFRP 
tube's failure mode to change from mode I (longitudinal 
crack) to mode II (CFRP tube bent and deformed). 
Subsequently, it broke into some big fragments and 
eventually lost its load-bearing capability. Overall, H-III 
tubes absorbed more energy than CFRP and Al tubes. The 
SEA of hybrid tube H-III was however less than that of 
hybrid tube H-I and hybrid tube H-II, indicating that 
hybrid tube H-III was the least efficient in terms of energy 
absorption.  

Zhang et al.97) conducted the axial impact test on 
carbon-fibre/epoxy laminated composite slender beams 
with different layup 
configurations
([012], [(±22.5˚)3]𝑠𝑠, [(±45˚)3]𝑠𝑠, [(±67.5)3]𝑠𝑠, [(0˚/
90˚)3]𝑠𝑠, [(0˚/90˚)2/0˚2]𝑠𝑠). It is reviewed here because it 
is the closest to FML under axial impact and could give 
significant fundamental understanding. The purpose of 
this paper was to examine the initiation and mechanisms 
of damage on the impacted composite by a moving mass. 
They emphasized that the slender structural components 
were susceptible to buckling under static or dynamic 
loads97). Matrix cracking and delamination were found to 
be the most prominent defects within the beams except for 
the beams with [012] and [(±67.5)3]s layups. The majority 
of beams with [(±67.5)3]s layup, exhibited neither 
delamination nor matrix crack, but the deformed shape 
was maintained due to the matrix’s plastic deformation. 
For beams with [012] layup, matrix cracking occurred 

perpendicular to the fibre direction and the beam fractured 
into two or more pieces. Initial voids caused by 
manufacturing are not negligible. Delamination occurred 
at the inter-laminar interfaces and its propagation was 
dependent on the energy absorbed by the beam and the 
layup sequences. The layup sequences and slenderness 
ratio had a substantial effect on the critical energy for 
initiating damage98). The slenderness ratio is the ratio of 
length (𝑙𝑙 ) to the radius of gyration (k), 𝑙𝑙 /k. This paper 
significantly focused on the energy required to initiate 
damage and was similar to my research in investigating 
the impact response of FML with different layup 
sequences under axial impact. 

In conclusion, the research on the experimental axial 
impact test of FML structure was very limited. The most 
tested FML structures were in form of tubes 
(circular/cylindrical, square).  The influence of FML’s 
constituents (composite and metal alloy), fibre orientation, 
stacking sequence, metal arrangement and laminate 
thickness played a role in determining the crushing 
behavior and improving the crush stability and energy 
absorption of FML structures41, 46, 81, 87–92, 95). The FML 
structure had better crushing strength compared to the 
metal structure94–96). Buckling, delamination, matrix 
cracking, fibre failure and plastic deformation were the 
failure modes and failure mechanisms that occurred in 
FML structure97, 98). However, additional research is 
required to analyze and get a deeper understanding of the 
experimental axial impact test of FML and its components. 

 
Conclusion 

Literature showed FMLs have a significant amount of 
potential in a variety of applications, such as aircraft, 
automotive, marine, sporting goods, medicine, and 
miscellaneous. In many circumstances, the mechanical 
properties of FMLs are better than those of traditional 
metal alloys or fibre-reinforced polymer composites. 
Major benefits of FMLs include excellent fatigue 
properties, a high modulus of elasticity with increased 
toughness, and a high strength-to-weight ratio. This paper 
reviewed the history of FML, the classification of FML, 
its applications and mechanical properties, and the 
response or performance of FMLs to impact loading based 
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on experimental work. Response of FML to impact 
loading is dependent on several variables, including 
impact energy (varying the impact velocity or drop height), 
fibre orientation, direction and type of reinforcement, 
layup configuration, stacking sequence, metal 
arrangement, number of impacts, indenter size, geometry 
(thickness of metal/laminate, width, and length), and 
material properties. Energy absorption (EA), specific 
energy absorption (SEA), mean crushing force (Fmean), 
peak crushing force (PCF) or peak load (Pmax) and crush 
force efficiency (CFE) are some of the indicators that can 
be used to measure the impact performance of FML. 
Overall, the literature on the response of FML flat plate 
structures to axial impact loads is unreported, and the most 
current research focusing on the axial crushing of FML 
tubes. Hence, further studies are required to increase the 
applicability of FMLs in applications that may be 
impacted under axial loading. 
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Nomenclature 

Al aluminium 
ARALL aramid-reinforced aluminium laminate 
CAJRALL carbon-jute reinforced aluminium 

laminate 
CAJRMAL carbon-jute reinforced magnesium 

laminate 
CARALL carbon-reinforced aluminium laminate 
CFE crushing force efficiency 
CFRP carbon fibre-reinforced polymer 
CSM chopped strand mat 
EA energy absorption 
FML fibre metal laminate 
FRP fibre-reinforced polymer 
GFPP glass fibre-reinforced polypropylene 
GFRP glass fibre-reinforced polymer 
GLARE glass reinforced aluminium laminate 
HTCL hybrid titanium-carbon composite 

laminates 
HVI high velocity impact 
IPF initial peak force 
LVI low velocity impact 
MVF metal volume fraction 
N/A not available 
PCF peak crushing force 

ROM rules of mixture 
SEA specific energy absorption 
SHS square hollow section 
UD unidirectional 
l length 
k radius of gyration 
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